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Abstract 11 

 12 

The impact of salicylic acid (SA) on ethylene (ET) production and polyamine (PA) metabolism 13 

was investigated in wild type (WT) and ET receptor mutant Never ripe (Nr) tomato leaves under 14 

normal photoperiod and prolonged darkness. Nr displayed higher ET emanation compared to 15 

WT under control conditions and after SA treatments, but the ET signalling was blocked in 16 

these tissues. The accumulation of PAs was induced by 1 mM but not by 0.1 mM SA and was 17 

higher in WT than in Nr leaves. Upon 1 mM SA treatment, which caused hypersensitive 18 

response, illuminated leaves of WT showed high spermine (Spm) content in parallel with an 19 

increased expression of S-adenosylmethionine decarboxylase and Spm synthase (SlSPMS) 20 

suggesting that this process depended on the light. In Nr, however, Spm content and the 21 

expression of the SlSPMS gene were very low independently of the light conditions and SA 22 

treatments. This suggests that Spm synthesis needs functional ET perception. In WT leaves 1 23 

mM SA enhanced putrescine (Put) synthesis by increasing the expression of Put biosynthesis 24 

genes, arginine and ornithine decarboxylases under darkness, while they were down-regulated 25 

in Nr. The activities of diamine (DAO) and polyamine oxidases (PAO), however, were 26 

generally higher in Nr compared to the WT after SA treatments. In Nr both SA applications 27 

increased the expression of SlPAO1 under normal photoperiod, while SLPAO2 was down-28 

regulated in the dark suggesting a diverse role of PAOs in PA catabolism. These results 29 

indicated that ET could modulate the SA-induced PA metabolism in light-dependent manner.  30 
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Abbreviations:  34 

AC  Ailsa Craig 35 

ACC  1-aminocyclopropane-1-carboxylic acid  36 

ACS  ACC synthase 37 

ACO  ACC oxidase 38 

ADC  Arginine decarboxylase 39 

CTR  Constitutive triple response 1 40 

DAO  Diamine oxidase  41 

dcSAM Decarboxylated SAM 42 

EIN   Ethylene insensitive 43 

ER  Endoplasmic reticulum 44 

ET  Ethylene 45 

Nr  Never ripe tomato (ethylene receptor mutant) 46 

ODC  Ornithine decarboxylase 47 

PAs  Polyamines 48 

PAO  Polyamine oxidase 49 

Put  Putrescine 50 

SA  Salicylic acid 51 

SAM  S-adenosylmethionine 52 

SAMDC S-adenosylmethionine decarboxylase 53 

Spd  Spermidine 54 

SPDS  Spermidine synthase 55 

Spm  Spermine 56 

SPMS  Spermine synthase 57 

  58 
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1. Introduction 59 

Plant signalling pathways are now recognized as being highly networked, thus the plant 60 

hormone ethylene (ET) and polyamines (PAs) are in interaction with other plant growth 61 

regulators such as salicylic acid (SA) during stress acclimation (Arif et al. 2020; Nehela and 62 

Killiny, 2020;). SA is a phytohormone required for plant defence against biotrophic pathogens, 63 

whereas jasmonate and ET participate in defence reactions initiated by herbivores, insects or 64 

necrotrophic pathogens (Yang et al. 2015).  65 

Beyond stress responses, the gaseous phytohormone ET regulates several phases of 66 

plant growth and development. ET is synthesized from S-adenosylmethionine (SAM) in two 67 

enzymatic steps. The conversion of SAM to 1-aminocyclopropane-1-carboxylic acid (ACC) 68 

and then the oxidation of ACC to ethylene is catalysed by ACC synthase (ACS, EC 4.4.1.14) 69 

and ACC oxidase (ACO, EC 1.14.17.4), respectively, which is a general biosynthetic pathway 70 

of ET in all higher plants (Sun et al. 2017).  71 

 ET perception is mediated by various ET receptors. Seven ET receptors (LeETR1-7, 72 

including Never ripe (Nr) have been identified in tomato (Kamiyoshihara et al. 2012). The 73 

protein of tomato Nr shows high homology to ETR3, the ET receptor in Arabidopsis (Zhong et 74 

al. 2008), but from a historical point of view, SlETR3 has been named as “Never ripe” in the 75 

literature. This mutant shows insensitivity to ET not only in the fruit ripening but also in leaf 76 

petiole epinasty, in the triple response and in the senescence of petals and flowers. At the same 77 

time, Nr mutants are able to produce ET. This was observed under pathogen infection 78 

confirming that Nr plants are not impaired in ET biosynthesis (Lanahan et al. 1994). ETR1-7 79 

proteins are localized in the endoplasmic reticulum (ER) membranes together with other 80 

downstream elements of the ET signalling pathway, such as the negative regulator, Raf-like 81 

serine/threonine kinase CONSTITUTIVE TRIPLE RESPONSE 1 (CTR1) and the positive 82 

regulator ETHYLENE INSENSITIVE 2 (EIN2) proteins. The downstream transcription factors 83 

EIN3, EIN3-LIKE 1 (EIL1) and ET response factors (ERFs) are nuclear proteins. The ET and 84 

polyamine (PA) biosynthetic pathways may compete for their common precursor, SAM, which 85 

is the substrate of ACS and SAM decarboxylase (SAMDC, EC 4.1.1.50) in the synthesis of 86 

ACC and longer chain PAs, spermidine (Spd) and spermine (Spm), respectively (Majumdar et 87 

al. 2017). 88 

PAs are low-molecular-weight organic polycations that can regulate a wide range of 89 

physiological processes, including growth and development, as well as abiotic and biotic stress 90 

responses. They can stabilize membranes, scavenge free radicals, inhibit proteases and may 91 
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activate several antioxidant enzymes (Pál and Janda 2017). The diamine putrescine (Put), the 92 

triamine Spd and tetramine Spm are the most important PAs in plants. PA biosynthetic pathway 93 

begins with the decarboxylation of ornithine, by ornithine decarboxylase (ODC, EC 4.1.1. 17), 94 

which directly produces Put whereas the pathway through arginine decarboxylase (ADC, EC 95 

4.1.1.19) is a multi-step process. It has been revealed recently that plants can use ADC and 96 

arginase/agmatinase (ARGAH) enzyme system as a third route for Put synthesis (Patel et al. 97 

2017). From Put, Spd and Spm are produced by the addition of aminopropyl groups, transferred 98 

from decarboxylated SAM (dcSAM), which is synthetized from SAM by SAM decarboxylase 99 

(SAMDC). The final steps of the Spd and Spm synthesis are catalysed by Spd synthase (SPDS, 100 

EC 2.5.1.16) and Spm synthase (SPMS, EC 2.5.1.22) enzymes (Moschou et al. 2008a), 101 

respectively.  102 

The relationship between ET and PAs in plants exposed to various abiotic and biotic 103 

stresses have been examined by several authors, but the currently available data is contradictory 104 

(Pál and Janda 2017). Infection with citrus exocortis viroid enhanced ET production in purple 105 

passion (Gynura aurantiaca) and tomato plants, which was accompanied by a decline in ODC 106 

activity leading to a decrease in Put levels. Furthermore, the reduction in Put concentration 107 

cannot be observed in the presence of ET biosynthesis inhibitors or modulators that prevented 108 

the ET signalling, supporting also that ET exerted an inhibitory effect on ODC activity 109 

(Jimenez-Bremont et al. 2014). Moreover, the transcripts of ACS6 were downregulated in Put 110 

accumulating, transgenic Arabidopsis leaves overexpressing ADC (35S:AtADC2) (Alcazar et 111 

al. 2005). Transgenic tomato line expressing the yeast SPDS exhibited high susceptibility to the 112 

fungus Botrytis cinerea. These leaves contained a relatively high level of Spd and showed an 113 

attenuated expression of ET biosynthetic and signalling genes (Nambeesan et al. 2012) 114 

supporting a fine control between ET and PA level. 115 

In contrast to these observations, there was no direct antagonistic interaction between 116 

