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A comparative metabolomics approach demonstrates that octocrylene accumulates in Stylophora pistillata tissues as derivatives and that octocrylene exposure induces mitochondrial dysfunction and cell senescence
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The objective of this work was to study the effect of octocrylene on Stylophora pistillata and to compare the metabolomic response of this coral species to that obtained with Pocillopora damicornis. When S. pistillata coral was exposed to octocrylene, it accumulated octocrylene derivatives similar to P. damicornis. Octocrylene-fatty acid conjugates were found, as well as octocrylene heterosides. Furthermore, the tissue concentrations of various acylcarnitines and three sphingoid bases increased significantly. This phenomenon was indicative of mitochondrial dysfunction and the induction of cellular senescence processes in exposed corals. Overall, the responses of the two corals to octocrylene pollution were consistent. The proven impact of octocrylene on a second coral species suggests that potential environmental octocrylene pollution could impact many reef-building species.

Furthermore, this work demonstrates that octocrylene may be modified in vivo by many organisms and that levels of octocrylene contamination in the food chain have probably been underestimated until now. Massive dataset identifier: MSV000089720.

INTRODUCTION

Organic ultraviolet (UV) filters are compounds used, in particular, in personal care products to provide sun protection. Nevertheless, some of these compounds are criticized because of their potential impact on humans and the environment. In humans, it has been shown that lower-molecular weight organic UV filters (< 500 Da) can pass through the skin barrier and may induce a risk for users, a risk that is currently poorly documented. [START_REF] Shaath | The Final Monograph Is Upon Us! HAPPI[END_REF] For example, Bury et al. demonstrated that octocrylene (OC), ethylhexyl salicylate and homosalate can be transferred to the bloodstream following topical application and that these xenobiotics are metabolized in vivo. [START_REF] Bury | Determination of Urinary Metabolites of the Emerging UV Filter Octocrylene by Online-SPE-LC-MS/MS[END_REF][START_REF] Bury | Urinary Metabolites of the UV Filter Octocrylene in Humans as Biomarkers of Exposure[END_REF][START_REF] Ebert | Determination of Urinary Metabolites of the UV Filter Homosalate by Online-SPE-LC-MS/MS[END_REF][START_REF] Bury | Urinary Metabolites of the UV Filter 2-Ethylhexyl Salicylate as Biomarkers of Exposure in Humans[END_REF] The possibility of these metabolites having an effect in the body is not yet known. In addition, we and others demonstrated that octocrylene is not stable in cosmetic formulations and that its hydrolysis product, benzophenone, should be considered an additional risk factor associated with octocrylene use in cosmetics. [START_REF] Downs | Benzophenone Accumulates over Time from the Degradation of Octocrylene in Commercial Sunscreen Products[END_REF][START_REF] Foubert | The Presence of Benzophenone in Sunscreens and Cosmetics Containing the Organic UV Filter Octocrylene: A Laboratory Study[END_REF][START_REF] Downs | Response to the Letter to the Editor by Dr. Christian Surber[END_REF] As a precautionary measure, the FDA has recently classified all organic UV filters on the US market as non-GRASE (Generally recognized as safe and effective) pending further investigation. [START_REF] Food | Sunscreen Drug Products for Over-the-Counter Human Use[END_REF] In the environment, the impact of octocrylene is somewhat unclear, on the one hand, because the results for a species in a laboratory test are not easily transferable to the same species in its natural environment. On the other hand, a single species is not always representative of complex environments where the surrounding taxonomic diversity can be very high. [START_REF] Devantier | Species Richness and Relative Abundance of Reef-Building Corals in the Indo-West Pacific[END_REF] In addition, it is sometimes difficult to assess the concentrations of xenobiotics in the environment, especially since a complete picture of environmental contamination by newly emerging pollutants would require considerable resources. A reasonable approach is to concentrate investigative efforts in relevant places. As far as UV filters are concerned, it is important to monitor and evaluate their impact on bathing sites since bathing is one of the major causes of contamination of aquatic environments by UV filters. For example, we showed that localized concentrations of benzophenone-3 (or oxybenzone) endangered organisms living in Hanauma Bay and that the main sources of benzophenone-3 were bathers and beach showers from which large quantities of UV filters-including octocrylene-leach into the sea. [START_REF] Downs | Oxybenzone Contamination from Sunscreen Pollution and Its Ecological Threat to Hanauma Bay, Oahu, Hawaii[END_REF][START_REF] Rodrigues | Optimization Method for Quantification of Sunscreen Organic Ultraviolet Filters in Coastal Sands[END_REF] This situation in Hanauma Bay is not unique, as water column concentrations of octocrylene greater than 1 µg/L and up to 200 µg/L have been described in various bathing areas around the world. [START_REF] Langford | Inputs of Chemicals from Recreational Activities into the Norwegian Coastal Zone[END_REF][START_REF] Tsui | Occurrence, Distribution and Ecological Risk Assessment of Multiple Classes of UV Filters in Surface Waters from Different Countries[END_REF][START_REF] Cadena-Aizaga | Organic UV Filters in Marine Environments: An Update of Analytical Methodologies, Occurrence and Distribution[END_REF] Octocrylene, like many other UV filters, is extremely lipophilic and octocrylene concentration can been even higher in sediments, for which contamination data are more sparse. Nonetheless, concentrations of 100 µg/kg to over 1,000 µg/kg are frequently