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 57 

ABSTRACT 58 

 59 

Water deficit caused by global climate changes seriously endangers the survival of organisms 60 

and crop productivity, and increases environmental deterioration1,2. Plants’ resistance to 61 

drought involves global reprogramming of transcription, cellular metabolism, hormone 62 

signalling and chromatin modification3-8. However, how these regulatory responses are 63 

coordinated via the various pathways, and the underlying mechanisms, are largely unknown. 64 

Herein, we report an essential drought responsive-network in which plants trigger a 65 

dynamic metabolic flux conversion from glycolysis into acetate synthesis to stimulate the 66 

jasmonate (JA) signalling pathway to confer drought tolerance. In Arabidopsis, the ON/OFF 67 

switching of this whole network is directly dependent on histone deacetylase HDA6. In 68 

addition, exogenous acetic acid promotes de novo JA synthesis and enrichment of histone H4 69 

acetylation, which influences the priming of the JA signalling pathway for plant drought 70 

tolerance. This novel acetate function is evolutionarily conserved as a survival strategy 71 
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against environmental changes in plants. Furthermore, the external application of acetic acid 72 

successfully enhanced the drought tolerance in Arabidopsis, rapeseed, maize, rice and wheat 73 

plants. Our findings highlight a radically new survival strategy that exploits an epigenetic 74 

switch of metabolic flux conversion and hormone signalling by which plants adapt to 75 

drought. 76 

 77 

 A genetic screen of the drought stress response using mutants of histone-modifying enzymes 78 

identified mutants of Arabidopsis histone deacetylase HDA69,10 with strong drought tolerance 79 

without growth retardation under normal conditions. (Fig. 1a, 1b, Supplementary Fig. 1 and 2). 80 

Prior to drought stress treatments, the hda6 mutant plants showed similar growth as wild-type 81 

plants under well-watered conditions (Supplementary Fig. 1). HDA6 is a homologue of human 82 

HDAC1 and yeast RPD311, and has wide-ranging functions, for example gene silencing12,13,14. The 83 

hda6 mutants showed enhanced drought tolerance, however, the expression of drought and ABA 84 

responsive genes, water loss and accumulation of osmolytes, myo-inositol and trehalose were 85 

similar to wild-type plants 3,5,15,16 (Supplementary Fig. 3). Note that the hda6 mutant exhibited 86 

greatly reduced proline levels at day 14 of soil drying (Supplementary Fig. 3). Herein, we show that 87 

HDA6 has a fundamental role in regulating a novel drought response pathway. 88 

 89 

 To identify drought tolerance genes that are regulated by HDA6, we first profiled the 90 

genome-wide expression patterns of hda6 during drought stress. The analysis showed that the 91 

acetate biosynthesis pathway was upregulated in wild-type plants under drought stress and that this 92 

upregulation was greatly enhanced in the hda6 mutant (Fig.1c, Supplementary Table 1 and 2). The 93 

acetate biosynthesis pathway mediated by pyruvate decarboxylase PDC1 and acetaldehyade 94 

dehydrogenase ALDH2B7, correlated with anoxia in Arabidopsis17. PDC1 is the key regulator 95 
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initiating the first step to re-direct the metabolic flux from pyruvate in glycolysis to acetaldehyde for 96 

the fermentation process under anoxia. ALDH2B7 detoxifies acetaldehyde into acetate and is 97 

upregulated during the recovery from anoxia. The expression levels of PDC1 and ALDH2B7 are 98 

repressed in the absence of stress, and were gradually increased (PDC1; by 8-fold, ALDH2B7; by 99 

3-fold) during drought conditions in wild-type plants (Supplementary Fig. 4). In hda6, transcripts of 100 

both genes accumulated during the early stages of the drought response, suggesting that HDA6 acts 101 

as a negative regulator of their expressions under non-stressed conditions. We also analyzed the 102 

changes in transcript and metabolite levels of glycolysis and its connective pathways (Fig. 1c, 103 

Supplementary Fig. 5). Remarkably, the transcription of glycolytic genes was downregulated by 104 

drought in wild-type and hda6 plants (Fig. 1c, Supplementary Table 2). From the results of 105 

metabolomic analysis, the accumulation of glucose was detected in both wild-type and hda6 106 

mutant plants under drought condition. In contrast, fructose-6-phosphate level was decreased at day 107 

14 of soil drying in hda6 mutant compared with wild-type plants. On the TCA cycle, similarly 108 

2-oxoglutarate and isocitrate levels were reduced in hda6 mutant at day 14 of soil drying 109 

(Supplementary Fig. 5). The downregulation of glycolysis and the activation of acetate synthesis 110 

under drought, indicated that PDC1 and ALDH2B7 genes not only function in anoxia, but also in 111 

the response to drought. To verify the role of PDC1 and ALDH2B7 in the drought response, we 112 

tested the sensitivity of their mutants to drought. Indeed, both pdc1 and aldh2b718 mutants showed 113 

severe sensitivity to drought stress (Fig. 1d and e, Supplementary Fig. 6). In addition, PDC1 and 114 

ALDH2B7 double overexpression plants exhibited enhanced drought tolerance (Supplementary Fig. 115 

