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32 Title: The effect of abiotic and biotic stresson the salicylic acid biosynthetic pathway

33 from mandelonitrilein peach

34

35 Running title: Salicylic acid biosynthesis from mandelonitrile under stress
36

37 Highlight:

38 We show that the recently suggested third pathway for SA biosynthesis from
39  mandelonitrilein peach is also functional under both abiotic and biotic stress conditions.

40

41

42 Abstract

43 Sdlicylic acid (SA) plays a central role in plant responses to environmental stresses via the
44  SA-mediated regulation of many metabolic and molecular processes. In a recent study, we
45  suggested a third pathway for SA biosynthesis from mandelonitrile (MD) in peach plants,
46  This pathway is alternative to the phenylalanine ammonia-lyase pathway and links SA
47  biosynthesis and cyanogenesis. In the present work, we show that this new SA biosynthetic
48  pathway is also functional under abiotic (salt) and biotic (Plum pox virus infection) stress
49  conditions, although the contribution of this pathway to the SA pool does not seem to be
50 important under such conditions. Treating peach plants with MD not only affected the SA
51  content, but it also had a pleiotropic effect on abscisic acid and jasmonic acid levels, two
52  wel-known stress related hormones, as well as on the H,O,-related antioxidant activities.
53  Furthermore, MD improved plant performance under the stressful conditions, probably via
54  the activation of different signaling pathways. We have thus proven that SA is not limited
55  to biotic stress responses, but that it also plays a role in the response to abiotic stress in
56  peach, athough the physiological functions of this new SA biosynthetic pathway from MD
57 remain to be elucidated.

58
59
60
61 Keywords: antioxidative metabolism; cyanogenesis; mandelonitrile; metabolomics; peach;

62  Plumpoxvirus, salicylic acid; salt stress
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64  Abbreviations

65 ABA, abcisic acid; APX, ascorbate peroxidase; BA, benzoic acid; CAT, catalase; CNglcs,
66  cyanogenic glycosides; MD, mandelonitrile; NPR1, non-expressor of pathogenesis-related
67 gene, PAL, phenylalanine ammonialyase; Phe, phenylalanine; POX, peroxidase; PPV,
68  Plum pox virus; SA, salicylic acid; SOD, superoxide dismutase; TRX, thioredoxins

69

70

71

72

73 Introduction

74 The role of phytohormones alleviating the adverse effects of both abiotic and biotic
75  stresses in plants has been widely described in the literature. Among the plant hormones,
76 salicylic acid (SA) acts as a signalling and regulatory molecule in plant responses to
77  environmental stresses via the SA-mediated control of metabolic and molecular processes
78  (Khan et al., 2015; Liu et al., 2015). In a previous work, we described a third pathway for
79  SA biosynthesis from mandelonitrile (MD) in peach plants. In this pathway, MD acts as an
80 intermediary molecule between cyanogenic glycoside turnover and SA biosynthesis (Diaz-
81  Vivancos et al., 2017). The contribution of the different biosynthetic pathways to the total
82  SA content varies depending on the plant species, the physiological and developmental
83  stage, and the environmental conditions (Catinot et al., 2008; Chen et al., 2009; Dempsey
84 et al., 2011; Ogawa et al., 2006). For example, although it is generally accepted that the
85  contribution of the phenylalanine (Phe) ammonia-lyase (PAL) pathway to the total SA pool
86 is small, this pathway gains importance during plant-pathogen interactions (Liu et al.,
87  2015). Moreover, treatment with 1 mM MD has been found to increase SA content and
88  provide partial protection against Plum pox virus (PPV) infection in peach plants (Diaz-
89  Vivancoset al. 2017).

90 Both biotic and abiotic environmental stresses lead to considerable yield drop,
91 causing important economic losses. Among biotic stresses, Sharka, a common disease
92 caused by PPV, is the most important viral disease affecting Prunus species. In previous
93  studies, we have shown that PPV infection induces oxidative stress at the subcellular level
94  in susceptible varieties (Diaz-Vivancos et al., 2006; Hernandez et al., 2006). On the other
95 hand, salinity is one of the most significant abiotic challenges affecting plant productivity,
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96 particularly in arid and semi-arid climates (Acosta-Motos et al., 2017). In order to cope
97  with stressful conditions, plants have to induce different physiological and biochemical
98  mechanisms. One common consequence of exposure to environmental stress conditions is
99 the establishment of oxidative signaling that triggers defense pathways (Foyer and Noctor,
100  2005). The defense signaling output occurs in conjunction with other plant signaling
101  molecules, particularly SA. Moreover, other hormones such as jasmonic acid (JA) and
102 abscisc acid (ABA) have been described as regulators/modulators of plant defense
103  responses. The crosstalk between hormone pathways therefore determines plant responses
104  toenvironmental stresses at multiple levels (Alazem and Lin, 2015).
105 Duetoitsrole in diverse biological processes, SA has been proposed as a potential
106  agronomic factor for improving the stress response in plants of agro-economic interest.
107  Nevertheless, even though SA has been the focus of intensive research, the physiological,
108  biochemical and molecular mechanisms underpinning SA-induced stress tolerance have not
109  been fully characterized (Khan et al., 2015). The accumulation of SA in response to several
110  stress conditions has been described, as has the induction of stress tolerance by the
111 exogenous application of SA or analogues, nevertheless, the mechanisms by which SA
112 biosynthesisisregulated by each stress are poorly understood (Miura and Tada, 2014).
113 In this work, we analyzed the effect of abiotic (NaCl) and biotic (Plum pox virus
114  infection) stresses on the SA biosynthesis from MD in micropropagated peach shoots and
115  in peach seedlings. In addition, because it has been described that SA can induce redox
116  stress via increased H,O, content (Durner and Klessig, 1995; Rao et al., 1997), we aso
117  determined the activities of H,O,-scavenging [ascorbate peroxidase (APX), peroxidase
118  (POX) and catalase (CAT)] and H,O,-producing [superoxide dismutase (SOD)] enzymes.
119  Finally, we also analyzed the ABA and JA content, as well as the expression of two genes
120  involved in redox signaling in peach seedlings.
121
122