measured. [START_REF] Gago-Ferrero | Fast Pressurized Liquid Extraction with In-Cell Purification and Analysis by Liquid Chromatography Tandem Mass Spectrometry for the Determination of UV Filters and Their Degradation Products in Sediments[END_REF][START_REF] Tsui | Distribution and Ecological Risk Assessment of Multiple Classes of UV Filters in Marine Sediments in Hong Kong and Japan[END_REF][START_REF] Kaiser | Occurrence of Widely Used Organic UV Filters in Lake and River Sediments[END_REF] For the same reason, it is to be expected that these organic compounds may also accumulate in the food chain, which appears to be the case for benzophenone-3 and octocrylene, especially considering the existence of derivatives resulting from the transformation of octocrylene in marine organisms. [START_REF] Clergeaud | Transfer of 7 Organic UV Filters from Sediment to the Ragworm Hediste Diversicolor: Bioaccumulation of Benzophenone-3 and Further Proof of Octocrylene Metabolism[END_REF] In the natural environment, Mitchelmore et al. measured water column concentrations of octocrylene below 10 ng/L at a Waikiki beach site for concentrations in coral collected from the same site ranging from 50 to 800 µg/kg, suggesting a bioaccumulation process in wild coral. [START_REF] Mitchelmore | Occurrence and Distribution of UV-Filters and Other Anthropogenic Contaminants in Coastal Surface Water, Sediment, and Coral Tissue from Hawaii[END_REF] In this work, the contribution of octocrylene-fatty acid conjugates was not measured. In addition to coral, octocrylene has also been detected in significant concentrations in many marine organisms ranging from filtering organisms such as mussels to dolphins. [START_REF] Gago-Ferrero | First Determination of UV Filters in Marine Mammals. Octocrylene Levels in Franciscana Dolphins[END_REF][START_REF] Lozano | Bioaccumulation and Toxicological Effects of UV-Filters on Marine Species[END_REF][START_REF] Tsui | Distribution, and Fate of Organic UV Filters in Coral Communities[END_REF] Finally, octocrylene was also detected in human breast milk when mothers used octocrylene-containing cosmetics. [START_REF] Schlumpf | Exposure Patterns of UV Filters, Fragrances, Parabens, Phthalates, Organochlor Pesticides, PBDEs, and PCBs in Human Milk: Correlation of UV Filters with Use of Cosmetics[END_REF] This is of particular concern, as octocrylene transformation processes may be ubiquitous in the animal kingdom. [START_REF] Bury | Determination of Urinary Metabolites of the Emerging UV Filter Octocrylene by Online-SPE-LC-MS/MS[END_REF][START_REF] Bury | Urinary Metabolites of the UV Filter Octocrylene in Humans as Biomarkers of Exposure[END_REF][START_REF] Clergeaud | Transfer of 7 Organic UV Filters from Sediment to the Ragworm Hediste Diversicolor: Bioaccumulation of Benzophenone-3 and Further Proof of Octocrylene Metabolism[END_REF] In our previous work, we demonstrated that when the coral Pocillopora damicornis was exposed to octocrylene, the tissue concentration of 15 acylcarnitines increased drastically. [START_REF] Stien | Metabolomics Reveal That Octocrylene Accumulates in Pocillopora Damicornis Tissues as Fatty Acid Conjugates and Triggers Coral Cell Mitochondrial Dysfunction[END_REF][START_REF] Stien | A Unique Approach to Monitor Stress in Coral Exposed to Emerging Pollutants[END_REF] The elevation of acylcarnitines in the treated coral suggested that there may be abnormalities in fatty acid metabolism. Acylcarnitines are common biomarkers of cell toxicity, and in many models, including human pathologies, elevated acylcarnitine concentrations have been correlated with mitochondrial dysfunction in which mitochondrial fatty acid β-oxidation and cell bioenergetics were affected. [START_REF] Frye | Unique Acyl-Carnitine Profiles Are Potential Biomarkers for Acquired Mitochondrial Disease in Autism Spectrum Disorder[END_REF][START_REF] Mihalik | Increased Levels of Plasma Acylcarnitines in Obesity and Type 2 Diabetes and Identification of a Marker of Glucolipotoxicity[END_REF][START_REF] Thomas | Altered Brain Phospholipid and Acylcarnitine Profiles in Propionic Acid Infused Rodents: Further Development of a Potential Model of Autism Spectrum Disorders[END_REF][START_REF] Thompson Legault | A Metabolic Signature of Mitochondrial Dysfunction Revealed through a Monogenic Form of Leigh Syndrome[END_REF] In our experiment, P. damicornis metabolome was significantly impacted by octocrylene after only 7 days of exposure to 50 μg/L octocrylene. The highest nontoxic octocrylene concentration (no observed effect concentration, or NOEC) in our assay was 5 μg/L, although at this concentration, octocrylene derivatives accumulated in coral. Environmental concentrations higher than 50 µg/L have been previously reported. [START_REF] Vila | Ultrasound-Assisted Emulsification Microextraction Followed by Gas Chromatography-Mass Spectrometry and Gas Chromatography-Tandem Mass Spectrometry for the Analysis of UV Filters in Water[END_REF] Corals are subjected to long-term exposure (from several weeks to months per year) at high octocrylene concentrations due to the continuous release of octocrylene into the environment and because octocrylene and octocrylene derivatives accumulate in coral, as demonstrated by us, Mitchelmore et al., and Tsui et al. [START_REF] Mitchelmore | Occurrence and Distribution of UV-Filters and Other Anthropogenic Contaminants in Coastal Surface Water, Sediment, and Coral Tissue from Hawaii[END_REF][START_REF] Tsui | Distribution, and Fate of Organic UV Filters in Coral Communities[END_REF][START_REF] Stien | Metabolomics Reveal That Octocrylene Accumulates in Pocillopora Damicornis Tissues as Fatty Acid Conjugates and Triggers Coral Cell Mitochondrial Dysfunction[END_REF] Thus, we are convinced that octocrylene is among the major causes of coral depletion in anthropized and bathing areas. That said, given the species diversity of coral reefs, it is useful to measure the effect of octocrylene on another reef-building species.