7). 116 

 117 

 To determine how HDA6 regulates PDC1 and ALDH2B7 expression, we examined the HDA6 118 

binding activity and the corresponding histone modification status on these loci using a chromatin 119 
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immunoprecipitation assay (Fig. 2a, b). The results showed that HDA6 binds to the PDC1 and 120 

ALDH2B7 loci in wild-type plants, predominantly at the transcribed gene body regions. Notably, 121 

the HDA6 binding levels dramatically decreased after drought treatment. This decrease of HDA6 122 

binding mirrored histone H4 acetylation (H4Ac) changes (Fig. 2c, d): H4Ac levels were low in 123 

wild-type plants under normal conditions but were greatly increased during the drought response. 124 

These changes indicated that the dissociation of HDA6 triggers increased H4Ac and transcriptional 125 

upregulation of these loci. In hda6, the H4Ac enrichment occurred earlier and at higher levels than 126 

in wild-type plants. Altogether, these results demonstrated that HDA6 represses the acetate 127 

biosynthetic pathway directly under normal conditions and that HDA6 dissociates from these 128 

regions to trigger the epigenetic and transcriptional changes that activate this pathway under 129 

drought stress. 130 

 131 

 We next asked whether the activation of PDC1 and ALDH2B7 regulated by HDA6 increases 132 

the endogenous acetate levels during drought conditions (Fig. 3a). Mass spectrometry analysis 133 

showed that the acetate content increased substantially during the drought response in wild-type 134 

plants. In contrast, pdc1 and aldh2b7 did not show any significant increase in acetate levels. 135 

Therefore, the endogenous acetate in wild-type plants actually increases in response to drought, and 136 

that both PDC1 and ALDH2B7 are required for acetate production. In hda6, acetate accumulated as 137 

compared with wild-type plants. Acetate abundance correlated with increased plant drought 138 

tolerance: in hda6, the acetic acid levels were higher than in wild-type plants and survival was 139 

enhanced, while the acetate biosynthesis deficient pdc1 and aldh2b7 were more sensitive to 140 

drought. This is the first indication that acetate biosynthesis is essential for plant drought tolerance. 141 

To confirm this conclusion, the drought tolerance of plants pretreated with exogenous acetic acid 142 

was assessed. Plants grown in the presence of 10, 20 and 30 mM acetic acid exhibited strikingly 143 
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increased drought tolerance (Supplementary Fig. 8 and 9a), in contrast to other organic acids (Fig. 144 

3b, Supplementary Fig. 10 and 11); supporting the specific role of acetic acid in this process. 145 

 146 

 The drought tolerance promoted by acetic acid was studied further by comparing transcriptional 147 

regulation during drought stress between acetic acid-pretreated and water-pretreated wild-type 148 

plants. Microarray analyses showed that 357 genes were induced under drought specifically in the 149 

acetic acid-pretreated plants (Fig. 3c, Supplementary Table 3). Gene Ontology enrichment analysis 150 

showed that the categories of jasmonate (JA) and ethylene responses with defence/immune 151 

processes were enriched among these genes (Supplementary Table 4); in agreement with the partial, 152 

constitutive JA phenotype of hda619. Previously, extensive crosstalk was reported between the JA, 153 

ethylene and defence response pathways20,21. To determine the functional downstream regulators of 154 

the acetic acid-dependent drought tolerance, the drought sensitivity of mutants for the JA receptor 155 

COI122, the JA biosynthetic enzyme AOS23, and the essential positive regulator of ethylene 156 

responses EIN224,25 were tested. The aos mutant26 showed drought sensitivity (Supplementary Fig. 157 

12). The coi1-16B mutant27 showed drought sensitivity, and acetic acid pretreatment did not 158 

ameliorate this phenotype (Fig. 3d, Supplementary Fig. 13). In contrast, the ein2-5 mutant24 did not 159 

show altered sensitivity (Supplementary Fig. 9b). Thus, COI1 is essential to mediate acetic 160 

acid-dependent drought tolerance. A physical interaction between HDA6 and COI1 proteins using 161 

a yeast two-hybrid system was reported19. It suggests that HDA6 regulates JA signaling pathways 162 

cooperatively with COI1 and the chromatin status of COI1 target gene regions might be influenced. 163 

We next measured the jasmonate levels in wild-type plants treated with acetic acid. Transient 164 

biosynthesis of JA and jasmonoyl-isoleucine (JA-Ile) was greatly induced by acetic acid treatment 165 

at 24 hours, while abscisic acid (ABA) levels remained unchanged (Fig 3e). The expression of the 166 

JA biosynthetic enzyme AOC328 was induced by acetic acid (Supplementary Fig. 9c). Despite the 167 
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transient JA increase during acetic acid treatment, the downstream genes of JA-signalling, such as 168 

the key regulator MYC229, were not transcriptionally activated (Supplementary Fig. 9d and 169 

