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20 Abstract

21 Polyamines are small amines that accumulate during stress and contribute to disease resistance through 

22 as yet unknown signaling pathways. Using a comprehensive RNA-sequencing analysis, we show that 

23 early transcriptional responses triggered by each of the most abundant polyamines (putrescine, 

24 spermidine, spermine, thermospermine and cadaverine) exhibit specific quantitative differences, 

25 suggesting that polyamines (rather than downstream metabolites) elicit defense responses. Signaling 

26 by putrescine, which accumulates in response to bacteria that trigger effector triggered immunity (ETI) 

27 and systemic acquired resistance (SAR), is largely dependent on the accumulation of hydrogen 

28 peroxide, and is partly dependent on salicylic acid (SA), the expression of ENHANCED DISEASE 
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29 SUSCEPTIBILITY (EDS1) and NONEXPRESSOR of PR GENES1 (NPR1). Putrescine elicits local SA 

30 accumulation as well as local and systemic transcriptional reprogramming that overlaps with SAR. 

31 Loss-of-function mutations in arginine decarboxylase 2 (ADC2), which is required for putrescine 

32 synthesis and copper amine oxidase (CuAO), which is involved in putrescine oxidation, compromise 

33 basal defenses, as well as putrescine and pathogen – triggered systemic resistance. These findings 

34 confirm that putrescine elicits ROS-dependent SA pathways in the activation of plant defenses.

35
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47 Summary statement

48 Polyamines trigger stress signaling that involves defense sectors. Putrescine, which accumulates 

49 during ETI, contributes to defense through activation of a ROS, EDS1, SA and NPR1 - dependent 

50 pathway which leads to local SA accumulation and the establishment of systemic responses 

51 overlapping with SAR. 

52

53 Authorship

54 R.A. designed the overall project. R.A., C.L., K.E.A., A.F.T and J.Z. designed the experiments. 

55 C.L., K.E.A, N.A., E.M., and R.A. performed research. C.L., R.A. and J.Z. analyzed and 

56 interpreted the data. R.A. wrote the manuscript with contributions from other authors.

Page 2 of 44Plant, Cell & Environment



3

57 INTRODUCTION

58 Plant pathogens are recognized by innate immune receptors resident at the cell surface or in the 

59 cytoplasm. Binding of conserved microbial molecules (pathogen-associated molecular patterns, 

60 PAMPs) to plasma membrane associated pattern recognition receptors leads to PAMP-triggered 

61 immunity (PTI), which provides resistance to non – adapted microbes (Dodds & Rathjen 2010). 

62 PTI can be suppressed by effectors, pathogenic virulence factors deployed into the cell that 

63 promote susceptibility (Macho & Zipfel 2014). Certain pathogen effectors are recognized by 

64 intracellular nucleotide-binding/leucine ‐ rich ‐ repeat (NLR) receptors, leading to effector 

65 triggered immunity (ETI). ETI boosts PTI, salicylic acid (SA) biosynthesis and reactive oxygen 

66 species (ROS) production, which ultimately leads to transcriptional reprogramming (Dodds & 

67 Rathjen 2010; Cui, Tsuda & Parker 2015). Local pathogen recognition also triggers systemic 

68 responses that provide broad-spectrum disease resistance against secondary infection in distal 

69 (systemic) tissues. This phenomenon, known as systemic acquired resistance (SAR), is associated 

70 with local and systemic SA biosynthesis, as well as extensive transcriptional reprogramming (Fu 

71 & Dong 2013). Even though PTI and ETI are activated upon recognition of different pathogen 

72 molecules, both share common signals including ROS and SA production (Herrera-Vásquez, 

73 Salinas & Holuigue 2015). Impaired SA biosynthesis strongly compromises SAR (Wildermuth 

74 et al. 2001), although SA itself is not the mobile signal responsible for SAR (Vlot, Dempsey & 

75 Klessig 2009). Other plant metabolites have been reported to orchestrate the establishment of 

76 SAR through SA-dependent and independent pathways (Shine et al. 2019). These metabolites 

77 include N-hydroxypipecolic acid (NHP) (Návarová et al. 2012; Hartmann et al. 2018), azelaic 

78 acid (AzA) (Jung et al. 2009), glycerol-3-phosphate (Chanda et al. 2011), dehydroabietinal 

79 (Chaturvedi et al. 2012), free radicals, nitric oxide (NO) and reactive oxygen species (ROS) 

80 (Wang et al. 2014). 

81

82 EDS1 is a non-catalytic lipase-like protein required for basal resistance, ETI and SAR. EDS1 

83 contributes to SA accumulation as part of a feedback loop that reinforces SA signaling (Falk et 

84 al. 1999; Feys et al. 2005). ETI triggered by recognition of the Pseudomonas syringae effector 
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85 protein AvrRpm1 is mediated by the coiled-coil (CC)-NLR RESISTANCE TO PSEUDOMONAS 

86 SYRINGAE pathovar MACULICOLA1 (RPM1) receptor. Although local resistance mediated by 

87 RPM1 is independent of EDS1 (Aarts et al. 1998), systemic immunity and local SAR signal 

88 generation are compromised in the eds1 mutant (Truman et al. 2007; Breitenbach et al. 2014). 

89 NPR1 acts downstream of SA as transcription co-factor that triggers defense-related 

90 transcriptional reprogramming. Upon SA accumulation, NPR1 oligomers resident in the cytosol 

91 dissociate and NPR1 monomers are translocated to the nucleus, where they interact with TGA 

92 transcription factors leading to transcriptional reprogramming. As such, npr1 mutations severely 

93 compromise SA responses (Zhang et al. 1999; Després et al. 2000; Fan & Dong 2002; Mou, Fan 

94 & Dong 2003; Tada et al. 2008; Fu & Dong 2013). 

95

96 In addition to SA, polyamines also accumulate during defense responses (Jiménez-Bremont et al. 

97 2014; Seifi & Shelp 2019). Polyamines are low molecular weight polycationic molecules bearing 

98 amino groups. Most abundant polyamines are the diamine putrescine (Put), triamine spermidine 

99 (Spd) and tetraamine spermine (Spm). The diamine cadaverine (Cad) and tetraamine 

100 thermospermine (tSpm), a Spm isomer, are also present in higher plants. These compounds can 

101 be found in free or conjugated forms to hydroxycinnamic acids (Walters 2003; Tiburcio et al. 

102 2014; Tiburcio & Alcázar 2018). Polyamine concentration is regulated by tight control of its 

103 biosynthesis, conjugation, transport and oxidation. Polyamines can be oxidatively deaminated by 

104 amine oxidases that produce H2O2 (Cona et al. 2006), which might lead to ROS-dependent stress 

105 signaling (Mittler et al. 2011; Wang et al. 2019). Amine oxidases are classified in copper-

106 containing amine oxidases (CuAO, EC 1.4.3.6) or FAD-dependent polyamine oxidases (PAO, 

107 EC 1.5.3.11). In Arabidopsis thaliana (Arabidopsis), CuAO exhibit strong preference for Put and 

108 Spd as substrates, and catalyze the oxidation of primary amino groups producing the 

109 corresponding aldehydes along with H2O2 and NH4
+  (Cona et al. 2006; Angelini et al. 2010; 

110 Planas-Portell et al. 2013). Plant PAO are involved in terminal catabolism or back-conversion 

111 reactions, depending on the species (Cona et al. 2006; Angelini et al. 2010; Moschou et al. 2012). 

112 In Arabidopsis, PAO mediate back-conversion reactions that reverse the biosynthesis pathway by 
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113 oxidation of the carbon at the exo-side of the N4-nitrogen, producing 3-aminopropanal and H2O2  

114 (Ono et al. 2012; Moschou et al. 2012; Ahou et al. 2014). Spm oxidation through PAO activity 

115 triggers the activation of mitogen-activated protein kinases (Zhang & Klessig 1997; Seo et al. 

116 2007) and contributes to disease resistance against cucumber mosaic virus (CMV) (Mitsuya et al. 

117 2009; Sagor et al. 2012), Pseudomonas (Marina et al. 2008; Moschou et al. 2009; González et al. 

118 2011; Marco, Busó & Carrasco 2014; Lou et al. 2016), Botrytis cinerea (Seifi et al. 2019) and 

119 other microbial pathogens. Overall, most defense traits related to polyamines have been attributed 

120 to Spm oxidation. Even though Put accumulation is a conserved metabolic hallmark of plant 

121 stress, the contribution of Put to defense has remained elusive (Yoda, Yamaguchi & Sano 2003; 

122 Mitsuya et al. 2009; Sagor et al. 2012; Vilas et al. 2018; Seifi & Shelp 2019). We recently 

123 reported that Put accumulates during PTI and amplifies PTI responses in a ROS and 

124 RESPIRATORY BURST OXIDASE HOMOLOG (RBOH) D and RBOHF - dependent manner (Liu 

125 et al. 2019). Consistent with the contribution of Put to basal defenses, adc2 mutants deficient in 

126 pathogen-triggered Put accumulation are more susceptible to P. syringae pv. tomato DC3000 (Pst 

127 DC3000) infection (Kim et al. 2013). Furthermore, accumulation of free Put in the N-

128 acetyltransferase activity1 (nata1) mutant, which is deficient in Put N-acetylation, correlated with 

129 enhanced disease resistance to this Pseudomonas strain (Lou et al. 2016). Despite the growing 

130 body of evidence demonstrating the participation of polyamines in stress protection, polyamine 

131 signaling pathways underlying such effects are largely unknown. In an attempt to get an insight 

132 into polyamine signaling and its contribution to defense in plants, we performed a comprehensive 

133 RNA-sequencing (RNA-seq) analysis to determine transcriptional changes elicited by each of the 

134 most abundant polyamines in Arabidopsis, in addition to cadaverine (Cad). Even though Cad is 

135 not present in Arabidopsis, this polyamine is found in many Leguminosae and microorganisms in the 

136 phyllosphere and rhizosphere (Jancewicz, Gibbs & Masson 2016). RNA-seq analyses indicated 

137 that the different polyamines elicit stress signaling in Arabidopsis. By focusing on Put, which 

138 accumulates in response to AvrRpm1-triggered ETI in a SA-independent manner, we find that 

139 transcriptional responses to this polyamine are H2O2, SA, EDS1 and NPR1 - dependent, thus 

140 highlighting the importance of ROS and SA pathways for Put signaling. Consistent with a role 
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141 for Put in defense, we find that Put treatment leads to local SA biosynthesis, as well as local and 

142 systemic transcriptional reprogramming that overlaps with SAR. The contribution of Put 

143 oxidation to defense is confirmed in adc2 and cuao mutants, which are compromised in basal 

144 defenses as well as Put and pathogen -triggered systemic resistance. Overall, we provide new 