123
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125 Material and Methods

126  Plant material

127 The assays were performed on micropropagated GF305 peach (Prunus persica L.)
128  shoots and GF305 peach seedlings, which were submitted to mild NaCl stress and PPV-

129  infection, either in the presence or absence of MD and Phe (MD precursor) treatments.

130 In the micropropagated shoots, abiotic salt stress was imposed by adding 30 mM
131  NaCl to the micropropagation media, whereas PPV-infected peach shoots (Clemente-
132 Moreno et al., 2011) were used to assess the biotic stress conditions. Under in vitro
133 conditions, all the assays were performed in the presence or absence of 200 uM [*C]MD
134  or [**C]Phe (Campro Scientific GmbH, Germany), as described in Diaz-Vivancos et al.
135  (2017).

136 Under greenhouse conditions, GF305 peach seedlings grown in 2 L pots were first
137  submitted to an artificial rest period (eight weeks) in a cold chamber to ensure uniformity
138  and fast growth. The salt-stressed seedlings were then irrigated once a week with 34 mM
139  NaCl in the presence or absence of 1 mM MD or Phe (Diaz-Vivancos et al. 2017) for seven
140  weeks. The PPV-infected peach seedlings (Hernandez et al., 2004) were treated with 1 mM
141 MD or Phe for six weeks and then submitted to an artificial rest period again, which was
142 necessary to ensure the later multiplication of the virus. Then, six weeks after the second
143 artificial rest period, the seedlings were inspected for sharka symptoms and were irrigated
144  with either 1 mM MD or Phe during these six weeks. For all the conditions, 12 seedlings
145  were assayed, and another 12 plants were kept as control.

146  Metabolomic analysis

147 Theleves of Phe, MD, amygdalin, benzoic acid and SA were determined in in vitro
148  micropropagated shoots using an Agilent 1290 Infinity UPLC system coupled to a 6550
149  Accurate-Mass quadrupole TOF mass spectrometer (Agilent Technologies) at the
150  Metabolomics Platform at CEBAS-CSIC (Murcia, Spain), as previously described (Diaz-
151  Vivancos et al. 2017). The hormone levels (ABA, JA and SA) in the leaves of non-stressed
152  and stressed GF305 seedlings treated with MD or Phe were determined using a UHPLC-
153 mass spectrometer (Q-Exactive, ThermoFisher Scientific) at the Plant Hormone
154  Quantification Platform at IBMCP (Vaencia, Spain).
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155  Enzymatic antioxidant determination

156 The APX, POX, CAT and SOD activities were assayed as previously described
157  (Diaz-Vivancos et al., 2008; Diaz-Vivancos et al., 2013; Diaz-Vivancos et al., 2006) in
158  extracts obtained from in vitro shoots and ex vitro leaf samples following the extraction
159  method described in Diaz-Vivancos et al. (2017). Protein determination was performed
160  according to the method of Bradford (Bradford, 1976).

161  Geneexpresson

162 RNA samples from peach seedling leaves were extracted using a GF1-Total RNA
163  Extraction Kit (Vivantis) according to the manufacturer’s instructions. The expression
164  levelsof the redox-regulated genes NPR1 (Non-Expressor of Pathogenesis-Related Gene 1)
165 and TrxH (thioredoxin H), as well as the reference gene translation elongation factor 11
166  (TEF2) (Tong et al., 2009), were determined by real-time RT-PCR using the GeneAmp
167 7500 sequence detection system (Applied Biosystems, Foster City, CA, USA) (Faize et dl.,
168  2013). The accessions and primer sequences were as follows: NPR1 (DQ149935; forward
169  5'-tgcacgagctcctttagtca-"3; reverse 5'-cggcttactgcgatcctaag-'3); TrxH (AF323593.1;
170  forward 5'-tggcggagttggctaagaag-'3; 5 -ttcttggcacccacaacctt-"3); and TEF2 (TC3544;

171 forward 5'-ggtgtgacgatgaagagtgatg-'3; reverse 5'-gaaggagagggaaggtgasag- 3). Relative
172 quantification of gene expression was calculated by the Delta-Delta Ct method, and the

173  expressions of the genes of interest were normalized with the endogenous control TEF2.
174  Statistical analysis

175 The data were analyzed by one-way or two-way ANOV A using SPSS 22 software.
176  Meanswere separated with Duncan’s Multiple Range Test (P < 0.05).

