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ABSTRACT  33 

When exposed to unfavorable environmental conditions, plants can absorb light energy in excess 34 

of their photosynthetic capacities, with the surplus energy leading to the production of reactive 35 

oxygen species and photooxidative stress. Subsequent lipid peroxidation generates toxic reactive 36 

carbonyl species whose accumulation culminates in cell death. β-cyclocitral, an oxidized by-37 

product of β-carotene generated in the chloroplasts, mediates a protective retrograde response 38 

that lowers the levels of toxic peroxides and carbonyls, limiting damage to intracellular 39 

components. In this study, we elucidate the molecular mechanism induced by β-cyclocitral in 40 

Arabidopsis thaliana and show that the xenobiotic detoxification response is involved in the 41 

tolerance to excess light energy. The involvement of the xenobiotic response suggests a possible 42 

origin for this pathway. Furthermore, we establish the hierarchical structure of this pathway that 43 

is mediated by the β-cyclocitral-inducible GRAS protein SCL14 (SCARECROW LIKE 14) and involves 44 

ANAC102 as a pivotal component upstream of other ANAC transcription factors and of many 45 

enzymes of the xenobiotic detoxification response. Finally, the SCL14-dependent protective 46 

mechanism is also involved in the low sensitivity of young leaf tissues to high light stress.  47 

 48 
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 50 

INTRODUCTION 51 

 52 

Plants often encounter light intensities that exceed their photosynthetic capacities, due to 53 

unfavorable environmental conditions that prevent a good match between absorbed light energy 54 

and carbon metabolism (Ort, 2001). The photosynthetic electron transport chain uses molecular 55 

oxygen as an electron carrier, generating biologically damaging molecules such as reactive oxygen 56 

species (ROS), peroxides and radicals (Asada, 2006; Apel and Hirt, 2004; Li et al., 2009). In 57 

particular, triplet excited chlorophylls, whose lifetime increases under excess light conditions, can 58 

transfer excitation energy directly to oxygen resulting in the formation of singlet oxygen (1O2) 59 

(Triantaphylidès and Havaux, 2009; Krieger-Liszkay et al., 2008). Besides its toxic effects, 1O2 can 60 

trigger a specific signaling cascade, leading to programmed cell death or to acclimation (Wagner 61 
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et al., 2004; Ramel et al., 2013a; Gadjev, 2006; Chan et al., 2016). Nevertheless, due to a high 62 

reactivity and short lifetime (~100 ns in biological tissues), direct involvement of 1O2 in retrograde 63 

signaling is unlikely; rather, signaling may originate in the oxidation of preferential targets, which 64 

then act as mediators.  65 

Carotenoids are efficient 1O2 physical quenchers (Frank and Cogdell, 1996) which are 66 

sometimes oxidized by 1O2 at the level of photosystem II,  generating, among other products,  the 67 

retrograde signaling mediators β-cyclocitral (β-cc) and dihydroactinidiolide (Shumbe et al., 2017; 68 

Ramel et al., 2012b; Shumbe et al., 2014; Havaux, 2014). β-cc is generated in the chloroplast and 69 

its basal level (ca. 50 ng g-1 fresh leaf weight) triples during high light stress while 70 

dihydroactinidiolide concentration (ca. 5 ng g-1) increases almost tenfold, suggesting chronic 71 

production of 1O2 during photosynthesis and a dramatic increase under stress conditions (Ramel 72 

et al., 2012b). Interestingly, treatment of plants with exogenous β-cc or dihydroactinidiolide 73 

increases their internal leaf concentrations to levels comparable with the ones measured under 74 

stress conditions (ca. 180 and 45 ng g-1, respectively) and elicit a genetic response leading to 75 

acclimation to high light stress (Ramel et al., 2012b; Shumbe et al., 2014).  76 

A striking feature of the gene regulation induced by β-cc in Arabidopsis is the induction of 77 

various detoxification mechanisms, among which the induction of several Glutathione-S-78 

transferases (GST) and UDP-glycosyltransferases (Ramel et al., 2012b) that also participate in 79 

Phase II of the xenobiotic detoxifying process (Sandermann, 1992). In fact, in plants, ectopic 80 

reactive chemicals are inactivated by a set of detoxifying enzymes that modify and eliminate these 81 

compounds in three phases: modification, conjugation and compartmentalization (Riechers et al., 82 

2010; Sandermann, 1992). While the conjugation phase has been reported to be induced under 83 

many different stresses, the modification phase has only been characterized more recently and 84 

its involvement in physiological responses is still unclear (Riechers et al., 2010; Mueller et al., 85 

2008; Ramel et al., 2012c). In particular, in the modification phase, the GRAS protein SCARECROW 86 

LIKE 14 (SCL14) and the Glutaredoxin GRX480/ROXY19 compete for binding with the TGA II 87 

transcription factors and mediate the activation or the inhibition, respectively, of the 88 

detoxification response (Huang et al., 2016; Fode et al., 2008; Köster et al., 2012; Ndamukong et 89 

al., 2007).  90 
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In this work, we identify a SCL14-dependent xenobiotic detoxification response to a 91 

physiological condition, rather than an artificial stimulus. Furthermore, we decode its role in the 92 

β-cc-induced retrograde signaling that occurs under high light stress, and we show that SCL14-93 

dependent detoxification is necessary for the resilience of Arabidopsis plants to photooxidative 94 

stress. In this work, we enrich our understanding of the SCL14-dependent pathway by showing 95 

the hierarchical relationship between several players and make the link between the xenobiotic 96 

detoxification pathway and its physiological role in detoxifying toxic reactive carbonyl species 97 

(RCS). Finally, we show that SCL14 mediates part of the intrinsic resistance of young leaves to 98 

excessive light. 99 

 100 

RESULTS  101 

 102 

β-cyclocitral elicits an excessive light-like response involving the TGA and MYC transcription 103 

factors 104 

The comparison of the genetic response of 5-week-old Arabidopsis thaliana plants treated with 105 

β-cc (100 µl β-cc for 4 h, http://urgv.evry.inra.fr/CATdb; Project: CEA10-03_Cyclocitral) with the 106 

response of 1O2-overproducing ch1 mutant plants exposed to excessive light (1200 µmol photons 107 

m-2 s-1 at 10°C for 24h, Project: CEA10-02_Light) (Ramel et al., 2013b) revealed a 30% overlap of 108 

the genes modified more than 1.5 fold in log2 values (Figure 1A). The overlap suggests the 109 

existence of common mechanisms to cope with photooxidative damage, elicited by β-cc and 110 

during enhanced production of 1O2.  111 

The regulatory regions of the 153 genes in the common cluster (-1000 to + 50 base pairs 112 

from the starting codon) show an enrichment of the MYC (MYC2, 3 and 4) and of the TGA (class I 113 

and II) transcription factor-binding sites (AthaMap gene analysis (Steffens, 2004)) (Figure 1B). 114 

MYC transcription factors are activators of the jasmonic acid response, while TGA transcription 115 

factors are well known players in the salicylic acid response and in detoxifying mechanisms (Chini 116 

et al., 2007; Mueller et al., 2008; Kesarwani et al., 2007). Moreover, the interaction of SCL14 with 117 

the TGA transcription factors induces the expression of a subset of the detoxification genes, 118 

mainly belonging to the modification phase of the xenobiotic detoxification pathway (Fode et al., 119 
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2008; Köster et al., 2012). Altogether, the MYC and TGA transcription factors mediate the 120 

response to xenobiotics and their concerted action is required for the complete activation of the 121 

response. In fact, as highlighted in the analysis of the expression of the phase-I enzyme 122 

cytochrome P450 CYP81D11 (Köster et al., 2012), only the activation of both the MYC and TGA 123 

pathways leads to the maximum induction of the latter gene.  124 

 125 

β-cyclocitral and excessive light induce SCL14-regulated ANAC transcription factors 126 

Among the modified genes identified in the aforementioned transcriptomes, the expression 127 

levels of the SCL14-regulated ANAC002 and ANAC032, and of the related ANAC081 and ANAC102 128 

genes (Fode et al., 2008; Ratnakaran, 2014) have been further analyzed by reverse transcription 129 

quantitative PCR (RT-qPCR) in control and β-cc-treated wild type (wt) plants and in plants after 130 

excessive light stress (1500 µmol photons m-2 s-1 at 7°C for 24h). This analysis confirmed the 131 

induction of the four ANAC genes by β-cc (respectively 20, 20, 13 and 50 times the control levels), 132 

further pointing to ANAC102 as the most induced ANAC transcription factor by the β-cc treatment 133 

(Figure 1, C).  134 

Furthermore, the stronger induction of ANAC002, ANAC032 and ANAC081 under 135 

excessive light (respectively 50, 30 and 130 times the control values) suggests the coexistence of 136 

several molecular signals able to induce this pathway generated by high light stress. The origin of 137 

the pathway induced by xenobiotics is still unclear, and several mechanisms elicit the conjugation 138 

phase of the xenobiotic response (Riechers et al., 2010). Among these, the response to oxylipins, 139 

such as jasmonic acid, and lipid-derived reactive electrophilic compounds like 12-oxo-140 

phytodienoic acid (OPDA) and phytoprostanes (Riechers et al., 2010; Mueller and Berger, 2009), 141 

with all these species being present in excessive light stress (Mano et al., 2005; Mano, 2012; 142 