Stylophora pistillata is a scleratinian coral of the family Pocilloporidae that is widely distributed in the tropical and subtropical areas of the Indo-Pacific. Its range extends from Madagascar and the Red Sea in the east to the islands of the western Pacific. The species is maintained at the research aquarium of the Oceanological Observatory of Banyuls-sur-Mer and has been proven to be perfectly adapted to the conditions of the test developed with P. damicornis, in which individual suspended coral nubbins are maintained in 200 mL artificial seawater and exposed to a pollutant for one week. We therefore evaluated the effect of octocrylene exposure on S. pistillata using the metabolomic profiling approach developed with P. damicornis.

MATERIALS AND METHODS

Stylophora pistillata. Samples of the coral S. pistillata were obtained from the Canet-en-Roussillon aquarium "Oniria" and were acclimated for more than two years in tanks at the Banyuls Oceanological Observatory. Corals were maintained in artificial seawater (ASW) prepared with reverse osmosis purified water and Tropic Marin Pro-Reef salts. Salinity was adjusted to 36 g/L, the pH was 8.0, and the temperature was set at 24 °C. All experiments were conducted with the same ASW.

Exposure to octocrylene, extraction, metabolomic profiling and analyses. The method of exposure and analysis was described in detail in our previous publications, and is provided in Supporting Information. [START_REF] Stien | Metabolomics Reveal That Octocrylene Accumulates in Pocillopora Damicornis Tissues as Fatty Acid Conjugates and Triggers Coral Cell Mitochondrial Dysfunction[END_REF][START_REF] Stien | A Unique Approach to Monitor Stress in Coral Exposed to Emerging Pollutants[END_REF] Briefly, coral nubbins of S. pistillata (n = 5) were exposed to 300 and 1000 µg/L octocrylene. After exposition, corals were extracted with methanol/acetonitrile 1:1. Extracts were collected by filtration on cotton, concentrated to dryness and dissolved again in the same solvent at 1 mg/mL. Metabolomic profiles were recorded by UHPLC-Orbitrap-MS (2 µL injected, 2 µg on column). Compound Discoverer software was then used to compare profiles of exposed corals with those of control corals (n = 5) exposed to only DMSO (0.25% v/v), which we previously showed had no effect on the coral. In the presence of DMSO, corals were healthy after 7 days of exposure, and no difference was detectable in the metabolomic profiles compared to corals in ASW only.