PA and ET biosynthetic pathways in rice (Quinet et al. 2010). Others observed that high Spd 117 

and Spm levels in transgenic tomato fruits overexpressing yeast SAMDC and SPDS genes were 118 

accompanied by the accumulation of ACS transcripts and increased ET production (Nambeesan 119 

et al. 2010). Similar changes were found in the leaves of transgenic Arabidopsis overexpressing 120 

SPMS (35S:AtSPMS-9) (Gonzalez et al. 2011). The biosynthetic interaction between PAs and 121 

ET is often considered as competitive (Pandey et al. 2009). However, it was found that the 122 

availability of SAM was not rate-limiting in vivo for ET or Spd/Spm biosynthesis and that both 123 

pathways could run simultaneously (Mehta et al. 2002). 124 
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Nevertheless, more data from other mutant plants such as ET receptor or signalling 125 

mutants are needed to prove the relationship between ET and PA biosynthesis.  126 

PAs accumulation was accompanied by the induction of PA catabolism, which is 127 

regulated mainly by two classes of amine oxidases. The copper-dependent diamine oxidases 128 

(DAOs, EC 1.4.3.6) show a high affinity for Put and have a low preference for Spd and Spm. 129 

The other group, the flavin-containing polyamine oxidases (PAOs, EC 1.5.3.3) may catalyse 130 

the terminal oxidation of Spd and Spm but certain isoenzymes participate in the back-131 

conversion pathway, converting Spm to Spd and Spd to Put. Catabolism of PAs contributes to 132 

stress signalling through the generation of H2O2 and nitric oxide (NO). Various roles of DAO 133 

and PAO have been found in plant growth and development, in response to abiotic stresses, and 134 

in defence responses against phytopathogens through H2O2 signalling pathways (Moschou et 135 

al. 2008a).  136 

Thus the accumulation of free PAs and their further oxidation by DAOs and PAOs plays 137 

a significant role in plant defence reactions against viruses, bacterial and fungal pathogens (Pál 138 

and Janda 2017). Exogenous Spm application could activate a subset of hypersensitive response 139 

(HR)-specific genes (Takahashi et al. 2004) and defence responses in Arabidopsis during 140 

cucumber mosaic virus infection (Mitsuya et al. 2009).  141 

In Arabidopsis, AtCuAO3, the enzyme localizing in peroxisomes, was responsive to 142 

several stimuli such as SA, flagellin and methyl jasmonate, but not to wounding or to the ET 143 

precursor ACC (Planas-Portell et al. 2013). Despite of increased PA degradation, exogenous 144 

SA application could improve the accumulation of free PAs (Put, Spd and Spm) in the fruits of 145 

tomato (Zhang et al. 2011) and both SA and Spm have been found to promote plant resistance 146 

to several pathogens (Raju et al. 2009).  147 

SA can also inhibit the synthesis of ET by inhibiting the conversion of SAM to ACC 148 

catalysed by ACC synthase and then ACC oxidation to ET by ACO (Vanderstraeten and Van 149 

Der Straeten 2017). In contrast to this, it was observed that SA induced the ET production in 150 

Solanum lycopersicum cv. Ailsa Craig (Takács et al. 2018) and in Solanum chilense and the 151 

expression of ACO was also up-regulated by SA in the latter species (Gharbi et al. 2016). 152 

Previously we found that 0.1 and 1 mM SA caused distinct changes in PA metabolism 153 

(Takács et al. 2016); however, SA and PAs crosstalk and the modulation of PA metabolisms 154 

by SA are almost unknown in plants defective in active ET signalling. 155 

 Light is not only an energy source but also one of the most significant environmental 156 

factors for plant growth and development. Light conditions have been shown to strongly 157 
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influence hormone-regulated defences. In the dark, a reduced lesion formation was found in 158 

response to non-host and avirulent pathogens. In addition, systemic acquired resistance (SAR) 159 

development was completely lost in the absence of light (Zeier et al. 2004). SA accumulation 160 

and the SA-regulated signalling (Genoud et al. 2002), as well as ET levels and signalling, were 161 

also modulated by the presence or absence of light (Fukao et al. 2012). It was found by other 162 

authors that prolonged darkness caused significant ET emission, chlorophyll- and 163 

carbohydrates breakdown or recycling of chloroplast proteins (Lim et al. 2007). The sensing of 164 

ET by ET receptors is also controlled by light conditions (Wilson et al. 2014). These data show 165 

that significant differences can be observed in the hormonal responses of plants if an SA-166 

inducing pathogen attack occurs in illuminated plants or in the dark. 167 

Our current information about the ET-mediated effects on the transcription and activity 168 

of PA metabolic enzymes in the presence of SA is incomplete and to the best of our knowledge 169 

the ET, PA and SA interactions, which are common under biotic stress, has not been 170 

investigated and compared under normal photoperiod or under darkness in detail.  171 

In this study, SA was applied in hydroponic culture through the roots at 0.1 and 1 mM 172 

concentrations, since it was previously observed that the lower concentration did not induce 173 

HR, a special type of cell death, while 1 mM resulted in HR-like necrotic spots in wild type 174 

(WT) tomato leaves in this experimental system (Takács et al. 2016). Our experiments are 175 

aimed to investigate the role of ET signalling in SA-induced PA metabolism in WT and in ET 176 

receptor mutant Nr tomato under different light conditions. These results can reveal new 177 

information about the SA-mediated defence reactions, the role of ET and PA interaction in this 178 

process under normal photoperiod and in the dark.  179 

 180 

2. Materials and methods 181 

2.1. Plant materials and growth conditions 182 

Seeds of tomato Solanum lycopersicum cv. Ailsa Craig wild type plants (WT) and ethylene-183 

insensitive Nr mutants were germinated in perlite. 14-day-old seedlings were transferred to 184 

plastic boxes containing modified Hoagland solution (Takács et al. 2018). The nutrient solution 185 

was changed two times a week. Tomatoes were grown in controlled condition at 24/22 oC under 186 

a 12/12-h light/dark period. Light intensity was 200 μmol m-2 s-1 (F36W/GRO lamps, OSRAM 187 

SYLVANIA, Danvers, MA, USA) and relative humidity was maintained at 55–60 % for 8 188 

weeks. 189 
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Plants were treated with 0.1 mM or 1 mM SA for 24 h via the hydroponic solution when 190 

they were 8 weeks old. One group of tomatoes remained under the normal light/dark cycle (light 191 

samples) and the second group was treated under prolonged darkness at the beginning of the 192 

12-h light period (dark samples) at 24 oC. Samples were prepared from fully expanded young 193 

leaves at least in five replicates. All experiments were started from 9 a.m. to 9 a.m. of the next 194 

day and were repeated 3-4 times in independent experiments. 195 

 196 

2.2. Measurement of ethylene production 197 

The ET production was measured in six replicates with gas chromatograph (Hewlett-Packard 198 

5890 Series II) equipped with a flame ionization detector and alumina column (Takács et al. 199 

2018). Leaf samples (0.5 g) were incubated in 25 mL gas-tight vials sealed with rubber serum 200 

caps under darkness at 25 oC for 1 h. 2.5 mL from the air of the tubes was injected into the 201 

instrument. Flow rates were 35 mL min−1 for He, 30 mL min−1 for H2, and 300 mL min−1 for 202 

air. The oven, injector, and detector temperatures were 100, 120, and 200 °C, respectively. A 203 

set of ET standards was applied to calculate the ET concentration emitted by the leaves.  204 