Farmer and Mueller, 2013). Conversely, here we highlight the activation of the modification phase 143 

of the xenobiotic response under physiological conditions. 144 

 145 

β-cyclocitral induces a SCL14-regulated response  146 

β-cc enhances the expression of the four ANAC transcription factors involved in the SCL14-147 

dependent response to xenobiotics, and therefore we wanted to test the involvement of the TGA-148 
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SCL14 regulation in the β-cc response. The TGA family of transcription factors and the 149 

corresponding cis-element as-1 are well-described transcriptional control mechanisms in plants 150 

(Katagiri et al., 1989; Redman et al., 2002). The as-1 element, from the CAMV 35S viral promoter, 151 

and the ocs element, from the bacterial octopine synthase promoter, in the form of TGACG 152 

sequences in the promoter, are mainly activated by the TGA II transcription factors, under auxin 153 

and salicylic acid mediated stimuli (Lam and Lam, 1995). As-1–bound TGA transcription factors 154 

recruit the GRAS protein SCL14 to the transcription site, activating several genes inducible by 155 

xenobiotics, which contribute to the protection of plants (Mano, 2012; Turóczy et al., 2011; Mano 156 

et al., 2005; Kotchoni et al., 2006; Fode et al., 2008).  157 

To determine whether the SCL14-dependent xenobiotic detoxification pathway is 158 

implicated in the genetic response induced by β-cc, we analyzed ANAC002, 032, 081 and 102 159 

expression levels in the tga II and scl14 mutant lines and in the SCL14 overexpressing line 160 

(OE:SCL14) by RT-qPCR after the β-cc treatment. These analyses showed that β-cc induction of 161 

the ANAC transcription factors is weakened or impeded in the tgaII and scl14 mutant lines (70 to 162 

90% lower), while it is strengthened in the SCL14 overexpressing lines (200 to 800% higher) 163 

(Figure 2).  164 

In the response to salicylic acid, TGA II transcription factors can interact with NPR1 (Fan 165 

and Dong, 2002; Després et al., 2000; Zhou et al., 2000). We tested an eventual competition 166 

between NPR1 and SCL14 on the induction of the ANAC genes regulated by TGA 2, 5 and 6 by 167 

analyzing ANAC002, 032, 081 and 102 expression levels in the npr1 mutant lines by RT-qPCR after 168 

the β-cc treatment. The genetic response of the four SCL14-dependent ANAC transcription 169 

factors, ANAC002, ANAC032, ANAC081 and ANAC102, to β-cc was similar in the npr1-1 mutant 170 

and in wt suggesting no competition between the two TGA regulating proteins under these 171 

conditions (Supplemental Figure 1). 172 

The participation of SCL14 in the response to exogenous artificial molecules is well known, 173 

and many xenobiotics are able to induce the SCL14-dependent detoxification pathway (Riechers 174 

et al., 2010; DeRidder et al., 2002; De Veylder et al., 1997; Taylor et al., 2013; Skipsey et al., 2011; 175 

Fode et al., 2008). On the contrary, β-cc is an endogenous molecule showing a SCL14-dependent 176 
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response. This suggests that the SCL14-regulated response is more general than the detoxification 177 

of xenobiotics and could play a role in the response to changes in natural environments. 178 

 179 

β-cyclocitral induces SCL14 180 

As the SCL14-dependent response was enhanced by the β-cc treatment, we analyzed the 181 

expression level of SCL14 itself. We confirm that SCL14 is not expressed in the scl14 mutant, 182 

neither in control conditions nor in plants treated with β-cc (Figure 2). Then, we show that SCL14 183 

is expressed 1.5 times more in the OE:SCL14 than in wt in control conditions, in line with the 184 

protein levels previously described (Fode et al., 2008). Although being under the control of a 35S 185 

constitutive promoter, SCL14 transcript levels exhibited a relatively small increase in the OE:SCL14 186 

line, suggesting the intervention of a post-transcriptional regulation. Finally, β-cc treatment 187 

upregulated SCL14 expression both in wt and in the OE:SCL14 lines (Figure 2). Remarkably, the 188 

faint “overexpression” present in the OE:SCL14 was able to mediate a marked increase in the 189 

response of ANAC genes to β-cc (200 to 800% higher in the OE:SCL14 than in the wt). Therefore, 190 

the increase in SCL14 gene expression observed in WT in response to β-cc (in the same range as 191 

the SCL14 overexpressor in the absence of β-cc treatment), together with the concomitant 192 

activation of the MYC pathway (Figure 1B), could explain the substantial effects of the 193 

apocarotenoid on ANAC transcription factors (Figure 2) and on genes encoding detoxifying 194 

enzymes (below, Figure 5) (Köster et al., 2012). 195 

 196 

SCL14 mediates plant resilience to excessive light 197 

SCL14 regulates the genetic response of plants treated with β-cc, and consequently we wondered 198 

about the role of SCL14 under excessive light stress, which causes endogenous increases of β-cc 199 

in a much more complex metabolic response. Therefore, we analyzed the behavior of the scl14 200 

knockout mutant and the OE:SCL14 overexpressor under excessive light stress (1500 µmol 201 

photons m-2 s-1 at 7°C for 24h) following pre-treatment with β-cc or with water (100 µl for 4 h). 202 

Lipid peroxidation was used as a marker of photooxidative damage and analyzed by image 203 

quantification of plant autoluminescence, derived from the spontaneous decomposition of lipid 204 

peroxides (Birtic et al., 2011), and by HPLC-UV quantification of HOTEs (hydroxy octadecatrienoic 205 
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acid isomers) derived from the oxidation of linolenic acid (Birtic et al., 2011; Montillet et al., 2004). 206 

scl14 plants showed stronger leaf bleaching after 24-h exposure to stress conditions as compared 207 

to wt plants, as well as more intense lipid-peroxidation-related luminescence (Figure 3, A). By 208 

contrast, OE:SCL14 plants showed almost no detrimental effects due to the stress conditions. The 209 

sensitive and resistant behaviors of scl14 and OE:SCL14 lines were confirmed by the quantification 210 

of HOTE in leaf samples of the stressed plants, showing 1.5-time higher HOTE levels in the mutant 211 

line and five times lower HOTE levels in the overexpressing line compared to wt (Figure 3, B).  212 

SCL14 has been shown to interact with TGA 2, 5 and 6 transcription factors and to co-213 

regulate at least a subset of the genes presenting the TGA binding as-1 motif in their promoter 214 

(Fode et al., 2008). We consequently evaluated the role of the TGA 2, 5 and 6 transcription factors 215 

in the response to excessive light by exposing the tga II triple mutant line to stress conditions 216 

following pre-treatment with β-cc or with water. tga II plants showed stronger leaf bleaching after 217 

24-h exposure to stress conditions as compared to wt plants, as well as more intense lipid-218 

peroxidation-related luminescence (Figure 4, A). The sensitive behaviors of the tga II line was 219 

confirmed by the quantification of HOTE in leaf samples of the stressed plants, showing 1.5-time 220 

higher HOTE levels in the mutant line compared to wt (Figure 4, B).  221 

 222 

scl14 mutant lines are not able to acquire β-cc-induced resistance to excessive light 223 

A 4-h β-cc pre-treatment of wt plants is sufficient to induce a genetic response leading to 224 

acclimation to excessive light stress (Ramel et al., 2012b; Shumbe et al., 2017). The acclimated 225 

status is indicated by a lower accumulation of lipid peroxides under excessive light stress (< 50% 226 

compared to untreated plants), revealed by plant autoluminescence and HPLC-UV HOTE 227 

quantification (Ramel et al., 2012b).  The treatment of plants with β-cc, sufficient to protect wt 228 

plants from photooxidative stress (Figure 3A and B), was ineffective on scl14 mutant lines. β-cc-229 

treated scl14 plants showed comparable leaf bleaching and autoluminescence to untreated 230 

samples (Figure 3, A). In addition, the quantification of HOTE confirmed the inability of scl14 231 

mutant plants to acquire the β-cc-induced acclimation to excessive light (Figure 3, B). The lack of 232 

β-cc-induced protection in the scl14 mutant line highlights SCL14 as central actor in the β-cc 233 

signaling network leading to acclimation. These results demonstrate that SCL14 is not only 234 
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necessary for the proper genetic response to β-cc and excessive light, but that xenobiotic 235 

detoxification is necessary both for light-induced acclimation to photooxidative stress and for β-236 

cc-induced acclimation.  237 

Similarly as in scl14, the treatment of tga II plants with β-cc was ineffective. In fact, β-cc-238 

treated tga II plants showed comparable leaf bleaching and autoluminescence to untreated 239 

samples (Figure 4, A). In addition, the quantification of HOTE confirmed the inability of tga II 240 

mutant plants to acquire the β-cc-induced acclimation to excessive light (Figure 4, B). Results of 241 

Figure 4 show that the tgaII mutant phenocopies the scl14 mutant at the whole plant level (Figure 242 

3). 243 

 244 

β-cyclocitral induces a SCL14-dependent xenobiotic detoxification response 245 

The response to β-cc is, at least in part, dependent on SCL14, but the SCL14-dependent xenobiotic 246 

response is an integrated network involving many molecular targets. Among these, four ANAC 247 

transcription factors (ANAC 2, 32, 81, 102) and families of modifying enzymes, like cytochrome 248 

P450s, short chain dehydrogenases/reductases (SDR), monooxygenases, 2-alkenal reductases 249 

