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Introduction

Swordfish Xiphias gladius is a large pelagic fish widely distributed in tropical and temperate open waters, including the Mediterranean Sea [START_REF] Palko | Synopsis of the biology of the swordfish, Xiphias gladius Linnaeus[END_REF]. This species has a high commercial value, and is fished mainly by longline and drifting gillnet. According to the International Commission for the Conservation of Atlantic Tunas (ICCAT) who prepares the stock assessment of swordfish in the Atlantic Ocean and adjacent seas, the Mediterranean swordfish has been overfished for decades (ICCAT/SCRS, 2020), requiring the ICCAT contracting parties to adopt a recovery plan for this stock. For the implementation of the recovery plan, it is necessary to have fundamental knowledge on biological traits of the Mediterranean stock of this species, including its reproductive biology [START_REF] Murua | Female Reproductive Strategies of Marine Fish Species of the North Atlantic[END_REF][START_REF] Neilson | The Recovery of Atlantic Swordfish: The Comparative Roles of the Regional Fisheries Management Organization and Species Biology[END_REF]). Among the main information available to date, it can be emphasized that the Mediterranean swordfish spawn during boreal summer (June to August) with a peak of spawning occurring from late June to July; the size at first maturity (L50) for female is between 130 cm and 160 cm in lower-jaw-fork length (LJFL), and the batch fecundity is high (ca. 6 millions oocytes) with spawning occurring in multiple batches [START_REF] Arocha | Swordfish reproduction in the Atlantic Ocean: an overview[END_REF][START_REF] Arocha | Importance of the relative levels of dietary arachidonic acid and eicosapentaenoic acid for culture performance of gilthead seabream (Sparus aurata) larvae[END_REF][START_REF] Gomez Vives | Reproductive characteristics of swordfish (Xiphias gladius) caught in the southwestern Mediterranean during 2003[END_REF][START_REF] Marisaldi | Maturity assignment based on histology-validated macroscopic criteria: Tackling the stock decline of the Mediterranean swordfish (Xiphias gladius)[END_REF].

During the reproductive season, swordfish concentrates into spawning grounds, which in the Mediterranean Sea are located in the Levantine basin (east side), and in the Tyrrhenian and Ligurian Seas and around Balearic islands (west side) [START_REF] Di Natale | On the reduction of juvenile swordfish catches in the Mediterranean[END_REF][START_REF] Garibaldi | An update of the swordfish fishery in the Ligurian sea (western Mediterranean) with a preliminary attempt to standardize the mesopelagic longline CPUEs[END_REF][START_REF] Tserpes | Distribution of swordfish in the eastern Mediterranean, in relation to environmental factors and the species biology[END_REF].

In teleost fish, reproduction requires high energy, mainly in the form of lipids, which is used for the actual reproductive processes, the formation of gamete membranes and the constitution of yolk reserve [START_REF] Lubzens | Maternal investment in fish oocytes and eggs: The molecular cargo and its contributions to fertility and early development[END_REF][START_REF] Tocher | Metabolism and functions of lipids and fatty acids in teleost fish[END_REF]. Reproductive success and offspring survival are associated to lipid quality and availability for gamete synthesis [START_REF] Marshall | Total lipid energy as a proxy for total egg production by fish stocks[END_REF][START_REF] Rainuzzo | The significance of lipids at early stages of marine fish: a review[END_REF]. Lipid quality is a central element because lipids have vast physiological functions: they act as structural component of (i) cell membranes and signalling pathways, mainly in the form of phospholipids (which are polar lipids; PL), cholesterol, and essential fatty acids, and (ii) energy storage, mainly in the form of triacylglycerol and sterol esters (which are neutral lipids; NL). Essential fatty acids are long chain polyunsaturated fatty acids (LC-PUFA) necessary for the correct organism function, but that consumers cannot synthetize in sufficient quantity to meet their health requirements and that must thus be acquired by their diet. Among LC-PUFA, optimal concentrations and proportions (ratios) in gonads of 20:5n-3 and 22:6n-3 (n-3 LC-PUFA family), and 20:4n-6 (n-6 LC-PUFA family), have been shown to promote fecundity, egg hatching and viability, and larvae survival [START_REF] Koven | The effect of dietary DHA and taurine on rotifer capture success, growth, survival and vision in the larvae of Atlantic bluefin tuna (Thunnus thynnus)[END_REF][START_REF] Lubzens | Maternal investment in fish oocytes and eggs: The molecular cargo and its contributions to fertility and early development[END_REF][START_REF] Rainuzzo | The significance of lipids at early stages of marine fish: a review[END_REF]. Furthermore, 22:6n-3 is especially required for neural membrane formation in brain and eyes [START_REF] Koven | The effect of dietary DHA and taurine on rotifer capture success, growth, survival and vision in the larvae of Atlantic bluefin tuna (Thunnus thynnus)[END_REF][START_REF] Morais | Expression of fatty acyl desaturase and elongase genes, and evolution of DHA:EPA ratio during development of unfed larvae of Atlantic bluefin tuna (Thunnus thynnus L.)[END_REF], while 20:5n-3 and 20:4n-6 mediate the inflammatory response and reproduction processes through the production of eicosanoids and prostanoids [START_REF] Chapkin | Dietary docosahexaenoic and eicosapentaenoic acid: Emerging mediators of inflammation[END_REF][START_REF] Xu | Arachidonic acid matters[END_REF]. Contents of n-3 and n-6 LC-PUFA are commonly studied relative to each other (ratios) to inform on physiological state, given that eicosanoids from 20:5n-3 and 20:4n-6 have antagonist functions and compete for their biosynthesis pathways, and that 20:5n-3 and 20:4n-6 can compete for their incorporation into tissues, especially into phospholipids (Atalah et al., 2011;[START_REF] Sissener | Dietary 18:2n-6 affects EPA (20:5n-3) and ARA (20:4n-6) content in cell membranes and eicosanoid production in Atlantic salmon (Salmo salar L.)[END_REF].

