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Summary 61 

The possible involvement of polyamines in the salt stress adaptation was investigated in 62 

grapevine (Vitis vinifera L.) plantlets focusing on photosynthesis and oxidative 63 

metabolism. Salt stress resulted in the deterioration of plant growth and photosynthesis, 64 

and treatment of plantlets with methylglyoxal-bis(guanylhydrazone) (MGBG), a S-65 

adenosylmethionine decarboxylase (SAMDC) inhibitor, enhanced the salt stress effect. 66 

A decrease in PSII quantum yield (Fv/Fm), effective PSII quantum yield (Y(II)) and 67 

coefficient of photochemical quenching (qP) as well as increases in non-photochemical 68 

quenching (NPQ) and its coefficient (qN) was observed by these treatments. 69 

Salt and/or MGBG treatments also triggered an increase in lipid peroxidation and ROS 70 

accumulation as well as an increase of superoxide dismutase (SOD) and peroxidase 71 

(POX) activities, but not ascorbate peroxidase (APX) activity. Salt stress also resulted 72 

in an accumulation of oxidised ascorbate (DHA) and a decrease in reduced glutathione. 73 

MGBG alone or in combination with salt stress increased monodehydroascorbate 74 

reductase (MDHAR), SOD and POX activities and surprisingly no accumulation of 75 

DHA was noticed following treatment with MGBG. These salt-induced responses 76 

correlated with the maintaining of high level of free and conjugated Spd and Spm, 77 

whereas a reduction of agmatine and putrescine levels was observed, which seemed to 78 

be amplified by the MGBG treatment.  79 

These results suggest that maintaining polyamine biosynthesis through the enhanced 80 

SAMDC activity in grapevine leaf tissues under salt stress conditions could contribute 81 

to the enhanced ROS scavenging activity and a protection of photosynthetic apparatus 82 

from oxidative damages.  83 

 84 

 85 
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Abbreviations 88 

APX, ascorbate peroxidase; Fv/Fm, PSII quantum yield; MDHAR, 89 
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non-photochemical quenching; PA, polyamine; POX, peroxidase; Put, putrescine; qN, 91 

coefficient of non-photochemical quenching; qP, coefficient of photochemical 92 

quenching; SOD, superoxide dismutase; Spd, spermidine; Spm, spermine; Y(II), PSII 93 

quantum yield. 94 
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Introduction 95 

Salinity is one of the most important stress factors which limits the growth and 96 

development of plants by altering their morphological, physiological and biochemical 97 

attributes. In addition to osmotic stress and ionic toxicity, salt stress also results in an 98 

oxidative stress, mediated by reactive oxygen species (ROS), all three factors 99 

contributing to its deleterious effects (Hernández et al., 2001; 2003; López-Gómez et 100 

al., 2007). ROS production is kept under tight control by an efficient antioxidative 101 

system, which includes both enzymatic and non-enzymatic compounds. Among these 102 

non-enzymatic scavengers, low molecular weight compounds, including ascorbic acid 103 

(ASC) and glutathione (GSH) are involved, while the main enzymatic arsenal of ROS 104 

scavengers includes enzymes such as superoxide dismutase (SOD, EC 1.15.1.1), 105 

catalase (CAT, EC 1.11.1.6), peroxidase (POX, EC 1.11.1.7) and the ascorbate-106 

glutathione cycle enzymes [ascorbate peroxidase (APX, EC 1.11.1.11), 107 

dehydroascorbate reductase (DHAR, EC 1.8.5.1), monodehydroascorbate reductase 108 

(MDHAR, EC 1.6.5.4) and glutathione reductase (GR, EC. 1.6.4.2)] (Noctor and Foyer, 109 

1998; Asada, 1999). 110 

Plant polyamines (PAs) have been suggested to play important roles in 111 

morphogenesis, growth, embryogenesis, organ development, leaf senescence, and 112 

abiotic and biotic stress responses (Kusano et al., 2008).  Therefore, homeostasis of 113 

cellular PA levels is also a defensive strategy that plants have developed to cope with 114 

adverse situations (Chinnusamy et al., 2005; Groppa and Benavides, 2008). Putrescine 115 

(Put), spermidine (Spd), and spermine (Spm) are the major PA pools commonly present 116 

in higher plants and known as active oxygen scavenging compounds being considered 117 

as mediators in protective reactions against different stresses (Kovacs et al., 2010).  118 

Higher level of PAs is of paramount importance since it correlates with several 119 

important physiological functions, including protein regulation (Takahashi and Kakehi 120 

2010), ion channels (Zepeda-Jazo et al., 2011), membrane fluidity, control of nitrogen-121 

carbon balance (Moschou et al., 2012) and stress and defense responses (Hatmi et al., 122 

2013). 123 

 In plants, Put is synthesized by the decarboxylation of arginine and ornithine 124 

catalyzed by arginine decarboxylase (ADC; EC 4.1.1.19) and ornithine decarboxylase 125 

(ODC; EC 4.1.1.17), respectively. The following addition of two aminopropyl groups to 126 

Put in two reactions catalyzed by Spd synthase (SPDS; EC 2.5.1.16) and Spm synthase 127 