(AER), aldo-keto reductases (AKR) and aldehyde dehydrogenases (ALDH), take part in the 250 

modification phase of the xenobiotic response (Fode et al., 2008). The analysis of the 251 

transcriptome of β-cc-treated plants suggests that many of these genes are also induced by β-cc, 252 

and we further verified by RT-qPCR the expression of a selection of genes: ChlADR 253 

(CHLOROPLASTIC ALDEHYDE REDUCTASE, AT3G04000), SDR1 (SHORT-CHAIN 254 

DEHYDROGENASE/REDUCTASE 1, AT4G13180), AER (ALKENAL REDUCTASE, AT5G16970), AKR4C9 255 

(CHLOROPLASTIC ALDO-KETO REDUCTASE, ChlAKR, AT2G37770), GRX480/ROXY19 (AT1G28480) 256 

and a gene of unknown function but strongly induced by β-cc (AT5G61820). These analyses 257 

showed that induction of the selected genes by β-cc is weakened or impeded in the tgaII and 258 

scl14 mutant lines (70 to 99% lower), while it is strengthened in the SCL14 overexpressing lines 259 

(150 to 1000% higher) (Figure 5). Therefore, we can confidently conclude that β-cc is able to 260 

induce a xenobiotic-like response (Riechers et al., 2010; Kreuz et al., 1996; Sandermann, 1992).  261 

Furthermore, these families of enzymes are of particular interest when we consider lipid 262 

peroxidation occurring under excessive light stress, especially in the chloroplast. In this stress, 263 
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lipid peroxides mainly derive from the linoleic (18∶2), linolenic (18∶3), and roughanic (16∶3) 264 

polyunsaturated fatty acids (PUFAs) (Montillet et al., 2013). These primary hydroperoxy or 265 

hydroxy fatty acids can generate aldehydes, oxo-acids, epoxydes, and cyclized compounds such 266 

as jasmonates or phytoprostanes (Montillet et al., 2013; Mano et al., 2005). Several of these 267 

compounds are reactive carbonyls (Mano, 2012) that can specifically be anabolized by the SDR, 268 

AER, AKR and ALDH enzyme families, exactly the same as those induced by the xenobiotic 269 

response (Mano et al., 2005; Yamauchi et al., 2011; Mano, 2012). Furthermore, chloroplasts are 270 

the main sites of lipid peroxidation under excessive light stress, and at least two of the enzymes 271 

induced by β-cc, the chloroplastic aldehyde reductase (ChlADR) and the chloroplastic aldo-keto 272 

reductase (ChlAKR), can detoxify RCS directly at the primary location of production, as they are 273 

expressed in the stroma (Yamauchi et al., 2011). 274 

 275 

anac102 mutant lines are sensitive to excessive light and unresponsive to β-cc 276 

ANAC102 was the most induced SCL14-dependent ANAC transcription factor by the treatment 277 

with β-cc. Therefore, we analyzed anac102 knockout mutant plants, pre-treated with β-cc or with 278 

water, under excessive light stress (1500 µmol photons m-2 s-1 at 7°C for 24h). 5-week-old anac102 279 

plants showed stronger leaf bleaching after 24-h exposure to stress conditions as compared to wt 280 

plants, as well as enhanced lipid-peroxide-dependent autoluminescence (Figure 6A). The 281 

photosensitive behavior of anac102 was confirmed by the quantification of HOTEs in leaf samples 282 

of the stressed plants, which showed three times higher HOTE levels in the mutant line compared 283 

to wt (Figure 6B). Furthermore, β-cc-treated anac102 plants showed comparable leaf bleaching 284 

and autoluminescence as untreated samples (Figure 6A), indicating that β-cc signaling was 285 

incomplete in this mutant. In addition, HOTE quantification confirmed the inability of anac102 286 

mutant plants to acquire the β-cc-induced acclimation to excessive light (Figure 2B). The lack of 287 

β-cc-induced protection in the anac102 mutant line implies that ANAC102 participates in the β-288 

cc retrograde signaling downstream of SCL14. 289 

 290 

β-cyclocitral-induced SCL14-dependent detoxification response is blocked in anac102 291 
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We verified by RT-qPCR the expression of SCL14-dependent genes, ChlADR, SDR1, AER, AKR4C9 292 

(ChlAKR), GRX480/ROXY19 and AT5G61820, in wt and anac102 mutant lines. These analyses 293 

showed that β-cc induction of the selected genes is weakened or impeded in the anac102 mutant 294 

(90 to 99% lower) (Figure 7). These results place ANAC102 downstream of SCL14, as previously 295 

shown (Fode et al., 2008), but upstream of the analyzed detoxifying enzymes.  296 

 297 

ANAC102 is upstream of ANAC002, ANAC032 and ANAC081 298 

To better elucidate the molecular pathway downstream of SCL14 in the response to β-cc, we 299 

analyzed the expression levels of ANAC002, ANAC032 and ANAC081 in wt and in the anac102 300 

mutant line. The analyses showed that β-cc induction of the three SCL14-regulated ANAC 301 

transcription factors was completely blocked in the anac102 mutant line (Figure 8). This finding 302 

reveals transcriptional control of ANAC002, ANAC032 and ANAC081 transcription factors by 303 

ANAC102 in the SCL14-dependent pathway. By these analyses, we have shown not only that 304 

ANAC102 controls the induction of the detoxification enzymes, previously reported at the same 305 

level of ANAC102 (Fode et al., 2008), but also that ANAC transcription factors follow a hierarchical 306 

order in β-cc retrograde signaling. 307 

 308 

SCL14-dependent detoxification pathway is independent of MBS1 309 

β-cyclocitral elicits the SCL14-dependent xenobiotic response pathway to mediate the 310 

phototolerance to excessive light. However, it was recently demonstrated that β-cc retrograde 311 

signaling depends on the MBS1 protein (Shumbe et al., 2017). We then wondered whether the 312 

two pathways are interdependent or operate in parallel. By analyzing the genetic response of 313 

ANAC032, ANAC102, ChlADR, SDR1, AER, AKR4C9 (ChlAKR) and AT5G61820 to β-cc in the mbs1 314 

mutant line (Figure 9), we found that all those marker genes of detoxification were equally 315 

induced, or had a limited induction, in the mutant line compared to wt. Based on the normal 316 

induction of the detoxification response in the mbs1 mutant, we must hypothesize the 317 

coexistence of at least two mechanisms downstream of β-cyclocitral: the MBS1-independent 318 

detoxification response controlled by SCL14 and a pathway controlled by MBS1. Nevertheless, 319 
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under the rather severe light stress conditions used here (sudden transfer of plants from low light 320 

to high light), both pathways appear to be required for β-cc-induced phototolerance. 321 

 322 

ANAC102 is particularly induced in young leaves 323 

We generated stable Arabidopsis transgenic lines carrying the full ANAC102 (AT5G63790) gene (-324 

2041 +1124), including the putative 5’ regulatory region and both introns and exons, coding for 325 

the ANAC102 protein fused to the β-glucuronidase reporter. By histochemical assay, we show 326 

that the ANAC102 reporter is present at low levels under physiological conditions (Figure 10, 327 

Supplemental Figure 1), being detectable only in the conductive tissues of young leaves. On the 328 

contrary, after the treatment with β-cc, the reporter strongly accumulated in the full limb of 329 

young leaves as well as in the conductive tissues of mature leaves (Figure 10). We further verified 330 

that the strong accumulation of ANAC102 in the β-cc-treated samples is due to an upregulation 331 

of gene expression rather than a stabilization of the ANAC102-β-glucuronidase fusion protein. 332 

Samples treated with the protein synthesis inhibitor cycloheximide did not show the 333 

accumulation of the reporter (Supplemental Figure 2). In the light of the positive effect of 334 

ANAC102 and SCL14 on the resilience to excessive light, the higher accumulation of ANAC102 in 335 

young leaves suggests that the younger leaf tissues could be more resistant to this stress than the 336 

old, mature tissues. 337 

 338 

Young leaves are more resistant to excessive light than mature leaves, and this difference is 339 

dependent on SCL14 340 

As shown in Figure 3A and Figure 6A, young leaves in the center of the rosette do not show lipid-341 

peroxide-derived luminescence after high light stress, suggesting a high tolerance to 342 

photooxidation. By using whole plants, resistance of younger tissues to excessive light could 343 

depend both on biological factors like systemic acquired acclimation (SAA) (Rossel et al., 2007; 344 

Carmody et al., 2016) and on technical factors like the heterogeneity of irradiance and leaf 345 

temperature. To determine whether young leaves are intrinsically resistant to excessive light, we 346 

cut young and mature leaves from several plants and placed them on a flat surface covered with 347 

water, where irradiance and temperature during the stress are more homogeneous (1100 µmol 348 
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photons m-2 s-1 at 4°C for 16h). Furthermore, the cut-leaf system excludes the eventual 349 

participation of the systemic and long-distance signaling to the high-light tolerance. By this 350 

analysis, under more controlled conditions, we feel confident to confirm the higher resilience of 351 

young leaves to excessive light compared to mature leaves by an organ autonomous mechanism. 352 