Supplementary Table 3). However, these genes, involving MYC2 showed higher induction after 170 

the drought stimulus in the acetic acid-pretreated plants than in plants pretreated with water. Thus, it 171 

suggested that acetic acid primes the activation of a COI1-mediated signalling pathway and the 172 

transient production of JA might define the downstream target genes. The other acids, formic acid 173 

and lactic acid, also affected AOC3 gene induction; however, these acids could not enhance 174 

drought tolerance (Supplementary Fig. 10 and 14).  175 

 176 

 To understand how acetic acid functions in priming gene activation, we monitored the 177 

behaviour of acetic acid in wild-type plants. In human cells, exogenous acetic acid treatment 178 

promotes intracellular pH increase and elevated histone acetylation associated with cell 179 

proliferation30. We detected an analogous pH up-shift in Arabidopsis (Supplementary Fig. 15): by 180 

adding 10 mM acetic acid to the soil, the pH level of the xylem sap solution increased, which 181 

agreed with the observed pH increase of the xylem sap in plants responding to drought31. When 14C 182 

labelled-acetic acid (14C-AA) was absorbed through the roots, 14C-AA became evident in the 183 

shoots after 1 hour (Supplementary Fig. 15). The total amount of absorbed 14C-AA was 500 nmol 184 

per shoot, which was approximately 5-fold higher than in hda6 under drought conditions (Fig 3a, 185 

Supplementary Fig. 15b and c). From the results of metabolomics analysis using plants treated with 186 

10 mM acetic acid for 5 days, there was no difference of accumulation in 88 kinds of metabolites 187 

compared with plants treated with water for 5 days (Supplementary Table 5). It suggested that even 188 

though acetic acid with a high concentration of 10 mM is given, the amount absorbed by plants is 189 

not so high (Supplementary Fig. 15). It seems that the acetic acid absorption by plants correlates to 190 

soil pH (Supplementary Fig. 16). Up to 20 mM acetic acid concentration, the soil pH was kept in 191 
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pH 7. However, the soil pH was shifted down to lower pH by addition of excessed 50 mM acetic 192 

acid. In connection with these changes in pH, plant growth seems to be inhibited by the treatment 193 

with 50 mM acetic acid (Supplementary Fig. 8 and 16). Interestingly, 14C-AA was incorporated 194 

into proteins with a molecular size corresponding to histone H4, detected by western blotting 195 

analysis after 3 hours (Fig. 3f). Our results suggested that the acetic acid is converted to acetyl-CoA 196 

and is used as a substrate for histone acetylation. In addition, from the results of ChIP-seq analysis, 197 

histone H4 acetylation (H4ac) of gene body region was enriched on genome wide by addition of 10 198 

mM acetic acid for 9 days (Supplementary Fig. 17, Supplementary Table 6). The 106 genes 199 

including MYC2, considered as downstream target genes of acetic acid-JA pathway to confer plant 200 

drought tolerance were involved within the H4ac enriched genes (Supplementary Table 6). 201 

 202 

 Herein, we propose that in Arabidopsis, the activation of the acetate biosynthetic pathway and 203 

the resulting acetate increase are indispensable for acquiring drought tolerance. We considered that 204 

HDA6 acts as an ON/OFF switch that controls this pathway directly. The alteration of metabolic 205 

flux in response to drought is consistent with the results of transcriptome analyses (Fig. 4a). Our 206 

phylogenetic analyses showed that ALDH2B7 is conserved widely from fungi to humans (Fig. 4b, 207 

Supplementary Fig. 18). In contrast, PDC1 is only conserved in moss, fungi and plants. In yeast, 208 

the acetaldehyde dehydrogenase4 mutant shows oxidative stress sensitivity under glucose 209 

starvation, and this sensitivity is recovered by supplying exogenous acetic acid32. As drought also 210 

induces oxidative stress in plants3,4, taken together, these results indicated that this novel 211 

stress-responsive mechanism is conserved in autotrophic eukaryotes. To test whether acetic acid 212 

could enhance the drought tolerance of plants other than Arabidopsis, we assessed its effect when 213 

supplied exogenously. We found that concentrations between 20 and 30 mM enhanced drought 214 

tolerance in both monocots and dicots, such as rice, wheat, maize and rapeseed plants (Fig. 4c–f, 215 
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Supplementary Fig. 18). 216 

 217 

 In conclusion, acetate, a basic and simple biochemical compound, has a significant role as an 218 

initial factor that orchestrates plants’ survival capability, which connects fundamental metabolism, 219 

epigenetic regulation and hormone signalling; ultimately conferring plant drought tolerance. 220 

Integrative studies of transcription factors and histone modifications will reveal the undiscovered 221 

players in the acetic acid-mediated network for environmental adaptation. 222 
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Figure legends 331 

 332 

Figure 1: HDA6 correlates with the activation of the acetate biosynthetic pathway, which is 333 

essential for plant drought tolerance. a, Drought tolerance of hda6 mutants (hda6). b, Survival 334 

rate of hda6 in the drought stress test. Asterisks indicate significant differences between wild-type 335 

