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Photo-and autoxidation of unsaturated algal lipids in the marine environment: An overview of processes, their potential tracers, and limitations

Jean-Francois Rontani, Simon T.

Introduction

In order to place current trends in climate change within a context of natural variability, and to better understand how Earth's climate has changed over geological time more generally, it is essential to reconstruct all components of the palaeoenvironmental system using a range of proxies that reflect different marine, lacustrine, terrestrial and atmospheric settings. Within the marine realm, lipid biomarkers preserved in bottom sediments are particularly useful for this purpose, since they represent a suitable characteristic signature of sympagic (i.e. associated with sea ice) and pelagic (open water) productivity (e.g., [START_REF] Wakeham | Molecular indicators of diagenetic status in marine organic matter[END_REF][START_REF] Volkman | Microalgal biomarkers: a review of recent research developments[END_REF][START_REF] Bianchi | Chemical Biomarkers in Aquatic Ecosystems[END_REF]. However, the use of lipidbased approaches requires careful consideration of biomarker alteration and/or preservation during their transport from the euphotic zone to the bottom sediments. It is thus critical to understand how biotic and abiotic processes may alter the environmental signal encoded by the biomarker proxy.

The majority of studies into the degradation of phytoplanktonic organic matter to date have focused on biotic degradation processes (bacterial degradation, zooplanktonic grazing, macrofaunal degradation) (e.g., Afi et al., 1996;[START_REF] Sun | Enhanced degradation of algal lipids by benthic macro-faunal activity: effect of Yoldia limatula[END_REF][START_REF] Mäkinen | Fatty acid composition and lipid content in the copepod Limnocalanus macrurus during summer in the southern Bothnian Sea[END_REF]. In contrast, the role played by photochemical and free radical-mediated processes in the degradation of lipid components during the senescence of phototrophic organisms has only recently been investigated (Rontani et al., 2007a[START_REF] Rontani | Visible light-induced photooxidation of highly branched isoprenoid (HBI) alkenes: a significant dependence on the number and nature of the double bonds[END_REF](Rontani et al., , 2014a,c,d;,c,d;[START_REF] Christodoulou | Comparative study of UV and visible light induced degradation of lipids in non-axenic senescent cells of Emiliania huxleyi[END_REF][START_REF] Rontani | Monitoring abiotic degradation in sinking versus suspended Arctic sea ice algae during a spring ice melt using specific lipid oxidation tracers[END_REF]. The purpose of the present paper is to provide an overview of the reactions involved in such abiotic degradation processes, along with the identification of suitable chemical tracers (where possible) and likely limitations that have been identified during the course of these studies. Further and more detailed information can be found in the cited literature throughout.

Importance of lipid tracers and their oxidation products in geochemistry

Proteins, carbohydrates and lipids contribute ca. 40-60%, 17-40% and 16-26%, respectively, of the organic content of phytoplankton [START_REF] Jónasdóttir | Fatty acid profiles and production in marine phytoplankton[END_REF]. The different phytoplankton phyla contain variable proportions of various lipid types: hydrocarbons, pigments, sterols, free fatty acids, triacylglycerols, phospholipids and galactolipids. The major lipid class in all the phyla are polar lipids (including phospholipids and galactolipids), accounting for 40-95% of total lipids [START_REF] Jónasdóttir | Fatty acid profiles and production in marine phytoplankton[END_REF]. Due to their relative stability and specificity, lipids may constitute very useful tracers of the origin of organic matter (OM).

Indeed, despite the generic nature of some lipid classes (e.g., saturated fatty acids, cholesterol, chlorophyll), others are more specific. For example, long-chain alkenones, highly branched isoprenoid (HBI) alkenes or 24-methylenecholesterol, dinosterol, long-chain alkanediols, diand triterpenoids, may be used as tracers of haptophytes, diatoms, dinoflagellates, eustigmatophytes and vascular plants, respectively (see [START_REF] Volkman | Microalgal biomarkers: a review of recent research developments[END_REF] for a review).

Moreover, identification and measurement of certain products resulting from abiotic oxidation of unsaturated lipids appears to be a useful method for discerning individual degradation processes such as photooxidation or autoxidation in senescent phytoplanktonic cells [START_REF] Rontani | Identification of a pool of lipid photoproducts in senescent phytoplanktonic cells[END_REF][START_REF] Christodoulou | Comparative study of UV and visible light induced degradation of lipids in non-axenic senescent cells of Emiliania huxleyi[END_REF][START_REF] Rontani | Monitoring abiotic degradation in sinking versus suspended Arctic sea ice algae during a spring ice melt using specific lipid oxidation tracers[END_REF]. These compounds may also provide some information on the source of the particulate or sedimentary OM that is subject to different degradation processes (Rontani et al., 2012(Rontani et al., , 2014d[START_REF] Rontani | Identification of diand triterpenoid lipid tracers confirms the significant role of autoxidation in the degradation of terrestrial vascular plant material in the Canadian Arctic[END_REF]. To permit quantitative estimates of abiotic lipid degradation, oxidation products should ideally be sufficiently specific to the process involved (auto-or photooxidation), and stable (or degraded at similar rates compared to their parent lipid) under natural conditions. These criteria appear to be satisfied for the oxidation products of the chlorophyll phytyl side-chain,  5 -sterols and monounsaturated fatty acids, whose analysis has led to quantitative estimates of the degradation state of their parent lipids in a variety of natural samples (see Table 1 for details). In contrast, some other lipid oxidation products, while useful from a qualitative perspective, are either too unstable or insufficiently source/pathway-specific to provide quantitative information. However, it may be noted that such qualitative information may still be useful for providing evidence of abiotic alteration of some common palaeoenvironmental proxies (e.g., , IP 25 , IPSO 25 ).

Abiotic oxidative degradation processes

3.1. Photosensitized oxidation

Photooxidative reactions

Direct photooxidative reactions of lipids [START_REF] Zafiriou | Photochemistry in natural waters[END_REF] are relatively rare in natural environments, since very few compounds of known structure (e.g., pigments, polyunsaturated fatty acids, vitamin B12, tryptophan, thiamine, etc.) possess the required chromophores for photon absorption that leads to the formation of reactive excited states.

However, such reactions can play an important role in the photochemistry of complex organic structures such as humic and fulvic acids, which do have the necessary chromophores [START_REF] Zafiriou | Marine organic photochemistry previewed[END_REF]. In contrast, indirect photoprocesses can be especially important in the natural environment, since they can even alter those lipids whose reactive states are inefficiently populated by direct light absorption [START_REF] Zafiriou | Photochemistry in natural waters[END_REF]. These reactions involve initial light absorption by so-called photosensitizers, which then transfer the absorbed energy to other molecules, including dissolved oxygen. Within the environment, many dyes, pigments and aromatic hydrocarbons are very efficient sensitizers [START_REF] Foote | Photosensitized oxidation and singlet oxygen: consequences in biological systems[END_REF]. These compounds possess two types of electronically excited states, a singlet ( 1 Sens) and a triplet ( 3 Sens) [START_REF] Foote | Photosensitized oxidation and singlet oxygen: consequences in biological systems[END_REF], although most of the photosensitized oxidation reactions in nature ' 37 K U occur from the sensitizer in its triplet state [START_REF] Gollnick | Type II Photooxygenation Reactions in Solution[END_REF]). In the presence of oxygen, the excited sensitizer triplet can react in two ways: (1) with another molecule directly, to give radicals after hydrogen atom abstraction or electron transfer (Type I photoprocesses) (Fig. 1), which react subsequently with molecular oxygen [START_REF] Gollnick | Type II Photooxygenation Reactions in Solution[END_REF], or (2) with molecular oxygen (Type II photoprocesses) (Fig. 1) resulting in the formation of the electronically excited singlet state of oxygen ( 1 O 2 ), which is particularly reactive towards unsaturated compounds including many lipids. Less efficient electron transfer from the triplet sensitizer to oxygen leads to formation of the superoxide ion (O 2

•-) [START_REF] Foote | Photosensitized oxidation and singlet oxygen: consequences in biological systems[END_REF].

Induction of Type II photosensitized oxidation processes in senescent phototrophic organisms

Due to the presence of chlorophyll, an efficient photosensitizer [START_REF] Foote | Photosensitized oxidation and singlet oxygen: consequences in biological systems[END_REF][START_REF] Knox | Singlet oxygen and plants[END_REF], visible light-induced photosensitized processes act intensively during phytoplankton senescence. Following light absorption by chlorophyll, an excited singlet state

( 1 Chl) is formed, which, in healthy cells, is mainly used in the characteristic fast reactions of photosynthesis [START_REF] Foote | Photosensitized oxidation and singlet oxygen: consequences in biological systems[END_REF]. However, a small proportion of 1 Chl (<0.1%) undergoes intersystem crossing (ISC) to form the longer-lived triplet state ( 3 Chl; [START_REF] Knox | Singlet oxygen and plants[END_REF]. 3 Chl is not only itself potentially damaging in Type I reactions (Fig. 2A) [START_REF] Knox | Singlet oxygen and plants[END_REF], but can also generate 1 O 2 , by reaction with ground state oxygen ( 3 O 2 ) via Type II processes (Fig. 2A). Due to the susceptibility to oxidative damage of chloroplasts, there are many antioxidant protective mechanisms in chloroplasts. Carotenoids quench 3 Chl and 1 O 2 by energy transfer mechanisms at very high rates [START_REF] Foote | Photosensitized oxidation and singlet oxygen: consequences in biological systems[END_REF]) (Fig. 2A) and tocopherols can remove 1 O 2 by a quenching process and by irreversible reaction [START_REF] Halliwell | Oxidative damage, lipid peroxidation and antioxidant protection in chloroplasts[END_REF].