(SPMS; EC 2.5.1.22) leads to the formation of Spd and Spm, respectively. The 128 
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aminopropyl moieties arise from the decarboxylation of S-adenosylmethionine by the 129 

enzyme S-adenosylmethionine decarboxylase (SAMDC; EC 4.1.1.50) (Slocum, 1991). 130 

In this sense, methylglyoxal-bis(guanylhydrazone) (MGBG) is a potent inhibitor of 131 

SAMDC and thus affects endogenous PAs levels (Boucherau et al., 1999).  132 

Changes in plant PA metabolism occur in response to a variety of abiotic 133 

stresses (Bouchereau et al. 1999; Groppa and Benavides 2008). Although it is known 134 

that the antioxidative effect of PAs in response to stress is due to a combination of their 135 

anion- and cation-binding properties (Groppa and Benavides, 2008), the precise 136 

molecular mechanism(s) by which PAs control plant responses to stress stimuli are 137 

largely unknown (Kusano et al. 2008; Alcázar et al., 2010; Gill and Tuteja, 2010). 138 

Nevertheless, a PA role in ROS production has been suggested. Spermine, Spd and Put 139 

all reduce level of superoxide radicals generated by senescing plant cells (Drolet et al., 140 

1986). In addition, PA catabolism produces hydrogen peroxide (H2O2), a signaling 141 

molecule that can modulate the stress signal transduction chain promoting an activation 142 

of an antioxidative defense response, but can also act as a pro-oxidant agent (Groppa 143 

and Benavides, 2008). 144 

The involvement of PAs in the tolerance of higher plants to abiotic stress has 145 

been widely demonstrated in crops of relevant economic importance, such as tomato, 146 

rice (Roy et al., 2005) and barley (Zhao and Qin, 2004). The effect of salinity on PA 147 

metabolism is not always clear, and differences in PAs (Put, Spd and Spm) response 148 

under salt-stress have been reported among and within species (Boucherau et al., 1999). 149 

In rice, root plasma membranes of salt-tolerant cultivars were rich in Spm/Spd, whereas 150 

the root plasma membranes of sensitive cultivars were rich in Put only (Roy et al., 151 

2005). Zapata et al. (2004) studied the potential role of PAs in response to salt stress in 152 

several plant species such as spinach, lettuce, melon, pepper, broccoli, beetroot and 153 

tomato. With the exception of beetroot, Put concentration was lower in seedlings grown 154 

under saline conditions. However, salinity caused a significant increase in Spd and Spm 155 

in almost all the plant species studied. Accordingly, in rice, Spm and Spd significantly 156 

prevented the leakage of electrolytes and amino acids from roots and shoots of rice 157 

subjected to salinity and a positive correlation between salt tolerance and accumulation 158 

of higher levels of PAs was found (Chattopadhayay et al., 2002). 159 

In this work, we studied the effect of salt stress in the presence and the absence 160 

of MGBG, an inhibitor of SAMDC activity, in order to investigate the effects of both 161 
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treatments on photosynthesis and oxidative metabolism providing new information 162 

about the contribution of PA metabolism to salt stress adaptation in grapevine plantlets. 163 

 164 

Material and Methods 165 

Plant material and chemical treatments 166 

In vitro rooted plants of grapevine [Vitis vinifera (L.) var. Doukkali] were 167 

routinely subcultured every four weeks on half Murashige and Skoog (Murashige and 168 

Skoog, 1962) medium containing 3% sucrose, 0.7% agar, 1 µM 6-benzylaminopurine, 169 

0.2 µM indole butyric acid  (pH 5.7). The cultures were maintained at 25 °C under cool 170 

white fluorescent tubes (55 µmol m
-2

 s
-1

) and a 16/8h photoperiod. 171 

To carry out the experiments one-month-old plantlets were divided into four groups 172 

with four replications. For the first group, 100 mM NaCl was added to the subculture 173 

medium. For the second group 1 mM of filter sterilized MGBG was added to the 174 

medium. For the third group a combination of 100 mM NaCl and 1 mM MGBG was 175 

added. The fourth group consisted in control plants that grown in the absence of NaCl 176 

and MGBG. The different analyses were performed on plantlets 10 days after the 177 

treatments were applied.  178 

 179 

Measurement of chlorophyll fluorescence 180 

The fluorescence of chlorophyll was measured with a chlorophyll fluorometer 181 

(IMAGIM-PAM M-series, Heinz Walz, Effeltrich, Germany) in detached leaves from 182 

controls and salt-treated grapevine plantlets, grown in the presence or the absence of 1 183 

mM MGBG. After dark-incubation of plants (5 min), the minimum and the maximal 184 

fluorescence yields were monitored. Kinetic analyses were carried out with actinic light 185 

(81 µmol quanta m
-2

 s
-1

 PAR) and repeated pulses of saturating light at 2700 µmol 186 

quanta m
-2

 s
-1

 PAR for 0.8 s at intervals of 20 s. The effective PSII quantum yield 187 

(Y(II)), the non-photochemical quenching (NPQ), the maximal PSII quantum yield 188 