(WT) and hda6 plants (mutants axe1-5 and sil1 and their respective WT plants, DR5 (Col-0 336 

background) and Ler (Landsberg erecta) were used). c, Temporal changes in expression profiles of 337 

glycolysis and acetate fermentation pathway genes during drought treatment. Boxes indicate 338 

relative expression changes in genes encoding enzymes (Supplementary Table 2). d, Drought 339 

sensitivity of WT (Nos), wild-type plants (ecotype Nossen) for acetate biosynthesis genes, pdc1 and 340 

aldh2b7 mutants. e, Survival rate of pdc1 and aldh2b7 mutants during the drought stress test. 341 

Asterisks indicate significant differences between WT and mutants. All error bars denote SD, n=3. 342 

*, P < 0.01 (Student’s T-test). 343 

 344 

Figure 2: HDA6 directly regulates acetate biosynthetic pathway genes, PDC1 and ALDH2B7. 345 

a, Graphical representation of changes in HDA6 binding/histone H4 acetylation (H4Ac) sites 346 

(underlined) on the PDC1 and ALDH2B7 genes, obtained by a chromatin immunoprecipitation 347 

assay (ChIP) assay. b, Enrichment of HDA6 binding determined on the PDC1 and ALDH2B7 348 

gene regions by ChIP assays. Drought stress treatment caused a decrease in HDA6 binding to 349 

PDC1 and ALDH2B7 in the wild-type (WT). Asterisks indicate significant differences between 350 

non-stressed (0 day) and drought stress conditions (6 and 12 days). c–d, Enrichment of H4Ac on 351 

the PDC1 and ALDH2B7 genes under drought stress conditions in WT and hda6 plants. 352 

At2g15555 and At1g55750 genes are as positive and negative control sites for HDA6 binding and 353 

histone H4 acetylation enrichments, respectively13. Grey asterisks indicate significant differences 354 
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between non-stressed and drought stress conditions. Red asterisks indicate significant differences 355 

between WT and hda6. All error bars denote the SD. Results of independent replicates were 356 

averaged (n=3). *, P < 0.01 (Student’s T-test). 357 

 358 

Figure 3: Acetic acid promotes jasmonate signalling and histone acetylation. a, Measurement 359 

of endogenous acetic acid contents in wild-type (WT) and mutant plants under drought stress 360 

conditions after 14 days. b, Effect of several organic acids on plant drought tolerance after 14 days. 361 

Lower panel shows the survival rate of WT plants during the drought stress test with several 362 

organic acids. c, Clustering display of genes regulated differentially by water or acetic acid and 363 

drought-continuous treatments in the WT. Three hundred and fifty-seven genes were highly 364 

induced by drought treatment in the WT pretreated with acetic acid. d, Drought sensitivity of the 365 

coi1-16B mutant. The lower panel shows the survival rate of the WT and coi1-16B mutant during 366 

the drought stress test. e, Measurement of plant hormones, jasmonic acid (JA), 367 

jasmonoyl-isoleucine (JA-Ile) and abscisic acid (ABA) in WT plants treated with acetic acid. 368 

Transient synthesis of JA and JA-Ile by acetic acid treatment was detected on the first day. f. 369 

Incorporation of exogenous 14C labelled acetic acid (14C-AA) into the histone H4 protein. 50 ng of 370 

semi-purified histone proteins were loaded in each lane. Incorporation of a substrate including a 14C 371 

radiotracer derived from 14C-AA is shown as a 14C image over a time course (0, 1, 3 and 6 h). WB; 372 

western blotting analysis using anti-histone H4 antibody. SDS-PAGE; semi-purified histones 373 

stained with Coomassie brilliant blue. Error bars denote SD, n=6 in Fig. 3a, n=3 in Fig. 3b-d and n=4 374 

in Fig.3e. *, P < 0.01 (Student’s T-test). 375 

 376 

Figure 4: Proposed mechanism for acetic acid-induced drought tolerance and its 377 

evolutionary conservation. a, HDA6 acts as a switch during drought stress to re-direct the 378 
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metabolic flux, leading to the accumulation of acetic acid through the activation of specific 379 

biosynthetic regulatory genes and the jasmonate signalling pathway in Arabidopsis. The histone 380 

acetylation derived from acetate might function in the priming effect of the COI1-mediated JA 381 

signalling pathway. b, Schematic representation of the conservation of PDC and ALDH2 382 

homologous genes in eukaryotes (see also Supplementary Fig. 18). c–f, Acetic acid confers drought 383 

tolerance on maize, rice, wheat and rapeseed plants. 384 

385 
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FULL METHODS 386 

 387 

Plant materials and growth conditions. Arabidopsis thaliana (L.) Heynh plants were used in this 388 

study. The hda6 mutants axe1-5 and sil1, and their respective wild-types, DR5 (Col-0 background) 389 

and Ler (Landsberg erecta)9,10 were used for the drought tolerance tests. The axe1-5 (hda6) mutant 390 

and its parental DR5 plants (wild-type) were used for other experiments. The pdc1 (No. 13-1034-1) 391 

and aldh2b7 (No. 15-2168-1) mutants, and their DS donor line (ecotype: Nossen)18, were used for 392 

the drought sensitivity tests. In addition, coi1-16B, aos and ein2-5 mutants22,23,24 were also used for 393 

drought sensitivity tests. Seeds were sown in soil (Professional soil No. 2, Dio Chemicals, Tokyo, 394 

