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XV 3.2.4 Visual laterality ................................................................................................................................. 3.2.5 Visual acuity ...................................................................................................................................... Eledone cirrhosa? ....................................................................... What about dissolved MeHg and sediment? ............................................................................................. Does S. officinalis really demethylate MeHg? ............................................................................................ Between 1960 and today, the world's population grew from 3 billion to 8 billion. This development was accompanied by a sharp decline in infant mortality, an increase in life expectancy, etc. However, during the same period, rapid modification of the Earth's environment began to accelerate. Our consumption habits lead to the habitat's destruction, depletion of resources and an increase of global pollution. Much of released contaminants, in whether atmospheric, aquatic, or terrestrial compartments, sink in the ocean mainly through winds, courants, rains, rivers and streams transportations. These increases in chemical contamination of the oceans are also accompanied by global changes. Indeed, the ocean temperature increases and the pH and O2 decreases. Such rapid changes are not without consequences for marine organisms. Among them, the cephalopods have been very little studied despite their trophic, economic and food importance.
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What is the particularity of the octopus

EFFECT OF OA AND

Biological model

The cephalopods

Cephalopods (Cephalopoda, from the ancient Greek κεφαλή / képhalé, "head", and πούς / pous, "foot") are a class of mollusks that appeared at the end of the Cambrian (500 million years ago) whose tentacles and arms are positioned directly on the head. They count about 800 known living species and new species continue to be described. This class is divided in two subclasses, the Nautiloidea represented today by only one family, the Nautilidae, and the Coloidea subclass, which includes numeral families divided in two super orders, the Octopodiforms and the Decapodiforms (Fig. 0.1). Among Decapodiforms, belonging to the Sepiidae family, the common cuttlefish or European cuttlefish Sepia officinalis Linnaeus, 1758 is one of the most studied species of cephalopods thanks to its fisheries interest, its availability along European coasts and its facilities for rearing and maintenance in controlled conditions. Fig. 0.1: Phylogenetic tree of Cephalopoda [START_REF] Tanner | Molecular clocks indicate turnover and diversification of modern coleoid cephalopods during the Mesozoic Marine Revolution[END_REF].

Habitat & Lifestyle

The common cuttlefish, Sepia officinalis, has a distribution area that extends over the eastern side of the Atlantic Ocean, from the Baltic Sea to the Azores and central Atlantic Ocean, as well as in the Mediterranean [START_REF] Wang | Bioaccumulation kinetics and exposure pathways of inorganic mercury and methylmercury in a marine fish, the sweetlips Plectorhinchus gibbosus[END_REF][START_REF] Guerra | Ecology of Sepia officinalis[END_REF] (Fig. 0.2). It is a necto-benthic species that can live both in shallow coastal waters and offshore, up to 200 m deep. It lives on loose bottoms, sand or gravel, in seagrass beds or among large algae and often partially buried in the sediment [START_REF] Guerra | Spawning habitat selection by the common cuttlefish Sepia officinalis in the Cíes Islands (Northwest Spain)[END_REF]. Its seasonal distribution on the European coast is strongly correlated with temperature, with an optimum thermal range ranging from 9 to 25°C [START_REF] Boucaud-Camou | The Migrations of the Cuttlefish (Sepia officinalis L.) in the English Channel[END_REF]. Sepia officinalis is characterized by the typical cephalopods "grow fast, die young" life cycle (about 1 to 2 years), represented by its exceptional growth rates, similar to those recorded in some vertebrates (O'Dor and [START_REF] O'dor | The constraints on cephalopods: why squid aren't fish[END_REF]. This trait requires a strict carnivorous regime, high prey consumption rate and efficient assimilation of nutrients. Cuttlefish appears to tolerate conspecifics rather than showing any attraction for them, they are mainly solitary except during the reproduction period (Boal et al., 1999;[START_REF] Guerra | Ecology of Sepia officinalis[END_REF]. However it has been recently observed that cuttlefish may temporarily form groups during migration and demonstrate shoaling behavior [START_REF] Drerup | Shoaling behaviour in the European cuttlefish Sepia officinalis. Bshary R[END_REF]. During early spring, adult and sub-adult cuttlefish begin to move towards their inshore breeding grounds. One of the main triggers for this migration is believed to be sea temperature [START_REF] Wang | Bioaccumulation kinetics and exposure pathways of inorganic mercury and methylmercury in a marine fish, the sweetlips Plectorhinchus gibbosus[END_REF].

Reproduction and embryonic development

The common cuttlefish is a semelparous species (i.e. single episode of reproduction before death). The breeding season extends from February to July, according to spatial location and so the water temperature. During this period, the distribution of cuttlefish is concentrated in the inshore of East Atlantic coastal waters [START_REF] Wang | Bioaccumulation kinetics and exposure pathways of inorganic mercury and methylmercury in a marine fish, the sweetlips Plectorhinchus gibbosus[END_REF][START_REF] Guerra | Ecology of Sepia officinalis[END_REF]. Mating in cuttlefish takes place in the "head-to-head" position (Fig. 0.3). Using his hectocotyl arm, the male deposits spermatophores in the seminal receptacles of the female located around the mouth opening. glands also composed of mucopolysaccharides and impregnated of ink (Boletzky, 1986). The oviposition ends with the external fertilization of the egg: this one is expelled out of the mantle cavity via the funnel at the exit of which the female seizes it with the base of her arms. At the same time, the arm releases the spermatozoids which cross the capsule and fertilize the egg.

Finally, the female attaches the egg on a hard substrate. Eggs are flask-shaped, and measure approximately 3-4 cm in length (Fig. 0.4C) [START_REF] Boletzky | Fecundity variation in relation to intermittent or chronic spawning in the cuttlefish, Sepia officinalis L. (Mollusca, Cephalopoda)[END_REF]. Bacteria are also found inside the egg capsule and provide antifouling and antimicrobial properties [START_REF] Martins | Invertebrate predation on egg masses of the European cuttlefish, Sepia officinalis: An experimental approach[END_REF].

the developing embryo; 2) the extension phase, that ends at stage 25 when the funnel is definitively constituted, and the mantle completely covers the gills; 3) the growth phase: the size of the embryo increases from 1.5 mm to 7 mm. The corneas and the secondary eyelids are put in place. At the same time, the yolk reserves are transferred from the external yolk sac to the internal yolk sac, for a faster digestion of vitellin resources. The various organs of the embryo start to become functional. The black pouch appears on the ventral side, the first lysosomes appear in the digestive gland, the hemocyanin changes from an embryonic to a juvenile form (see Fig. 0.5 for more detail).

• At stage 30, by the enzymatic action of Hoyle's organ (hatching gland), located on the caudal part of the mantle, the animal opens the chorion by dissolving it locally and allow the hatching of a juvenile cuttlefish morphologically identical to an adult.

During the first days of development, the egg size and weight decrease, and the capsule becomes harder [START_REF] Boletzky | Biology of Early Life Stages in Cephalopod Molluscs[END_REF]. The gelatinous envelopes polymerize upon contact with seawater and lead to a loss of water contained in the mucosubstances. During the organogenesis, the egg begins to swell by increasing the volume of peri-vitelline fluid (PVF), necessary for the growth of the embryo in the last phase of organogenesis. The PVF gradually approaches the osmolarity of seawater, thus acclimatizing the embryo to its future environment. Consequently, the outer layers of the capsule gradually tear and are lost through delamination and the thickness of the capsule is reduced [START_REF] Boletzky | Biology of Early Life Stages in Cephalopod Molluscs[END_REF]. . Bottom: illustration of the "Chinese lantern"-like development of Sepia officinalis, allowing the transition from a disk-shaped embryo to an adult-shaped embryo. Peripheral structures of the disk-shaped embryo, like arm buds, become anterior organs (from an ecological point of view) and central structures, like the mantle, become posterior organs. a1, a2, a3, a4, a5: arms 1, 2, 3, 4 and 5; ASM: anterior suboesophageal mass; CNS: central nervous system; e: eye; f: funnel; g: gill; m: mantle; mo: mouth; MSM: middle suboesophageal mass; oe: esophagus; OL: optic lobe; PNS: peripheral nervous system; PSM: posterior suboesophageal mass; s: shell; SBM: suboesophageal mass; SPM: supraoesophageal mass; st: statocyst. Scale bar: 200 μm [START_REF] Navet | Neurogenesis in cephalopods: "Eco-Evo-Devo" approach in the cuttlefish Sepia officinalis (Mollusca cephalopoda)[END_REF].

The development of the egg is dependent on temperature and takes about 40 days at 20°C and about 85 days at 15°C [START_REF] Boletzky | Fecundity variation in relation to intermittent or chronic spawning in the cuttlefish, Sepia officinalis L. (Mollusca, Cephalopoda)[END_REF][START_REF] Bloor | A Review of the Factors Influencing Spawning, Early Life Stage Survival and Recruitment Variability in the Common Cuttlefish (Sepia officinalis)[END_REF]. Longer incubation period results in bigger hatchlings. The embryonic development is important as it represents more than 10% of the total lifetime of the cuttlefish. Moreover, the development of the eggs is qualified as direct. It gives juveniles, apart from the sexual organs, very similar to the adult in most aspects, including the whole physiological condition except for digestive physiology [START_REF] Boletzky | Ventral adhesion" to hard substrates: a thigmotactic response in sepiid cuttlefish (Mollusca, Cephalopoda) | Semantic Scholar[END_REF]. The embryonic and juvenile development is important as they do not benefit from parental care and must be autonomous as soon as they hatch to feed themselves and escape from predators.

Ecology

Diet

Juvenile cuttlefish mainly feed on crustaceans (mostly amphipods and brachyura) during their first month of life, which represent more than 80% of their diet [START_REF] Blanc | Habitat and diet of early stages of Sepia officinalis L. (Cephalopoda) in Morbihan Bay, France[END_REF]. Despite a preference for shrimps, their opportunistic behavior allows them to adapt and feed on other taxa if necessary such as small fish or even other smaller cephalopods [START_REF] Blanc | Habitat and diet of early stages of Sepia officinalis L. (Cephalopoda) in Morbihan Bay, France[END_REF][START_REF] Du Sel | The diet of the cuttlefish Sepia officinalis L. (mollusca: cephalopoda) during its life cycle in the Northern Bay of Biscay (France)[END_REF][START_REF] Darmaillacq | Effect of early feeding experience on subsequent prey preference by cuttlefish, Sepia officinalis[END_REF][START_REF] Guerra | Ecology of Sepia officinalis[END_REF][START_REF] Billard | Cuttlefish show flexible and future-dependent foraging cognition[END_REF]. Adults slightly change their diets depending on the availability of prey after migration and predate on larger prey. However, studies on juveniles, males, and females suggest that this species also displays a strong dietary plasticity at all stages of its life cycle [START_REF] Chouvelon | Inter-specific and ontogenic differences in δ13C and δ15N values and Hg and Cd concentrations in cephalopods[END_REF]. [START_REF] Castro | The diet of Sepia officinalis (Linnaeus, 1758) and Sepia elegans (D'Orbigny, 1835) (Cephalopoda, Sepioidea) from the Ría de Vigo (NW Spain). Dieta de Sepia officinalis y Sepia elegans en la ría de Vigo (NO de España)[END_REF] reported that the importance of fish in the diet increased and importance of crustaceans decreased, as cuttlefish grow. Indeed, fish represent from 52% up to 62% of the prey of adult S. officinalis in Atlantic waters [START_REF] Du Sel | The diet of the cuttlefish Sepia officinalis L. (mollusca: cephalopoda) during its life cycle in the Northern Bay of Biscay (France)[END_REF][START_REF] Mzaki | Diet of the common cuttlefish Sepia officinalis (Linnaeus , 1758) (Cephalopoda : Sepiidae) in the Southern Moroccan Atlantic waters, Cap Boujdour, Cap Blanc[END_REF]. Common cuttlefish trophic level is about 3.6 due to their reliance on benthic crustaceans for a large proportion of their diet [START_REF] Ohkouchi | A preliminary estimate of the trophic position of the deep-water ram's horn squid Spirula spirula based on the nitrogen isotopic composition of amino acids[END_REF][START_REF] Jennings | Trophic levels of marine consumers from nitrogen stable isotope analysis: estimation and uncertainty[END_REF]. Predator and prey of lot of species, cuttlefish are defined as keystone species [START_REF] Blanc | Young cuttlefish Sepia officinalis (Mollusca: Sepiidae) in the Morbihan Bay (south Brittany, France): accessory prey of predators[END_REF][START_REF] Bănaru | Trophic structure in the Gulf of Lions marine ecosystem (north-western Mediterranean Sea) and fishing impacts[END_REF] and are the key vectors of contamination from primary and secondary consumer to apex predators.

Predators

Numerous species were observed predating on cuttlefish eggs, in particular during the later stages of their development: decapods (European lobster Homarus gammarus, the brown crab Cancer pagurus); mollusks (purple dye murex Bolinus brandaris); echinoderms (melon sea urchin Echinus melo, purple sea urchin Paracentrotus lividus); fish (Atlantic cod Gadus morhua, tompot blenny Parablennius gattorugine) were all recorded preying on cuttlefish eggs [START_REF] Guerra | First record of predation by a tompot blenny on the common cuttlefish Sepia officinalis eggs[END_REF][START_REF] Martins | Invertebrate predation on egg masses of the European cuttlefish, Sepia officinalis: An experimental approach[END_REF]. In the same way, hatchlings are predated by many species such as grey triggerfish Balistes carolinensis, European bass Dicentrarchus labrax, ballan wrasse Labrus bergylta, lesser spotted dogfish Spondyliosoma cantharus, the conger eel Conger conger. Juveniles can also be predated by bigger cuttlefish [START_REF] Guerra | Ecology of Sepia officinalis[END_REF]. When adults, the number of predator is reduced, however they are prey for the apex predators of their respective food webs including marine mammals (risso's dolphins Grampus griseus, monk seals Monachus monachus), large fishes (European bass, Atlantic cod, Atlantic pollock Pollachius pollachius), as well as elasmobranchs (smoothhound shark Mustelus mustelus, blue shark Prionace glauca, greater spotted dogfish Scyliorhinus stellaris) (Le [START_REF] Mao | Place de la seiche Sepia officinalis (mollusque céphalopode) dans les chaines alimentaires du golfe Normano-Breton = The diet of the cuttlefish Sepia officinalis in the Normano-Breton Gulf (France, Brittany)[END_REF][START_REF] Blanc | Young cuttlefish Sepia officinalis (Mollusca: Sepiidae) in the Morbihan Bay (south Brittany, France): accessory prey of predators[END_REF][START_REF] S Salman | Stomach contents of two Mediterranean monk seals (Monachus monachus) from the Aegean Sea, Turkey[END_REF][START_REF] Guerra | Ecology of Sepia officinalis[END_REF].

Anatomy

General information

With a body length of 20 cm to 30 cm on average, the common cuttlefish can reach a size of about 45 cm dorsal mantle length (DML) for the largest specimens. The cuttlebone is an endoskeleton that also acts as an internal floater (Fig. 0.6). Belonging to the Decapodiforms group, its head has eight arms, and two long tentacles that are hidden at rest, accompanied by two large eyes with a typical "w" shape. Similarly to vertebrates, eyes are composed of a large posterior chamber, a lens, an iris, the retina, the choroid sclera, and argentea [START_REF] Young | The anatomy of the nervous system of Octopus vulgaris[END_REF]. However, cephalopods are color-blind because the retina contains no rods or cones, but it provides the basis for linear polarization of light sensitivity [START_REF] Marshall | Colour-blind camouflage[END_REF][START_REF] Mäthger | Color blindness and contrast perception in cuttlefish (Sepia officinalis) determined by a visual sensorimotor assay[END_REF]. Vision is the most used sense in cuttlefish, for predation behavior, defensive behavior, social behavior. The pupillary response is extremely fast in Sepia and takes less than 1 second, making it among the fastest in the animal kingdom [START_REF] Douglas | The pupillary response of cephalopods[END_REF] allowing rapid adaptation of environmental light variation during predation and anti-predation. The ventral part is white and smooth, but the skin of the dorsal part takes on several colors and textures (for more details see below "body patterning" in behavior section), the whole representing the mantle, bordered by undulating fins.

Fig. 0.6: Generalized anatomy of a female cuttlefish [START_REF] Boyle | Cephalopods: Ecology and Fisheries[END_REF].

The cuttlefish moves most often slowly thanks to the undulations of fins but is capable of rapid movements by expelling water from the mantle cavity through the funnel. When it feels threatened, the cuttlefish can mask its escape in a cloud of black ink, coming from the ink sac, that deceives predators (for more details see below "jet escape and ink" in behavior section).

Cuttlefish have chemoreceptors in the lips and on the suckers and fins [START_REF] Graziadei | Receptors in the Sucker of the Cuttlefish[END_REF][START_REF] Andouche | Exploration of chemosensory ionotropic receptors in cephalopods: the IR25 gene is expressed in the olfactory organs, suckers, and fins of Sepia officinalis[END_REF]. The suckers are present on their arms and tentacles, mainly for catching and holding prey (for more details see below "predation" in behavior section).

The cuttlefish brain

Cephalopods are highly evolved mollusks and have elaborate sense organs and effectors (e.g. muscle and gland). Their brains must routinely handle much more information than a limpet or a snail [START_REF] Hanlon | Cephalopod behaviour[END_REF]. The cephalopod central nervous system (CNS) is the largest among mollusks. The brain of Sepia spp. is situated between the eyes and is enclosed in a cartilaginous cranium. The esophagus runs through the brain, dividing it into supraesophageal and suboesophageal masses. The coleoid brain comprises a central part, lying round the esophagus, and paired optic lobes (OL) laterally (see opt. Fig. 0.7). The large OL joined to the supraesophageal mass by short optic tracts. On each optic tract there are three structures the optic gland, the olfactory lobe and the peduncle lobe (see ped. Fig. 0.7) [START_REF] Boycott | The functional organization of the brain of the cuttlefish Sepia officinalis[END_REF][START_REF] Shigeno | Cephalopod Brains: An Overview of Current Knowledge to Facilitate Comparison With Vertebrates[END_REF]. Effectors are controlled by the various basal lobes (see b.med. Fig. 0.7), which, in turn, are controlled by the OL. The OL are also the site of the visual memory store and can be considered as constituting the pre-treatment processing of the brain centers, comparable to the vertebrate forebrain. The laying down of memories involves a series of other lobes, notably the vertical and superior frontal lobes (see v. and fr.s. Fig. 0.7) [START_REF] Young | The Croonian Lecture, 1965 -The organization of a memory system[END_REF]. [START_REF] Young | The Croonian Lecture, 1965 -The organization of a memory system[END_REF]. B.med: median basal lobe, buc.s.: superior buccal lobe, ch.p.: posterior chromatophore lobe, fr.i: inferior frontal lobe, fr.s.: superior frontal lobe, n.opt.: optic nerves, n.ten.: tentacle nerve, n.visc.: visceral nerve, opt.: optic lobe, ped.: peduncle lobe, pv.cen: central palliovisceral lobe, tr. opt.: optic tract v.: vertical lobe.

Behavior

First of all, animal behavior is defined as, how animals move in their environment, how they interact socially, how they learn about their environment, and how an animal might achieve cognitive understanding of its environment [START_REF] Breed | Of Cockroaches and Wolves: Framing Animal Behavior[END_REF]. Then, cognition refers to the mechanisms by which animals acquire, process, store and act on information from the environment. These include perception, learning, memory, and decision-making [START_REF] Shettleworth | Cognition, Evolution, and Behavior[END_REF].

Thanks to this sophisticated CNS described above, cephalopods demonstrate complex behaviors and cognitive performances. Therefore, the following sections will detail of the most known abilities of cephalopods, the camouflage, followed by hunting behavior, defensive behavior, learning and lateralization.

Camouflage

Camouflage can be defined as the ability of animals to blend into the environment to pass undetected, unrecognized, or untargeted, and hence deceived visual information. Camouflage is therefore an adaptation to the perception and cognitive mechanisms of another animal [START_REF] Merilaita | How camouflage works[END_REF]. Widely known for its use during antipredation, camouflage is often also used for predation to not be detected by prey. Moreover, in some cephalopods species, the camouflage is also use during mating and fighting [START_REF] Hanlon | Cephalopod behaviour[END_REF]. To control its color, the cuttlefish relies on a vertically arranged assembly of chromatophores, iridophores and leucophores (Fig. 0.8). This layering enables the skin of the animal to selectively absorb or reflect light of different colors [START_REF] Hanlon | Adaptive coloration in young cuttlefish (Sepia officinalis L.): the morphology and development of body patterns and their relation to behaviour[END_REF]. The leucophores reflect the entire visible spectrum of light uniformly, the iridophores composed of thin film and reflect light of specific color according to light diffraction. The chromatophores are neurally controlled cells containing encapsulated nanostructured pigment granules. Each pigment sac contains hundreds of thousands of colorant granules giving chromatophores colors (i.e. yellow, red-orange and black-brown).

Multiple experiments have shown that cephalopods, including cuttlefish, visually control their color change (see for review [START_REF] Kelman | A review of cuttlefish camouflage and object recognition and evidence for depth perception[END_REF]. Visual information perceived by the eyes are sent to the OL which pretreat visual information: the scale, the intensity, the contrast, the limits, the object, and the volume of the surrounding environment. Thereafter, cuttlefish choose a camouflage mode between uniform, mottle or disruptive and adapt its coloring pattern. The information will be treated by the basal lateral lobes, which control the millions chromatophores with the help of nerve signals and lead to the desired camouflage (Fig. 0.10).

The entire process lasts only 200 ms and allows very fast and efficient changes [START_REF] Hanlon | Poulpes, seiches & calmars: biologie, comportement, espèces remarquables[END_REF].

In addition to their color change, cephalopods possess skin papillae. The latter are unique in the animal kingdom, and create three dimensional physical texture (dermal bumps) lead by vision [START_REF] Allen | Cuttlefish use visual cues to control threedimensional skin papillae for camouflage[END_REF][START_REF] Panetta | Dynamic masquerade with morphing three-dimensional skin in cuttlefish[END_REF]. Cuttlefish can imitate the fine texture of objects though motoneurons controls [START_REF] Gonzalez-Bellido | Neural Control of Dynamic 3-Dimensional Skin Papillae for Cuttlefish Camouflage[END_REF]. Camouflage is constantly used by the cuttlefish, it is particularly useful for ambush predation and vital for anti-predatory behavior.

Fig. 0.17: Sepia pharaonis mimics hermit crabs or similar species (from [START_REF] Okamoto | Unique arm-flapping behavior of the pharaoh cuttlefish, Sepia pharaonis: putative mimicry of a hermit crab[END_REF].

Secondary defenses

Secondary defenses happen when primary defense strategies have failed, and the predator detected the cuttlefish. Secondary defense is divided in three main behaviors: the flight, the deimatic behavior, and the protean behaviors.

• Flight Rapid locomotion away from an approaching predator is the most common secondary defense among animals [START_REF] Edmunds | Defence in animals: a survey of anti-predator defences[END_REF]. The free-swimming squid and cuttlefish commonly jet away from potential predators as their immediate secondary defense, sometimes ejecting ink and making specific body pattern changes [START_REF] Hanlon | Adaptive coloration in young cuttlefish (Sepia officinalis L.): the morphology and development of body patterns and their relation to behaviour[END_REF]. Jetting after deimatic behavior is common among cephalopods, and the way it is used as protean behavior is considered (see below).

• Deimatic behavior

Deimatic behavior is decomposed in two strategies, the acute disruptive and the conflict mottle. In both cases, the goal is to make the predator hesitate during its approach before attack [START_REF] Edmunds | Defence in animals: a survey of anti-predator defences[END_REF]. In Sepia officinalis, the display comprises six signals: Fig. 0.18: 30 days-old juvenile cuttlefish S. officinalis showing a deimatic displays with flattened body posture, paired mantle spots that look like eyes, dark eye ring and dilated pupil.

• Protean Behavior

Protean behavior is characterized as unpredictable and erratic escape. That behavior is sufficiently unsystematic in appearance to prevent the predator to anticipate the reaction of the prey. Even the most experienced predator can be defeated by protean defenses [START_REF] Curio | The Ethology of Predation[END_REF].