(Fv/Fm) and the coefficients of non-photochemical quenching (qN) and the 189 

photochemical quenching (qP) were analyzed. 190 

 191 

Lipid peroxidation 192 

 The extent of lipid peroxidation was estimated by determining the concentration of 193 

thiobarbituric acid-reactive substances (TBARS). Leaf material (200 mg) was 194 

homogenized in 2 mL of 0.1% TCA solution. The homogenate was centrifuged at 15000 g 195 
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for 10 min and 0.5 mL of the supernatant obtained was added to 1.5 mL 0.5% TBA in 20% 196 

TCA. The mixture was incubated at 90º C in a water bath for 20 min, and the reaction was 197 

stopped by placing the reaction tubes in ice. Then, the samples were centrifuged at 10000 g 198 

for 5 min, and the absorbance of the supernatant was read at 532 nm. The value for non-199 

specific absorption at 600 nm was subtracted (Cakmak and Horst, 1991). The amount of 200 

TBARS was calculated using the extinction coefficient of 155 mM
-1

 cm
-1 

according to 201 

Cakmak and Horst (1991). 202 

 203 

Polyamine extraction and analysis 204 

Polyamines were extracted from lyophilized leaves (250 mg) in 1 M HCl at 4ºC 205 

according to the method of Flores and Galston (1982). After crushing in 1 M HC1, 206 

samples were filtered and the supernatant, containing the "free" PA fraction, was 207 

evaporated to dryness and re-dissolved in (3 ml) 1 M HCl and stored at -20°C. The 208 

conjugated PAs were extracted after acid hydrolysis of the pellet (bound polyamines, 209 

PAs-I) and an aliquot (2 ml) of the filtrate (conjugated polyamines, PAs-S) was treated 210 

with 6 M HCl at 110°C during 12h.  211 

All PA fractions were dansylated as described in Aziz et al. (2001).  Dansylated 212 

PAs were then analyzed using an Acquity UPLC system (Waters), with an Acquity 213 

UPLC BEH C18 1.7 mm 2.1 × 100 mm column heated at 30 °C. Dansyl- PAs were 214 

eluted with a mixture of water and pure acetonitrile gradient at a flow rate of 0.5 ml 215 

min
–1

 according to Hatmi et al. (2013). Dansyl-PAs were detected using Acquity 216 

fluorimeter (Waters) with an excitation wavelength of 365 nm and an emission 217 

wavelength of 510 nm, and quantified after calibration with external standards (Sigma). 218 

 219 

Enzyme extraction and assays 220 

All operations were performed at 0-4ºC. Leaf samples (about 0.5 g fresh weight) 221 

were homogenized with an extraction medium (1/2, w/v) containing 50 mM Tris-acetate 222 

buffer (pH 6.0), 0.1 mM EDTA, 2 mM cysteine, 1% PVP, 1% PVPP and 0.2% (v/v) 223 

Triton X-100. For the APX activity, 20 mM sodium ascorbate was added to the 224 

extraction buffer. The extracts were filtered through two layers of nylon cloth and 225 

centrifuged at 10,000 g for 15 min. The supernatant fraction was filtered on Sephadex 226 

G-25 NAP columns (GE Heathcare) equilibrated with the same buffer used for the 227 

homogenization. For the APX activity, 2 mM sodium ascorbate was added to the 228 

equilibration buffer. 229 
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The activities of the ASC-GSH cycle enzymes, POX, CAT, and SOD were assayed 230 

as described in Diaz-Vivancos et al. (2006, 2008). Protein content was estimated according 231 

to method of Bradford (1976). All these analyses were performed using a UV/Vis V-630 232 

Bio spectrophotometer (Jasco, Tokyo, Japan).  233 

SOD and POX isoenzymes were identified by non-denaturing PAGE performed on 234 

15% and 10% acrylamide gels respectively, using a Bio-Rad Mini-protean III dual slab. 235 

SOD isoenzymes were localized by the photochemical method of Weissiger and Fridovich 236 

(1973). Isoenzyme identification was performed by selective inhibition with KCN or H2O2 237 

(Hernández et al., 1999). 238 

Staining of peroxidase isoenzymes with 4-methoxy-α-naphtol (4MN) was 239 

performed as described by Ros Barceló (1998). 240 

 241 

Ascorbate and glutathione analyses 242 

Leaf samples were snap-frozen in liquid nitrogen and then ground to a fine powder, 243 

and the powder was extracted in 1 mL of 1 M HClO4. Homogenates were centrifuged at 12 244 

000 g for 10 min, and the supernatant was neutralized with 5 M K2CO3 to pH 5.5–6. The 245 

homogenate was centrifuged at 12 000 g for 1 min to remove KClO4. The obtained 246 

supernatant was used for ascorbate and glutathione contents (Diaz-Vivancos et al., 2010). 247 

The glutathione and ascorbate determination was performed according to the method 248 

described in Pellny et al. (2009). 249 

 250 

Histochemical ROS detection 251 

Histochemical H2O2 and O2
.-
 staining was carried out according to Hernández et 252 

al. (2001), with some modification. Briefly, the histochemical detection of H2O2 in 253 

grapevine leaves was performed using an endogenous, peroxidase-dependent in situ 254 

histochemical staining, in which whole leaves were infiltrated with 0.05 mg mL
-1

 of 3,3’-255 

diaminobenzidine (DAB) in 50 mM Tris-acetate buffer (pH 5.0) and incubated at 25ºC, in 256 

the dark, for 2 h. Controls were performed in the presence of 10 mM ascorbic acid. The 257 

histochemical detection of O2
.-
 was performed by infiltrating grapevine leaves directly with 258 