145 insights into polyamine signaling and the involvement of Put oxidation in defense.
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146 MATERIALS AND METHODS

147 Plant Materials and Growth Conditions

148 For plants grown on soil, seeds from the different genotypes were stratified for 3 days on a wet 

149 filter paper and directly sown on a mixture containing peat moss (40%), vermiculite (50%) and 

150 perlite (10 %). Plants were grown at 20–22°C under 8 h light (8:00 AM to 4:00 PM)/16 h dark 

151 cycles at 100–125 μmol photons m–2 s–1 of light intensity and 60 % - 70 % relative humidity. For 

152 in vitro culture, seeds were sterilized in 30 % sodium hypochlorite supplemented with 0.5 % 

153 Triton X-100 (Sigma-Aldrich) for 10 min, followed by three washes with sterile distilled H2O. 

154 Seeds were sown on growth media [1/2 Murashige and Skoog salts (MS) supplemented with 

155 vitamins (Duchefa Biochemie), 1% sucrose, 0.6% plant agar (Duchefa Biochemie) and 0.05 % 

156 MES adjusted to pH 5.7 with 1 M KOH]. To synchronize germination, seeds were stratified in 

157 the dark at 4 °C for 2–3 days. Plates were incubated under 8 h light/16 h dark cycles at 20 – 22 

158 °C at 100–125 μmol photons m–2 s–1 of light intensity. The npr1-1 (Cao et al. 1997) mutant was 

159 kindly provided by Prof. Xinnian Dong (Duke University, USA). The adc1-2 (SALK_085350), 

160 adc2-4 (SALK_147171), atao1-3 (SALK_082394C), cuao1-3 (SALK_019030C), cuao2-1 

161 (SALK_012167C) and cuao3-1 (SALK_095214C) mutants were obtained from the Nottingham 

162 Arabidopsis Stock Center (NASC, UK). The adc1-3 and adc2-3 mutants were previously reported 

163 (Cuevas et al. 2008). 

164

165 Polyamine chemicals and stock solutions

166 Putrescine, spermidine, spermine and cadaverine pure chemicals were purchased from Sigma-

167 Aldrich. Thermospermine was kindly provided by Prof. Masaru Niitsu (Josai University, Japan). 

168 Fresh polyamine stock solutions were prepared at 100 mM concentration in 5 mM MES pH 5.7 

169 and sterilized by filtration. 

170

171 RNA-seq analyses

172 All polyamine treatments were performed at the same time of the day (12:00 PM) and samples 

173 collected at different time points post-treatment, as described below. Early gene expression 
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174 changes triggered by the different polyamines were determined in 12-day-old Col-0 wild-type, 

175 Col-0 eds1-2 (Bartsch et al. 2006), Col-0 sid2-1 (Wildermuth et al. 2001) and Col-0 npr1-1 (Cao 

176 et al. 1997) seedlings. The different genotypes were grown in vitro on a sterile nylon mesh placed 

177 on top of the growth media. For polyamine treatments, seedlings were transferred to growth media 

178 supplemented with or without the different polyamines at 100 µM. Samples were collected at 1 h 

179 post-treatment. Analyses were performed in three biological replicates, each containing three 

180 individual seedlings from three independent plates. Local and systemic transcriptional responses 

181 to Put were performed in 5-week-old Arabidopsis wild-type (Col-0) plants infiltrated with 500 

182 µM Put or mock (5 mM MES pH=5.7). Leaves were collected at 24 h post-inoculation. 

183 Treatments were performed in three biological replicates, each containing three leaves from three 

184 independent plants. Total RNA was extracted using TriZol (ThermoFischer) and further purified 

185 using RNeasy kit (Qiagen) according to manufacturer's instructions. Total RNA was quantified 

186 in Qubit fluorometer (ThermoFisher) and checked for purity and integrity in a Bioanalyzer-2100 

187 device (Agilent Technologies). RNA samples were further processed by the Centro Nacional de 

188 Análisis Genómico CNAG (www.cnag.crg.eu, Spain) for library preparation and RNA 

189 sequencing. Libraries were prepared using the Illumina TruSeq Sample Preparation Kit according 

190 to manufacturer’s instructions. Each library was paired-end sequenced (2 x 75 bp) on HiSeq2000 

191 Illumina sequencers. Read mapping and expression analyses were performed using the CLC 

192 Genomics Workbench 12 version 12.0.3 (Qiagen). Only significant expression differences (fold-

193 change ≥ 2; p-value and FDR ≤ 0.05) were considered. Gene ontology analyses were performed 

194 using CLC Genomics Workbench 12 version 12.0.3 (Qiagen) and Gene Ontology resource (GO; 

195 http://geneontology.org) using annotations from Araport11 (Cheng et al. 2017; Carbon et al. 

196 2019). Array similarity searches were performed using the Genevestigator Signature tool 

197 (www.genevestigator.com) in 2,799 perturbation arrays performed in Arabidopsis (Col-0) wild-

198 type genotype and containing a minimum of three biological replicates (Hruz et al. 2008). 

199

200 Real-Time Quantitative Reverse Transcription PCR (qRT-PCR)
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201 Total RNA was extracted using TRIzol reagent (ThermoFisher). Two micrograms of RNA were 

202 treated with DNAse I (ThermoFisher) and first‐strand cDNA synthesized using Superscript IV 

203 reverse transcriptase (ThermoFisher) and oligo(dT) according to manufacturer’s instructions. 

204 Quantitative real‐time PCR using SYBR Green I dye method was performed on Roche 

205 LightCycler 480 II detector system following the PCR conditions: 95 °C 2 min, 40 cycles (95 °C, 

206 15 s; 60 °C, 30 s; 68 °C, 20 s). Standard curves were performed for quantification. Primer 

207 sequences used for gene expression analyses are listed in Table S1. qRT‐PCR analyses were 

208 always performed on at least three biological replicates, each with three technical replicates.

209

210 2,7'-dichlorofluorescein staining

211 Twelve-day-old wild-type (Col-0) seedlings grown in vitro were transferred to liquid growth 

212 media and incubated 24 h before treatment with the different polyamines at 100 µM, 100 µM Put 

213 + 5 mM DMTU or mock (5 mM MES pH 5.7) for one hour. Seedlings were then stained with 50 

214 µM 2,7'-dichlorofluorescein diacetate (Sigma Aldrich) dissolved in 20 mM phosphate buffer pH 

215 6.1 for 30 min, and then washed three times with distilled water. Leaves from 5-week-old plants 

216 were used for infiltration with the different polyamines (500 µM), 500 µM Put + 5 mM DMTU 

217 or mock (5 mM MES pH 5.7) using a 1-mL needless syringe. Leaf staining was performed at 24 

218 h post-infiltration. ROS fluorescence was observed under a Leica Fluorescent microscope (DMi8) 

219 (leaves) or confocal microscope (Olympus FV1000) (roots) using 488 nm excitation and 510 nm 

220 emission wavelengths. A minimum of ten independent plants were visualized for every treatment. 

221 Figure captions represent a representative sample from each treatment.

222

223 DAB and NBT staining

224 Seedlings and leaves from the different treatments were immersed and vacuum infiltrated with 1 

225 mg ml-1 DAB staining solution (pH 3.8). Samples were then bleached by boiling in acetic acid-

226 glycerol-ethanol (1/1/3) (v/v/v) solution for 5 min, and then immersed in glycerol-ethanol (1/4) 

227 (v/v) solution for microscope visualization. For NBT staining, samples were immersed and 

228 infiltrated under vacuum with 3.5 mg ml-1 NBT staining solution in 10 mM potassium phosphate 
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229 buffer (pH 7.5) containing 10 mM NaN3. Bleaching and microscope visualization was performed 

230 as described above.

231

232 Pipecolic acid and Salicylic acid quantitation

233 Leaves from five-week-old Arabidopsis plants were inoculated with 500 µM Put or mock (5 mM 

234 MES pH 5.7). Local inoculated (1º) and distal non-inoculated (2º) leaves were collected at 24 h 

235 and 48 h post-inoculation in three to four biological replicates, each containing three leaves from 

236 three independent plants. The leaf contents of SA, Pip and NHP were analyzed by gas 

237 chromatography/mass spectrometry (GC-MS) as described by Hartmann et al. (2018). Briefly, 50 

238 mg of frozen, pulverized leaf tissue were extracted twice with 1 ml of MeOH/H2O (80:20, v/v). 

239 1 µg of D4-SA, D9-Pip, and D9-NHP were added as internal standards. 600 μl of the extract was 

240 evaporated to dryness and the residue was supplemented with 20 µl of pyridine, 20 µl of N-

241 methyl-N-trimethylsilyltrifluoroacetamide containing 1% trimethylchlorosilane (v/v) and 60 µl 

242 of hexane. After heating the mixture to 70 °C for 30 min, samples were cooled and diluted with 

243 300 µl of hexane. 2 µl of the solution was separated on a Phenomenex ZB-35 (30m x 0.25mm x 

244 0.25µm) capillary column using a GC 7890A gas chromatograph (Agilent Technologies) and the 

245 following temperature program: 70 °C for 2 min, with 10 °C / min to 320 °C, 320 °C for 5 min. 

246 A 5975C Agilent mass spectrometer in the electron ionization (EI) mode was used for compound 

247 detection. Metabolite analysis and quantification was performed with the Agilent MSD 

248 ChemStation software. Analyte peaks of selected ion chromatograms were integrated, and peak 

249 areas were related to those of internal standards: SA (m/z 267) relative to D4-SA (m/z 271), Pip 

250 (m/z 156) relative to D9-Pip (m/z 165), and NHP (m/z 172) relative to D9-NHP (m/z 181).

251

252 Determination of polyamine levels

253 The levels of free Put, Spd and Spm were determined by high‐performance liquid chromatography 

254 (HPLC) separation of dansyl chloride‐derived polyamines as described (Marcé et al. 1995; 

255 Alcázar et al. 2005). Analyses were performed in three to four biological replicates per treatment, 

256 each including three technical replicates.
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257

258 Polyamine levels in β-estradiol inducible AvrRpm1 lines

259 The β-estradiol inducible AvrRpm1 line (a11) and AvrRpm1 rpm1-1 (a11r) were obtained from 

260 NASC (CS68776 and CS68777) (Tornero et al. 2002). Five-week-old a11, a11r and wild-type 

261 plants were infiltrated with 10 µM β-estradiol or water (mock) using a 1-mL needless syringe. 

262 Local inoculated (1º) and distal non-inoculated (2º) leaves were harvested at 24 h post-infiltration 

263 for polyamine quantitation. Analyses were performed in three to four biological replicates per 

264 treatment, each including three technical replicates.