Several protean behaviors have been observed in cuttlefish such as clandestine escape, blanch ink-jet, pattern flashing, erratic jetting, heavy inking, deflective mark and tight schooling.

Those behavior aim to induce the following predator reactions: loss of the prey, false target detection, confusion induced by changes, inability to predict the position of the prey, disorientation, misdirection of the attack, larger target perception (see for review [START_REF] Hanlon | Cephalopod behaviour[END_REF].

Learning and cognition

The complex and sophisticated behaviors described above are possible, for a part, thanks to evident learning capacity requiring a long-term memory. In animals, and thus in cuttlefish, this memory can be divided into two main categories, i.e. the explicit and the implicit memory (Fig.

0.19).

stage. During their first months of life, they will learn and develop two main behaviors: complex body patterning and the prey capture techniques, directly related to their survival.

Lateralization

Cerebral lateralization refers to the lateralized partitioning of cognitive function in either right or left hemisphere of the brain. The study about lateralization have expanded over the last decades in animal ethology (e.g. [START_REF] Rogers | Brain Lateralization and Cognitive Capacity[END_REF]. Nowadays, asymmetry of brain function and behavior have been found in a wide range of invertebrate species [START_REF] Byrne | Lateral asymmetry of eye use in Octopus vulgaris[END_REF][START_REF] Letzkus | Lateralization of Olfaction in the Honeybee Apis mellifera[END_REF][START_REF] Ortiz | Lateralized Gustatory Behavior of C. elegans is Controlled by Specific Receptor-Type Guanylyl Cyclases[END_REF][START_REF] Frasnelli | Left-right asymmetries of behaviour and nervous system in invertebrates[END_REF][START_REF] Barnatan | Unidirectional Optomotor Responses and Eye Dominance in Two Species of Crabs[END_REF].

Regarding cuttlefish, it has laterally placed eyes from each side of the head and predominantly uses monocular vision (177°). Consequently, an asymmetry in side-turning behavior has been reported. Animals aged from 3 to 30 days post hatching progressively develop a left-turning bias when shelters were provided in the apparatus, resulting from an eye-use preference.

Thus, the left visual field may be associated with rapid responses of cuttlefish, such as defensive responses, as shown in vertebrates (Jozet- Alves et al., 2012b). Morphologically, the lateralization results to a larger left OL in the 'right turning preference' cuttlefish, and a larger right OL in the cuttlefish with a left turning preference (Jozet- Alves et al., 2012a). However, external factors can modulate this visual lateralization. Cuttlefish that have been exposed to predator odors shows a stronger left-turning bias when tested in a T-shaped apparatus with shelter and odor of predator. These results suggested that lateralization is plastic to ecological challenges encountered during embryonic and juvenile life. More, the environmental stimulation during the embryonic development such as olfactive cues could influence the development of subsequent visual lateralization (Jozet- [START_REF] Jozet-Alves | Embryonic exposure to predator odour modulates visual lateralization in cuttlefish[END_REF].

Interestingly, the cuttlefish appear to have opposite directions of lateralization for anti-predatory and predatory behavior, suggesting that there is functional specialization of each OL.

Cuttlefish were significantly fostering the left visual field to scan for potential predators and the right visual field for prey attack. Moreover, lateralized individuals also showed faster decision-making when presented with prey simultaneously from right and left side [START_REF] Schnell | Lateralization of Eye Use in Cuttlefish: Opposite Direction for Anti-Predatory and Predatory Behaviors[END_REF]. Indeed, research on diverse taxa has demonstrated that lateralization contributes significantly to biological fitness because biased individuals often outperform non-biased animals in various ecological contexts. Furthermore, lateralized individuals are able to dual

Mercury

Origin and dispersion

Mercury (Hg), a chemical element with an atomic number of 80, is the only metal that is liquid at ambient temperature. Its symbol Hg comes from the Greek word hydrargyrum (haɪˈdrɑːrdʒərəm liquid silver). Mercury is a post transition metal in the Mendeleïev classification with an atomic mass of 200 and an atomic number of 80. Mercury is an element that can be found naturally in the earth's crust, usually under mineral form (cinnabar; [START_REF] Jonasson | Geochemistry of mercury and origins of natural contamination of the environment[END_REF]. One source of Hg is the progressive degassing of the earth's crust, but the main natural sources of Hg are the volcanic phenomena and certain geysers atmospheric emissions [START_REF] Pyle | The importance of volcanic emissions for the global atmospheric mercury cycle[END_REF]. However, the majority of Hg emissions are of anthropogenic origin (Fig. 0.21) through:

• gold mining (Hg is used to agglomerate gold dust and particles)

• combustion of fossil fuels (coal, oil and gas)

• Cement production • Non-ferrous metal production • industrial activities (production of batteries, fluorescent lamps…)

• waste incineration… The chemical form that Hg takes, depending on the temperature and the environment, is called speciation and drives its mobility and availability. Mercury comes in two distinct families:

• Metallic or inorganic mercury (iHg), which itself takes three different speciation:

-elemental mineral mercury(II) sulfide (cinnabar), HgS;

-elemental metallic Hg, in liquid and gaseous forms, Hg 0 , from roasted cinnabar;

-ionic mercury, Hg 2+ (Hg (II)), from oxidation of Hg 0 .

• Organic mercury, when it combines with a molecule containing carbon:

-methylmercury(II), CH3Hg + (MeHg), from methylation of Hg 2+ ;

-dimethylmercury, (CH3)2Hg, from dimethylation of Hg 2+ ;

-ethylmercury(II), C2H5Hg + ; from ethylation of Hg 2+ ;

-diethylmercury, Hg(C2H5)2; from diethylation of Hg 2+

Four regions of the world (East and Southeast Asia, South America, Sub-Saharan Africa, South Asia) emit more than 80% of the global Hg emission to the atmosphere (Fig. 0.22). The main reasons for this are the small scale and artisanal gold mining (gold panning) and the important combustion of fossil fuels. Despite localized emissions, Hg is scattered all over the globe, even in places very far from the sources and where very little human activity takes place such as the poles [START_REF] Kirk | Mercury in Arctic marine ecosystems: Sources, pathways and exposure[END_REF].

Effects

Mercury toxicity strongly depends on its molecular speciation [START_REF] Wiener | The Basis for Ecotoxicological Concern in Aquatic Ecosystems Contaminated by Historical Mercury Mining[END_REF].

Whereas iHg and Hg0 are toxic, in particular during professional exposure, MeHg has strong neurotoxic properties against biota including humans [START_REF] Farina | Mechanisms of methylmercury-induced neurotoxicity: evidence from experimental studies[END_REF][START_REF] Eagles-Smith | Modulators of mercury risk to wildlife and humans in the context of rapid global change[END_REF]. The Minamata disease from MeHg poisoning was characterized by neurological, sensory, and motor symptoms [START_REF] Eto | Review Article: Pathology of Minamata Disease[END_REF] such as:

• visual field reduction;

• hearing impairment;

• sensory disturbances;

• speech impairment;

• loss of limb coordination;

• convulsions and tremors;

• mild mental disorders, especially in children born to contaminated mothers.

Rice and collaborators (2014) reviewed the effect of Hg and highlighted that Hg had also profound cellular, cardiovascular, hematological, pulmonary, renal, immunological, neurological, endocrine, reproductive, and embryonic toxicological effects in humans. After Minamata disaster, lots of studies focused on Hg effect on animals and shown a drastic reduction of neuronal RNA and protein synthesis as well as disturbance in the brain of the enzymatic systems in the glycolytic pathway in Hg-intoxicated animals [START_REF] Tokuomi | Minamata disease-An unusual neurological disorder occurring in Minamata, Japan[END_REF][START_REF] Takeuchi | Pathologic Observations of the Minamata Disease[END_REF][START_REF] Miyakawa | Late changes in human sural nerves in minamata disease and in nerves of rats with experimental organic mercury poisoning[END_REF][START_REF] Chang | Neurotoxic effects of mercury-A review[END_REF]. Moreover, a neurophysiological study demonstrated abnormal excitation spikes in the Hg-intoxicated neurons [START_REF] Chang | Neurological changes in cats following long-term diet of mercury contaminated tuna[END_REF].

Since the Minamata disaster and the subsequent convention of the same name, Hg concentrations are regularly monitored in air, water, sediment but also in some human population and many organisms. Among them, marine organisms are of particular interest (1) as the ocean is the final repository of most contaminants including Hg via atmospheric deposition and river runoff, (2) as food resources and so vector of the Hg contamination towards top predator and Human. For these reasons, in-situ studies are monitoring Hg concentration found in marine organisms, as well as the observed effects related while experimental approaches allow to study fundamentally the mechanisms of bioaccumulation and toxicity of Hg.

the consumption of fish and seafood products containing MeHg [START_REF] Storelli | Intake of essential and nonessential elements from consumption of octopus, cuttlefish and squid[END_REF]. MeHg and iHg are concentrated from water by microorganisms, whereas diet is the primary source of MeHg in multicellular heterotrophs [START_REF] Hall | Food as the Dominant Pathway of Methylmercury Uptake by Fish[END_REF]. MeHg bioacculumation is fast and efficient due to a high assimilation efficiency and a slow rate of elimination, relative to the rate of uptake [START_REF] Trudel | Modeling the Elimination of Mercury by Fish[END_REF]. In most cases, Hg concentrations increase according to the age and/or size of the organism as a result of its bioaccumulation [START_REF] Baeyens | Bioconcentration and Biomagnification of Mercury and Methylmercury in North Sea and Scheldt Estuary Fish[END_REF][START_REF] Lahaye | New insights from age determination on toxic element accumulation in striped and bottlenose dolphins from Atlantic and Mediterranean waters[END_REF]. Lavoie and collaborators (2013) did a meta-analysis of biomagnification of Hg in aquatic food webs and indicate that total Hg (THg) and MeHg concentration increase by a factor of 4.7 ± 4.7 and 8.1 ± 7.2 per trophic level, respectively. Thus, while average mean THg concentration in zooplankton are about 10 ng.g -1 dry weight (dw) up to 100 ng.g -1 dw [START_REF] Garcia | Impact of wildfire and clear-cutting in the boreal forest on methyl mercury in zooplankton[END_REF][START_REF] Kainz | Methyl mercury in zooplankton the role of size, habitat, and food quality[END_REF][START_REF] Foster | Mercury Biomagnification in Marine Zooplankton Food Webs in Hudson Bay[END_REF], the mean THg concentration in top predators such as tuna is about 1 500 ng.g -1 dw up to 10 000 ng.g -1 dw [START_REF] Kraepiel | Sources and Variations of Mercury in Tuna[END_REF][START_REF] Hajeb | Biomagnifications of mercury and methylmercury in tuna and mackerel[END_REF][START_REF] Drevnick | Increase in mercury in Pacific yellowfin tuna: Mercury in yellowfin tuna[END_REF]. Consequently, THg concentration in top predators can be 100 000 times superior to THg concentration in seawater.

Mercury in cephalopods

Higher concentrations of Hg are found in water and sediments of coast and estuaries compare to the open ocean [START_REF] Fitzgerald | Marine Biogeochemical Cycling of Mercury[END_REF]. Indeed, a high proportion of Hg is delivered via the rivers and stored in sediments. As previously explained, some cephalopods use the coastal zone as reproduction and/or feeding grounds. This makes them particularly exposed to local Hg contamination, particularly during early-life stages, either through dissolved pathway or through the consumption of contaminated prey. The cuttlefish recruitment highly depends on the quality of the environment where they develop, including the contamination of their preys. In spite of this and of the cephalopod interest as food resource, only a limited number of studies have been devoted to the understanding of the bioaccumulation of Hg in this taxa (i.e. 56 documents on Scopus, details in annex) [START_REF] Rossi | Mercury in Eledone cirrhosa from the Northern Tyrrhenian Sea: Contents and relations with life cycle[END_REF]Bustamante et al., 2006[START_REF] Bustamante | Metal and metalloid concentrations in the giant squid Architeuthis dux from Iberian waters[END_REF][START_REF] Storelli | Cadmium and mercury in cephalopod molluscs: Estimated weekly intake[END_REF]Lacoue-Labarthe et al., 2009;[START_REF] Raimundo | Relations between mercury, methylmercury and selenium in tissues of Octopus vulgaris from the Portuguese Coast[END_REF][START_REF] Pereira | Fish eyes and brain as primary targets for mercury accumulation -A new insight on environmental risk assessment[END_REF][START_REF] Chouvelon | Inter-specific and ontogenic differences in δ13C and δ15N values and Hg and Cd concentrations in cephalopods[END_REF], compared to fish and bivalves (i.e. 1602 and 326 documents on Scopus respectively).

In cephalopods, food is considered as the main source of Hg bioaccumulation (Bustamante et al., 2006), but the relative contribution of dietary and waterborne pathways has been assessed only once and only by considering the iHg form (Lacoue-Labarthe et al., 2009). Concentrations of Hg in cephalopods vary according to size and stage of maturity. Thus, the bigger curled octopus Eledone cirrhosa had the higher Hg concentrations in the mantle than smaller one [START_REF] Barghigiani | Size Related Mercury Accumulations in Edible Marine Species from an Area of the Northern Tyrrhenian Sea[END_REF]. In the same way, the common octopus Octopus vulgaris, the neon flying squid Ommastrephes bartrami and the long-finned squid Loligo forbesi shows significative positive correlation between Hg concentration in the mantle and size [START_REF] Monteiro | Inter-and Intra-specific varaition of mercury levels in muscle of cephalopods from Azores[END_REF][START_REF] Pierce | Geographic, seasonal and ontogenetic variation in cadmium and mercury concentrations in squid (Cephalopoda: Teuthoidea) from UK waters[END_REF]. Furthermore, [START_REF] Monteiro | Inter-and Intra-specific varaition of mercury levels in muscle of cephalopods from Azores[END_REF] reported a higher accumulation rate of Hg in L. forbesi females, suggesting physiological and/or ecological differences between the sexes. Benthic cephalopods generally display significantly higher Hg concentrations than pelagic species [START_REF] Storelli | Cadmium and total mercury in some cephalopods from the South Adriatic Sea (Italy)[END_REF]Bustamante et al., 2006) highlighting the influence of the way of life and taxonomy. Finally, geographical origin and seasonal variation have also been observed (Bustamante et al., 2006;[START_REF] Pierce | Geographic, seasonal and ontogenetic variation in cadmium and mercury concentrations in squid (Cephalopoda: Teuthoidea) from UK waters[END_REF][START_REF] Rjeibi | Interspecific and geographical variations of trace metal concentrations in cephalopods from Tunisian waters[END_REF] that can be imputed to differences of diet and/or environmental contamination.

In the Bay of Biscay, the Hg concentrations in European squid Loligo vulgaris, veined squid L.

forbesi and the common cuttlefish S. officinalis have been linked to changes in their trophic niche, as assessed by the stable isotope signatures [START_REF] Chouvelon | Inter-specific and ontogenic differences in δ13C and δ15N values and Hg and Cd concentrations in cephalopods[END_REF]. Hence, Hg concentrations in squid significantly increased with an ontogenic change of the diet, switching from small crustaceans in young squid to larger fish in adults. However, the correlation of prey type with size is less evident in cuttlefish with a more opportunistic food regime that also includes large proportions of crustaceans like crabs in adults [START_REF] Blanc | Habitat and diet of early stages of Sepia officinalis L. (Cephalopoda) in Morbihan Bay, France[END_REF]. Even though Sepiidae fed on lower trophic level compared to other taxa, they demonstrated similar or higher Hg concentrations in the mantle muscle (Fig. 0.25). This suggests that processes other than feeding ecology, taxa, and size contribute to Hg bioaccumulation in cephalopods.

muscles; furthermore, the proportions of the different Hg chemical form was different (Bustamante et al., 2006;[START_REF] Pierce | Geographic, seasonal and ontogenetic variation in cadmium and mercury concentrations in squid (Cephalopoda: Teuthoidea) from UK waters[END_REF]. Indeed, about 50% of the Hg measured in cephalopods DG was under organic form (vs. more than 80% in mantle muscle), highlighting the potential role of the DG in Hg detoxification and demethylation (Bustamante et al., 2006;[START_REF] Raimundo | Relations between mercury, methylmercury and selenium in tissues of Octopus vulgaris from the Portuguese Coast[END_REF]. Lacoue-Labarthe and collaborators ( 2009), suggested that (1) the DG has a stronger retention capacity for Hg than the other compartments and/or (2) a metal translocation occurred towards the DG, which can be involved in the depuration of Hg. Nonetheless, information about MeHg demethylation in cephalopods is very limited with only one study without concrete evidence of demethylation [START_REF] Pereira | Fish eyes and brain as primary targets for mercury accumulation -A new insight on environmental risk assessment[END_REF], while this process has been observed in various other organisms such as birds, fish, terrestrial invertebrates and mammals [START_REF] Eagles-Smith | Mercury demethylation in waterbird livers: Dose-response thresholds and differences among species[END_REF][START_REF] Wang | In Vivo Mercury Methylation and Demethylation in Freshwater Tilapia Quantified by Mercury Stable Isotopes[END_REF][START_REF] Li | Intestinal Methylation and Demethylation of Mercury[END_REF][START_REF] Manceau | Demethylation of Methylmercury in Bird, Fish, and Earthworm[END_REF].

Information on Hg concentrations and speciation in other organs, such as the gills, branchial hearts, gonads, or kidneys are scarce (e.g. [START_REF] Seixas | Accumulation of mercury in the tissues of the common octopus Octopus vulgaris (L.) in two localities on the Portuguese coast[END_REF][START_REF] Bustamante | Metal and metalloid concentrations in the giant squid Architeuthis dux from Iberian waters[END_REF][START_REF] Raimundo | Relations between mercury, methylmercury and selenium in tissues of Octopus vulgaris from the Portuguese Coast[END_REF]. The main reasons are (1) these organs are not edible tissues, (2) Hg have may have a lower affinity for them than muscle or DG, the concentrations are considered as very low and (3) these organs represent a very small part of the total body burden. Finally, only one study measured Hg concentration in the brain of one individual of giant squid Architeuthis dux (1.25 μg g -1 dw; [START_REF] Bustamante | Metal and metalloid concentrations in the giant squid Architeuthis dux from Iberian waters[END_REF] in which Hg concentration was similar to that of the mantle muscle. It is surprising to have so little information on the presence of a neurotoxicant in the developed brain that cephalopods possess. In the same way, there is no study on Hg toxicity on cephalopods.

In addition to the molecular speciation of Hg and biotic factors, abiotic factors (e.g. environmental factors) can impact the bioaccumulation but also the toxicity of the latter. A non-exhaustive list of parameters influencing the bioaccumulation of Hg and some examples: (1) the temperature, a warmer environment increased THg tissue concentration found in 6 fish species from subarctic lakes [START_REF] Ahonen | Climate and productivity affect total mercury concentration and bioaccumulation rate of fish along a spatial gradient of subarctic lakes[END_REF] and in the meagre Argyrosomus regius [START_REF] Sampaio | Ocean acidification dampens physiological stress response to warming and contamination in a commercially-important fish (Argyrosomus regius)[END_REF]. A higher temperature also enhances MeHg bioaccumulation and hampers MeHg elimination in juvenile seabass, Dicentrarchus labrax [START_REF] Maulvault | Bioaccumulation and elimination of mercury in juvenile seabass ( Dicentrarchus labrax ) in a warmer environment[END_REF]; (2) the salinity, Laporte and collaborators (1997) found that accumulation of iHg was generally favored at low salinity, in the shore crab Carcinus maenas;

(3) the pH, it reduced Hg accumulation and its toxicity to the growth/reproduction in the copepod Pseudodiaptomus annandalei [START_REF] Wang | Projected near-future ocean acidification decreases mercury toxicity in marine copepods[END_REF] and alleviated the Hg inhibitory effects on number of nauplii/clutch and fecundity and shortened the development time [START_REF] Li | Alleviation of mercury toxicity to a marine copepod under multigenerational exposure by ocean acidification[END_REF]. On the other hand, lower pH increased dissolved iHg bioaccumulation in the common squid Loligo vulgaris [START_REF] Lacoue-Labarthe | Effects of ocean acidification on trace element accumulation in the early-life stages of squid Loligo vulgaris[END_REF]. Despite the need to understand interactions between multiple stressors in a the future ocean (Dupont et al., 2010b;[START_REF] Lacoue-Labarthe | Temperature and pCO2 effect on the bioaccumulation of radionuclides and trace elements in the eggs of the common cuttlefish, Sepia officinalis[END_REF], only one study focused on climate change (i.e. ocean acidification), Hg and cephalopods (i.e. Lacoue- et al., 2012). The next part will focus on ocean acidification and its potential consequences on the bioaccumulation of Hg but also on cephalopods as such.

Labarthe

Ocean acidification

General presentation

The ocean acidification (OA) is the progressive decrease of the pH of the oceans. The origin of this phenomenon is the increase of carbon dioxide (CO2) emissions, especially anthropogenic emissions. About 26% of the emitted CO2 in the atmosphere dissolves in the ocean, consequently increasing the seawater partial pressure of CO2 (pCO2) (Le [START_REF] Quéré | Introduction to surface ocean-lower atmosphere processes[END_REF].

It is then transformed in the water in different forms, including carbonic acid (H2CO3). This chemical reaction leads to a change of the chemical equilibrium of seawater (Fig 0.26). The result is, on the one hand, an increase in hydrogen ions (H + ), reducing pH and responsible for ocean acidification, and on the other hand, a decrease in carbonate ions (CO3 2-), essential molecules for marine plants and calcifying organisms to build their skeletons and other calcareous structures.

the blue mussel Mytilus edulis and the pacific oyster Crassostrea gigas may decrease by 25 and 10% their calcification, respectively, when exposed to pH ∼7.9. Moreover, M. edulis shell dissolves at pH below a threshold value of ∼7.55 [START_REF] Gazeau | Impact of elevated CO2 on shellfish calcification[END_REF]. The acidification also impacts the mussel shell size that were respectively 4.5 ± 1.3 and 6.0 ± 2.3% smaller at pH ∼7.8 and ∼7.6 than at control pH of ∼8.1 [START_REF] Gazeau | Effect of ocean acidification on the early life stages of the blue mussel Mytilu edulis[END_REF]. A decrease of 12.0 ± 5.4% of shell thickness was observed after 15 days of exposure following exposure at pH ∼7.6. More, severe impacts were found in early-life stages with a hatching rates 24 ± 4% lower and Dveliger shells 12.7 ± 0.9% smaller at pH ∼7.6 than at a control pH [START_REF] Gazeau | Effect of ocean acidification on the early life stages of the blue mussel Mytilu edulis[END_REF]. On another mollusk, the live subarctic pteropod Clio pyramidata exposed to low pH (7.7) demonstrates a marked dissolution at the growing edge of the shell aperture within 48 h, even though they all remained alive. Without its protective shell, the subarctic pteropod would hardly survive in waters that become undersaturated with respect to carbonate ions [START_REF] Orr | Anthropogenic ocean acidification over the twenty-first century and its impact on calcifying organisms[END_REF]. Similar observation have been reported on crustacean on which carapace length was significantly lower at pH 7.7 than in control seawater for each successive life-history stage of the American Lobster Homarus americanus larvae [START_REF] Keppel | Ocean Acidification Decreases Growth and Development in American Lobster ( Homarus americanus ) Larvae[END_REF]. The experimental approach of Ries and collaborators (2010) suggest that a threshold seawater [CO3 2-] exists, below which calcification of the scleractinian coral Oculina arbuscula becomes impaired. In the same way, results from the first seawater chemistry manipulation experiment of a natural coral reef community provides evidence that net community calcification (net accretion -net dissolution) is depressed compared with values expected for pre-industrial conditions, indicating that ocean acidification may already be impairing coral reef growth [START_REF] Albright | Reversal of ocean acidification enhances net coral reef calcification[END_REF]. This represents a real danger for the ecosystems as well as an important economic loss as most of cultured and exploited mollusks are vulnerable to OA [START_REF] Gazeau | Impact of elevated CO2 on shellfish calcification[END_REF].

In some cases, organisms appear more resistant to OA but often at a cost. For example, ophiuroid brittlestar Amphiura filiformis, exposed to low pH (7.7, 7.3, 6.8) maintained skeletal integrity but decreased the arm muscle mass, using it as an energy source [START_REF] Wood | Ocean acidification may increase calcification rates, but at a cost[END_REF].