As most pelagic fish, the Mediterranean swordfish is rich in 22:6n-3, however its composition varies significantly among individuals (20 ± 9% of total FA in white muscle, Spain, n=5; [START_REF] Cardona | The role of sardine as prey for pelagic predators in the western Mediterranean Sea assessed using stable isotopes and fatty acids[END_REF] and among tissues (28%, 18% and 15% of total FA in white muscle, brain, and gonads, respectively, Tunisia, n=6;[START_REF] Ben Smida | The composition of fatty acids in the tissues of Tunisian swordfish (Xiphias gladius)[END_REF]. In large pelagic fish, such variabilities might be related to dietary changes (e.g., [START_REF] Cardona | The role of sardine as prey for pelagic predators in the western Mediterranean Sea assessed using stable isotopes and fatty acids[END_REF][START_REF] Sardenne | Trophic niches of sympatric tropical tuna in the Western Indian Ocean inferred by stable isotopes and neutral fatty acids[END_REF][START_REF] Young | Discrimination of prey species of juvenile swordfish Xiphias gladius (Linnaeus, 1758) using signature fatty acid analyses[END_REF], seasonal migration (e.g., [START_REF] Goñi | Seasonal and interannual variability of fat content of juvenile albacore (Thunnus alalunga) and bluefin (Thunnus thynnus) tunas during their feeding migration to the Bay of Biscay[END_REF][START_REF] Lazo-Andrade | Seasonal dynamics of biochemical composition and fatty acids of swordfish (Xiphias gladius) in the Southeast Pacific Ocean off the coast of Chile[END_REF], and physiological changes, especially in relation to reproduction (e.g., [START_REF] Dhurmeea | Lipid and fatty acid dynamics in mature female albacore tuna (Thunnus alalunga) in the western Indian Ocean[END_REF][START_REF] Rangel | Physiological markers suggest energetic and nutritional adjustments in male sharks linked to reproduction[END_REF]. Lipid and FA requirements for swordfish reproduction are however not documented, and energy allocation to reproduction is difficult to measure in this species due to its indeterminate fecundity (i.e., the potential annual fecundity of females is not fixed prior to the onset of spawning) [START_REF] Arocha | Importance of the relative levels of dietary arachidonic acid and eicosapentaenoic acid for culture performance of gilthead seabream (Sparus aurata) larvae[END_REF].

This study aims to contribute to the understanding of lipid requirement for swordfish reproduction. To that purpose, we investigate variation in lipid composition in reproductive tissues of females and males swordfish from the Mediterranean Sea. Specifically, we investigated changes in lipid classes and FA content of both PL and NL from different reproductive stages of ovaries and testis during the reproductive period of swordfish from Corsica Island (west Mediterranean Sea). Finally, we also discuss the potential use of swordfish gonads as a food source for human consumption.

Material & methods

Fish and gonad sampling

Seventy-eight fish were collected by longliners during the reproductive period of swordfish, in the boreal summers (June to September) of 2019 and 2020, near Corsica Island in the north-western Mediterranean Sea (Fig. 1).

On-board, fishermen measured the fishes in LJFL to the nearest cm before gutting, and stored the whole gonads in ice. At landing, gonads were transhipped to the laboratory and weighted to the nearest gram (weight of the two gonads). 

Determination of swordfish reproductive stages

Reproductive stages were based on gonad examination and were determined on microscopic basis (histology) for ovaries, and on macroscopic basis (visual) for testes. Six reproductive stages were identified for females: immature (stage 1), developing (2a and 2b), spawning capable (3), spawning [START_REF] Tserpes | Distribution of swordfish in the eastern Mediterranean, in relation to environmental factors and the species biology[END_REF], regressing (or post-spawning) (5) and regenerating (6), according to the histological criteria of the 2021 ICCAT workshop on swordfish biology, based on [START_REF] Farley | Determination of swordfish growth and maturity relevantto the southwest Pacific stock[END_REF][START_REF] Farley | Reproductive Dynamics and Potential Annual Fecundity of South Pacific Albacore Tuna (Thunnus alalunga)[END_REF]. Briefly, two subsamples (2 cm 3 )

were taken in the central part of ovary and were fixed in a 4% formaldehyde solution (10% formalin) and then preserved in 70% ethanol for later histological analysis. Subsamples were dehydrated through a series of increasing concentration of ethanol, cleared with NeoClear (i.e. substitute of xylene/toluene) and embedded in paraffin. Histological section of 7 μm thickness were cut with a microtome from the paraffin block, stained and examined under a microscope. Four reproductive stages were identified for males: immature and developing (1), spawning capable (2), spawning (3) and regressing (or post-spawning) (4), following the macroscopic criteria of ICCAT, based on [START_REF] Poisson | Reproductive dynamics of swordfish (Xiphias gladius) in the southwestern Indian Ocean (Reunion Island). Part 2: fecundity and spawning pattern[END_REF].

2.3. Lipids analysis 2.3.1. Lipid extraction Gonads sub-samples were freeze-dried for 72 hr and grounded to a homogeneous powder with a ball mill. Moisture (i.e., water content) was measured as the difference between wet and dry weights of samples (before/after freeze-drying), and expressed as percentage of wet weight.