In fact, not only autoluminescence after the stress was much lower in young leaves than in mature 353 

leaves (Figure 11, A), but also the quantification of HOTE confirmed this difference (75% less HOTE 354 

in young leaves) (Figure 11, C), and Fv/Fm was higher in young leaves, indicating lower 355 

photoinhibition of the photosynthetic apparatus (Figure 11, B).  356 

Leaves can acclimate to excessive light through molecular, anatomical and physiological 357 

changes (Kouřil et al., 2013; Oguchi et al., 2003). In particular, younger leaves can better resist to 358 

photoinhibition than older leaves due to a higher plasticity allowing a faster redesign of their 359 

anatomy and photosynthetic apparatus, optimizing them to the new light conditions (Bielczynski 360 

et al., 2017; Sims and Pearcy, 1992). Furthermore, many pathways can increase the 361 

photoprotective capacity of younger leaves such as a higher capacity to accumulate ascorbate 362 

peroxidase (APX) and superoxidase dismutase (SOD) (Moustaka et al., 2015). Both enzymes are 363 

part of the ROS scavenging system, allowing lower oxidative damage upstream of lipid 364 

peroxidation.  365 

To discern the involvement of SCL14 in the response of young leaves to high light, we 366 

tested leaves cut from 5-week-old scl14 mutant plants or SCL14 overexpressing lines. The 367 

excessive light treatment induced lower photooxidative stress in OE:SCL14 leaves compared to 368 

wt, as shown by a lower autoluminescence intensity. On the contrary, scl14 leaves showed much 369 

stronger luminescence both in mature and young leaves (Figure 11, A). These results were also 370 

confirmed by the HPLC-UV quantification of HOTE, showing higher HOTE levels in scl14 mature 371 

and young leaves compared to wt mature and young leaves (Figure 11, C). In addition, young 372 

leaves of the scl14 mutant line showed a weaker intrinsic resistance to high light compared to 373 

young tissues of wt. While in wt we found a strong decrease in lipid peroxidation (75% less HOTE) 374 

in young leaves relative to mature leaves, we found only a partial protection (40% less HOTE) of 375 

young tissues compared to mature ones in the scl14 mutant (Figure 11, C). Furthermore, HOTE 376 

levels found in mature leaves of OE:SCL14 lines were much lower than in wt leaves (25% of HOTE 377 
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levels present in wt mature leaves) and comparable to the ones found in young wt leaves. In 378 

addition, reduced photodamage of the photosynthetic apparatus were observed in OE:SCL14 379 

lines as shown by the high Fv/Fm chlorophyll fluorescence ratio values (Figure 11, B), while 380 

greater photodamage was observed in scl14 mutant leaves. Considering these results, we can 381 

conclude that the SCL14-dependent response participates in the resilience of young leaves to 382 

excessive light, in parallel to their higher photoprotective capacities. 383 

 384 

SCL14-dependent detoxification pathway acts on toxic RCS rather than on ROS accumulation 385 

 386 

In Figure 3 and 11, we show higher lipid peroxidation in the scl14 mutant line compared to wt, 387 

and a marked resistance of the OE:SCL14 line. The enzymes, whose transcriptional levels are 388 

controlled by SCL14, take part in the modification phase of the xenobiotic detoxification response 389 

(Sandermann, 1992; Fode et al., 2008). These enzymes are able to detoxify toxic RCS, mainly 390 

aldehydes, to less reactive carboxylates or alcohols (Mano et al., 2005; Mano, 2012; Yamauchi et 391 

al., 2011). RCS are not merely markers of oxidative stress, but rather active factors that can 392 

deplete glutathione pools and then exacerbate stress effects (Mano, 2012). We tested this idea 393 

in our stress conditions by pre-treating wt plants with 1 mM 4-hydroxy-nonenal (HNE), a well-394 

known RCS detoxified by AER (Mano, 2012; Mano et al., 2005). As shown in Figure 12A, a 4-h 395 

treatment with HNE worsened plant fitness against excessive light stress and amplified oxidative 396 

damage. In fact, treated plants showed higher autoluminescence and increased HOTE level after 397 

high light stress compared to control plants (Figure 12A). We can therefore confirm that the 398 

higher peroxidation levels found in the scl14 mutant line can be due to inefficient RCS scavenging 399 

that leads to amplified oxidative damage. On the contrary, the lower peroxidation found in the 400 

OE:SCL14 lines is compatible with an enhanced detoxification response, thus with reduced RCS 401 

levels and consequent oxidative damage. For the HNE treatment, for example, the AER gene is 402 

induced 5-times more in the OE:SCL14 line than in wt by the β-cc treatment, while it is induced 403 

4-times less in the scl14 mutant line than in wt (Figure 5). In addition, we also analyzed ROS 404 

accumulation in those mutant or transgenic lines by means of fluorescent dies. OE:SCL14, wt and 405 

scl14 plants were put in stress conditions for 4 h and then infiltrated with the 1O2 specific probe 406 
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SOSG (Singlet Oxygen Sensor Green) or with the general ROS probe H2DCFDA, mainly responsive 407 

to H2O2. The quantification of the fluorescence emitted by the ROS-activated probes, showed no 408 

differences in ROS accumulation between the three genotypes (Figure 12C). Altogether, these 409 

results suggest that the sensitivity of scl14 line and the tolerance of the OE:SCL14 lines to 410 

excessive light are likely due to a different accumulation of RCS rather than differential ROS 411 

accumulations.  412 

 413 

DISCUSSION 414 

 415 

For more than 25 years, it was known that plants are able to detoxify xenobiotic compounds 416 

explaining, for example, different sensitivities to herbicides (Riechers et al., 2010; Kreuz et al., 417 

1996; Sandermann, 1992). Artificial molecules that enter the cells can elicit a detoxification 418 

process that inactivates them by a three-phase mechanism. First, hydroxylases, reductases (i.e. 419 

AER, AKRs and SDRs), cytochrome P450 monooxygenases or peroxidases introduce or modify 420 

reactive side groups. In the second phase, these modified exogenous compounds are conjugated 421 

to sugar moieties or glutathione by either glycosyl transferases or glutathione-S-transferases. 422 

Finally, the conjugates are transported to the vacuole or to the apoplast (Sandermann, 1992). The 423 

exact origin of the pathway elicited by xenobiotics is still unclear but several mechanisms can 424 

participate in the response (Riechers et al., 2010). Among these, xenobiotics elicit a genetic 425 

modification partially overlapping the response to oxylipins, such as jasmonic acid, or reactive 426 

electrophilic lipid-derived compounds, like OPDA and phytoprostanes (Riechers et al., 2010; 427 

Mueller and Berger, 2009).  428 

The concentration of oxylipins, carbonyls and RCS, generated by enzymatic activities and 429 

by ROS-dependent oxidation, increases under many stresses (Mano, 2012; Farmer and Mueller, 430 

2013; Roach et al., 2017). In fact, ROS, lipid peroxides and RCS, corresponding to the α,β-431 

unsaturated aldehydes and ketones derived from lipid hydroperoxides, are critical cell-damaging 432 

agents in plants under environmental stresses, which can lead to cell death (Mano, 2012). These 433 

compounds characterize the oxidative response and they can be specifically inactivated by 434 

families of enzymes of the detoxification pathway, such as AER, AKRs, SDRs, ALDHs (Mano, 2012). 435 
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The beneficial role of the latter enzymes for plant tolerance to environmental constraints has 436 

been reported in several plant species (Mano, 2012; Turoczy et al., 2011; Mano et al., 2005; 437 

Kotchoni et al., 2005; Stiti et al., 2011) 438 

The β-carotene oxidation by-product β-cc, generated under photooxidative stress, is the 439 

first identified non-artificial compound that can induce the SCL14-dependent xenobiotic 440 

response, exploiting this pathway to confer resistance to excessive light. Furthermore, we show 441 

that this response is independent of MBS1 signaling but equally necessary for coping with high 442 

light stress and for the β-cc-induced resistance to high light. We identified for the first time the 443 

SCL14-dependent-xenobiotics detoxification in response to a physiological condition, rather than 444 

an artificial stimulus. In fact, plants lacking the TGAII-regulative factor SCL14, or the TGA2,5 and 445 

6 transcription factors themselves (Figure 4), became sensitive to photooxidative stress. We 446 

propose that the enhanced cell death and lipid peroxide accumulation found in these lines, is due 447 

to a stunted induction of the detoxification response downstream of SCL14 and ANAC102. In fact, 448 

high RCS levels, obtained by a pretreatment with 4-hydroxy-nonenal, made the plant more 449 

sensitive to high light conditions. On the contrary, the overexpression of SCL14 that permits a 450 

stronger induction of the detoxification response was sufficient to confer increased resistance to 451 

photooxidative stress. As under excessive light and considering that plants suffer excessive light 452 

on a daily basis (Ort, 2001), it would be worth testing the overexpression of this regulative factor 453 

under other stresses and in other plant species, to verify the possible impact of enhancing the 454 

detoxification response on field yields, like previously described for single enzymes downstream 455 

of SCL14 (Mano et al., 2005; Mano, 2012; Turóczy et al., 2011; Kotchoni et al., 2006; Stiti et al., 456 