265

266 Pathogen inoculation assays

267 Three local leaves from at least eight independent Arabidopsis plants per genotype were 

268 inoculated with 100 µL of a Pseudomonas syringae pv tomato DC3000 AvrRpm1 (Pst AvrRpm1) 

269 suspension at OD600 = 0.001 in 10 mM MgCl2, 500 µM Put or mock (10 mM MgCl2) using a 1-

270 mL needless syringe. Two days post-inoculation, systemic non-inoculated leaves (2º) were 

271 infiltrated with Pseudomonas syringae pv tomato DC3000 (Pst DC3000) at OD600nm = 0.0005 in 

272 10 mM MgCl2. Pst DC3000 colony forming units (cfu) per cm2 were determined at 72 h post-

273 inoculation as described (Alcázar et al. 2010b) using eight biological replicates per treatment and 

274 genotype.

275

276 Accession numbers

277 RNA-seq data have been deposited in ArrayExpress (https://www.ebi.ac.uk/arrayexpress/) under 

278 accession number E-MTAB-9267.
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280 RESULTS

281 Transcriptional responses to different polyamines

282 In order to gain an insight into polyamine signaling, we determined early gene expression changes 

283 triggered by different polyamines in 12-day-old Arabidopsis wild-type seedlings treated with 100 

284 µM putrescine (Put), 100 µM cadaverine (Cad), 100 µM spermidine (Spd), 100 µM spermine 

285 (Spm), 100 µM thermospermine (tSpm) or mock (5 mM MES pH 5.7) for 1 h. RNA-seq analyses 

286 identified 382 genes that exhibited significant expression differences in response to one or more 

287 polyamines (expression fold change ≥ 2, Bonferroni- corrected p-value < 0.05) (Figure 1 and 

288 Figure S1; Tables S2.1 to S2.7). Put treatment led to the largest number of differentially 

289 expressed genes (227 genes; Table S2.1), followed by Spd (209 genes, Table S2.2), Cad (179 

290 genes, Table S2.5), tSpm (156 genes, Table S2.4) and Spm (87 genes, Table S2.3) treatments. 

291 Many genes were responsive to various polyamines, although specific quantitative differences 

292 were evident (Table S2.6). Gene ontology (GO) analyses of polyamine responsive genes 

293 evidenced the enrichment in biological processes related with the stress response, defense, 

294 elicitation and hypoxia (Figure S2 and Table S3). A survey for similar gene expression patterns 

295 in 2,799 publicly available arrays identified perturbations related to basal defenses, flg22 

296 treatment, hypoxia and iron deficiency (Figure S3). Closer inspection of molecular functions and 

297 pathway analyses identified 86 genes coding for proteins with different catalytic activities, 

298 including an overrepresentation of pectin modifying and flavonoid biosynthesis enzymes, 

299 peroxidases and glutathione S-transferases (Table S2.6). Other 30 genes encoded transcription 

300 factors, eleven of which belonged to the WRKY family. This was followed by 20 protein kinases, 

301 16 defense-related genes, 16 transporters of different nature, 16 Cysteine/Histidine-rich C1 

302 domain family proteins, and several genes related to ABA, auxin and ethylene signaling or 

303 metabolism, among other categories (Table S2.6). Overall, these analyses indicated that 

304 polyamines elicit stress signaling, including biotic responses. The principal component analysis 

305 (PCA) (Figure 2A) and hierarchical clustering analysis (HCA) (Figure 2B) of RNA-seq data 

306 evidenced the absence of correlation between transcriptional responses and polyamine charge. 

307 Indeed, the two HCA sample clades grouped polyamines with different number of amino groups. 
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308 Clade I included the diamine Put and tetraamine Spm, whereas clade II contained the diamine 

309 Cad, triamine Spd and tetraamine tSpm (Figure 2B). We concluded that the different polyamines 

310 elicit stress signaling and exhibit quantitative rather than qualitative differences, which are not 

311 correlated with charge.

312

313 Put signaling is ROS dependent

314 The overlapping transcriptional responses triggered by the different polyamines (Figures 1 and 

315 2B; Table S2.6) suggested their convergence into a common signal. Hydrogen peroxide is a 

316 common by-product of polyamine oxidation (Cona et al. 2006; Angelini et al. 2010; Wang et al. 

317 2019). Staining with the 2’,7’-dichlorofluorescein diacetate (DCFDA) dye identified sites of ROS 

318 production in leaves and roots treated with the different polyamines (Figure S4A). Staining with 

319 3-3'-diaminobenzidine (DAB) also exhibited dark brown precipitates in polyamine-treated roots 

320 and leaves, consistent with the production of H2O2 (Figure S4B). Conversely, no evident 

321 differences were observed between mock and polyamine treatments in roots or leaves stained 

322 with nitroblue tetrazolium (NBT) (Figure S4C). These histochemical analyses suggested that 

323 polyamines trigger the production of H2O2. To further investigate the importance of H2O2 in the 

324 transcriptional response elicited by polyamines, we focused on Put, which accumulation is a 

325 metabolic hallmark of stress (Alcázar et al. 2010a). We interrogated the dependence of 

326 transcriptional changes triggered by Put on H2O2 production, by using the H2O2 scavenger 

327 dimethylthiourea (DMTU). Importantly, DMTU treatment inhibited Put-triggered ROS staining 

328 in roots and leaves (Figure S4A and S4B). Gene expression analyses indicated that, out of the 

329 227 genes responsive to Put (Table S2.1), the deregulation of 205 genes (90.3 %) was 

330 significantly inhibited ( 2-fold) in the presence of 5 mM DMTU (Table S4). We concluded that 

331 most transcriptional responses to Put are H2O2 dependent, thus pointing to an important 

332 contribution of ROS to Put signaling.

333

334 Involvement of SA pathway in putrescine signaling

335 GO and array similarity analyses of polyamine responsive genes highlighted many categories 
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336 related to defense (Figure S2 and Figure S3, Table S3). EDS1, SA and NPR1 are important 

337 regulators of defense also required to mount systemic responses to protect against secondary 

338 infection (Fu & Dong 2013). In order to study their contribution to Put signaling, we determined 

339 the expression changes induced by 100 µM Put in eds1-2, sid2-1 and npr1-1 mutants. Out of the 

340 227 Put responsive genes (Table S2.1), the Put-triggered deregulation of 114 (50 %), 87 (38.3 

341 %) and 59 (26 %) genes was compromised ( 2-fold) in npr1-1, sid2-1 and eds1-2 mutants, 

342 respectively. Only 37.8 % of Put responsive genes were independent of NPR1, SID2 or EDS1. 

343 The majority of EDS1 (66 %) and SA (87 %) gene expression sectors were also NPR1 dependent 

344 (Figure 3 and Table S5). Overall, we concluded that most transcriptional responses to Put require 

345 a functional EDS1/SA/NPR1 pathway.

346

347 Putrescine elicits local SA accumulation

348 The dependence of Put responsiveness on SA pathway led us to investigate a potential cross- 

349 modulation between these metabolites. For this, we infiltrated wild-type leaves with 500 µM Put 

350 or mock and determined free SA levels in local inoculated (1º) and systemic non-inoculated (2º) 

351 leaves at 24 h and 48 h post-treatment. Free SA levels were five-fold higher in 1º leaves infiltrated 

352 with Put than mock. Conversely, no differences in SA were detected between Put and mock 

353 treatments in 2º leaves (Figure 4). The levels of N-hydroxipipecolic acid (NHP), another 

354 important SAR regulator, as well as its biosynthetic precursor pipecolic acid (Pip), were not 

355 affected by Put treatment in either tissue (Figure 4). We concluded that Put elicits local SA 

356 accumulation, which supports the dependence of transcriptional responses to Put on SA-

357 dependent pathways (Figure 3). The reciprocal modulation of polyamine metabolism by SA was 

358 also studied by inoculating wild-type leaves with 500 µM SA, 500 µM benzothiadiazole S-methyl 

359 ester (BTH) or mock (water), followed by the determination of polyamine levels. SA or BTH did 

360 not induce significant changes in polyamine content compared to mock (Figure S5). We 

361 concluded that Put elicits SA accumulation, but SA has no obvious influence on polyamine levels.

362

363 Polyamine levels in response to Pst AvrRpm1
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364 To study whether ETI also associated with changes in polyamine levels, we inoculated wild-type 

365 leaves with the Pseudomonas syringae pathovar tomato (Pst) DC3000 carrying AvrRpm1 (Pst 

366 AvrRpm1) or mock (MgCl2) and determined Put, Spd and Spm concentration at 24 h post-

367 inoculation (Figure 5). Because Pst AvrRpm1 is a potent inducer of SAR, these analyses were 

368 performed in both local (1º) and systemic (2º) leaves.  Primary leaves inoculated with Pst 

369 AvrRpm1 accumulated three-fold more Put than leaves treated with mock, whereas Spd and Spm 

370 contents were unaffected. Local Put accumulation was also evident in eds1-2, sid2-1 and npr1-1 

371 mutants inoculated with Pst AvrRpm1. Although AvrRpm1 recognition operates independently 

372 of EDS1, Put accumulation in sid2-1 and npr1-1 pointed to a SA and NPR1 independent response 

373 (Figure 5A). In contrast to 1º leaves, polyamine levels in 2º leaves were not influenced by Pst 

374 AvrRpm1 inoculation (Figure 5B), indicating that Put accumulates in local but not systemic 

375 tissues. Local Put increases were also evident in 1º leaves of β-estradiol infiltrated a11 transgenic 

376 plants expressing β-estradiol – inducible AvrRpm1, but not in 2º leaves from the same plants. 

377 Conversely, Put accumulation was attenuated in a11 rpm1-1 (a11r) (Figure S6) (Tornero et al., 

378 2002). These results indicated that AvrRpm1 recognition is sufficient to induce Put accumulation. 

379 These pathogen-free assays also support a major contribution of plant polyamine metabolism to 

380 local changes in Put levels during ETI.