177
178
179
180
181
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183 Reaults

184 Effect of salt stress and PPV infection on cyanogenic glycoside turnover and SA

185  biosynthesis

186 In a previous work, we observed that the cyanogenic glycosides (CNglcs) pathway
187 can be involved in a new SA biosynthetic pathway in peach, with MD acting as an
188  intermediary molecule between both pathways (Diaz-Vivancos et al., 2017). In the current
189  study, micropropagated NaCl-treated and PPV-infected GF305 shoots were fed with
190  [**C]Phe or with [*C]MD. Based in our previous results, the CNglcs pathway is fully

191  functional under our experimental conditions (Diaz-Vivancos et al. 2017).

192 In the presence of NaCl, the Phe content decreased in non-treated (control) and MD-
193  and Phe-treated micropropagated shoots (Fig. 1). Surprisingly, the MD content dropped in
194  [“C]MD-fed shoots subjected to NaCl stress, whereas MD significantly increased in
195  control and [**C]Phe-fed shoots in the presence of NaCl. Salt stress did not have any
196  discernable effect on amygdalin levels, although the level was lower than that observed in
197  the absence of NaCl (Fig. 1). Salt stress induced significant benzoic acid (BA) and SA
198 accumulation in control and [**C]Phe-fed shoots, but not in [**C]M D-treated shoots, which

199  maintained SA levels under the stress conditions (Fig. 1).

200 In the biotic stress assay, control and PPV-infected micropropagated shoots were
201 also fed with [**C]Phe or [*C]MD. In PPV-infected shoots, there was a significant increase
202 in amygdalin as well as a significant decrease in MD (Fig. 2). BA levels significantly
203  increased in non-treated and Phe-treated shoots. As aresult, the SA levels rose significantly
204  inthese plants, while M D-treated plants maintained their SA levels (Fig. 2), similar to salt-
205  stressed shoots (Fig. 1). The SA concentration was significantly higher in MD- than in Phe-
206 treated shoots, however, as occurred in healthy plants (Fig. 2).

207 We determined the percentage of [**C]-labelled compounds from the total content
208 of Phe, MD and SA in NaCl-stressed and PPV-infected micropropagated peach shoots
209 treated with either [**C]Phe or with [**C]MD (Fig. 3). Due to the high sensitivity of the
210 UPLC-Quadrupole-TOF-MS system used for metabolomics analysis, we detected basal
211 levels (about 10%) of [**C]Phe, [*CJMD and [**C]SA in control shoots (Fig. 3; Diaz-
212 Vivancoset al. 2017), regardless of the presence of NaCl or PPV.
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213 In micropropagated shoots submitted to NaCl stress, nearly 15% of the total SA
214  quantified appeared as [*C]SA after the [°C]MD treatment. Regarding the [**C]Phe
215  treatment, nearly 17% of Phe or MD was labelled with [**C], and the percentage of
216 [**C]SA was lower than 10% (Fig. 3). In PPV-infected shoots treated with [*C]MD, 26%
217  of the MD and 14% of the SA was [°C]-labelled compounds (Fig. 3). However, when
218 plants were fed with [**C]Phe, only 13% of the MD and less than 10% of the SA appeared
219  as [“C]JMD and [**C]SA, respectively (Fig. 3). Taken together, our results support the
220  hypothesis that MD can be metabolized to SA in peach plants under abiotic and biotic

221  stress conditions.

222 We also fed peach seedlings grown in a greenhouse with either MD or Phe, under
223 both salt stress and PPV infection conditions. It is important to note that the age of the
224  seedlings used for the biotic stress assays was different than the age of seedlings used for
225  the abiotic stress experiment. This difference is due to the fact that PPV-infected seedlings
226  were subjected to an additional artificial rest period in order to ensure later virus
227  multiplication (see details in the Plant material description). For this reason, the data
228  obtained from control and treated (MD or Phe) plants in the absence of stress conditions

229  could vary between batches.

230 The SA levelsin peach seedlings were statistically higher in MD-treated plants than
231 in Phe-treated plants when NaCl was absent (Fig. 4A), which agrees with the data observed
232 in micropropagated shoots (Fig. 1). Salt stress strongly increased (3-fold) the SA content in
233 the control seedlings. In the Phe-treated seedlings, NaCl produced a significant increase in
234  SA, whereas salt stress conditions did not statistically affect the SA levels in MD-treated
235  seedlings (Fig. 4A). In PPV-infected seedlings, a ssmilar increase (about 1.5-fold) in total
236  SA content was observed in control and MD- and Phe-treated plants due to the infection
237  (Fig. 4B).