2011).  457 

Finally, we can state that the SCL14-dependent-xenobiotic response occurs during 458 

photooxidative stress and that it participates in the β-cc-induced resistance to excessive light and 459 

to the intrinsic resistance of young tissues to this stress. Therefore, we propose a mechanism in 460 

which photooxidation under excessive light generates toxic RCS metabolites and increases β-cc 461 

concentration. β-cc enhances SCL14 expression, likely increasing the number of interactions 462 

between SCL14 and the as1-bound TGA transcription factors that, together with the activation of 463 

the MYC-dependent signaling pathway (Figure 1), induces strong activation of the xenobiotic 464 
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detoxification response (Figure 13) (Köster et al., 2012). In fact, the concerted action of the TGA 465 

and the MYC transcription factors is required for the complete activation of the detoxification 466 

response (Köster et al., 2012). Furthermore, the limited induction of SCL14 by β-cc, similar to the 467 

overexpression levels found in the OE:SCL14 line, could explain why we detected no competition 468 

between SCL14 and NPR1, one of the many interacting protein partners of the TGAII transcription 469 

factors (Fan and Dong, 2002; Després et al., 2000; Zhou et al., 2000). In fact, the genetic response 470 

of the four SCL14-dependent ANAC transcription factors, ANAC002, ANAC032, ANAC081 and 471 

ANAC102, to β-cc was similar in the npr1-1 mutant and in wt (Supplementary Figure 2) 472 

In this work, we enrich the SCL14-dependent pathway by showing the hierarchical 473 

relationship between the several players and make the link between the response to xenobiotics 474 

and its physiological role in detoxifying toxic reactive carbonyl species (RCS), which have a 475 

negative impact under stress conditions. More specifically, we show that among all the elements 476 

regulated by SCL14, ANAC102 is a master regulator of the downstream response. Accordingly, 477 

ANAC002, ANAC032 and ANAC081 were unresponsive to β-cc in the anac102 mutant line (Figure 478 

8).  479 

 Under excessive light, SCL14, TGA II and likely MYC transcription factors mediate the 480 

induction of ANAC102. This transcription factor was shown to be indispensable for coping with 481 

high light and to mediate the induction of ANAC002, ANAC032 and ANAC081 and, consequently, 482 

of the downstream enzymes (Ratnakaran, 2014). Finally, the strong induction of the AER, AKR, 483 

ALDH and SDR enzymes and of the glucosyl and glutathione transferases (Ramel et al., 2012b) 484 

assures the elimination of RCS produced under stress conditions. RCS are toxic for the cell and 485 

their accumulation leads to a reinforced accumulation of lipid peroxides under excessive light 486 

(Figure 12) (Mano, 2012). The activation of this detoxification mechanism precludes cell death 487 

owing to lower accumulation of toxic compounds and depicts a novel process by which β-cc 488 

enhances plant performance under photooxidative stress (Figure 13). It is likely that the SCL14-489 

dependent pathway of Figure 13 is part of a more complex mechanism of phototolerance, which 490 

could involve regulation of phytohormones such as jasmonic acid. Indeed, acclimation of the 1O2-491 

overproducing ch1 Arabidopsis mutant is associated with a block of the biosynthesis of this 492 
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phytohormone in high light (Ramel et al., 2013b). Further studies will have to clarify the links 493 

between the β-cc-induced detoxification pathway shown here and hormonal regulations.    494 

Chloroplasts are the main sites of lipid peroxidation under excessive light stress, and at 495 

least two of the enzymes induced by β-cc,the stroma-localized chloroplastic aldehyde reductase 496 

(ChlADR) and the chloroplastic aldo-keto reductase (ChlAKR), can detoxify RCS directly at the 497 

primary location of production. The perfect correspondence of the toxic metabolites produced 498 

under oxidative stress with the target of the enzymatic families that compose the xenobiotic 499 

response let us hypothesize a possible explanation for the origin of this pathway. In other words, 500 

the exceptional diversity of reactive damaging molecules generated under photooxidative stress 501 

could have led to the evolution of a general mechanism of detoxification that mediates the 502 

inactivation of several reactive and potentially toxic compounds (Huang et al., 2016).  503 

In this work, we further deciphered the intrinsic resistance of young tissues to excessive 504 

light. Younger leaves can better resist photoinhibition than older leaves due to a higher plasticity 505 

(Bielczynski et al., 2017; Sims and Pearcy, 1992) and to higher capacity to accumulate ascorbate 506 

peroxidase (APX) and superoxidase dismutase (SOD) (Moustaka et al., 2015). In addition, high 507 

light triggers both autonomous signals required for direct high light and ROS perception and non-508 

autonomous distal systemic acquired acclimation (SAA) (Carmody et al., 2016; Rossel et al., 2007). 509 

Altogether, these mechanisms may participate in the tolerance to photooxidative stress in young 510 

leaves under our stress conditions. In fact, we were unable to observe photooxidation in the 511 

young leaves of whole plants (Figure 3, 6 and 12) and we had to increase stress conditions, by 512 

prolonging the stress to 48h, to observe a limited peroxidation and photoinhibition in wt young 513 

leaves (Supplementary Figure 3). Wt young leaves are resistant to high light both when whole 514 

plants or cut leaves were put under stress conditions, suggesting autonomous mechanisms are 515 

prevalent in the tolerance.  On the other hand, young scl14 leaves were drastically more sensitive 516 

to high light than wt in the detached leaves experiments, while only limitedly more sensitive when 517 

we analyzed whole plants (Supplementary Figure 3). This suggests an additional role for the 518 

systemic acquired acclimation upstream of SCL14. In fact, when systemic signaling is excluded, 519 

SCL14 is pivotal for reducing peroxidation, while other mechanisms are induced in young leaves 520 
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in a systemic way, that could limit RCS formation by reducing ROS concentrations (Carmody et al., 521 

2016; Matsuo et al., 2015).   522 

To sum up, we propose a mechanism elicited by β-cc to achieve plant tolerance to high 523 

light, in parallel with the previously described MBS1-mediated protection against singlet oxygen. 524 

For the first time, the SCL14-dependent detoxification is linked to a physiological process rather 525 

than to the resistance to artificial or synthetic xenobiotics. The induction of the many enzymes 526 

belonging to the first phase of the detoxification can now be correlated with the increase in the 527 

concentration of their substrates, namely oxidized lipids (e.g. HOTEs) and derived metabolites. 528 

Finally, we highlight a more complete and integrated view on the processes happening 529 

downstream of photooxidation, which are schematized in Figure 13.  530 

 531 

METHODS 532 

 533 

Plant growth and stress treatment  534 

Wild type (wt, ecotype Col 0) and anac102 (SALK_030702C) were obtained from the Nottingham 535 

Arabidopsis Stock Centre (Arabidopsis.info) (Christianson et al., 2009), scl14, the triple mutant 536 

tga II (tga 2x5x6) and the SCL14-overexpressing  Arabidopsis thaliana lines were kindly provided 537 

by the Christiane Gatz laboratory (Gottingen, Germany) (Fode et al., 2008). The npr1 mutant line 538 

was kindly provided by Gerit Bethke of the Glazebrook lab (St. Paul, Minnesota). All the lines were 539 

grown for 5 weeks in short-day conditions (8h/16h, day/night) under a moderate photon flux 540 

density (PFD) of ~150 µmol photons m-2 s -1 provided by HQI metal halide bulbs (Osram), 541 

controlled temperature (22 °C/18 °C, day/night) and a relative air humidity of 65 %. 542 

Photooxidative stress was applied by subjecting at least 3 plants of wt, anac102, scl14, tga II, npr1 543 

and OE:SCL14 lines per experiment, to 1500 µmol m-2 s-1 PFD, 7 °C/18 °C temperature day/night 544 

respectively, and 380 ppm CO2 in a growth chamber (Ramel et al., 2012b; Havaux, 2014). 545 

Alternatively, for the photooxidative stress on detached leaves, mature and young leaves were 546 

cut from 5-week old plants of the different lines and placed on a flat and wet surface. Leaf age 547 

was defined by leaf position (mature: leaves 5 – 11, young: leaves > 14) (Mousavi et al., 2013). 548 

Stress conditions were imposed by placing the leaves in a cold chamber (6 °C) under a PFD of 1100 549 
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µmol photons m-2 s -1 for 16 hours. β-cyclocitral (β-cc) treatment was performed by placing plants 550 

in a transparent airtight plexiglass box, and by applying defined volumes (50 or 100 µl) of pure β-551 

cc on cotton balls in the plexiglass boxes (Ramel et al., 2012b; Shumbe et al., 2017, 2014). As a 552 

control, β-cc was replaced with H2O. The plexiglass boxes were thoroughly sealed and placed in 553 

a growth chamber under controlled conditions of light and temperature (50 µmol photons m-2 s -554 

1 and 22°C) for 4 h. β-cc was obtained from Sigma-Aldrich. 555 

The treatment with 4-HNE was performed by spraying plants with 1 mM 4-HNE in water 556 

and putting the plant in sealed plexiglass boxes for 4h. As a control, 4-HNE was replaced with 557 

water. Then high light stress conditions were imposed, as described above. 558 

The translational reporter lines ANAC102:ANAC102-GUS were obtained by cloning the full 559 

AT5G63790 gene (-2041 +1124), including the putative 5’ regulative region and both introns and 560 

exons, in frame to the uidA gene in the pBGWFS7 gateway entry vector (Karimi et al., 2002) (Table 561 

S1). The vector was transformed in Agrobacterium C58C1 strain and wt plants were transformed 562 

by floral dip.  563 

 564 

Quantification of lipid peroxidation and imaging  565 

Lipids were extracted from 0.3 to 0.5 g of leaves, deriving from a pool of 3 plants for each 566 

condition, then frozen in liquid nitrogen. The leaves were ground in an equivolume 567 

methanol/chloroform solution containing 5mM Triphenylphosphine (PO3) and 1 mM 2,6-tert-568 

butyl-p-cresol (BHT) (5 ml g-1 fresh weight) and 1M citric acid (2.5 ml g-1 fresh weight), using an 569 

