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In this work,  5 -sterols and their degradation products have been used to compare 20 the efficiency of biotic and abiotic degradation processes in senescent Mediterranean marine 21 (Posidonia oceanica) and terrestrial (Quercus ilex and Smilax aspera) angiosperms. Type II 22 photosensitized oxidation processes appeared to be more efficient in P. oceanica than in Q. ilex 23 and S. aspera. The low efficiency of these processes in senescent terrestrial angiosperms was 24 attributed to: (i) the fast degradation of the sensitizer (chlorophyll) in these organisms and (ii) 25 the relatively high temperatures observed on ground in Mediterranean regions favoring the 26 diffusion of singlet oxygen outside of the membranes. Senescent leaves of P. oceanica 27 contained highest proportions of photochemically-produced 6-hydroperoxysterols likely due to 28 the presence of trace amounts of metal ions in seawater catalyzing selective homolytic cleavage 29

of 5-and 7-hydroperoxysterols. Bacterial metabolites of sitosterol and of its photooxidation 30 products could be detected in senescent leaves of P. oceanica but not in Q. ilex and S. aspera.

31

These results confirmed that biotic and abiotic degradation processes may be intimately linked 32 in the environment.

Introduction 40

Senescence in plants is a complex deterioration process that can lead to the death of whole 41 organisms or a single organ. It is regulated by internal factors (age, reproductive development, 42 and phytohormone levels) and by environmental signals, including photoperiod, stresses such as drought, ozone, nutrient deficiency, wounding, and shading (Gan et al., 1997). One of the 44 earliest responses of plant cells under abiotic stresses and senescence is the generation of processes. For this purpose, we used oxidation products of  5 -sterols known to be excellent 89 biomarkers for tracing diagenetic transformations [START_REF] Mackenzie | Chemical fossils: the 337 geological fate of sterols[END_REF]. 90 91

Results and discussion

92

During plant senescence, Type II photosensitized oxidation processes act on the 93 chlorophyll phytyl side-chain affording photoproducts quantifiable after NaBH 4 -reduction and 94 alkaline hydrolysis in the form of 6,10,14-trimethylpentadecan-2-ol and 3-methylidene-95 7,11,15-trimethylhexadecan-1,2-diol (phytyldiol) (Rontani et al., 1994). Phytyldiol is 96 ubiquitous in the environment and constitutes a stable and specific tracer for photodegradation 97 of chlorophyll phytyl side-chain (Rontani et al. 1996;[START_REF] Cuny | On the widespread occurrence of 3-methylidene-7,11,15-291 trimethylhexadecan-1,2-diol in the marine environment: a specific isoprenoid marker of 292 chlorophyll photodegradation[END_REF]. The molar ratio 98 phytyldiol:phytol (Chlorophyll Phytyl side-chain Photodegradation Index, CPPI) was proposed 99 to estimate the extent of chlorophyll photodegraded in natural marine samples (Cuny et al. 100 2002). The CPPI values measured in lipid extracts resulting from the treatment of senescent 101 leaves of Q. ilex and S. aspera attested to a complete photooxidation of chlorophyll (Table 1).

102

In contrast, only 20% of chlorophyll seems to be photodegraded in detached leaves of P. 103 oceanica.

104

As expected, the main sterol detected in lipid extracts of Q. ilex, S. aspera and P. oceanica 105 appeared to be 24-ethylcholest-5-en-3-ol (sitosterol). Indeed, this C 29 sterol constitutes the 106 major sterol of terrestrial vascular plants [START_REF] Lütjohann | Sterol autoxidation: from phytosterols to oxyphytosterols[END_REF] and seagrasses (Volkman et al., 107 2008). As previously described (Iatrides et al., 1983), lipid extracts of P. oceanica also 108 contained lesser proportion of 24-ethylcholesta-5,22(E)-dien-3-ol (stigmasterol). Type II 109 photosensitized oxidation of  5 -sterols affords Δ 6 -5-hydroperoxysterols (which rearrange 110 quickly to Δ 5 -7-hydroperoxysterols, Smith, 1981) and Δ 4 -6-hydroperoxysterols (Kulig 111 and Smith, 1973) (Fig. 1). Although produced in lesser proportion than Δ 6 -5-hydroperoxysterols, Δ 4 -6-hydroperoxysterols were selected as tracers of  5 -sterol 113 photooxidation due to their high specificity and relative stability [START_REF] Christodoulou | Use of lipids 288 and their degradation products as biomarkers for carbon cycling in the northwestern 289 Mediterranean Sea[END_REF] 114 [START_REF] Christodoulou | Use of lipids 288 and their degradation products as biomarkers for carbon cycling in the northwestern 289 Mediterranean Sea[END_REF]. These compounds were quantified after NaBH 4 reduction to the 115 corresponding diols and photooxidation percentage of the parent sterol was obtained from the 116 equation: photooxidation % = ( 4 -stera-6-diols % × (1+0.3)/0.3) (Christodoulou et al., 117 2009). 24-Ethylcholest-4-en-36-diols (arising from sitosterol photooxidation) could be 118 detected in NaBH 4 -reduced lipid extracts of the three gymnosperms investigated (Fig. 2). In the 119 case of P. oceanica lipid extracts, the presence of 24-ethylcholest-4,22(E)-dien-36-diol 120 (arising from stigmasterol photooxidation) could be also noticed (Fig. 2A). On the basis of the 121 proportion of these diols relative to the parent  5 -sterols, the photooxidation state of sitosterol 122 and stigmasterol could be estimated (Table 1). The strongest photooxidation of  5 -sterols 123 observed in P. oceanica (Table 1) is in good agreement with previous results obtained in the 124 case of Z. noltii (Rontani et al., 2014). Type II photosensitized oxidation processes thus 125 appeared to be really more efficient on  5 -sterols in seagrasses than in terrestrial angiosperms.