Lipids were extracted from ca. 70 mg of dry powder with 6 mL of solvent mixture (CHCl3:MeOH, 2:1, v:v) directly added into glass vials [START_REF] Sardenne | Effects of extraction method and storage of dry tissue on marine lipids and fatty acids[END_REF] 

Results

Size and year distributions by maturity stages

A higher number of female was caught in both years in comparison to male (48 vs. 30 individual) (Table S1).

For both sexes, individuals at a more advanced reproductive stage were the largest and immature individuals (stage 1) were the smallest (Fig. 2), resulting in co-variability between LJFL and reproductive stage (ρ = 0.74).

The sampling design between reproductive stages and sampling year was also unbalanced, with most reproductive stages counting less than 5 individuals and most individuals at stages 1, 5 and 6 been caught in 2020 (Fig. S1), making statistical comparisons between years impossible. But based on descriptive data, inter-annual differences in the total lipid content were not evident (Fig. S2). Regardless of maturity stages and sex, the ratio between the sum of all NL or all PL lipid classes ranked from 0.1 to 1.4. This ratio was higher in ovaries than in testes (0.7 ± 0.4 vs 0.5 ± 0.4 ; 𝞆²= 4.9, p<0.05), and tended to increase with reproductive stages in ovaries (Fig. S3).

Regardless of sexes and reproductive stages, PC, TAG and CL/PE were the three main lipid classes (Fig. 3), which averagely accounted for 35%, 18% and 13% of total lipids, respectively, followed by SE (5% of total lipids). However, some differences were observed between sexes and maturity stages: TAG, PC, and PI concentrations increased until stage 4 in ovaries (Fig. 3; top panels). TAG concentration increased more than 9-fold between stages 1 and 4, from 1.2 ± 1.6 to 10.9 ± 4.3 mg.g -1 , and then it decreased to 3.9 ± 3.8 mg.g -1 at stage 6. PC concentration tripled between stages 1 and 4 from 3.4 ± 1.0 to 13.2 ± 6.9 mg.g -1 ,

and then it decreased to 3.6 ± 0.5 mg.g -1 at stage 6.

Changes in PI concentrations were small but followed the same trend of PC (from 0.3 ± 0.1 to 0.5 ± 0.2 mg.g -1 between stages 1 and 4). In contrast, in testes lipid classes changed little with reproductive stages, apart from a slightly higher concentration of FS at stage 2 as compared to the other stages (Fig. 3; bottom panels Overall, FAs of swordfish gonads were mainly composed of 22:6n-3, 16:0, 18:1n-9, 18:0, 20:4n-6, and 20:5n-3 in both NL and PL, and these six FA accounted for up to 90 % of neutral and polar FA (Tables 2 andS2). Regardless of sexes, FA profiles differed between NL and PL with PL containing more 20:4n-6 and 22:5n-6, and NL containing more 20:4n-3, 18:2n-6 and 18:1n-9 (discrimination on PC1; Fig. 4). PL contained more SFA and PUFA than NL (W=1596, p<0.001 and W=1977, p<0.01, respectively), while similar concentrations of monounsaturated FA (MUFA) were observed between these fractions (W=2746, p=0.70) (Tables 2 andS2).

Regardless of lipid fractions, some differences were also noted between sexes, with ovaries containing more PUFA than testes (2.4 ± 1.9 vs 1.6 ± 1.0 mg.g -1 ; W=3298, p<0.05), especially n-6 PUFA (W=3454, p<0.01). FA profiles of NL and PL also differed with reproductive stages, especially in ovaries (Fig. 4). Main changes in FA concentrations and proportions were observed during ovaries maturation while no changes were observed during testes maturation (Fig. 5 andS3). In ovaries, concentrations of 16:0, 20:5n-3 and 22:6n-3 significantly increased from stages 1 to 3/4 then decreased until stage 6 in both NL and PL (i.e., "inverted U-shaped" relationships). Concentration of 18:1n-9 increased from stages 1 to 4, in particular in NL (Fig. 5A; top panels). In contrast, concentrations of 18:0 and 20:4n-6 remained stable throughout the gonad maturation in both NL and PL (0.2 ± 0.1 mg.g - 1 ; Fig. 5A). Changes in the main FA families followed that of their main FA, in particular changes in saturated FA paralleled changes in 16:0, and changes in n-3 PUFA paralleled changes in 22:6n-3 (Fig. 5B).

Table 2. Mean ± standard deviation (SD) of the ten fatty acids contributing the most to the total fatty acids, and the sum of all saturated, monounsaturated and polyunsaturated fatty acids in neutral lipids (NL) and polar lipids (PL) of swordfish ovaries and testes, expressed in mg.g -1 wet weight (see Table S2 Regarding FA ratios, n-3/n-6 ranked 1.7-8.5, 20:5n-3/20:4n-6 ranked 0.2-3.5, and 22:6n-3/20:5n-3 ranked 1.1-21.9. Regardless of sex, both n-3/n-6 and 20:5n-3/20:4n-6 ratios were higher in NL than in PL (𝞆²=18.5 and 𝞆²=34.3, both p<0.0001) (Fig. 6). Main changes in FA ratios with reproductive stages concerned the n-3/n-6 and 20:5n-3/20:4n-6 ratios of ovaries, which followed an "inverted U-shaped" relationship (Fig. 6; left panels), while it did not significantly change in testes.

Fig. 6. Ratios of fatty acids (n-3/n-6 and 20:5n-3/20:4n-6; no unit) in neutral (red) and polar lipids (green) lipids according to reproductive stages of female (left panel) and male (right panel) Mediterranean swordfish. To note the scale used in each panel is different.