Ultra-Turrax blender. 15-HEDE was added as an internal standard to a final concentration 100 570 

nmol g-1 fresh weight and mixed properly. After centrifugation at 700 rpm and 4°C for 5 min, the 571 

lower organic phase was carefully taken out with the help of a glass syringe and transferred into 572 

a 15 ml glass tube. The syringe was rinsed with approximately 2.5 ml chloroform and emptied in 573 

the tube containing the upper organic phase. The process was repeated, and the lower layer was 574 

again collected and pooled with the first fraction. The solvent was evaporated under N2 gas, at 575 

40 °C. The residues were recovered by 1.25 ml absolute ethanol and 1.25 ml of 3.5 N NaOH and 576 

hydrolyzed at 80°C for 30 minutes. The ethanol was evaporated under N2 gas at 40 °C for ~10 577 

minutes. After cooling to room temperature, pH was adjusted to 4 - 5 by adding 2.1 ml 1M citric 578 
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acid. Hydroxy fatty acids were extracted with hexane/ether 50/50 (v/v). The organic phase of 579 

three samples for each condition was analyzed by straight phase HPLC-UV, as previously 580 

described (Montillet et al., 2004). ROS-induced and LOX-mediated hydroxy octadecatrienoic acid 581 

(HOTE) isomers (9-, 12-, 13- and 16-HOTE derived from the oxidation of the main fatty acid, 582 

linolenic acid) were quantified based on the 15-HEDE internal standard (Montillet et al., 2004). 583 

Lipid peroxidation was also visualized in whole plants by autoluminescence imaging. Stressed 584 

plants were dark adapted for 2 h, and the luminescence emitted from the spontaneous 585 

decomposition of lipid peroxides was captured by a highly sensitive liquid N2- cooled charge-586 

coupled device (CCD) camera, as previously described (Birtic et al., 2011). One exemplificative 587 

plant was analyzed for each condition, and experiments were repeated at least twice. The images 588 

were treated using Image J software (NIH, USA) 589 

 590 

PSII photochemical activity  591 

Chlorophyll fluorescence from intact leaves was measured with a PAM-2000 fluorometer (Walz), 592 

as described previously (Ramel et al., 2012b). The maximum quantum yield of PSII was 593 

determined by the Fv/Fm ratio, measured in dark-adapted intact leaves. Chlorophyll fluorescence 594 

imaging was done with a laboratory-built instrument described in (Johnson et al., 2009). 595 

 596 

RNA isolation and RT-qPCR 597 

Total RNA was isolated from 150 mg leaves, deriving from a pool of the shoots of 3 plants for each 598 

condition, using the Nucleospin RNA Plant kit (Macherey-Nagel). The concentration was 599 

measured on a NanoDrop2000 (Thermo Scientific, USA). First strand cDNA was synthesized from 600 

3 µg total RNA using the PrimeScript Reverse Transcriptase kit (Takara, Japan). RT-qPCR was 601 

performed on a Lightcycler 480 Real-Time PCR system (Roche, Switzerland). 3 µl of a reaction 602 

mixture comprising SYBR Green I Master (Roche, Switzerland), 10 µM each of forward and reverse 603 

primers and water, was added to 2 µL of a 50-fold diluted cDNA sample in a 384 well plate. Each 604 

condition was represented by 4 technical replicates. The PCR program used was: 95 °C for 10 min, 605 

then 45 cycles of 95 °C for 15 s, 58 °C for 15 s and 72 °C for 15 s. Primers for all genes examined 606 

(Table S1) were designed using the Primer-BLAST software 607 
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(https://www.ncbi.nlm.nih.gov/tools/primer-blast/). PROFILIN-1 and CYCLOPHYLIN-5 were used 608 

as reference genes for the normalization of gene expression levels. 609 

 610 

β-glucuronidase histochemical assay 611 

Histochemical staining was performed on 5-week-old plants of the ANAC102-GUS translational 612 

reporter. Samples, belonging to two transgenic lines, were analyzed for β-glucuronidase activity 613 

by observing the specific blue staining. Samples were incubated overnight at 37 °C in the reaction 614 

medium (1mM X-Gluc, 0.05% Triton X-100, 1 mM K3Fe(CN)6, 1 mM K4Fe(CN)6 3× H2O, 10mM 615 

EDTA, and 50mM sodium phosphate buffer, pH 7.0).  616 

 617 

Detection of ROS Production 618 

1O2 or H2O2 production was measured in attached leaves respectively by using the SOSG or the 619 

H2DCFDA fluorescent probe (Invitrogen) (Flors et al., 2006), as previously described (Ramel et al., 620 

2012a). Leaves were infiltrated with 100mM probe by a 1-mL syringe, without needle. Plants were 621 

exposed for 4 hours to a PFD of 1500 µmol m-2 s-1 at 7°C then infiltrated and put further 30 min 622 

under stress conditions. SOSG fluorescence was then measured using a Perkin-Elmer 623 

Spectrofluorometer (LS 50B) at 515 nm with a 475-nm excitation. H2DCFDA fluorescence was 624 

measured at 525 nm with a 490-nm exciting light beam.  625 

 626 

Statistics 627 

All experiments were performed at least on three biological replicates, and the images represent 628 

typical examples. Each experiment included the corresponding independent control. The values 629 

are represented as the means + standard deviation. The statistical significance was tested using 630 

Student’s t-test (two-tailed, unequal variances). 631 
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Sequence data from this article can be found in the Arabidopsis Genome Initiative or GenBank/EMBL 634 
databases under the following accession numbers: 635 

MBS1 (AT3G02790), SCL14 (AT1G07530), ANAC102 (AT5G63790), ANAC002 (AT1G01720), ANAC032 636 
(AT1G77450), ANAC081 (AT5G08790).  637 
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Figure legends:  840 

Figure 1: β-cyclocitral elicits a SCL14-like response involving the TGA and MYC transcription 841 

factors 842 

(A) Number of genes whose expression increases or decreases more than 1.5 fold in log2 values 843 

compared to the respective controls in the transcriptome of β-cyclocitral-treated wt plants (4h 844 

treatment, β-cc) and of the ch1 mutant line under high light stress (ch1 HL, 1200 µmol photons 845 

m
-2

 s
-1 

at 10°C for 24h). (B) Transcription factors cis element enrichment in the regulatory regions 846 

(-1000 + 50 base pairs from the starting codon) of the common genes. (C) ANAC002, ANAC032, 847 

ANAC081 and ANAC102 expression levels (fold-change relative to the control levels) in wild type 848 

plants exposed to β-cc or under excessive light stress (HL), measured by RT-qPCR. Every value 849 

showed a significant difference when tested against CTRL conditions (P < 0.01). Error bars = + SD 850 

between the four technical replicates from pools of three plants per treatment. Two full 851 

experimental replicates. 852 

 853 

Figure 2: β-cyclocitral induces SCL14 and the downstream response  854 

ANAC002, ANAC032, ANAC081, ANAC102 and SCL14 expression levels (relative to wt control 855 

levels, WT CTRL, which are set to 1) in wt, scl14, tga II and OE:SCL14 plants under control 856 

conditions or exposed to β-cc, measured by RT-qPCR. ANAC genes induced by β-cc in the 857 

OE:SCL14, scl14 and tga II plants showed a significant difference when tested against β-cc 858 

induction in the wt (P < 0.01). The black diamonds indicate expression levels significantly different 859 

from SCL14 expression levels in the corresponding control condition (P < 0.01). Error bars = + SD 860 

between the four technical replicates from pools of three plants per genotype per treatment. 861 

 862 

Figure 3: scl14 mutant lines are not able to acquire β-cc-induced resistance to excessive light  863 

(A) Leaf bleaching (top panel) and lipid peroxidation, monitored by autoluminescence imaging 864 

(bottom of panel), of wt, scl14 and OE:SCL14 plants pre-treated with β−cc or with water. The color 865 

palette shows signal intensity from low (dark blue) to high (white) values. (B) HPLC-UV 866 

quantification of the HOTE normalized to the wt control (CTRL). The black diamonds indicate 867 
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significant differences with P < 0.05. Error bars = + SD between the technical replicates from pools 868 

of three plants. Error bars = + SD between the four biological replicates from leaves of three plants 869 

per genotype per treatment. Two full experimental replicates. 870 

 871 

Figure 4: tga II mutant lines are sensitive to excessive light and unresponsive to β-cc 872 

(A) Leaf bleaching (top panel) and lipid peroxidation, monitored by autoluminescence imaging 873 

(bottom panel), of wt and of tga II mutant plants pre-treated with β−cc or with water. The color 874 

palette shows signal intensity from low (dark blue) to high (white) values. (B) HPLC-UV 875 

quantification of the HOTE normalized on wt control (CTRL). The black diamonds indicate 876 

significant differences with P < 0.05. Error bars = + SD between the four biological replicates from 877 

leaves of three plants per genotype per treatment. Two full experimental replicates. 878 

 879 

Figure 5: β-cyclocitral induces a SCL14-dependent xenobiotic-detoxification response 880 