 205 

2.3. Quantification of free polyamine contents 206 

Free PAs were determined from 200 mg leaf fresh weight (FW) (Takács et al. 2016). Samples 207 

were homogenized in 5 % (v/v) cold perchloric acid and then were kept on ice for 20 min. After 208 

centrifugation (10.000 g for 20 min at 4 oC) 0.4 mL of 2 M NaOH was added to 1 mL of plant 209 

extract. The mixture was then vortexed and after the addition of 10 µL benzoyl chloride, it was 210 

vortexed again and stored at 25 oC for 30 min. The benzoylated PA derivates were removed 211 

from the aqueous phase by 1.2 mL diethyl ether. An aliquot (0.75 mL) of the organic solvent 212 

phase was evaporated to dryness and the residue was resuspended in 200 μL of acetonitrile. 213 

Samples were injected onto a reverse-phase column (4.6 mm x 250 mm, 5 μm, Apex octadecyl) 214 

at 25 oC. Analyses were performed at 254 nm by a JASCO high-performance liquid 215 

chromatography (HPLC) system coupled to an UV detector (JASCO HPLC system, Japan). 216 

The mobile phase consisted of a water/acetonitrile, 55/45 (v/v) mixture applied at a flow rate 217 

of 1.0 mL min-1. For PA determination, standards of Put, Spd, and Spm (Sigma-Aldrich, St. 218 

Louis MO, USA) were used at 1 mM concentration. 219 

 220 

2.4. RNA extraction and Quantitative Real-Time PCR gene analyses 221 
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Total RNA was extracted from 100 mg of leaf tissues using the TRIzol method as described in 222 

Takács et al. (2016). In brief, the samples were incubated in 1 mL TRIzol followed by addition 223 

200 μL chloroform and agitated vigorously for 15 s. Then the tubes were centrifuged for 15 224 

min at 10.000 g at 4 oC. The upper clear aqueous layer was transferred to a new 1.5 mL tube, 225 

and 375 μL chloroform:isoamyl alcohol was added. After 15 seconds of shaking the tubes were 226 

centrifuged for 15 min at 10.000 g at 4 oC. The aqueous layer was transferred to a new 1.5 mL 227 

tube and 500 μL of isopropanol was added. After gentle mixing, the tubes were placed on the 228 

benches for 10 min at room temperature followed by centrifugation at 10.000 g for 15 min at 4 229 

oC. The supernatant was discarded and the remaining pellet was washed with 1 mL of 70 % 230 

(v/v) ethanol and air-dried for about 10 min. The purified RNA was dissolved in 30 μL of 231 

RNase-free water. The RNA concentration and purity were determined with Nanodrop 232 

(Eppendorf, Hamburg, Germany) and agarose gel electrophoresis. RNA samples were 233 

subjected to DNase I treatment, then the first-strand cDNA was synthesised using reverse 234 

transcriptase (Thermo Scientific, Waltham, MA USA) followed the manufacturer's instructions. 235 

Gene-specific primers, used for qRT-PCR analyses were mined from Sol Genomics Network 236 

(SGN) and National Centre for Biotechnology Information (NCBI) databases. Primers were 237 

designed using Primer 3 software (Supplemental Table 1.). Relative transcript accumulation 238 

was determined by SYBR Green by quantitative Real-Time PCR (Piko Real-Time qPCR 239 

System, Thermo Scientific, Waltham, MA USA). The reaction mixture for PCR analysis 240 

contained 10 ng of cDNA template, 400 nM of forward and reverse primers, 5 µL of Maxima 241 

SYBR Green qPCR Master Mix (2X) (Thermo Scientific, Waltham, MA USA) and nuclease-242 

free water in a total volume of 10 µL. One cycle of 95 oC for 7 min is followed by 40 cycles of 243 

95 oC for 15 s, and 60 oC for 60 s during the RT-PCR program. After 40 cycles, melting curves 244 

were generated by increasing the temperature from 55 to 90 oC (0.2 C s-1). Data were analysed 245 

using PikoReal Software 2.2 (Thermo Scientific, Waltham, MA USA). The fold change value 246 

was calculated using the expression 2-∆∆Ct method with the 18S rRNA and elongation factor-1α 247 

subunit (EF1α) genes of tomato as reference. The obtained results were transformed to log2 248 

scale.  249 

 250 

2.5. Diamine oxidase and polyamine oxidase activity assays 251 

Diamine oxidase (DAO, EC 1.4.3.6) and polyamine oxidase (PAO, EC 1.4.3.4) activities were 252 

assayed according to Takács et al. (2016). 200 mg of leaf samples were pulverized under liquid 253 

nitrogen. 0.6 mL of extraction buffer [100 mM K phosphate buffer (pH 6.6) containing 0.2 M 254 
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TRIS (hydroxymethyl)aminomethane (pH 8.0); 10 % glycerol; 0.25 % Triton X-100; 0.5 mM 255 

phenylmethylsulfonyl fluoride (PMSF) and 0.01 mM leupeptin] was added to the fine powder 256 

of plant tissues. The homogenate was incubated on ice for 20 min, then centrifuged at 7.000 g 257 

for 10 min at 4 oC. The supernatant was applied as the crude enzyme extract. 0.15 mL of this 258 

extract, 0.6 mL of 100 mM potassium phosphate buffer (pH 6.6), 50 U of catalase in 50 μL 259 

volume, 50 μL of 2-aminobenzaldehyde (0.1 %) and 150 μL of 20 mM Put for DAO or 150 μL 260 

of 20 mM Spd for PAO determination were mixed and incubated at 37 oC for 1.5 h. Then the 261 

reaction was stopped with 50 μL of 20 % (w/v) trichloroacetic acid (TCA) and samples were 262 

centrifuged (5000 g, 10 min). The formation of Δ1-pyrroline product was measured by 263 

spectrophotometer (KONTRON, Milano, Italy) at 430 nm. The enzyme activity was expressed 264 

in nmol Δ1-pyrroline min-1 g-1 FW using an extinction coefficient of 1.86x103 mol-1 cm-1. 265 

 266 

2.6. Statistical analysis 267 

The experiments were repeated 3-4 times. Every investigated parameter had five replicates with 268 

the exception of the ET production measurements that had six replicates. Values presented are 269 

the averages with standard errors from all experiments. The fold change in gene expression was 270 

calculated using Microsoft Excel and was expressed as log2. Data were analysed using one-way 271 

analysis of variance (ANOVA). Statistical analysis was carried out using Sigma Plot 12.0 272 

statistical software (Systat Software Inc., Erkrath, Germany). After ANOVA, Duncan's multiple 273 

range test was performed (P < 0.05). 274 

 275 

3. Results 276 

3.1. Ethylene production 277 

To investigate the role of ET perception in SA-induced PA-ET interaction, the ET production 278 

of WT and Nr leaves was measured after treatment with 0.1 mM or 1 mM SA under light and 279 

dark conditions. Control samples of ET receptor mutant Nr leaf exhibited higher ET production 280 

than WT under both environmental conditions (Fig. 1A). In WT SA treatments did not affect 281 

the ET synthesis under normal photoperiod, however, in Nr leaves the maximum of ET 282 

emanation was observed in response to 0.1 mM SA. Unexpectedly, ET production decreased 283 

slightly compared to the normal photoperiod in the controls of both genotypes under prolonged 284 

darkness. Upon 0.1 mM SA treatment in the dark the ET production increased in WT leaves, 285 

while it declined to the level of the untreated control in the presence of 1 mM SA (Fig. 1A, B, 286 

C). In Nr leaves, however ET emanation decreased in response to both SA treatments under 287 
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prolonged darkness but it remained higher compared to WT in control samples and in the 288 

presence of 1 mM SA (Fig. 1A, C).  289 

 290 

3.2. Changes in polyamine concentrations 291 

In control plants Put content was similar, but Spd and Spm levels decreased significantly in Nr 292 

leaves compared to WT under normal photoperiod. In the dark, however Put concentration was 293 

lower in both genotypes and the decline was more pronounced in the mutants (Fig. 2A). In 294 

contrast to Put, Spd and Spm levels increased in the leaves of WT while in Nr, they remained 295 

unaffected compared to light controls under prolonged darkness (Fig. 2D, G).  296 