Japan) in 9-cm diameter pots, stratified for 2–4 d at 4°C in the dark, and then grown under a 16 h 395 

light / 8 h dark regime at 22°C.  396 

Wild-type wheat plants (Triticum aestivum cv. Chinese Spring) were used. Seeds were 397 

germinated in Petri dishes on filter paper saturated with water for 3 d at 4°C in the dark and then 398 

grown for 2 d at 21°C. Seedlings were transplanted into soil (Golden planting mix, IRIS Ohyama, 399 

Japan) in 9-cm diameter pots under a 16 h light / 8 h dark regime at 21°C. 400 

Wild-type rice plants (Oryza sativa L. cv. Nipponbare) were used. Seeds were germinated on soil 401 

(Bon Sol No.2, Sumitomo Chemical, Osaka, Japan) in pots (6 cm × 6 cm × 4.5 cm) and grown 402 

under a 14 h light / 10 h dark regime at 30°C.  403 

Seeds of maize plants (Zea mays L. cv. Canberra) were germinated on soil (Hanazanmai 404 

[Sakata Seed, Yokohama, Japan]: Gardening soil No.1 [Nihon Hiryo, Tokyo, Japan] = 3:1) in pots 405 

(6 cm × 6 cm × 4.5 cm) and the plants were grown for 9 days under a 14 h light / 10 h dark regime 406 

at 30°C.  407 

Seeds of rapeseed (Brassica napus cv. Wester) were sown on soil (Professional soil No. 2, Dio 408 

Chemicals, Tokyo, Japan) in 9-cm diameter pots, stratified for 2–4 d at 4°C in the dark, and then 409 
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grown under a 16 h light / 8 h dark regime at 22°C. 410 

The mutant lines of histone modifiers used for initial genetic screen are listed in Supplementary 411 

Table 7.  412 

 413 

Drought tolerance tests. Watering of 3-week-old Arabidopsis plants was withheld for 414 

approximately 2 weeks under a 16 h light / 8 h dark regime at 22°C, and 40% humidity in the 415 

greenhouse. The plants were then rewatered, and the number of surviving plants was counted after 416 

5 days. The average survival rate was calculated for three independent experiments (n=40). 417 

Pretreatment of Arabidopsis plants with acids or salts was performed as follows: when plants were 418 

2-week-old, a solution of organic acids (10 mM of hydrochloric acid, formic acid, acetic acid, 419 

butyric acid, lactic acid, or citric acid) or 0, 1, 10, 20, 30 and 50 mM acetic acid, was supplied to the 420 

soil and the plants were grown for 9 days. After removing the treatment solutions (administered 421 

from the bottom of the pot by capillarity using a paper towel), plants were subjected to the drought 422 

stress test. The average survival rate was calculated for three independent experiments (n=48).  423 

 Four-week-old wheat plants were pretreated with 0, 20 and 50 mM acetic acid (supplied to the 424 

soil) and grown for 9 days under a 16 h light / 8 h dark regime at 22°C, and 40% humidity in the 425 

greenhouse. After removing the treatment solutions as above, plants were subjected to the drought 426 

stress test. The plants were then rewatered for 5 days to determine plant survival. The average 427 

survival rate was calculated for three independent experiments (n=15).  428 

 Two-week-old rice plants were pretreated with 0, 20, 30 and 50 mM acetic acid supplied to the 429 

soil and plants were grown on soil for 14 days under a 14 h light / 10 h dark regime at 30°C, and 430 

40% humidity in the greenhouse. Removal of treatment solutions and drought treatment (4 days) 431 

was performed as described above. The plants were then rewatered for 10 days to determine plant 432 

survival. The average survival rate was calculated for three independent experiments (n=8).  433 
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 Ten-day-old maize plants were used for the drought test. Water in the soil was removed from 434 

the bottom of the pot by capillarity using a paper towel and the plants were then treated with 0, 10, 435 

20, 30 and 50 mM acetic acid for 4 days. The acetic acid solution was removed using a paper towel 436 

and the plants were incubated under drought conditions for 6 days. After rewatering for 5 days, 437 

their survival was checked. The average survival rate was calculated for three independent 438 

experiments (n=4). 439 

 One-month-old rapeseed plants were pretreated with 0, 20, 30 and 50 mM acetic acid supplied 440 

to the soil and the plants were grown on soil for 9 days under a 16 h light / 8 h dark regime at 22°C, 441 

and 40% humidity in the greenhouse. After removing the treatment solutions, plants were subjected 442 

to the drought stress test. The plants were then rewatered for 5 days to determine plant survival. The 443 

average survival rate was calculated for three independent experiments (n=12). 444 

 445 

RNA preparation. Total RNA was extracted from the aerial parts of Arabidopsis plants, either 446 

before or after drought stress, using the Plant RNA Purification Reagent (Invitrogen, Carlsbad, CA, 447 

USA) according to the manufacturer’s instructions. For quantitative real-time reverse transcription 448 

polymerase chain reaction (qRT-PCR) and reverse transcription polymerase chain reaction 449 

(RT-PCR), cDNA was synthesized using the QuantiTect Reverse Transcription synthesis kit 450 