Nonetheless, larvae and juveniles of the common sunstar Crossaster papposus cultured at low pH (7.7) grow faster with no visible effects on survival or skeletogenesis (Dupont et al., 2010a).

Carbon enrichment acts as a direct resource for photosynthetic organisms. Indirectly, therefore, increased CO2 can act as a resource to consumers via the provision of food and habitat.

Indeed, M. edulis survive to low pH (down to 7.40) and calcify at high rates when nutritional supply is sufficient to compensate calcification energetic cost. Compared to nutritional supply, pH (down to 7.40) has only a minor impact on growth and calcification of settled mussels in both laboratory and field experiments [START_REF] Thomsen | Food availability outweighs ocean acidification effects in juvenile Mytilus edulis: laboratory and field experiments[END_REF]. Whilst OA has long been considered a stressor to calcifiers, it can change ecological communities and favor other species (e.g. calcifying herbivore; [START_REF] Connell | How ocean acidification can benefit calcifiers[END_REF].

Focus on cephalopods

Cephalopods are not recognized as calcifying organisms per se. However, among them, the cuttlefish calcifies the cuttlebone, a modified internal shell in aragonite, used as endoskeleton and internal floater. Contrasting to the effects developed above, cuttlefish juveniles exposed to extreme pHs (7.23 and 7.10) maintained the cuttlebone growth but displayed higher calcium carbonate accumulation in the calcareous structure (Gutowska et al., 2008). Then, a body of works confirmed that cuttlefish whatever the ontogenic stage, exposed to lowering pH undergo a hypercalcification of the cuttlebone with an enhanced incorporation of calcium, leading to an increase of the bone weight and density (Gutowska et al., 2008(Gutowska et al., , 2010;;Dorey et al., 2013;Sigwart et al., 2016). This hypercalcification may have negative repercussions on the fitness of this species in future ocean conditions. Signs of increased cuttlebone density were found in cuttlefish exposed to pH 7.74 but no effect on buoyancy was observed. However while food deprivation, cuttlefish exposed to low pH had a lower cuttlebone density, highlighting the higher energetic cost of calcification under OA conditions and its effect on fitness [START_REF] Otjacques | Cuttlefish Buoyancy in Response to Food Availability and Ocean Acidification[END_REF].

Other carbonate tissue common to all cephalopod's species are statoliths, used for balance and detecting movement. L. vulgaris exposed to low pHs (7.85 and 7.60) had an increased calcification of the statoliths compared to ambient pH (8.10; [START_REF] Lacoue-Labarthe | Effects of ocean acidification on trace element accumulation in the early-life stages of squid Loligo vulgaris[END_REF]. In contrast, at lower pHs (<7.54 and 7.31) statoliths of Atlantic longfin squid Doryteuthis pealeii had significantly reduced surface area and were abnormally shaped with increased porosity and altered crystal structure in elevated low pH (7.30) reared paralarvae [START_REF] Kaplan | Adverse Effects of Ocean Acidification on Early Development of Squid (Doryteuthis pealeii)[END_REF]Zakroff et al., 2019 respectively). No swimming and orientation assays were conducted to explore the consequences of altered statoliths on these individuals. In many studies, the effects of OA were observed on calcification but also on the growth and development of organisms as an integrative indicator of individual health.

Growth and development

The effects of OA on growth and development are very different and depend on the considered species and the pH value. In echinoderms, 95% of the sun star C. papposus larvae were settled and had developed their rudiment in ambient pH after 28 days of development while at low pH (7.7) only 50% of the larvae had passed through this stage and were already metamorphosed. Nevertheless, the growth rates were significantly faster at low pH than in control (Dupont et al., 2010a). On the other hand, the eating corals sea star Acanthaster planci displayed higher development abnormalities in 10-d old larvae under pH 7.9 but no effect on size [START_REF] Uthicke | Impacts of Ocean Acidification on Early Life-History Stages and Settlement of the Coral-Eating Sea Star Acanthaster planci[END_REF]. Regarding fish, larvae of walleye pollock Theragra chalcogramma tended to be slightly smaller at ambient pH than fish reared at lower pHs (i.e. ∼8.0, ∼7.7 and ∼7.4; [START_REF] Hurst | Effects of ocean acidification on hatch size and larval growth of walleye pollock (Theragra chalcogramma)[END_REF]. Similarly, growth rate of orange clownfish Amphiprion percula larvae increased at pHs 7.94, 7.88 and 7.84 [START_REF] Munday | Effects of ocean acidification on the early life history of a tropical marine fish[END_REF]. Nevertheless, in a close related species, the cinnamon clownfish A. melanopus shows that low pH (7.77) causes a decrease in length, weight, condition and survival of the juveniles [START_REF] Miller | Parental environment mediates impacts of increased carbon dioxide on a coral reef fish[END_REF]. Another marine tropical fish, the cobia Rachycentron canadum, was resistant to low pH exposure (7.79 and 7.40) with no effect on larval growth until very extreme pH (7.22 and 7.04). A global metaanalysis has attempted to identify a OA effect trend based on the results of 55 studies on fish growth and concluded that growth seemed to be unaffected at moderate pH (∼7.9) and slightly decreased (5%) at low pH (∼7.75) [START_REF] Cattano | Living in a high CO2 world: a global metaanalysis shows multiple trait-mediated fish responses to ocean acidification[END_REF]. Finally, effects on growth and development are very variable even when considering close species and pH.

Focus on cephalopods

In cephalopods, the survival, the growth and the development of both embryos and juveniles of S. officinalis has not been shown to be impacted by lowering pH (8.10, 7.85 and 7.60;Dorey et al., 2013;Moura et al., 2019). In contrast, under lower pHs (7.45 and 7.10), Sigwart and collaborators (2016) highlighted a reduced embryonic growth and a delayed hatching. Comparably, the average embryonic development time of the common cuttlefish was about 62.1 days at pH 8. 08, 7.82, 7.65 and 7.54, but increased to 63.9 days at pH 7.43 In addition, a significant increase in egg size was observed at lower pH (i.e. 7.65, 7.54, 7.43), including greater weight and surface area than the control eggs. At last, hatching success was about 84% at pH 8.08, 7.82, 7.65 and 7.54 but significantly decreased to 72.5% at pH 7.43 (Minet et al., 2022 submitted). Similarly, the Atlantic longfin squid demonstrated significant developmental changes including increased time to hatching and shorter mantle lengths, although differences were small [START_REF] Kaplan | Adverse Effects of Ocean Acidification on Early Development of Squid (Doryteuthis pealeii)[END_REF] among tested pH conditions (7.86 and 7.31). Then, the juvenile in acidified environments experience lower growth and yet increased calcification of their internal shell (Sigwart et al., 2016). These results suggest that internal-external pH regulation induced hypercalcification had higher energy demand and slowed growth. Indeed, the maintenance of the maintenance of acid-base homeostasis during exercise or hypoxia can altered metabolic performance and energetic budget allocated to calcification. As a consequence of the partial pressure gradient conservation between the PVF and the seawater, it has been measured that when cuttlefish embryos were exposed to pH 7.60 (i.e. 1400 µatm) the PVF pCO2 was higher than 4000 µatm and the around pH 7.1 (Dorey et al., 2013;Sigwart et al., 2016). While the perturbation of carbonate system on calcification and undirect effect on growth and development starts to be widely studied, fewer research focus on alterations of behavior and physiology in marine organisms exposed to OA.

Physiology and behavior

Internal pH regulation

Changes in seawater pH/pCO2 is known to challenge homeostasis in marine organisms, with an increase and decrease of extracellular (e.g. blood) pCO2 et pH, respectively (Gutowska et al., 2010). Indeed, to maintain gas exchange between blood and seawater, marine organisms maintain a gradient of pCO2 between both compartments, implying a rise of blood pCO2 with increasing seawater pCO2. Then, the CO2 dissolves in blood is converted by the carbonic anhydrase into carbonic acid, a weak acid that partially dissociates into bicarbonate and hydrogen cations. These H + ions cause an increased acidity of plasma, to maintain charge balance with external H + ion from low pH, named environmental acidosis. Some organisms (i.e. mobile species used to cope with metabolic acidosis resulting from CO2 release by muscles), appear more tolerant to elevated seawater pCO2 and are able to regulate respiratory acidosis by pumping HCO3 -ions from seawater to increase its concentration in the plasma and annihilate exceeding protons. This active cellular mechanism is accompanied by hyperventilation in the Gulf Toadfish Opsanus beta exposed to pH lower than ∼7.8 [START_REF] Esbaugh | Impacts of ocean acidification on respiratory gas exchange and acid-base balance in a marine teleost, Opsanus beta[END_REF]. Likewise, the marbled rockcod Notothenia rossii exposed to pH ∼7.5 also regulated extracellular pH (pHe) but display continuously elevated pCO2 and HCO3 -in its extracellular fluids [START_REF] Strobel | Metabolic shifts in the Antarctic fish Notothenia rossii in response to rising temperature and P CO2[END_REF]. The consequence to blood acid-base compensation is a hyperventilation of the organisms and a higher energy consumption. Extracellular pH regulation can induce intracellular pH (pHi) regulation. Even modest decreases in pHi can result in reductions of glycolysis and impairment of aerobic metabolism and homeostasis [START_REF] Pörtner | Biological Impact of Elevated Ocean CO2 Concentrations: Lessons from Animal Physiology and Earth History[END_REF][START_REF] Fabry | Impacts of ocean acidification on marine fauna and ecosystem processes[END_REF][START_REF] Hofmann | Elevated CO2 levels affect the activity of nitrate reductase and carbonic anhydrase in the calcifying rhodophyte Corallina officinalis[END_REF].

Interestingly, in encapsulated embryo, it has been measured that when cuttlefish eggs were exposed to pH 7.60 (i.e. 1400 µatm), the PVF pCO2 reached more than 4000 µatm and around pH 7.1 (Dorey et al., 2013;Sigwart et al., 2016), as a consequence of the partial pressure gradient conservation between the PVF and the seawater. Consequently, the embryo underwent a strong blood acidosis partially compensate by an up-regulation of ionic channels involved in the acid-base regulation (Hu et al., 2011). This physiological response may thus partly explained 1) the hypercalcification observed in early-life stages, considering that the CaCO3 incorporation in cuttlebone was fostered by increasing blood HCO3 -(Kwan and Tresguerres, 2022) and 2) the development time delay and reduced hatchling size due to the energetic cost of the hypercarbia compensation.

In addition, the acid-base regulations may have impact on numerous ions exchanges, one of them recently becomes the focus of interest of many studies, the ligand-gated ion channel (LGIC). The change in ion gradients across neuronal membranes, due to acid-base regulation at elevated pCO2, may disrupt LGIC mediated neurotransmission [START_REF] Moya | Near-future pH conditions severely impact calcification, metabolism and the nervous system in the pteropod Heliconoides inflatus[END_REF]. One of these LGIC, the GABAA receptor, is fixing the γ-Aminobutyric acid (GABA), the main inhibitory neurotransmitter of the central nervous system essential for the overall balance between neuronal excitation and inhibition in mammals, birds, fishes and some invertebrates. The GABAA receptor is a LGIC permeable to chloride (Cl -) and bicarbonate (HCO3 -) ions. Under normal conditions, binding of GABA opens the GABAA receptor channel allowing a net influx of negative charge resulting in hyperpolarization and inhibition of neuronal firing. The decreased in plasma [Cl -] (to maintain charge balance with H + ion from low pH) turns GABAA receptors from acting inhibitory to excitatory (depolarizing) through Cl -movement out of the neuron (Fig.

0.28).

Olfaction

Since the 2010s, the alteration of olfaction by the OA has been revealed in marine organisms and especially in fish. Thus, the brown dottyback Pseudochromis fuscus exposed to lowered pH (8.03 and 7.88) spent about 20% less time in a water stream containing prey odours compared with controls (pH 8.14) and shift from preference to avoidance of the smell of injured prey [START_REF] Cripps | Ocean Acidification Affects Prey Detection by a Predatory Reef Fish[END_REF]. In the whitetail damselfish Pomacentrus chrysurus, exposure to pH ∼7.8 altered the ability of larvae to discriminate habitat odors in olfactory trials [START_REF] Devine | Rising CO2 concentrations affect settlement behaviour of larval damselfishes[END_REF][START_REF] Devine | Habitat preferences of coral-associated fishes are altered by short-term exposure to elevated CO2[END_REF]. Similarly to discrimination of prey or habitat odor, the detection of predators odors can also be altered. The orange clownfish Amphiprion percula larvae innately detects predators using olfactory cues and is able to distinguish between the olfactory cues of predatory and non-predatory species. However, when eggs and larvae were exposed to pH 7.8, settlement-stage larvae became strongly attracted by the smell of predators proving a loss of predators and non-predators discrimination ability [START_REF] Dixson | Ocean acidification disrupts the innate ability of fish to detect predator olfactory cues[END_REF].

Olfactory sense alteration are closely related to LGIC and appears as a reversible effect of OA as clownfish reared under high-CO2 and gabazine (GABA antagonist) restored the normal response to predator odor (Nilsson et al., 2012).

Hearing

Simpson and collaborators (2011) looked at the auditory preference of juvenile clownfish to daytime reef noise. Juveniles from ambient pH significantly avoided the reef noise but this behavior was absent in low pH exposed juveniles. A recent study, also highlighted hearing disorder of low pH exposed fish (australian snapper Chrysophrys auratus) first by altered otolith size and shape affecting auditory acuity, and second, by altered neurotransmitter function affecting decision-making in the brain [START_REF] Radford | Ocean acidification effects on fish hearing[END_REF].

Vision

In addition to olfaction and hearing alteration, vision impairment has been investigated. Juvenile whitetail damselfish exposed to pH 7.89 showed reduced antipredator responses due to altered visual risk assessment. They show no reduction in foraging, activity and area use in in presence of their predator (i.e. spiny chromis Acanthochromis polyacanthus). Moreover, they moved closer to the chromis and lacked any bobbing behavior typically displayed by juvenile damselfishes in threatening situations [START_REF] Ferrari | Effects of ocean acidification on visual risk assessment in coral reef fishes: Visual risk assessment under CO2[END_REF]. Forsgren and collaborators (2013) showed high positive phototaxis in the two-spotted goby Gobiusculus flavescens exposed to pH 7.6 suggesting a visual hypersensitivity which could be energy consuming. However, these two studies did not investigate if the behavioral alteration was coming from a visual acuity disorder or from information treatment impairment. On the other hand, the retinal responses in damselfish, was determined by the threshold of its flicker electroretinogram and demonstrated that the maximal flicker frequency of the retina was reduced by continuous exposure to elevated CO2. This effect was rapidly counteracted by treatment with a gabazine indicating that GABAA receptor function was disrupted and impacted vision [START_REF] Chung | Ocean acidification slows retinal function in a damselfish through interference with GABAA receptors[END_REF].

Behavioral laterality

The yellowtail damselfish Neopomacentrus azysron larvae exposed to low pH did not show any side-turning preference when placed in a T-maze detour test while control larvae preferentially turned either on the right or on the left [START_REF] Domenici | Elevated carbon dioxide affects behavioural lateralization in a coral reef fish[END_REF]. This first evidence of OA effects on brain function in larval fishes has been confirmed by few other studies using the same test. Jutfelt and collaborators (2013) demonstrated that control three-spined sticklebacks Gasterosteus aculeatus turned to their preferred side 70% of the time. In contrast, low pH (7.65) exposed fish lacked a side-turning preference. Likewise, the sand smelt Atherina presbyter reared at ambient condition had a left-turning preference, but no preference at pH 7.6 [START_REF] Lopes | Behavioural lateralization and shoaling cohesion of fish larvae altered under ocean acidification[END_REF].

Locomotor activity

The larvae of dolphinfish Coryphaena hippurus were 50% less active and swam two times less under pH 7.6 when compared to ambient conditions [START_REF] Pimentel | Impact of ocean acidification in the metabolism and swimming behavior of the dolphinfish (Coryphaena hippurus) early larvae[END_REF]. On the contrary, damselfish settlement-stage larvae were more active, stayed farther away from the reef on average, ventured a greater maximum distance from the reef, and had bolder behavior when exposed to lower pHs (7.7 and 7.8; [START_REF] Munday | Replenishment of fish populations is threatened by ocean acidification[END_REF]. The cobia Rachycentron canadum exhibited resistance to pH 7.7 and 7.4 on growth, development, swimming ability, and swimming activity [START_REF] Bignami | Response to ocean acidification in larvae of a large tropical marine fish, Rachycentron canadum[END_REF]. In some case, swimming activities can be linked to performances with effort tests, measurements of routine and maximal oxygen consumption (MO2 and MO2Max respectively), maximum metabolic rate (MMR), recovery times, etc. The swimming performance in European sea bass Dicentrarchus labrax larvae and juveniles was not impacted by OA [START_REF] Cominassi | Combined effects of ocean acidification and temperature on larval and juvenile growth, development and swimming performance of European sea bass (Dicentrarchus labrax)[END_REF]. Similarly, several studies have not detected any impact of OA on MMR in the Atlantic cod Gadus morhua, the red drum Sciaenops ocellatus and the blue rockfish Sebastes mystinus [START_REF] Melzner | Swimming performance in Atlantic Cod (Gadus morhua) following long-term (4-12 months) acclimation to elevated seawater PCO2[END_REF][START_REF] Esbaugh | Respiratory plasticity is insufficient to alleviate blood acid-base disturbances after acclimation to ocean acidification in the estuarine red drum, Sciaenops ocellatus[END_REF]Hamilton et al., 2017 respectively). In contrast, a reduction of MMR under ocean acidification was found in the copper rockfish Sebastes caurinus exposed to pH 7.5 [START_REF] Hamilton | Species-Specific Responses of Juvenile Rockfish to Elevated pCO2: From Behavior to Genomics[END_REF] and an increase of MMR in A. polyacanthus exposed to pH 7.87 [START_REF] Rummer | Elevated CO2 enhances aerobic scope of a coral reef fish[END_REF] and in the polar cod Boreogadus saida exposed to pH 7.65 [START_REF] Kunz | Aerobic capacities and swimming performance of Polar cod ( Boreogadus saida Lepechin) under ocean acidification and warming conditions[END_REF]. Finally, OA effects on swimming activity and performance is very variable according to the species considered.

Focus on cephalopods

Regarding the ecophysiological responses of cephalopod to OA, literature reported decreasing oxygen consumption rates under hypercapnic scenario (i.e. pH 7.6) in late embryos and newly hatched paralarvae of the European squid Loligo vulgaris [START_REF] Rosa | Differential impacts of ocean acidification and warming on winter and summer progeny of a coastal squid (Loligo vulgaris)[END_REF]. Adult bigfin reef squid metabolic rates were significantly depressed by 40% after exposure to pH 7.3 for 168 h but not for pH 7.7. When ambient conditions were restored squid extracellular pH came back to normal within 20 hours, while squids compensated the increase HCO3 -by increasing the abundance of branchial acid-base transporters [START_REF] Hu | Branchial NH4+-dependent acid-base transport mechanisms and energy metabolism of squid (Sepioteuthis lessoniana) affected by seawater acidification[END_REF]. Nevertheless, Birk and collaborators (2018) used experimental and modeling approaches to study blood oxygen supply under varying seawater pCO2 on adult and juvenile Humboldt squid and longfin inshore squid Doryteuthis pealeii. They concluded that CO2 had no significant effect on metabolic rate or critical oxygen partial pressure in either squid species and therefore OA does not limit squid metabolism via blood oxygen supply. This was confirmed by Spady and collaborators (2019) on the pigmy squid and the bigfin reef squid exposed to pH 7.68. The routine MO2 and the MO2Max was not altered relative to control. Besides, 10-d old cuttlefish juveniles exposed to lowered pH (7.82, 7.65, 7.43) from embryonic stages showed a decrease of the maximal oxygen consumption (MO2Max) of about 50% at pH 7.65 compared to control pH 8.08. It was hypothesized that at this low pH, the cuttlefish try to compensate the energetic cost of growing in acidified conditions, by reducing their oxygen consumption. At extreme pH (7.43), the MO2Max rose back to values similar to the control. It has been suggested that the cuttlefish were probably no longer able to compensate but suffered from this low pH exposure (Minet et al., 2022 submitted).

As previously explained, OA can impact physiology, nervous system functioning and could therefore alter behavior. Carbon dioxide (CO2) levels projected to occur in the ocean by the end of this century cause a range of behavioral effects in fish, but whether other highly active marine organisms, such as cephalopods, are similarly affected remains scarce. No study investigated the impact of OA on octopuses' behavior and only one on cuttlefish. Early life stages common cuttlefish exposed to pH 8.1 and 7.6 show no differences on shelter-seeking, predation and secondary defense (i.e. response to a visual alarm cue between treatments (Moura et al., 2019). Regarding squids, Spady and collaborators provided three major studies on the effect of OA on defensive behavior, predatory behavior, and learning. Two-toned pygmy squid

Idiosepius pygmaeus exposed to pH 7.83 increased movement by nearly three times compared to control pH group. Squid vigilance and defensive behaviors were also altered by pH with >80% of individuals choosing jet escape responses over defensive arm postures in response to a visual startle stimulus (i.e. looming visual shape), compared with 50% choosing jet escape responses at control pH. In addition, more escape responses were chosen over threat behaviors than body pattern displayed at low pH and individuals were more than twice as likely to use inking as a defense strategy compared to controls [START_REF] Spady | Projected near-future CO2 levels increase activity and alter defensive behaviours in the tropical squid Idiosepius pygmaeus Biology Open[END_REF]. Increased activity, escaping and inking from a stimulus are energetically costly and could impact the fitness of the squids. Regarding the predatory behavior, the pigmy squid exposed to pH 7.84 and 7.74 and the bigfin reef squid exposed to pH 7.71 exhibited an increased latency to attack and altered body pattern choice during the attack sequence. I. pygmaeus also exhibited a 20% decrease in predation rate, an increased striking distance, and reduced preference for attacking the posterior end of prey at pH 7.74 [START_REF] Spady | Predatory strategies and behaviours in cephalopods are altered by elevated CO2[END_REF]. Lastly, low pH (7.68) had no effect on learning or on the capacity for conditional discrimination in squids [START_REF] Spady | Bigfin reef squid demonstrate capacity for conditional discrimination and projected future carbon dioxide levels have no effect on learning capabilities[END_REF]. These later suggested to investigate the physiological mechanisms responsible for altered behaviors in squid at elevated pCO2 / low pH [START_REF] Spady | Bigfin reef squid demonstrate capacity for conditional discrimination and projected future carbon dioxide levels have no effect on learning capabilities[END_REF]. They pharmacologically tested the role of GABA-, glutamate-, acetylcholine-and dopamine-gated chloride channels on CO2-induced behavioral changes in the two-toned pygmy squid. Squids exposed to ambient pH (8.02) and low pH (7.72) were both exposed to gabazine (a GABAA receptor antagonist) or picrotoxin (non-specific GABAA receptor antagonist), before analysis activity levels upon mirror exposure. Indeed, a mirror was used to analyze visual conspecific-directed behaviors in order to limit for possible confounding factors if using a living conspecific individual, such as size, movement, and chemical cues. Furthermore, using a mirror image restricted to the vision only as sense influencing behavior. Low pH increased conspecific-directed attraction and aggression, as well as activity levels in the presence of the squid's mirror image. For some CO2-affected behaviors, both gabazine and picrotoxin had a different effect on latency to react and on number of the touch of the mirror at low compared with ambient pH providing robust support for the GABA hypothesis within cephalopods. Moreover, gabazine and picrotoxin had different effects across pH treatments on space use, and on locomotor activity. This provide the first pharmacological evidence, in fish and marine invertebrates, for altered functioning of GABAA receptor and other ligand-gated chloride channels, underlying CO2-induced behavioral changes [START_REF] Thomas | The role of ligand-gated chloride channels in behavioural alterations at elevated CO2 in a cephalopod[END_REF].

Molecular approach

Effects observed at the individual and physiological levels are the result of molecular changes.