Discussion

Lipids are energetic reserve and structural components of any living organisms, and are involved in reproductive processes. To contribute to an understanding of the reproductive biology of Mediterranean swordfish, lipid and FA contents in gonads were studied during the reproductive cycle of male and female swordfish from the Mediterranean Sea. While lipid classes and FA concentrations remained unchanged during the reproductive cycle of males, concentrations of PC, TAG, 16:0, 18:1n-9, and 22:6n-3 followed an "inverted U-shaped" relationship with ovarian maturation. Their concentrations increased from immature (stage 1) to spawning-capable stages (stages 3/4, corresponding to eggs emission) before decreasing during the regressing and regenerating phases (i.e., stages 5/6). This suggest that these compounds are of particular importance for swordfish eggs production.

However, a note of caution is warranted due to the low number of samples available for the analysis between reproductive stages 2 to 6, and to the need to account also for the lipid composition of other tissues (liver and muscle) at different seasons.

Lipid and fatty acid functions during gonad maturation of swordfish

During fish ovarian maturation, oocytes growth involves high accumulation of materials and nutrients, including phospholipid-rich yolk proteins precursors ('vitellogenins') and energetic reserve ('oil droplets') which are used to sustain the progeny [START_REF] Lubzens | Maternal investment in fish oocytes and eggs: The molecular cargo and its contributions to fertility and early development[END_REF][START_REF] Sullivan | Vitellogenesis and Yolk Proteins, Fish[END_REF]. Average total lipids was 1.8% of ovaries wet weight in swordfish, with NL (TAG + SE) reaching 36.8± 7.3% of total lipids in the spawning stages (stages 3/4). This result suggests that swordfish spawns floating eggs with relatively large oil droplets. Similarly, significant oil droplets are usually detected in swordfish in late stage vitellogenic oocytes by imagery examination [START_REF] Arocha | Importance of the relative levels of dietary arachidonic acid and eicosapentaenoic acid for culture performance of gilthead seabream (Sparus aurata) larvae[END_REF][START_REF] Carnevali | Macromolecular Characterization of Swordfish Oocytes by FTIR Imaging Spectroscopy[END_REF][START_REF] Ortiz-Delgado | Histochemical characterisation of oocytes of the swordfish Xiphias gladius[END_REF]. Several large pelagic fish have similar lipid content of ovaries as the one of this study (0.8-4.6% ww), with an accumulation of phospholipids and TAG before spawning. These include the yellowfin tuna Thunnus albacares (0.5-2.7% ww) [START_REF] Zudaire | Accumulation and mobilization of lipids in relation to reproduction of yellowfin tuna (Thunnus albacares) in the Western Indian Ocean[END_REF], albacore tuna Thunnus alalunga (0.8-5.2% ww) [START_REF] Dhurmeea | Lipid and fatty acid dynamics in mature female albacore tuna (Thunnus alalunga) in the western Indian Ocean[END_REF], skipjack tuna Katsuwonus pelamis (0.5-6.6% ww) [START_REF] Grande | Energy allocation strategy of skipjack tuna Katsuwonus pelamis during their reproductive cycle[END_REF][START_REF] Hiratsuka | Lipid class and fatty acid composition of phospholipids from the gonads of skipjack tuna[END_REF], and Pacific Bluefin tuna Thunnus orientalis (0.5-10.1% ww) [START_REF] Hiraoka | Lipid and fatty acid dynamics by maternal Pacific bluefin tuna[END_REF]. These reports and our results suggest that PC and TAG deposition in ovaries is a general strategy used by large fish species of the Scombroidei sub-order for the production of eggs, which is common in marine fish [START_REF] Wiegand | Composition, accumulation and utilization of yolk lipids in teleost fish[END_REF].

Allocation of phospholipids, especially of PC (35% of total lipids here), to maturing oocytes might improve future embryo and larvae development. Diets rich in phospholipids, especially PC, improve growth and survival rate while decreasing malformation of fish larvae [START_REF] Cahu | Influence of dietary phospholipids on early ontogenesis of fish[END_REF][START_REF] Reis | Esterification and modification of [1-14C] n-3 and n-6 polyunsaturated fatty acids in pikeperch (Sander lucioperca) larvae reared under linoleic or α-linolenic acid-based diets and variable environmental salinities[END_REF][START_REF] Tocher | The role of phospholipids in nutrition and metabolism of teleost fish[END_REF]. Lipids such as TAG (reaching ca. 40% of total lipids in ovaries of stage 3/4) are important for fish eggs as energetic reserve, and SE (5% of total lipids in swordfish ovaries) are usually involved in yolk energy storage and probably to egg buoyancy, due to their low specific gravity [START_REF] Anderson | Lipid classes and fatty acid composition of the eggs of some Australian fish[END_REF][START_REF] Lubzens | Maternal investment in fish oocytes and eggs: The molecular cargo and its contributions to fertility and early development[END_REF].

Regarding swordfish testes, lipid class and FA concentrations remained constant throughout the maturation process. Nevertheless, testes were as high in lipids as ovaries during all the reproductive cycle (ca. 2% ww), especially in membrane lipids PC and CL/PE. However, the macroscopic determination of maturity stages prevent a firm conclusion regarding lipid requirements for male reproductive success. In comparison to Atlantic Bluefin tuna, swordfish testes had higher PC and CL/PE proportions (23% and 16% of total lipids in swordfish, respectively versus 10% of total lipids for both classes in Bluefin tuna; [START_REF] Sprague | Lipid and fatty acid composition, and persistent organic pollutant levels in tissues of migrating Atlantic bluefin tuna (Thunnus thynnus, L.) broodstock[END_REF], however the physiological reason for this remains still to be determined.