Put content increased gradually as a function of SA concentration in WT in both 297 

environments and reached a much higher value in the dark than in the light at 1 mM SA. In Nr 298 

leaves the Put levels exhibited near-constant values in the light upon SA treatments, while in 299 

the dark they showed a concentration-dependent increase reaching a maximal value after the 300 

application of 1 mM SA. However, Put content remained significantly lower in Nr plants than 301 

in WT upon SA treatments under prolonged darkness (Fig. 2A, B, C). 302 

Spd content slightly increased in the light; but it remained approximately at control level 303 

under darkness in WT plants exposed to 0.1 mM or 1 mM SA (Fig. 2D, E, F). Under normal 304 

photoperiod, Spd concentration exhibited a maximum in the leaves of Nr plants in response to 305 

0.1 mM SA, while it was enhanced in response to SA in a concentration-dependent manner 306 

under prolonged darkness (Fig. 2E, F).   307 

1 mM SA induced a significant accumulation of Spm in the WT under normal 308 

photoperiod, but under prolonged darkness, the application of both SA concentrations 309 

decreased the Spm level of WT leaves compared to untreated controls (Fig. 2G, H, I). In 310 

contrast, the Spm content of the mutants was not affected by SA treatments under light and dark 311 

conditions and it remained at a very low level compared to WT in all experimental arrangements 312 

(Fig. 2G, H, I).  313 

 314 

3.3. Changes in the expression levels of polyamine biosynthesis genes 315 

The mRNA levels of the tomato PA biosynthesis genes coding for arginine decarboxylase 316 

(SlADC), ornithine decarboxylase (SlODC) (Fig. 3), S-adenosylmethionine (SAM) 317 

decarboxylase (SlSAMDC), spermidine synthase (SlSPDS) and spermine synthase (SlSPMS) 318 

(Fig. 4) were determined in WT and Nr leaves after 24 hours of 0.1 mM and 1 mM SA 319 

treatments under light or dark conditions.  320 
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In controls the expression of SlADC and SlODC was suppressed by dark treatment in 321 

both WT and Nr leaves, suggesting that the lack of illumination inhibited the ADC and ODC 322 

expression independently of ethylene signalling in tomato (Fig. 3A, D).  323 

In the illuminated leaves, the expression of SlADC genes changed only slightly after SA 324 

treatments but unexpectedly, the expression of SlODC gene was down-regulated by the 325 

application of 0.1 mM SA in WT and by 1 mM SA in both genotypes in the light (Fig. 3 E, F). 326 

On the other hand, the Put biosynthesis genes were induced (or the inhibition was alleviated) 327 

by SA in the dark, in WT especially at 1 mM, while a significant down-regulation could be 328 

observed in all treatments in Nr leaves compared to the respective WT plants (Fig. 3B, E, C, 329 

F).  330 

The changes in the expression of SlSAMDC, SlSPDS and SlSPMS genes encoding 331 

enzymes involved in the synthesis of dcSAM, Spd and Spm. are summarized in Fig. 4.  332 

Under the control condition, the expression levels of SlSAMDC and SlSPDS were higher 333 

in the dark than under normal photoperiod, however, the transcript abundance of SlSPMS 334 

decreased after 24 h of dark treatment in WT. Interestingly, the expression of all genes 335 

(SlSAMDC, SlSPDS and SlSPMS) were suppressed by the dark treatment in Nr leaves under 336 

control condition (Fig. 4A, D, G). 337 

Under normal photoperiod, the expression of SlSPDS significantly decreased, but 338 

SlSAMDC and SlSPMS transcripts showed no significant differences compared to the controls 339 

in WT leaves in response to 0.1 mM SA. In contrast, in illuminated Nr plants, the expression 340 

of SlSPDS was significantly induced, but those of the SlSAMDC and SlSPMS were suppressed 341 

by 0.1 mM SA treatment (Fig. 4B, E, H). In the dark a very similar expression pattern was 342 

observed for SlSAMDC, SlSPDS and SlSPMS genes in WT and Nr leaves treated with 0.1 mM 343 

SA as in untreated controls (Fig. 4B, E, H).  344 

The expressions of SlSAMDC, SlSPDS and SlSPMS were markedly upregulated by 1 345 

mM SA treatment in illuminated WT leaves, but with the exception of SlSAMDC, their 346 

expression level showed no significant difference under darkness compared to the respective 347 

untreated controls (Fig. 4C, F, I). In illuminated Nr leaves, transcription of SlSAMDC was 348 

induced, while the expression of SlSPDS and SlSPMS remained at control level at 1mM SA 349 

(Fig. 4C, F, I). Additionally, under dark condition, the relative transcript levels of SlSAMDC 350 

was enhanced in response to 1 mM SA treatment in Nr leaves compared to the untreated control 351 

while SlSPMS remained downregulated (Fig. 4C, F, I). 352 

 353 
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3.4. Changes in the activity of polyamine catabolic enzymes 354 

To investigate the role of ET perception in SA-induced PA catabolism under light and dark 355 

conditions, we compared the activities of the enzymes involved in PAs degradation in WT and 356 

Nr leaves after 0.1 mM and 1 mM SA treatments. Interestingly, Nr leaves exhibited basically 357 

higher DAO and PAO activities compared to WT (Fig. 5; Fig. 6). DAO activities in the controls 358 

of WT and Nr leaves under prolonged darkness showed a similar pattern as in the light, but the 359 

increases in Nr were more significant. However, PAO activity declined in the dark especially 360 

in the mutant leaves compared to the samples exposed to normal photoperiod (Fig. 6, A). 361 

Total DAO activity in illuminated leaves increased as a function of SA concentration, 362 

but Nr plants responded already to 0.1 mM SA whereas WT leaves only to 1 mM SA with 363 

significant increments and its activity showed a similar pattern in WT plants under dark 364 

condition (Fig. 5B, C). In contrast, after 24-hour-long treatments, DAO activity in Nr leaves 365 

declined significantly at 0.1 mM SA while reached a maximum at 1 mM SA under darkness 366 

(Fig. 5B, C).  367 

The activity of PAO displayed no significant difference upon exposure to 0.1 mM and 368 

1 mM SA treatments in illuminated WT leaves, however, the activity of the enzyme increased 369 

at 1 mM SA in the dark, when compared with respective untreated controls (Fig. 6A, B, C). 370 

The leaves of ET receptor mutant Nr plants showed much higher PAO activities than those of 371 

WT. A significant decrease was found in the enzyme activity after treatment with 1mM SA in 372 

the light, but PAO activity increased significantly at both SA concentrations under prolonged 373 

darkness (Fig. 6B, C). 374 

 375 

3.5. Changes in the expression of polyamine catabolic genes  376 

The expression of SlDAO1 and SlDAO2 genes encoding enzymes involved in Put catabolism 377 

was suppressed in the dark in the controls of both genotypes (Fig. 7A, D). In the light, the 378 

transcript levels of SlDAO1 and SlDAO2 decreased in WT as a function of SA concentration, 379 

while they were slightly upregulated in Nr leaves (Fig. 7B, C, E, F). Under the dark condition, 380 

the expression of SlDAO1 and SlDAO2 were upregulated by SA in both genotypes when 381 

compared to respective untreated controls (Fig. 7B, C, E, F), which means an alleviation of the 382 

inhibition. 383 

 In the illuminated WT leaves, there was no obvious difference between the transcript 384 

levels of SlPAO1 and SlPAO2 upon SA treatments. However, both SA treatments had 385 

pronounced effects on the expression of SlPAO1 in Nr leaves under light condition, which was 386 