Marker metabolites were annotated manually, optionally with the help of Sirius software. [START_REF] Dührkop | SIRIUS 4: A Rapid Tool for Turning Tandem Mass Spectra into Metabolite Structure Information[END_REF] 

RESULTS AND DISCUSSION

The purpose of this work was to study the effect of octocrylene on the coral species S. pistillata and to investigate whether the metabolomic response of this second species was comparable to that obtained with P. damicornis. [START_REF] Stien | Metabolomics Reveal That Octocrylene Accumulates in Pocillopora Damicornis Tissues as Fatty Acid Conjugates and Triggers Coral Cell Mitochondrial Dysfunction[END_REF] The coral S. pistillata was exposed to octocrylene concentrations of 300 and 1000 µg/L for 7 days with water renewal every 24 h to test for possible accumulation of octocrylene derivatives and to ascertain whether octocrylene could impact the health of the coral by disrupting the metabolism of fatty acids, as observed previously in P. damicornis. S1-S45). When the species S. pistillata was exposed to octocrylene, we established accumulation of octocrylene derivatives. First, eight compounds could be easily annotated either because they were identical to those previously annotated [START_REF] Stien | Metabolomics Reveal That Octocrylene Accumulates in Pocillopora Damicornis Tissues as Fatty Acid Conjugates and Triggers Coral Cell Mitochondrial Dysfunction[END_REF] or because they were close analogs.

Octocrylene derivatives in coral S. pistillata exposed to octocrylene (Figures

These are compounds 1-8, for which various fatty acids have been grafted onto the octocrylene ethylhexyl chain (Figure 1, Table 1). In mass spectrometry, the ammoniated molecular ions of these compounds fragmented to yield a first daughter ion at m/z 360.1958 corresponding to a protonated dehydro-octocrylene (Figures S1-S2). The location of the double bond on the ethylhexyl chain and, thus, the modification of the ethylhexyl chain by grafting a fatty acid could then be confirmed by the presence of a second daughter ion at m/z 250.0863 corresponding to the protonated 2-cyano-3,3-diphenylacrylic acid, the fragmentation pattern of which then matched that recorded for octocrylene. This led to the conclusion that the 2-cyano-3,3-diphenylacrylic acid subunit was not modified. It was thus possible to demonstrate that 8 octocrylene derivatives linked to C16:0 and 1, C18:0 and 1, and C22:6 fatty acids were present in coral S. pistillata exposed to octocrylene. This result is broadly similar to that obtained by analysis of octocrylene-exposed P. damicornis, with apparently slightly more fatty acid diversity detected in P. damicornis. 1. Analytical data of octocrylene transformation products formed upon exposure of the coral S. pistillata to octocrylene That being said, other octocrylene derivatives that were not detected in P. damicornis were found in S. pistillata exposed to octocrylene and could be annotated. Three of these derivatives also resulted from the functionalization of the octocrylene ethylhexyl chain.

They were therefore structurally comparable to octocrylene-fatty acid conjugates. For compound 9, for example, it was possible to show that the ion at m/z 562.2410 was a sodium adduct of the empirical formula C 30 H 37 NO 8 Na + (calcd. 562.2411), corresponding to a compound with 13 degrees of unsaturation. In the MS 2 spectrum of the ammonium adduct (exp. m/z 557.2858), the presence of the first fragmentation product at m/z 360.1963 corresponding to octocrylene possessing a double bond on its ethylhexyl chain clearly indicated that this compound was an octocrylene derivative functionalized on the ethylhexyl chain with a group lost by β-elimination (Figure S34). The same ions as those formed upon Finally, a compound represented in the differential metabolomic analysis by a dicharged ion at m/z 431.1980 could not be annotated. This ion might be a fragment of a high-molecular weight compound. However, the fragment at m/z 232.0768 that should correspond to the acylium cation produced from the fragmentation of an octocrylene derivative was found in the MS 2 spectrum of the ion at m/z 431.1980, indicating that compound 13 was probably also an octocrylene derivative (Figure S49).