PUFA such as 22:6n-3, 20:5n-3, and 20:4n-6 are essential for the development of fish larvae, and their proportions and ratios are species-specific [START_REF] Sargent | Recent developments in the essential fatty acid nutrition of fish[END_REF][START_REF] Xu | Arachidonic acid matters[END_REF]. 22:6n-3 was the main essential PUFA in swordfish gonads, as it is usually the case in other large pelagic fishes (e.g. [START_REF] Dhurmeea | Lipid and fatty acid dynamics in mature female albacore tuna (Thunnus alalunga) in the western Indian Ocean[END_REF][START_REF] Hiraoka | Lipid and fatty acid dynamics by maternal Pacific bluefin tuna[END_REF][START_REF] Sardenne | Biological and environmental influence on tissue fatty acid compositions in wild tropical tunas[END_REF]. Its increasing concentration and proportion along the ovarian maturation highlighted the selective allocation of 22:6n-3 to ovaries, especially to phospholipids, until the spawning stage (stage 4), and the importance of 22:6n-3 for swordfish egg production.

22:6n-3 bounded to PE and PC is indeed of high importance for correct development of fish larvae, as di-22:6n-3 phospholipids are required for the retinal development, especially for predatory fish larvae [START_REF] Wiegand | Composition, accumulation and utilization of yolk lipids in teleost fish[END_REF]. This increased requirement of 22:6n-3 can be fulfilled by diet or by the remobilisation of lipid reserves from other tissues, especially liver, as it was observed for the Pacific Bluefin tuna [START_REF] Hiraoka | Lipid and fatty acid dynamics by maternal Pacific bluefin tuna[END_REF]. 20:4n-6

and 20:5n-3 are PUFA used to regulate inflammatory responses and reproductive processes through eicosanoids synthesis, and their low amounts (in comparison to 22:6n-3) recorded in our study might be related to their conversion by elongation into 22:4n-6 and 22:5n-3 [START_REF] Scholefield | Cell proliferation and long chain polyunsaturated fatty acid metabolism in a cell line from Southern Bluefin tuna (Thunnus maccoyii)[END_REF]. Such regulation could be related to the gonad maturation since the percentages of 20:4n-6 and 20:5n-3 decreased with ovary maturation, a pattern that has been in observed in several fish species [START_REF] Xu | Arachidonic acid matters[END_REF][START_REF] Xu | Dietary arachidonic acid differentially regulates the gonadal steroidogenesis in the marine teleost, tongue sole (Cynoglossus semilaevis), depending on fish gender and maturation stage[END_REF]. However, this regulation remains to be further investigated since concentration changes with maturity stages were observed for 22:6n-3 and at a lesser extent for 20:5n-3, but not for 20:4n-6. The n-3/n-6 and the 20:5n-3/20:4n-6 ratios followed an "inverted U-shaped" relationship with ovarian maturation. Overall, the n-3/n-6 ratio ranked 1.7-8.5, which is in close range with values of tropical tunas (1.0-5.2, ovaries and testes; [START_REF] Sardenne | Biological and environmental influence on tissue fatty acid compositions in wild tropical tunas[END_REF] and albacore tuna (1-6.5, ovaries only;[START_REF] Dhurmeea | Lipid and fatty acid dynamics in mature female albacore tuna (Thunnus alalunga) in the western Indian Ocean[END_REF], and slightly lower than Pacific Bluefin tuna (9.3, ovary only;[START_REF] Hiraoka | Lipid and fatty acid dynamics by maternal Pacific bluefin tuna[END_REF], suggesting large pelagic fishes have similar and high n-3 needs for gonad maturation and eggs production. The high concentration of 18:1n-9, especially in reserve lipids of mature ovaries (stages 3 to 5), could be related to the MUFA role in metabolic energy production, as they are among the preferred substrates for β-oxidation [START_REF] Henderson | Chain-length specificities of mitochondrial and peroxisimal βoxidation of fatty acids in livers of rainbow trout (Salmo gairdneri)[END_REF][START_REF] Sidell | Antarctic fish tissues preferentially catabolize monoenoic fatty acids[END_REF]. The increase in 18:1n-9 concentration and proportion with the ovarian maturation suggest that this FA is selectively allocated to the ovaries during maturation, and later consumed for energy supply during embryogenesis and larval development.

Maternal effect & energy allocation in swordfish

Maternal effect is a non-genetic contribution of females to offspring fitness. It generally results in the fact that larger and older females may produce more-and higher quality-offspring [START_REF] Barneche | Fish reproductive-energy output increases disproportionately with body size[END_REF][START_REF] Green | Chapter 1 Maternal Effects in Fish Populations[END_REF], which can influence stock recruitment and stability ("big old fat fecund female fish" concept; [START_REF] Hixon | BOFFFFs: on the importance of conserving oldgrowth age structure in fishery populations[END_REF].

For fisheries resource management, female demography and inter-female differences deserve consideration in developing harvesting strategies [START_REF] Barneche | Fish reproductive-energy output increases disproportionately with body size[END_REF][START_REF] Green | Chapter 1 Maternal Effects in Fish Populations[END_REF]. A maternal effect was suggested for swordfish from the Indian Ocean (La Réunion Island) since batch fecundity (based on the weight of hydrated oocytes per ovary) and reproductive activity (based on period with a high gonadal index) increased with female LJFL [START_REF] Poisson | Reproductive dynamics of swordfish (Xiphias gladius) in the southwestern Indian Ocean (Reunion Island). Part 2: fecundity and spawning pattern[END_REF]. However, maternal effects remain to be investigated for the Mediterranean swordfish, including from the point of view of lipid and energy storage, as already observed for Pacific Bluefin tuna [START_REF] Hiraoka | Lipid and fatty acid dynamics by maternal Pacific bluefin tuna[END_REF].