238 Effect on H,0O,-scavenging and -producing enzymes

239 Researchers have established that increases in SA content lead to an accumulation
240  of HyO, (Durner and Klessig, 1995; Rao et al., 1997). In this study, the effect of MD- and

241  Phe-treatments under stress conditions on H,O,-scavenging (APX, POX and CAT) and
242 HyO-producing (SOD) enzymes was analyzed in micropropagated shoots and seedlings. In
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243  the absence of stress, the MD treatment produced a rise in CAT and SOD activities in
244  micropropagated shoots. Meanwhile, Phe increased all the analyzed antioxidant activitiesin

245  asimilar manner (Tables 1 and 2).

246 When submitted to salt stress, micropropagated shoots showed lower POX activity
247  than unstressed shoots. Under salt stress conditions, M D-treated shoots displayed a strong
248  increase in SOD activity, whereas Phe-treated shoots showed increases in both POX and
249  SOD activities (Table 1).

250 In peach seedlings not submitted to salt stress, the MD treatment decreased all the
251  H,O,-scavenging enzymes analyzed, whereas Phe produced a decrease in CAT activity and
252 arise in SOD activity (Table 1). In control plants, NaCl stress reduced APX and CAT
253 activities. Under the stress conditions, the MD treatment increased APX, POX, CAT and
254  SOD activities; the Phe treatment, on the other hand, reduced SOD activity when compared
255  to non-stressed, treated seedlings (Table 1).

256 In micropropagated peach shoots, PPV infection produced an increase in POX and
257 SOD activities (Table 2). In PPV-infected shoots, the MD treatment decreased CAT
258  activity but increased SOD activity when compared with uninfected shoots. In contrast, the
259  Phe-treatment reduced APX, POX and CAT activities in relation to non-infected plants
260 (Table?2).

261 Regarding the PPV assay in peach seedlings, it is important to remember that the
262 control plants used in this experiment were different from those used in the NaCl stress
263 experiment. In non-infected plants, both treatments reduced SOD activity in a similar
264  manner, whereas Phe-treated plants also showed a strong decrease in CAT activity (Table
265  2). In control seedlings, PPV infection produced a decrease in APX and CAT activity and
266  anincrease in POX activity (Table 2). In MD-treated plants, PPV infection reduced APX,
267  POX, CAT and SOD activities. In contrast, Phe-treated plants showed a 2-fold increase in
268  POX and CAT activities, as well as adramatic increase in SOD activity, and these changes
269 paraleed asignificant decrease in APX activity (4.3-fold) (Table 2).

270

271
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272 Plant performance under the experimental conditions

273 As part of this study, we assessed the effect of salt stress and PPV infection, in the
274  presence or absence of MD and Phe, on plant performance. A growth/development
275  parameter (number of branches and buds per plant) was determined for NaCl-stressed
276 seedlings, whereas the presence of sharka symptoms in peach leaves (phenotypic PPV

277  symptoms score, Diaz-Vivancos et al. 2017) was recorded in PPV -infected seedlings.

278 In the absence of NaCl, MD-treated plants developed less branches and buds than
279  control and Phe-treated plants (Fig. 5A), although other growth parameters such as height
280  did not change (data not shown). In non-treated (control) plants, salt stress slightly reduced
281  the number of branches and buds. A different effect was observed in MD- and Phe-treated
282  plants. In MD-treated plants, NaCl did not affect the number of branches and buds, whereas
283  the number significantly decreased in Phe-treated seedlings under salt stress (Figure 5A).
284  The presence of sharka symptoms in peach leaves was scored for each plant according to a
285 scale of 0 (no symptoms) to 5 (maximum symptom intensity) (Rubio et al., 2005).
286  According to the mean intensity of symptoms in the peach leaves, MD- and Phe-treated
287  seedlings showed a significant decrease in PPV-induced symptoms (Fig. 5B).

288 Effect on other stress-reated hormones: ABA and JA

289 We also analyzed the effect of MD and Phe treatments on ABA and JA levelsin
290  peach seedlings submitted to both stress conditions. In the absence of NaCl stress, the ABA
291 content in leaves was similar in all treatments, whereas JA levels were statistically lower in
292 MD- and Phe-treated seedlings than in control plants (Fig. 6A). When plants were
293 submitted to NaCl stress, control and Phe-treated peach plants showed increased ABA and
294  JA levels. In addition, under these stress conditions, MD- and Phe-treated plants had lower
295  JA levelsthan control plants (Fig. 6A).

296 Regarding the non-infected plants used for the biotic stress experiments, the MD
297 and Phe treatments had no effect on JA or SA levels (Figs. 6B and 4B, respectively).
298  However, the MD treatment did produce adrop in ABA levels (Fig. 6B). The effect of PPV
299 infection on these plant hormones was somewhat different from that observed in NaCl-
300 stressed plants. PPV infection only produced an increase in ABA content in M D-treated

10


https://doi.org/10.1101/204636

bioRxiv preprint doi: https://doi.org/10.1101/204636; this version posted October 17, 2017. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

301 plants, whereas JA levels strongly increased in both the MD and Phe treatments, although
302 thechanges were only statistically significant in Phe-treated plants (Fig 6B).