In senescent phototrophic organisms, the cessation of photosynthetic reactions results in an accelerated rate of formation of 3 Chl and 1 O 2 [START_REF] Nelson | Rates and possible mechanism of light-dependent degradation of pigments in detritus derived from phytoplankton[END_REF]. The rate of formation of these potentially damaging species can then exceed the quenching capacity of the photoprotective system and photodegradation can thus occur as a consequence (photodynamic effect; [START_REF] Merzlyak | Free radical metabolism, pigment degradation and lipid peroxidation in leaves during senescence[END_REF] (Fig. 2B).

The very high reactivity of 1 O 2 with numerous membrane components (unsaturated lipids, some amino acids, nucleic acids: [START_REF] Rontani | Photo-and free radical-mediated oxidation of lipid components during the senescence of phototrophic organisms[END_REF][START_REF] Devasagayam | Biological significance of singlet oxygen[END_REF] mainly results from the loss of the spin restriction that normally hinders reaction of 3 O 2 with these biomolecules [START_REF] Zolla | Involvement of active oxygen species in degradation of lightharvesting proteins under light stresses[END_REF]. Due to its high reactivity and short lifetime, it is generally considered that 1 O 2 is able to interact with molecules mostly in its nearest environment [START_REF] Krasnovsky | Singlet molecular oxygen in photobiochemical systems: IR phosphorescence studies[END_REF]. However, it has also been shown that 1 O 2 produced in the photosynthetic apparatus of Chlamydomonas reinhardtii under high light conditions is able to leave the thylakoid membrane, thus reaching the cytoplasm or even the nucleus (Fisher et al., 2007). The lifetime of 1 O 2 seems thus to vary significantly in membranes according to physiological conditions.

Photosensitized oxidation processes in the marine environment

In the marine environment, Type II photodegradation processes can act intensively in senescent phytoplanktonic cells [START_REF] Rontani | Photo-and free radical-mediated oxidation of lipid components during the senescence of phototrophic organisms[END_REF]. The intensity of this degradation is strongly dependent on: (i) the residence time of these cells within the euphotic layer [START_REF] Zafiriou | Photochemistry in natural waters[END_REF][START_REF] Mayer | Photodissolution and other photochemical changes upon irradiation of algal detritus[END_REF], (ii) their physiological state [START_REF] Nelson | Rates and possible mechanism of light-dependent degradation of pigments in detritus derived from phytoplankton[END_REF][START_REF] Merzlyak | Free radical metabolism, pigment degradation and lipid peroxidation in leaves during senescence[END_REF], (iii) the intensity of solar irradiance [START_REF] Rontani | Monitoring abiotic degradation in sinking versus suspended Arctic sea ice algae during a spring ice melt using specific lipid oxidation tracers[END_REF], and (iv) the temperature [START_REF] Rontani | Monitoring abiotic degradation in sinking versus suspended Arctic sea ice algae during a spring ice melt using specific lipid oxidation tracers[END_REF]. However, since the energy used by phytoplanktonic cells for growing is the same employed during their photosensitized oxidation, Type II photodegradation processes can act not only in surface waters but also at the level of the deep chlorophyll maximum.

The physiological state of cells also plays a key role in the induction of Type II photosensitized oxidation processes. Indeed, 1 O 2 production can exceed the quenching capacities of the photoprotective system (and thus induce cell damage) only when the photosynthetic pathways are not operative, as is the case for senescent or highly stressed cells [START_REF] Nelson | Rates and possible mechanism of light-dependent degradation of pigments in detritus derived from phytoplankton[END_REF] (Fig. 2B).

Type II photosensitized oxidation appears to be particularly efficient in natural samples in the Arctic (Rontani et al., 2012(Rontani et al., , 2016) ) and the Antarctic (Rontani et al., 2019a), and this has been attributed to the low temperatures and solar irradiance observed in the polar regions [START_REF] Rontani | Monitoring abiotic degradation in sinking versus suspended Arctic sea ice algae during a spring ice melt using specific lipid oxidation tracers[END_REF]. Although perhaps counter-intuitive, low temperatures limit the diffusion of 1 O 2 away from the membranes where it is generated [START_REF] Ehrenberg | Kinetics and yield of singlet oxygen photosensitized by hypericin in organic and biological media[END_REF], while relatively low solar irradiances preserve the sensitizer (chlorophyll), allowing a longer production time for 1 O 2 .

Type II photosensitized oxidation of the main unsaturated lipids in senescent algae

Chlorophylls

Phytoplankton contain a large number of different pigments, the most important of them being chlorophylls (Jeffrey et al., 1997). Irradiation of dead phytoplankton cells by photosynthetically active radiation (PAR) and ultraviolet radiation (UVR) results in rapid degradation of chlorophylls [START_REF] Nelson | Rates and possible mechanism of light-dependent degradation of pigments in detritus derived from phytoplankton[END_REF][START_REF] Rontani | Photodegradation of chlorophyll phytyl chain in dead phytoplanktonic cells[END_REF][START_REF] Christodoulou | Comparative study of UV and visible light induced degradation of lipids in non-axenic senescent cells of Emiliania huxleyi[END_REF].

Despite some progress identifying intermediate photoproducts [START_REF] Engel | Chlorophyll catabolism in Chlorella protothecoides. Isolation and structure elucidation of a red bilin derivative[END_REF][START_REF] Iturraspe | Chlorophyll catabolism. Isolation and structure elucidation of chlorophyll b catabolites in Chlorella protothecoides[END_REF], no stable and specific markers for the photodegradation of the chlorophyll

macrocycle have yet to be characterised. However, the isoprenoid phytyl side-chain of chlorophylls (1), which is photodegraded 3-5 times slower than the chlorophyll tetrapyrrolic structure (Cuny et al., 1999;[START_REF] Christodoulou | Comparative study of UV and visible light induced degradation of lipids in non-axenic senescent cells of Emiliania huxleyi[END_REF], undergoes Type II photosensitized oxidation leading to the production of photoproducts a and b (Fig. 3). Such oxidation products are identifiable and quantifiable following NaBH 4 reduction and alkaline hydrolysis to yield 6,10,14-trimethylpentadecan-2-ol (2) and 3-methylidene-7,11,15-trimethylhexadecan-1,2-diol (phytyldiol) (3), respectively (Fig. 3) (Rontani et al., 1994).

Phytyldiol

(3), which is ubiquitous in the marine environment and results specifically from the action of 1 O 2 , has been proposed as specific tracer for photodegradation of the chlorophyll phytyl side-chain (Rontani et al. 1994[START_REF] Rontani | Photodegradation of chlorophyll phytyl chain in senescent leaves of higher plants[END_REF]Cuny and Rontani, 1999).

Furthermore, the molar ratio phytyldiol:phytol (Chlorophyll Phytyl side-chain Photodegradation Index, CPPI) has been proposed to estimate the extent of photodegraded chlorophyll in situ using the empirical Eqn. 1 [START_REF] Cuny | One-year seasonal survey of the chlorophyll photodegradation process in the Northwestern Mediterranean Sea[END_REF]. Quantification of phytol (1)

and phytyldiol (3) has thus led to quantitative estimates of chlorophyll photooxidation percentages in various natural samples including suspended and sinking particles from tropical and temperate settings and the polar regions (Table 1). Such estimates range from 0 to 100%, indicating complete photooxidation of chlorophyll in several cases.

Chlorophyll photodegradation % = (1 -(CPPI + 1) -18.5 ) × 100 (Eqn. 1)

Carotenoids

Carotenoids are widely distributed in marine and freshwater phytoplankton (for a review see [START_REF] Huang | Occurrence and biosynthesis of carotenoids in phytoplankton[END_REF]. Some carotenoids are found only in specific algal divisions or classes; therefore, these compounds are often used as chemotaxonomic markers [START_REF] Takaichi | Carotenoids in algae: distributions, biosynthesis and functions[END_REF]. As important components of the photoprotective system of phytoplanktonic cells, carotenoids occur in close molecular-scale association with chlorophylls, even when the structure of the thylakoid membrane has been disrupted [START_REF] Nelson | Rates and possible mechanism of light-dependent degradation of pigments in detritus derived from phytoplankton[END_REF]. Thus, during the senescence of these organisms, when the production of 1 O 2 exceeds their quenching capacity, carotenoids can be strongly affected by Type II photosensitized oxidation processes. For example, loliolide (4) and iso-loliolide (5) (Fig. 4), which are produced during Type II photosensitized oxidation of carotenoids [START_REF] Iseo | Photooxygenation of carotenoids. II-The absolute configuration of loliolide and dihydroactinidiolide[END_REF], were previously detected in senescent cells of Dunaliella sp. following irradiation by visible light [START_REF] Rontani | Identification of a pool of lipid photoproducts in senescent phytoplanktonic cells[END_REF].