(QIAGEN, Venlo, Netherlands). The primers are listed in Supplementary Table 8. 451 

 452 

Microarray analysis. Three-week-old Arabidopsis plants were subjected to drought stress 453 

treatment, and the aerial parts were collected after 0, 6, 9, 12 and 15 days. Three biological 454 

replicates were performed. Microarray analysis was performed using an Agilent Arabidopsis 455 

microarray platform (Santa Clara, CA, USA), as described previously13. The microarray data are 456 

available on the GEO website (GEO ID: GSE46365). Drought stress-responsive genes were 457 
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selected using the following criteria: expression level change >1.5 fold and an unpaired t-test false 458 

discovery rate (FDR) of <0.05. At each time point, upregulated genes in hda6 were compared with 459 

their levels in wild-type plants. Two-week-old wild-type plants (Col-0) were treated with 10 mM 460 

acetic acid solutions for 9 days, and then subjected to drought stress treatment. The aerial parts were 461 

collected after 0, 6, 9, 12 and 15 days of drought stress and used for microarray analysis. Three 462 

biological replicates (n=12) were taken. The microarray data are available on the GEO website 463 

(GEO ID: GSE46524). Acetic acid responsive genes were selected using the following criteria: the 464 

genes showed an FDR less than 0.05 at more than one time point, when water-drought treated 465 

wild-type plants series and acetic acid-drought treated wild-type plants series were compared at 466 

each time point, using an unpaired t-test and the FDR method33 in the R 2.12.1 software. The acetic 467 

acid responsive genes were used for hierarchical heatmap analysis. 468 

 469 

Clustering of expression patterns in the microarray data. The gene expression heatmap was 470 

obtained using heatmap.2 in the gplots package of R ver. 2.1.12 (R Core Team). Hierarchical gene 471 

clusters were built using Ward's minimum variance method clustering with Euclidean distance, 472 

after which the log2 normalized values were transformed into Z-scores. The heatmap colouring 473 

reflects the rank of the Z-scores. 474 

 475 

Chromatin immunoprecipitation (ChIP). Arabidopsis ChIP assays were performed essentially as 476 

described previously34, with three biological replicates. The antibodies used in this study were an anti-HDA6 477 

antibody13 and an anti-H4 tetra-acetylation (06-866) from Millipore (Billerica, MA, USA). Precipitated DNA was 478 

analysed using quantitative PCR (Power SYBR real time reagent and StepOnePlus; Applied Biosystems, Foster 479 

City, CA, USA). We estimated the absolute fraction of DNA recovered from the INPUT (% Input DNA) by 480 

comparing the reaction threshold cycle of the ChIP sample to a dilution of its own INPUT. Statistical significance 481 
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was determined using Student’s t-test. At1g55750 was used as a negative control for HDA6 binding, 482 

and At2g15555 was used as a positive control for HDA6 binding and enrichment of histone H4 483 

acetylation13. The primers used are listed in Supplementary Table 8. 484 

 485 

ChIP-seq analysis. 250 ng ChIPed DNA was used to make sequencing library for a SOLiD 5500 sequencer 486 

(Thermo Fisher Scientific, Waltham, MA, USA). Library preparation and sequencing were 487 

performed as described in instruction manuals. Sequences were mapped on the TAIR10 genome 488 

using bowtie (version 0.12.8) with default options. Since the software had troubles with our SOLiD 489 

outputs, paired-end sequences were aligned as individual files and aggregated after alignment of 490 

either file. Peaks were identified using MACS2 (version 2.1.0) with nomodel option. Whole 491 

genome histone acetylation was evaluated using the normalized read count of all peaks. Mapped 492 

reads were aggregated for every 25 bp bin of a peak and statistically evaluated between treated and 493 

untreated organisms with the Wilcoxon test. Peaks having q-values < 0.05 and a logarithm of fold 494 

change (logFC) > 0.25 were identified as significant peaks. Associated genes with the peaks of 495 

acetylated regions and differentially acetylated peaks were enumerated using our in-house program 496 

and gene annotation file provided by the TAIR database. Since the majority of acetylated histones 497 

are located downstream of TSS, we identified acetylated genes responding to acetic acid as genes 498 

having peaks from 500 bp upstream of TSS to 1.5 kb downstream of TSS. All raw files and 499 

processed files were deposited at the NCBI GEO (ID: GSE95817). The Integrative Genome 500 

Browser 9.0.0 was used to visualize the processed data (http://bioviz.org/igb/index.html). 501 
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Sequencing was done using each ChIPed DNA (n=1) and result of H4ac enrichments was 502 

validated by ChIP-qPCR (n=3) on three target gene regions (NHL3, ZAT10 and At5g42050), a 503 

negative gene region (At2g15555) and a positive gene region (UBQ10).  504 

 505 

Measurement of acetate. Three-week-old Arabidopsis plants were subjected to a drought stress 506 

treatment for 12 (Nos background plants) or 14 days (Col-0 background plants), and rosette leaves 507 

were harvested. Well-watered plants of the same age were used as controls. Harvested leaves were 508 

immediately weighed and frozen in a plastic tube. Frozen tissues were homogenized in five 509 

volumes (w/v) of cold (4°C) water using a mixer mill (Shake Master Neo; Bio Medical Science, 510 