SDR1, ChlADR, AKR4C9, AER, GRX480/ROXY19 and AT5G61820 expression levels (relative to wt 881 

control levels, WT CTRL, which are set to 1) in wt, scl14, tga II and OE:SCL14 plants under control 882 

conditions or exposed to β-cc, measured by RT-qPCR. Every gene induced by β-cc in the OE:SCL14, 883 

scl14 and tga II plants showed a significant difference when tested against β-cc induction in the 884 

wt (P < 0.01). Error bars = + SD between the four technical replicates from pools of three plants 885 

per genotype per treatment. 886 

 887 

Figure 6: anac102 mutant lines are sensitive to excessive light and unresponsive to β-cc 888 

(A) Leaf bleaching (top panel) and lipid peroxidation, monitored by autoluminescence imaging 889 

(bottom panel), of wt and of anac102 mutant plants pre-treated with β−cc or with water. The 890 

color palette shows signal intensity from low (dark blue) to high (white) values. (B) HPLC-UV 891 

quantification of the HOTE normalized to wt control (CTRL). The black diamonds indicate 892 

significant differences with P < 0.05. Error bars = + SD between the technical replicates from pools 893 

of three plants. Error bars = + SD between the three biological replicates from leaves of three 894 

plants per genotype per treatment. Two full experimental replicates. 895 

 896 
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Figure 7: β-cyclocitral induced SCL14-dependent detoxification response is blocked in anac102 897 

SDR1, ChlADR, AKR4C9, AER, GRX480/ROXY19 and AT5G61820 expression levels (relative to wt 898 

control levels, WT CTRL, which were set to 1) in wt, and anac102 plants under control conditions 899 

or exposed to β-cc, measured by RT-qPCR. Every gene induced by β-cc in the anac102 plants 900 

showed a significant difference when tested against β-cc induction in the wt (P < 0.01). Error bars 901 

= + SD between the four technical replicates from pools of three plants per genotype per 902 

treatment. 903 

 904 

Figure 8: ANAC102 is upstream of ANAC002, ANAC032 and ANAC081 905 

ANAC002, ANAC032 and ANAC081 expression levels (relative to wt control levels, WT CTRL, which 906 

were set to 1) in wt and anac102 plants under control conditions or exposed to β-cc, measured 907 

by RT-qPCR. Every gene induced by β-cc in anac102 plants showed a significant difference when 908 

tested against β-cc induction in the wt (P < 0.01). Error bars = + SD between the four technical 909 

replicates from pools of three plants per genotype per treatment. 910 

 911 

Figure 9: SCL14-dependent detoxification pathway is independent of MBS1 912 

MBS1, ANAC102, ANAC032, AER, SDR1, ChlADR, AKR4C9 and AT5G61820 expression levels 913 

(relative to wt control levels, CTRL, which were set to 1) in wt, and mbs1 plants under control 914 

conditions or exposed to β-cc, measured by RT-qPCR. MBS1 expression in the mutant is 915 

significantly lower than in wt (P<0,01). ANAC102, ANAC032, AER, SDR1, ChlADR, AKR4C9 and 916 

AT5G61820 expression levels after β-cc treatment are significantly different from the relative 917 

control level in wt or mbs1 mutant plants (P>0,01). Error bars = + SD between the four technical 918 

replicates from pools of three plants per genotype per treatment. Two full experimental replicates 919 

 920 

Figure 10: ANAC102 is particularly induced in young leaves 921 

(A) Schematization of the ANAC102 translational reporter. (B) Histochemical analyses of the 922 

translational reporter after 4h treatment with water (CTRL) or β-cc (β-cc) and overnight 923 

development of the staining.  Two full experimental replicates. 924 

 925 
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Figure 11: The resilience of young leaves to excessive light depends on SCL14 926 

 (A) Leaf bleaching (on the left) and lipid peroxidation monitored by autoluminescence imaging 927 

(on the right) of wt, scl14 and of OE:SCL14 detached leaves after high light stress. (B) Maximum 928 

quantum yield of PSII photochemistry determined by the Fv/Fm chlorophyll fluorescence ratio of 929 

wt, scl14 and of OE:SCL14 mature and young detached leaves after high light stress. (C) HPLC-UV 930 

quantification of the HOTE normalized to wt mature leaves. Black diamonds indicate significant 931 

differences (P < 0.05). Error bar = + SD between the technical replicates from pools of four mature 932 

leaves or ten young leaves. Error bars = + SD between the three biological replicates of pools of 933 

four mature leaves or ten young leaves. Two full experimental replicates. 934 

 935 

Figure 12: SCL14-dependent detoxification pathway acts on toxic RCS rather than on ROS 936 

accumulation 937 

(A) Leaf bleaching (top panel) and lipid peroxidation, monitored by autoluminescence imaging 938 

(bottom panel), of wt plants pre-treated with 1 mM HNE or with water. The color palette shows 939 

signal intensity from low (dark blue) to high (white) values. (B) HPLC-UV quantification of the HOTE 940 

normalized to the wt control (CTRL). The black diamonds indicate significant differences with P < 941 

0.05. Error bar = + SD between the four biological replicates from leaves of three plants per 942 

treatment. (C) SOSG or H2DCFDA fluorescence in wt, scl14 or OE:SCL14 plants tested measured 943 

after 4h of high light stress. Error bars = + SD between fluorescence deriving from five leaves per 944 

plant (Two plants per genotype per treatment). 945 

 946 

Figure 13. β-cyclocitral Mediates Resilience to Photooxidative Stress via the SCL14-dependent 947 

Xenobiotic Response 948 

Photo-oxidation under excessive light stress generates toxic RCS metabolites and increases β-cc 949 

concentration. β-cc induces the expression of SCL14 leading to enhanced expression of ANAC102 950 

and finally a strong activation of the xenobiotic detoxification response. In this response, ANAC102 951 

is upstream of ANAC002, ANAC032 and ANAC081 expression, and consequently of the enzymes 952 

controlled by these transcription factors. Furthermore, the strong induction of the AER, AKRs, 953 
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ALDHs and SDRs enzymes and of the glucosyl and glutathione transferases in the xenobiotic 954 

detoxification pathway assures the elimination of the RCS produced under stress conditions. 955 

Reducing RCS accumulation limits the positive feedback on lipid peroxidation and lead to 956 

tolerance rather than cell death. 957 

 958 

Supplemental Figure 1: β-cc induction of ANAC genes is independent of NPR1.  959 

Supports Figure 2. 960 

PR1, ANAC102, ANAC032, ATAF1/ANAC002 and ATAF2/ANAC081 expression levels (relative to wt 961 

control levels, CTRL, which were set to 1) in wt, and npr1 plants under control conditions or 962 

exposed to β-cc, measured by RT-qPCR. PR1 expression level in the npr1 mutant line is significantly 963 

lower than in wt (P < 0,01). ANAC102, ANAC032, ATAF1/ANAC002 and ATAF2/ANAC081 expression 964 

levels in β-cc treated plant are significantly different from expression in the relative wt or npr1 965 

control (P < 0,01). Error bars = + SD between the technical replicates from pools of three plants 966 

per genotype per treatment. 967 

 968 

Supplemental Figure 2: Effect of cycloheximide on ANAC102 induction by β-cc. 969 

Supports Figure 10. 970 

The ANAC102 translational reporter described in Figure 10 was used I this experiment. Stain after 971 

4-h treatment with water (H2O), β-cc (β-cc), cycloheximide (CHX) or β-cc and CHX and overnight 972 

development of the staining. 973 

 974 

 975 

Supplemental Figure 3: The resilience of young leaves to excessive light depends on SCL14. 976 

Supports Figure 11. 977 

 (A) Leaf bleaching of typical wt, scl14 and OE:SCL14 plants after high light stress. Leaves were 978 

detached from the plants after the stress and placed, by age, on a flat surface from the 4th to the 979 

18-20th youngest leaf. (B) Leaf bleaching (on the left) and maximum quantum yield imaging of 980 

PSII photochemistry determined by the Fv/Fm chlorophyll fluorescence ratio (on the right) of wt, 981 
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scl14 and of OE:SCL14 detached leaves after high light stress. The color palette shows signal 982 

intensity from low (dark blue) to high (red) values. (C) Leaf bleaching (on the left) and lipid 983 

peroxidation monitored by autoluminescence imaging (on the right) of wt, scl14 and of OE:SCL14 984 

detached leaves after high light stress. The color palette shows signal intensity from low (dark 985 