However, due to their apparent additional production by anaerobic bacteria [START_REF] Repeta | Carotenoid diagenesis in recent marine sediments. II-Degradation of fucoxanthin to loliolide[END_REF] and during dark incubations of senescent phytoplanktonic cells [START_REF] Rontani | Identification of a pool of lipid photoproducts in senescent phytoplanktonic cells[END_REF], these compounds do not constitute unequivocal indicators of Type II photosensitized oxidation of carotenoids.

 5 -sterols

In phytoplanktonic cells,  5 -sterols are important membrane components that stabilize the structure of phospholipid bilayers and thus play a significant role in membrane temperature acclimation [START_REF] Piepho | Phytoplankton sterol contents vary with temperature, phosphorus and silicate supply: a study on three freshwater species[END_REF]. Moreover, they are important precursors for steroid hormones [START_REF] Goad | Sterol biosynthesis and metabolism in marine invertebrates[END_REF]. These unsaturated components of biological membranes contribute ca. 2-8% of the lipid pool of the different phyla [START_REF] Jónasdóttir | Fatty acid profiles and production in marine phytoplankton[END_REF] and are highly susceptible to photooxidative degradation during the senescence of phytoplankton. Type II photosensitized oxidation of these compounds mainly produces 6 -5-hydroperoxides (6) and to a lesser extent  4 -6/6-hydroperoxides (7 and 8; Fig. 5) [START_REF] Nickon | Reactivity and geochemistry in allylic systems. I. Stereochemistry of photosensitized oxygenation of monoolefins[END_REF][START_REF] Kulig | Sterol metabolism. XXV. Cholesterol oxidation by singlet molecular oxygen[END_REF][START_REF] Korytowski | Photoperoxidation of cholesterol in homogeneous solution, isolated membranes, and cells: comparison of the 5-and 6hydroperoxides as indicators of singlet oxygen intermediacy[END_REF].  6 -5-hydroperoxides (6) are relatively unstable and commonly undergo allylic rearrangement to  5 -7-hydroperoxysterols (9), which in turn epimerize to the corresponding 7-hydroperoxides (10; Fig. 5) [START_REF] Smith | The Autoxidation of Cholesterol[END_REF].

Irradiation by visible light of senescent cells of several phytoplankton species (Rontani et al., 1997a(Rontani et al., , 1997b[START_REF] Rontani | Identification of a pool of lipid photoproducts in senescent phytoplanktonic cells[END_REF] resulted in rapid photodegradation of the main  5 -sterols of these algae, as shown by the identification of the alcohols corresponding to the hydroperoxides 7-10 following NaBH 4 reduction and alkaline hydrolysis.

Although produced in lower relative amounts compared to the  6 -5-hydroperoxides (6), the more stable and specific  4 -6/6-hydroperoxides (7 and 8), quantified after NaBH 4 reduction to the corresponding  4 -stera-6-diols 11 and 12 (Fig. 5), have been proposed as more reliable tracers of Type II photosensitized oxidation of  5 -sterols. Further, the extent of photooxidation (%) of the parent sterol can be estimated from the relative proportions of  6 -5-hydroperoxides (6) and  4 -6/6-hydroperoxides (7 and 8) observed in biological membranes (ratio (7 + 8)/6 ≈ 0.3, [START_REF] Korytowski | Photoperoxidation of cholesterol in homogeneous solution, isolated membranes, and cells: comparison of the 5-and 6hydroperoxides as indicators of singlet oxygen intermediacy[END_REF][START_REF] Christodoulou | Use of lipids and their degradation products as biomarkers for carbon cycling in the northwestern Mediterranean Sea[END_REF][START_REF] Rontani | The fate of marine lipids: Biotic vs. abiotic degradation of particulate sterols and alkenones in the Northwestern Mediterranean Sea[END_REF] using Eqn. 2. Using this approach, the photooxidation state (%) of several  5sterols in suspended and sinking particles, sea ice, sediments and terrestrial plants from a range of locations have been estimated (Table 1). Interestingly, the photooxidation state of these compounds appears to be greatest at high latitudes; this may be attributed to the low temperatures observed in such regions, a factor that is well-known to decrease the diffusion rate of 1 O 2 outside of cell membranes [START_REF] Ehrenberg | Kinetics and yield of singlet oxygen photosensitized by hypericin in organic and biological media[END_REF]. Further, due to the sourcespecificity of some  5 -sterols [START_REF] Volkman | A review of sterol markers for marine and terrigenous organic matter[END_REF][START_REF] Volkman | Sterols in microorganisms[END_REF], their oxidation products can also provide interesting information about the photooxidation state of specific phyla of phytoplankton (e.g., diatoms, haptophytes or chlorophytes; Rontani et al., 2012aRontani et al., , 2016Rontani et al., , 2019a) ) or terrestrial higher plants (Rontani et al., 2014d). For example, photodegradation processes appears to act more intensively on 24-methylenecholesterol (mainly arising from diatoms; [START_REF] Volkman | A review of sterol markers for marine and terrigenous organic matter[END_REF][START_REF] Volkman | Sterols in microorganisms[END_REF] (photooxidation percentages ranging from 10 to 40% in the Antarctic; Rontani et al., 2019a) than on epi-brassicasterol (arising from diatoms and/or haptophytes; [START_REF] Volkman | A review of sterol markers for marine and terrigenous organic matter[END_REF][START_REF] Volkman | Sterols in microorganisms[END_REF] (photooxidation percentages ranging from 3 to 15% in the same samples). Type II photosensitized oxidation processes therefore seem to be more efficient in diatoms compared to haptophytes, although the reason for this remains to be elucidated.

 5 -sterol photooxidation % = ( 4 -stera-6-diols % × (1 + 0.3)/0.3) (Eqn. 2)

Unsaturated fatty acids

Fatty acids constitute the building block of the main lipid types of the phytoplankton (triacylglycerols, galactolipids and phospholipids; [START_REF] Jónasdóttir | Fatty acid profiles and production in marine phytoplankton[END_REF]. Unsaturated fatty acids (including monounsaturated (MUFAs) and polyunsaturated (PUFAs) acids), ranging from 45 to 85% of the total fatty acids in the different phytoplankton groups [START_REF] Jónasdóttir | Fatty acid profiles and production in marine phytoplankton[END_REF], are particularly susceptible to Type II photooxidation [START_REF] Heath | Photoperoxidation in isolated chloroplasts. II. Role of electron transfer[END_REF]. Type II photosensitized oxidation of MUFAs involves a direct reaction of 1 O 2 with the carbon-carbon double bond by a concerted 'ene' addition [START_REF] Frimer | The reaction of singlet oxygen with olefins: the question of mechanism[END_REF] and leads to formation of hydroperoxides at each end of the original double bond (Fig. 6). These hydroperoxides, each with an allylic trans-double bond [START_REF] Frankel | Analysis of autoxidized fats by gas chromatography-mass spectrometry: V. photosensitized oxidation[END_REF][START_REF] Frankel | Lipid Oxidation[END_REF], can subsequently undergo stereoselective radical allylic rearrangement affording two other isomers with a trans double bond (Fig. 6; [START_REF] Porter | Mechanisms of free radical oxidation of unsaturated lipids[END_REF]. Isomeric trans allylic hydroxyacids resulting from NaBH 4 reduction of these photoproducts may thus be used as tracers of Type II photosensitized oxidation of MUFAs. However, this requires subtraction of the amounts of these compounds arising from autoxidation (See Section 4.3.3).

Using this approach, photoproducts of MUFAs were detected previously in senescent cells of phytoplanktonic algae [START_REF] Marchand | Characterisation of photooxidation and autoxidation products of phytoplanktonic monounsaturated fatty acids in marine particulate matter and recent sediments[END_REF][START_REF] Christodoulou | Comparative study of UV and visible light induced degradation of lipids in non-axenic senescent cells of Emiliania huxleyi[END_REF][START_REF] Rontani | Monitoring abiotic degradation in sinking versus suspended Arctic sea ice algae during a spring ice melt using specific lipid oxidation tracers[END_REF] and in several natural samples (Table 1). As in the case of sterols (see Section 3.1.4.3.), photooxidation of MUFAs appears to be especially significant in the polar regions. On the basis of the high photooxidation percentages (up to 100%) of MUFAs measured in various samples of suspended and sinking particles (Table 1), and the wellknown increasing photooxidation rates of fatty acids with their degree of unsaturation [START_REF] Frankel | Lipid Oxidation[END_REF][START_REF] Rontani | Identification of a pool of lipid photoproducts in senescent phytoplanktonic cells[END_REF], a strong photooxidation of PUFAs in the marine environment would be expected. However, photooxidation products of PUFAs have not been detected in natural samples, likely due to their instability with respect to further reactions, including secondary oxidation.