Energy acquisition from food, energy storage, and allocation for reproduction can be adaptive responses to environmental conditions, which define the energy allocation strategy of a fish species along the capital to income breeder continuum [START_REF] Mcbride | Energy acquisition and allocation to egg production in relation to fish reproductive strategies[END_REF]. For instance, physiological needs during ovary maturation of yellowfin tuna T. albacares from the Western Indian Ocean are thought to be insured by both prey selection of small fatty fish [START_REF] Zudaire | Variations in the diet and stable isotope ratios during the ovarian development of female yellowfin tuna (Thunnus albacares) in the Western Indian Ocean[END_REF] and previous energy storage in the liver [START_REF] Zudaire | Accumulation and mobilization of lipids in relation to reproduction of yellowfin tuna (Thunnus albacares) in the Western Indian Ocean[END_REF], which classify this species as an income-capital breeder [START_REF] Zudaire | Accumulation and mobilization of lipids in relation to reproduction of yellowfin tuna (Thunnus albacares) in the Western Indian Ocean[END_REF]. Such mixture of capital-and income-breeding strategies is common in large pelagic fishes [START_REF] Dhurmeea | Lipid and fatty acid dynamics in mature female albacore tuna (Thunnus alalunga) in the western Indian Ocean[END_REF][START_REF] Hiraoka | Lipid and fatty acid dynamics by maternal Pacific bluefin tuna[END_REF]. To investigate the reproductive strategy of swordfish, lipid content of muscle and liver should be analysed in association to gonads throughout the year, to detect whether or not lipids are stored before reproduction.

Swordfish gonad as a food source for human consumption

The world health organization (WHO) recommends a daily intake of 250-500 mg of 22:6n-3 + 20:5n-3 for human health, especially to reduce oxidative damage of the brain and to improve neurological outcomes [START_REF] Butt | Fish and Fish Oil for the Aging Brain[END_REF][START_REF] Fao | Report of the Joint FAO/WHO Expert Consultation on the Risks and Benefits of Fish Consumption[END_REF]. At the same time, 22:6n-3 is better assimilated when bounded to phospholipids rather than to TAG [START_REF] Sugasini | Enrichment of brain docosahexaenoic acid (DHA) is highly dependent upon the molecular carrier of dietary DHA: lysophosphatidylcholine is more efficient than either phosphatidylcholine or triacylglycerol[END_REF][START_REF] Tsushima | Lysophosphatidylserine form DHA maybe the most effective as substrate for brain DHA accretion[END_REF]. Swordfish gonads are rich in 22:6n-3-phospholipids, therefore, these gonads are of a high nutritional interest for human health. Swordfish gonads are fatty tissues that can however be contaminated by persistent and liposoluble organic pollutants. In particular, polychlorobiphenyls (PCBs) and dichlorodiphenyl-trichloroethane (DDTs) are abundant organic pollutants in tissues of the Mediterranean swordfish [START_REF] Mehouel | Health risk assessment of exposure to polychlorinated dibenzo-pdioxins/dibenzofurans (PCDD/Fs) and dioxin-like polychlorinated biphenyls (DL-PCBs) in swordfish from the Mediterranean Sea[END_REF][START_REF] Stefanelli | Organochlorine compounds in tissues of swordfish (Xiphias gladius) from Mediterranean Sea and Azores islands[END_REF]. [START_REF] Stefanelli | Organochlorine compounds in tissues of swordfish (Xiphias gladius) from Mediterranean Sea and Azores islands[END_REF] indicated that gonads are among the less contaminated tissues, but ovaries are usually more contaminated than testes by both PCBs and DDTs [START_REF] Stefanelli | Organochlorine compounds in tissues of swordfish (Xiphias gladius) from Mediterranean Sea and Azores islands[END_REF]). In the western Indian Ocean, perfluoroalkyl substances (PFASs)

have been shown to be particularly high in both swordfish ovaries and testes [START_REF] Munschy | Legacy and emerging Persistent Organic Pollutant (POP) levels and profiles in top predator fish from the western Indian Ocean in relation to their trophic ecology[END_REF]. Regarding trace metals, as most marine top predators, swordfish is mainly contaminated by mercury (sometime over the safety limit set at 1 ppm ww by WHO), and in a lesser extent by arsenic, while other heavy metals (cadmium, lead) are generally found within safety limits [START_REF] Bodin | Trace elements in oceanic pelagic communities in the western Indian Ocean[END_REF][START_REF] Di Bella | Potentially toxic elements in Xiphias gladius from Mediterranean Sea and risks related to human consumption[END_REF][START_REF] Gobert | Trace element concentrations in the apex predator swordfish (Xiphias gladius) from a Mediterranean fishery and risk assessment for consumers[END_REF][START_REF] Sulimanec Grgec | Mercury and selenium in fish from the eastern part of the Adriatic Sea: A risk-benefit assessment in vulnerable population groups[END_REF]. Contamination of swordfish gonads by trace metals remains to be assessed for the Mediterra-Sea population. In the western Indian Ocean, it was shown that testes contain higher mercury levels than ovaries, even if it was still within safety limits (Hollanda et al., 2017). Even if the gonads of swordfish from Corsica

Island have low concentrations of contaminants, which still needs to be assessed, it should not justify an increase in the exploitation of this species, given the already overfished stock. Few hundred of kg of swordfish gonads are 'wasted' yearly in Corsica Island (i.e., wasted as human food source, but not for the ecosystem; [START_REF] Fuiman | Egg boons: central components of marine fatty acid food webs[END_REF], and this production of already fished fish should thus enter in short and local supply chains (e.g., restaurant, gourmet food).