381

382 Systemic transcriptional responses triggered by Put 

383 Having found that Put accumulates in local leaves during ETI (Figure 5 and S6) and triggers 

384 local SA accumulation (Figure 4), we investigated whether Put responses were transmitted to 

385 systemic tissues. For this, we determined transcriptional changes triggered by 500 µM Put or 

386 mock in local (1º) and systemic (2º) wild-type leaves at 24 h post-treatment. A total of 185 and 

387 216 genes were deregulated by Put in 1º and 2º leaves, respectively (Figure 6; Tables S6.1 to 

388 S6.3). GO analyses of these genes identified a strong overrepresentation of terms related with 

389 biotic stimulus, defense, SAR, response to SA and hypoxia in local and systemic tissues (Tables 

390 S6.4 and S6.5). Interestingly, 54.8 % of the 115 genes up-regulated by Put in 1º leaves and 72.3 

391 % of the 177 genes up-regulated by Put in 2º leaves overlapped with SAR-responsive genes 
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392 (Figure 6) (Hartmann et al. 2018). However, these only represented a small fraction (4.5 %) of 

393 the full SAR transcriptional response (Hartmann et al. 2018). Quantitative RT-PCR analyses 

394 confirmed the transcriptional up-regulation of the SA marker gene PATHOGENESIS RELATED1 

395 (PR1) but also the SA biosynthesis gene ISOCHORISMATE SYNTHASE 1 (ICS1) in 1º but not 2º 

396 leaves, as well as the up-regulation of SAR-related genes FLAVIN-DEPENDENT 

397 MONOOXYGENASE 1 (FMO1) and L-LYSINE ALPHA-AMINOTRANSFERASE ALD1 (AGD2-

398 LIKE DEFENSE RESPONSE PROTEIN 1) in both local and systemic tissues (Figure S7). The 

399 data are consistent with a systemic response elicited by Put infiltration, which partly overlaps 

400 with SAR. However, transcriptional changes induced by Put in the absence of pathogen attack 

401 seem insufficient to trigger SA accumulation in 2º leaves (Figure 4), or the full establishment of 

402 SAR responses (Figure 6). This might prevent the cost of establishing systemic defenses due to 

403 transient fluctuations in Put levels not related to biotic stress.

404

405 Contribution of Put to the establishment of SAR in SA-pathway and Put biosynthesis 

406 mutants

407 To investigate the contribution of Put to the establishment of SAR, 1º leaves of the wild-type were 

408 pre-inoculated with 500 µM Put, Pst AvrRpm1 or mock. After 48 h, 2º leaves were inoculated 

409 with Pst DC3000 and bacterial titers determined at 72 h post-inoculation (Figure 7A). Pre-

410 treatment with Put led to lower Pst DC3000 growth in 2º leaves, similarly to Pst AvrRpm1 pre-

411 inoculation (Figure 7A). Put –elicited resistance was not evidenced in eds1-2, sid2-1 or npr1-1 

412 mutants, which is consistent with the requirement of functional SA-dependent pathways for Put 

413 responses (Figure 7A). Furthermore, SAR elicited by Pst AvrRpm1 was compromised in adc2-3 

414 and adc2-4 mutants, but not in adc1-2 or adc1-3 (Figure 7B). The data suggested that Put 

415 contributes to the establishment of SAR.

416

417 Analysis of the SAR response in copper amine oxidase (cuao) mutants

418 Put can be converted into 4-aminobutanal, H2O2 and ammonia through an enzymatic reaction 

419 catalyzed by copper-containing amine oxidases (CuAOs). Among the characterized CuAO 
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420 enzymes in Arabidopsis, ARABIDOPSIS THALIANA AMINE OXIDASE1 (ATAO1), CuAO1, 

421 CuAO2 and CuAO3 exhibit high affinity for Put and Spd, and localize to the apoplast (Moller & 

422 McPherson 1998; Planas-Portell et al. 2013). By using atao1-3, cuao1-3, cuao2-1 and cuao3-1 

423 loss-of-function mutants, we tested the contribution of CuAO to Put and Pst AvrRpm1 – elicited 

424 systemic resistance. The results indicated that basal defenses and SAR were strongly 

425 compromised in cuao1-3. In addition, no significant differences in bacteria growth were detected 

426 between mock and Put or Pst AvrRpm1 – elicited in cuao2-1 and cuao3-1 mutants (Figure 8). 

427 The data suggested that different CuAO family members contribute additively to the 

428 establishment of SAR, which highlights the importance of ROS generation for polyamine-

429 triggered defense responses.
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430 DISCUSSION

431 In order to investigate polyamine signaling, here we determined early transcriptional responses 

432 to most abundant polyamines (Put, Spd, Spm, tSpm and Cad) in Arabidopsis. Our data indicate 

433 that polyamines are active participants in stress signaling. The different polyamines elicited 

434 similar transcriptional responses but exhibited specific quantitative differences which were not 

435 correlated with charge (Figure 2B and Table S2.6). Remarkably, Cad also triggered a 

436 transcriptional response in Arabidopsis, although this polyamine is absent in this species (Table 

437 S1.5). This might be relevant in the context of plant-microbe interactions, as plants could take up 

438 Cad released from microorganisms in the rhizosphere or phyllosphere (Jancewicz, Gibbs & 

439 Masson. 2006). However, this possibility needs further investigation. By focusing on Put, which 

440 accumulates in response to a large variety of stresses (Alcázar et al. 2010a), we find that ROS 

441 production is necessary for Put-triggered transcriptional reprogramming (Table S4). ROS play 

442 important signaling roles in plant growth, development and stress responses. Important sources 

443 of ROS are enzymatic activities from peroxisomal glycolate involved in photorespiration, acyl-

444 CoA oxidases required for fatty acid β-oxidation, cell wall peroxidases, plasma membrane 

445 NADPH oxidases, copper-containing amine oxidases and FAD-dependent polyamine oxidases 

446 which produce H2O2 in the apoplast and peroxisomes (Cona et al. 2006; Del Río 2015). ROS 

447 generated through these and other enzymatic reactions in chloroplasts, mitochondria, 

448 peroxisomes and the apoplast are important chemical signals that contribute to PTI, ETI and SAR 

449 (Torres, Dangl & Jones 2002; Bindschedler et al. 2006; Rojas et al. 2012; Daudi et al. 2012; 

450 Macho et al. 2012; Wang et al. 2014; Mammarella et al. 2015).  

451

452 In Arabidopsis, the biosynthesis of Put is stimulated during PTI (Liu et al. 2019) and ETI (Figures 

453 5 and S6). Activation of PTI or ETI is sufficient for the establishment of SAR, which involves 

454 extensive transcriptional reprogramming (Mishina & Zeier 2007; Zhang & Li 2019; Liu et al. 

455 2019). The catalase2 (cat2) mutant, which is impaired in peroxisomal H2O2 metabolism, exhibits 

456 high SA and Put contents in addition to cell death and activation of defenses (Chaouch et al. 

457 2010). Put and SA have been suggested to operate in the same defense/cell death metabolic 
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458 response triggered by ROS (Chaouch et al. 2010). Here we find that Put elicits EDS1/SA/NPR1 

459 dependent transcriptional reprogramming in Arabidopsis (Figure 3), which leads to local SA 

460 increases (Figure 4) in the absence of programmed cell death (Liu et al. 2019). The npr1-1 

461 mutation suppressed the deregulation of a greater number of Put responsive genes (114 out of 

462 227) than sid2-1 (87 genes) or eds1-2 (59 genes) mutations. Even though not all transcriptional 

463 responses to Put are SA dependent, 62.2 % of early Put-responsive genes require a functional 

464 EDS1/SA/NPR1 pathway. Interestingly, NPR1 localization is influenced by redox changes 

465 triggered by pathogen infection and SA accumulation, as well as S-nitrosylation (Tada et al., 

466 2008). Remarkably, polyamines are sources of both ROS and NO (Cona et al. 2006; 

467 Wimalasekera, Tebartz & Scherer 2011). The involvement of EDS1 in Put signaling might be due 

468 to its contribution to SA accumulation as part of a feedback loop that boosts SA signaling (Falk 

469 et al. 1999; Feys et al. 2005). Consistent with this, EDS1, SA and NPR1-dependent sectors exhibit 

470 high overlap (Figure 3).

471

472 Stimulation of local SA biosynthesis (Figure 4) might underlie the enhanced basal disease 

473 resistance of wild-type plants inoculated with Put (Liu et al. 2019) and/or the enhanced disease 

474 susceptibility of adc2, which is compromised in Put accumulation in response to Pst DC3000 

475 bacteria (Kim et al. 2013). Even though Put elicited local but not distal SA accumulation (Figure 

476 4), local Put treatment triggered systemic transcriptional reprogramming that overlapped with 

477 SAR (Figure 6). Remarkably, local or systemic NHP and Pip levels were unaffected by Put 

478 inoculation (Figure 4), which indicates that Put potentiates the SA-branch of SAR. In agreement 

479 with this, pre-treatment with Put increased the resistance to Pst DC3000 in systemic tissues in an 

480 EDS1, SA and NPR1 dependent manner (Figure 7A). In addition, SAR was compromised in 

481 adc2 but not adc1 mutants, thus highlighting the specific contribution of ADC2 to systemic 

482 resistance (Figure 7B). ADC1 has been shown to be required for Put accumulation in response to 

483 Pseudomonas viridiflava in Arabidopsis, although resistance was not conditioned by ADC1 loss-

484 of-function (Rossi, Marina & Pieckenstain, 2014). Therefore, ADC1 may contribute to Put 

485 biosynthesis in response to certain pathogens in Arabidopsis, thus highlighting its specificity. The 
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486 involvement of ADC1 in the synthesis of N-acetylputrescine (Lou et al., 2019) may underlie such 

487 specificity.

488

489 The dependence of Put signaling on H2O2 production (Table S4) prompted us to investigate the 

490 potential participation of CuAO in Put- triggered defense responses. CuAO1 catalyzes the 

491 oxidative deamination of Put and Spd in the apoplast and its expression is strongly up-regulated 

492 in response to SA (Planas-Portell et al. 2013). Interestingly, the cuao1-3 mutant was compromised 

493 in basal defenses to Pst DC3000 and the establishment of SAR triggered by Put and Pst AvrRpm1 

494 (Figure 8). Other CuAO family members (CuAO2 and CuAO3) contributed additively to Put- 

495 elicited systemic responses (Figure 8). Based on these results, we argue that Put oxidation in the 

496 apoplast might be an important trigger of defense signaling. Polyamines are known to accumulate 

497 in the apoplast in response to pathogens (Yamakawa et al. 1998; Marina et al. 2008; Moschou et 

498 al. 2009; Liu et al. 2019). However, it is still a matter of debate the contribution of plant and 

499 pathogens to the total polyamine levels found in plant tissues. Here we show that inducible 

500 AvrRpm1 expression in Arabidopsis is sufficient to induce Put accumulation, and this response is 

501 significantly mitigated in rpm1-1 (Figure S6). We conclude that local Put accumulation triggered 

502 by Pst AvrRpm1 inoculation is mainly of plant origin. 