Although some octocrylene derivatives were species-specific, a pool of octocrylene-fatty acid conjugates common or similar to those already characterized in P. damicornis exposed to octocrylene was found in S. pistillata. We measured the relative integration of the ions listed in Table 1 for compounds 1-13 and compared their peak areas with the peak area of [OC+Na] + ; the area of the octocrylene derivative sodium adducts was 1.5 to 90 larger than the area of the octocrylene sodium adduct (Table 1). The relative peak area of the ion [5+Na] + was nearly 100 times larger than that of [OC+Na] + , indicating that the contribution of octocrylene derivatives in general and compound 5 in particular should not be neglected in studies aimed at estimating the degree of octocrylene contamination in wild corals. The fact that identical and structurally related compounds have been described in the marine worm Hediste diversicolor and in humans suggests that the mechanism by which octocrylene is transformed, in this case by coral holobiont, may be widespread in the living world and that contamination rates of living organisms, from coral to dolphins and humans, may have been largely underestimated until now. [START_REF] Bury | Determination of Urinary Metabolites of the Emerging UV Filter Octocrylene by Online-SPE-LC-MS/MS[END_REF][START_REF] Bury | Urinary Metabolites of the UV Filter Octocrylene in Humans as Biomarkers of Exposure[END_REF][START_REF] Clergeaud | Transfer of 7 Organic UV Filters from Sediment to the Ragworm Hediste Diversicolor: Bioaccumulation of Benzophenone-3 and Further Proof of Octocrylene Metabolism[END_REF] Increased acylcarnitine concentrations in coral S. pistillata exposed to octocrylene. One of the key objectives of this work was to examine the effect of octocrylene contamination on acylcarnitine concentrations in the coral S. pistillata. Indeed, when P. damicornis was exposed to octocrylene, it was shown that the relative concentration of 16 acylcarnitines increased significantly, with a concentration as low as 50 µg/L octocrylene in sea water. [START_REF] Stien | Metabolomics Reveal That Octocrylene Accumulates in Pocillopora Damicornis Tissues as Fatty Acid Conjugates and Triggers Coral Cell Mitochondrial Dysfunction[END_REF] Similarly, comparative metabolomic analysis showed that the relative concentration of 8 acylcarnitines increased significantly when S. pistillata was exposed to 300 or 1000 µg/L octocrylene (Table 2). The observed fragmentation pattern characteristic of acylcarnitines enabled facile annotation of these features. In particular, the loss of trimethylamine from the protonated molecular ion and formation of two products at m/z 85.0284 and 60.0808 corresponding to the carboxyallylium and trimethylammonium cations, respectively, were observed (Figures S50-S77). In addition, the fatty acid side chain was also observed in the fragmentation pattern, both by the loss of a neutral fragment by β-elimination from the protonated molecular ion and by the presence of the fatty acid-derived acylium cation.

Eventually, the annotation of compounds 14-16 and 19 could be corroborated by analysis of commercial standards. Palmitoylcarnitine (19) was the major analog detected. This is consistent with the fact that C16:0-OC was also the major octocrylene-fatty acid conjugate. The relative concentrations of acylcarnitines increased on average by a factor of 4 at 300 µg/L octocrylene and by a factor of 6 at 1000 µg/L octocrylene (Table S1). This increase was always statistically significant. As in the case of the coral species P. damicornis exposed to octocrylene, the large and significant increase in relative acylcarnitine concentrations in S. pistillata suggests an abnormal metabolism of fatty acids. In many pathologies, an elevated relative concentration of acylcarnitines has been correlated with mitochondrial dysfunction, in which mitochondrial β-oxidation of fatty acids and cellular bioenergetics are affected. [START_REF] Frye | Unique Acyl-Carnitine Profiles Are Potential Biomarkers for Acquired Mitochondrial Disease in Autism Spectrum Disorder[END_REF][START_REF] Mihalik | Increased Levels of Plasma Acylcarnitines in Obesity and Type 2 Diabetes and Identification of a Marker of Glucolipotoxicity[END_REF][START_REF] Thomas | Altered Brain Phospholipid and Acylcarnitine Profiles in Propionic Acid Infused Rodents: Further Development of a Potential Model of Autism Spectrum Disorders[END_REF][START_REF] Thompson Legault | A Metabolic Signature of Mitochondrial Dysfunction Revealed through a Monogenic Form of Leigh Syndrome[END_REF] It can be concluded from this experiment that the responses of the two corals studied are analogous, indicating that octocrylene can presumably impact several coral reefs-building species.