0.05 mg mL
-1

 nitroblue of tetrazolium (NBT) in 25 mM K-Hepes buffer (pH 7.6) and 259 

incubation at 25 ºC in the dark for 4 h. Controls were  performed in the presence of 10 mM 260 

MnCl2 (O2
.-
 removing reagent). In both cases, grapevine leaves were cleared in 50% (v/v) 261 

ethanol and photographed directly using an Olympus SZX PT stereomicroscope 262 

(Hernández et al., 2001). 263 
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 264 

Statistical analysis 265 

 The effects of NaCl and/or MGBG treatments on the different parameters 266 

monitored in grapevine plantlets were analyzed by Duncan’s test, calculated at P<0.05. 267 

The statistical procedures were carried out with the SPSS software package. 268 

 269 

Results 270 

Effect of salt stress and MGBG on growth and chlorophyll fluorescence 271 

Salt stress applied in the culture medium of in vitro grapevine plantlets disturbed 272 

the growth rate. The application of MGBG, an inhibitor of SAMDC, resulted in further 273 

deterioration of plant growth, especially under salt stress conditions. Leaves from salt 274 

treated plantlets developed chlorotic symptoms in the leaf margins; this effect was more 275 

evident in the presence of both treatments (Fig. 1). 276 

Different chlorophyll fluorescence parameters were recorded in leaves from 277 

grapevine plantlets grown in the presence and the absence of 100 mM NaCl and/or the 278 

PA synthesis inhibitor MGBG (Fig. 2). Salt stress increased qN and NPQ parameters 279 

(Fig. 2). However, a decrease in qP and Y(II) was occurred in response to salt stress. 280 

The presence of the inhibitor MGBG had no important effect on qN, but it decreased 281 

NPQ values, as well as qP and Y(II) (Fig. 2).The effect of NaCl and MGBG on Fv/Fm 282 

was less pronounced when the measure was performed in the middle of the leaves. 283 

However, when Fv/Fm were recorded near the chlorotic areas (in the leaves margins) 284 

the effect of NaCl and/or MGBG was more noticeable (Fig. 2). Finally, plants grown in 285 

the presence of both treatments also exhibited an increase of qN and NPQ, although to a 286 

lower level than in plant subjected only to NaCl stress. Regarding Fv/Fm parameter a 287 

higher decrease was displayed in the presence of both treatments than in plantlets 288 

treated independently with salt or MGBG (Fig. 2). 289 

 290 

Effect of salt stress and MGBG on oxidative stress markers 291 

Both NaCl and MGBG treatments induced an oxidative stress as shown by the 292 

increase in lipid peroxidation level, measured as TBARS. A synergistic effect on lipid 293 

peroxidation was observed in salt-treated plantlets grown in the presence of MGBG 294 

(Fig. 3). The increase in lipid peroxidation, and therefore the damage to membrane was 295 

parallel with ROS accumulation (H2O2 and O2
.-
) detected by histochemical staining with 296 

DAB, or NBT, respectively (Figs. 4 and 5). The H2O2 and O2
.- 

staining was more clearly 297 
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observed in plantlets grown in the presence of both NaCl and MGBG. A different 298 

staining pattern was observed for H2O2 and O2
.-
. Whereas H2O2 staining appeared as 299 

small spot throughout the leaf surface (Fig. 4E, F), O2
.-
 staining was observed mainly as 300 

an intense staining in the veins (Fig. 5E, F). The incubation of leaves in the presence of 301 

10 mM ascorbate or 10 mM MnCl2 removed the H2O2 or the O2
.-
 staining, respectively 302 

(Fig. 4C, 5C), indicating the specificity of staining. In this sense, ascorbate is an 303 

effective H2O2 scavenger whereas MnCl2 is a highly effective dismutating catalyst agent 304 

of O2
.- 

 (Hernández et al., 2001). 305 

 306 

Effect of salt stress and MGBG on polyamine levels
 

307 

Salt treatment affected the PA contents in grapevine plantlets, especially the free 308 

and conjugate forms of agmatine (Agm) and Put. In this sense, salinity reduced the free 309 

and conjugate forms of Agm up to 33% and 41%, respectively (Fig. 6). The effect of 310 

salt stress was even more conspicuous on Put levels. In this case, salinity produced a 311 

drop in the three forms of Put. The reduction in free, conjugate and bound Put was 312 

about 35%, 50% and 47%, respectively (Fig. 6). No significant effects on the others 313 

PAs, such as Spd and Spm (Fig. 6), were observed in NaCl-treated plantlets.  314 

MGBG induced also a small rise in Agm content, whereas Put, Spd and Spm 315 

levels remained relatively unchanged in non-salinized plantlets (Fig. 6). The effect of 316 

salt-stress on Agm and Put was intensified in the presence of MGBG, mainly in their 317 

free forms. In the presence of both treatments, a 56% of decrease in free Agm and a 318 

63% in free Put were observed. Surprisingly, the level of Spd remained unaffected by 319 