13 

 

significantly up-regulated (Fig. 8B, C, E, F). Transcript accumulation of SlPAO1 and SlPAO2 387 

was generally reduced in the dark in both WT and Nr leaves, which was more pronounced in 388 

the case of SlPAO2 (Fig. 8A, B, C, D, E, F). However, the SA exposure slightly alleviated this 389 

inhibition in the transcript levels of SlPAO1 in the WT (Fig. 8A, B, C). However, the transcript 390 

levels of SlPAO2 declined after both SA treatments and this down-regulation was significantly 391 

higher in Nr than in WT leaves in the dark (Fig. 8D, E, F). 392 

 393 

4. Discussion 394 

To better understand the role of ET and PAs in the SA-induced defence mechanism under light 395 

and dark condition, we analysed the PA metabolism in the leaves of WT and ET receptor 396 

mutant, Never ripe tomato plants. In vegetative, non-senescing organs of WT plants, the ET 397 

biosynthesis is regulated by a feedback inhibition of ACC synthases by ET, which cannot be 398 

observed in Nr mutants, which have disrupted ET perception. In accordance with previous 399 

results, higher ET production could be detected in untreated controls of Nr than in WT, which 400 

was reduced slightly but not significantly under prolonged darkness. A similar result was also 401 

supported by Lanahan et al. (1994), who found that biosynthesis of ET was not impaired in Nr 402 

mutants.  403 

In the present study, it was found that none of the SA treatments affected ET production 404 

under normal photoperiod, while under prolonged darkness ET emanation showed a maximum 405 

at 0.1 mM SA in WT plants. These results suggest that the ET biosynthesis in the WT is more 406 

sensitive to SA in the dark than under normal photoperiod. Unexpectedly in Nr plants, the ET 407 

production declined as a function of increasing SA concentrations under both circumstances. 408 

An interesting relationship has been revealed between ET production and PA 409 

accumulation in controls of WT plants and Nr mutants. While Put content was the same in the 410 

controls of the two genotypes, Spd and especially Spm accumulation was significantly reduced 411 

in Nr compared to WT in both two environments. Since ET production is much intensive in the 412 

tissues of Nr, this phenomenon raises the possibility of an enhanced shunt of SAM towards the 413 

ET biosynthesis. The other important observation is that Spm content increased in the dark in 414 

control WT samples, while it remained at a very low level in Nr leaf tissues in both 415 

environments suggesting that Spm accumulation is minimal in the absence of functional ET 416 

signalling. 417 

However, information about the mechanism of SA-induced changes in PA metabolism 418 

and the role of ET in this process has been limited. The present study has demonstrated that 419 
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exogenous treatment with 0.1 mM SA concentration for 24 h had almost no impact on PA 420 

content in WT under normal photoperiod, and there are smaller changes (increased Put and 421 

reduced Spm content) in the dark. Similar results were found by Gharbi et al. (2016) in the 422 

Ailsa Craig tomato cultivar, where the Put, Spd and Spm concentrations of shoot remained 423 

unaffected by the application of 0.01 mM SA under normal photoperiod. 424 

Significant increases in PA accumulation could be observed, however, after treatment 425 

with 1 mM SA, which resulted in necrotic spots later in leaf tissues.  426 

One of the most important observations of these experiments is that an intensive Put 427 

accumulation occurred in WT in both environments, first of all in the dark at the higher SA 428 

concentration, which cannot be detected in Nr plants. However, in WT plants, Spd and 429 

especially Spm accumulated significantly as a function of increasing SA concentrations in the 430 

light, but only smaller changes were found in dark samples.  431 

The homeostasis of PA biosynthesis and catabolism is a key factor in PAs-regulated 432 

stress tolerance. Since the common substrate for ET, Spd and Spm biosynthesis is SAM, the 433 

control of PA metabolism by ET by the promotion or the inhibition of the expression or 434 

activities of PA biosynthetic enzymes was suggested (Harpaz-Saad et al. 2012). The 435 

accumulation of transcripts related to PA biosynthesis also depends on the illumination of 436 

tissues. These experiments revealed some general rules about the primary role of ET signalling 437 

in certain steps and that of light in other reactions in SA-induced PA metabolism. 438 

In the control samples the expression of SlADC and SlODC, the enzymes participating 439 

in the synthesis of Put, was reduced very significantly in the dark in WT and Nr plants 440 

suggesting that the effect of dark treatment has not been influenced by the block in ET signalling 441 

in the absence of SA. Interestingly, SlSAMDC and SlSPDS in the WT were up-regulated in the 442 

dark in contrast to the expression of the same genes in Nr and SlSPMS genes, which were down-443 

regulated. 444 

The expression of the two genes in Put synthesis, SlADC and SlODC was only slightly 445 

sensitive to SA with small up and down changes in the light, but as a function of SA 446 

concentration, much characteristic induction occurred in the dark, which means significant up-447 

regulation in the WT, and an alleviation of the inhibition in the Nr mutants. This means that the 448 

enzymes of Put biosynthesis responded to exogenous SA in a light- and ET-dependent manner. 449 

The latter means that in the absence of active ET signalling the expression of these genes 450 

remained inhibited in the presence of SA. Since the changes in Put level correlated well with 451 
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the expression pattern of SlADC (and less strictly with SlODC), it can be concluded that Put 452 

accumulation is controlled efficiently by the synthesis in these tissues.  453 

PAs with longer carbon skeleton are synthesized from Put by incorporating the 454 

aminopropyl group generated by the activity of SAMDC from SAM (Tiburcio et al. 2014). The 455 

expression of this enzyme was highly dependent on SA concentration and was induced very 456 

effectively in the presence of the 1 mM SA. In WT leaves the mRNA levels of SlSAMDC 457 

increased very significantly by HR-inducing SA concentration compared to untreated controls 458 

in WT and Nr genotypes, in latter cases this meant a gradual alleviation of the inhibition of 459 

gene expression in the dark. Similar results have been found during exogenous SA application 460 

when SAMDC gene expression increased in illuminated tomato shoot (Gharbi et al. 2016). The 461 

expression of SlSPDS gene exhibited a similar pattern as SAMDC in general, but the changes 462 

were not so pronounced. More characteristic changes occurred in SlSPMS expression upon SA 463 

treatments. High Spm content in the illuminated leaves of WT developed in parallel with the 464 

increased expression of SlSAMDC and SlSPMS, which supported that this process depended on 465 

the light. In Nr, however, Spm content and the expression of SlSPMS gene were very low 466 

independently of the light conditions and SA treatments. This suggests that Spm synthesis needs 467 

functional ET perception. It can be concluded, that exogenous SA, especially at a cell death-468 

inducing 1 mM concentration, may control the expression of the biosynthetic enzymes of higher 469 

PAs but the final effect depends on the intact ET signalling and/or on the light conditions. 470 

Moreover, the changes in the expression of PA biosynthesis genes correlated well with the free 471 

PA accumulation found in the same tissues. 472 

The levels of PAs in plant tissues are also determined by the activity of the degrading 473 

enzymes. DAO may oxidise Put and Spd and PAO Spd and Spm yielding H2O2, thus they affect 474 

not only free PA levels but H2O2 homeostasis, too (Moschou et al. 2008a). In this study, Nr leaf 475 

exhibited generally higher DAO and PAO activities compared with WT even under control 476 

conditions. The activity of PAO was much sensitive to the illumination and exhibited a 477 

decreased activity in the dark especially in Nr controls. DAO activity increased as a function of 478 

SA concentration, and in Nr leaves it responded already to the 0.1 mM SA in the light and to 1 479 

mM SA in prolonged darkness. PAO activity of WT plants remained constant, but in Nr leaves 480 

exhibited a gradual decline with increasing SA concentration under normal photoperiod, but in 481 

the dark, its activity reached maximal values both in WT and Nr plants at 1 mM SA. In our 482 

experiments, total activity DAO and PAO activities show only a weak correlation with Put and 483 