Alkenones

Alkenones are a class of mono-, di-, tri-, tetra-and penta-unsaturated C 35 -C 40 methyl and ethyl ketones [START_REF] Boon | Organic geochemical analyses of core samples from site 362 Walvis Ridge. DSDP Leg 40, Initial Reports[END_REF][START_REF] Volkman | Long chain alkenes and alkenones in the marine coccolithophorid Emiliania huxleyi[END_REF][START_REF] Volkman | Alkenones in Gephyrocapsa oceanicaimplications for studies of paleoclimate[END_REF][START_REF] De Leeuw | On the occurrence and structural identification of long chain ketones and hydrocarbons in sediments[END_REF][START_REF] Marlowe | Long chain (n-C 37 -C 39 ) alkenones in the Prymnesiophyceae. Distribution of alkenones and other lipids and their taxonomic significance[END_REF][START_REF] Prahl | Unusual C 35 and C 36 alkenones in a paleoceanographic benchmark strain of Emiliania huxleyi[END_REF][START_REF] Jaraula | Origin and distribution of tri to pentaunsaturated alkenones in Lake Fryxell, East Antarctica[END_REF], which are produced by certain marine haptophytes. The unsaturation ratio of C 37 alkenones is defined by Eqn. 3, where [C 37:2 ] and [C 37:3 ] are the concentrations of di-and tri-unsaturated C 37 alkenones respectively, and varies positively with the growth temperature of the alga [START_REF] Prahl | Calibration of unsaturation patterns in long-chain ketone compositions for palaeotemperature assessment[END_REF][START_REF] Prahl | Further evaluation of long-chain alkenones as indicators of paleoceanographic conditions[END_REF].

= [C 37:2 ] / ([C 37:2 ] + [C 37:3 ]) (Eqn. 3)
The index is thus now used routinely for paleotemperature reconstructions (e.g., [START_REF] Brassell | Molecular stratigraphy: a new tool for climatic assessment[END_REF][START_REF] Prahl | Calibration of unsaturation patterns in long-chain ketone compositions for palaeotemperature assessment[END_REF][START_REF] Brassell | Applications of biomarkers for delineating marine paleoclimatic fluctuations during the Pleistocene[END_REF][START_REF] Müller | Calibration of the alkenone paleotemperature index K U  37 based on core-tops from the eastern South Atlantic and global ocean (60ºN-60ºS)[END_REF]. Visible light-induced photodegradation of these compounds was previously investigated in order to determine if photochemical processes acting selectively on C 37:2 and C 37:3 alkenones could appreciably modify ratios during algal senescence (Rontani et al., 1997b;[START_REF] Mouzdahir | Photodegradation of long-chain alkenes in senescent cells of Emiliania huxleyi and Nannochloropsis salina[END_REF][START_REF] Christodoulou | Comparative study of UV and visible light induced degradation of lipids in non-axenic senescent cells of Emiliania huxleyi[END_REF].

Type II photosensitized oxidation of alkenones is not sufficiently rapid in dead cells of haptophytes to induce strong modification of the ratio before the photo-destruction of the photosensitizing substances (Rontani et al., 1997b;[START_REF] Mouzdahir | Photodegradation of long-chain alkenes in senescent cells of Emiliania huxleyi and Nannochloropsis salina[END_REF][START_REF] Christodoulou | Comparative study of UV and visible light induced degradation of lipids in non-axenic senescent cells of Emiliania huxleyi[END_REF]. This poor reactivity was attributed to: (i) the trans geometry of the alkenone double bonds [START_REF] Rechka | Unusual long chain ketones of algal origin[END_REF], which is 7-10 times less sensitive to Type II photosensitized oxidation than the cis configuration of fatty acids (Table 2) (Hurst et al.,
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1985), (ii) the separation of the double bonds by five carbons in the alkenone structure instead of one in the case of PUFAs, or (iii) the occurrence of these compounds in cytoplasmic vesicles [START_REF] Eltgroth | Production and cellular localization of neutral long-chain lipids in the Haptophyte algae Isochrysis galbana and Emiliania huxleyi[END_REF], which could significantly decrease the frequency of interaction between 1 O 2 and alkenones, even if there are indications that 1 O 2 should easily diffuse into such microenvironments [START_REF] Christodoulou | Comparative study of UV and visible light induced degradation of lipids in non-axenic senescent cells of Emiliania huxleyi[END_REF].

n-Alkenes

It was previously established that the hydrocarbon fraction of the eustigmatophyte Nannochloropsis salina contained C 25 , C 27 and C 29 polyunsaturated n-alkenes [START_REF] Gelin | Resistant biomacromolecules in marine microalgae of the classes Eustigmatophyceae and Chlorophyceae: Geochemical implications[END_REF]. C 37 and C 38 n-alkenes with 2, 3 and 4 double bonds could also be detected in the haptophytes Emiliania huxleyi CS-57 [START_REF] Volkman | Long chain alkenes and alkenones in the marine coccolithophorid Emiliania huxleyi[END_REF]. C 31 and C 33 n-alkenes were also present in this strain but in smaller amounts. Type II photosensitized oxidation of n-alkenes was previously investigated in senescent cells of E. huxleyi and N. salina [START_REF] Mouzdahir | Photodegradation of long-chain alkenes in senescent cells of Emiliania huxleyi and Nannochloropsis salina[END_REF]. In the former, minor C 31 and C 33 n-alkenes possessing cis double bonds [START_REF] Rieley | Long-chain alkenes of the Haptophytes Isochrysis galbana and Emiliania huxleyi[END_REF] were strongly photodegraded, while major C 37 and C 38 n-alkenes possessing trans internal double bonds [START_REF] Rieley | Long-chain alkenes of the Haptophytes Isochrysis galbana and Emiliania huxleyi[END_REF] appeared particularly recalcitrant towards photochemical processes. As seen with alkenones, the photochemical recalcitrance of C 37 and C 38 n-alkenes was partly attributed to the well-known poor reactivity of 1 O 2 with trans double bonds (Table 2) [START_REF] Hurst | The ene reaction of singlet oxygen: kinetic and product evidence in support of a perepoxide intermediate[END_REF]. However, a localisation of these alkenes outside of the main membranes (e.g., cytoplasmic vesicles; [START_REF] Eltgroth | Production and cellular localization of neutral long-chain lipids in the Haptophyte algae Isochrysis galbana and Emiliania huxleyi[END_REF] could also play a role in their weak photooxidative reactivity.

Visible light irradiation of dead cells of N. salina showed no significant light-dependent degradation of monounsaturated hydrocarbons. This observation was attributed to the terminal position of the double bond in these compounds [START_REF] Gelin | Resistant biomacromolecules in marine microalgae of the classes Eustigmatophyceae and Chlorophyceae: Geochemical implications[END_REF], which is poorly reactive towards 1 O 2 (Table 2) [START_REF] Kopecky | Reactivities in photosensitized olefin oxidations[END_REF]. In contrast, di-, tri-, and tetraenes were strongly photodegraded during irradiation, with their degradation rates increasing systematically with the number of double bonds, as expected.

HBI alkenes

C 25 and C 30 Highly branched isoprenoid (HBI) alkenes, sometimes referred to as haslenes and rhizenes, respectively, are produced by a relatively small number of marine and freshwater diatoms. To date, haslenes have been reported in species belonging to the Berkeleya, Haslea, Navicula, Pleurosigma, Pseudosolenia and Rhizosolenia genera, while the only known source of rhizenes is R. setigera [START_REF] Volkman | C 25 and C 30 highly branched isoprenoid alkenes in laboratory cultures of two marine diatoms[END_REF]Belt et al., 1996[START_REF] Belt | Highly branched isoprenoids (HBIs): identification of the most common and abundant sedimentary isomers[END_REF][START_REF] Belt | C 25 highly branched isoprenoid alkenes in planktonic diatoms of the Pleurosigma genus[END_REF][START_REF] Sinninghe Damsté | Structural identification of the C 25 highly branched isoprenoid pentaene in the marine diatom Rhizosolenia setigera[END_REF], 2004;[START_REF] Brown | Identification of a novel di-unsaturated C 25 highly branched isoprenoid lipid in the marine tube-dwelling diatom Berkeleya rutilans[END_REF][START_REF] Brown | Novel tri-and tetra-unsaturated highly branched isoprenoid (HBI) alkenes from the marine diatom Pleurosigma intermedium[END_REF][START_REF] Kaiser | C 25 highly branched isoprenoid alkenes in the Baltic Sea produced by the marine planktonic diatom Pseudosolenia calcar-avis[END_REF]. C 25 HBI alkenes (exhibiting 1-6 double bonds) are the most commonly reported HBIs in marine sediments [START_REF] Rowland | The widespread occurrence of highly branched isoprenoid acyclic C 20 , C 25 and C 30 hydrocarbons in recent sediments and biota: a review[END_REF][START_REF] Belt | Highly branched isoprenoids (HBIs): identification of the most common and abundant sedimentary isomers[END_REF]. Despite their common occurrence, however, relatively little attention has been given to their use as palaeoenvironmental proxies, which is perhaps surprising given their apparent sourcespecificity. Exceptions to this can be found in the polar regions, where 3,9,13-trimethyl-6-(1,5-dimethylhexyl)-tetradec-1-ene (19) (referred as IP 25 ) and 2,6,10,14-tetramethyl-7-(3methylpent-4-enyl)-pentadec-6(17)-ene (20) (referred as IPSO 25 ) (Fig. 7) have been proposed as proxy measures of past seasonal sea ice in the Arctic and Antarctic, respectively [START_REF] Belt | A novel chemical fossil of palaeo sea ice: IP 25[END_REF](Belt et al., , 2016;;Belt, 2018). Furthermore, among the main polyunsaturated HBIs 21-24 (Fig. 7), the tri-unsaturated HBI 22, which is produced by certain pelagic diatoms including R. setigera [START_REF] Belt | Identification of C 25 highly branched isoprenoid (HBI) alkenes in diatoms of the genus Rhizosolenia in polar and sub-polar marine phytoplankton[END_REF], has been identified as a potentially useful open-water counterpart to IP 25 when using the so-called PIP 25 index for calculating semi-quantitative sea ice estimates (see Belt, 2018 for a recent review). Furthermore, 22 and its diastereoisomer (HBI 23) (Fig. 7) have been proposed as possible proxies for the marginal ice zone in the polar regions [START_REF] Belt | Identification of paleo Arctic winter sea ice limits and the marginal ice zone: optimised biomarker-based reconstructions of late Quaternary Arctic sea ice[END_REF]Belt, 2018;Köseoğlu et al., 2018a,b), while the ratio between them (expressed as 22/(22+23); HBI TR 25 ) has recently been suggested as a proxy measure for the spring phytoplankton bloom, at least in northern high latitudes [START_REF] Belt | A novel biomarker-based proxy for the spring phytoplankton bloom in Arctic and sub-arctic settings -HBI T 25[END_REF].