303 Gene expression of redox-related genes
304 We aso studied the effect of MD and Phe treatments on the Non-Expressor of

305 Pathogenesis-Related Gene 1 (NPR1) and thioredoxin H (TrxH) expression levels in peach
306  seedlings submitted to both stress conditions. NPR1 is one of the best described redox-
307 related genes, and its expression is modulated by SA. In addition, thioredoxins (Trx) are
308 asoinvolved in SA-induced NPR1 conformational changes (Dong, 2004; Tada et al., 2008;
309 VieraDos Santos and Rey, 2006).

310 The chemical treatments did not produce any significant changesin NPR1 and TrxH
311  expression in the absence of NaCl, although we observed a dight increase in TrxH
312  expression in Phe-treated seedlings (Fig. 7A). In older plants (control plants used for the
313  PPV-experiment), however, both treatments increased TrxH gene expression, whereas no

314  changesin NPR1 expression were observed (Fig. 7B).

315 When salt stress was imposed, MD-treated plants displayed a significant increase in
316  TrxH expression in relation to controls and Phe-treated seedlings, whereas NaCl only
317  affected the NPR1 expression (decrease) in Phe-treated plantlets (Fig. 7A). On the other
318  hand, PPV-infection had no effects on TrxH expression, while the Phe treatment induced

319  greater NPR1 expression than that found in control plants (Fig 7B).

320

321

322 Discussion

323 In the present work, we studied whether MD or Phe treatments can affect the

324  biosynthesis of SA from MD under stress conditions in GF305 peach plants. In a previous
325  work, we described that the CNglcs pathway isinvolved, at least in part, in SA biosynthesis
326 in peach plants, and that MD acts as an intermediary molecule between SA biosynthesis
327 and CNglcs turnover (Diaz-Vivancos et al. 2017). It is well known that SA is a signaling
328 molecule in the plant defense response that can induce tolerance to different abiotic and
329  biotic stresses (Khan et al., 2015; Rivas-San Vicente and Plasencia, 2011). We selected salt

11
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330 stress and PPV infection as the abiotic and biotic stress conditions, respectively. Different
331  authors have shown that SA can alleviate NaCl-induced damage. However, thisresponseis
332 somewhat controversial, and the reported results depend on the plant species and growth
333  conditions in addition to the SA concentration and application mode (Barba-Espin et al.,
334  2011; Jayakannan et al., 2015; Khan et al., 2015). Regarding biotic stress, GF305 plants are
335 commonly used for PPV-peach interaction studies, and it has been reported that PPV
336 infection can induce oxidative stress at the subcellular level in these plants (Diaz-Vivancos
337 etal., 2006).

338 We previously reported that at least 10% of the total SA content in micropropagated
339  peach shoots could be due to CNglcs turnover via MD (Diaz-Vivancos et al., 2017). Under
340  both stress conditions in the present study, MD treatment did not increase the total SA
341  content (Figs. 1 and 2), although the presence of [**C]MD did increase the level of [**C]SA
342 detected (near 15% of the detected SA was [°C]-labelled; Fig. 3), indicating that the
343  biosynthesis of SA from MD is still functional under stress conditions. Under salt stress
344  conditions, the increase observed in SA in non-treated (control) and Phe-treated
345  micropropagated peach shoots correlated with enhanced levels of the SA precursors MD
346 and BA, whereas in PPV-infected shoots, this correlation only occurred in control shoots.
347 Taken together, these results suggest that under stress conditions, the bulk of SA must
348  come from isochorismate (IC) and PAL pathways (Dempsey et al., 2011). Accordingly, it
349  has been suggested that the PAL pathway is the main route for SA biosynthesis in salt-
350 stressed rice seedlings (Sawada et al., 2006) and in tobacco mosaic virus (TMV)-infected
351 Nicotiana tabacum plants (Yalpani et al., 1993). In addition, CNglcs is thought to play a
352  possible role in unfavorable environmental conditions (Gleadow and Mgller, 2014), so MD

353 therefore potentially plays arolein plant defense responses.

354 When SA levels were analyzed in peach seedlings submitted to salt stress grown in
355 agreenhouse, we observed a similar response to that observed under in vitro conditions.
356  Furthermore, the SA content increased in both control and Phe-treated plants. NaCl stress
357 also enhanced ABA and JA levelsin the control and Phe-treated plants, but not in the MD-
358 treated plants. In control seedlings, we observed an increased SA/JA ratio due to salinity,
359 whereas in MD-treated seedlings, the SA/JA ratio dightly decreased. This response
360 correlated with the fact that NaCl stress had no effect on the development of MD-treated

12
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361  seedlings. Accordingly, an increase in the SA/JA ratio has been proposed as a marker of
362 sdinestress (AcostaMotos et al., 2016). ABA is akey modulator of the response to abiotic
363  dtress due to its important role in stomatal regulation. In addition, JA seems to act as a
364 regulator of ABA biosynthesis (de Ollas and Dodd, 2016). Under saline conditions, we
365 observed an increase in ABA levelsin control and Phe-treated plants that correlated with a
366  gignificant rise in JA. However, JA data should be considered with caution because JA
367 seems to act very early in the response to stress (de Ollas and Dodd, 2016), whereas we
368 analyzeditslevels at the end of the NaCl stress period.