Other metabolites that increase in concentration upon exposure to octocrylene. A number of other holobiont metabolite concentrations also increased upon exposure of S. pistillata to octocrylene (Table 3). Compounds 22 and 23 were annotated as lysophosphatidylethanolamines based on their molecular formula and fragmentation spectra (Figures S78-S84). The structure of compound 23 could be confirmed by comparison with an analytical standard. These two compounds were described in our previous article as markers of inflammation in coral, as they are produced from phosphatidylethanolamines by hydrolysis of ω3-polyunsaturated fatty acids initially attached at the sn-2 position, which then participate in the synthesis of anti-inflammatory eicosanoids. 26 74.0600), respectively, supporting the annotation of 24 as one of two known natural sphingoid bases. Compound d19:0 has been described in mammalian cell lines or as sphingolipid constituents of the parasites Schistosoma mansoni and Metroliasthes coturnix. [START_REF] Merrill | Differences in the Long Chain (Sphingoid) Base Composition of Sphingomyelin from Rats Bearing Morris Hepatoma 7777[END_REF][START_REF] Huang | LC-MS Based Sphingolipidomic Study on A2780 Human Ovarian Cancer Cell Line and Its Taxol-Resistant Strain[END_REF][START_REF] Frank | Microscale Analysis of Glycosphingolipids from Schistosoma Mansoni Cercariae[END_REF][START_REF] Nishimura | Sphingolipids of a Cestode Metroliasthes Coturnix[END_REF] The branched isomer ai-d19:0 has been described as a constituent of sphingolipids from the snail Euhadra hickonis and the guinea pig Harder's gland. [START_REF] Kishine | Sphingolipids of <I>Euhadra Hickonis</I>. III. Ceramides of the Viscera[END_REF][START_REF] Yasugi | Composition of Long Chain Bases in Ceramide of the Guinea Pig Harderian Gland[END_REF] There was no clear taxonomic indication in favor of either isomer, which was acceptable in the context of our study. The choice to annotate 24 as the linear isomer was arbitrary.

Regardless of the exact structure of these 3 sphingoid bases, it is especially noteworthy that their relative concentrations are 3 to 16 times higher in S. pistillata exposed to octocrylene, even at 300 µg/L octocrylene. Furthermore, note that sphingoid bases 24 and 25 were present in P. damicornis and that their relative concentrations also increased 2-3 times upon octocrylene exposure.

Converging evidence has shown that sphingolipids are involved in the regulation of apoptosis. [START_REF] Li | Lipidomic Analysis of Apoptotic Hela Cells Induced by Paclitaxel[END_REF] In addition to their function as energy sources, mitochondria also play a key role in many other cellular processes, such as cell cycle control, apoptosis and regulation of cellular metabolism. As such, possible mitochondrial dysfunction can be considered a feature of cellular senescence. [START_REF] Ogrodnik | Cellular Senescence Drives Age-Dependent Hepatic Steatosis[END_REF][START_REF] Chapman | Mitochondrial Dysfunction and Cell Senescence: Deciphering a Complex Relationship[END_REF] The high concentrations of sphingoid bases in both coral This annotation was based on the most likely proposal according to SIRIUS with CSI:FingerID software. [START_REF] Dührkop | SIRIUS 4: A Rapid Tool for Turning Tandem Mass Spectra into Metabolite Structure Information[END_REF][START_REF] Dührkop | Searching Molecular Structure Databases with Tandem Mass Spectra Using CSI:FingerID[END_REF] Annotation as a pheophytin derivative was supported by the characteristic fragmentation of the phytyl chain resulting in a neutral loss of 278.2974 Da in MS 2 (Figure S96). This compound was more than 10 times more concentrated in the exposed coral extracts. 10R-(Methyldioxy)-phaeophytin a is a peroxidized form of pheophytin a, but the functional significance for accumulation of this compound is unclear based on current knowledge in the literature.

Conclusion

Overall, this work demonstrates that the response of coral S. pistillata exposed to octocrylene is similar to that previously reported for P. damicornis. In both species, it has been shown that exposure to octocrylene results in the accumulation of octocrylene derivatives, and triggers an increase in the concentration of several metabolites which are indicative of mitochondrial dysfunction and the induction of cellular senescence.