In order to compare the efficiency of type II photosensitized oxidation processes upon HBI alkenes and other well-known phytoplanktonic lipids, solutions of a mixture of mono-, di-, tri-and tetraunsaturated HBI alkenes (19-29), methyl oleate (30) (as a model of glycerides), phytyl acetate (31) (as a model of chlorophyll phytyl side-chain), cholesteryl acetate (32) (as a model of esterified sterols) and vitamin E (13) were irradiated in the presence of hematoporphyrin as sensitizer [START_REF] Rontani | Visible light-induced photooxidation of highly branched isoprenoid (HBI) alkenes: a significant dependence on the number and nature of the double bonds[END_REF]. Interestingly, while the reactivity of fatty acids towards 1 O 2 increases with their degree of unsaturation [START_REF] Frankel | Lipid Oxidation[END_REF], the reactivity of HBI alkenes towards 1 O 2 was found to be most dependent on the number of tri-substituted double bonds (Table 3). Indeed, the rate of the ene reaction of 1 O 2 with alkenes, which is controlled by activation entropy [START_REF] Hurst | The ene reaction of singlet oxygen: kinetic and product evidence in support of a perepoxide intermediate[END_REF], increases strongly with the degree of substitution of the double bond (Table 2). As a consequence, IP 25 (19), containing only a terminal double bond, and IPSO 25 (20), containing a terminal double bond and a methylidene group, reacted much slower with 1 O 2 than their tri-unsaturated counterparts (Table 3) [START_REF] Rontani | Visible light-induced photooxidation of highly branched isoprenoid (HBI) alkenes: a significant dependence on the number and nature of the double bonds[END_REF]. In contrast, HBI trienes and tetraenes with at least one trisubstituted double bond were photodegraded at similar or higher rates compared to vitamin E (13), which is well-known to be very reactive towards 1 O 2 [START_REF] Yamauchi | Products formed by photosensitized oxidation of tocopherols[END_REF][START_REF] Clough | Chemistry of singlet oxygen. The unstable primary product of tocopherol photooxidation[END_REF][START_REF] Nassiry | Generation of isoprenoid compounds and notably of prist-1-ene through photo-and autoxidative degradation of vitamin E[END_REF] (Table 2). Although HBI triene 21, phytyl acetate (31) and cholesteryl acetate (32) all contain a tri-substituted double bond, the following order of photoreactivity was observed: triene 21 > phytyl acetate (31) > cholesteryl acetate (32) (Table 3). These differences in reactivity were attributed to: (i) electronic deactivation of the double bond in phytyl acetate (31) by the electron accepting acetoxy group at the allylic position [START_REF] Griesbeck | Photooxygenation of allylic alcohols: kinetic comparison of unfunctionalized alkenes with prenol-type allylic alcohols, ethers and acetates[END_REF] and (ii) steric hindrance between the sterol  5 double bond and 1 O 2 [START_REF] Beutner | Synthetic singlet oxygen quenchers[END_REF]. The lower reactivity of HBI 22 and 23 possessing two tri-substituted double bonds (compared to HBI 21) towards singlet oxygen (Table 2) was also attributed to their enhanced rigidity or steric hindrance resulting from the presence of the 7-20 double bond (Rontani et al., 2014a). Photodegradation of HBI alkenes and other lipids was also compared in dead cells of the diatom Haslea ostrearia [START_REF] Rontani | Visible light-induced photooxidation of highly branched isoprenoid (HBI) alkenes: a significant dependence on the number and nature of the double bonds[END_REF] and HBIs with at least one tri-substituted double bond were photodegraded at comparable or higher rates compared to chlorophyll a.

In the case of HBI trienes 22 and 23, photooxidation appeared to occur exclusively at the tri-substituted 9-10 and 7-20 double bonds. Since syn ene addition of 1 O 2 at the more crowded side of tri-substituted double bonds is strongly favoured [START_REF] Orfanopoulos | Regioselective reaction of singlet oxygen with cis-alkenes[END_REF], reaction between 1 O 2 and the 9-10 and 7-20 double bonds in 22 and 23 should result mainly in the formation of allylic hydroperoxides 33-38 (Fig. 8). Reduction products of compounds 34 and 35 could not be detected among photoproducts of trienes 22 and 23, likely due to the very high reactivity of conjugated dienic systems toward 1 O 2 [START_REF] Frimer | Singlet oxygen in peroxide chemistry[END_REF] inducing a very fast conversion to labile endoperoxides. Quantitatively, the alcohols 39-42 obtained after NaBH 4 reduction of the corresponding hydroperoxides 33 and 36-38 represented only a very small proportion of the substrate degraded (Rontani et al., 2014a), attributed to rapid secondary reactions of the four primary photoproducts.

Since compounds 40-42 can also be produced by autoxidation (see Section 4.3.5.), only compound 39 has been proposed as a specific (and qualitative) tracer of HBI alkene photooxidation (Fig. 8) (Rontani et al., 2014a). Interestingly, compound 39 could be detected in sea ice samples from the Arctic (Rontani et al., 2014b) and in weakly oxidized phytoplankton from Antarctica (Rontani et al., 2019a), thus confirming the vulnerability of HBI trienes 22 and 23 towards Type II photosensitized oxidation under environmental conditions. Unfortunately, the lability (resulting from further oxidation) of this tracer prevented more quantitative photooxidation estimates from being made.

Vitamin E

Vitamin E ( 13) is relatively abundant in most photosynthetic organisms and notably in microalgae [START_REF] Brown | The vitamin content of microalgae used in aquaculture[END_REF]. As an important constituent of the photoprotective system of the cells, vitamin E (13) reacts very efficiently with 1 O 2 affording mainly 8ahydroperoxytocopherone ( 14) [START_REF] Yamauchi | Products formed by photosensitized oxidation of tocopherols[END_REF][START_REF] Clough | Chemistry of singlet oxygen. The unstable primary product of tocopherol photooxidation[END_REF]) (Fig. 9).

Heterolytic and homolytic degradation of compound 14 affords different isoprenoid products (4,7,12-trimethytridecanoic acid (15), 6,10,14-trimethylpentadecan-2-one ( 16), 4,8,12,16tetramethylheptadecan-4-olide (17) and -tocopherylquinone (18)) [START_REF] Nassiry | Generation of isoprenoid compounds and notably of prist-1-ene through photo-and autoxidative degradation of vitamin E[END_REF]) (Fig. 9). Unfortunately, peroxyl radicals also react with the 8a position of vitamin E (13) to form compound 14 [START_REF] Liebler | Tocopherone and epoxytocopherone products of vitamin E oxidation[END_REF]) (Fig. 9), thereby making it difficult to differentiate between photo-and autoxidation reactions. It is interesting to note, however, that the main oxidation products of vitamin E (13) are trimeric compounds, which seem to be a potential source of pristane in sediments [START_REF] Rontani | Production of pristane from -tocopherols under simulated anoxic sedimentary conditions: a combination of biotic and abiotic degradative processes[END_REF].

Kinetic aspects

First-order kinetics generally adequately describe the Type II photosensitized oxidation of lipid components of senescent phytoplanktonic cells [START_REF] Nelson | Rates and possible mechanism of light-dependent degradation of pigments in detritus derived from phytoplankton[END_REF][START_REF] Rontani | Identification of a pool of lipid photoproducts in senescent phytoplanktonic cells[END_REF].

However, an exception could be observed in the case of n-alkenes present in N. salina whose photodegradation seems to be a second-order process [START_REF] Mouzdahir | Photodegradation of long-chain alkenes in senescent cells of Emiliania huxleyi and Nannochloropsis salina[END_REF]. Half-life doses of the main lipid components of phytoplanktonic cells are summarized in Table 4. On the basis of the different photodegradation rate constants measured in different studies, the following order of photoreactivity of phytoplanktonic lipids can be proposed: HBIs with trisubstituted double bonds ≈ chlorophylls ≈ polyunsaturated fatty acids and n-alkenes ≈ carotenoids > MUFAs ≈ chlorophyll phytyl side-chain >  5 -sterols > alkenones > IP 25 .