Spm content. 484 
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Since the oxidation of PAs contribute to oxidative stress in plant cells, and at the same 485 

time PAs may function as antioxidants, PA metabolism is crucial for successful stress 486 

acclimation. Several enzymes can produce ROS in the cell wall of plants, such as PM-localized 487 

PAO, NADPH oxidase, cell wall- localized peroxidases and amine oxidases, which determine 488 

stress acclimation (Moschou et al. 2008b). In our previous study, it was found that H2O2 levels 489 

are higher in Nr leaves than in WT lines under control, 0.1 mM and 1 mM SA treatments both 490 

under light and dark conditions (Takács et al. 2018). It was also found by other authors that Put 491 

elicited ROS-dependent SA pathways during the activation of plant defences in Arabidopsis 492 

(Liu et al. 2020), thus SA-induced PAs may activate SA signalling. 493 

In contrast to these results, it was earlier observed that exogenous PA treatments 494 

decreased the levels of H2O2 by activating enzymatic and non-enzymatic antioxidants 495 

(Mellidou et al. 2016). This is consistent with previous studies reporting that transgenic tobacco 496 

plants showed decreased PA content and increased inter-/intracellular levels of ROS and the 497 

expression of antioxidant genes, which are nevertheless insufficient to scavenge these ROS 498 

efficiently (Moschou et al. 2008b).  499 

However, there is no consensus about the role of ET in the control of PA degradation. 500 

PAO activity was strongly induced by ET in the olive fruit abscission zone (Gil-Amado and 501 

Gomez-Jimenez 2012), but Cona et al. (2003) found that exogenously supplied ET did not 502 

affect PAO activity either after light exposure or in the dark. Depending on the amount of H2O2, 503 

the defence responses or cell death program are initiated (Moschou et al. 2008a) and the 504 

oxidation of PAs by DAO and PAO can promote a second phase in the oxidative burst and may 505 

induce cell death in biotic stress (Yoda et al. 2006). Our results demonstrate that ET can control 506 

the DAO and PAO activity in ET receptor mutant Never ripe, which in the absence of the 507 

functional ET signalling resulted in more effective PA degradation and could modulate the PA 508 

(and thus H2O2) content under SA treatments, which depended on the presence or absence of 509 

light. 510 

 Despite the fact that the effect of light on the expression of PAO genes has already been 511 

shown (Cervelli et al. 2000), no data are available concerning the relationship between the 512 

expression of PA catabolic genes during SA treatments in the illuminated and dark-treated 513 

leaves in ET receptor mutants. The present study demonstrated that the genes of SlDAO1, 514 

SlDOA2, SlPAO1 and SlPAO2 were down-regulated in control plants under prolonged darkness 515 

in both genotypes suggesting that their basal regulation needs normal photoperiod. The 516 

expression of SlDAO1 and SlDAO2 exhibited a different pattern with increasing SA 517 
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concentrations in all samples, since SlDAO2 showed smaller changes, while the expression of 518 

SlDAO1 was down-regulated in WT in the light by SA, while it was induced in other samples. 519 

Transcript levels of SlPAO1 and SlPAO2 did not notably change in illuminated WT 520 

leaves during the different SA treatments. However, in Nr leaves, the expression of SlPAO1, 521 

but not that of SlPAO2, showed significant induction in response to SA under normal 522 

photoperiod. In the dark controls, SlPAO2 was down-regulated both in WT and Nr leaves. Upon 523 

SA treatments the expression of SlPAO2 was almost constant under normal photoperiod but it 524 

was inhibited in the dark, which was more pronounced in Nr. As it was expected, the changes 525 

in the total DAO and PAO activities did not follow the changes in the expression of PA catabolic 526 

genes. It is well-known that the enzyme activities do not necessarily correlate with the 527 

expression of the coding genes because translational or post-translational regulation of enzyme 528 

proteins may determine the extractable activity. Moreover, the enzyme extract contains several 529 

isoenzymes from different cell compartments that may show different expression level and 530 

besides terminal oxidation, several PAO isoenzymes participate in the back-conversion of Spm 531 

or Spd to Put, too. It can be ascertained, however, that Nr mutants displayed higher PA 532 

degradation capacity almost in all experimental conditions. 533 

 534 

5. Conclusions 535 

Summarizing the results, we found that the SA-induced defence reactions, including PA 536 

synthesis and metabolism, were highly dependent on the concentration of SA. In our previous 537 

work, we found that treating tomato with 0.1 mM SA resulted in 5-6 µg g-1 and with 1mM 538 

concentration, ~60 µg g-1 free SA content in the leaf samples, which corresponded to SA levels 539 

in the systemic leaves or in the infected tissues during the HR, respectively (Takács et al. 2018). 540 

It was also found that PA metabolism was different if SA was applied to illuminated plants or 541 

to plants in dark environments. It was also of interest whether the inhibition of ET perception 542 

and signalling in Nr could overwrite or modify the effect of SA in these plants. Although ET 543 

production of Nr mutants remained higher than that of WT in almost all experimental 544 

conditions, PA content displayed a negative correlation with ET emanation only in the case of 545 

1 mM SA application (Put, Spm) and in certain control leaves (Spd, Spm). One day after SA 546 

exposure the accumulation of PAs was induced by 1 mM but not by 0.1 mM SA and it was 547 

more pronounced in WT than in Nr leaves. Light-dependency proved to be the most obvious in 548 

Spm accumulation in WT upon 1 mM SA treatment, which was accompanied by increased 549 

expression of S-adenosylmethionine decarboxylase (SlSAMDC) and Spm synthase (SlSPMS). 550 
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However, 1 mM SA enhanced the Put content and the expression of Put biosynthetic enzymes, 551 

arginine and ornithine decarboxylase (SlADC and SlODC, respectively) under darkness. The 552 

most important finding of these experiments is that Spm accumulation and the expression of 553 

SlSPMS gene needs an intact ET signalling pathway independently of the light conditions and 554 

SA treatments since in all of the samples Nr mutants were defective in Spm synthesis and were 555 

not able to accumulate this PA. The expression patterns of PA catabolic genes differed during 556 

SA treatments in WT and Nr leaves under light and dark conditions suggesting that the ET 557 

perception controls PA catabolism, too. The activities of diamine and polyamine oxidases were 558 

generally higher in Nr leaves compared to the WT, which suggests that the terminal oxidation 559 

of PAs plays a central role in the maintenance of the free PA level of tissues.  560 

 561 

Author contributions 562 

Conceptualization P.P. and I.T.; investigation, Z.T. and P.P.; writing—review and editing, Z.T., 563 

P.P. and I.T. 564 

 565 

Acknowledgments 566 

We thank Mrs. Etelka Kozma Bécs for her kind help.  567 

 568 

Funding 569 

This work was supported by the Hungarian National Scientific Research Foundation (OTKA 570 

K101243 and OTKA PD112855). P.P. was also supported by the János Bolyai Research 571 

Scholarship (Hungarian Academy of Sciences). 572 

 573 

Conflict of Interest 574 

No conflict of interest is declared. 575 

 576 

References 577 

Alcazar R., Garcia-Martinez J.L., Cuevas J.C., Tiburcio A.F., Altabella T. 2005. 578 

Overexpression of ADC2 in Arabidopsis induces dwarfism and late-flowering through GA 579 

deficiency. Plant J. 43, 425-436.  580 

Arif Y., Sami F., Siddiqui H., Bajguz A., Hayat S. 2020. Salicylic acid in relation to other 581 

phytohormones in plant: A study towards physiology and signal transduction under 582 



19 

 

challenging environment. Environ. Exp. Bot. 175, Volume 175, 104040 583 

https://doi.org/10.1016/j.envexpbot.2020.104040 584 

Cervelli M., Tavladoraki P., Di Agostino S., Angelini R., Federico R., Mariottini P. 2000. 585 

Isolation and characterization of three polyamine oxidase genes from Zea mays. Plant 586 