503 Earlier works already reported that high H2O2 stimulates the biosynthesis of SA (León, Lawton 

504 & Raskin 1995; Durner, Shah & Klessig 1997). Indeed, apoplastic ROS production is a hallmark 

505 of successful pathogen recognition and activation of defense responses (Torres 2010). Perception 

506 of PAMPs triggers the activation of NADPH oxidases and peroxidases leading to apoplastic H2O2 

507 generation and defense signaling (Nühse et al. 2007; Zhang et al. 2007; O'Brien et al. 2012; 

508 Mammarella et al. 2015). In addition, apoplastic H2O2 bursts contribute to cell wall fortification 

509 and callose deposition at infection sites (Ellinger & Voigt 2014). SA also influences ROS levels 

510 through inhibition of the catalase activity (Chen, Silva & Klessig 1993) and the H2O2 scavenging 

511 activity of cytosolic ascorbate peroxidase (APX) (Vlot, Dempsey & Klessig 2009). Conversely, 

512 high SA stimulates reduced glutathione biosynthesis at long term, thus contributing to an 

513 antioxidative effect. Therefore, H2O2 and SA exhibit an intricate relationship reflected by a 
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514 biphasic (first oxidative and second reductive) redox dynamics (Herrera-Vásquez, Salinas & 

515 Holuigue 2015).

516

517 In the context of plant-pathogen co-evolution, the polyamine pathway might be a good target for 

518 pathogen effectors or small molecules which are delivered to manipulate host defenses. The 

519 observed restriction in Pseudomonas growth triggered by Put is consistent with the activity of the 

520 TALE-like Bgr11 effector from the plant pathogen Ralstonia solanacearum that boost Put 

521 biosynthesis to inhibit the growth of microbial niche competitors (Wu et al. 2019). In addition, 

522 the P. syringae virulence factor phevamine A, which is derived from Spd, suppresses the flg22-

523 induced ROS potentiation of defense responses triggered by Spd in Arabidopsis  (O’Neill et al. 

524 2018). Overall, we provide new insights into polyamine signaling and defense with a focus on 

525 Put.  Future research on this topic might help at the rational establishment of plant breeding and/or 

526 engineering strategies for plant protection against disease.

527

528 CONFLICT OF INTEREST STATEMENT

529 The authors have no conflicts of interest to declare.

Page 21 of 44 Plant, Cell & Environment



22

530 REFERENCES

531 Aarts N., Metz M., Holub E., Staskawicz B.J., Daniels M.J. & Parker J.E. (1998) Different requirements 

532 for EDS1 and NDR1 by disease resistance genes define at least two R gene-mediated signaling 

533 pathways in Arabidopsis. Proceedings of the National Academy of Sciences of the United States of 

534 America 95, 10306–10311.

535 Ahou A., Martignago D., Alabdallah O., Tavazza R., Stano P., Macone A., … Tavladoraki P. (2014) A 

536 plant spermine oxidase/dehydrogenase regulated by the proteasome and polyamines. Journal of 

537 Experimental Botany 65, 1585–1603.

538 Alcázar R., Altabella T., Marco F., Bortolotti C., Reymond M., Koncz C., … Tiburcio A.F. (2010a) 

539 Polyamines: molecules with regulatory functions in plant abiotic stress tolerance. Planta 231, 

540 1237–1249.

541 Alcázar R., García-Martínez J.L., Cuevas J.C., Tiburcio A.F. & Altabella T. (2005) Overexpression of 

542 ADC2 in Arabidopsis induces dwarfism and late-flowering through GA deficiency. Plant Journal 

543 43, 425–436.

544 Alcázar R., García A. V., Kronholm I., de Meaux J., Koornneef M., Parker J.E. & Reymond M. (2010b) 

545 Natural variation at Strubbelig Receptor Kinase 3 drives immune-triggered incompatibilities 

546 between Arabidopsis thaliana accessions. Nature Genetics 42, 1135–1139.

547 Angelini R., Cona A., Federico R., Fincato P., Tavladoraki P. & Tisi A. (2010) Plant amine oxidases “on 

548 the move”: An update. Plant Physiology and Biochemistry 48, 560–564.

549 Bartsch M., Gobbato E., Bednarek P., Debey S., Schultze J.L., Bautor J. & Parker J.E. (2006) Salicylic 

550 acid-independent ENHANCED DISEASE SUSCEPTIBILITY1 signaling in Arabidopsis immunity 

551 and cell death is regulated by the monooxygenase FMO1 and the Nudix hydrolase NUDT7. Plant 

552 Cell 18, 1038–1051.

553 Bindschedler L. V., Dewdney J., Blee K.A., Stone J.M., Asai T., Plotnikov J., … Bolwell G.P. (2006) 

554 Peroxidase-dependent apoplastic oxidative burst in Arabidopsis required for pathogen resistance. 

555 Plant Journal 47, 851–863.

556 Breitenbach H.H., Wenig M., Wittek F., Jordá L., Maldonado-Alconada A.M., Sarioglu H., … Corina 

557 Vlot A. (2014) Contrasting roles of the apoplastic aspartyl protease APOPLASTIC, ENHANCED 

558 DISEASE SUSCEPTIBILITY1-DEPENDENT1 and LEGUME LECTIN-LIKE PROTEIN1 in 

559 Arabidopsis systemic acquired resistance. Plant Physiology 165, 791–809.

Page 22 of 44Plant, Cell & Environment



23

560 Cao H., Glazebrook J., Clarke J.D., Volko S. & Dong X. (1997) The Arabidopsis NPR1 gene that 

561 controls systemic acquired resistance encodes a novel protein containing ankyrin repeats. Cell 88, 

562 57–63.

563 Carbon S., Douglass E., Dunn N., Good B., Harris N.L., Lewis S.E., … Westerfield M. (2019) The Gene 

564 Ontology resource: 20 years and still GOing strong. Nucleic Acids Research 47, D330–D338.

565 Chanda B., Xia Y., Mandal M.K., Yu K., Sekine K., Gao Q., … Kachroo P. (2011) Glycerol-3-phosphate 

566 is a critical mobile inducer of systemic immunity in plants. Nature Genetics 43, 421–427.

567 Chaouch S., Queval G., Vanderauwera S., Mhamdi A., Vandorpe M., Langlois-Meurinne M., … Noctor 

568 G. (2010) Peroxisomal hydrogen peroxide is coupled to biotic defense responses by 

569 ISOCHORISMATE SYNTHASE1 in a daylength-related manner. Plant Physiology 153, 1692–1705.

570 Chaturvedi R., Venables B., Petros R.A., Nalam V., Li M., Wang X., … Shah J. (2012) An abietane 

571 diterpenoid is a potent activator of systemic acquired resistance. Plant Journal 71, 161–172.

572 Chen Z., Silva H., Klessig D.F. (1993) Active oxygen species in the induction of plant systemic acquired 

573 resistance by salicylic acid. Science 262, 1883-1886.

574 Cheng C.Y., Krishnakumar V., Chan A.P., Thibaud-Nissen F., Schobel S. & Town C.D. (2017) 

575 Araport11: a complete reannotation of the Arabidopsis thaliana reference genome. Plant Journal 

576 89, 789–804.

577 Cona A., Rea G., Angelini R., Federico R. & Tavladoraki P. (2006) Functions of amine oxidases in plant 

578 development and defence. Trends in Plant Science 11, 80–88.

579 Cuevas J.C., López-Cobollo R., Alcázar R., Zarza X., Koncz C., Altabella T., … Ferrando A. (2008) 

580 Putrescine is involved in Arabidopsis freezing tolerance and cold acclimation by regulating abscisic 

581 acid levels in response to low temperature. Plant Physiology 148, 1094–105.

582 Cui H., Tsuda K. & Parker J.E. (2015) Effector-Triggered Immunity: From pathogen perception to robust 

583 defense. Annual Review of Plant Biology 66, 487–511.

584 Daudi A., Cheng Z., O’Brien J.A., Mammarella N., Khan S., Ausubel F.M. & Bolwell G.P. (2012) The 

585 apoplastic oxidative burst peroxidase in Arabidopsis is a major component of Pattern-Triggered 

586 Immunity. Plant Cell 24, 275–287.

587 Després C., DeLong C., Glaze S., Liu E. & Fobert P.R. (2000) The Arabidopsis NPR1/NIM1 protein 

588 enhances the DNA binding activity of a subgroup of the TGA family of bZIP transcription factors. 

589 Plant Cell 12, 279–290.

Page 23 of 44 Plant, Cell & Environment



24

590 Dodds P.N. & Rathjen J.P. (2010) Plant immunity: towards an integrated view of plant-pathogen 

591 interactions. Nature Reviews Genetics 11, 539–548.

592 Durner J., Shah J. & Klessig D.F. (1997) Salicylic acid and disease resistance in plants. Trends in Plant 

593 Science 2, 266-274.

594 Ellinger D., Voigt C.A. (2014) Callose biosynthesis in Arabidopsis with a focus on pathogen response: 

595 What we have learned within the last decade. Annals of Botany 114, 1349-1358.

596 Falk A., Feys B.J., Frost L.N., Jones J.D., Daniels M.J. & Parker J.E. (1999) EDS1, an essential 

597 component of R gene-mediated disease resistance in Arabidopsis has homology to eukaryotic 

598 lipases. Proceedings of the National Academy of Sciences of the United States of America 96, 

599 3292–3297.

600 Fan W. & Dong X. (2002) In Vivo interaction between NPR1 and transcription factor TGA2 leads to 

601 salicylic acid-mediated gene activation in Arabidopsis. Plant Cell 14, 1377–1389.

602 Feys B.J., Wiermer M., Bhat R.A., Moisan L.J., Medina-Escobar N., Neu C., … Parker J.E. (2005) 

603 Arabidopsis SENESCENCE-ASSOCIATED GENE101 stabilizes and signals within an 

604 ENHANCED DISEASE SUSCEPTIBILITY1 complex in plant innate immunity. Plant Cell 17, 

605 2601–2613.

606 Fu Z.Q. & Dong X. (2013) Systemic Acquired Resistance: Turning local infection into global defense. 

607 Annual Review of Plant Biology 64, 839–863.

608 González M.E., Marco F., Minguet E.G., Carrasco-Sorli P., Blazquez M.A., Carbonell J., … Pieckenstain 

609 F.L. (2011) Perturbation of Spermine synthase gene expression and transcript profiling provide new 

610 insights on the role of the tetraamine spermine in Arabidopsis defense against Pseudomonas 

611 viridiflava. Plant Physiology 156, 2266–2277.

612 Hartmann M., Zeier T., Bernsdorff F., Reichel-Deland V., Kim D., Hohmann M., … Zeier J. (2018) 

613 Flavin Monooxygenase-generated N-Hydroxypipecolic acid is a critical element of plant systemic 

614 immunity. Cell 173, 456–469.

615 Herrera-Vásquez A., Salinas P. & Holuigue L. (2015) Salicylic acid and reactive oxygen species interplay 

616 in the transcriptional control of defense genes expression. Frontiers in Plant Science 6, 1–9.