blue) to high (white) values. Two full experimental replicates. 986 

 987 

Supplemental Table 1: Primers used in the work 988 

 989 
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Figure 1: β-cyclocitral elicits a SCL14-like response involving the TGA and MYC transcription factors
(A) Number of genes whose expression increases or decreases more than 1.5 fold in log2 values compared to the respective controls in the transcriptome of β-
cyclocitral-treated wt plants (4-h treatment, β-cc) and of the ch1 mutant line under high light stress (ch1 HL, 1200 µmol photons m-2 s-1 at 10°C for 24h). (B)
Transcription factors cis element enrichment in the regulative regions (-1000 + 50 base pairs from the starting codon) of the common genes. (C) ANAC002, ANAC032,
ANAC081 and ANAC102 expression levels (fold-changes relative to the control levels) in wt plants exposed to β-cc or under excessive light stress (HL), measured by RT-
qPCR. Every value showed a significant difference when tested against CTRL conditions (P < 0.01). Error bars = + SD between the four technical replicates from pools of
three plants per treatment. Two full experimental replicates.
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Figure 2: β-cyclocitral induces SCL14 and the downstream response
ANAC002, ANAC032, ANAC081, ANAC102 and SCL14 expression levels (relative to wt control levels, WT CTRL, which was set to 1) in wt, scl14, tga II and OE:SCL14
plants under control conditions or exposed to β-cc, measured by qRT-PCR. ANAC genes induced by β-cc in the OE:SCL14, scl14 and tga II plants showed a significant
difference when tested against β-cc induction in the wt (P < 0.01). The black diamonds indicate expression levels significantly different from SCL14 expression levels
in the relative control condition (P < 0.01). Error bars = + SD between the four technical replicates from pools of three plants per genotype per treatment.
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Figure 3: scl14 mutant lines are not able to acquire β-cc-induced resistance to excessive
light
(A) Leaf bleaching (top panel) and lipid peroxidation, monitored by autoluminescence
imaging (bottom of panel), of wt scl14 and OE:SCL14 plants pre-treated with β−cc or with
water. The color palette shows signal intensity from low (dark blue) to high (white)
values. (B) HPLC-UV quantification of the HOTE normalized to the wt control (CTRL). The
black diamonds indicate significant differences with P < 0.05. Error bars = + SD between
the four biological replicates from leaves of three plants per genotype per treatment.
Two full experimental replicates.0
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Figure 4: tga II mutant lines are sensitive to excessive light and unresponsive to β-cc
(A) Leaf bleaching (top panel) and lipid peroxidation, monitored by autoluminescence imaging (bottom panel), of WT and of tga II triple mutant plants pre-
treated with β−cc or with water. The color palette shows signal intensity from low (dark blue) to high (white) values. (B) HPLC-UV quantification of the HOTE
normalized on WT control (CTRL). The black diamonds indicate significant differences with P < 0.05. Error bars = + SD between the four biological replicates
from leaves of three plants per genotype per treatment. Two full experimental replicates.
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Figure 5: β-cyclocitral induces a SCL14-dependent xenobiotic-detoxification response
SDR1, ChlADR, AKR4C9, AER, GRX480/ROXY19 and AT5G61820 expression levels (relative to wt control levels, WT CTRL, which were set to 1) in wt, scl14, tga II and
OE:SCL14 plants under control conditions or exposed to β-cc, measured by RT-qPCR. Every gene induced by β-cc in the OE:SCL14, scl14 and tga II plants showed a
significant difference when tested against β-cc induction in the wt (P < 0.01). Error bars = + SD between the four technical replicates from pools of three plants per
genotype per treatment.
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Figure 6: anac102 mutant lines are sensitive to excessive light and unresponsive to β-cc
(A) Leaf bleaching (top panel) and lipid peroxidation, monitored by autoluminescence imaging (bottom panel), of wt and of anac102 mutant plants pre-treated
with β−cc or with water. The color palette shows signal intensity from low (dark blue) to high (white) values. (B) HPLC-UV quantification of the HOTE
normalized to the wt control (CTRL). The black diamonds indicate significant differences with P < 0.05. Error bars = + SD between the three biological replicates
from leaves of three plants per genotype per treatment. Two full experimental replicates.

B

0

100

200

300

400

500

WT anac102

%
 o

f W
T 

CT
RL

 H
O

TE





HL + β-cc
HL

WT anac102

lo
w

   
   

   
   

   
   

   
   

hi
gh

WT WT + β-cc anac102 anac102 + β-cc 



0

10

20

30

40

50

WT anac102

Re
la

tiv
e 

ex
pr

es
sio

n

0

20

40

60

80

100

WT anac102

Re
la

tiv
e 

ex
pr

es
sio

n

0

10

20

30

40

50

WT anac102

Re
la

tiv
e 

ex
pr

es
sio

n
0

5

10

15

20

25

WT anac102

Re
la

tiv
e 

ex
pr

es
sio

n

0

10

20

30

40

50

WT anac102

0

5

10

15

WT anac102

SDR1 AKR4C9

AER

GRX480/ROXY19

AT5G61820

Figure 7: β-cyclocitral-induced SCL14-dependent detoxification response is blocked in anac102
SDR1, ChlADR, AKR4C9, AER, GRX480/ROXY19 and AT5G61820 expression levels (relative to wt control levels, WT CTRL, which were set to 1) in wt, and anac102
plants under control conditions or exposed to β-cc, measured by qRT-PCR. Every gene induced by β-cc in the anac102 plants showed a significant difference when
tested against β-cc induction in the wt (P < 0.01). Error bars = + SD between the four technical replicates from pools of three plants per genotype per treatment.
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Figure 8: ANAC102 is upstream of ANAC002, ANAC032 and ANAC081
ANAC002, ANAC032 and ANAC081 expression levels (relative to wt control levels, CTRL WT, which were set to 1) in wt and anac102 plants under control conditions
or exposed to β-cc, measured by RT-qPCR. Every gene induced by β-cc in anac102 plants showed a significant difference when tested against β-cc induction in the
wt (P < 0.01). Error bars = + SD between the four technical replicates from pools of three plants per genotype per treatment.
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Figure 9: SCL14-dependent detoxification pathway is independent of
MBS1
MBS1, ANAC102, ANAC032, AER, SDR1, ChlADR, AKR4C9 and
AT5G61820 expression levels (relative to wt control levels, CTRL,
which were set to 1) in wt and mbs1 plants under control conditions
or exposed to β-cc, measured by RT-qPCR. MBS1 expression in the
mutant is significantly lower than in wt (P<0,01). ANAC102, ANAC032,
AER, SDR1, ChlADR, AKR4C9 and AT5G61820 expression levels after β-
cc treatment are significantly different from the relative control level
in wt or mbs1 mutant plants (P>0,01). Error bars = + SD between the
four technical replicates from pools of three plants per genotype per
treatment. Two full experimental replicates
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Figure 10: ANAC102 is particularly induced in younger leaves
(A) Schematization of the ANAC102 translational reporter. (B) Histochemical analyses of the translational reporter after 4h treatment with water (H2O) or 
β-cc (β-cc) and overnight development of the staining. Two full experimental replicates. 
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Figure 11: The resilience of young leaves to excessive light depends also on SCL14
(A) Leaf bleaching (on the left) and lipid peroxidation monitored by autoluminescence imaging (on the right) of wt, scl14 and of OE:SCL14 detached leaves after high light stress. (B) Maximum

quantum yield of PSII photochemistry determined by the Fv/Fm chlorophyll fluorescence ratio of wt, scl14 and of OE:SCL14 mature and young detached leaves after high light stress. (C) HPLC-UV
quantification of the HOTE normalized to wt mature leaves. Black diamonds indicate significant differences (P < 0.05). Error bars = + SD between the three biological replicates of pools of four
mature leaves or ten young leaves. Two full experimental replicates.
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Figure 12: SCL14-dependent detoxification pathway acts on
toxic RCS rather than on ROS accumulation
(A) Leaf bleaching (top panel) and lipid peroxidation,
monitored by autoluminescence imaging (bottom panel), of
WT plants pre-treated with 1 mM HNE or with water. The
color palette shows signal intensity from low (dark blue) to
high (white) values. (B) HPLC-UV quantification of the HOTE
normalized to the wt control (CTRL). The black diamonds
indicate significant differences with P < 0.05. Error bar = + SD
between the four biological replicates from leaves of three
plants per treatment. (C) SOSG or H2DCFDA fluorescence in
wt, scl14 or OE:SCL14 plants tested measured after 4h of
high light stress. Error bars = + SD between fluorescence
deriving from five leaves per plant (Two plants per genotype
per treatment).
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Figure 13. β-cyclocitral Mediates Resilience to Photooxidative Stress via the SCL14-dependent Xenobiotic Response
Photo-oxidation under excessive light stress generates toxic RCS metabolites and increases β-cc concentration. β-cc induces the expression of SCL14 leading to
enhanced expression of ANAC102 and finally a strong activation of the xenobiotic detoxification response. In this response, ANAC102 is upstream of ANAC002,
ANAC032 and ANAC081 expression, and consequently of the enzymes controlled by these transcription factors. Furthermore, the strong induction of the AER,
AKRs, ALDHs and SDRs enzymes and of the glucosyl and glutathione transferases in the xenobiotic detoxification pathway assures the elimination of the RCS
produced under stress conditions. Reducing RCS accumulation limits the positive feedback on lipid peroxidation and lead to tolerance rather than cell death.

ANAC002
ANAC032
ANAC081

TOLERANCE TO
PHOTOOXIDATIVE STRESS

CELL DEATHLIPID PEROXIDATION

MBS1


	TPC_DALESSANDRO - ver 2109_Article File
	Figure1_fed
	Diapositive numéro 1

	Figure2_fed
	Diapositive numéro 1

	Figure3_fed
	Diapositive numéro 1

	Figure4_fed
	Diapositive numéro 1

	Figure5_fed
	Diapositive numéro 1

	Figure6_fed
	Diapositive numéro 1

	Figure7_fed
	Diapositive numéro 1

	Figure8_fed
	Diapositive numéro 1

	Figure9_fed
	Diapositive numéro 1

	Figure10_fed
	Diapositive numéro 1

	Figure11_fed
	Diapositive numéro 1

	Figure12_fed
	Diapositive numéro 1

	Figure13_f
	Diapositive numéro 1