Free radical oxidation (autoxidation)

Induction of autoxidation processes in senescent phototrophic organisms

In contrast to photooxidation, autoxidation involves the direct reaction of molecular oxygen in its triplet ground state (i.e. 3 O 2 ) with organic compounds under relatively mild conditions. Autoxidation can be described as a free-radical-mediated oxidation chain-reaction and can be divided into three major steps: chain initiation, propagation and termination (Fig. 10). The mechanisms of initiation of lipid oxidation have been debated for many years. In senescent phytoplanktonic cells, initiation seems to result from the decomposition of hydroperoxides produced during photodegradation of cellular organic matter [START_REF] Girotti | Lipid hydroperoxide generation, turnover, and effector action in biological systems[END_REF][START_REF] Rontani | Photochemical oxidation and autoxidation of chlorophyll phytyl side chain in senescent phytoplanktonic cells: potential sources of several acyclic isoprenoid compounds in the marine environment[END_REF]. During the initiation phase, the generation of radicals can result from the involvement of enzymes (e.g., lipoxygenases (LOXs)), redox-active metal ions undergoing one-electron transfer, heat or light (Fig. 10) [START_REF] Sheldon | Metal-catalyzed oxidations of organic compounds in the liquid phase. A mechanistic approach[END_REF][START_REF] Schaich | Lipid oxidation: Theoretical aspects[END_REF].

Redox-active metal ions (e.g., Co 2+ , Fe 2+ , Fe 3+ , Cu 2+ , Mn 2+ , Zn 2+ , Mg 2+ , V 2+ ) are generally considered as the initiators of highest importance for lipid oxidation in biological systems [START_REF] Pokorny | Major factors affecting the autoxidation of lipids[END_REF][START_REF] Schaich | Lipid oxidation: Theoretical aspects[END_REF] and can direct the cleavage of hydroperoxides either through alkoxyl or peroxyl radicals (Fig. 10). The well-known generation of radicals in the course of the LOX catalytic cycle may also act like a catalyst in autoxidation [START_REF] Fuchs | Iron release from the active site of lipoxygenase[END_REF]. Moreover, when LOX activity becomes very high, increasing amounts of free radicals may damage the active site of LOXs and release Fe 2+ ions [START_REF] Sato | Hydroxyl radical production by H 2 O 2 plus Cu, Zn-superoxide dismutase reflects the activity of free copper released from the oxidatively damaged enzyme[END_REF][START_REF] Fuchs | Iron release from the active site of lipoxygenase[END_REF]. Peroxyl and alkoxyl radicals thus formed can then abstract a hydrogen atom from a relatively weak C-H bond (e.g., allylic, tertiary, to oxygen; [START_REF] Fossey | Free Radicals in Organic Chemistry[END_REF] or add to an unsaturated system, inducing a radical chain-reaction (Fig. 10). The chain-reaction ends when free radicals combine to form a new bond, hence rendering them unreactive (Fig. 10).

Free radical oxidation processes play a pivotal role in the deleterious effects of senescence in plants [START_REF] Leshem | Plant senescence processes and free radicals[END_REF]. Further, it has been demonstrated that viral infection (Evans et al., 2006) and autocatalytic programmed cell death [START_REF] Bidle | Cell death in planktonic, photosynthetic microorganisms[END_REF] of phytoplanktonic cells can also lead to elevated production of reactive oxygen species (ROS) able to induce the radical degradation of cell components.

Autoxidation processes in the marine environment

While the effects of Type II photosensitized oxidation processes in phytodetritus are limited to the euphotic layer of the oceans, autoxidation processes can act on such material not only throughout the water column, but also in the oxic layer of sediments. It is generally considered that the rate and extent of autoxidation of sedimentary organic compounds is strongly dependent on the molecular structure of the substrate, protective effects offered by association of organic matter with particle matrices, and the length of time accumulating particles are exposed to molecular oxygen in sedimentary pore waters [START_REF] Henrich | Cycles, rhythms, and events on high input and low input glaciated continental margins[END_REF]Hartnett et al., 1998). Autoxidation should thus be especially prevalent in cases where sequestered algal material experiences long residence times in the oxic layer of sediments.

Even though autoxidation is a very well-known chemical process, its significance in environmental studies has only relatively recently been demonstrated [START_REF] Christodoulou | Use of lipids and their degradation products as biomarkers for carbon cycling in the northwestern Mediterranean Sea[END_REF][START_REF] Rontani | The fate of marine lipids: Biotic vs. abiotic degradation of particulate sterols and alkenones in the Northwestern Mediterranean Sea[END_REF]Rontani et al., , 2014c[START_REF] Rontani | Identification of diand triterpenoid lipid tracers confirms the significant role of autoxidation in the degradation of terrestrial vascular plant material in the Canadian Arctic[END_REF][START_REF] Galeron | Lipoxygenase-induced autoxidative degradation of terrestrial particulate organic matter in estuaries: a widespread process enhanced at high and low latitudes[END_REF].

Autoxidation of the main unsaturated lipids in senescent algae

Chlorophylls

Chlorophyll allomers such as 13 2 -hydroxychlorophyll a (HO-chl-a) (43) and 13 2methoxychlorophyll a (MeO-chl-a) (44) (Fig. 11) are thought to be formed by autoxidation through reaction with ground state oxygen [START_REF] Hynninen | Chemistry of chlorophylls: modifications[END_REF]. HO-chl-a has been found in senescent and virally infected cultures (Bale et al., 2013), while HO-chl-a (43) and MeO-chl-a (44) have both been shown to increase in Thalassiosira pseudonana cultures at the onset of senescence [START_REF] Franklin | Identification of senescence and death in Emiliania huxleyi and Thalassiosira pseudonana: cell staining, chlorophyll alterations, and dimethylsulfoniopropionate (DMSP) metabolism[END_REF]. However, very little is known about the formation of allomers during phytoplankton mortality, and additional culture studies are required to test the ubiquity or specificity of allomer formation [START_REF] Walker | Distribution and significance of chlorophyll derivatives and oxidation products during the spring phytoplankton bloom in the Celtic Sea April 2002[END_REF].

Autoxidation of the esterified chlorophyll phytyl chain involves either addition of peroxyl radicals to the double bond or hydrogen abstraction at the allylic carbon 4 (Fig. 12) (Rontani andAubert, 1994, 2005). Addition of a peroxyl radical to the double bond affords a tertiary radical, which can then: (i) lead to epoxides by fast intramolecular homolytic substitution [START_REF] Fossey | Free Radicals in Organic Chemistry[END_REF], or (ii) react with molecular oxygen, which after hydrogen abstraction from another molecule of substrate, yields a diperoxide (Fig. 12). Following NaBH 4 reduction and alkaline hydrolysis, these compounds are converted to 3,7,11,15tetramethylhexadecan-1,2,3-triol (45) (Fig. 12). Abstraction of a hydrogen atom from C-4 and subsequent oxidation of the allylic radicals thus formed yields four isomeric hydroperoxides, which are converted (after NaBH 4 reduction and alkaline hydrolysis) to Z and E 3,7,11,15tetramethylhexadec-3-en-1,2-diols (46 and 47) and Z and E 3,7,11,15-tetramethyl-hexadec-2en-1,4-diols (48 and 49) (Fig. 12). Recently, autoxidative conversion of the chlorophyll phytyl side-chain to isophytol (50) has also been observed [START_REF] Rontani | Autoxidation of chlorophyll phytyl side-chain in senescent phototrophic organisms: a potential source of isophytol in the environment[END_REF] and attributed to allylation [START_REF] Berkessel | Science of Synthesis: Houben-Weyl Methods of Molecular Transformations[END_REF] of the phytyl side-chain by peroxyl radicals (Rontani et al., 2019a) (Fig. 12). Compounds 46-49, which are widespread in the marine environment, therefore constitute useful and specific tracers of chlorophyll autoxidation. Unfortunately, the well-known biotic and abiotic lability of epoxides in sediments (Rontani et al., 2019b) and during sample treatment (due to formation of methoxyhydrins and chlorohydrins; Marchand and Rontani, 2001) (Fig. 12) precludes quantitative estimates of chlorophyll phytyl side-chain autoxidation.

 5 -sterols

Free radical oxidation of Δ 5-sterols yields mainly 7α-and 7β-hydroperoxides and, to a lesser extent, 5α/β,6α/β-epoxysterols and 3β,5α,6β-trihydroxysterols [START_REF] Smith | The Autoxidation of Cholesterol[END_REF][START_REF] Morrissey | Oxysterols: formation and biological function[END_REF]) (Fig. 13). 7-Hydroperoxysterols, which may be also formed by allylic rearrangement of photochemically produced 5-hydroperoxysterols (see Section 5.1.4.3) are not sufficiently specific and stable to be used as tracers of Δ 5-sterol autoxidation. Although more specific, 5α/β,6α/β-epoxysterols are not stable enough to be used as tracers. Indeed, they may be easily hydrolysed to the corresponding triol in seawater and during the treatment of the samples (Fig. 13). 3β,5α,6β-Trihydroxysterols have therefore been identified as suitable tracers of sterol autoxidation. Furthermore, the extent of sterol autoxidation can be estimated (Eqn. 4) using rate constants previously obtained from incubation experiments (Morrisey and Kiely, 2006;Rontani et al., 2014c). The autoxidation state of some algal and higher plant Δ 5- sterols has thus been estimated in various natural samples including suspended and sinking particles, sea ice and sediments (Table 1). The high values observed (up to 90%) attest to the efficiency of autoxidative processes in the marine realm. It may be noted, however, that the relatively poor chromatographic properties of the only partially silylated 3β,5α,6βtrihydroxysterols (at positions 3 and 6) may hinder autoxidation estimates at low concentrations (Rontani et al., 2019a).