617 Hruz T., Laule O., Szabo G., Wessendorp F., Bleuler S., Oertle L., … Zimmermann P. (2008) 

618 Genevestigator v3: a reference expression database for the meta-analysis of transcriptomes. 

619 Advances in bioinformatics 2008, 420747.

Page 24 of 44Plant, Cell & Environment



25

620 Jancewicz A.L., Gibbs N.M. & Masson P.H. (2016) Cadaverine’s functional role in plant development 

621 and environmental response. Frontiers in Plant Science 7, 1–8.

622 Jiménez-Bremont J.F., Marina M., Guerrero-González M. de la L., Rossi F.R., Sánchez-Rangel D., 

623 Rodríguez-Kessler M., … Gárriz A. (2014) Physiological and molecular implications of plant 

624 polyamine metabolism during biotic interactions. Frontiers in Plant Science 5, 1–14.

625 Jung H.W., Tschaplinski T.J., Wang L., Glazebrook J. & Greenberg J.T. (2009) Priming in systemic plant 

626 immunity. Science 324, 89–91.

627 Kim S.H., Kim S.H., Yoo S.J., Min K.H., Nam S.H., Cho B.H. & Yang K.Y. (2013) Putrescine regulating 

628 by stress-responsive MAPK cascade contributes to bacterial pathogen defense in Arabidopsis. 

629 Biochemical and Biophysical Research Communications 437, 502–508.

630 León J., Lawton M.A. & Raskin I. (1995) Hydrogen peroxide stimulates salicylic acid biosynthesis in 

631 tobacco. Plant Physiology 108, 1673-1678.

632 Liu C., Atanasov K.E., Tiburcio A.F. & Alcázar R. (2019) The polyamine putrescine contributes to H2O2 

633 and RbohD/F-dependent positive feedback loop in Arabidopsis PAMP-triggered immunity. 

634 Frontiers in Plant Science 10, 894.

635 Lou Y.-R., Bor M., Yan J., Preuss A.S. & Jander G. (2016) Arabidopsis NATA1 acetylates putrescine and 

636 decreases defense-related hydrogen peroxide accumulation. Plant Physiology 171, 1443–1455.

637 Lou Y.-R., Ahmed S., Yan J., Adio A.M., Powell H.M., Morris P.F. & Jander G. (2019) Arabidopsis 

638 ADC1 functions as N-acetylornithine decarboxylase. Journal of Integrative Plant Biology 62, 601-

639 613.

640 Macho A. & Zipfel C. (2014) Plant PRRs and the activation of innate immune signaling. Molecular Cell 

641 54, 263–272.

642 Macho A.P., Boutrot F., Rathjen J.P. & Zipfel C. (2012) ASPARTATE OXIDASE plays an important 

643 role in Arabidopsis stomatal immunity. Plant Physiology 159, 1845–1856.

644 Mammarella N.D., Cheng Z., Fu Q., Daudi A., Paul Bolwell G., Dong X. & Ausubel F.M. (2015) 

645 Apoplastic peroxidases are required for salicylic acid-mediated defense against Pseudomonas 

646 syringae. Phytochemistry 112, 110–121.

647 Marcé M., Brown D.S., Capell T., Figueras X. & Tiburcio A.F. (1995) Rapid high-performance liquid 

648 chromatographic method for the quantitation of polyamines as their dansyl derivatives: application 

649 to plant and animal tissues. Journal of chromatography. B, Biomedical applications 666, 329–335.

Page 25 of 44 Plant, Cell & Environment



26

650 Marco F., Busó E. & Carrasco P. (2014) Overexpression of SAMDC1 gene in Arabidopsis thaliana 

651 increases expression of defense-related genes as well as resistance to Pseudomonas syringae and 

652 Hyaloperonospora arabidopsidis. Frontiers in Plant Science 5, 1–9.

653 Marina M., Maiale S.J., Rossi F.R., Romero M.F., Rivas E.I., Garriz A., … Pieckenstain F.L. (2008) 

654 Apoplastic polyamine oxidation plays different roles in local responses of tobacco to infection by 

655 the necrotrophic fungus Sclerotinia sclerotiorum and the biotrophic bacterium Pseudomonas 

656 viridiflava. Plant Physiology 147, 2164–2178.

657 Mishina T.E. & Zeier J. (2007) Pathogen-associated molecular pattern recognition rather than 

658 development of tissue necrosis contributes to bacterial induction of systemic acquired resistance in 

659 Arabidopsis. Plant Journal 50, 500–513.

660 Mitsuya Y., Takahashi Y., Berberich T., Miyazaki A., Matsumura H., Takahashi H., … Kusano T. (2009) 

661 Spermine signaling plays a significant role in the defense response of Arabidopsis thaliana to 

662 cucumber mosaic virus. Journal of Plant Physiology 166, 626–643.

663 Mittler R., Vanderauwera S., Suzuki N., Miller G., Tognetti V.B., Vandepoele K., … Breusegem F. Van 

664 (2011) ROS signaling: the new wave? Trends in Plant Science 16, 300–309.

665 Moller S.G. & McPherson M.J. (1998) Developmental expression and biochemical analysis of the 

666 Arabidopsis ATAO1 gene encoding an H2O2-generating diamine oxidase. Plant Journal 13, 781–

667 791.

668 Moschou P.N., Sarris P.F., Skandalis N., Andriopoulou A.H., Paschalidis K.A., Panopoulos N.J. & 

669 Roubelakis-Angelakis K.A. (2009) Engineered polyamine catabolism preinduces tolerance of 

670 tobacco to bacteria and oomycetes. Plant Physiology 149, 1970–1981.

671 Moschou P.N., Wu J., Cona A., Tavladoraki P., Angelini R. & Roubelakis-Angelakis K.A. (2012) The 

672 polyamines and their catabolic products are significant players in the turnover of nitrogenous 

673 molecules in plants. Journal of Experimental Botany 63, 5003–5015.

674 Mou Z., Fan W. & Dong X. (2003) Inducers of plant systemic acquired resistance regulate NPR1 function 

675 through redox changes. Cell 113, 935–944.

676 Návarová H., Bernsdorff F., Döring A.C. & Zeier J. (2012) Pipecolic acid, an endogenous mediator of 

677 defense amplification and priming, is a critical regulator of inducible plant immunity. Plant Cell 24, 

678 5123–5141.

679 Nühse T., Bottrill A., Jones A. & Peck S (2007) Quantitative phosphoproteomic analysis of plasma 

Page 26 of 44Plant, Cell & Environment



27

680 membrane proteins reveals regulatory mechanisms of plant innate responses. Plant Journal 51: 

681 931-934.

682 O'Brien J.A., Daudi A., Finch A., Butt V.S., Whitelegge J.P., Souda P., Ausubel F.M. & Bolwell G.P. 

683 (2012) A peroxidase-dependent apoplastic oxidative burst in cultured Arabidopsis cells functions in 

684 MAMP-elicited defense. Plant Physiology 158: 2013-2027.

685 O’Neill E.M., Mucyn T.S., Patteson J.B., Finkel O.M., Chung E.H., Baccile J.A., … Li B. (2018) 

686 Phevamine A, a small molecule that suppresses plant immune responses. Proceedings of the 

687 National Academy of Sciences of the United States of America 115, E9514–E9522.

688 Ono Y., Kim D.W., Watanabe K., Sasaki A., Niitsu M., Berberich T., … Takahashi Y. (2012) 

689 Constitutively and highly expressed Oryza sativa polyamine oxidases localize in peroxisomes and 

690 catalyze polyamine back conversion. Amino Acids 42, 867–876.

691 Planas-Portell J., Gallart M., Tiburcio A.F. & Altabella T. (2013) Copper-containing amine oxidases 

692 contribute to terminal polyamine oxidation in peroxisomes and apoplast of Arabidopsis thaliana. 

693 BMC Plant Biology 13, 109.

694 Del Río L.A. (2015) ROS and RNS in plant physiology: An overview. Journal of Experimental Botany 

695 66, 2827–2837.

696 Rojas C.M., Senthil-Kumar M., Wang K., Ryu C.M., Kaundal A. & Mysore K.S. (2012) Glycolate 

697 oxidase modulates reactive oxygen species-mediated signal transduction during nonhost resistance 

698 in Nicotiana benthamiana and Arabidopsis. Plant Cell 24, 336–352.

699 Rossi F.R., Marina M. & Pieckenstain F.L. (2015) Role of Arginine decarboxylase (ADC) in Arabidopsis 

700 thaliana defence against the pathogenic bacterium Pseudomonas viridiflava. Plant Biology 17, 831-

701 839.

702 Sagor G.H.M., Takahashi H., Niitsu M., Takahashi Y., Berberich T. & Kusano T. (2012) Exogenous 

703 thermospermine has an activity to induce a subset of the defense genes and restrict cucumber 

704 mosaic virus multiplication in Arabidopsis thaliana. Plant Cell Reports 31, 1227–1232.

705 Seifi H.S. & Shelp B.J. (2019) Spermine differentially refines plant defense responses against biotic and 

706 abiotic stresses. Frontiers in Plant Science 10, 117.

707 Seifi H.S., Zarei A., Hsiang T. & Shelp B.J. (2019) Spermine is a potent plant defense activator against 

708 gray mold disease on Solanum lycopersicum, Phaseolus vulgaris, and Arabidopsis thaliana. 

709 Phytopathology 109, 1367–1377.

Page 27 of 44 Plant, Cell & Environment



28

710 Seo S., Katou S., Seto H., Gomi K. & Ohashi Y. (2007) The mitogen-activated protein kinases WIPK and 

711 SIPK regulate the levels of jasmonic and salicylic acids in wounded tobacco plants. Plant Journal 

712 49, 899–909.

713 Shine M.B., Xiao X., Kachroo P. & Kachroo A. (2019) Signaling mechanisms underlying systemic 

714 acquired resistance to microbial pathogens. Plant Science 279, 81–86.

715 Tada Y., Spoel S.H., Pajerowska-Mukhtar K., Mou Z., Song J., Wang C., … Dong X. (2008) Plant 

716 immunity requires conformational charges of NPR1 via S-nitrosylation and thioredoxins. Science 

717 321, 952–956.

718 Tiburcio A.F. & Alcázar R. (2018) Potential applications of polyamines in agriculture and plant 

719 biotechnology. In Methods in Molecular Biology. pp. 489–508.

720 Tiburcio A.F., Altabella T., Bitrián M. & Alcázar R. (2014) The roles of polyamines during the lifespan 

721 of plants: from development to stress. Planta 240, 1–18.

722 Tornero P., Chao R.A., Luthin W.N., Goff S.A. & Dangl J.L. (2002) Large-scale structure-function 

723 analysis of the Arabidopsis RPM1 disease resistance protein. Plant Cell 14, 435–450.