MGBG whatever its form, while, a 27% decrease in bound Spm was observed in the 320 

same conditions (Fig. 6). 321 

 322 

Effect of salt stress and MGBG on antioxidative metabolism 323 

The activity of different antioxidant enzymes was examined in leaf extracts from 324 

grapevine plantlets. Among the all analyzed enzymes only APX, MDHAR, SOD and 325 

POX were detected. The activity of neither the rest of the ASC-GSH cycle enzymes 326 

(DHAR and GR) nor of catalase was detected. Salt-stress induced a decrease in APX 327 

activity up to 29%, whereas no significant effect in MDHAR was recorded (Fig. 7). 328 

However, significant increases in SOD and POX activities were induced by NaCl. In 329 

this case, increases were up to 1.7-fold and 2.3-fold for SOD and POX, respectively 330 

(Fig. 7). The incubation of grapevine plantlets in the presence of MGBG produced no 331 
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effects in APX activity, whereas significant increases in MDHAR, SOD and POX were 332 

observed, and a similar situation was recorded in the presence of both treatments (NaCl 333 

plus MGBG) (Fig. 7).  334 

SOD activity was also determined qualitatively using native PAGE (Fig. 8A, B). 335 

Three different bands displaying SOD activity were detected in grapevine leaves. 336 

According to their sensitivity to the inhibitors KCN and H2O2 they were classified as 337 

Cu,Zn-SOD isoenzymes, named I, II and III in order of increasing electrophoretic 338 

mobility (Fig. 8A, B). We also detected two main bands with POX activity by native 339 

PAGE (Fig 8C). Their intensity was correlated with the increase in POX activity 340 

detected by kinetic analysis (Fig. 7). 341 

The effect of salt-stress and/or MGBG on the levels of non-enzymatic 342 

antioxidants ascorbate (ASC) and glutathione was analyzed (Table 1). Salt-stress 343 

slightly affected the reduced ASC contents, although a strong accumulation in oxidized 344 

ascorbate (DHA), in relation to control plants, was recorded. This effect resulted in a 345 

strong decrease in the redox state of ascorbate in NaCl-treated plants (Table 1). No 346 

effect in the reduced ASC contents was observed when grapevine plantlets were 347 

incubated with MGBG. However, a significant decrease (up to 42%) was noticed after 348 

simultaneous incubation with NaCl and MGBG (Table 1).Surprisingly, in plants treated 349 

with MGBG, in absence or presence of NaCl, no accumulation of DHA was noticed. 350 

Even a decrease in DHA in relation to control plants occurred, and accordingly, an 351 

increase in the redox state of ascorbate (Table 1). 352 

Salt-stress also produced a decrease in reduced glutathione (GSH) both in the 353 

absence (about 55%) and in the presence of MGBG (about 30%) (Table 1). In contrast, 354 

the treatment with MGBG alone had no effect in GSH contents. No significant change 355 

in oxidised glutathione (GSSG) was produced, but due to the negative effect of NaCl in 356 

GSH, a decrease in the redox state of glutathione was observed in salt-stressed 357 

grapevine plantlets (Table 1). 358 

 359 

 360 

Discussion 361 

Salinity is one of the most important abiotic stresses that limit crop production, 362 

affecting plant growth, development and productivity (Flowers, 2004). In vitro 363 

micropropagated plants seem to be a useful tool for the study of responses to 364 

environmental stress at the cellular level. In our work, we showed that salinity disturbed 365 
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the growth of in vitro grapevine plantlets inducing chlorotic symptoms in the leaves 366 

margins, and this effect was even more evident when MGBG (an inhibitor of SAMDC) 367 

was present in the culture media. This result suggests that MGBG enhances the toxicity 368 

of NaCl which was visibly manifested by a chlorosis on the margins of old leaves. It has 369 

been described that the presence of this inhibitor affects PA synthesis in different plants 370 

(Bouchereau et al., 1999). In our experimental conditions salt stressed plants displayed 371 

lower PA content than control plants throughout the stress period, with Spd and Spm 372 

contents being particularly low compared to the level of Put. The content of Spd in 373 

stressed plants treated with MGBG was similar to that in the control plants, but the 374 

contents of free and conjugated Put, and bound Spm were still lower under the stress 375 

conditions. These results suggest that PA homeostasis under salt stress conditions 376 

involves not only a rise in Put oxidation, but also a constant conversion of Put to Spd 377 

and Spm which is also regulated at the level of SAMDC. Experiments performed with 378 

MGBG support the view that the biosynthesis of Spd from Put and SAM in grapevine 379 

plantlets exposed to salt stress is not blocked. This is in variance with most studies 380 

showing that MGBG-treated plants had a much lower level of Spd, but a higher level of 381 

Put than the control (He et al., 2002). MGBG effect might also be related to stimulation 382 

of both ACC synthesis and the conversion of ACC to ethylene. Some studies have also 383 

reported that exogenous Spd increased ethylene production in some plant systems by 384 

stimulating the activities of both ACC synthase and ACC oxidase (Downs and Lovell, 385 

1986). Under stress conditions, ethylene could behave as a growth inhibitor and exert a 386 

positive effect on the senescence processes. 387 

A large body of study has shown that plant PAs are involved in the acquisition 388 

of tolerance to abiotic stresses as high and low temperatures and salinity (Gill and 389 