Sterol autoxidation % = 3β,5α,6β-Trihydroxysterol % × 2.4

Eqn. 4

Unsaturated fatty acids

Autoxidation of MUFAs mainly involves allylic hydrogen abstraction and subsequent oxidation of the allylic radical thus formed, yielding 6 isomeric allylic hydroperoxyacids (Fig. 14). Free radical oxidative processes can be readily characterised after NaBH 4 reduction based on the presence of cis allylic hydroxyacids, which are not produced photochemically (see Fig. 6), and are specific products of these degradation processes [START_REF] Porter | Mechanisms of free radical oxidation of unsaturated lipids[END_REF][START_REF] Frankel | Lipid Oxidation[END_REF]. The proportion of trans hydroxyacids resulting from autoxidative processes may be distinguished from that arising from photooxidative processes according to the proportions of cis hydroxyacids detected and the ambient temperature (°C) (see Eqns. 5-8 in the case of  9

MUFAs) [START_REF] Frankel | Lipid Oxidation[END_REF][START_REF] Marchand | Characterisation of photooxidation and autoxidation products of phytoplanktonic monounsaturated fatty acids in marine particulate matter and recent sediments[END_REF]. Autoxidation percentages are obtained from the ratio of the sum of measured cis and calculated trans autoxidative allylic hydroxyacids to the parent MUFA. Oxidation products of MUFAs have proven to be very sensitive markers of individual photooxidation and autoxidation pathways, especially during phytoplankton growth, with low amounts of degradation products corresponding to bloom events and high amounts corresponding to pre-and post-bloom periods [START_REF] Christodoulou | Use of lipids and their degradation products as biomarkers for carbon cycling in the northwestern Mediterranean Sea[END_REF].

Despite the strong autoxidation percentages of MUFAs measured in various natural samples (up to 100%) (Table 1) and the increasing rates of autoxidation of fatty acids with the degree of unsaturation [START_REF] Frankel | Lipid Oxidation[END_REF], autoxidation products of PUFAs have thus far not be detected in senescent phytoplanktonic cells. This is possibly due to the instability of the hydroperoxides formed, or the involvement of cross-linking reactions, which lead to the formation of macromolecular structures [START_REF] Neff | Autoxidative dimerization of methyl linolenate and its monohydroperoxides, hydroperoxy epidioxides and dihydroperoxides[END_REF] that are not amenable for analysis by gas chromatographic methods.

Alkenones

Alkenones appear to be more sensitive towards oxidative free radical processes than other common marine lipids such as phytyl acetate (31), methyl oleate (30) and cholesteryl acetate (32), and their oxidation rates increase proportionally with their unsaturation [START_REF] Rontani | Free radical oxidation (autoxidation) of alkenones and other microalgal lipids in seawater[END_REF]. As a consequence, these abiotic degradation processes have the potential to significantly increase (up to 0.20) the K U  37 ratio and thus bias alkenone-based paleotemperature estimations towards higher temperatures (up to +5.9°C).

Autoxidation of alkenones involves mainly allylic hydrogen abstraction and subsequent oxidation of the allylic radical thus formed. Oxidation of each double bond and subsequent NaBH 4 reduction thus affords four positional isomeric alkenediols (Fig. 15). Unfortunately, these compounds, which could be very useful tracers of autoxidation of alkenones, are not accumulated. Indeed, due to the presence of additional reactive double bonds, hydroperoxyalkenones undergo subsequent oxidation reactions to produce di-, tri-and tetrahydroperoxyalkenones, according to the degree of unsaturation of the starting alkenone [START_REF] Rontani | Biotic and abiotic degradation of alkenones and implications for K U  37 paleoproxy applications: A review[END_REF]. However, the reduction products are not amenable for analysis using standard gas chromatographic methods. Interestingly, alkenediols resulting from postextraction NaBH 4 reduction of the corresponding hydroperoxyalkenones (Fig. 15), have been observed in cultures of E. huxleyi (strain CS-57) that exhibited anomalously high K U  37 values (Rontani et al., 2007a) and a further strain (TWP1) maintained in the dark [START_REF] Rontani | Biotic and abiotic degradation of alkenones and implications for K U  37 paleoproxy applications: A review[END_REF]. These compounds were also detected in sediments from southeast Alaska [START_REF] Rontani | Biotic and abiotic degradation of alkenones and implications for K U  37 paleoproxy applications: A review[END_REF] (Table 1).

HBI alkenes

The relative rates of autoxidation of various HBI alkenes was investigated by taking mixtures of mono-, di-, tri-and tetra-unsaturated HBI alkenes 19-25, methyl oleate (30), phytyl acetate (31) and cholesteryl acetate (32) in hexane and incubating in the presence of a radical enhancer (tert-butyl hydroperoxide) and a radical initiator (di-tert-butyl nitroxide) [START_REF] Porter | Mechanisms of free radical oxidation of unsaturated lipids[END_REF]Rontani et al., 2014a). Consistent with the general increase in autoxidation rate with unsaturation seen with other lipids [START_REF] Frankel | Lipid Oxidation[END_REF], the following order of reactivity was observed: IP 25 < IPSO 25 < HBI triene 21 < HBI tetraene 25 < HBI trienes 22 and 23 (Table 5) (Fig. 7). The highest degradation rates of trienes 22 and 23 was attributed to the presence of a very reactive bis-allylic methylene group (C-8) (Fig. 7) that can lose a hydrogen atom very readily. Indeed, it was previously estimated that the rate of hydrogen abstraction for bis-allylic positions is in the region of 60 times higher than for their monoallylic counterparts [START_REF] Ingold | Peroxy radicals[END_REF]. Incubation of strongly photodegraded diatom cells from the Antarctic under darkness in the presence of Fe 2+ ions showed that HBI trienes 22 and 23 are autoxidized at a similar rate to PUFAs and faster than the chlorophyll phytyl side-chain

(1), MUFAs and sterols in diatom cells (Rontani et al., 2014a).

Autoxidation of IP 25 (19) involves hydrogen atom abstraction by peroxyl radicals at the allylic carbon C-22 and the tertiary carbon atoms C-2, C-6, C-10 and C-14 [START_REF] Rontani | Biotic and abiotic degradation of the sea ice diatom biomarker IP 25 and selected algal sterols in near-surface Arctic sediments[END_REF] (Fig. 16). Subsequent oxidation of the resulting radicals, together with hydrogen abstraction from other substrate molecules, leads to the formation of various hydroperoxides, which could be quantified following NaBH 4 reduction as the corresponding alcohols 51-55 (Fig. 16). The failure to detect any autoxidation products resulting from reaction with the tertiary carbon C-7 was attributed to steric hindrance during hydrogen abstraction (Rontani et al., 2018). Compounds 51-55 have thus been proposed as potential tracers of IP 25 autoxidation.

It is well-known that addition of ROO• radicals to a C=C bond competes with allylic hydrogen abstraction when there is a double bond that is either conjugated, tri-substituted or 1,1-disubstituted [START_REF] Schaich | Lipid oxidation: Theoretical aspects[END_REF]. Consistent with this, efficient addition of peroxyl radicals to the 1,1-disubstituted 6-17 double bond of IPSO 25 (20) was observed (Rontani et al., 2019b); this addition affording the epoxide 56 after fast intramolecular homolytic substitution [START_REF] Fossey | Free Radicals in Organic Chemistry[END_REF] (Fig. 17). In parallel, allylic hydrogen abstraction at carbon atoms C-5

and C-22 also occurred, but to a lesser extent, leading to the formation of hydroperoxides, identifiable via their respective alcohols 57 and 58 following NaBH 4 reduction (Fig. 17).

Unfortunately, the well-known biotic and abiotic lability of epoxides in sediments and during sample treatment [START_REF] Marchand | Characterisation of photooxidation and autoxidation products of phytoplanktonic monounsaturated fatty acids in marine particulate matter and recent sediments[END_REF] precludes the use of the major oxidation product 56 as a tracer of IPSO 25 autoxidation. In contrast, the alcohols 57 and 58 have the potential to fulfil this role.

Hydrogen abstraction at the very reactive bis-allylic C-8 position constitutes the major autoxidation pathway of HBI trienes 22 and 23. However, the two resulting isomeric hydroperoxides contain conjugated diene structures (Fig. 18), which are particularly prone to addition by peroxyl radicals and therefore readily undergo copolymerization with oxygen [START_REF] Yin | Free radical lipid peroxidation: mechanisms and analysis[END_REF] affording highly oxidized products that are not amenable to analysis using gas chromatography (Rontani et al., 2014a). Addition of ROO• radicals to the C9-10 and C7-20 double bonds also takes place as a minor pathway yielding epoxides 59 and 60, respectively (Fig. 18), and isomeric hydroperoxides (quantifiable under the form of the alcohols 40-42 and 61) after reaction with oxygen and elimination of a hydroperoxyl radical (Rontani et al., 2014a). It may be noted that the formation of compounds 41 and 42 can also result from hydrogen atom abstraction from the allylic position (C-11) of the parent HBI and subsequent oxidation of the radicals thus formed (Fig. 18). Compounds 40-42 and 61 were not accumulated during the incubations, probably due to their further oxidation to polar and oligomeric compounds, which are not detectable using conventional GC-MS methods.