126

This highest efficiency may be attributed to: (i) the relative persistence of chlorophyll 127 (photosensitizer) in senescent seagrasses [START_REF] Pellikaan | Decomposition processes of eelgrass, Zostera marina[END_REF]Aubby, 1991) allowing the 128 production of 1 O 2 during long periods or (ii) the temperature [START_REF] Amiraux | Paradoxical effects of temperature 282 and solar irradiance on the photodegradation state of killed phytoplankton[END_REF]. Indeed, it 129 was previously demonstrated that the diffusion rate of 1 O 2 in biological membranes increases 130 strongly with temperature [START_REF] Ehrenberg | Kinetics and yield of singlet oxygen 301 photosensitized by hypericin in organic and biological media[END_REF]. The high temperatures observed on land in 131 Mediterranean regions (notably in summer) could thus strongly favor the diffusion of 1 O 2 132 outside of the chloroplasts of terrestrial higher plants decreasing thus strongly the efficiency of 133 photosensitized processes.

134 Autoxidation (free radical-induced oxidation) of  5 -sterols mainly afford -135 hydroperoxysterols and to a lesser extent 5,6-epoxysterols and -steratriols (Smith, 1981) (Fig. 1). Due to their production by allylic rearrangement of photochemically-produced 137 5-hydroperoxysterols [START_REF] Nickon | Reactivity and geochemistry in allylic systems. I. Stereochemistry 344 of photosensitized oxygenation of monoolefins[END_REF], -hydroperoxysterols were discarded as 138 possible markers of autoxidation processes. During the treatment, 5,6-epoxysterols may be 139 hydrolyzed to -trihydroxysterols. These triols were thus selected as specific and stable 140 tracers of autoxidation processes [START_REF] Christodoulou | Use of lipids 288 and their degradation products as biomarkers for carbon cycling in the northwestern 289 Mediterranean Sea[END_REF]. Only trace amounts of 24-141 ethylcholestane-36-triol (arising from sitosterol autoxidation) could be detected in the 142 lipid extracts of Q. ilex, S. aspera and P. oceanica attesting to a weak autoxidation of  5 -sterols 143 in these senescent plants.

144

During singlet oxygen-mediated photooxidation of sterols in biological membranes 145 (Korytowski et al., 1992) and senescent phytoplanktonic cells (Rontani et al., 1997), the ratio 146 Δ 4 -6-hydroperoxysterols / Δ 5 -7-hydroperoxysterols generally ranges between 0.30 and 0.35.

147

The lower values observed in lipid extracts of Q. ilex and S. aspera (Table 1) resulted likely 148 from a slight autoxidation of sitosterol mainly producing Δ 5 -7-hydroperoxysterols. In contrast, 149 in the case of P. oceanica this ratio appeared to be very high (Table 1). This high value was 150 attributed to the involvement of an intense and selective homolytic breakdown of Δ 5 -7-151 hydroperoxysterols and Δ 6 -5-hydroperoxysterols catalyzed by metal ions (Schaich, 2005) 152 present in seawater. Indeed, according to the stability of the alkyl radicals formed during β-153 scission of the corresponding alkoxyl radicals, the following order of stability of 154 hydroperoxysterols was previously proposed: Δ 4 -6-hydroperoxysterols > Δ 5 -7-155 hydroperoxysterols > Δ 6 -5-hydroperoxysterols [START_REF] Christodoulou | Use of lipids 288 and their degradation products as biomarkers for carbon cycling in the northwestern 289 Mediterranean Sea[END_REF]. hydroperoxides and their main degradation products: alcohols and ketones in these senescent 163 plants. The results obtained allowed to confirm the instability of Δ 5 -7-hydroperoxysterols in P.