Conclusion

As several large pelagic fish, swordfish gonads contain relatively low total lipids (1.7% ww). However, while lipid class and FA concentrations remained unchanged during teste maturation, concentrations of PC, TAG, 16:0, 18:1n-9, and 22:6n-3 followed "inverted U-shaped" relationships with ovarian maturation. The energy allocation strategies and maternal effect remain to be assessed for Mediterranean swordfish, requiring the analysis of other tissues, a larger size range of females in spawning capable stages, and a year-round sampling. Swordfish gonads from the Mediterranean Sea might also represent a good food source for human consumption, but information on pollutant content is still missing and it should be assessed before approval for human use. Table S2. Mean ± standard deviation (SD) of the ten fatty acids contributing the most to the total fatty acids, and the sum of all saturated, monounsaturated and polyunsaturated fatty acids of swordfish ovaries and testes, expressed as % of neutral lipid fatty acids (NL) or polar lipid fatty acids (PL). 

Fig. 1 .

 1 Fig. 1. Sampling location (coordinates at the end of hauling) where swordfish (n=48 females and 30 males) were collected near the Corsica Island, Mediterranean Sea in 2019 and 2020.

  Once dry, 2.3 µg of an internal standard was added (free fatty acid 23:0, 20 µL at 0.115 g.L -1 ). All samples were transesterified with 800 µL of MeOH:H2SO4 (3.4%; v/v), and heated at 100°C for 10 min. The formed fatty acid methyl ester (FAME) were recovered in hexane. 2.3.3.2. Purification of fatty acid methyl-esters derived from neutral lipids High Performance Liquid Chromatography (HPLC) equipped with two columns (LiChrospher Si 60 and Li-Chrospher 100 DIOL, both 5 µm) and a Dionex HPLC system (P680 pump AS-100 auto sampler, UVD170UUV detector with deuterium lamp, Foxy fraction collector), was used to separate FAME from other unwanted compounds (e.g., sterols and alcohols), which are contained in the NL fraction. Details on the analytical methods (i.e., solvent proportions, flow-rate) can be found in[START_REF] Marty | Identification and occurrence of a novel cis-4,7,10,trans-13docosatetraenoic fatty acid in the scallop Pecten maximus (L.)[END_REF]. The purified FAME were recovered in new vials for gas chromatography analysis.2.3.3.3. Gas chromatography FAME composition was analysed by gas chromatography coupled to a flame ionization detector (GC-FID; Varian CP8400 gas chromatograph, Agilent). Samples (2 µL) were injected at 250°C in splitless mode at an oven temperature of 60°C, with hydrogen as the carrier gas. The GC was equipped with a ZBWAX column (30 m in length, 0.25 mm internal diameter, 0.25 µm film thickness, Phenomenex). The oven temperature was raise to 150°C at 50 °C.min -1 , to 170 °C at 3.5 °C.min -1 , to 185 °C at 1.5 °C.min -1 , to 225 °C at 2.4 °C.min -1 and then to 250 °C at 5.5 °C.min -1 . FAME were identified by comparing their retention time to those of external commercial standard mixture (S37 FAME Mix, PUFA n°1, and PUFA n°3, Supelco) using the software Galaxie 1.9.3.2 (Agilent). FAME peak area was converted into µg of FA based on the peak area of the internal standard 23:0. Mean analytical variability for FA quantification was 8.1%. Concentrations were expressed in mg.g -1 of wet weight, and proportions in % of FAs from NL and PL. 2.4. Data analysis Total lipid allocated to gonads (TL, in gram) was computed as the gonads wet weight multiplied by the concentration of the total lipids in wet weight. Eight outliers for lipid classes (3 males and 5 females; total lipid content of 250-333 mg.g -1 ) were removed from the dataset before statistical analysis (technical issue during HPTLC analysis). To improve design balance, females from maturity stage 2a (n=2) and 2b (n=3) were grouped under stage 2. However, the design remained unbalanced (see section 3.1.) and homoscedasticity (Bartlett test) was not reached for all lipid and FA concentrations. Because these statistical assumptions were not met, non-parametric statistics were used to compare lipid and FA concentrations and ratios of essential FAs between sexes and among maturity stages. Specifically, to investigate these dissimilarities we used Kruskall-Wallis test (𝞆² statistic) to compare more than two groups, Wilcoxon test (W statistic) to compare two groups, and Spearman correlation test (S statistic, and ρ the correlation coefficient) to test for correlation between two variables. Principal component analyses (PCA) were applied on untransformed FA percentage compositions to visually examine FA profile. Data were analysed using R software 3.5.0 (R Development Core Team et al., 2018).

Fig. 2 .

 2 Fig. 2. Distribution of the lower jaw-fork length of swordfish Xiphias gladius caught from the Mediterranean Sea in 2019 and 2020 according to reproductive stages (from 1 to 6), with sex displayed by colour (fe-male=blue, male=yellow). The box contains 50% of the data, the thick bar is the median value and the black dots are outliers. Numbers at the bottom of the panel indicate the number of individuals (n) for each group.

Fig. 3 .

 3 Fig. 3. Distribution of lipid class concentrations in swordfish gonads (in mg.g -1 wet weight), according to the reproductive stages (1 to 6) and fish sex (female/ovaries: top panels, male/testes: bottom panels). See Material & Methods for the acronyms definition of the eleven lipid classes. Symbols on the top left of each panel indicate concentration differences with reproductive stages according to Kruskall-Wallis tests: ns=not significant, *= p<0.05, **= p<0.01, ***= p<0.001, ****= p<0.0001.

Fig. 4 .Fig. 5 .

 45 Fig. 4. Principal component analyses (PCA) of FA percentage composition in neutral (red) and polar (green) lipids of (A) ovaries and (B) testes of the Mediterranean swordfish Xiphias gladius, according to the reproductive stages (1 to 6, displayed by dot shape).