The majority of differentially regulated proteins (63%) and genes (64%) were less abundant in Sydney rock oysters Saccostrea glomerata exposed to pH 7.70 compared to ambient pH [START_REF] Goncalves | Contrasting impacts of ocean acidification and warming on the molecular responses of CO2-resilient oysters[END_REF]. Zhao and collaborators (2017) used genes expression to quantify byssal proteins of the Korean mussel Mytilus coruscus exposed to pH 7.80, 7.60, 7.40. They found a down-regulation of some specific byssal proteins the up-regulation of some other suggesting that mussels elevate the elasticity of the proximal region and the stiffness of the distal region and compensate for the weakened byssal. Metabolomic approaches on C. gigas indicated that low pHs (7.85, 7.57) exposure mainly caused disturbances in energy metabolism and osmotic regulation. Proteomic responses suggested that OA could not only affect energy and primary metabolisms, stress responses and calcium homeostasis, but also influence the nucleotide metabolism and cytoskeleton structure [START_REF] Wei | Proteomic and metabolomic responses of Pacific oyster Crassostrea gigas to elevated pCO2 exposure[END_REF]. Furthermore, Schunter and collaborators (2016) found a transgenerational molecular signature in juvenile A. polyacanthus coming from parents exposed to low pH (7.75). These authors suggests that individual variation in CO2 sensitivity could facilitate adaptation of fish populations to OA.

Focus on cephalopods

Very few studies focused on molecular approaches to assess the effect of OA in cephalopods.

Metabolomic analysis revealed that late embryos appear to be rather resilient to pH compared to earlier life stages, with relatively stable metabolite profiles except at the lowest pH of 7.43 (Minet et al., 2022 submitted). Among the metabolites significantly impacted by the pH conditions, the increase of ketogenic amino acids (i.e. leucine, isoleucine, phenylalanine) abundances with decreasing pH until 7.54 may be consistent with a reduced conversion of these compounds in the citric acid cycle, as a clue for a switch from aerobic to anaerobic metabolism (Venter et al., 2018). Indeed, oxygen affinity of the cuttlefish haemocyanins decreased with decreasing pH (i.e; Bohr effect; Bridges, 1995), subsequently reducing their metabolic scope. Concomitantly, the lactate as a known end product of anaerobic metabolism also increased before reaching its lowest value at 7.43. Indeed, at pH 7.43, a metabolic depression was observed resulting to a strong decrease in the abundance of all the metabolites except for dihydrouracil which increases as the pH decreases. This time-limited adaptative response in invertebrates to severe hypoxia and hypercapnia can lead to an egg development lengthening, fostering the vitellin reserves consumption. Embryonic development is highly dependent on metabolic performance. Indeed, the overall metabolomic depression is consistent with the observed reduction in egg hatching success and the delay in hatching at the lowest pH (7.43) suggesting a tipping point value below pH 7.5. Regarding the metabolite's abundances in hatchlings, it is noteworthy that they did not show significant differences between pH treatment and only few significant alterations to their metabolite profiles. Finally, in 10-days-old cuttlefish in ambient pH condition displayed the lowest metabolite abundance while juvenile exposed to pH 7.82 had the highest abundance and then slowly fall back at lower pH (i.e., pH 7.65 and 7.43) but remains higher than at pH 8.1. Part of these metabolites with higher abundances in lower pH conditions are involved in energy production (ATP, NAD+, furamate, GMP), putting forward a more important energetic consumption to maintain their development.

These results confirmed that early-life stages are particularly vulnerable to acidification (Pörtner and Farrell, 2008;Dupont and Thorndyke, 2009;Zippay and Hofmann, 2010;Oliveira et al., 2020).

Thesis objectives and outline

Information on Hg in cephalopod tissues is still scarce, despite the fact that these mollusks (1) are known to accumulate efficiently chemical contaminants, (2) are a growing seafood resource of high economic interest, (3) are a central link in food webs and play a role as vector for many contaminants including Hg and (4) have a developed nervous system and cognitive performances that enable them to survive in the presence of numerous predators. Studies about Hg bioaccumulation in cephalopods are mainly limited to mantle muscle (edible part)

and the DG (detoxification organ). Surprisingly, information on this neurotoxicant concentration in cephalopod brain is almost non-existent. Similarly, knowledge about the kinetic parameters of Hg (iHg and MeHg) bioaccumulation and contamination pathway are scarce. Seawater changes such as OA can affect Hg bioaccumulation. On the one hand, the change of pH and seawater chemistry caused by the increased CO2 can modify the speciation of metals and therefore their bioavailability for marine organisms. On the other hand, seawater hypercapnia affects animal physiology by increasing blood pCO2. In active organisms, such as fish and cephalopods, extracellular acidosis is compensated by stimulating acid-base regulation and ion regulation processes. The activated machinery can be the major uptake pathway for cationic elements such as metals and so contributed to modify Hg bioaccumulation capacity. Changes in Hg bioaccumulation in OA context have been observed in other marine organisms with and increase or decrease of Hg bioaccumulation [START_REF] Laporte | Combined effects of water pH and salinity on the bioaccumulation of inorganic mercury and methylmercury in the shore crab Carcinus maenas[END_REF][START_REF] Li | Alleviation of mercury toxicity to a marine copepod under multigenerational exposure by ocean acidification[END_REF][START_REF] Wang | Projected near-future ocean acidification decreases mercury toxicity in marine copepods[END_REF], however it has not been studied in cephalopods yet except one study on squid embryos [START_REF] Lacoue-Labarthe | Effects of ocean acidification on trace element accumulation in the early-life stages of squid Loligo vulgaris[END_REF].

The most toxic known effects of Hg are perturbation of the CNS. For instance, in fish, many behaviors and cognitive processes are affected by Hg increase in brain, including learning, predatory behavior, as well as defense mechanisms, locomotor activity and social behavior.

Nevertheless, the brain has always been ignored in tissue distribution studies whereas a strong organotropism of MeHg for this organ could be suspected such as observed in fish and one cephalopod specimen. In addition, OA is known to disturb the neurosensory processes and behaviors in various marine species, including cephalopods. A wide range of effect in cephalopods could be expected from OA such as alteration of vision, olfaction, hearing… as well as changes in predatory behaviors, defensive behaviors, anxiety and behavioral lateralization. The main hypothesis of these changes is linked to LGIC perturbation of the nervous system including GABAA receptor disturbances. But surprisingly, the potential neurotoxic effect of Hg and ocean change on nervous system and cognitive and behavioral performances in cephalopod has never been tested.

In this general context, the objectives of this thesis are first to fill the gap on Hg bioaccumulation in cephalopods and in particular in the common cuttlefish. This first objective will be addressed in the Chapter 1 and divided in 3 main questions and their related answers under scientific articles:

• Is there Hg in cephalopods brain? Can we quantify (concentration) and qualify (speciation) it?

Paper 1: Mercury in the tissues of five cephalopods species: first data on the nervous system

• What are the kinetic parameters of Hg (iHg and MeHg) bioaccumulation and it main pathway? Does OA affects Hg bioaccumulation?

Paper 2: Bioaccumulation of inorganic and organic mercury in the cuttlefish Sepia officinalis:

influence of ocean acidification and food type.

• Is there methylation or demethylation of iHg and MeHg in the cuttlefish? And does OA affects those processes?

Paper 3: Understanding in vivo mercury metabolism in cephalopods using mercury stable isotopes under elevated pCO2.

The second objective of the thesis is to bring more information about Hg and/or OA effects on the common cuttlefish.

Since (1) there is no information on Hg effects and really few on OA, two neurotoxicants, on S. officinalis especially on behavior (2) most of the studies focused on larvae or adults while OA and Hg are present at all life stages and we know that early life stages are the most sensitive and the survival of the species depends on juvenile recruitment (3) there is a lack of information about how Hg and OA act alone and how they interact on cuttlefish. This second chapter will therefore focus on growth, development, behavior and the GABA system. The chapter will not be written in paper format although the results will be valorized later by a scientific publication.

Introduction

Mercury (Hg) is a globally distributed pollutant that poses considerable risk to the health of humans and wildlife [START_REF] Scheuhammer | Effects of environmental methylmercury on the health of wild birds, mammals, and fish[END_REF]. Special attention to this contaminant within the marine environment, a final receptor for a large proportion of atmospheric, freshwater and terrestrial Hg contamination is needed [START_REF] Driscoll | Mercury as a global pollutant: sources, pathways, and effects[END_REF]. Mercury is mostly derived from anthropogenic sources and is principally found in inorganic (iHg) free forms and complexed ions, and as organic forms, which include methylmercury (MeHg) [START_REF] Mason | Organomercury compounds in the environment[END_REF]. In fact, under anaerobic conditions in sediments or deep waters, microorganisms such as iron and sulphate reducing bacteria convert iHg to MeHg [START_REF] Benoit | Geochemical and Biological Controls over Methylmercury Production and Degradation in Aquatic Ecosystems. Biogeochemistry of Environmentally Important Trace Elements[END_REF][START_REF] Hammerschmidt | Geochemical Controls on the Production and Distribution of Methylmercury in Near-Shore Marine Sediments[END_REF]. Recently, metagenome and metatranscriptome analyses have revealed that aerobic microorganisms are also potentially involved in MeHg production in subsurface oxic seawater [START_REF] Villar | Widespread microbial mercury methylation genes in the global ocean[END_REF]. Hg mobility and toxicity depend on its molecular speciation [START_REF] Weiner | Basis for ecotoxicological concern in aquatic ecosystems contaminated by historical mercury mining[END_REF], which confers strong neurotoxic properties to MeHg against biota including humans [START_REF] Farina | Mechanisms of methylmercury-induced neurotoxicity: evidence from experimental studies[END_REF][START_REF] Eagles-Smith | Modulators of mercury risk to wildlife and humans in the context of rapid global change[END_REF]. Furthermore, MeHg accumulates in marine organisms throughout their lifespan and biomagnifies along trophic chains to reach concentrations well above its toxicity threshold in top predators [START_REF] Bisi | Trophic relationships and mercury biomagnification in Brazilian tropical coastal food webs[END_REF][START_REF] Van Der Velden | Basal mercury concentrations and biomagnification rates in freshwater and marine food webs: effects on Arctic charr (Salvelinus alpinus) from eastern Canada[END_REF][START_REF] Chouvelon | Oligotrophy as a major driver of mercury bioaccumulation in marine medium-to high-trophic level consumers: A marine ecosystem-comparative study[END_REF][START_REF] López-Berenguer | A critical review about neurotoxic effects in marine mammals of mercury and other trace elements[END_REF].

Among the oceanic trophic compartments, cephalopods are a central link in food webs and play a role as vector for many contaminants such as cadmium (Cd) and Hg [START_REF] Clark | Cephalopods as prey. 3. Cetaceans[END_REF]Bustamante et al., 1998;[START_REF] Maz-Courrau | Bioaccumulation and Biomagnification of Total Mercury in Four Exploited Shark Species in the Baja California Peninsula, Mexico[END_REF]. Our knowledge of Hg in cephalopods is essentially limited to the species of interest to fisheries (e.g. [START_REF] Penicaud | Metal bioaccumulation and detoxification processes in cephalopods: A review[END_REF] and levels are generally measured in edible portions of organisms (i.e. muscles of the mantle and arms of squids and octopods, respectively) that store more than 70% whole body Hg burden [START_REF] Seixas | Accumulation of mercury in the tissues of the common octopus Octopus vulgaris (L.) in two localities on the Portuguese coast[END_REF]Bustamante et al., 2006;Lacoue-Labarthe et al., 2009). Most of the Hg found in cephalopod muscles is in its organic form (Bustamante et al., 2006;[START_REF] Seco | Mercury levels in Southern Ocean Squid: variability over the last decade[END_REF], and the speciation of Hg in tissues other than muscles has not been well documented to date (see below).

Mercury concentrations reported in cephalopod muscles vary by two orders of magnitude among species (Bustamante et al., 2006). Overall, median Hg concentrations in cuttlefish, octopods and squids range from 0.2 and 0.5 μg.g -1 dry weight (dw) [START_REF] Penicaud | Metal bioaccumulation and detoxification processes in cephalopods: A review[END_REF]. These levels are moderately high with respect to their central trophic position and their short lifespan (an average of two years) that limits the Hg bioaccumulation within their tissues [START_REF] Chouvelon | Inter-specific and ontogenic differences in δ13C and δ15N values and Hg and Cd concentrations in cephalopods[END_REF]. Higher concentrations were reported in some species or individuals, up to 1.76 μg.g -1 dw in the curled octopus, Eledone cirrhosa, from Mediterranean Sea (i.e. 0.44 μg.g -1 wet weight (ww) reported by [START_REF] Storelli | Intake of essential and nonessential elements from consumption of octopus, cuttlefish and squid[END_REF] assuming 75% water content as reported in [START_REF] Spitz | Proximate composition and energy content of forage species from the Bay of Biscay: high or low quality food?[END_REF]. Hg concentrations in mantle muscle and in the digestive gland have been used to infer Hg environmental contamination, since Hg mostly accumulates in its organic form in muscles and is highly concentrated in the digestive gland, where Hg detoxification occurs (Bustamante et al., 2006;Lacoue-Labarthe et al., 2009). However, reports of Hg concentrations in tissues that are likely sensitive to Hg, such as the nervous system, are scarce.

Although Hg neurotoxicity has been recognised, information regarding Hg brain tropism in marine organisms are scattered [START_REF] Berntssen | Maximum limits of organic and inorganic mercury in fish feed[END_REF]. Previous studies have focused on fish providing nervous system Hg based on concentrations present in the environment. Alternatively, they assessed classically targeted organs such as muscle and liver. Hg concentrations in the tissues of bluefish, Pomatomus saltatrix from New Jersey showed Hg levels one order of magnitude lower in the brain than muscles and kidneys [START_REF] Burger | Mercury and selenium levels, and selenium:mercury molar ratios of brain, muscle and other tissues in bluefish (Pomatomus saltatrix) from New Jersey, USA[END_REF]. In more contaminated fish such as the spotted seatrout, Cynoscion nebulosus and the European bass, Dicentrarchus labrax that were isolated from polluted areas, brain Hg concentrations were less than 3-fold lower than those reported in muscles and liver [START_REF] Adams | Mercury contamination in spotted seatrout, Cynoscion nebulosus: an assessment of liver, kidney, blood, and nervous system health[END_REF][START_REF] Mieiro | Evaluation of Species-Specific Dissimilarities in Two Marine Fish Species: Mercury Accumulation as a Function of Metal Levels in Consumed Prey[END_REF].

In addition, Hg in the brain of the golden grey mullet, Liza aurata, from different areas of the Portuguese coastline faithfully reflected local water and sediment contamination variability [START_REF] Pereira | Fish eyes and brain as primary targets for mercury accumulation -A new insight on environmental risk assessment[END_REF]. Through an experimental approach, autoradiography revealed a specific affinity of 203 iHg in the brain of the brown trout Salmo trutta and the rainbow trout Oncorhynchus mykiss following waterborne exposure, suggesting that the transport of this metal occurs from sensory or motor systems to the brain [START_REF] Rouleau | Accumulation of waterborne mercury(II) in specific areas of fish brain[END_REF]. Hg exposure and its subsequent accumulation in the nervous system can then lead to oxidative stress, metallothionein production, brain lesions, morphometric alterations and consequently affect swimming behavior in the Atlantic salmon Salmo salar, the European bass Dicentrarchus labrax, the zebrafish Danio rerio, and the white seabream Diplodus sargus [START_REF] Berntssen | Chronic dietary mercury exposure causes oxidative stress, brain lesions, and altered behaviour in Atlantic salmon (Salmo salar) parr[END_REF][START_REF] Mieiro | Brain as a critical target of mercury in environmentally exposed fish (Dicentrarchus labrax)-Bioaccumulation and oxidative stress profiles[END_REF][START_REF] Gentès | Specific Effects of Dietary Methylmercury and Inorganic Mercury in Zebrafish (Danio rerio) Determined by Genetic, Histological, and Metallothionein Responses[END_REF]Pereira et al., 2016).

Cephalopods are known as an alternative model to vertebrates for the evolution of complex brains and high intelligence, and they are renowned for their advanced cognitive performances [START_REF] O'brien | The Current State of Cephalopod Science and Perspectives on the Most Critical Challenges Ahead From Three Early-Career Researchers[END_REF] and complex behaviors [START_REF] Hanlon | Cephalopod behaviour[END_REF]. Such abilities require a much more evolved and developed brain than is needed in mollusks like bivalves and gastropods [START_REF] Hanlon | Cephalopod behaviour[END_REF]. The cephalopod nervous system is composed of the central brain (around 40 interconnected ganglia), two optic lobes and the peripheral nervous system. Their large-sized brain, compared to other invertebrates, is involved in behavioral plasticity, cognitive capacity as well as skin control [START_REF] Shigeno | Cephalopod Brains: An Overview of Current Knowledge to Facilitate Comparison With Vertebrates[END_REF] and is of increased concern when considering impacts of neurotoxicants (e.g. [START_REF] Chabenat | Hidden in the sand: Alteration of burying behaviour in shore crabs and cuttlefish by antidepressant exposureEcotoxicol[END_REF]. Very few studies have examined the accumulation of Hg in tissues of the nervous system, and Hg levels in the muscular mantle, branchial hearts, kidneys, gills, ink sack and the digestive gland [START_REF] Seixas | Accumulation of mercury in the tissues of the common octopus Octopus vulgaris (L.) in two localities on the Portuguese coast[END_REF][START_REF] Pereira | Metal concentrations in digestive gland and mantle of Sepia officinalis from two coastal lagoons of Portugal[END_REF]. In fact, to the best of our knowledge, only one study that examined Hg concentration in the brain of one individual of giant squid, Architeuthis dux (1.25 μg.g -1 dw; [START_REF] Bustamante | Metal and metalloid concentrations in the giant squid Architeuthis dux from Iberian waters[END_REF] in which Hg concentration was in the same order of magnitude of the other tissues. The extent to which Hg bioaccumulation occurs and its speciation in the brains of cephalopods requires further examination.

In this context, the current study aims to investigate levels of Hg contamination in five different species of cephalopods from the Bay of Biscay including Eledone cirrhosa, Sepia officinalis, Loligo vulgaris, Todaropsis eblanae and Illex coindetii. Hg concentrations were measured in the tissues with major roles in Hg bioaccumulation and detoxification including the mantle muscles, which are responsible for storing the majority of the Hg burden, and the digestive gland, which can demethylate and depurate Hg from the body. Hg concentrations were also determined in the optic lobes of the brain, since this tissue is potentially sensitive to Hg toxicity. In addition, the molecular form of Hg in the digestive gland, the mantle muscle and in the optic lobes of the most contaminated curled octopus, E. cirrhosa, individuals were investigated via high energy-resolution XANES spectroscopy.

Material and methods

Sample collection and sample preparation

In this study, 81 cephalopods were sampled along the continental shelf of the Bay of Biscay during EVHOE surveys conducted by the Institut Français de Recherche pour l'Exploitation de la Mer (IFREMER) in autumn of 2016 and 2017 [START_REF] Léauté | EVHOE 2016 cruise, RV Thalassa[END_REF][START_REF] Duhamel | EVHOE 2017 cruise, RV Thalassa[END_REF].

Collected organisms belonged to five cephalopod species from four different families (see Table 1.1), as follows: curled octopus, E. cirrhosa (n = 20); common cuttlefish, S. officinalis (n = 21); common squid, L. vulgaris(n = 20); the lesser flying squid, T. eblanae (n = 9); and southern shortfin squid, I. coindetii (n = 11). Specimens were frozen at -20 °C on board and then stored in the laboratory prior to dissection and sample preparation. In the laboratory, individuals were thawed and weighed (g). Dorsal mantle length (DML; mm) was measured as a reference for measuring the size of the cephalopod. Whenever possible, sex was determined by visual observation of gonads and hectocotylised arms. During dissection, the digestive gland, the mantle and the optic lobes were collected and wet weighed (g ww). The sampled tissues were frozen and freeze-dried for 48 h. Samples were dry weighed (g dw), ground manually with a porcelain pestle and mortar into a fine powder, and hermetically stored in 40 mL plastic vials.

Mercury analyses

Total Hg concentrations within samples were analysed at the LIttoral ENvironnement et Sociétés laboratory (LIENSs, La Rochelle, France) using an Advanced Mercury Analyser spectrophotometer (Altec AMA 254) as described in [START_REF] Chouvelon | Hg concentrations and related risk assessment in coral reef crustaceans, molluscs and fish from New Caledonia[END_REF]. All analyses were carried out in duplicate or triplicate, and had relative standard deviation values <10%. Mercury analyses were run according to a thorough quality control programme that included an analysis of procedural blanks at the beginning of each analytical sessions and a certified reference material (CRM) was assessed every 10 samples. Thus, the accuracy of the analytical procedure was verified with CRM TORT-2 (lobster hepatopancreas, NRC, Canada; Hg concentration of 0.27 ± 0.06 μg•g -1 dw). Results indicated an average Hg concentration of 0.257 ± 0.009 μg.g -1 dw, with an average recovery of 95 ± 3%, and were in good agreement with certified values. The detection limit of the method was 0.005 μg.g -1 dw. Mercury concentrations is further expressed as μg.g -1 dw. 

Sepia officinalis

Sepiidae 12.5 -17.0 14.6 ± 1.2 240 -544 397 ± 105 0.46 ± 0.24 0.43 ± 0.12 0.23 ± 0.09

HR-XANES measurements

Freeze-dried powdered digestive gland, mantle muscle and optic lobe of E. cirrhosa were pressed into pellets, and their Hg L3-edge XANES (for X-ray Absorption Near Edge Structure) spectra were measured using high energy-resolution (HR-XANES) with high-luminosity analyser crystals on beamline ID26 at the European Synchrotron Radiation Facility (ESRF, Rovezzi et al., 2017). Mantle muscles and the digestive gland of the most contaminated individual were selected for further examination, whereas the optic lobes of the six individuals that were most contaminated were pooled because each lobe had low mass (~50-80 mg). Spectra were collected at a temperature of 10-15 K and a scan time of 15 s to reduce exposure, and repeated at using pristine positions of the sample to increase the signal-to-noise ratio. Scans were monitored carefully for any evidence of radiation damage. Incident energy was scanned from 12,260 to 12,360 eV in increment of 0.2 eV and the spectra were normalised to unity at E = 12,360 eV. The identities and relative proportions of Hg species were determined using a spectral database [START_REF] Bourdineaud | Divalent mercury from dissolved organic matter is bioavailable to fish and accumulates as dithiolate and tetrathiolate complex[END_REF]. The precision of the fit of components was estimated to be equal to the variation of their best-fit values when the fit residual (NSS) was increased by 20%. NSS was defined as the normalised sum-squared difference between data and fit, was expressed as follows: Σ[(ydata-yfit) 2 ]/Σ(ydata 2 ). Details regarding data acquisition and analysis were performed as previously described [START_REF] Manceau | Mercury(II) Binding to Metallothionein in Mytilus edulis revealed by High Energy-Resolution XANES Spectroscopy[END_REF].

Statistical and data analyses

Statistics were computed using R version 3.6.1 (R Core Team, 2017). The influence of the tissue on Hg concentrations was tested by using generalised linear models (GLM) with a gaussian distribution and an identity link function. Model selection was based on Akaïke's Information

Criteria adjusted for small sample sizes (AICc) (Burnham and Anderson, 2002).

Concentrations of Hg analysed in the mantle, digestive gland and optic lobes of the five species assessed were compared using a one-way ANOVA followed by a Tukey test. Normality and heteroscedasticity of values were tested using a Barlett and Shapiro test, respectively, and each of the cephalopods relative to the others were considered separately. When the conditions of the statistical tests were not met, non-parametric tests of Wilcoxon followed the posthoc test of Nemenyi were applied. A linear model was applied to describe relationships between Hg concentrations in the optic lobe and mantle muscle and an analysis of covariance (ANCOVA) was used to test differences in the slopes of regression lines for the five species considered.

Hg concentrations reported from the literature were converted when necessary from ww to dw using measured moisture values from the different tissues, as follows: dw represents 20% of the ww for muscle and brain tissues and 35% of the ww of the digestive gland [START_REF] Suppes | Seasonal Variations of Fat, Protein, and Moisture in Channel Catfish[END_REF]Arai et al., 2016 and personal data).