369 Regarding PPV -infected peach seedlings, severe symptoms were observed in non-
370 treated plants, including venal chlorosis and leaf deformation. The mean intensity of PPV
371  symptoms observed in non-treated plants, around 3.0 on a scale of 0 to 5, confirmed the
372 high susceptibility described for this cultivar (Hernandez et al., 2004). Both MD and Phe
373 treatments reduced the severity of symptoms, although Phe did so to a lesser extent than
374  MD. This response correlated with higher levels of SA and JA in peach leaves, as well as
375  with enhanced ABA levels in MD-treated seedlings. Accordingly, both SA and JA have
376  been found to be necessary for systemic resistance to TMV in N. bentamiana plants (Zhu et
377  al., 2014). These authors reported increased susceptibility to TMV in plants with impaired
378  SA (no effect on JA levels) or JA (SA accumulation failure) pathways. On the other hand,
379  ABA has been suggested to regulate plant defense responses in the early stages of pathogen
380 infection via stomatal closure or the induction of callose deposition (Alazem and Lin,
381  2015). Although it is accepted that SA and ABA play antagonistic roles in plants, a
382  simultaneous increase of ABA and SA due to Bamboo mosaic virus or Cucumber mosaic
383  virus infection has also been reported (Alazem et a., 2014). Moreover, in the Arabidopsis
384  mutant vtcl (ascorbic acid-deficient mutant), the induction of ABA and SA correlated with
385 tolerance to two different types of pathogens (Barth et al., 2004).

386 In the present study, the correlation observed between SA levels and H,O, content
387  during environmental stress conditions could be explained by the “self-amplifying feedback
388 loop” concept (Jayakannan et al., 2015), in which SA increases H,O, levels and H;0O;
389  induces SA accumulation (Dempsey and Klessig, 1995; Durner and Klessig, 1995; Rao et
390 al.,, 1997). In MD-treated micropropagated peach shoots that were not subjected to stress,
391 theincrease in SA levels correlated with decreased APX and increased SOD activities. In
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392 the sdlinity assay, the accumulation of SA via MD in the non-NaCl-treated seedlings was
393  associated with a decrease in H,O,-scavenging enzymes (APX, POX and CAT). In non-
394  stressed peach seedlings, the accumulation of SA via MD in the salinity assay was
395  associated with a decrease in H,O,-scavenging enzymes (APX, POX and CAT). However,
396 this effect was not observed in older seedlings (those used as control plants in biotic stress

397  experiments).

398 Under salinity, the MD treatment produced the best response in terms of stress
399 tolerance under in vitro (Diaz-Vivancos et al., 2017) and ex vitro (Fig. 5A) conditions. A
400 strong increase in SOD activity due to the combination of MD and NaCl was recorded in
401  both growth conditions, favoring better control of the O, generated under the salinity
402  conditions. This response was accompanied by increases in APX and POX in peach
403  seedlings, probably to overcome the H,O, production by SOD. The modulation of
404  antioxidant enzymes such as APX, POX and SOD in SA-mediated abiotic stress tolerance
405 has been widely described in the literature (Khan et al., 2015). Some authors have
406  attributed salt tolerance to higher constitutive levels of some antioxidant enzymes, whereas
407  other authors have found that the coordinated up-regulation of the antioxidative enzymes
408  activities seems to be one of the mechanisms involved in the salt-tolerance response
409 (AcostaMotoset al., 2017; Hernandez et al., 2001; Lopez-Gomez et al., 2007).

410 In PPV-infected micropropagated peach shoots, no correlation between H,O,-
411  related antioxidant activities and SA levels was found in control and Phe-treated shoots.
412  Nevertheless, the PPV-infected shoots treated with MD displayed low CAT and high SOD
413 activity. In PPV-infected peach seedlings, it was difficult to find any SA/antioxidant
414  enzyme correlation. One of the most interesting results was the strong APX inhibition in
415  Phe-treated plants. However, these plants had the highest level of SOD activity, and they
416  aso displayed the highest CAT and POX activity levels, as a compensatory mechanism to
417  eiminate H,O,. Under our experimental conditions, both treatments (MD and Phe) reduced
418 PPV symptoms in peach leaves thorough a mechanism that seems to be independent of
419  antioxidative metabolism and reactive oxygen species production. This mechanism includes
420 theinteraction of SA with other plant hormones such as ABA and JA. It has been reported
421  that the over-expression of SA biosynthesis genes as well as the exogenous application of

422  SA or its analogues modulate different signaling pathways, enhancing plant responses to
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423 different viruses, including PPV (Alazem and Lin, 2015; Clemente-Moreno et al., 2010;
424  Clemente-Moreno et al., 2012).