724 Torres M.A., Dangl J.L. & Jones J.D.G. (2002) Arabidopsis gp91phox homologues AtrbohD and 

725 AtrbohF are required for accumulation of reactive oxygen intermediates in the plant defense 

726 response. Proceedings of the National Academy of Sciences of the United States of America 99, 

727 517–522.

728 Torres MA (2010) ROS in biotic interactions. Physiologia plantarum 138: 414-429.

729 Truman W., Bennet M.H., Kubigsteltig I., Turnbull C. & Grant M. (2007) Arabidopsis systemic 

730 immunity uses conserved defense signaling pathways and is mediated by jasmonates. Proceedings 

731 of the National Academy of Sciences of the United States of America 104, 1075–1080.

732 Vilas J.M., Romero F.M., Rossi F.R., Marina M., Maiale S.J., Calzadilla P.I., … Gárriz A. (2018) 

733 Modulation of plant and bacterial polyamine metabolism during the compatible interaction between 

734 tomato and Pseudomonas syringae. Journal of Plant Physiology 231, 281–290.

735 Vlot A.C., Dempsey D.A. & Klessig D.F. (2009) Salicylic acid, a multifaceted hormone to combat 

736 disease. Annual Review of Phytopathology 47, 177–206.

737 Walters D.R. (2003) Polyamines and plant disease. Phytochemistry 64, 97–107.

738 Wang C., El-Shetehy M., Shine M.B., Yu K., Navarre D., Wendehenne D., … Kachroo P. (2014) Free 

739 radicals mediate systemic acquired resistance. Cell Reports 7, 348–355.

Page 28 of 44Plant, Cell & Environment



29

740 Wang W., Paschalidis K., Feng J.C., Song J. & Liu J.H. (2019) Polyamine catabolism in plants: A 

741 universal process with diverse functions. Frontiers in Plant Science 10, 561.

742 Wildermuth M.C., Dewdney J., Wu G. & Ausubel F.M. (2001) Isochorismate synthase is required to 

743 synthesize salicylic acid for plant defence. Nature 414, 562–565.

744 Wimalasekera R., Tebartz F. & Scherer G.F.E. (2011) Polyamines, polyamine oxidases and nitric oxide 

745 in development, abiotic and biotic stresses. Plant Science 181, 593–603.

746 Wu D., von Roepenack-Lahaye E., Buntru M., de Lange O., Schandry N., Pérez-Quintero A.L., … 

747 Lahaye T. (2019) A plant pathogen type III effector protein subverts translational regulation to 

748 boost host polyamine levels. Cell Host and Microbe 26, 638-649.e5.

749 Yamakawa H., Kamada H., Satoh M. & Ohashi Y. (1998) Spermine is a salicylate-independent 

750 endogenous inducer for both tobacco acidic pathogenesis-related proteins and resistance against 

751 tobacco mosaic virus infection. Plant Physiology 118, 1213–22.

752 Yoda H., Yamaguchi Y. & Sano H. (2003) Induction of hypersensitive cell death by hydrogen peroxide 

753 produced through polyamine degradation in tobacco plants. Plant Physiology 132, 1973–1981.

754 Zhang S. & Klessig D.F. (1997) Salicylic acid activates a 48-kD MAP kinase in tobacco. Plant Cell 9, 

755 809–824.

756 Zhang Y., Fan W., Kinkema M., Li X. & Dong X. (1999) Interaction of NPR1 with basic leucine zipper 

757 protein transcription factors that bind sequences required for salicylic acid induction of the PR-1 

758 gene. Proceedings of the National Academy of Sciences of the United States of America 96, 6523–

759 6528.

760 Zhang J., Shao F., Li Y., Cui H., Chen L., Li H., Zou Y., Long C., Lan L., Chai J., Chen S., Tang X. & 

761 Zhou J-M. (2007) A Pseudomonas syringae effector inactivates MAPKs to suppress PAMP-

762 induced immunity in plants. Cell Host & Microbe 1, 175-185.

763 Zhang Y. & Li X. (2019) Salicylic acid: biosynthesis, perception, and contributions to plant immunity. 

764 Current Opinion in Plant Biology 50, 29–36.

765

Page 29 of 44 Plant, Cell & Environment



30

766 FIGURE LEGENDS

767

768 Figure 1. Venn diagram of polyamine responsive genes. Venn diagram of unique and shared 

769 genes responsive to 100 µM putrescine (Put), 100 µM cadaverine (Cad), 100 µM spermidine 

770 (Spd), 100 µM spermine (Spm) and 100 µM thermospermine (tSpm) after 1 h of treatment (see  

771 Tables S2.1 to S2.6). RNA-seq analyses were performed in 12-day-old Arabidopsis wild-type 

772 (Col-0) seedlings.

773

774 Figure 2. (A) Principal component analysis (PCA) and (B) hierarchical clustering analysis 

775 (HCA) of transcriptional responses to different polyamines. PCA and HCA of RNA-seq data 

776 from the treatments with 100 µM putrescine (Put), 100 µM cadaverine (Cad), 100 µM spermidine 

777 (Spd), 100 µM spermine (Spm) and 100 µM thermospermine (tSpm). Ellipses in the PCA indicate 

778 the 95% confidence interval. The chemical structure of the different polyamines is shown at the 

779 bottom of the HCA clade.

780

781 Figure 3. Dependence of Put-triggered transcriptional responses on EDS1, SA and NPR1. 

782 Distribution of Put responsive genes in EDS1, SA and NPR1- dependent gene expression sectors. 

783 The data was obtained from RNA-seq analyses in eds1-2, sid2-1 and npr1-1 mutants treated with 

784 100 µM Put or mock for 1 h. Expression differences are relative to mock in each genotype (see  

785 Table S5).

786

787 Figure 4. Quantitation of SAR-related metabolites salicylic acid (SA) and Pipecolic acid 

788 (Pip) in Put-inoculated leaves. Free SA and Pip levels in primary inoculated (1º) and systemic 

789 non-inoculated (2º) leaves of 5-week-old Arabidopsis wild-type plants at 24 h and 48 h post- 

790 treatment with 500 µM Put or mock (5 mM MES pH 5.7). Values are the mean of at least three 

791 biological replicates  standard deviation (SD). Letters indicate values that are significantly 

792 different according to Tukey's HSD test at P < 0.05. The levels of the SAR-active Pip derivative 
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793 N-hydroxypipecolic acid (NHP) were below the limit of detection for all the samples under 

794 investigation.

795

796 Figure 5. Polyamine levels in response to Pst AvrRpm1. Levels of putrescine (Put), spermidine 

797 (Spd) and spermine (Spm) in local and systemic leaves of five-week-old Arabidopsis wild-type, 

798 npr1-1, sid2-1 and eds1-2 plants at 24 h post-inoculation with ETI and SAR-inducing Pst 

799 AvrRpm1 bacteria (AvrRpm1) at OD600 nm= 0.001 or mock (10 mM MgCl2). Values are the mean 

800 from at least four biological replicates  SD. Letters indicate values that are significantly different 

801 according to Tukey's HSD test at P < 0.05. 

802

803 Figure 6. Local and systemic transcriptional responses to Put. Five-week-old Arabidopsis 

804 wild-type (Col-0) plants were infiltrated with 500 µM Put or mock (5 mM MES pH 5.7). Local 

805 inoculated and systemic non-inoculated leaves were harvested at 24 h post-treatment for global 

806 gene expression analyses by RNA-seq.  Venn diagram represents the distribution of up- and 

807 down-regulated genes in local (Table S6.1) and systemic (Table S6.2) leaves that exhibit 

808 significant expression differences in response to Put inoculation compared to mock, and its 

809 comparison with previously annotated SAR genes.

810

811 Figure 7. Analysis of Put and Pst AvrRpm1-triggered systemic resistance in SA pathway and 

812 Put deficient mutants.  (A) Five-week-old Arabidopsis wild-type, eds1-2, sid2-1, npr1-1 and 

813 (B) adc1-2, adc1-3, adc2-3 and adc2-4 plants were pre-treated with 500 µM Put (Put), Pst 

814 AvrRpm1 (OD600 nm= 0.001) or mock (10 mM MgCl2). Two days later, systemic leaves were 

815 inoculated with Pst DC3000 (OD600nm = 0.0005). Bacterial numbers were assessed at 72 h post-

816 inoculation and expressed as colony forming units (cfu) per cm2 leaf area. Values are the mean 

817 from at least eight biological replicates  SD. Letters indicate values that are significantly 

818 different according to Tukey's HSD test at P < 0.05. 

819
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820 Figure 8.  Analysis of Put and Pst AvrRpm1-triggered systemic resistance in copper amine 

821 oxidase mutants.  Five-week-old Arabidopsis wild-type, atao1-3, cuao1-3, cuao2-1 and cuao3-

822 1 mutants were pre-treated with 500 µM Put (Put), Pst AvrRpm1 (OD600 nm= 0.001) or mock (10 

823 mM MgCl2). Two days later, systemic leaves were inoculated with Pst DC3000 (OD600nm = 

824 0.0005). Bacterial numbers were assessed at 72 h post-inoculation and expressed as colony 

825 forming units (cfu) per cm2 leaf area. Values are the mean from at least eight biological replicates 

826  SD. Letters indicate values that are significantly different according to Tukey's HSD test at P < 

827 0.05. 

828

829 SUPPORTING INFORMATION

830

831 SUPPLEMENTAL FIGURES

832 Figure S1. Quantitative RT-PCR expression analyses of ERF019, EXPA17, PER5 and 

833 F6'H1 genes for RNA-seq validation. Analyses were performed in 12-day-old wild-type (Col-

834 0) Arabidopsis seedlings treated with 100 µM Cad, 100 µM Put, 100 µM Spd, 100 µM Spm, 100 

835 µM tSpm or mock for 1 h. Values are the mean from three independent biological replicates  

836 SD. Letters indicate values that are significantly different according to Tukey's HSD test at P < 

837 0.05. 

838

839 Figure S2. Gene ontology (GO) analyses of polyamine responsive genes. For each GO 

840 category, the number of differentially expressed genes (DE Genes) is shown. Green spots indicate 

841 significant GO associations (FDR<0.05).

842

843 Figure S3. Comparison analysis of the polyamine transcriptome with other perturbation 

844 conditions. Gene expression data from the different polyamine treatments was used to identify 

845 similar expression signatures in 2,799 publicly available perturbation assays (Genevestigator) 

846 obtained from wild-type genotypes in a minimum of three biological replicates. Log similarity 

847 values are relative to the average similarity.
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848

849 Figure S4. ROS detection in seedlings treated with exogenous polyamines. ROS was 

850 visualized by staining with (A) 2’,7’-dichlorofluorescin diacetate (DCFDA), (B) 3,3'-

851 diaminobenzidine (DAB) and (C) Nitroblue Tetrazolium (NBT) in 12-day-old Arabidopsis wild-

852 type (Col-0) seedlings treated with 100 µM of the different polyamines, 100 µM Put + 5 mM 

853 DMTU and mock (10 mM MES pH 7.0) for 1 h, or 5-week-old Arabidopsis wild-type (Col-0) 

854 leaves infiltrated with the different polyamines at 500 µM, 500 µM Put + 5 mM DMTU and mock 

855 (10 mM MES pH 7.0) for 24 h. 