Tuteja, 2010). Polyamine levels were measured by Zapata et al. (2004) in several plant 390 

species (spinach, lettuce, melon, pepper, broccoli, beetroot and tomato) subjected to salt 391 

stress (100 or 150mM NaCl). With the exception of beetroot, Put concentration was 392 

lower in seedlings grown under saline conditions. They found that PA levels changed 393 

with salinity and in most cases Put decreased while Spd and/or Spm increased. This 394 

meant that the pool of Put was directed to Spd and Spm synthesis. The (Spd + Spm)/Put 395 

ratio increased with salinity which would be in agreement with the idea of a protective 396 

role of higher PAs (Spd and Spm) against salt stress (Zapata et al., 2004; Groppa and 397 

Benavides, 2008; Gill and Tuteja, 2010). In this work 62% increase in the (Spd + 398 
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Spm)/Put ratio was recorded, but under our experimental conditions this increase was 399 

due to a strong decrease in Put because Spd and Spm levels remained unaffected. 400 

Furthermore, NaCl stress can also stimulate the catabolism of Put via Cu-401 

containing amino oxidase (CuAO), and this effect seemed to be amplified in the 402 

presence of MGBG. This protein is a H2O2-generating enzyme (Bolwell and Wojtaszek, 403 

1997), and can be involved in a H2O2 accumulation, contributing to the salt-induced 404 

oxidative stress observed in grapevine plantlets subjected to both treatments. In 405 

addition, CuAO remained active even under high salt concentration (Campreste et al., 406 

2011). Several authors reported that salt-stress promoted PA oxidation by stimulating 407 

CuAO and polyamine oxidase (PAO) activities (Smith, 1985), generating H2O2 408 

(Bolwell and Wojtaszek, 1997). PA oxidationmay contribute partially to hypocotyl 409 

growth under salinity through the production of H2O2, reinforcing the importance of PA 410 

oxidation and H2O2 production in salt tolerance in plants (Campestre et al., 2011). In 411 

this work, we observed that salt stress induced an oxidative stress, as revealed by the 412 

increase in lipid peroxidation and the accumulation of ROS, mainly in in the presence of 413 

the inhibitor MGBG. Lipid peroxidation also increased in grapevine plantlets treated 414 

with MGBG. It is known that PAs are able to bind with negatively charged 415 

phospholipid groups providing a positive effect on membrane stability and permeability 416 

(Slocum et al., 1984). It has been reported that Put levels are elevated in a drought-417 

resistant wheat variety as well as in an oxidant-stress-resistant Conyza bonaerensis 418 

biotype (Ye et al., 1997) and among the possible mechanisms of Put and others PAs 419 

conferring stress resistance, these authors included their function as free radical 420 

scavengers and their role stabilizing membranes (Ye et al., 1997). 421 

 The H2O2 accumulation observed in salt treated grapevine plantlets correlated 422 

with a decrease in APX (a H2O2-scavenging enzyme) as well as an increase in SOD (a 423 

H2O2-producer enzyme) and POX activities. Some authors point out that POXs can also 424 

participate in H2O2 generation (Bolwell and Wojtaszek, 1997). In NaCl+MGBG-treated 425 

plantlets the accumulation of H2O2 did not correlate with a decrease in APX activity. In 426 

this case, the H2O2 accumulation could be due to a decrease in other H2O2-scavenging 427 

enzymes such as CAT and glutathione peroxidase. However, this assumption remains to 428 

be elucidated because under our experimental conditions no CAT activity was detected. 429 

Neither DHAR nor GR were detected in grapevine plantlets, suggesting that in those 430 

plants ascorbate can be recycled mainly by MDHAR via NADH. Interestingly, using 431 

native PAGE only Cu,Zn-SOD isoenzymes were detected in grapevine. The same 432 
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situation has been reported recently in plum plantlets (Faize et al., 2013). Cu,Zn-SODs 433 

are sensitive to H2O2, and they can be located in cell organelles that have an active H2O2 434 

generation, such as chloroplast, peroxisomes and mitochondria.  435 

The effect of salt stress on the antioxidative metabolism has been widely studied 436 

(Hernández et al., 1999; 2000; Elkahoui et al. 2005). However, data regarding the effect 437 

of PA biosynthesis inhibitors on the antioxidative metabolism are scarce. Nevertheless, 438 

treatment of barley seedlings with Spm, before water stress application, contributed to 439 

an improvement of the functioning of ASC-GSH cycle, decreasing the intensity of 440 

oxidative stress induced by the water deficit (Kubis, 2001). In contrast, the treatment 441 

with 1 mM Spm imposed an oxidative stress as well as the root growth inhibition in 442 

maize seedlings due to the H2O2 generation in the apoplast as result of Spm degradation. 443 

As consequence, gene expression and activity of APX, a key enzyme for H2O2 444 

scavenging, were induced (de Agazio and Zacchini, 2001). 445 

Although grapevine plantlets treated with MGBG, in the presence or the absence 446 

of NaCl, displayed increased SOD, POX, MDHAR and maintained APX activities, an 447 

oxidative stress was observed. The increase in enzymatic antioxidants not always 448 

guarantees resistance or tolerance to a given stress. In loquat plants sensitive to NaCl, 449 

increases in APX, MDHAR and DHAR were reported under saline conditions 450 

(Hernandez et al., 2003). In salt-adapted Catharanthus roseus cells, salinity induced 451 