Physiol. Biochem. 38, 667-677.  587 

Cona A., Cenci F., Cervelli M., Federico R., Marottini P., Moreno S., Angelini R. 2003. 588 

Polyamine Oxidase, a hydrogen peroxide-producing enzyme, is up-regulated by light and 589 

down-regulated by auxin in the outer tissues of the maize mesocotyl. Plant Physiol. 131, 590 

803-813. 591 

Fukao T., Yeung E., Bailey-Serres J. 2012. The submergence tolerance gene SUB1A delays 592 

leaf senescence under prolonged darkness through hormonal regulation in rice. Plant 593 

Physiol. 160, 1795-1807. 594 

Genoud T., Buchala A.J., Chua N.H., Métraux J.P. 2002. Phytochrome signalling modulates 595 

the SA-perceptive pathway in Arabidopsis. Plant J. 31, 87-95. 596 

Gharbi E., Martínez J.P., Benahmed H., Fauconnier M.L., Lutts S., Quinet, M. 2016. Salicylic 597 

acid differently impacts ethylene and polyamine synthesis in the glycophyte Solanum 598 

lycopersicum and the wild‐related halophyte Solanum chilense exposed to mild salt stress. 599 

Physiol. Plant. 158, 152-167. 600 

Gil-Amado J.A., Gomez-Jimenez M.C. 2012. Regulation of polyamine metabolism and 601 

biosynthetic gene expression during olive mature-fruit abscission. Planta 235, 1221-1237. 602 

Gonzalez M.E., Marco F., Minguet E.G., Carrasco-Sorli P., Blázquez M.A., Carbonell J., Ruiz 603 

O.A., Pieckenstain F.L. 2011. Perturbation of spermine synthase gene expression and 604 

transcript profiling provide new insights on the role of the tetraamine spermine in 605 

Arabidopsis defense against Pseudomonas viridi ava. Plant Physiol. 156, 2266-2277. 606 

Gupta K., Sengupta A., Chakraborty M., Gupta B. 2016. Hydrogen Peroxide and Polyamines 607 

act as double edged swords in plant abiotic stress responses. Front. Plant Sci. 7, 1343. doi: 608 

10.3389/fpls.2016.01343 609 

Harpaz-Saad S., Yoon G.M., Mattoo A.K., Kieber, J.J. 2012. The formation of ACC and 610 

competition between polyamines and ethylene form SAM. Annu. Plant Rev. 44, 53-81. 611 

Jimenez-Bremont J.F., Marina M., Guerrero-Gonzalez M.D., Rossi F.R., Sanchez-Rangel D., 612 

Rodriguez-Kessler M., Ruiz O., Garriz A. 2014. Physiological and molecular implications 613 

of plant polyamine metabolism during biotic interactions. Front. Plant Sci. 5, 1-14. doi: 614 

10.3389/fpls.2014.00095 615 

https://www.sciencedirect.com/science/journal/00988472/175/supp/C
https://doi.org/10.1016/j.envexpbot.2020.104040


20 

 

Kamiyoshihara Y., Tieman D.M., Huber D.J., Klee H.J. 2012. Ligand-induced alterations in 616 

the phosphorylation state of ethylene receptors in tomato fruit. Plant Physiol. 160, 488-497.  617 

Lanahan M.B., Yen H.C., Giovannoni J.J., Klee H.J. 1994. The never ripe mutation blocks 618 

ethylene perception in tomato. Plant Cell 6, 521-530. 619 

Lim P.O., Kim H.J., Gil Nam H. 2007. Leaf senescence. Annu. Rev. Plant Biol. 58, 115-136. 620 

Liu C., Atanasov K..E, Arafaty N., Murillo E., Tiburcio A.F., Zeier J., Alcázar R. 2020. 621 

Putrescine elicits ROS-dependent activation of the salicylic acid pathway in Arabidopsis 622 

thaliana. Plant Cell Environ. 43, 2755-2768. doi: 10.1111/pce.13874 623 

Majumdar R., Shao L., Turlapati S.A., Minocha S.C. 2017. Polyamines in the life of 624 

Arabidopsis: profiling the expression of S-adenosylmethionine decarboxylase (SAMDC) 625 

gene family during its life cycle. BMC Plant Biol. 17, 264. doi:10.1186/s12870-017-1208-626 

y 627 

Mehta R.A., Cassol T., Li N., Ali N., Handa A.K., Mattoo A.K. 2002. Engineered polyamine 628 

accumulation in tomato enhances phytonutrient content, juice quality, and vine life. Nat. 629 

Biotechnol. 20, 613-618.  630 

Mellidou I., Moschou P.N., Ioannidis N.E., Pankou C.G., Ames K., Valassakis C. et al. (2016) 631 

Silencing S-adenosyl-L-methionine decarboxylase (SAMDC) in Nicotiana tabacum points 632 

at a polyamine-dependent trade-off between growth and tolerance responses. Front. Plant 633 

Sci. 7, 379. doi: 10.3389/fpls.2016.00379 634 

Mitsuya Y., Takahashi Y., Berberich T., Miyazaki A., Matsumura H., et al. 2009 Spermine 635 

signaling plays a significant role in the defense response of Arabidopsis thaliana to 636 

cucumber mosaic virus. J Plant Physiol. 166, 626-643. 637 

Moschou P.N., Paschalidis K.A., Roubelakis-Angelakis K.A. 2008a. Plant polyamine 638 

catabolism: the state of the art. Plant Signal. Behav. 3, 1061-1066. doi: 639 

10.4161/psb.3.12.7172 640 

Moschou P.N., Paschalidis K.A., Delis I.D., Andriopoulou A.H., Lagiotis G.D., Yakoumakis 641 

D.I., Roubelakis-Angelakis K.A., 2008b. Spermidine exodus and oxidation in the apoplast 642 

induced by abiotic stress is responsible for H2O2 signatures that direct tolerance responses 643 

in tobacco. Plant Cell 20, 1708-1724. 644 

Nambeesan S., Datsenka T., Ferruzzi M.G., Malladi A., Mattoo A.K., Handa A.K. 2010. 645 

Overexpression of yeast spermidine synthase impacts ripening, senescence and decay 646 

symptoms in tomato. Plant J. 63, 836-847. 647 



21 

 

Nambeesan S., Abuqamar S., Laluk K., Mattoo A.K., Mickelbart M.V., Ferruzzi M. G. et al. 648 

2012. Polyamines attenuate ethylene-mediated defense responses to abrogate resistance to 649 

Botrytis cinerea in tomato. Plant Physiol. 158, 1034-1045. 650 

Nehela Y., Killiny N. 2020. The unknown soldier in citrus plants: polyamines-based defensive 651 

mechanisms against biotic and abiotic stresses and their relationship with other stress-652 

associated metabolites. Plant Signal. Behav. 15:6, doi: 10.1080/15592324.2020.1761080 653 

Pandey S., Ranade S.A., Nagar P.K., Kumar N. 2009. Role of PAs and ethylene as modulator 654 

of plant senescence. J Biol Sci 25, 291-299.  655 

Planas-Portell J., Gallart M., Tiburcio A.F., Altabella T. 2013. Copper-containing amine 656 

oxidases contribute to terminal polyamine oxidation in peroxisomes and apoplast of 657 

Arabidopsis thaliana. BMC Plant Biol. 13, 109. doi: 10.1186/1471-2229-13-109 658 

Pál M., Janda T. 2017. Role of polyamine metabolism in plant pathogen interactions. J. Plant 659 

Sci. Phytopathol. 1, 095-100. 660 

Patel J., Ariyaratne M., Ahmed S., Ge L., Phuntumart V., Kalinoski A., Morris P.F. 2017. 661 

Dual functioning of plant arginases provides a third route for putrescine synthesis. Plant 662 