856

857 Figure S5. Polyamine levels in response to SA and BTH. Levels of putrescine (Put), spermidine 

858 (Spd) and spermine (Spm) in wild-type plants treated with 500 µM benzothiadiazole S-methyl 

859 ester (BTH), 500 µM SA or mock (water). Values are the mean from at least four biological 

860 replicates  SD. Letters indicate values that are significantly different according to Tukey's HSD 

861 test at P < 0.05. 

862

863 Figure S6. Polyamine levels in local and systemic leaves at 24 h post-inoculation with 10 µM 

864 β -estradiol or mock in wild-type, β -estradiol inducible AvrRpm1 (a11) and β -estradiol 

865 inducible AvrRpm1 rpm1-1 (a11r). Values are the mean from at least four biological replicates 

866  SD. Letters indicate values that are significantly different according to Tukey's HSD test at P < 

867 0.05. 

868

869 Figure S7. Quantitative RT-PCR expression analyses of ICS1, PR1, FMO1 and ALD1 genes. 

870 Analyses were performed at 24 hours post-inoculation in local and systemic leaves of wild-type 

871 plants treated with 500 µM Put or mock (5 mM MES pH 5.7). Values are the mean from three 

872 independent biological replicates  SD. For each gene, letters indicate values that are significantly 

873 different according to Tukey's HSD test at P < 0.05. 

874
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875

876 SUPPLEMENTAL TABLES

877 Table S1. List of oligonucleotides and their sequences used in this work.

878

879 Table S2.1. List of 227 genes that exhibit significant expression differences in response to 100 

880 µM putrescine (Put) after 1 h of treatment. Expression differences are relative to mock treatment.

881

882 Table S2.2. List of 209 genes that exhibit significant expression differences in response to 100 

883 µM spermidine (Spd) after 1 h of treatment. Expression differences are relative to mock treatment.

884

885 Table S2.3. List of 87 genes that exhibit significant expression differences in response to 100 µM 

886 spermine (Spm) after 1 h of treatment. Expression differences are relative to mock treatment.

887

888 Table S2.4. List of 156 genes that exhibit significant expression differences in response to 100 

889 µM thermospermine (tSpm) after 1 h of treatment. Expression differences are relative to mock 

890 treatment.

891

892 Table S2.5. List of 179 genes that exhibit significant expression differences in response to 100 

893 µM cadaverine (Cad) after 1 h of treatment. Expression differences are relative to mock treatment.

894

895 Table S2.6. List of 382 genes that exhibit significant expression differences in response to one or 

896 more polyamines (100 µM) after 1 h of treatment. Genes are sorted according to their molecular 

897 function or pathway. Log2 expression differences are relative to mock treatment.

898

899 Table S2.7. Full list of genes and their expression changes triggered by 100 µM of putrescine, 

900 spermidine, spermine, thermospermine, cadaverine and 100 µM Put + 5 mM DMTU after 1 h of 

901 treatment. Expression differences are relative to mock or DMTU treatment, as indicated.

902
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903 Table S3. Gene ontology (GO) analysis of polyamine responsive genes. Enrichment of GO terms 

904 in the set of differentially expressed (DE) genes in the treatments with 100 µM Put, 100 µM Spd, 

905 100 µM Spm, 100 µM tSpm or 100 µM Cad (related to Tables S2.1 to S2.7).

906

907 Table S4. Dependence of Put responsiveness on H2O2 production. Gene expression changes of 

908 Put responsive genes in the presence of 5 mM DMTU + 100 µM Put after 1 h of treatment. 

909 Expression changes are relative to treatment with 5 mM DMTU.

910

911 Table S5. Expression of Put responsive genes after 1 h of treatment with 100 µM Put in eds1-2, 

912 sid2-1 and npr1-1 mutants. Expression differences are relative to mock treatment.

913

914 Tables S6.1 to S6.5 List of genes significantly deregulated after 24 h of 500 µM Put infiltration 

915 in local (Table S6.1) and systemic (Table S6.2) leaves of 5-week-old wild-type Arabidopsis. Full 

916 list of genes is shown in Table S6.3. Expression differences are relative to mock treatment. Gene 

917 ontology analyses of Put responsive genes in local (Table S6.4) and systemic (Table S6.5) 

918 tissues.
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Summary statement

Polyamines trigger stress signaling that involves defense sectors. Putrescine, which accumulates during 

ETI, contributes to defense through activation of a ROS, EDS1, SA and NPR1 - dependent pathway 

which leads to local SA accumulation and the establishment of systemic responses overlapping with 

SAR. 
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Put Spm Put + DMTU Spd tSpm Cad

NH2-(CH2)4-NH2

NH2-(CH2)3-NH-(CH2)4-NH-(CH2)3-NH2

NH2-(CH2)4-NH2

NH2-(CH2)3-NH-(CH2)4-NH2

NH2-(CH2)3-NH-(CH2)3-NH-(CH2)4-NH2

NH2-(CH2)5-NH2

AT1G05650
AT1G05650
AT1G14550
AT1G14550
AT1G14540
AT1G14540
AT5G48430
AT5G48430
AT5G48430
AT1G22810
AT1G22810
AT1G67270
AT1G67270
AT1G53625
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AT2G46495
AT2G46495
AT1G15625
AT4G01630
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AT5G40590
AT5G40590
AT5G40590
AT2G44340
AT2G44340
AT1G13550
AT1G13550
AT3G13432
AT2G28160
AT2G28160
AT2G19060
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AT5G12340
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AT5G12340
AT1G25211
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AT3G56980
AT3G56980
AT2G41810
AT5G19700
AT2G19190
AT2G01010
AT2G43510
AT1G69880
AT4G22470
AT4G22470
AT4G22470
AT1G19610
AT1G51800
AT1G51800
AT3G46280
AT3G46280
AT4G01250
AT4G01250
AT4G22070
AT4G22070
AT4G22070
AT2G43880
AT2G43880
AT2G28270
AT2G28270
AT4G18950
AT4G18950
AT4G18950
AT2G44370
AT2G44370
AT1G49030
AT5G45340
AT5G45340
AT5G45340
AT5G55090
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AT2G33710
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AT5G45070
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AT3G09400
AT3G22800
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AT3G29034
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AT1G78000
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AT4G04700
AT5G54040
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AT1G80450
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AT4G15417
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AT2G15490
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AT4G34131
AT5G60270
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AT2G35930
AT1G49000
AT5G54720
AT5G54710
AT4G25810
AT3G03265
AT5G02515
AT1G31173
AT3G03965
AT1G53233
AT1G25150
AT1G25175
AT1G18745
AT1G29418
AT1G29418
AT4G06880
AT1G78865
AT1G79850
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AT1G34418
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AT3G52770
AT2G32487
AT5G35490
AT5G20150
AT2G29500
AT3G13437
AT3G62420
AT2G27400
AT2G39675
AT1G65295
AT1G65295
AT4G02075
AT4G02075
AT2G44080
AT3G46230
AT5G49520
AT5G62360
AT1G10585
AT1G65730
AT4G24340
AT1G72260
AT2G33380
AT4G17470
AT4G17470
AT2G02990
AT1G57750
AT5G37300
AT4G04745
AT4G04745
AT2G36690
AT2G36690
AT3G46700
AT1G05700
AT5G04970
AT5G23990
AT1G68880
AT3G13610
AT3G13610
AT1G02360
AT4G33880
AT2G26820
AT1G16510
AT1G78860
AT3G24420
AT2G16660
AT5G67450
AT1G51850
AT1G35540
AT3G25730
AT4G31550
AT4G31550
AT5G08350
AT5G14330
AT4G02330
AT4G16600
AT5G01040
AT5G01040
AT2G23100
AT1G61070
AT4G31875
AT3G16670
AT1G49860
AT2G48080
AT2G48080
AT5G47530
AT4G00080
AT4G00080
AT1G80240
AT2G25160
AT2G25160
AT3G22830
AT3G22830
AT2G31540
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AT5G06760
AT5G06760
AT5G06760
AT3G14440
AT3G14440
AT5G17460
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AT5G59220
AT1G49450
AT5G07680
AT5G07680
AT1G52690
AT1G08430
AT2G37770
AT1G14250
AT1G53903
AT1G53885
AT4G39675
AT5G10946
AT4G18260
AT3G07215
AT1G63295
AT1G49032
AT2G46192
AT1G09543
AT4G04972
AT2G01818
AT2G39681
AT1G72645
AT3G25930
AT3G25930
AT4G13493
AT4G02005
AT1G06227
AT3G02305
AT2G17972
AT2G17972
AT3G01175
AT2G43375
AT1G06573
AT2G40095
AT5G43580
AT5G43580
AT5G35480
AT5G35480
AT2G16005
AT2G30750
AT2G30750
AT4G31970
AT1G26240
AT1G36622
AT5G26320
AT5G26320
AT2G39200
AT2G39200
AT1G11920
AT3G14225
AT3G14225
AT2G37430
AT2G37430
AT1G30700
AT1G30700
AT5G15130
AT5G15130
AT5G15130
AT2G02680
AT2G02680
AT4G23550
AT4G23550
AT4G23550
AT4G26200
AT4G26200
AT4G26200
AT1G21120
AT1G21120
AT3G45840
AT3G45840
AT3G52450
AT3G52450
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AT5G24230
AT5G24230
AT5G24230
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AT3G07195
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AT1G05660
AT1G05660
AT1G13520
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AT2G27389
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AT4G03460
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AT2G42060
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AT4G18940
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AT1G26420
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AT3G11370
AT3G11370
AT2G39380
AT2G39380
AT4G11170
AT4G11170
AT5G49480
AT5G49480
AT5G49480
AT1G44050
AT1G44050
AT4G25350
AT4G25350
AT1G36640
AT1G36640
AT2G23270
AT2G23270
AT1G60750
AT1G60750
AT3G49570
AT3G49570
AT4G08555
AT4G08555
AT4G08555
AT2G32660
AT2G32660
AT4G21990
AT4G21990
AT4G21990
AT2G40340
AT2G18690
AT4G40020
AT1G76600
AT1G76600
AT4G09110
AT4G09110
AT1G65480
AT1G69920
AT1G69920
AT2G41260
AT2G41260
AT3G50470
AT3G50470
AT3G49580
AT3G49580
AT2G15480
AT2G15480
AT5G48410
AT5G48410
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