Several recent studies, including ours, have shown that, for various reasons, octocrylene is harmful to health and the environment. [START_REF] Downs | Benzophenone Accumulates over Time from the Degradation of Octocrylene in Commercial Sunscreen Products[END_REF][START_REF] Foubert | The Presence of Benzophenone in Sunscreens and Cosmetics Containing the Organic UV Filter Octocrylene: A Laboratory Study[END_REF][START_REF] Downs | Response to the Letter to the Editor by Dr. Christian Surber[END_REF][START_REF] Stien | Metabolomics Reveal That Octocrylene Accumulates in Pocillopora Damicornis Tissues as Fatty Acid Conjugates and Triggers Coral Cell Mitochondrial Dysfunction[END_REF][START_REF] Zhong | Comparison of Toxicological Effects of Oxybenzone, Avobenzone, Octocrylene, and Octinoxate Sunscreen Ingredients on Cucumber Plants (Cucumis Sativus L.)[END_REF][START_REF] Meng | Toxic Effects of Octocrylene on Zebrafish Larvae and Liver Cell Line (ZFL)[END_REF][START_REF] Yan | Reproductive Toxicity and Estrogen Activity in Japanese Medaka (Oryzias Latipes) Exposed to Environmentally Relevant Concentrations of Octocrylene[END_REF][START_REF] Falfushynska | Biomarker-Based Assessment of Sublethal Toxicity of Organic UV Filters (Ensulizole and Octocrylene) in a Sentinel Marine Bivalve Mytilus Edulis[END_REF][START_REF] Santo | Prospecting Toxicity of Octocrylene in Allium Cepa L. and Eisenia Fetida Sav[END_REF] It seems that many cosmetic companies are now formulating their products without octocrylene for the benefit of their customers and the preservation of coral reefs. The proven impact of octocrylene on a second coral species S. pistillata suggests that potential environmental pollution with octocrylene can impact many reef-building species. Furthermore, this work demonstrates that levels of octocrylene contamination in the food chain from basal organisms to large predators and humans have probably been underestimated until now due to the variety of octocrylene derivatives that accumulate in corals in response to octocrylene exposure. C16:0-OC was the major compound in both corals, and the quantification of this compound could be a good proxy to estimate the rate of octocrylene transformation and the actual degree of contamination of corals in natural environments. Finally, there is no standardized test to date for assessing xenobiotic toxicity to corals. The metabolomic approach developed by our group is robust while current simpler approaches are reductive. For example, the measurement of bleaching considers only one aspect of toxicity which is the disruption of the coral-Symbiodiniaceae symbiotic relationship. Our group has shown that when corals are exposed to octocrylene for one week, octocrylene does not cause bleaching, whereas significant deleterious effects, not on the symbiont but on the coral animal itself, were recorded. We therefore consider it crucial to develop new, simple, nonreductive approaches to assess xenobiotic toxicity to coral. These new approaches must propose solutions to evaluate not only water-soluble compounds but also lipophilic compounds, as a large part of UV filters are almost insoluble in water. The experimental protocol developed in our work is designed to address this issue. However, indicators that are easily accessible to laboratories accredited in the context of national and international regulations and that would perfectly correlate with stress markers detected today by metabolomic analysis remain to be discovered.