Results

The mantle size and weight of animals varied from 4.2 to 19.0 cm and 19 to 764 g ww, respectively. Measured Hg concentrations were 0.02-1.48 μg.g -1 dw, from 0.09-1.35 μg.g -1 dw, and 0.03-1.89 μg.g -1 dw in mantle muscles, the digestive gland and optic lobes, respectively (Table 1.1).

GLMs revealed that Hg concentrations differed according to species and tissue assessed (Fig.

1.1; Table 1.2). Overall, although concentrations among the three analysed tissues were of the same order of magnitude, Hg concentrations were significantly higher in the mantle muscles and the digestive gland than the optic lobes in all species assessed, except in E. cirrhosa. Relative Hg concentrations in the mantle muscles of species assessed were as follows: E. cirrhosa ≈ S. officinalis ≈ T. eblanae > L. vulgaris > I. coindetii (values measured were 0.52 ± 0.35, 0.46 ± 0.24, 0.29 ± 0.06, 0.16 ± 0.03, and 0.08 ± 0.01 μg.g -1 dw, respectively).

In the digestive gland, the same trend was observed, and significantly higher levels of Hg were measured in E. cirrhosa and S. officinalis than in other squid species. Relative values were as follows: E. cirrhosa ≈ S. officinalis > L. vulgaris ≈ T. eblanae > I. coindetii (0.47 ± 0.34, 0.43 ± 0.12, 0.29 ± 0.06, 0.24 ± 0.06, and 0.12 ± 0.02 μg.g -1 dw, respectively). In the optic lobes, relative Hg concentrations were similar, however, a greater difference between E. cirrhosa and other species was observed, as follows: E. cirrhosa > S. officinalis ≈ T. eblanae > L.

vulgaris ≈ I. coindetii (0.60 ± 0.47, 0.23 ± 0.09, 0.18 ± 0.07, 0.09 ± 0.02, and 0.04 ± 0.01, μg.g -1 dw, respectively). Interestingly, two E. cirrhosa individuals (53 and 90 mm mantle size) had elevated Hg concentrations that reached more than 1 μg.g -1 in the mantle and the digestive gland and more than 1.5 μg.g -1 in the optic lobes, whereas values rarely exceeded 0.5 μg.g -1 dw in other species, in any tissue assessed. The concentrations of Hg in the optic lobes were linearly and strongly associated with those of mantle muscle (Fig. 1.2, Table 1.3). ANCOVA revealed that slopes of the regressions were significantly different among when E. cirrhosa (R 2 = 0.978), S. officinalis and T.

eblanae (R 2 = 0.829), and I. coindetiiand L. vulgaris (R 2 = 0.663) were compared. This implies that the ratio of brain and muscle Hg concentrations differed among the three groups. Interestingly, E. cirrhosa had an optic lobes Hg concentration that was slightly higher (1.15-fold greater) than that of mantle muscles, whereas S. officinalis/T. eblanae and I. coindetii/L. vulgaris had optic lobes concentrations that were 0.35 and 0.50-fold lower, respectively, than those of mantle muscles. [Hg] in mantle (µg.g -1 dw )

[Hg] in optic lobes (µg.g -1 dw ) to cysteine residues in fish (Fig. 1.3b). In this complex, Hg is linearly bound to a methyl group and the aliphatic thiol from a cysteinyl group (forming a MeHgCys complex). This geometry gives a characteristic absorption peak at 12,279.8 eV, which is not observed when Hg is coordinated to three or four thiols [START_REF] Bourdineaud | Divalent mercury from dissolved organic matter is bioavailable to fish and accumulates as dithiolate and tetrathiolate complex[END_REF]. This peak occurs at 12,279.6 eV in the digestive gland and its intensity was lower (Fig. 1.3c). These two features are diagnostic of the linear coordination to two thiol groups, as it is observed in an inorganic Hg(Cys)2 complex [START_REF] Manceau | Chemical forms of mercury in human hair reveal sources of exposure[END_REF]. Proportions of methylated and inorganic Hg, as determined by a linear combination fit of the optic lobe spectrum and the Hg(Cys)2standard, were 68 ± 11% for Me-HgCys and 33 ± 11% for Hg(Cys)2 (Fig. 1.3d). 

Eledone cirrhosa Sepia officinalis Todaropsis eblanae Illex coindetii Loligo vulgaris

Discussion

Among marine organisms, most available information regarding Hg contamination has been determined in bivalves, fish and top predators (mammals and birds), mainly due to their importance as a food source for humans and their roles as bioindicators of Hg contamination of the ocean [START_REF] Renzoni | Mercury Levels along the Food Chain and Risk for Exposed Populations[END_REF]. In contrast, the information regarding Hg contamination in cephalopod tissues remains scarce, despite the fact that mollusks are known to efficiently accumulate chemical contaminants, including non-essential metals that may be concentrated at very high levels in their tissues [START_REF] Dorneles | Cephalopods and cetaceans as indicators of offshore bioavailability of cadmium off Central South Brazil Bight[END_REF][START_REF] Lischka | High cadmium and mercury concentrations in the tissues of the orange-back flying squid, Sthenoteuthis pteropus, from the tropical Eastern Atlantic[END_REF]. Although Hg concentrations are moderate in cephalopods, significant differences between taxons have been observed, and values vary by two orders of magnitude among cephalopod families [START_REF] Penicaud | Metal bioaccumulation and detoxification processes in cephalopods: A review[END_REF]. The cephalopods have a pivotal place in trophic webs, and have a key role in the Hg intake of top predators including humans (Jackson et al., 2007), therefore a better understanding of the Hg bioaccumulation processes in cephalopods is needed. Finally, despite their invertebrate status, cephalopods have an exceptionally developed nervous system and display complex cognitive abilities that confer great adaptive capacity, despite the short lifespan of the animals [START_REF] Hanlon | Cephalopod behaviour[END_REF]. However, the effects of Hg in the brain of cephalopods remain unknown, despite the fact that Hg is known for its high degree of toxicity on the nervous system of vertebrates [START_REF] Syversen | The toxicology of mercury and its compounds[END_REF].

Mercury concentrations varied among species collected in the same geographical location (i.e. the Bay of Biscay) at the same time, suggesting that individuals were exposed to Hg to variable extents. More precisely, E. cirrhosa and S. officinalis had the highest levels of Hg in their tissues, relative to levels in other species assessed. This is congruent with the previous observation that benthic octopus and nektobenthic cuttlefish (i.e.Octopodidae and Sepiidae)

generally display significantly higher Hg concentrations in their tissues than pelagic squids, including Ommastrephidae and Loliginidae, from the same area [START_REF] Penicaud | Metal bioaccumulation and detoxification processes in cephalopods: A review[END_REF]. For example, among seven cephalopods from the Mediterranean Sea, Octopodidae (E. moschata, E. cirrhosa, and Octopus salutii) had the highest Hg concentrations, followed by Sepiidae (Sepia elegans and Sepia orbignyana). The lowest concentrations were found in Ommastrephidae (I. coindetii) and Loliginidae (L. vulgaris) [START_REF] Storelli | Intake of essential and nonessential elements from consumption of octopus, cuttlefish and squid[END_REF]. To date, these inter-specific differences have mainly been attributed to ecological factors, such as the proximity of benthic species to sediment where Hg methylation occurs [START_REF] Storelli | Mercury speciation in the muscle of two commercially important fish, hake (Merluccius merluccius) and striped mullet (Mullus barbatus) from the Mediterranean Sea: estimated weekly intake[END_REF]. Nevertheless, squids generally displayed higher trophic levels than octopus and cuttlefish, indicating that they likely feed on MeHg-enriched prey such as fish and/or cephalopods [START_REF] Pierce | Diets of squid Loligo forbesi and Loligo vulgaris in the northeast Atlantic[END_REF][START_REF] Coelho | A comparative study of the diet of Loligo vulgaris (Lamarck, 1799) (Mollusca: Cephalopoda) from the south coast of Portugal and the Saharan Bank (Central-East Atlantic)[END_REF] compared to benthic cephalopods, which prey on invertebrates including crustaceans and bivalves with lower concentrations of Hg and lower proportions of MeHg. This incongruency indicates that species-dependent physiological processes, such as demethylation and elimination capacities, could also explain the interspecific Hg variation.

Mercury concentrations in the mantle muscles ranged from 0.06 to 1.48 μg.g -1 dw and were similar to those reported by [START_REF] Rjeibi | Seasonal survey of contaminants (Cd and Hg) and micronutrients (Cu and Zn) in edible tissues of cephalopods from Tunisia: assessment of risk and nutritional benefits[END_REF] in cephalopods from Tunisia (0.01 to 0.95 μg.g -1 dw). They were also comparable to concentrations reported for cephalopods from the Adriatic Sea (L. vulgaris from 0.20 to 1.50 μg.g -1 dw, O. vulgaris from 0.12 to 1.30 μg.g -1 dw, S. officinalis from 0.25 to 4.78 μg.g -1 dw) and the Atlantic Ocean (S. officinalis > 1 μg.g -1 dw) [START_REF] Brambilla | Mercury occurrence in Italian seafood from the Mediterranean Sea and possible intake scenarios of the Italian coastal population[END_REF][START_REF] Pereira | Metal concentrations in digestive gland and mantle of Sepia officinalis from two coastal lagoons of Portugal[END_REF], which showed an homogeneous level of contamination between locations.

Heterogeneity in Hg concentrations among tissues [START_REF] Lischka | High cadmium and mercury concentrations in the tissues of the orange-back flying squid, Sthenoteuthis pteropus, from the tropical Eastern Atlantic[END_REF][START_REF] Manso | Characterization of essential and toxic elements in cephalopod tissues by EDXRF and AAS[END_REF] is driven by uptake, detoxification, storage and/or excretion (including MeHg) differences [START_REF] Penicaud | Metal bioaccumulation and detoxification processes in cephalopods: A review[END_REF]. Hg concentrations were highest in the digestive gland and in the mantle muscles in all species considered, except for the curled octopus, E. cirrhosa, for which higher Hg concentrations were found in the optic lobes (see discussion thereafter). High Hg concentrations in the digestive gland of cephalopods have previously been documented in several species (Bustamante et al., 2006;[START_REF] Manso | Characterization of essential and toxic elements in cephalopod tissues by EDXRF and AAS[END_REF][START_REF] Rjeibi | Interspecific and geographical variations of trace metal concentrations in cephalopods from Tunisian waters[END_REF]. Mercury, and notably MeHg within prey, mainly accumulates via food consumption (Lacoue-Labarthe et al., 2009;[START_REF] Chouvelon | Inter-specific and ontogenic differences in δ13C and δ15N values and Hg and Cd concentrations in cephalopods[END_REF], which implies that the physiological functions of digestion and absorption of the digestive gland contribute to the high Hg levels found in the tissue [START_REF] Boucaud-Camou | Fine structure and function of the digestive cell of Sepia officinalis (Mollusca: Cephalopoda)[END_REF][START_REF] Boucher-Rodoni | Feeding and digestion[END_REF].

The digestive gland is also known as the main organ of metal detoxification and storage in cephalopods [START_REF] Martin | High copper concentrations in squid livers in association with elevated levels of silver, cadmium and zinc[END_REF][START_REF] Miramand | Concentration and distribution of heavy metals in two cephalopods Eledone cirrhosa and Sepia officinalis, from the French coast of the English Channel[END_REF][START_REF] Lacoue-Labarthe | Ecotoxicology of early-life stages in the common cuttlefish Sepia officinalis: review and perspectives[END_REF][START_REF] Bustamante | Biokinetics of zinc and cadmium accumulation and depuration at different stages in the life cycle of the cuttlefish Sepia officinalis[END_REF]. Although the digestive gland represents only 6 to 10% of the mass of an animal, this organ may contain more than 80% of the body burden of some metals such as Ag, Cd, and Co [START_REF] Penicaud | Metal bioaccumulation and detoxification processes in cephalopods: A review[END_REF]. However, Hg in the digestive gland contributes to far less of the total body burden than muscles (Bustamante et al., 2006;[START_REF] Kojadinovic | Multi-elemental concentrations in the tissues of the oceanic squid Todarodes filippovae from Tasmania and the southern Indian Ocean[END_REF]. Concentrations of Hg were in the same order of magnitude in both tissues, but as muscles accounted for more than 70% of the total body weight and contained 70 to 90% of the total Hg body burden (Bustamante et al., 2006;[START_REF] Seco | Mercury levels in Southern Ocean Squid: variability over the last decade[END_REF]. This tissue distribution is likely due to two main mechanisms: 1) translocation and binding of MeHg to muscle proteins because they are rich in sulfhydryl groups with a high affinity for Hg, as shown in fish [START_REF] Bloom | On the Chemical Form of Mercury in Edible Fish and Marine Invertebrate Tissue[END_REF]. Consequently, the muscles constitute a good bioindicator tissue of MeHg exposure in cephalopods as like in many organisms, most of the Hg found in the muscular parts is under organic form (Bustamante et al., 2006;[START_REF] Seco | Mercury levels in Southern Ocean Squid: variability over the last decade[END_REF][START_REF] Chételat | Methylmercury exposure in wildlife: A review of the ecological and physiological processes affecting contaminant concentrations and their interpretation[END_REF]. Relatively similar Hg concentrations observed in the digestive gland compared to mantle muscles may also result from 2) the demethylation of MeHg, which facilitates iHg elimination by the digestive gland. Indeed, more than 70% of the Hg within the muscles of cephalopods is methylated, but more than a half of the Hg found in their digestive gland is inorganic (Bustamante et al., 2006;[START_REF] Seco | Mercury levels in Southern Ocean Squid: variability over the last decade[END_REF]. Here, HR-XANES spectrometry speciation analyses revealed that one third of the total Hg within the digestive gland of E. cirrhosa was made up of an inorganic form bound to peptides (e.g. glutathione, GSH) or proteins as a dicysteinate complex, which was modeled using the Hg(Cys)2reference. This suggests that 1) iHg may come from the environment [START_REF] Sun | Methylmercury produced in upper oceans accumulates in deep Mariana Trench fauna[END_REF] through both dissolved and trophic pathways. Indeed, it has been demonstrated that cuttlefish efficiently bioconcentrate dissolved 203 iHg, which is then distributed throughout the digestive gland (Lacoue-Labarthe et al., 2009). Thus, this organ contained 20% of accumulated 203 iHg after 10 days of exposure. In addition, ~90% of the 203 iHg from prey is assimilated and then mostly (~70%) found in the digestive gland. Alternatively, 2) iHg may result from in vivo MeHg demethylation [START_REF] Sun | Methylmercury produced in upper oceans accumulates in deep Mariana Trench fauna[END_REF], which likely occurs in the digestive gland, facilitating the rapid elimination of produced iHg, based on experimental findings in which a short biological half-life (i.e. 4 days) of dietary 203 iHg was reported (Lacoue-Labarthe et al., 2009). The biochemical mechanism of demethylation that occurs in the digestive gland has not been determined yet.

Assuming that cephalopods are exposed to MeHg by prey, remaining MeHg from the pool of ingested Hg entering the bloodstream may become distributed throughout other tissues.

Some studies have investigated the binding and transport of Hg(II) to hemocyanin [START_REF] Brouwer | Heavy Metal Ion Interactions with Callinectes sapidus Hemocyanin: Structural and Functional Changes Induced by a Variety of Heavy Metal Ions[END_REF][START_REF] Brouwer | Metal Ion Interactions with Limulus polyphemus and Callinectes sapidus Hemocyanins: Stoichiometry and Structural and Functional Consequences of Calcium(II), Cadmium(II), Zinc(II), and Mercury(II) Binding[END_REF], but little is known regarding MeHg binding to hemocyanin (blood oxygen transport proteins) in cephalopods. Nevertheless, it can be assumed that its transport is facilitated by sulphydryl or tryptophanyl binding sites of the molecule, which would allows MeHg transfer to other tissues [START_REF] Brouwer | Heavy Metal Ion Interactions with Callinectes sapidus Hemocyanin: Structural and Functional Changes Induced by a Variety of Heavy Metal Ions[END_REF].

As mentioned previously, only one Hg concentration (i.e. 1.25 μg.g -1 dw) has been reported

for the brain of one individual of the giant squid, Architeuthis dux, to our knowledge [START_REF] Bustamante | Metal and metalloid concentrations in the giant squid Architeuthis dux from Iberian waters[END_REF]. In the present study, the Hg concentrations were determined in the optic lobes, which is part of the nervous central system of cephalopods and are responsible for the highest level of coordinated function such as association, learning and visual analysis [START_REF] Young | The anatomy of the nervous system of Octopus vulgaris[END_REF]. In this tissue, Hg concentrations ranged from 0.03 to 1.89 μg.g -1 dw among analysed individuals, which demonstrated that Hg accumulates in this area of the central nervous system. Values were comparable to, even slightly higher than, Hg concentrations reported in fish brains including 0.02 to 0.80 μg.g -1 dw in the golden grey mullet, Liza aurata [START_REF] Pereira | Fish eyes and brain as primary targets for mercury accumulation -A new insight on environmental risk assessment[END_REF]; 0.10 to 1.45 μg.g -1 dw in the bluefish, Pomatomus saltatrix (i.e. 0.02 to 0.29 μg.g -1 ww; [START_REF] Burger | Mercury and selenium levels, and selenium:mercury molar ratios of brain, muscle and other tissues in bluefish (Pomatomus saltatrix) from New Jersey, USA[END_REF]; and 0.10 to 1.60 μg.g -1 dw in the seabass, Dicentrarchus labrax (i.e. 0.02 to 0.32 μg.g -1 ww; [START_REF] Mieiro | Brain as a critical target of mercury in environmentally exposed fish (Dicentrarchus labrax)-Bioaccumulation and oxidative stress profiles[END_REF]. In addition to the lack of information regarding contamination of the central nervous system of cephalopods, such as Hg concentrations in the brain, knowledge regarding Hg neurotoxicity in this Class is also incomplete.

Interestingly, Hg concentrations in the brain are strongly correlated with that of the muscles in different species investigated here, which indicates that Hg concentrations of the optic lobes are not regulated independently from Hg bioaccumulation throughout the organism. In addition, R 2 values ranged from 0.66 to 0.98, depending on the group of species considered (see Fig. 1.2; Table 1.3), which indicates that Hg accumulation in the brain may be driven by the Hg concentrations in muscles in accordance with a defined brain/muscle ratio that is determined for each species. L. vulgaris and I. coindetii had a brain/muscle ratio of 0.35, S. officinalis and T. eblanae had a brain/muscle ratio of 0.50, and E. cirrhosawas the only species that displayed a ratio greater than 1 (about 1.3) as a result of higher Hg concentrations in the brain than the mantle (Fig. 1.2). A positive correlation between Hg concentrations in the brain and the muscles has been reported previously in eight species of catfish (Brachyplatystoma filamentosum; B. platynemum; B. rousseauxii; B. vaillantii; Phractocephalus hemiliopterus; Pseudoplatystoma punctifer; P. tigrinum; Zungaro zungaro) (R 2 = 0.917; p < 0.0001; [START_REF] Bastos | Mercury in muscle and brain of catfish from the Madeira river, Amazon, Brazil[END_REF]. More importantly, the brain/muscle ratio never exceeded 0.6 when 21 fish species whose Hg concentrations in muscles ranged from 0.25 to 20.50 μg.g -1 dw were examined (i.e. 0.05 to 4.10 μg.g -1 ww; [START_REF] Bastos | Mercury in muscle and brain of catfish from the Madeira river, Amazon, Brazil[END_REF]. Similarly, the brain/muscle Hg ratio (0.054/0.274 μg.g -1 ww) did not exceeded 0.2 in yellow perch, Perca flavescens [START_REF] Khadra | Mercury and selenium distribution in key tissues and early life stages of Yellow Perch (Perca flavescens)[END_REF]. Furthermore, in the following species, ratios lower than one were determined, as follows: 0.43 for the semipalmated sandpiper, Calidris pusilla [START_REF] Burger | Metals in tissues of migrant semipalmated sandpipers (Calidris pusilla) from Delaware Bay, New Jersey[END_REF]; 0.60 for the Atlantic puffin, Fratercula arctica; 0.68 for the common guillemot, Uria aalge; and 0.55 for the black-legged kittiwake, Rissa tridactyla [START_REF] Fort | Mercury in wintering seabirds, an aggravating factor to winter wrecks?[END_REF]. Thus, ratios observed for the squids and cuttlefish in our study are in accordance with previously reported data and suggest that Hg accumulation in the brain is limited compared to muscle tissue in cephalopods.

Interestingly, the most contaminated species among the cephalopod species panel investigated was in E. cirrhosa, which had a brain/muscle Hg ratio of 1.3. This finding suggested that Hg brain-tropism is most significant in E. cirrhosa. To the best of our knowledge, a similar ratio has not been described in fish, except the blackchin tilapia, Sarotherodon melanotheron, which had a brain/muscle Hg ratio of 1.5 (Hg concentrations were of 1.25 μg.g -1 dw (i.e. 0.25 μg.g -1 ww) in the brain and 0.85 μg.g -1 dw (i.e. 0.17 μg.g -1 ww) in muscle [START_REF] Coulibaly | Seasonal Accumulations of Some Heavy Metal in Water, Sediment and Tissues of Black-Chinned Tilapia Sarotherodon melanotheron from Biétri Bay in Ebrié Lagoon, Ivory Coast[END_REF]. Similarly for seabirds, the razorbill, Alca torda, had a Hg brain/muscle ratio close to 1 (i.e. 2.05 and 2.04 μg.g -1 dw, respectively). Finally, the highest ratios have been determined in humans, and have reached 3.6 (i.e. 0.090 and 0.025 μg.g -1 dw in the occipital cortex and in the abdominal muscles, respectively; [START_REF] Björkman | Mercury in human brain, blood, muscle and toenails in relation to exposure: an autopsy study[END_REF]. Despite these observations, no clear explanation has been provided to enhance our understanding of how Hg accumulation preferentially occurs in the brain versus muscles in these species.

In addition, our results revealed that Hg accumulation in the brain with respect to muscles does not depend on the contamination level. In other words, the brain/muscle ratio did not increase as the range of Hg muscle concentrations measured for each species increased. Indeed, with the exception of two individuals that were highly contaminated (> 1.35 μg.g -1 dw), mantle muscle Hg concentrations in E. cirrhosa specimens ranged from 0.24 to 0.57 μg.g -1 dw, which was similar to the range recorded in S. officinalis specimens (0.18-0.75 μg.g -1 dw). In fish, species reported as contaminated throughout a large range of Hg concentrations (e.g. from 0.25 to 20.50 μg.g -1 dw i.e. 0.05 to 4.10 μg.g -1 ww from [START_REF] Bastos | Mercury in muscle and brain of catfish from the Madeira river, Amazon, Brazil[END_REF] had low brain/muscle ratios that were similar to values determined for cephalopods, with the exception of E. cirrhosa. Consequently, Hg accumulation in the brain of the octopus may have a species-specific explanation. First, Hg concentrations in the musculature were measured in the mantle muscles to facilitate comparison between squids and cuttlefish. However, the majority of muscle mass in octopus species is found in their arms. Not surprisingly, Hg concentrations do not differ between both muscle types [START_REF] Seixas | Accumulation of mercury in the tissues of the common octopus Octopus vulgaris (L.) in two localities on the Portuguese coast[END_REF]. This finding indicates the brain/muscle ratio was likely not overestimated as a result of the analysis of mantle muscles in this study. Further, fostered Hg accumulation in the octopus brain may result from a more permeable tissue to metal intake. Cephalopods have linker junctions between glial cells, which form a blood-brain barrier (BBB) that surrounds the central nervous system [START_REF] Abbott | A fibre matrix model for the restricting junction of the blood-brain barrier in a cephalopod mollusc: implications for capillary and epithelial permeability[END_REF]. Once in the bloodstream, transported MeHg is transferred across the BBB and is capable of reaching the brain thanks to its lipophilicity [START_REF] Boening | Ecological effects, transport, and fate of mercury: a general review[END_REF][START_REF] Holmes | Is low-level environmental mercury exposure of concern to human health?[END_REF]. The BBB structure and function are known to vary among different taxa [START_REF] O O'brown | Bridging barriers: a comparative look at the blood-brain barrier across organisms[END_REF] and may have variable permeabilities with respect to Hg and/or MeHg [START_REF] Aschner | Mercury Neurotoxicity: Mechanisms of Blood-Brain Barrier Transport[END_REF]). However, no findings have indicated that BBB structures differ among coleoid species that would explain the elevated Hg concentrations observed in the optic lobes of E. cirrhosa.