Tokyo, Japan) with a zirconia bead for 1 min at 20 Hz. Following centrifugation at 15,000 × g for 1 511 

min at 4°C, the supernatants were diluted with an equal amount of acetone. The sample extracts (1 512 

µL) were analysed using a gas chromatography–mass spectrometry (GC–MS) system 513 

(GCMS-QP2010 Plus, Shimadzu, Kyoto, Japan) equipped with a nitroterephthalic acid modified 514 

polyethylene glycol (DB-FFAP) column (60 m, 0.25 mm internal diameter, 0.5 m film thickness; 515 

Agilent Technologies, Tokyo, Japan). Helium was used as the carrier gas at a flow rate of 1 516 

mL/min. The oven temperature was held at 100°C for 5 min and then heated at 10°C/min to 230°C. 517 

The injector temperature was maintained at 250°C, and the ion source and interface temperatures 518 

were 230°C and 250°C, respectively. The sample was injected in split injection mode with a 100:1 519 

split ratio. Acetate was detected using the selected ion monitoring mode at m/z 60. 520 

 521 

Metabolite profiling. Metabolite profiling was performed as described by Kusano et al.35, with 522 

slight modifications. All chemicals and reagents used were of spectrometric grade. We extracted 25 523 

mg fresh weight (FW) of aerial plant parts per mL of extraction medium containing 10 524 
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stable-isotope reference compounds. After centrifugation, a 200 µL aliquot of the supernatant was 525 

drawn and evaporated to dryness for derivatisation, as described in Kusano et al.35 The equivalent 526 

of 56 μg FW of extract was analysed by gas chromatography with time-of-flight mass 527 

spectrometry (GC–TOF–MS). (LECO, St Joseph, MI, USA). Data were normalized using the 528 

cross-contribution compensating multiple standard normalization (CCMN) algorithm36. 529 

 530 

Statistical data analysis of metabolomics data. Statistical data analyses were performed by R 531 

statistical software (http://cran.r-project.org). Statistical comparison of the metabolome data with 532 

log2-transformation between acetate treatment and control was conducted using a Welch's t-test 533 

with correction by false discovery rate (FDR)33. 534 

 535 

Measurement of xylem sap pH. Xylem sap was collected from 6-week-old Arabidopsis plants 536 

grown in soil. Before and after acetic acid treatment, shoots corresponding to the hypocotyl of 537 

15–20 plants were cut off. Exudates from the cut ends were collected for 30 min. Approximately10 538 

μl of the exudate was subjected to pH determination using a pH meter (B-712, Horiba, Kyoto, 539 

Japan). 540 

 541 

Measurement of soil pH and water content. Ten grams of soil (Professional No. 2, DAIO 542 

Chemicals, Tokyo, Japan) were treated for 9 days with 25 mL of an acetic acid–deionized water 543 

solution in a 50 mL plastic tube and vigorously shaken for 30 min at 200 rpm with a Shaker NR-30 544 

(TAITEC, Koshigaya, Saitama, Japan), and then kept at room temperature for 30 min. The pH of 545 

the supernatant was measured with a pH meter PH-6011A (CUSTOM, Tokyo, Japan). Soil water 546 

contents were measured with a soil water content meter DM-18 (TAKEMURA DENKI, Tokyo, 547 

Japan). 548 

 549 
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Measurement of phytohormones. Approximately 100 mg (fresh weight) of the aerial parts of 550 

Arabidopsis plants were subjected to quantification of jasmonic acid (JA), jasmonoyl-isoleucine 551 

(JA-Ile) and abscisic acid (ABA). Extraction and fractionation were performed using the method 552 

described by Kojima et al.38. [2H2]JA-Ile was purchased from OlChemim Ltd. (Olomouc, Czech 553 

Republic). The hormones were determined using an ultra high-performance liquid 554 

chromatography-Q-Exactive™ system (Thermo Fisher Scientific, Waltham, MA, USA) using an 555 

ODS column (AQUITY UPLC BEH C18, 1.7 μm, 2.1 × 100 mm; Waters, Milford, MA, USA) as 556 

previously described36. 557 

 558 

14C labelled acetic acid incorporation. Acetic acid transport to shoots was examined using 559 

14C-acetic acid. Ten millilitres of 10 mM acetic acid containing 12MBq of [1-14C]-acetic acid was 560 

supplied from the bottom of the pot containing 18-day-old seedlings. A shoot was excised at each 561 

treatment time and placed on cardboard at 4°C. After being covered with a thin plastic film, the 562 

shoots were exposed to an imaging plate (BAS–IP-MS, GE Healthcare UK, Little Chalfont, UK) 563 

for 1 day, and then the 14C image was acquired by an FLA-5000 image analyser (FujiFilm, Tokyo, 564 