Although alcohols 40-42 may also be produced by Type II photosensitized oxidation (Fig. 8), compound 61 could be identified as a specific (but only qualitative) tracer for autoxidation of HBI trienes 22 and 23 (Rontani et al., 2014a).

On the basis of their very weak autoxidation rates (Table 5), it was initially considered that IP 25 ( 19) and IPSO 25 (20) should be unaffected by autoxidation processes within the water column (Rontani et al., 2014a), and the failure to detect autoxidation products 51-55 (Fig. 16) and 57 and 58 (Fig. 17) in suspended particulate matter collected from the Arctic and Antarctic [START_REF] Rontani | Biotic and abiotic degradation of the sea ice diatom biomarker IP 25 and selected algal sterols in near-surface Arctic sediments[END_REF](Rontani et al., , 2019a) ) certainly supports this assumption. In contrast, these same autoxidation products could be detected in surficial sediments collected from the same regions, albeit in relatively small amounts [START_REF] Rontani | Biotic and abiotic degradation of the sea ice diatom biomarker IP 25 and selected algal sterols in near-surface Arctic sediments[END_REF](Rontani et al., , 2019b)). The susceptibility of IP 25 ( 19) and IPSO 25 (20) towards autoxidation thus appears to be most prevalent in cases where sequestered algal material experiences long residence times in the oxic layer of sediments.

In contrast to IP 25 and IPSO 25 , the very reactive bis-allylic C-8 position in HBI trienes 22 and 23 should make these HBIs much more sensitive to autoxidation in the marine environment. In support of this, alcohol 61 (Fig. 18) could be detected in Arctic sea ice (Rontani et al., 2014b) and in weakly oxidized samples of phytoplanktonic cells collected from Commonwealth Bay (East Antarctica) (Rontani et al., 2019a), providing direct evidence for the involvement of autoxidation of these HBIs in these regions. However, the lability of this tracer prevented quantitative estimates of autoxidation.

Vitamin E

Vitamin E reacts rapidly with peroxyl radicals, producing small amounts of 4,7,12trimethytridecanoic acid (15), 6,10,14-trimethylpentadecan-2-one ( 16), 4,8,12,16-tetramethylheptadecan-4-olide (17), -tocopherylquinone (18), and various dimers and trimers as major oxidation products [START_REF] Liebler | Tocopherone and epoxytocopherone products of vitamin E oxidation[END_REF][START_REF] Frankel | Lipid Oxidation[END_REF]Rontani et al., 2007b) (Fig. 9). However, as described previously (see Section 3.1.4.8), autoxidation products of vitamin E cannot be differentiated from those arising from photooxidation.

Summary

To be most useful as indicators of lipid oxidation processes, the products of these reactions need to be sufficiently specific to each lipid class and degradation route, and of sufficient stability to enable their identification and quantification. Ideally, their quantification should also provide further information about the extent of the associated degradation process.

Thus, they should be sufficiently accumulated and unaffected by secondary oxidation (or other) reactions that would otherwise lead to underestimates or the formation of oligomeric oxidation products that are generally challenging to identify using conventional analytical methods such as GC-MS. This is less of a problem, however, if the primary oxidation products are recalcitrant towards degradation or are degraded (biotically and abiotically) at similar rates compared to their parent compounds. According to their specificity, such lipid oxidation compounds therefore have the potential to provide either qualitative or semiquantitative information about photooxidation, autoxidation or the total abiotic degradation state of individual or groups of organisms.

According to current knowledge, the lipid oxidation products of MUFAs, the phytyl side-chain of chlorophyll and  5 -sterols all appear to be widespread in the marine environment (Table 1) and fulfil some of these criteria. Although MUFA oxidation products have proven to be sensitive markers allowing changes in degradation to be monitored as the algal blooms evolved [START_REF] Christodoulou | Use of lipids and their degradation products as biomarkers for carbon cycling in the northwestern Mediterranean Sea[END_REF], a better and more sensitive monitoring of algal stress could be carried out with PUFA oxidation products. The characterisation and quantification of such structures in natural samples constitutes an exciting challenge for the future. In the case of chlorophyll, CPPI is commonly used to estimate the photodegradation percentage in natural marine samples according to the empirical relationship developed by [START_REF] Cuny | One-year seasonal survey of the chlorophyll photodegradation process in the Northwestern Mediterranean Sea[END_REF] (Eqn. 1). Finally, for sterols, the stability and specific nature of the products resulting from individual degradation routes has enabled the relative effects of photo-and autoxidation degradation processes on specific phyla of phytoplankton (e.g., diatoms, haptophytes, chlorophytes) (Rontani et al., 2012(Rontani et al., , 2019a)), seagrasses (Rontani et al., 2014c;[START_REF] Rontani | Biotic and abiotic degradation of  5 -sterols in senescent Mediterranean marine and terrestrial angiosperms[END_REF] and terrestrial higher plants (Rontani et al., 2014d;[START_REF] Rontani | Biotic and abiotic degradation of  5 -sterols in senescent Mediterranean marine and terrestrial angiosperms[END_REF] to be elucidated.

In contrast, the primary degradation products of alkenone (autoxidation) and HBIs (photo-and autoxidation), although useful from a qualitative perspective, appear to be too unstable with respect to secondary oxidation or other reactions for quantification of such pathways. However, the co-measurement of the autoxidation products of the phytyl side-chain of chlorophyll and  5 -sterols has been used to provide indirect evidence for significant alkenone autoxidation, which would result in an overestimation of K U  37 values [START_REF] Christodoulou | Use of lipids and their degradation products as biomarkers for carbon cycling in the northwestern Mediterranean Sea[END_REF][START_REF] Rontani | The fate of marine lipids: Biotic vs. abiotic degradation of particulate sterols and alkenones in the Northwestern Mediterranean Sea[END_REF]. Similarly, the quantification of autoxidation products of  5sterols and palmitoleic acid was recently employed to provide indirect evidence for the influence of autoxidative processes upon the tri-unsaturated HBI triene 22 in phytoplankton samples from the Antarctic (Rontani et al., 2019a). More generally, however, the impact of abiotic degradation on alkenones and HBIs on their use as proxies for palaeo SST and sea ice reconstructions, respectively, remains largely unknown and is in need of further investigation. Comparison of photodegradation rates of HBI alkenes and other common lipids in pyridine in the presence of hematoporphyrin as sensitizer (adapted from [START_REF] Rontani | Visible light-induced photooxidation of highly branched isoprenoid (HBI) alkenes: a significant dependence on the number and nature of the double bonds[END_REF]Rontani et al., , 2014a)). [START_REF] Nelson | Rates and possible mechanism of light-dependent degradation of pigments in detritus derived from phytoplankton[END_REF]. # With cis double bonds.
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Answers to the reviewer and Editor comments -Reviewer 1:

-Comment 1: What is lacking from the organic geochemistry sense is a better overview of the utility of specific oxidation products in natural samples, either in a schematic diagram or a summary table compiling in an organized manner the relevant lipid classes and those products which have (and have not) been found in specific locations or types of natural samples. The -Answer: As suggested by the reviewer, a new table was added (now Table 1) to summarize the numerous previous reports of the different lipid oxidation products in natural samples. The nature and the location of the different samples was indicated. We also added the information given by these tracers (qualitative or quantitative) and in the last case the range of oxidation percentages observed. Some text was also added in section 2 (see lines 86-96) and in the sections concerning chlorophyll, sterols and MUFAS (see lines 202-206, 252-268, 289-292, 523-526, 539-545 and 559-572) to discuss the implication of these results and the potential geochemical applications of the tracers described.

-Comment 2: Line 209 -are loliolide (4) and iso-loliolide (5) structures given somewhere?

*Response to Reviewers -Answer: A new figure (Fig. 4) was added to show the structure of these two compounds.

-Comment 3: Also around line, how about compounds 21 and 24?

-Answer: The sentence was modified and now includes these compounds (see lines 365-366).

-Comment 4: And compounds are listed (e.g., 30, 31, 32) that only show up in the codes in Tables 2 and4, which presumably are lifted from the cited publications ??).

-Answer: We think that it is not necessary to show the structure of methyl oleate, cholesteryl acetate and phytyl acetate.

-Comment 5: Line 282 -is the Uk37 equation really necessary at this point?

-Answer: We think that this well-known equation could be useful for non palaeoceanograph readers to understand why we studied the selectivity of oxidation processes towards C 37:2 and C 37:3 alkenones.

-Comment 6: Line 370 refers to 1 and Fig. 4) and checked in the text.

-Reviewer 2:

No comments.

-Associated editor:

-Comment 1: The relation to the (bio)geochemical context needs more discussion.

Applications (or at least the most promising ones) have to be described in a dedicated section (alternatively section 2 may be used as a base for this) and in a way that the reader grasp the problem/use/challenge and does not have to read most of the secondary literature first.

-Answer: Some text was also added in section 2 (see lines 86-96) to discuss the potential geochemical applications of the tracers described.

-Comment 2: Please provide an overview figure (and likely a table) with the photo/autooxidized lipids/lipid classes and reference specific locations and/or sample types where these have been identified BEFORE jumping into all of the specific oxidation reactions.

-Answer: As requested, we added a new table (Table 1) summarizing the numerous previous reports of the different lipid oxidation products in natural samples. See answer to the comment 1 of reviewer 1.
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