Associated Content

Supporting Information

The Supporting Information is available free of charge at Detailed experimental section, relative concentration data for all acylcarnitines and other coral metabolites, general fragmentation scheme of compounds 1-8 ammoniated and sodiated adducts, proposed structures (if any) and MS and MS 2 spectra for all compounds described in the present article.
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 49 + fragmentation were found at m/z 250.0867 and 232.0759 in the MS 2 spectrum of compound The ion at m/z 360.1963 was produced by the successive loss of ammonia and a neutral molecule, which was attributable to a hexose (C 6 H 12 O 6 ). An ion with the formula C 14 H 26 O 6 Na + (exp. m/z 313.1624) was also observed among the daughter ions in the MS 2 spectrum of [9+Na] + corresponding to the glycosylated ethylhexyl chain that lost the 2cyano-3,3-diphenylacrylic acid by β-elimination. Thus, compound 9 could be annotated as an octocrylene heteroside without further determination of the sugar configuration or its exact position on the ethylhexyl chain, as in the case of fatty acid conjugates. Compounds 10 and 11 were similarly shown to be octocrylene heterosides, in which a subunit with the gross formula C 10 H 15 O 9 -was grafted onto the ethylhexyl chain. It was not possible to determine the structure of this substituent more precisely.Compound 12 was another octocrylene derivative specific to S. pistillata. Its molecular formula C 40 H 59 NO 4 was deduced from the exact mass of the sodium adduct at m/z 640.4337 (calcd. for C 40 H 59 NO 4 Na + 640.4336). In the MS 2 spectrum of the sodium adduct, the first neutral loss corresponded to the loss of a palmitic acid molecule (C16:0), yielding the ion at m/z 384.1934 (Figure2). This product then lost a C 8 H 14 chain corresponding to the ethylhexyl chain possessing one more double bond resulting from the loss of palmitic acid by β-elimination, demonstrating that palmitic acid was indeed attached to the ethylhexyl chain, as with the other octocrylene derivatives. In contrast, the product ion at m/z 274.0841 was a sodium adduct of monohydrogenated octocrylene. The hydrogenation of the central double bond within the 2-cyano-3,3-diphenylacrylic acid substructure could be further confirmed by the formation of the fragmentation product at m/z 167.0860 corresponding to the diphenylmethylium cation. This product cannot be formed by fragmentation of the [OC+Na] + ion when the central double bond is present. Taken together, these observations allowed Compound 12 to be annotated as C16:0-dihydroOC.

Figure 2 .

 2 Figure 2. Collision-induced dissociation spectrum of compound 12 sodium adduct at m/z

Table 2 .

 2 Analytical data for acylcarnitines, whose concentration increased upon exposure of S. pistillata coral to octocrylene. ** p<0.01, *** p<0.001.

  species exposed to octocrylene indicate that this xenobiotic might have stimulated cellular senescence. The increase in the relative concentration of various acylcarnitines and the three sphingoid bases was therefore most likely correlative and may indicate the initiation of cellular senescence processes in octocrylene-exposed corals.Finally, the last compound(27) was annotated putatively as 10R-(methyldioxy)-phaeophytin a (FiguresS94-S97). The formula of this compound was C 56 H 76 N 4 O 7 , as demonstrated by the mass-to-charge ratio of the protonated molecular ion at m/z 917.5787 (calcd. 917.5787).

  

Table 3 .

 3 Other coral metabolites that increased in concentration upon exposure of S.

	pistillata to octocrylene.			
	# a	t R (min)	m/z	Ion type	Molecular formula	Annotation b	Cmpd. class b
	22 7.52 438.2979 [M+H] + C 21 H 44 NO 6 P 1-O-Hexadec-1′-enyl-sn-glycero-3-PE LPE LPE 23 8.12 482.3243 [M+H] + C 23 H 48 NO 7 P 1-O-Octadecanoyl-sn-glycero-3-PE SB 24 7.07 316.3211 [M+H] + C 19 H 41 NO 2 2-Amino-1,3-nonadecanediol SB 25 7.65 344.3525 [M+H] + C 21 H 45 NO 2 2-Amino-1,3-heneicosanediol SB 26 7.98 358.3681 [M+H] + C 22 H 47 NO 2 2-Amino-1,3-docosanediol Phaeophytin 27 15.72 917.5787 [M+H] + C 56 H 76 N 4 O 7 10R-(methyldioxy)-phaeophytin a Unk. 28 9.26 598.5043 [M+H] + C 35 H 67 NO 6 Unk. Unk. 29 9.91 626.5357 [M+H] + C 37 H 71 NO 6 Unk. a Concentration increase was significant (p<0.05) for all compounds (22-29) at both 300 and
	1000 µg/L octocrylene. See Table S2.		
	b Unk.: Unknown; PE: phosphoethanolamine; LPE: lysophosphatidylethanolamine; SB:
	sphingoid base.				
	Compounds 24-26 were annotated as sphingoid bases of varying length (Figures S85-S93).
	For example, 24 was characterized by a protonated molecular ion at m/z 316.3211
	corresponding to the formula C 19 H 42 NO 2	+ (calcd. 316.3210). This compound had no degree
	of unsaturation, which narrowed the possible structures. The only two known natural
	compounds with this formula are 2-amino-1,3-nonadecanediol (or C19-dihydrosphingosine
	or d19:0) and a branched analog, 2-amino-16-methyl-1,3-octadecanediol (or ai-d19:0). In
	the protonated molecular ion fragmentation spectrum, a C 3 H 10 NO 2	+ ion and its dehydrated
	analogue were present at m/z 92.0707 (calcd. 92.0706) and m/z 74.0601 (100%, calcd.
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