Alternatively, elevated levels of Hg accumulation in the brain that result from increased Hg exposure likely are a result of the tight binding between the metal and biochemical components of optic lobes. Despite of a lack of comparative data and knowledge, HR-XANES spectrometry analyses performed using optic lobes of E. cirrhosa revealed (1) that Hg was entirely methylated, as in the mantle muscle of E. cirrhosa [START_REF] Mieiro | Brain as a critical target of mercury in environmentally exposed fish (Dicentrarchus labrax)-Bioaccumulation and oxidative stress profiles[END_REF], and (2) that MeHg is complexed to thiol groups. Importantly, Hg detoxification with selenium (Se) association can be excluded because no Hg bond signature to Se was observed via HR-XANES spectrometry in the tissues of E. cirrhosa. Thus, cysteine residues from peptides (e.g.glutathione) or proteins (e.g. metallothionein) are the most likely candidate ligands, since they are by far the most predominant biological thiols [START_REF] Manceau | Mercury(II) Binding to Metallothionein in Mytilus edulis revealed by High Energy-Resolution XANES Spectroscopy[END_REF]. Nevertheless, it should be noted that it was not possible to determine whether another form of MeHg association occurred in other cephalopod species, since Hg concentrations in the brain of the other species assessed were too low to examine via XANES spectrometry.

Conclusions and perspectives

The present study provided information regarding the bioaccumulation and tissue distribution study also pointed out interspecific differences in Hg concentrations among the five studied species and the unique pattern of Hg bioaccumulation in the brain of E. cirrhosa.

The collection of data regarding Hg concentrations and speciation in this specific tissue is essential for evaluating Hg exposure risk in cephalopods, which are characterised by the presence of centralised nervous systems, their high cognitive capabilities, and their sophisticated behaviour. While many studies have demonstrated that MeHg impairs motor function, senses, communication (e.g. [START_REF] Basu | An interspecies comparison of mercury inhibition on muscarinic acetylcholine receptor binding in the cerebral cortex and cerebellum[END_REF][START_REF] Zahir | Low dose mercury toxicity and human health[END_REF][START_REF] Puga | Unveiling the neurotoxicity of methylmercury in fish (Diplodus sargus) through a regional morphometric analysis of brain and swimming behavior assessment[END_REF], and induces oxidative stress responses [START_REF] Mieiro | Brain as a critical target of mercury in environmentally exposed fish (Dicentrarchus labrax)-Bioaccumulation and oxidative stress profiles[END_REF], no information has been reported regarding Hg neurotoxicity in cephalopods to date. Since Hg concentrations of some E. cirrhosa specimens (i.e. 1.9 μg.g -1 dw) were 3 times above the neurotoxic threshold found for the white seabream, D. sargus (Pereira et al., 2016), further research will be needed to investigate how unique features of species may explain the high Hg levels recorded in octopodidae, and more generally, how Hg contamination in cephalopods may affect their functional brain plasticity, behaviour and fitness [START_REF] Liscovitch-Brauer | Trade-off between Transcriptome Plasticity and Genome Evolution in Cephalopods[END_REF][START_REF] Cosmo | Octopus vulgaris: An Alternative in Evolution[END_REF]. 
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Major findings and outlooks

• Highest Hg concentrations are found in the OL of the octopus E. cirrhosa.

• 100% of the Hg in the OL and the mantle is under methylated form (MeHgCys complex)

• There is 33% of iHg and 67% of MeHg in the digestive gland suggesting demethylation.

• Hg concentrations in the OL are strongly correlated with that of the muscles.

In summary, this field study demonstrated that Hg efficiently accumulate in the nervous system of cephalopods, raising the question of its potential effect as neurotoxic on cognitive and behaviors (see chap 2). Besides this highlighted Hg tropism for brain, this study reminded that Hg speciation vary among tissues with mantle and OL containing only MeHg whereas both MeHg and iHg were found in the DG. Considering that coastal cephalopods are mainly exposed to dissolved iHg and/or to MeHg contained in their preys, these observation question 1) the contribution of these both sources on the total Hg bioaccumulation and organotropism (Part 1.2) and 2) on in vivo processes of methylation and/or demethylation that could modify the Hg forms in tissues (Part. 1.3).

Literature largely mentioned that food is the main source of Hg for cephalopods, but the toxicokinetics driving the bioaccumulation efficiency was never investigated, especially considering the effect of food sources (e.g. type of prey) or abiotic factors such as increasing pCO2 in seawater, a growing challenge for marine organisms physiology. In turn, the bioconcentration capacity of iHg dissolved in seawater and its modulation by seawater pH was never determined. The following experimental approach aims therefore at determining the Hg bioaccumulation kinetics using the cuttlefish Sepia officinalis as a model.

Indeed, even though the octopus E. cirrhosa demonstrated higher Hg concentrations in the OL than S. officinalis, the following studies will focus on the cuttlefish Sepia officinalis. The main reasons are that, (1) despite lower Hg concentration in the OL and a low Hg OL/muscle ratio, the common cuttlefish presented the highest Hg concentration in the muscle, (2) the cuttlefish is a "easy to maintain" species and a well-known model by the lab team, (3) the common cuttlefish is a local species for which both eggs, juveniles, and adults could be "easy to collect" and finally, (4) it is one of the most studied and known cephalopod species with many validated welfare and experimental procedures to investigate biology and behavior (see for review [START_REF] Hanlon | Cephalopod behaviour[END_REF]) .

Thus, the following part of this chapter will focus on Hg bioaccumulation kinetics in Sepia officinalis. This experimental approach investigated the dissolved iHg and the trophic MeHg bioaccumulation kinetics in the common cuttlefish as well as their tissue distribution using radiotracer technique ( 203 Hg). Mercury radiotracer allows accurate and individualize measurements at the whole-body level with environmentally relevant concentration. In addition, the effects of biotic and abiotic factors such as the food source or the increase of pCO2 known to affect organism metabolism were investigated using fish and shrimp as cuttlefish preys and rearing cuttlefish at two pHs (8.08 and 7.54).

Bioaccumulation of inorganic and organic mercury in the cuttlefish

Sepia officinalis: influence of ocean acidification and food type

Antoine MINET 1 , Marc METIAN 2 , Angus TAYLOR 2 , Sophie GENTÈS 1,3 , Sabine AZEMARD 2 , Fran- çois OBERHÄNSLI 2 , Peter SWARZENSKI 2 , Paco BUSTAMANTE 1,4 , Thomas LACOUE-LABARTHE 1

Abstract

The bioaccumulation of mercury (Hg) in marine organisms through various pathways has not yet been fully explored, particularly in cephalopods. This study utilises radiotracer techniques using the isotope 203 Hg to investigate the toxicokinetics and the organotropism of waterborne inorganic Hg (iHg) and dietary inorganic and organic Hg (methylHg, MeHg) in juvenile common cuttlefish Sepia officinalis. The effect of two contrasting CO2 partial pressures in seawater ( 400and 1600 µatm, equivalent to pH 8.08 and 7.54 respectively) and two types of prey (fish and shrimp) were tested as potential driving factors of Hg bioaccumulation. After 14 days of waterborne exposure, juvenile cuttlefish showed a stable concentration factor of 709±54 and 893±117 at pH 8.08 and 7.54, respectively. The accumulated dissolved i 203 Hg was depurated relatively rapidly with a radiotracer biological half-life (Tb1/2) of 44±12 and 55±16 days at pH 8.08 and 7.54, respectively. During the whole exposure period, approximately half of the i 203 Hg was found in the gills, but i 203 Hg also increased in the digestive gland. When fed with

203 Hg-radiolabelled prey, cuttlefish assimilated almost all the Hg provided (>95%) independently of the prey type. Nevertheless, the prey type played a major role on the depuration kinetics with Hg Tb1/2 approaching infinity in fish fed cuttlefish vs. 25 days in shrimp fed cuttlefish. Such a difference is explained by the different proportion of Hg species in the prey, with fish prey containing more than 80% of MeHg vs. only 30% in shrimp. Four days after ingestion of radiolabelled food, iHg was primarily found in the digestive organs while MeHg was transferred towards the muscular tissues. No significant effect of pH/pCO2 variation was observed during both the waterborne and dietary exposures on the bioaccumulation kinetics and tissue distribution of i 203 Hg and Me 203 Hg. Dietary exposure is the predominant pathway of Hg bioaccumulation in juvenile cuttlefish.

Keywords: cephalopod; radiotracer; methylmercury, iHg; waterborne contamination, trophic transfer; kinetics; organotropism.

Introduction

As a trace element, mercury (Hg) mostly derives both from natural sources such as volcanic eruptions or weathering and from anthropogenic sources (e.g. mining, coals use). Through atmospheric deposition, ocean uptake or river release [START_REF] Sonke | Eurasian river spring flood observations support net Arctic Ocean mercury export to the atmosphere and Atlantic Ocean[END_REF][START_REF] Jiskra | Mercury stable isotopes constrain atmospheric sources to the ocean[END_REF], Hg is found as (1) inorganic (iHg) free forms and complex ions which is its primary form in seawater, and (2) organic forms, most commonly as methylmercury (MeHg), resulting from iHg methylation by microorganisms [START_REF] Benoit | Geochemical and Biological Controls over Methylmercury Production and Degradation in Aquatic Ecosystems. Biogeochemistry of Environmentally Important Trace Elements[END_REF]. MeHg is well known for its efficient bioaccumulation in biota, biomagnification along food webs and its high toxicity, especially its neurotoxicity [START_REF] Bisi | Trophic relationships and mercury biomagnification in Brazilian tropical coastal food webs[END_REF][START_REF] Van Der Velden | Basal mercury concentrations and biomagnification rates in freshwater and marine food webs: effects on Arctic charr (Salvelinus alpinus) from eastern Canada[END_REF][START_REF] Chouvelon | Oligotrophy as a major driver of mercury bioaccumulation in marine medium-to high-trophic level consumers: A marine ecosystem-comparative study[END_REF]. In the marine environment, organisms are simultaneously exposed to both forms of Hg from both dissolved and dietary pathways. This cumulative exposure dictates the level of bioaccumulated total Hg, its body distribution, and by consequence its potential toxic effects.

Among marine organisms, most of the available information on Hg is related to top predators (fish, mammals, and birds) and seafood, due to their high Hg concentrations and their associated risks as an important food source for humans. In contrast, information on Hg in cephalopods is still scarce, despite the fact that these molluscs: 1) are known to efficiently accumulate Hg reaching up to more than 3 µg g -1 dry weight (dw) in muscle (e.g., [START_REF] Barghigiani | Size Related Mercury Accumulations in Edible Marine Species from an Area of the Northern Tyrrhenian Sea[END_REF];

2) have a pivotal place in trophic webs playing a key role in the transfer of Hg to top predators [START_REF] Jackson | Applying new tools to cephalopod trophic dynamics and ecology: perspectives from the Southern Ocean Cephalopod Workshop, February 2-3, 2006[END_REF][START_REF] Carravieri | Mercury exposure in a large subantarctic avian community[END_REF] and 3) have a developed central nervous system potentially affected by Hg accumulation [START_REF] Minet | Mercury in the tissues of five cephalopods species: First data on the nervous system[END_REF].

Among cephalopods, the cuttlefish Sepia officinalis is one of the most abundant and harvested species from the northern east Atlantic. In the English Channel and the Bay of Biscay, the one or two-year old mature cuttlefish colonise the coastal waters in spring to mate and to spawn before dying [START_REF] Boucaud-Camou | The Migrations of the Cuttlefish (Sepia officinalis L.) in the English Channel[END_REF]. After ~ 2 months of embryonic development, the juveniles grow on the coastal nurseries where they found appropriate food in both quantity and quality (Pinczon du [START_REF] Du Sel | The diet of the cuttlefish Sepia officinalis L. (mollusca: cephalopoda) during its life cycle in the Northern Bay of Biscay (France)[END_REF]. Although known as opportunistic predators, juveniles fed mainly on small crustaceans (amphipods and/or shrimps) during the first 3 months after which fish constitute the main prey (Pinczon du [START_REF] Du Sel | The diet of the cuttlefish Sepia officinalis L. (mollusca: cephalopoda) during its life cycle in the Northern Bay of Biscay (France)[END_REF]. Thus, as the nature of prey could play a key role in the efficiency of metal assimilation by predators [START_REF] Pouil | Influence of food on the assimilation of essential elements (Co, Mn, and Zn) by turbot Scophthalmus maximus[END_REF], it was advisable to reconsider Hg bioaccumulation taking into account various relevant prey.

Concomitantly, the ocean is becoming more acidic (Gattuso and Hansson, 2011) because the atmospheric carbon dioxide (CO2) emissions have been steadily increasing for decades due to anthropogenic activities. The recent IPPC models predicted that the partial pressure of CO2 (pCO2) will raise until 500 and 1200 µatm according to the SSPI 4.5 and SSPI 8.5 scenario by the end of century (IPCC 2021). Consequently, atmospheric CO2 dissolves in seawater leading to an increase of pCO2 in the ocean surface, resulting in a reduction of seawater pH of 0.4 pH unit (IPCC 2021). This specific change of seawater chemistry, known as Ocean Acidification (OA), is directly affecting the carbonate-silicate cycle, and therefore also impacting calcifying organisms [START_REF] Kroeker | Meta-analysis reveals negative yet variable effects of ocean acidification on marine organisms[END_REF]. Moreover, such seawater changes may also induce physiological and behavioural alterations in marine organisms (Pörtner and Farrell, 2008;Stumpp et al., 2011;Nilsson et al., 2012;Dorey et al., 2013;Ramaglia et al., 2018) and is a real threat to ecosystems.

The chemical speciation that drives the bioavailability of trace elements in seawater and their subsequent bioaccumulation by marine organisms is also closely related to the seawater pH [START_REF] Shi | Ocean acidification increases cadmium accumulation in marine bivalves: a potential threat to seafood safety[END_REF][START_REF] Stockdale | Effect of Ocean Acidification on Organic and Inorganic Speciation of Trace Metals[END_REF][START_REF] Belivermiş | Influence of pH on Pb accumulation in the blue mussel, Mytilus edulis[END_REF]. The OA leads to a decrease of OH -and CO3 2-ions concentrations and can affect the solubility, adsorption, toxicity, and rates of redox processes of metals in seawater [START_REF] Millero | Effect of Ocean Acidification on the Speciation of Metals in Seawater[END_REF]. However, metals that form strong complexes with chloride (e.g. Hg) will see little if any change in speciation because chloride concentration will not change [START_REF] Millero | Effect of Ocean Acidification on the Speciation of Metals in Seawater[END_REF]. Nevertheless, the increase of seawater H + could lead to cation competition for biological bindings site and affect the bioaccumulation of trace elements (e.g. [START_REF] Pascal | The toxicological interaction between ocean acidity and metals in coastal meiobenthic copepods[END_REF]. As previously indicated, the acidified conditions can affect marine organisms, especially specific metabolic processes connected to element bioaccumulation such as the ion regulatory systems, and so will affect the acid-base balance, ion exchange, respiration rate and digestion efficiency of multiple invertebrate species [START_REF] Melzner | Ocean Acidification and Coastal Marine Invertebrates: Tracking CO2 Effects from Seawater to the Cell[END_REF]. In the case of Hg, it has been hypothesized that pH has a direct effect on its speciation, bioavailability bioconcentration, trophic transfer and depuration [START_REF] Gworek | Mercury in Marine and Oceanic Waters-a Review[END_REF]. For instance, a moderately elevated level of pCO2 (i.e. 850 µatm, equivalent to a pH of 7.85) increased the accumulation of dissolved iHg in the paralarvae of squid

Loligo vulgaris (Lacoue-Labarthe et al., 2011), while multigenerational exposure to dissolved iHg and high pCO2 (i.e. 1000 µatm, pH 7.70) resulted in a lower accumulation and toxicity of Hg on the copepod Tigriopus japonicus [START_REF] Li | Alleviation of mercury toxicity to a marine copepod under multigenerational exposure by ocean acidification[END_REF]. In the same way, elevated pCO2 (1100 µatm, pH 7.50) decreased dietary MeHg accumulation and consistently lead to a dampening effect on warming-and contamination-elicited oxidative stress and heat shock responses in the meagre Argyrosomus regius [START_REF] Sampaio | Ocean acidification dampens physiological stress response to warming and contamination in a commercially-important fish (Argyrosomus regius)[END_REF].

In this context, the present work aims at determining the processes of total Hg bioaccumulation in the coastal juvenile cuttlefish, considering that they are mainly exposed 1) to dissolved iHg in seawater and 2) to MeHg, and iHg to a lesser extent, contained in their prey, whose respective concentrations and bioavailability could vary among prey types. The bioaccumulation processes were assessed through a toxicokinetic approach using radioisotope as tracer of Hg, allowing accurate and individualised measurements at the whole body level during exposure and depuration phases [START_REF] Warnau | Radiotracer Techniques: A Unique Tool in Marine Ecotoxicological Studies[END_REF]. Kinetics parameters, i.e. the uptake (ku) and depuration (ke) rates, and the assimilation efficiencies (AE), were used to calculate the contribution of both bioaccumulation pathways and were also discussed with respect to the prey type (i.e. shrimp vs fish) and the seawater pCO2 levels as environmental factors modulating the Hg bioaccumulation efficiencies and organotropism in cuttlefish juvenile.

Material and methods

Cuttlefish collection

One-month old juveniles of the common cuttlefish Sepia officinalis were caught by dip net in the intertidal eelgrass beds from Arcachon Bay, France (Atlantic coast of southwestern France: 44°41'14.0"N; 1°14'00.6"W) in summer 2019 (n = 60; mantle length = 47 ± 13 mm). Individuals twice a day known as being preferential prey for juveniles [START_REF] Blanc | Habitat and diet of early stages of Sepia officinalis L. (Cephalopoda) in Morbihan Bay, France[END_REF][START_REF] Darmaillacq | Effect of early feeding experience on subsequent prey preference by cuttlefish, Sepia officinalis[END_REF]. The experiments were the subject of an authorization request for the use of animals for scientific purposes, referenced and authorized under the number APAFIS # 20520-2019050614554709.

were

Radiotracer

A radiotracer solution of i 203 Hg (2107.4 kBq L -1 ) was prepared in 1 N nitric acid from a carrierfree parent stock solution (as 203 HgCl2; T1/2 = 46.59 days) provided by Eckert & Ziegler. Then, a solution of radiolabelled Me 203 Hg was obtained by methylation of i 203 Hg according to [START_REF] Rouleau | Fast and high-yield synthesis of radioactive CH3203Hg(II)[END_REF]. Briefly, (1) A portion of 1 mL or less of a radioactive 203 HgCl2 solution (in 0.1-0.01 M HCl) was placed in a 100-mL separatory funnel fitted with a Teflon® stopcock. The contents of a 25-mg vial (18.6 mmol) of MeCo (Sigma), dissolved in 0.01 M HCl just before use so that the total volume was 2 mL, were added. The funnel was wrapped in aluminium foil to protect it from light and left to stand for 1 h. (2) 10 mL of hexane/benzene (1:1) were added and the mixture was stirred for 10 min, by using a mechanical stirrer equipped with a glass stirring rod, the bottom of which was flattened and twisted so that the stirred solutions would be directed down-wards. The extraction was repeated twice, and the organic layers were combined in a 50-mL conical glass tube containing 2 mL of a 0.005 M Na2CO3 solution. with seacarb package from R (Gattuso et al., 2021). Experimental conditions are outlined in Table 2.S1.

Following acclimatisation, cuttlefish were exposed for 14 days to dissolved i 203 Hg by spiking 10 µL of the radiotracer solution in order to reach 0.2 kBq L -1 of 203 Hg in each aquarium. This activity corresponded to an addition of less than 5 ng L -1 of Hg. The seawater was spiked every day the first week and every second day the second week, after each water renewal. Radiotracer activities in seawater from each aquarium were checked before and after each water renewal by gamma counting (see below) showing a mean exposure throughout the uptake phase of 215 ± 76 Bq L -1 of i 203 Hg. During this uptake phase, the cuttlefish were fed daily with 2 live ditch shrimps between water renewal and new spikes to avoid contamination through dietary pathway. At different time intervals (i.e. at days 1, 2, 3, 4, 7, 9, 11 and 14), all individually identified cuttlefish were whole body gamma-counted alive. Each individual was held isolated in separate circular plastic containers and counted with Germanium detectors (counting description below).

Following this uptake phase, the water was renewed with natural seawater and the aquaria

were kept in open-circuit (flux: 60 L h -1 ) for 21 days to follow the loss of 203 Hg in contaminated juveniles. During this depuration phase, individuals were gamma-counted on days 1, 2, 3, 4, 7, 9, 11, 14, 17 and 21. In addition, 1 individual per aquarium was sampled (n=3 per condition)

and dissected to investigate the radiotracer distribution among the beak (BE), the branchial hearts (BH), the digestive gland (DG), the digestive tube (DT), the gills (G), the mantle muscles (M), the optic lobes (OL), the tentacles and arms (TA) and the remaining tissues (R) at day 7 and 14 of the exposure phase and the remaining 2 individuals per aquaria (n = 6 per condition) at day 21 of the depuration phase (see schematic summary Fig. 2.S1).

Trophic Me 203 Hg exposure

The 203 Hg bioaccumulation by trophic route was assessed using the pulse-chase feeding method [START_REF] Metian | Bioaccumulation and detoxification processes of Hg in the king scallop Pecten maximus: field and laboratory investigations[END_REF] considering two types of prey (i.e. shrimp and fish). Both the ditch shrimp Palaemon varians and the sand goby Pomatoschistus microps were collected in Atlantic saltmarshes near La Rochelle, France. In addition, the effect of lowering pH/elevated pCO2 on the Hg trophic transfer was tested for fish as prey. Thus, the chosen preys were radiolabelled according to a two-step procedure: first, commercial fish pellets and frozen brine shrimp were carefully spread in two glass petri dishes, spiked with Me 203 Hg in seawater and were left to evaporate overnight under a fume hood, in order to achieve an activity of ~ 100 Bq g -1 . Sand gobies and common ditch shrimps were then fed ad libitum during 3 days with this Me 203 Hg radiolabelled food (i.e. fish pellets and brine shrimps, respectively) in open-circuit aquaria, until reaching a whole-body total 203 Hg activity of at least 100 Bq per prey. In addition, four individuals of both species were sampled and analysed to investigate the 203 Hg speciation, i.e. the i 203 Hg and 203 MeHg proportions for both prey type using the protocol described by [START_REF] Azemard | Determination of methylmercury in marine biota samples with advanced mercury analyzer: method validation[END_REF]. Following a 2-week acclimatisation period as previously described, the cuttlefish were starved for 1 day before being fed with a single 203 Hg radiolabelled prey. All individuals were then whole-body gamma-counted alive just after the radiolabelled feeding, and then at the different time intervals (i.e. at days 1, 2, 3, 4, 6, 8, 10, 14, 17 and 21) 

Radioanalyses and data treatment

The 203 Hg radioactivity in each sample was measured using a high-resolution γ-spectrometry system consisting of 4 coaxial High Purity Germanium (HPGe; N-or P-type) detectors (EGNC 33-195-R, Canberra® and Eurysis®) connected to a multi-channel analyser and a computer equipped with spectra analysis software (Interwinner® 6 and 8). The detectors were calibrated with an appropriate standard for each counting geometry used and measurements were corrected for background and physical decay of the radiotracer. Juvenile cuttlefish and dissected tissues were placed in circular plastics boxes (10 cm diameter, 5 cm height) and glass tubes (1 cm diameter, 5 cm height) respectively and measured with the detectors. The counting times for the juveniles alive ranged from 10 to 30 min to obtain counting errors less than 5% and maintain a good animal welfare and normal behaviour. Samples of tissues and organs were counted from 10 min to 24 h, depending on the total 203 Hg activity, until obtaining counting errors less than 5%.