Fig. S1 .

 S1 Fig. S1. Distribution of maturity stages (from 1 to 6) by sampling year (2019 and 2020) for female and male swordfish Xiphias gladius caught from Corsica Island in the Mediterranean Sea (n=78). See Material & Methods for sampling details.

Fig. S2 .

 S2 Fig. S2. Total lipids concentration in the gonads of the Mediterranean swordfish Xiphias gladius (in mg.g -1 of wet weight), according to the reproductive stages (1 to 6) of females (left panel) and males (right panel) in 2019 (light grey) and 2020 (dark grey).

Fig. S2 .

 S2 Fig. S2. Ratio (unit less) between reserve lipids (NL; i.e., sum of ALC, FFA, FS, SE, and TAG) and membrane lipids (PL; i.e., sum of LPC, PC, SPG, PS, PI, and CL/PE) in swordfish gonads, according to maturity stages (1 to 6). Symbols on the top left of each panel indicate concentration differences with maturity stages according to Kruskall-Wallis tests: ns=not significant, *= p<0.05. ALC=Alcohols, FFA=Free fatty acids, FS=Free sterols, SE=Sterol-and wax-esters, TAG=Triacylglycerol, LPC=Lyso-phosphatidyl choline, PC=Phosphatidyl-choline, SPG=Sphingomyelin, PS= Phosphatidyl-serine PI=Phosphatidyl-inositol, and CL/PE=Cardiolipin and phosphatidyl-ethanolamine.

Fig. S3 .

 S3 Fig. S3. Percentage of (A) the six main fatty acids (FA), and (B) FA families, in neutral (red) and polar (green) lipids of the gonads of the Mediterranean swordfish Xiphias gladius, according to reproductive stages of females (ovaries: top panels) and males (testes: bottom panels). Symbols on the top left of each panel indicate concentration differences with reproductive stage (regardless of the lipid fraction), according to Kruskall-Wallis tests: ns = not significant, *= p<0.05, **= p<0.01, ***= p<0.001, ****= p<0.0001. n-3 = omega-3 FA, n-6 = omega-6 FA, SFA = Saturated FA, MUFA = Monounsaturated FA, PUFA = Polyunsaturated FA.

  

Table 1 .

 1 Mean ± standard deviation (SD) of gonad water content (in %), wet weight and total lipid (i.e., TL, gonads weight multiplied by the concentration of the total lipids in wet weight) expressed in grams, according to reproductive stage.

		Water content (%)	Gonad wet weight (g)	Gonads TL (g)
		Ovaries	Testes	Ovaries	Testes	Ovaries	Testes
	Stage 1	80.0 ± 1.6	80.0 ± 2.9	68 ± 39	12 ± 6	0.8 ± 0.4	0.2 ± 0.1
	Stage 2	78.2 ± 2.6	81.6 ± 2.7	335 ± 177	47 ± 29	4.8 ± 3.5	0.9 ± 0.5
	Stage 3	70.3 ± 5.5	83.1 ± 1.3	720 ± 411	107 ± 56	19.9 ± 14.8	1.9 ± 0.3
	Stage 4	72.9 ± 4.6	82.2	2888 ± 2126	23	103.2 ± 107.4	0.3
	Stage 5	75.5 ± 2.7	_	578 ± 161	_	13.2 ± 6.4	_
	Stage 6	75.0 ± 2.7	_	353 ± 77	_	4.9 ± 1.6	_

  for data expressed in %).

		Ovaries	Testes
		NL	PL	NL	PL
	Saturated fatty acids (SFA)			
	16:0	1.0 ± 1.0	1.1 ± 0.6	0.6 ± 0.6	1.0 ± 0.2
	18:0	0.3 ± 0.3	0.4 ± 0.2	0.3 ± 0.2	0.4 ± 0.1
	∑ SFA	1.5 ± 1.4	1.8 ± 0.8	1.0 ± 0.9	1.6 ± 0.3
	Monounsaturated fatty acids (MUFA)			
	16:1n-7	0.2 ± 0.3	0.1 ± 0.0	0.1 ± 0.1	0.1 ± 0.0
	18:1n-7	0.3 ± 0.2	0.1 ± 0.1	0.1 ± 0.1	0.1 ± 0.0
	18:1n-9	2.1 ± 2.4	0.6 ± 0.3	0.8 ± 0.9	0.8 ± 0.2
	24:1n-9	0.1 ± 0.0	0.1 ± 0.0	0.1 ± 0.0	0.1 ± 0.0
	∑ MUFA	2.8 ± 3.2	1.0 ± 0.4	1.2 ± 1.2	1.2 ± 0.3
	Polyunsaturated fatty acids (PUFA)			
	20:4n-6	0.2 ± 0.1	0.3 ± 0.1	0.1 ± 0.1	0.2 ± 0.1
	20:5n-3	0.3 ± 0.3	0.2 ± 0.1	0.1 ± 0.1	0.1 ± 0.1
	22:5n-3	0.2 ± 0.2	0.1 ± 0.1	0.1 ± 0.1	0.1 ± 0.0
	22:6n-3	1.5 ± 1.4	1.4 ± 0.9	0.7 ± 0.7	1.2 ± 0.5
	∑ PUFA	2.5 ± 2.5	2.3 ± 1.2	1.2 ± 1.1	2.0 ± 0.7
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Supplementary material

Changes in lipid and fatty acid contents of gonad during the reproductive cycle of the

Mediterranean swordfish Xiphias gladius

 S1. Information on the samples of swordfish caught from Corsica Island in the Mediterranean Sea, including sampling year (2019,2020), number of individuals per sex (n), and the range of lower-jaw-fork length (LJFL in cm) for both female and male.