SOD and APX activities, as occurred in non-adapted cells grown in the presence of 50 452 

or 100 mM NaCl, but in all cases, salinity enhanced lipid peroxidation (Elkahoui et al., 453 

2005). These authors suggested that the increase in antioxidant enzymes could also be a 454 

response to the cellular damage produced by salt stress, and probably this increase could 455 

not stop the deleterious effects of salt, but reduced the severity allowing cell growth 456 

(Elkahoui et al., 2005).  457 

In grapevine salt stress was accompanied by the oxidation of ascorbate to DHA. 458 

However, no significant GSSG accumulation was produced by salinity, but a decrease 459 

in GSH was noticed, suggesting a negative effect of NaCl in glutathione biosynthesis. 460 

The oxidation of ascorbate and glutathione under salt stress conditions has been 461 

reported in different plant species, both in leaves as well as in different cell 462 

compartments (apoplast, symplast, soluble fractions…) (Hernández et al., 2000; 2001; 463 

Barba-Espín et al., 2011), producing a decrease in the redox state of ascorbate and 464 

glutathione. Surprisingly, no accumulation of DHA took place in plants grown with 100 465 

mM NaCl in the presence of MGBG. This could be due to the induction of MDHAR 466 
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activity in MGBG-treated plantlets. Despite the increase of antioxidant defences, 467 

salinity and/or MGBG treatments caused damage to membranes in grapevine plantlets, 468 

displayed by the increase in lipid peroxidation. Damage to membrane was parallel with 469 

a ROS accumulation (H2O2 and O2
.-
) detected by histochemical staining with DAB, or 470 

NBT, respectively. The decrease in Put and Spm levels by MGBG and/or NaCl 471 

treatments could contribute to this enhanced ROS production. In this sense, it has been 472 

described that PAs can reduce the levels of superoxide radicals generated by senescing 473 

plant cells (Drolet et al., 1986). Moreover, PAs catabolism produces H2O2 (Groppa and 474 

Benavides, 2008). A different staining pattern was observed for H2O2 and O2
.- 

in 475 

grapevine leaves. Whereas H2O2 staining appeared as small spot throughout the leaf 476 

surface, O2
.-
 staining was observed mainly as an intense staining in the veins (Fig. 4E, 477 

F). The treatment of the salt-sensitive pea cv. Lincoln with 90 mM NaCl also produced 478 

the accumulation of ROS. However, in this case, the pattern of staining was somewhat 479 

different to that observed in grapevine plantlets. In pea leaves, O2
.-
 first appears on the 480 

cell wall of mesophyll cells, whereas H2O2 was also localized on the cell wall of 481 

mesophyll cells, but then H2O2 diffuses rapidly to the minor veins of the leaf 482 

(Hernandez et al., 2001). The DAB-stainable ROS production was also observed in a 483 

relatively salt-tolerant pea cultivar (cv. Puget), where the lesions were smaller in size 484 

(Hernandez et al., 2001). This differential response may be related to the different 485 

behavior of the apoplastic and symplastic antioxidant systems in these two pea cultivars, 486 

which increased in the NaCl-resistant cultivar and decreased in the salt-sensitive 487 

cultivar, and was also parallel with a higher increase in lipid and protein oxidation 488 

(Hernandez et al., 2001). 489 

Finally, salt stress as well as MGBG treatment, induced some changes in 490 

chlorophyll fluorescence parameters. The increase in qN and NPQ in salt stressed 491 

plantlets can be regarded as a protective mechanism, because maintenance or increase in 492 

these parameters are associated with a protective response in order to avoid or minimize 493 

photoinhibitory damage to the reaction centers (Rahoutei et al., 2000). NPQ and qN 494 

measure changes in heat dissipation relative to the dark-adapted state. Increases in NPQ 495 

and qN can occur as a result of either of process that protects the leaf from light-induced 496 

damage or the damage itself (Maxwell and Johnson, 2000). Y(II) measures the 497 

proportion of the light absorbed by chlorophyll associated with PSII that is used in 498 

photochemistry, whereas qP gives an indication of the proportion of PSII reaction 499 

centers that are open. Y(II) and qP are interrelated with Fv/Fm, which is a measure of 500 
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the maximum efficiency of PSII (i.e., the quantum efficiency if all PSII centers were 501 

open) (Maxwell and Johnson, 2000). However, a decrease in qP was observed in plants 502 

treated with salt and/or MGBG. It has been described that a drop in qP is accompanied 503 

by an increase in the lifetime of the exciton in PSII, which can increase the probability 504 

of chlorophyll triplet formation and the associated formation of singlet oxygen (
1
O2) 505 