Japan). The amount of acetic acid in the aerial part was calculated from the signal intensity, using 565 

imaging analysis software (Image Gauge ver. 4.0, FujiFilm, Tokyo, Japan). 566 

 567 

Western blotting. Three Arabidopsis plants for each sample were fixed with liquid nitrogen and 568 

disrupted by shaking for 1 min using an SK mill (Tokken, Chiba, Japan). Histone proteins were 569 

purified from the crude protein fraction using a Histone purification kit (Active motif, Carlsbad, CA, 570 

USA). Protein concentrations were measured using a Qubit protein assay kit and Qubit 2.0 571 

Fluorometer (Thermo Fisher Scientific). Histone proteins were separated by SDS-PAGE on a 15% 572 

gel (SuperSep Ace, 15%, Wako Pure Chemical Industries, Osaka, Japan). Histone proteins were 573 
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transferred to a polyvinylidene difluoride (PVDF) membrane using an iBlot Dry Blotting System 574 

(Thermo Fisher Scientific). To detect the histone H4 proteins, an antibody specific for the histone 575 

H4 C-terminus (ab10158, Abcam, Cambridge, UK) was used as the primary antibody. 576 

 577 

Development and characterization of transgenic lines expressing PDC1 and ALDH2B7 578 

under control of the TSPO promoter. Arabidopsis TSPO (At2g47770) is a small intron less gene 579 

and its expression is up regulated by drought stress39. 1.4 kb promoter region upstream of TSPO 580 

gene was cloned with forward and reverse primers as 581 

5’-ATAGTAGACTGCGGCCGCACCATGGCA-3’ and 582 

5’-TGTCCTGAGATCTAGATACAAACGAAACGTCCAAAAC-3’, respectively. A NotI site 583 

was introduced into the forward primer, while a XbaI site was introduced into the reverse primer 584 

and a 1.4 kb region of the Arabidopsis TSPO promoter was cloned into the pGreenII 0029 and 585 

pGreenII 0229 vectors. Then, the ALDH2B7 and PDC1 genes were cloned downstream of the 586 

TSPO promoter in pGreenII 0229 and pGreenII 0029, respectively. The primers used for the 587 

cloning of PDC1 were 5’-CTCGAATTCCCCGGGTTAATTAAATTAATC-3’ and 588 

5’-ATCAGGCCGTCGACGCCGGATC-3’ containing SmaI and SalI sites, respectively. The 589 

primers used for the cloning of ALDH2B7 were 590 

5’-AATCGGCCCCCGGGTTAATTAAATTAATC -3’and 591 

5’-TGGAGCTAGTCGACTTATGGCCGA-3’contianing SmaI and SalI sites, respectively. 592 

Transgenic Arabidopsis plants expressing both of these genes were developed through 593 

Agrobacterium tumefaciens (GV3101)-mediated transformation of plants by the floral dip 594 

method40. The both plasmids containing PDC1 or ALDH2B7 were transformed into Arabidopsis 595 

wild-type (Col-0) plants at one time. Neomycin phosphotransferase II (NPT II), and the bialaphos 596 

resistance (bar) genes were used to screen transgenic plants using kanamycin (km) and bialaphos 597 
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for PDC1 and ALDH2B7, respectively.  598 

Homozygous lines for plants expressing ALDH2B7, PDC1 or both were developed, and the 599 

drought-inducible expression of these genes was confirmed through RT-qPCR analysis. cDNA for 600 

each sample was synthesized from 200 ng RNA using the QuantiTect Reverse transcription kit 601 

according to the manufacturer’s instructions (QIAGEN, USA). For PDC1, the forward and reverse 602 

primers were 5'- AGAGCACCATCCTCATTTCATT-3  ̀ and 603 

5'-TGGCTTTTTCTTTCTTGAGGAG-3 ,̀ respectively. Forward and reverse primers used for 604 

ALDH2B7 were 5`-CATGCTCATAGCAACAGACGA-3  ̀ and 605 

5`-CAGCAGCTAAACCGTACCTTG-3 ,̀ respectively. Actin 2, used as an internal control, was 606 

amplified using the forward and reverse primers 5`-TGAAGTGTGATGTGGATATCAGG-3  ̀and 607 

5`-GATTTCTTTGCTCATACGGTCAG-3 ,̀ respectively. 608 

   For the drought treatment, seeds were sown in Dio propagation mix no. 2 professional soil (Dio 609 

Chemicals, Japan) at 22°C (16 h light/8 h dark cycle, 60 µmol m−2 s−1 photon flux density). Two 610 

weeks after germination, plants were subjected to the drought treatment by removing excess water 611 

from the trays and ceasing any subsequent watering. The survival ratio of the WT and transgenic 612 

plants was calculated by counting the number of survived plants at 48 hours after re-watering the 613 

plants. For measurement of biomass, plants were grown in soil for two weeks and shoots were 614 

subsequently harvested and fresh weight was measured. The samples were then subjected to heat 615 

drying at 55°C for 5 days and sample dry weights were measured. The weight of pots containing 616 

two weeks old plants was recorded and changes in the pot weight was expressed as percentage 617 

change in soil water content. 618 

 619 

Data availability. The transcriptome and epigenome data are available at the GEO website under 620 

the accession numbers GSE46365, GSE46524 and GSE95817. The data that support the findings 621 
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of this study are available from the corresponding authors upon request. 622 

 623 