Sci. 262, 62-73. doi: 10.1016/j.plantsci.2017.05.011. 663 

Raju S., Jayalakshmi S.K., Sreeramulu K. 2009. Differential elicitation of proteases and 664 

protease inhibitors in two different genotypes of chickpea (Cicer arietinum) by salicylic 665 

acid and spermine. J. Plant Physiol. 166, 1015-1022.  666 

Sun X.Z., Li Y.R., He W.R., Ji C.G., Xia P.X., Wang Y.C. 2017. Pyrazinamide and derivatives 667 

block ethylene biosynthesis by inhibiting ACC oxidase. Nat. Commun. 8, 15758. doi: 668 

10.1038/ncomms15758 669 

Quinet M., Ndayirajige A., Lefevre I., Lambillotte B., Dupont-Gillain C.C., Lutts S. 2010. 670 

Putrescine differently influences the effect of salt stress on polyamine metabolism and 671 

ethylene synthesis in rice cultivars differing in salt-resistance. J. Exp. Bot. 61, 2719-2733. 672 

Takahashi Y., Uehara Y., Berberich T., Ito A., Saitoh H., Miyazaki A., Terauchi R., Kusano T. 673 

2004 A subset of hypersensitive response marker genes, including HSR203J, is the 674 

downstream target of a spermine signal transduction pathway in tobacco. Plant J. 40, 586-675 

595.  676 

Takács Z., Poór P., Tari I. 2016. Comparison of polyamine metabolism in tomato plants 677 

exposed to different concentrations of salicylic acid under light or dark conditions. Plant 678 

Physiol. Biochem. 108, 266-278. 679 

https://doi.org/10.1080/15592324.2020.1761080
https://www.sciencedirect.com/science/journal/01689452/262/supp/C


22 

 

Takács Z., Poór P., Borbély P., Czékus Z., Szalai G., Tari I. 2018. H2O2 homeostasis in wild-680 

type and ethylene-insensitive Never ripe tomato in response to salicylic acid treatment in 681 

normal photoperiod and in prolonged darkness. Plant Physiol. Biochem. 126, 74-85. 682 

Tiburcio A.F., Altabella T., Bitrián M., Alcázar R. 2014. The roles of polyamines during the 683 

lifespan of plants: from development to stress. Planta. 240, 1-18. 684 

Vanderstraeten L., Van Der Straeten D. 2017. Accumulation and transport of 1-685 

aminocyclopropane-1-carboxylic acid (ACC) in plants: current status, considerations for 686 

future research and agronomic applications. Front. Plant Sci. 8, 38. doi: 687 

10.3389/fpls.2017.00038 688 

Wilson R.L., Bakshi A., Binder B.M. 2014. Loss of the ETR1 ethylene receptor reduces the inhibitory 689 

effect of far-red light and darkness on seed germination of Arabidopsis thaliana. Front. Plant Sci. 690 

5, 433. doi: 10.3389/fpls.2014.00433 691 

Yang Y.X., Ahammed G.J., Wu C., Fan S.Y., Zhou Y.H. 2015. Crosstalk among jasmonate, 692 

salicylate and ethylene signaling pathways in plant disease and immune responses. Curr. 693 

Protein Pept. Sci. 16, 450-461. 694 

Yoda H., Hiroi Y., Sano H. 2006. Polyamine oxidase is one of the key elements for oxidative 695 

burst to induce programmed cell death in tobacco cultured cells. Plant Physiol. 142, 193-696 

206. 697 

Zeier J., Pink B., Mueller M.J., Berger S. 2004. Light conditions influence specific defence 698 

responses in incompatible plant-pathogen interactions: uncoupling systemic resistance 699 

from salicylic acid and PR-1 accumulation. Planta 219, 673-683. 700 

Zhang X.H., Shen L., Li F.J., Meng D.M., Sheng J.P. 2011. Methyl salicylate-induced arginine 701 

catabolism is associated with up-regulation of polyamines and nitric oxide levels and 702 

improves chilling tolerance in cherry tomato fruit. J. Agric. Food Chem. 59, 9351-9357. 703 

Zhong S., Lin Z., Grierson D. 2008. Tomato ethylene receptore CTR interactions: visualization 704 

of NEVER-RIPE interactions with multiple CTRs at the endoplasmic reticulum. J. Exp. 705 

Bot. 59, 965-972.  706 

  707 



23 

 

Fig. 1 Changes in the ethylene emission from wild type (WT) and ethylene receptor mutant 708 

Never ripe (Nr) leaves under control condition (A) or after 24-h 0.1 mM SA (B) and 1 mM SA 709 

(C) treatments under normal light or dark conditions. Means ± SE, n=5. Different letters show 710 

significant differences at P ˂ 0.05. 711 

 712 

Fig. 2 Changes in free polyamine (Put, Spd, Spm) contents in wild type (WT) and ethylene 713 

receptor mutant Never ripe (Nr) leaves under control condition (A, D, G) or after 24-h 0.1 mM 714 

SA (B, E, H) or 1 mM SA (C, F, I) treatments under normal light or dark conditions. Means ± 715 

SE, n=5. Different letters show significant differences at P ˂ 0.05. 716 

 717 

Fig. 3 Log2 fold change of expression of SlADC and SlODC genes, encoding enzymes involved 718 

in biosynthesis of Put in wild type (WT) and ethylene receptor mutant Never ripe (Nr) leaves 719 

under control condition (A, D) or after 24-h 0.1 mM SA (B, E) or 1 mM SA (C, F) treatments 720 

under normal light or dark conditions. Means ± SE, n=5. Different letters show significant 721 

differences at P ˂ 0.05. 722 

 723 

Fig. 4 Log2 fold change of expression of SlSAMDC, SlSPDS and SlSPMS genes, encoding 724 

enzymes involved in dcSAM, Spd and Spm biosynthesis in wild type (WT) and ethylene 725 

receptor mutant Never ripe (Nr) leaves under control condition (A, D, G) or after 24-h 0.1 mM 726 

SA (B, E, H) or 1 mM SA (C, F, I) treatments under normal light or dark conditions. Means ± 727 

SE, n=5. Different letters show significant differences at P ˂ 0.05. 728 

 729 

Fig. 5 Changes in the activity of DAO in wild type (WT) and ethylene receptor mutant Never 730 

ripe (Nr) leaves under control condition (A) or after 24-h exposure to 0.1 mM SA (B) or 1 mM 731 

SA (C) under normal light or dark conditions. Means ± SE, n=5. Different letters show 732 

significant differences at P ˂ 0.05. 733 

 734 

Fig. 6 Changes in the activity of PAO in wild type (WT) and ethylene receptor mutant Never 735 

ripe (Nr) leaves under control conditions (A) and after 24-h 0.1 mM SA (B) or 1 mM SA 736 

treatments (C) under normal light or dark conditions. Means ± SE, n=5. Different letters show 737 

significant differences at P ˂ 0.05. 738 

 739 
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Fig. 7 Log2 fold change of expression of SlDAO1 and SlDAO2 genes, encoding enzymes 740 

involved in catabolism of free Put in wild type (WT) and ethylene receptor mutant Never ripe 741 

(Nr) leaves under control condition (A, D) or after 24-h exposure to 0.1 mM SA (B, E) or 1 742 

mM SA (C, F) under normal light or dark conditions. Means ± SE, n=5. Different letters show 743 

significant differences at P ˂ 0.05. 744 

 745 

Fig. 8 Log2 fold change of expression of SlPAO1 and SlPAO2 genes, encoding enzymes 746 

involved in catabolism of free Spd and Spm in wild type (WT) and ethylene receptor mutant 747 

Never ripe (Nr) leaves under control conditions (A, D) or after 24-h exposure to 0.1 mM SA 748 

(B, E) or 1 mM SA (C, F) for 24 hours under normal light or dark conditions. Means ± SE, n=5. 749 

Different letters show significant differences at P ˂ 0.05. 750 