425 NPR1 is a key regulator of the SA-mediated stress responses in plants. While the
426  implication of NPR1 in plant-pathogen interactions is well known, itsrole during salt stress
427  remains controversial, and induced a strong increase in SA content in control seedlings. In
428  Phe-treated seedlings, the salt tolerance response in plants could be associated with both
429  NPR1-independent and NPR1-dependent mechanisms (Jayakannan et al., 2015). In control
430 and MD-treated peach seedlings submitted to salt stress, the NPR1 gene expression did not
431  change, even though NaCl however, NPR1 gene expression decreased. In a similar manner,
432 in PPV-infected seedlings, only the Phe treatment affected the expression of NPR1. In
433  agreement with these results, the expression of the NPRL1 gene was not atered in
434  micropropagated peach shoots treated with benzothiadiazole (an SA anaog) (Clemente-
435  Moreno et al., 2012). Other authors have suggested that the WHIRLY 1 protein is able to
436  perceive redox changes and is then translocated to the nucleus-triggering defense responses.
437  This analogous mechanism to NPR1 could act as an NPR1-independent signaling pathway
438  (Foyer et al., 2014). Nevertheless, NPR1 might be also regulated at the protein level, and
439  the protein conformation may be sensitive to cdllular redox changes (Dong, 2004). In this
440 regards, the redox stress induced by salinity and/or PPV-infection could facilitate the
441  release of NPR1 monomers and their entry into the nuclei (Durner and Klessig, 1995).
442  Moreover, we have previousy suggested that an oxidized environment due to MD
443  treatment in the absence of stress could also modify the function of proteins such as NPR1
444  (Diaz-Vivancoset al., 2017).

445 Plant thioredoxins (Trx) play an essential role in protecting plants from oxidative
446  damage. They can modulate antioxidant mechanisms regulating the redox status of target
447  proteins as well as gene expression, including the expression of NPR1 (Vieira Dos Santos
448  and Rey, 2006). Trx-h3 and Trx-h5 can interact with NPR1 and reduce its oligomerization,
449  aninteraction that increases under SA treatments or pathogen infections (Tada et al., 2008).
450 Under salt stress conditions, MD was the only treatment that induced TrxH gene
451  expression. MD treatment also produced higher NPR1 expression levels than Phe treatment,
452  suggesting the role of TrxH in activating NPR1 monomerization as well as in enabling the
453  activation of defense mechanisms to deal with the saline stress. However, in PPV-infected
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454  peach seedlings, no changes in TrxH expression were observed in any treatment. In non-
455  infected peach plants, both MD and Phe treatments induced TrxH gene expression and a

456  dlight concomitant increase in NPR1 expression (Diaz-Vivancos et al., 2017).

457 As a conclusion, based on our previous results suggesting that the CNgls pathway
458  can be involved in SA biosynthesis via MD, we have found evidence that this new SA
459  biosynthetic pathway also works also under stress conditions. The contribution of this
460  pathway to the SA pool does not seem to be relevant, however, under salt stress or PPV-
461  infection conditions. The physiological functions of this new SA biosynthetic pathway thus
462  remain to be elucidated in further studies. In addition, we have shown that the role of SA is
463  not limited to biotic stress responses, but that it also plays a role in the response to abiotic
464  stressin peach.
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Tables

Table 1. Effect of salt stress on APX, POX, CAT, and SOD activities on control and MD-
and Phe-treated GF305 peach in vitro shoots and seedlings. APX is expressed as nmol min’
! mg* protein. POX and CAT are expressed as pumol min™ mg* protein. SOD as U mg*
protein. Data represent the mean + SE of at least four repetitions. Different letters in the
same column indicate significant differences according to Duncan’ s test (P<0.05).

INVItro.— . tment APX POX CAT Se))
shoots
- NaCl Control 316.0+48.0b 1453.8+22.4 cd 41+0.1b 36.2+2.5d
MD 257.0+32.7b 1600.4+231.0bc 7.2+11a 57.8+8.1 bc
Phe 490.9+359a 1935.9+78.6ab 6.5+0.4 a 56.0+3.4 bcd
+ NaCl Control 253.9+26.1b 891.2+173.0e  24+0.1bc 40.6+8.3cd
MD 247.3+27.3b 1101.9+107.6de 2.9+0.5bc 81.7+9.1a
Phe 448.6+429 a 2175.5+48.7 a 2.1+04c 66.8+3.7 ab
Seedlings Treatment APX POX CAT SOD
- NaCl Control 3449+646a 1291.8+1369b 96.1+6.8a 119.1+17.1b
MD 198.2+15.7 b 969.1+20.3¢c  53.25+22d 107.9+49b
Phe 403.6+22.1a 1323.7+53.0ab 70.4+19bc 198.3+129a
+ NaCl Control 213.84+33.0b 1378.7+167.6ab 73.5+1.2bc 127.2+148hb
MD 371.9+13.8a 1603.4+37.3 a 78.1+1.8b 230.51+5.1a
Phe 356.1+34.8a 1361.8+46.1ab 66.5+0.8c 139.0+21.0b
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635 Table 2. Effect of PPV infection on APX, POX, CAT, and SOD activities on control and