164 oceanica (Fig. 3). In this senescent seagrass the formation of ketonic degradation products 165 appeared to be highly favored. this process involving the well-known sequence: Δ 5 -sterols → ster-4-en-3-ones → 5(H)-172 stanones ↔ 5(H)-stanols (Gagosian et al., 1982;[START_REF] De Leeuw | Early-stage diagenesis of steroids[END_REF]Wakeham, 1989) 173 (Fig. 1). Interestingly, 24-ethylcholest-4-en-3-ol and 24-ethylcholestan-3-ol could be 174 detected in lipid extract of P. oceanica (Fig. 2A). Reduction with NaBD 4 instead of NaBH 4 175 allowed us to demonstrate that 100% of 24-ethylcholest-4-en-3-ol and 60% of 24-176 ethylcholestan-3-ol resulted from the reduction of the corresponding ster-4-en-3-one and 177 stanone, respectively. Bacterial conversion of Δ 5 -sterols to 5(H)-stanols seems thus to act in 178 senescent leaves of seagrasses, but not in terrestrial vascular plants (Fig. 2B).

179 24-Ethyl--cholestane--diol could be detected in lipid extracts of P. oceanica (Fig. 180 2A). Reduction with NaBD 4 instead of NaBH 4 also allowed to demonstrate the additional 181 presence of: 24-ethylcholest-4-en-6-ol-3-one, 24-ethylcholest-4-en-3,6-dione, 24-ethyl--182 cholestan-3-ol-6-one, 24-ethyl--cholestan-6-ol-3-one and 24-ethyl--cholestane-3,6-183 dione in this lipid extract (Fig. 4). The presence of these different compounds attests to the bacterial use of the main photooxidation products of sitosterol (i.e. 24-ethylcholest-4-en-3,6-185 diol and 24-ethylcholest-4-en-3-ol-6-one) (Fig. 1). [START_REF] Nickon | Reactivity and geochemistry in allylic systems. I. Stereochemistry 344 of photosensitized oxygenation of monoolefins[END_REF]. Allylic rearrangement of 5α-267 hydroperoxides to 7α-hydroperoxides and epimerization of the latter to 7β-hydroperoxides was 268 carried out at room temperature in chloroform (Teng et al., 1973). Subsequent reduction of 269 these different hydroperoxides in methanol with excess NaBH 4 afforded the corresponding 270 diols. Hydrogenation of 24-ethylcholest-4-en--diol in acetic acid solution in the presence 271 of PtO 2 as catalyst yielded 24-ethyl-5-cholestane--diol and 24-ethyl-5-cholestane-272 -diol [START_REF] Nishimura | Hydrogenation and hydrogenolysis. VI. The stereochemistry of 346 the catalytic hydrogenation of some allylic alcohols related to cholest-4-ene[END_REF] 

156

  Treatment of senescent leaves of Q. ilex, S. aspera and P. oceanica (see Section 4.2) 157 involved NaBH 4 -reduction (carried out in order to avoid thermal breakdown of hydroperoxides 158 during the subsequent alkaline hydrolysis). This treatment resulted to the reduction of 159 hydroperoxides and ketones to the corresponding alcohols. The sum of the corresponding 160 hydroperoxides, ketones and alcohols was thus quantified under the form of alcohols.

166

  Bacterial degradation of  5 -sterols is initiated by oxidation of the 3-hydroxyl moiety 167 and isomerization of the  5 double bond to the  4 position (Sojo et al., 1997). The resulting 4-168 steren-3-ones are then degraded via hydroxylation at C 26 to initiate side-chain degradation, or 169 cleavage of the ring structure (9,10-seco-pathway; Philipp, 2011). It is interesting to note that 170 bacterial hydrogenation of Δ 5 -sterols is also often observed in oxic and anoxic environments,171
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  photosensitized processes in marine seagrasses. The fast degradation of chlorophyll (sensitizer)
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a Chlorophyll Phytyl side-chain Photodegradation Index (molar ratio phytyldiol/phytol) [START_REF] Cuny | On the widespread occurrence of 3-methylidene-7,11,15-291 trimethylhexadecan-1,2-diol in the marine environment: a specific isoprenoid marker of 292 chlorophyll photodegradation[END_REF] b Estimated with the equation: Chlorophyll photodegradation percentage = ( 1-(CPPI + 1) -18.5 ) x 100 [START_REF] Cuny | On the widespread occurrence of 3-methylidene-7,11,15-291 trimethylhexadecan-1,2-diol in the marine environment: a specific isoprenoid marker of 292 chlorophyll photodegradation[END_REF] c Estimated with the equation: Sterol photooxidation % = (  -dihydroxysterol %) x (1 + 0.3) / 0.3 [START_REF] Christodoulou | Use of lipids 288 and their degradation products as biomarkers for carbon cycling in the northwestern 289 Mediterranean Sea[END_REF] d 24-Ethylcholest-4-en-36-diols/24-ethylcholest-5-en-37-diols