The uptake of dissolved i 203 Hg from seawater was expressed as change in concentration factors (CF; ratio between radiotracer content in the juvenile, Bq g -1 ww, and time-integrated activity in seawater, Bq g -1 ) over time (Warnau et al., 1996). The uptake kinetic was then described by a saturation exponential model:

𝐶𝐹 = 𝐶𝐹 (1 -𝑒 )
where CFt and CFss are the concentration factors at time t (d) and at steady state (ss), respectively, and ke is the biological depuration rate constant (d -1 ) [START_REF] Whicker | Radioecology: nuclear energy and the environment[END_REF].

The radiotracer depuration kinetics were expressed in terms of the change in percentage of the remaining activity (i.e. radioactivity at time t divided by initial radioactivity measured in the organisms or in the tissue at the beginning of the depuration period × 100) over time. The depuration kinetics was fitted according to the single exponential equation:

𝐴 = 𝐴 𝑒
where At and A0 are the remaining activities (%) at times t (d) and 0, respectively. The determination of ke allows the calculation of 203 Hg biological half-life (Tb1/2 = ln2/ke). In the context of the seawater and feeding experiments, A0 represents the absorption (A0,w) and the assimilation efficiencies (AE), respectively.

Bioaccumulation model

The relative contribution of each uptake pathway was determined using the bioaccumulation model originally proposed by [START_REF] Thomann | Equilibrium model of fate of microcontaminants in diverse aquatic food chains[END_REF] and revised by [START_REF] Thomann | Steady-state model of biota sediment accumulation factor for metals in two marine bivalves[END_REF] and [START_REF] Metian | Bioaccumulation and detoxification processes of Hg in the king scallop Pecten maximus: field and laboratory investigations[END_REF]. In this model, the total concentration of Hg in the juveniles, Ct (ng g -1 ) is equal to the sum of each concentration resulting from the incorporation of Hg via the different pathways:

𝐶 = 𝐶 , + 𝐶 ,
where Cf,ss is the food-derived Hg concentration (ng g -1 ) in juveniles at steady state :

𝐶 , = 𝐴𝐸 × 𝐼𝑅 × 𝐶 𝑘 ,
and Cw,ss the water-derived Hg concentration (ng g -1 ) in juveniles at steady state :

𝐶 , = 𝐴 , × 𝑘 , × 𝐶 𝑘 ,
where A0,w is the absorption efficiency (%) of the Hg from seawater, AE is the assimilation efficiency (%) of the Hg from food, Cf and Cw are the Hg activities in food and seawater (ng g - 1 and ng mL -1 , respectively), respectively, IR is the ingestion rate (g g -1 d -1 ), ku,w is the uptake rate constant (d -1 ) from seawater and ke,f and ke,w are the biological depuration rate constants (d -1 ) for food and water pathways, respectively. The relative contribution (%) of each contamination pathway is then assessed from the following relationships:

% 𝑓𝑜𝑜𝑑 = 𝐶 , 𝐶 , + 𝐶 , × 100 % 𝑠𝑒𝑎𝑤𝑎𝑡𝑒𝑟 = 𝐶 , 𝐶 , + 𝐶 , × 100 
Constants (and their statistics) of the fitting equations were estimated by iterative adjustment of the models using the nls curve-fitting routine in R version 3.6.1 (R Core [START_REF] Team | R: A language and environment for statistical computing[END_REF]. Then, the uptake and loss kinetics parameters (i.e. CFss, ku, A0,w, AE, ke,w, ke,f) were determined for each individual, considering that the best fitting model obtained for the entire set of cuttlefish was applied to individuals. The comparisons of CFss, ku and ke values following waterborne exposure, between both pH conditions were performed using one-way ANOVA. The comparison of AE and ke,f among treatments, following dietary experiment, were tested using a twoway ANOVA with pH and prey as categorial factors. The level of significance for statistical analysis was set at α = 0.05.

Results

Exposure to dissolved i 203 Hg

The uptake kinetics of dissolved i 203 Hg in whole-body cuttlefish were best fitted by a saturation exponential model, regardless of pH, with a calculated CFss of 709 ± 54 and 894 ± 117 at pH 8.08 and 7.54, respectively (mean ± SD; Fig. 2.1A, Table 2.1). After the 14-day exposure period, non-contaminating conditions were restored and the depuration kinetics of i 203 Hg were followed for 21 days for both pH conditions. The i 203 Hg depuration kinetics were best described by a mono-exponential model (Fig. 2.1B, Regardless of the experimental conditions, the depuration kinetics of dietary 203 Hg were best fitted to a mono-exponential model, suggesting that all the 203 Hg contained in each prey was assimilated (Fig. 2.3, Table 2.1). However, the loss kinetics of the radiotracer contrasted with respect to the prey type with a calculated 203 Hg Tb1/2 of 25 ± 14 days for cuttlefish fed with shrimp at pH 8.08 and a Tb1/2 that tends to infinity for cuttlefish fed with fish whether at pH 8.08 or at pH 7.54. At ambient pH conditions (i.e. 8.08), the study of the 203 Hg organotropism revealed that the digestive gland contained the major fraction of the total 203 Hg body burden (72 ± 12%), high above the fraction values found in the remaining tissues, the mantle and the digestive tract (all below 10%) in shrimp-fed cuttlefish (Table 2.3). In contrast, cuttlefish contaminated with fish as a food source displayed similar proportions of 203 Hg in the digestive gland and digestive tract with 34 ± 10% and 32 ± 9%, respectively.

After 21 days of depuration, the fraction of 203 Hg found in the digestive gland significantly decreased in the shrimp-fed cuttlefish (i.e. from 72% to 34%), whereas those in mantle and the remaining tissues increased from 7% to 22% and from 9% to 21%, respectively. These changes of loads between day 4 and day 21 were congruent with a 75% decrease of 203 Hg activity in the digestive gland (Fig. 2.2), decreasing from 1012 ± 317 Bq g -1 ww to 247 ± 96 Bq g -1 ww while the activities in the mantle and the remaining tissues increased (from 20 ± 21 Bq g -1 to 48 ± 28 Bq g -1 and from 23 ± 19 Bq g -1 to 35 ± 19 Bq g -1 , respectively). In fish-fed cuttlefish, the fraction of the whole body 203 Hg found in the digestive gland, and to a lesser extent in the digestive tract, decreased all along the depuration period (i.e. from 34% to 8% and from 32%

to 21%, at day 4 and day 21, respectively; Table 2.3). In contrast, the fractions found in muscular tissues (viz. mantle, tentacles, and arms) and the remaining tissues increased from 12%

to 39% and from 12% to 25%, respectively. Consistently, the 203 Hg activity in the digestive gland tended to decrease from 280 ± 146 Bq g -1 ww at day 4 to 195 ± 181 Bq g -1 ww at day 21, whereas activity increased from 13 ± 4 Bq g -1 ww and 11 ± 3 Bq g -1 ww at day 4 to 85 ± 38 Bq g -1 ww and 70 ± 32 Bq g -1 ww at day 21 in the mantle and tentacles and arms, respectively. It is worth noting that the gills activity distribution and concentrations were constant regardless of the pH conditions. The other dissected tissues (i.e. branchial heart, optic lobes, beak) had low activities all along the experimental course. Finally, similarly to the experiment with dissolved Hg, pH did not significantly influence the tissue distribution of dietary accumulated Hg. 

Discussion

Food is the main source of total Hg for the cephalopods (see Penicaud et al., 2017 for review).

The contribution of dissolved Hg in seawater tends, however, to be overlooked in field studies while the coastal species might be subjected to local Hg contamination. In addition, the Hg transfer from food to cephalopods was mainly based on the hypothesis that prey mainly contain MeHg and/or iHg was not assimilated or retained. Thus, this lack of knowledge on the Hg accumulation dynamic in this class of animals exposed to both waterborne and dietary routes prevent to calculate each pathways contribution and estimate the size effect of environmental factors (e.g. prey type and seawater pCO2) on the Hg bioaccumulation. Here, the Hg bioaccumulation capacity of cuttlefish juvenile was assessed by delineating the biokinetics of dissolved and dietary 203 Hg. The influence of prey (shrimp vs. fish; iHg/MeHg fractions they display) was tested as a major factor driving the assimilation efficiency and retention of Hg (e.g. [START_REF] Ponce | Effect of pH on the bioaccumulation of low level, dissolved methylmercury by rainbow trout (Oncorhynchus mykiss)[END_REF][START_REF] Laporte | Combined effects of water pH and salinity on the bioaccumulation of inorganic mercury and methylmercury in the shore crab Carcinus maenas[END_REF][START_REF] Gworek | Mercury in Marine and Oceanic Waters-a Review[END_REF][START_REF] Metian | Influence of food (ciliate and phytoplankton) on the trophic transfer of inorganic and methyl-mercury in the Pacific cupped oyster Crassostrea gigas[END_REF]. In addition, the increasing pCO2 was considered as it could affect the animal metabolism, the dissolved metal bioconcentration (Lacoue-Labarthe et al., 2009, 2011) and the assimilation through modulated digestive physiology [START_REF] Melzner | Ocean Acidification and Coastal Marine Invertebrates: Tracking CO2 Effects from Seawater to the Cell[END_REF].

Our results showed that the whole-body uptake kinetics of dissolved i 203 Hg and the calculated whole-body CFss (709 ± 54 at pH 8.08) were in the same order of magnitude as a previous study on hatchlings (480 ± 150;Lacoue-Labarthe et al., 2009), confirming a relatively high bioconcentration efficiency of dissolved iHg in this species. At the end of the exposure period, the organisms were placed in non-contaminating conditions and the depuration kinetic parameters were determined for both species. The absorption efficiency A0 (96% at pH 8.08) was comparable and the Tb1/2 (44 days at pH 8.08) was slightly higher than this previous study (A0 When considering the different tissues, most of the accumulated i 203 Hg was found in the gills all along the uptake phase, and in the remaining tissues that include the skin (up to 58% and 22% of the total Hg load, respectively; Table 2.2). These tissues are in direct contact with seawater and therefore play a major role in the intake of waterborne trace elements including Hg (Bustamante et al., 2006b). In fish, the uptake across the skin or oral epithelia is limited due to significant skin thickness, low surface area and limited blood perfusion [START_REF] Pereira | A multidimensional concept for mercury neuronal and sensory toxicity in fish -From toxicokinetics and biochemistry to morphometry and behavior[END_REF]. In contrast, cuttlefish skin is noticeably thinner than in fish, is quite permeable to oxygen and allows ammonia excretion (Birk et al., 2018). Skin thus might not be excluded as a trace element absorption pathway, also as cuttlefish burrow into sediment during daylight, allowing trace elements dissolved in the interstitial seawater to be incorporated into the organism [START_REF] Bustamante | Uptake, transfer and distribution of silver and cobalt in tissues of the common cuttlefish Sepia officinalis at different stages of its life cycle[END_REF].

The increase of Hg activities and loads in the digestive gland during the uptake as well as the loss phases highlights the Hg transfer to this organ in relation to its key role in trace element detoxification [START_REF] Penicaud | Metal bioaccumulation and detoxification processes in cephalopods: A review[END_REF]. Similarly, 87% and 76% of the whole body burdens of cadmium (Cd) and zinc (Zn), respectively, have been mainly found in the cuttlefish digestive gland following dissolved metal exposure and depuration [START_REF] Bustamante | Biokinetics of zinc and cadmium accumulation and depuration at different stages in the life cycle of the cuttlefish Sepia officinalis[END_REF]. Investigations on trace element detoxification in the digestive gland revealed that metallothioneinlike proteins' were involved in the detoxification of silver (Ag) and copper (Cu) whereas Cd and Zn seems to mainly bind high (>70kDa) and low (<4kDa) molecular weight proteins (Bustamante et al., 2006a). Moreover, metal-rich spherules are present in the basal cells of the digestive gland of Sepia officinalis [START_REF] Martoja | Localisation cytologique du cuivre et de quelques autres métaux dans la glande digestive de la seiche, Sepia officinalis L (Mollusque Céphalopode)[END_REF]Costa et al., 2014). [START_REF] Martoja | Localisation cytologique du cuivre et de quelques autres métaux dans la glande digestive de la seiche, Sepia officinalis L (Mollusque Céphalopode)[END_REF] hypothesized that these spherules contain cysteine-rich proteins (i.e.

metallothionein-like proteins) to which several metals have a high affinity. Cysteine is considered as the primary target of iHg which has a high affinity for thiol residues [START_REF] Manceau | Mercury(II) Binding to Metallothionein in Mytilus edulis revealed by High Energy-Resolution XANES Spectroscopy[END_REF][START_REF] Ajsuvakova | Sulfhydryl groups as targets of mercury toxicity[END_REF]. However, such detoxification mechanisms deserve further investigations in cephalopods.

The distribution of dissolved i 203 Hg was previously determined only on a very limited number of tissues (i.e. digestive gland, cuttlebone and the remaining tissues) given the very small size of the cuttlefish (newly hatched individuals; Lacoue-Labarthe et al., 2009). Hg was mainly stored in the remaining tissues (up to 80% of the total Hg load), which are mainly composed of muscles, but also include the skin and the respiratory organs (i.e. gills). Lacoue-Labarthe et al., (2009) suggested that iHg was mainly stored in the muscles as it has a strong affinity for the sulfhydryl groups of muscular proteins [START_REF] Bloom | On the Chemical Form of Mercury in Edible Fish and Marine Invertebrate Tissue[END_REF]Bustamante et al., 2006b). Nevertheless, by separating more accurately the different organs in our larger cuttlefish, we demonstrated a limited redistribution of iHg toward muscular tissues (i.e. mantle, tentacles and arms ~ 10%) compared to the gills (~ 45%) and the digestive gland (~ 20%). This highlights the need to consider the different tissues separately to delineate their role in metal metabolism.

When the non-contaminating conditions were restored and depuration kinetics of i 203 Hg were followed, it is noteworthy that the radiotracer activity in the gills remained constant. This contrasts with the Hg efficient elimination from the gills reported in other marine organisms such as the white seabream Diplodus sargus (Pereira et al., 2015) or the king scallop Pecten maximus [START_REF] Metian | Bioaccumulation and detoxification processes of Hg in the king scallop Pecten maximus: field and laboratory investigations[END_REF]. In the latter species, more than 70% of accumulated i 203 Hg in the gills was lost after 3 weeks of depuration. Our result suggests that the primary organ for waterborne Hg incorporation would retain Hg very efficiently in cuttlefish. In fact, Hg could be tightly adsorbed onto the high gill's external surface or efficiently bound to the gill's cell compounds, such as sulfhydryl groups of metalloproteins or glutathione [START_REF] Viarengo | A simple spectrophotometric method for metallothionein evaluation in marine organisms: an application to Mediterranean and Antarctic molluscs[END_REF][START_REF] Metian | Bioaccumulation and detoxification processes of Hg in the king scallop Pecten maximus: field and laboratory investigations[END_REF]. Alternatively, a slow Hg loss might obscure a constant supply of Hg through the blood from the digestive gland and/or from the other tissues whose concentrations decreased during the loss period.

Concerning the trophic transfer experiments, the main result is the strong effect of the food type (fish vs. shrimp) on the whole-body depuration kinetics. In this study, the whole Hg content in fish and shrimp has been assimilated by cuttlefish while the depuration was strongly dependent on the ingested prey-type, with ke ranged from 0.002 (fish) to 0.028 (shrimp; Table 2.1). Consequently, the Hg retention capacities differed: Tb1/2 in whole cuttlefish was relatively shorth in shrimp-fed cuttlefish (25 days) and extremely long in fish fed animals (not different form infinity). We suggest here that the variation of these kinetic parameters is mainly resulting from the different proportion of Hg species in the prey. The proportion of MeHg over the total 203 Hg accumulated was indeed much higher in fish (>80%) than in shrimp (about only 30%). Other factors, not investigated here, such as tissular and subcellular distribution driving metal bioaccessibility could also play a key role on trace element assimilation [START_REF] Ni | Transfer of Cd, Cr and Zn from zooplankton prey to mudskipper Periophthalmus cantonensis and glassy Ambassis urotaenia fishes[END_REF][START_REF] Pouil | Influence of food on the assimilation of essential elements (Co, Mn, and Zn) by turbot Scophthalmus maximus[END_REF]. Moreover, differences in trophic transfer of iHg and MeHg has been previously seen in copepods, in mussels and in fish [START_REF] Trudel | Modeling the Elimination of Mercury by Fish[END_REF][START_REF] Wang | Bioaccumulation kinetics and exposure pathways of inorganic mercury and methylmercury in a marine fish, the sweetlips Plectorhinchus gibbosus[END_REF][START_REF] Feng | Specific Pathways of Dietary Methylmercury and Inorganic Mercury Determined by Mercury Speciation and Isotopic Composition in Zebrafish (Danio rerio)[END_REF][START_REF] Lee | Bioaccumulation of methylmercury in a marine copepod[END_REF][START_REF] Pinzone | Dynamics of Dietary Mercury Determined by Mercury Speciation and Isotopic Composition in Dicentrarchus labrax[END_REF], especially with respect to the lower excretion rates of organomercurial species when compared to the iHg observed in fish [START_REF] Trudel | Modeling the Elimination of Mercury by Fish[END_REF][START_REF] Feng | Specific Pathways of Dietary Methylmercury and Inorganic Mercury Determined by Mercury Speciation and Isotopic Composition in Zebrafish (Danio rerio)[END_REF]. Thus, our results strongly suggest that the more abundant iHg contained in the shrimp is rapidly eliminated contributing to the lower Tb1/2 of the total assimilated 203 Hg when compared to the long Hg retention in fish-fed cuttlefish.

Regarding 203 Hg distribution among tissues, most of the Hg from enriched shrimp prey was rapidly taken up by the digestive gland, which contained >70% of the whole-body activity at day 4. This substantiates the key role of the digestive gland in trapping the inorganic Hg contained in shrimp, through the induction of chelating proteins as reported in previous works [START_REF] Rodrigo | The Role of the Cephalopod Digestive Gland in the Storage and Detoxification of Marine Pollutants[END_REF][START_REF] Penicaud | Metal bioaccumulation and detoxification processes in cephalopods: A review[END_REF]. At day 21, the digestive gland contained about 40% of the whole-body activity and 65% of its initial concentration (Fig. 2.2) showing

the digestive gland depurates efficiently iHg. By comparison, the Tb1/2 of dietary iHg is shorter than that of waterborne iHg (i.e. Tb1/2 = 25 and 44 days, respectively), as observed in the fish sweetlips [START_REF] Wang | Bioaccumulation kinetics and exposure pathways of inorganic mercury and methylmercury in a marine fish, the sweetlips Plectorhinchus gibbosus[END_REF]. These differences are congruent with the fact that dietary iHg was directly trapped by the digestive gland during digestive processes whereas waterborne iHg has to be transferred over time from tissues of absorption (i.e. gills and skin) towards the digestive gland, before being eliminated. The remaining tissues contain about 10% of the Hg whole body burden at 4 days, which increased until 25% at 21 days. Such a high proportion could be imputed by the presence of eyes, muscular tissues (e.g. buccal mass -see below), and the kidneys known to highly concentrate iHg [START_REF] Pereira | Fish eyes and brain as primary targets for mercury accumulation -A new insight on environmental risk assessment[END_REF]. Cuttlefish fed with radiolabelled fish had most of the 203 Hg load in their digestive gland and digestive tract on day 4 (i.e. 34.2% and 32.1% for pH 8.08 and 40.8% and 30.7% for pH 7.54, respectively). They then showed an increase of the radiotracer distribution from day 4 to day 21 in muscular tissues (i.e. mantle, tentacles and arms and remaining tissues), as seen to a lesser extent in the shrimp-fed individuals. This was consistent with a transitory metal care by the digestive organs before a transfer and binding of MeHg to muscle proteins as previously mentioned. However, the lower Hg proportion in muscular tissues at day 21 in cuttlefish fed with shrimp (i.e. 49.4%) than in cuttlefish fed with fish (i.e. 64.2%) suggests that, as for waterborne metal, the iHg contained in the shrimp was poorly transferred and stored in the muscular tissues. Instead, this result supports that iHg was also retained by the digestive gland and subsequently depurated.

Cuttlefish fed with radiolabelled shrimp showed an increase of the radiotracer in the digestive tract from day 4 to day 21, which was not observed in the cuttlefish fed with fish. As a consequence of a different Hg speciation between the foods, this result suggests that the digestive tract plays a key role in iHg excretion. Nonetheless, there is still a relatively high Hg load in the digestive tract suggesting a high affinity of MeHg with this tissue. Both these observations question the potential role of the intestine and its microbiome in the accumulation and possible transformation of Hg in the digestive tract [START_REF] Li | Intestinal Methylation and Demethylation of Mercury[END_REF]. Nevertheless, the Hg activity tended to increase in all analysed tissues (except the digestive gland and digestive tract), which might partly be attributable to MeHg being transferred from the digestive gland to all tissues and accumulate according to its affinity related to the tissue composition. After 21 days, more than 95% of the initial activity remained in the cuttlefish fed with fish demonstrating a limited elimination of MeHg.

Finally, 203 Hg activities were undetectable in the beak, which is usually used to trace Hg contamination in cephalopods [START_REF] Queirós | Cephalopod beak sections used to trace mercury levels throughout the life of cephalopods: The giant warty squid Moroteuthopsis longimana as a case study[END_REF], likely due to a low incorporation rate. In contrast, the optic lobes activities were similar to the mantle following the trophic Hg exposure, confirming that nervous tissues are target organ for MeHg accumulation in cephalopods [START_REF] Minet | Mercury in the tissues of five cephalopods species: First data on the nervous system[END_REF].

In this study, the non-effect of pH/pCO2 on the Hg bioaccumulation contrasted those reported for different marine organisms. For instance, under elevated pCO2 Hg concentrations decreased in the copepod Tigriopus japonicus exposed to dissolved iHg and in the meagre Argyrosomus regius fed with enriched MeHg food [START_REF] Li | Alleviation of mercury toxicity to a marine copepod under multigenerational exposure by ocean acidification[END_REF][START_REF] Sampaio | Ocean acidification dampens physiological stress response to warming and contamination in a commercially-important fish (Argyrosomus regius)[END_REF]. The similar waterborne iHg CFss, ku and ke, whatever the pH, suggests that despite the increase of H + in acidified conditions, protons did not significantly compete influx pathway with Hg 2+ to limit the bioconcentration efficiencies as hypothesized by Li and collaborators (2007). In addition, elevated upregulated branchial acid-base and ion regulatory processes by elevated pCO2 [START_REF] Melzner | Ocean Acidification and Coastal Marine Invertebrates: Tracking CO2 Effects from Seawater to the Cell[END_REF] did not affect the iHg absorption efficiency although iHg proportion in gills of cuttlefish exposed to dissolved iHg at pH 7.54 compared to pH 8.08 tended to be slightly higher. [START_REF] Wang | Bioaccumulation kinetics and exposure pathways of inorganic mercury and methylmercury in a marine fish, the sweetlips Plectorhinchus gibbosus[END_REF] indicated that Hg uptake was primarily a Freundlich absorption type dominated by passive diffusion or a facilitated transport process, suggesting that iHg might not be mainly influenced by ionic activities. Then, the seawater pH/pCO2 can impact intestinal cationic regulation, [START_REF] Hu | Variability in larval gut pH regulation defines sensitivity to ocean acidification in six species of the Ambulacraria superphylum[END_REF], digestive processes and assimilation efficiencies [START_REF] Melzner | Ocean Acidification and Coastal Marine Invertebrates: Tracking CO2 Effects from Seawater to the Cell[END_REF]. Here, the AE of the MeHg in fish prey have not been affected by elevated pCO2 consistently with the fact that the Hg organic form does not favour its passage through ion channels. In addition, these results did not support decreasing diffusion for the organic and metal complex within the membrane, through increased protonation of phospholipid by the lowering pH [START_REF] Boullemant | Uptake of Hydrophobic Metal Complexes by Three Freshwater Algae: Unexpected Influence of pH[END_REF][START_REF] Li | Alleviation of mercury toxicity to a marine copepod under multigenerational exposure by ocean acidification[END_REF]. Finally, cephalopod like fish may have the ability to self-regulate pH shifts in their digestive tract explaining that ocean acidification will not affect the trophic transfer of metals in these organisms [START_REF] Jacob | Trophic transfer of essential elements in the clownfish Amphiprion ocellaris in the context of ocean acidification[END_REF].