636  MD- and Phe-treated GF305 peach in vitro shoots and seedlings. APX is expressed as nmol
637 min® mg* protein. POX and CAT are expressed as umol min mg* protein. SOD as U mg’
638 ! protein. Data represent the mean + SE of at least four repetitions. Different letters in the
639  same column indicate significant differences according to Duncan’ stest (P<0.05).
INVIUO & tment APX POX CAT SOoD
shoots
- PPV Control 316.0+48.0b 1453.8+224c 41401 b 36.2£25 ¢
MD 257.0£32.7 b 1600.4+231.0bc 7.2+tl1l1a 57.8+8.1 bc
Phe 490.9+359a 1935.9+78.6ab  6.5+04a  56.0+3.4 bcd
+ PPV Control 312.7+22.6 b  21334+1381a 3.6t+0.3b 67.3t4.3 ab
MD 3739+41.3b 1890.9+177.2a 27+01b 80.8+119a
Phe 3239+288b 10288+43.1d 41+04b 359+19c
Seedlings Treatment APX POX CAT SOD
- PPV Control 965.2+30.6a  776.5+56.4cd 22.8+t0.5a 556.5+119b
MD 1052.1+77.2a  959.7+429c 24.7+0.3a  257.8t19.5c
Phe 1009.3+45.5a  776.7+35.4 cd 9.8+0.3d 257.8+22.8¢
+ PPV Control 937.8+329b  1158.2+105.8b 12.7+1.5cd 480.0+455Db
MD 823.3t12.4b 622.4+4.4d 16.8+t1.4bc 133.0+22.1d
Phe 235.1+144¢c  1616.6£609a 205+1.8ab 1125.8+579a
640
641
642
643
644
645
646
647
648
649
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650 Figurelegends.

651  Figurel. Salicylic acid (SA) biosynthetic and cyanogenic glucosides (CNglcs) pathwaysin
652  salt-stressed peach shoots micropropagated in the presence or absence of [*C]MD or
653 [*C]Phe. Tota levels (uM g* FW) of amygdain, benzoic acid, mandelonitrile,
654  phenylalanine and SA are shown. Data represent the mean = SE of at least 12 repetitions of
655  each treatment. Different letters indicate significant differences in each graph according to
656  Duncan’s test (P<0.05). Blue arrows indicate the previously described SA biosynthesis in
657  plants (dot arrow, putative), whereas red arrows show the new pathway suggested for peach
658  plants.

659  Figure 2. Salicylic acid (SA) biosynthetic and cyanogenic glucosides (CNglcs) pathwaysin
660 PPV-infected peach shoots micropropagated in the presence or absence of [“*C]MD or
661 [°*C]Phe. Tota levels (uM g* FW) of amygdain, benzoic acid, mandelonitrile,
662  phenylalanine and SA are shown. Data represent the mean = SE of at least 12 repetitions of
663  each treatment. Different letters indicate significant differences in each graph according to
664  Duncan’s test (P<0.05). Blue arrows indicate the previously described SA biosynthesis in
665  plants (dot arrow, putative), whereas red arrows show the new pathway suggested for peach
666  plants.

667 Figure 3. Percentage (from the total amount detected) of [**C]- phenylalanine,
668  mandelonitrile and salicylic acid in non-stressed, NaCl-stressed and PPV-infected peach
669  shoots micropropagated in the presence or absence of [**C]MD or [**C]Phe. Under control
670  conditions, approximately 10% [**C]- mandelonitrile, phenylalanine and salicylic acid were
671  observed (Diaz-Vivancos et al. 2017). Data represent the mean of at least 15 repetitions of
672  each treatment.

673 Figure 4. Tota SA level (ng g* DW) in the leaves of peach seedlings grown in the
674  presence or absence of MD or Phe submitted to 34 mM NaCl (A) or PPV infection (B).
675  Datarepresent the mean + SE of at least five repetitions of each treatment. Different letters
676  indicate significant differences according to Duncan’stest (P<0.05).

677
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678  Figure 5. Effect on plant performance. The effect of chemical treatments and salt stress on
679  peach seedlings was assessed by the determination of the number of branches and buds per
680 plant (A). In (B), the phenotypic scoring for evaluating the resistance/susceptibility to PPV
681 infection (Decroocq et al., 2005) and sharka symptoms in peach seedlings is shown. Data
682  represent the mean + SE of at least 10 repetitions. Different letters indicate significant
683  differences according to Duncan’stest (P<0.05).

684  Figure 6. Effect on the stress-related hormones ABA and JA. Total ABA and JA levels (ng
685 g~ DW) in the leaves of peach seedlings grown in the presence or absence of MD or Phe
686  submitted to 34 mM NaCl (A) or PPV infection (B). Data represent the mean + SE of at
687 least 5 repetitions of each treatment. Different letters indicate significant differences
688  according to Duncan’s test (P<0.05).

689  Figure 7. Gene expression of TrxH and NPRL1in the leaves of peach seedlings grown in the
690  presence or absence of MD or Phe submitted to 34 mM NaCl (A) or PPV infection (B).
691  Datarepresent the mean + SE of at least five repetitions of each treatment. Different |etters
692 indicate significant differencesin each graph according to Duncan’ stest (P<0.05).
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