(Foyer et al., 1994). The decrease in qP was parallel with a reduction in Y(II) in leaves 506 

from plantlets treated with 100 mM and/or MGBG. When Fv/Fm was analyzed, leaves 507 

from salt-treated plantlets in the presence of MGBG showed a drop in this parameter 508 

mainly in leaves margins, which correspond to the chlorotic areas.  509 

In conclusion, results showed that MGBG treatment contribute to the deleterious 510 

effect of oxidative stress in grapevine plantlets grown in presence of NaCl, affecting 511 

different physiological and biochemical processes, including plant growth, PA levels, 512 

photosynthesis and redox state of the cells, highlighting a possible protecting role of PA 513 

homeostasis in plants subjected to salt stress.  514 

 515 
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Tables 674 

Table 1. Effect of MGBG on ascorbate and glutathione contents in in vitro grapevine 675 

plantlets growing in the presence and the absence of 100 mM NaCl. Data are expressed 676 

as nmol g
-1

 FW. 677 

 
ASC DHA 

ASC/ 

ASC+DHA 
GSH GSSG 

GSH/ 

GSH+GSSG 

Control 0.43±0.02a 0.21±0.02b 0.668 0.40±0.01a 0.23±0.01a 0.629 

100 mM 

NaCl 

0.38±0.01ab 1.05±0.01a 0.264 0.18±0.01c 0.28±0.04a 0.378 

MGBG 0.44±0.02a 0.15±0.01c 0.750 0.40±0.03a 0.22±0.01a 0.644 

NaCl + 

MGBG 
0.34±0.03b 0.12±0.01c 0.736 0.28±0.02b 0.26±0.03a 0.520 

Data represent the mean ± SE of at least four repetitions. Different letters indicate statistical 678 

significance according to Duncan’s test (P<0.05). 679 

 680 

 681 

  682 

683 
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Legends of figures 684 

Fig. 1.- Picture showing the effect of salt stress on the growth of grapevine plantlets in 685 

the presence and the absence of MGBG. Plantlets were treated with 100 mM NaCl, or 686 

1mM MGBG, or a mixture of 100 mM NaCl and 1mM MGBG and the picture as 687 

representative of at least four replicates was taken 10 days after treatment.  688 

 689 

Fig.2.- Effect of salt stress on chlorophyll fluorescence parameters in leaves of 690 

grapevine plantlets grown in the presence or the absence of MGBG. Images of the 691 

coefficient of non-photochemical quenching (qN), non-photochemical quenching 692 

(NPQ), coefficient of photochemical quenching (qP), the effective PSII quantum yield 693 

[Y(II)] and the maximal PSII quantum yield (Fv/Fm). An average of the qN, NPQ, qP, 694 

Y(II) and Fv/Fm values are shown in brackets (C, central part of the leaves; M, leaves 695 

margins). 696 

 697 

Fig. 3.- Effect of salt stress on lipid peroxidation in grapevine plantlets in the presence 698 

and the absence of MGBG. Data represent the mean ± SE of at least four repetitions. 699 

Different letters indicate statistical significance according to Duncan’s test (P<0.05). 700 

 701 

Fig. 4.- Effect of salt stress on H2O2 accumulation in grapevine plantlets growing in the 702 

presence or the absence of MGBG, detected by histochemical staining with DAB. (A) 703 

Control plantlets; (B) NaCl-treated plantlets; (C) NaCl-treated plantlets stained in the 704 

presence of 10 mM ascorbate; (D), MGBG-treated plantlets; (E) MGBG-treated 705 

plantlets in the presence of 100 mM NaCl; (F) Magnification from E. 706 

 707 

Fig. 5.- Effect of salt stress on superoxide accumulation in grapevine plantlets growing 708 

in the presence or the absence of MGBG, detected by histochemical staining with NBT. 709 

(A) Control plantlets; (B) NaCl-treated plantlets; (C) NaCl-treated plantlets stained in 710 

the presence of 10 mM ClMn2; (D) MGBG-treated plantlets; (E) MGBG-treated 711 

plantlets in the presence of 100 mM NaCl; (F) Magnification from E. 712 

 713 

Fig.6.- Effect of salt stress on free, conjugated and bound polyamine (PA) contents in 714 

grapevine plantlets growing in the presence or the absence of MGBG. Agm: Agmatine; 715 

Put: Putrescine; Spd: Spermidine; Spm: Spermine. Data (nmol g
-1

 DW) represent the 716 
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mean ± SE of at least two repetitions. Different letters indicate statistical significance 717 

according to Duncan’s test (P<0.05). 718 

 719 

Fig. 7.- Effect of salt stress on APX, POX, SOD and MDHAR activities in grapevine 720 

plantlets growing in the presence or the absence of MGBG. APX and MDHAR are 721 

expressed as nmol min
-1

 g
-1

 FW; POX is expressed as µmol min
-1

 g
-1

 FW, and SOD is 722 

expressed as U g
-1

 FW. Data represent the mean ± SE of at least four repetitions. 723 

Different letters indicate statistical significance according to Duncan’s test (P<0.05). 724 

 725 

Fig. 8.- Effect of salt stress on isoenzyme patterns of SOD (A, B) and POX (C) in 726 

grapevine plantlets grown in the presence or the absence of MGBG. SOD and POX 727 

were detected by PAGE. Aliquot of 5 µg of proteins was used. (A) Identification of the 728 

different SOD isoenzymes; (B) Effect of MGBG (M) and/or NaCl (S) on SOD activity; 729 

(C) Effect of MGBG (M) and NaCl (S) on POX activity.  730 

 731 

 732 
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