Using the kinetic parameters experimentally determined in this study, the calculation of the route contribution demonstrates that food is the predominant pathway for Hg bioaccumulation in juvenile cuttlefish, as previously considered [START_REF] Chouvelon | Inter-specific and ontogenic differences in δ13C and δ15N values and Hg and Cd concentrations in cephalopods[END_REF][START_REF] Penicaud | Metal bioaccumulation and detoxification processes in cephalopods: A review[END_REF]. We have considered three "case studies" of diet and ingestion rate changing with age, based on the known ecology and biology of Sepia officinalis. Newly hatched juveniles preferentially consume small invertebrates such as shrimps (i.e. 95%), with a high ingestion rate to fill their energetic needs [START_REF] Darmaillacq | Effect of early feeding experience on subsequent prey preference by cuttlefish, Sepia officinalis[END_REF]. In these crustaceans, Hg is mainly under the inorganic form, which is easily eliminated (see above). In this group, the few consumed fish (i.e. 5%), assuming their total concentration as MeHg, represent most of the Hg accumulated (i.e. 69.5%, Fig. 2.4). During the growing phase, due to their opportunistic behaviour and flexible diet and despite a decreasing ingestion rate with age, juveniles consume larger prey and include more fish in their diet (Pinczon du [START_REF] Du Sel | The diet of the cuttlefish Sepia officinalis L. (mollusca: cephalopoda) during its life cycle in the Northern Bay of Biscay (France)[END_REF]. Thus, fish contribute to 97% and 98.5% of the accumulated Hg in the juvenile and three-months-old juvenile cuttlefish. As previously shown, the Tb1/2 of the dietary MeHg in cuttlefish is extremely long (not significantly different from infinity) and would deserve a higher concern about its toxicity on this cephalopod species. Finally, this shows that effort should continue to limit Hg contamination of the marine environment as it efficiently biomagnifies along trophic webs as soon as methylated, raising important questions about environmental concerns and human health risk.

Conclusion

This paper brought the kinetic parameters of dissolved iHg and trophic iHg/MeHg in cuttlefish exposed to environmentally realistic conditions with respect to their good health status maintained during experiment and the use of natural prey. The results showed that iHg, whatever the source, is rapidly taken in charge by the digestive gland, a key organ for metal detoxification, before being eliminated. Contrasting to this, dietary MeHg is transferred to other tissues, mainly the muscular tissues and is infinitely retained, making of the MeHg contained in prey the main source of Hg contamination for cuttlefish. Nonetheless, the significant amount of iHg and MeHg found in the digestive tract raises the potential implication of the microbiome in methylation and/or demethylation processes of the dietary Hg. Surprisingly, • Waterborne i 203 Hg is efficiently taken up but lost with a biological T1/2 of ~50d
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• Dietary Me 203 Hg is highly assimilated (>95%) and indefinitely retained

• Proportion of MeHg in prey defines the Hg kinetics in cuttlefish

• pH have no effect on bioaccumulation and tissue distribution of Hg in cuttlefish

• Trophic pathway is the main route of Hg bioaccumulation in cuttlefish

Those results confirm reported and previous in-situ findings, is that most of the Hg is stored in the muscle of cuttlefish, Hg is also found in the brain and MeHg is the main form find in the protein rich tissues (e.g. Bustamante et al., 2006;[START_REF] Penicaud | Metal bioaccumulation and detoxification processes in cephalopods: A review[END_REF][START_REF] Minet | Mercury in the tissues of five cephalopods species: First data on the nervous system[END_REF].

The accumulated waterborne i 203 Hg was depurated relatively rapidly and about half of the i 203 Hg amount was found in the gills. It was then progressively translocated to the main detoxification organ (viz. the DG). When fed with Me 203 Hg-radiolabelled prey, cuttlefish infinitely retain Hg. Nonetheless, the significant amounts of iHg and MeHg were found in the digestive tract of the cuttlefish. The latter observation raises the question of the possible methylation or demethylation of iHg and MeHg, respectively, ant the potential implication of the microbiome in these processes.

The following part of this chapter will thus focus on dietary iHg/MeHg methylation and demethylation in Sepia officinalis. This experimental approach investigated in vivo Hg metabolism in S. officinalis using enriched Hg stable isotopes in the context of OA. The Hg contamination was brought by trophic pathway, the predominant pathway of Hg bioaccumulation. Cuttlefish were fed with live shrimps injected with enriched Hg stable isotopic tracers (Me 202 Hg and i 199 Hg), allowing to quantify internal Hg methylation and demethylation through formation of (i 202 Hg and Me 199 Hg respectively). They were also maintained at two pHs similar to the previous rearing and exposure conditions (8.08 and 7.54). The microbial diversity of DG and intestine was investigated as playing a potential role in the methylation or demethylation of Hg and, which could be impacted by OA.

The Corresponding author: Sophie Gentès (email: so.gentes@gmail.com) fact that food is the main Hg bioaccumulation pathways in these species [START_REF] Penicaud | Metal bioaccumulation and detoxification processes in cephalopods: A review[END_REF]).

The highest Hg concentrations were found in the muscular mantle (more than 70% of the total metal amount), followed by the digestive gland (Bustamante et al., 2006[START_REF] Bustamante | Metal and metalloid concentrations in the giant squid Architeuthis dux from Iberian waters[END_REF][START_REF] Seixas | Accumulation of mercury in the tissues of the common octopus Octopus vulgaris (L.) in two localities on the Portuguese coast[END_REF]Lacoue-Labarthe et al., 2009). Most of the metal found in the digestive gland is iHg, in contrast to the large proportion of organic mercury (MeHg) found in muscle tissues (e.g. Bustamante et al., 2006;[START_REF] Pereira | Fish eyes and brain as primary targets for mercury accumulation -A new insight on environmental risk assessment[END_REF]. This tissue specific distribution suggests that dietary MeHg is translocated from the digestive gland to muscle due to its high affinity for the sulfhydryl groups of muscular proteins but also that an in vivo demethylation of organic Hg could occur in the digestive gland [START_REF] Schaefer | Effect of Divalent Metals on Hg(II) Uptake and Methylation by Bacteria[END_REF]. Known to arise in the liver of mammals and birds, very few studies investigated demethylation and its reverse process in digestive organs (digestive gland/liver, intestine) of aquatic organisms (e.g. [START_REF] Rudd | Mercury methylation by fish intestinal contents[END_REF][START_REF] Wang | In Vivo Mercury Methylation and Demethylation in Freshwater Tilapia Quantified by Mercury Stable Isotopes[END_REF]. In the black seabream, Acanthopagrus schlegeli, demethylation was efficient in both the intestine and liver, but was 600-fold higher in the former (Wang et al., 2017), suggesting a key role for microbiota in this Hg transformation. In turn, hgc genes encoded for enzymatic systems involved in methylation process have been identified in the gut microbiota of both vertebrates and invertebrates [START_REF] Gilmour | Mercury Methylation by Novel Microorganisms from New Environments[END_REF]. Methylation has been demonstrated in isolated intestines of freshwater fish [START_REF] Rudd | Mercury methylation by fish intestinal contents[END_REF] and in living tilapia, although negligeable relative to the ingested Hg concentration [START_REF] Wang | In Vivo Mercury Methylation and Demethylation in Freshwater Tilapia Quantified by Mercury Stable Isotopes[END_REF].

This study broadly investigates the microbially mediated in vivo (de)methylation reactions of ingested iHg and MeHg in cephalopods, under elevated pCO2. Specifically, this work traces iHg and MeHg trophic pathway within the common cuttlefish as a model, using a double tracer approach based on i) stable isotopic tracers (Me 202 Hg and i 199 Hg) that permits concurrent quantification of MeHg and iHg organotropism as well as internal (de)methylation processes, and ii) microbiota analyses via the 16S rRNA gene to assess possible in vivo bacterial transformations of Hg in digestive organs. Analyses were performed at different kinetic points (0,10, 20 and 30 days) on several tissues but take into account the whole organism in order to obtain a Hg mass budget.

The exposure parameters are based on environmentally realistic values: isotopic tracers allow to contaminate food (live shrimps) in the ng g -1 range and pCO2 value is defined on the most pessimistic scenario of anthropogenic CO2 emissions [START_REF] Joos | Impact of Climate Change Mitigation On Ocean Acidification Projections. Ocean Acidification[END_REF][START_REF] Helcom | Climate change in the Baltic Sea Area -Helcom thematic assessment in[END_REF][START_REF] Bindoff | Changing Ocean, Marine Ecosystems, and Dependent Communities[END_REF] resulting to more than a doubling in ocean acidity (1600 µatm).

The use of Hg stable isotopes as internal tracers was only tested in one other study on the Tilapia freshwater fish [START_REF] Wang | In Vivo Mercury Methylation and Demethylation in Freshwater Tilapia Quantified by Mercury Stable Isotopes[END_REF]. The involvement of microbiota in Hg transformations was defined as a research priority (Eagles- [START_REF] Eagles-Smith | Modulators of mercury risk to wildlife and humans in the context of rapid global change[END_REF] as it could modify Hg internal toxicity. Increase pCO2 could have impacts on both Hg dynamic and microbiota activity. Indeed, the trophic Hg bioaccumulation tends to be hampered with hypercapnia in both meagre and sole [START_REF] Sampaio | Habitat selection disruption and lateralization impairment of cryptic flatfish in a warm, acid, and contaminated ocean[END_REF][START_REF] Sampaio | Ocean acidification dampens physiological stress response to warming and contamination in a commercially-important fish (Argyrosomus regius)[END_REF]. In addition, elevated pCO2 leads to intestinal dysbiosis in the seabream affecting the microbiome diversity [START_REF] Fonseca | Impact of Ocean Acidification on the Intestinal Microbiota of the Marine Sea Bream (Sparus aurata L.)[END_REF].

Materials and Methods

Sampling of the cuttlefish

Roughly 1 month old juvenile common cuttlefish (Sepia officinalis) were caught by dipnet in Arcachon Bay (Atlantic coast of south-western France; 44° 41'14.0" N; 1° 14'00.6" W) in June 2019 and were transported in an aerated tanks to the IAEA marine laboratories in Monaco.

From their capture until the end of the experiment, cuttlefish were exclusively fed with wild, live shrimp (Palaemon varians) caught from a single fishing site on the French Atlantic coast (46° 12'18.0" N; 1° 11'42.0" W). Shrimp were fed with commercial shrimp food prepared from bycatch marine products.

Experimental design

All procedures were approved by the French national ethic committee (approval number APAFIS # 20520-2019050614554709). Upon arrival, cuttlefish with similar size (mantle length: After one week of acclimatization, the experiment started for a period of 30 days during which cuttlefish were fed with 1) live shrimp at ambient pH (pH 8.1; equivalent to 400 µatm) (control condition), 2) Me 202 Hg and i 199 Hg injected-live shrimp at pH 8.1 (Hg condition), 3) live shrimp at acidified pH 7.54 (equivalent to 1600 µatm) (pH condition), 4) Me 202 Hg and i 199 Hg injectedlive shrimp at pH 7.54 (Hg+pH condition).

Each cuttlefish was fed 3 shrimp that corresponded to 5% of the cuttlefish wet weight (shrimp average weight: 0.146 ± 0.034 g dw; natural Hg concentrations: 8 ± 1 ng Me 200 Hg.g -1 and 38 ± 4 ng i 200 Hg.g -1 dw, 15 ± 3% MeHg, n=27). For cuttlefish of the Hg and Hg+pH conditions, the first shrimp of the day was Me 202 Hg and i 199 Hg -contaminated (named Hg-contaminated shrimp below) and the others two served as a food supplement to fulfill nutritional requirements (food given in two parts). The Hg contaminated shrimp were intramuscularly injected with 5 μl of the Hg solution containing 8.7 ng i 199 Hg (solution: 1731 ng i 199 Hg.g -1 ) and 7.4 ng Me 202 Hg (solution: 1475 ng Me 202 Hg.g -1 ). Shrimp injection procedures and details on the experimental design are described in the Supplementary Information section. The theoretical quantity of Hg absorbed per cuttlefish throughout the experiment was reported in Table 3.S1.

The loss and possible transformations of Hg stable isotopes in shrimp was assessed immediately, 10 min, 3h and 5h after injection (Table 3.S2). To maximize and maintain a healthy water 

Mercury speciation analysis

The different tissues of cuttlefish and whole shrimp were digested with 6N HNO3 using microwave digestion, as previously described [START_REF] Monperrus | Evaluating the potential and limitations of double-spiking species-specific isotope dilution analysis for the accurate quantification of mercury species in different environmental matrices[END_REF]. Hg species were determined by GC-ICP-MS (gas chromatography-inductively coupled plasma-mass spectrometry; Trace GC and ICPMS X2 series, Thermo Fisher) as detailed elsewhere [START_REF] Monperrus | Evaluating the potential and limitations of double-spiking species-specific isotope dilution analysis for the accurate quantification of mercury species in different environmental matrices[END_REF][START_REF] Clémens | Mercury speciation analysis in seafood by species-specific isotope dilution: method validation and occurrence data[END_REF]. Each assay was analyzed in triplicate, with the analytical uncertainty error for MeHg and iHg being <22%. Data quality was checked by blanks. The limits of quantification were 1.5 ng g -1 for iHg and 1.3 ng g -1 for MeHg. The method used to calculate Hg species concentrations, (de)methylation yields has been described previously by Rodriguez -Gonzalez, (2013). Briefly, the amounts of Hg species deriving from the enriched isotopes 199 and 202 (Me 199 Hg, Me 202 Hg, i 199 Hg, i 202 Hg) were determined by species specific isotopic dilution using isotopic pattern deconvolution methodology (Rodriguez- Gonzalez et al. 2013). The methylation potential was calculated by dividing the amount of newly formed Me 199 Hg by the sum of the amount of remaining spiked i 199 Hg and newly formed Me 199 Hg. The demethylation potential was calculated by dividing the amount of newly formed i 202 Hg by the sum of the amount of remaining spikled Me 202 Hg and newly formed i 202 Hg. As tissues and organs were harvested in their entirety and weighed, results could be expressed in quantity of Hg (ng) per organ (on a dry weight basis), in addition to being expressed in concentrations (ng g -1 dw). (http://www.ncbi.nlm.nih.gov) under accession numbers X (BioProject X). Sequence analysis was done with the pipeline FROGS from the Galaxy portal of the Toulouse Midi-Pyrenees bioinformatics platform (Escudié et al. 2018;[START_REF] Afgan | The Galaxy platform for accessible, reproducible and collaborative biomedical analyses: 2018 update[END_REF], details in sup data).

MiSEQ Analysis

Statistical analyses

Factorial ANOVAs were used to compare parameters values (e.g., weight, size, Hg concentrations, etc…) between experimental conditions or organs, after checking the assumptions of normality and homoscedasticity of the error term. If the assumption was satisfied, the parametric post hoc LSD Fisher test was applied; if not, the non-parametric Mann-Whitney test was used. Comparisons of means for two different conditions (e.g. quantity of MeHg in intestine and in digestive gland after 30 days of exposure) were performed using Student's t-test when the assumption was met or the non-parametric Wilcoxon test when it was not met. In each test, p < 0.05 was considered significant. All statistical investigations were performed using STATISCA version 6.1 software

Results

Effects of ocean acidification on mercury metabolism

Bioaccumulation and transformation of isotopically enriched Hg compounds (iHg, MeHg) were measured in intestine, brain, mantle, digestive gland and the remaining tissues of cuttlefish under two pH conditions (8.1 and 7.54) after 10 and 30 days of exposure. The results of the statistical tests comparing the different variables at both pH values are summarized in Table 3.S3 for the 10-day exposure and in Table 3.S4 for the 30-day exposure. No significant differences were observed between both pH conditions except a higher concentration of Me 202 Hg associated with the lowered pH: 1) in brain at 10 days (53.2 ± 15.8 and 30.1±10.8 ng g -1 at pH 7.54 and 8.1, respectively), 2) in mantle at 10 days (34.4 ± 5.1 and 19.2 ± 8.8 ng g -1 , respectively) and 3) in gills at 30 days (52.0 ± 8.6 and 37.1 ± 7.8 ng g -1 , respectively) (Mann-Whitney test, p<0,05, Table 3.S4 and 3.S5). The concentration of i 199 Hg at 30 days was lower in the remaining tissues reared at lowered pH (1.3 ± 0.3 and 3.7 ± 1.4 ng g -1 at pH 7.54 and 8.1 respectively, Mann-Whitney test, p<0.05, Table 3.S5). Following the weak influence of pH on bioaccumulation and transformations of Hg species in cuttlefish in this study, the data from both pH conditions were pooled for the rest of the analysis on Hg bioaccumulation and in vivo transformation.
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Kinetics of mercury species bioaccumulation in cuttlefish

To better understand Hg-species specific pathways and metabolism in cuttlefish, the bioaccumulation of Hg was followed by assessing the isotopically-enriched iHg and MeHg quantities per organ, independently of the organs mass, thus avoiding effect of somatic growth dilution on Hg bioaccumulation, particularly for MeHg [START_REF] Wang | Contrasting mercury accumulation patterns in tilapia (Oreochromis niloticus) and implications on somatic growth dilution[END_REF]. Using this mass budget approach, the accumulation of each enriched isotope of Hg ( 199 Hg, 202 Hg) under either inorganic (iHg) and organic (MeHg) form were determined in the brain, digestive gland, intestine, gills and the remaining tissues of cuttlefish after 10, 20 and 30 days of exposure (only at 30 days for the remaining tissues) (Fig. 3.1).

Inorganic Hg bioaccumulation (both enriched spikes with 199 Hg and 202 Hg isotopes) remained very low in all organs (with a maximum value: 20.4 ± 4.4 ng 199+202 Hg in the remaining tissues at 30 days), except in the digestive gland where iHg increased linearly during the 30 days of the experiment reaching 100.4±4.9 ng i 199 Hg at the end. On the contrary, MeHg (both 199 Hg and 202 Hg isotopes) accumulated constantly after 10, 20 and 30 days of exposure in all organs but the digestive gland. Based on Me 202 Hg quantities reached at end of the exposure, organs were ranked from the highest to the lowest contaminated as follow: 55.4 ± 3.4 ng in remaining tissues > 51.4 ± 3.4 ng in mantle > 16.7 ± 1.9 ng in intestine ~ 15.7 ± 1.1 ng in digestive gland > 3.3±0.2 ng in gills > 2.0 ± 0.1 ng in brain). In the digestive gland, MeHg values were relatively constant during the 30 days of exposure (with a maximum value: 17.3 ± 3.6 ng at 20 days) and was 6-fold lower than this of iHg at 30 days.

The net iHg and MeHg bioaccumulation by the whole organism after 30 days of exposure were deducted from the isotopes mass budget calculation in the whole cuttlefish (addition of 199 Hg and 202 Hg isotopes for each Hg form) divided by the theoretical quantity of each enriched isotopes ingested by cuttlefish for 30 days (Table 3.S1). The estimation of bioaccumulation efficiency reached 86% for MeHg and 34% for iHg (calculation based on the average of the isotopes quantities measured at T30 in the different tissues). Finally, the analysis of Hg stable isotope 200, the most abundant natural isotope found both in shrimp and cuttlefish, reflects the background contamination of cuttlefish by Hg in their environment and in the experimental conditions. The isotopic deconvolution method allows to discriminate the fate our isotopically enriched spikes from the natural Hg already present in the experimental system, even if endogenous Hg could already be present in the tissues. To do so, this method allows to establish the concentration of endogenous Hg species and their evolution with time using here 200 Hg as reference isotope for such estimations [START_REF] Bouchet | Investigations into the differential reactivity of endogenous and exogenous mercury species in coastal sediments[END_REF]. Regarding quantities at different times of exposure, the organotropism of both endogenous IHg and MeHg were similar to both spikes added, i 199 Hg and Me 202 Hg, respectively (Table 3.S6). Thereby, natural endogenous iHg was mostly bioaccumulated in the digestive gland (74.6±4.3 ng at 30 days), followed by the remaining tissues of the organisms (5.6±0.8 ng at 30 days) and in a lesser extent by other tissues (maximum value: 4.0±0.7 ng in gills at 30 days).

The highest quantity of the natural endogenous MeHg was measured at 30 days in the remaining tissues (84.8±3.1 ng), followed by the mantle (38.4±3.0 ng), the digestive gland (7.9±1.7 ng), the intestine (6.1 ± 0.8 ng), the gills (1.2±0.2 ng) and finally the brain (0.6±0.1 ng). The percentages of endogenous MeHg in organs after 10 and 30 days of exposure are presented in Fig. 3.S2. The highest MeHg proportions were measured in the remaining tissues and the mantle at 30 days (94±1% and 95±1%, respectively), then in intestine (74 ± 4%), brain (55 ± 7%), gills (25 ± 3%) and in digestive gland (9±1%).

In vivo mercury transformations

The percentages of i 202 Hg and Me 199 Hg newly formed during the experiment were calculated for each organ and after each time of exposure (Table 3.1). Few quantities of i 199 Hg were methylated in vivo in cuttlefish: the majority of Me 199 Hg was observed in brain and represented 32± 4% and 36± 8% of a low total 199 Hg quantity (i.e. 0.12 ng) measured in this organ at 20 days and 30 days of exposure, respectively. At the level of the whole organism, this process appears negligible with 0.0042% of total i 199 Hg methylated in Me 199 Hg (calculation based on the sum of the average of the isotopes quantities measured at T30 in the different tissues).

The formation of i 202 Hg, reveals an in vivo demethylation process, was mainly observed after 30 days of exposure in the digestive gland and in the remaining tissues, with 20±2% and 21±3% of total measured respectively, and in a lesser proportion in other organs (maximum value at 30 days-exposure: 5.1±1.5 % in intestine and 4.5±1.4% in brain). The demethylation process in the whole organism is low at 0.15% of Me 202 Hg transformed into inorganic Hg(II) (calculation based on the sum of the average of the isotopes quantities measured at T30 in the different tissues).

Microorganism in the gut and digestive gland of cuttlefish

The 16S rRNA diversity from intestine and digestive gland was assessed in cuttlefish at the beginning of the experiment (T0), at T10 and T30 in juveniles from all conditions, and at T20

for cuttlefish from control and Hg condition. These data were compared to microbial diversity found in juvenile and adult cuttlefish sampled in the field (Fig. 3.2). The results showed that intestinal microbiota of cuttlefish was sparsely diversified, the most abundant genus of bacteria being Mycoplasma sp. in all experimental conditions (from 89 to 100%, see Fig. 

Discussion

No effect of ocean acidification and Hg on cuttlefish growth

Cuttlefish were healthy during the entire experiment and displayed a growth rate of 6.5 % d - 1 (based on weight), consistent with values reported for 2-5 g cuttlefish (i.e., 7.3% d -1 ; Domingues et al., 2001) and for 1.5 g juvenile reared at 25 °C and a low density [START_REF] Forsythe | The effects of crowding on growth of the European cuttlefish, Sepia officinalis Linnaeus, 1758 reared at two temperatures[END_REF]. These data indicate therefore that cuttlefish in this study were fed ad libitum, fulfilling the energy needs and enabling a normal growth. It is also noteworthy that both Hg exposure and lowered pH did not affect mortality and growth rate during the month of exposure.

This observation is consistent with the lack of effect of pH decrease (at 7.76 and 7.60) on the weight of 19-d old juveniles (Sigwart et al., 2015;Dorey et al., 2013). In addition, a body of works reported that sufficient food supply alleviates the effect of ocean acidification on mollusk or fish growth [START_REF] Thomsen | Food availability outweighs ocean acidification effects in juvenile Mytilus edulis: laboratory and field experiments[END_REF][START_REF] Cominassi | Food availability modulates the combined effects of ocean acidification and warming on fish growth[END_REF]. These results are finally encouraging regarding the potential impact of both stressors on cuttlefish growth at environmental levels.

Weak influence of ocean acidification on Hg metabolism in cuttlefish

Despite the lack of effect of pH on Hg bioavailability in seawater [START_REF] Stockdale | Effect of Ocean Acidification on Organic and Inorganic Speciation of Trace Metals[END_REF], several studies show that ocean acidification leads to a decrease in the bioaccumulation of iHg, mainly through direct pathway exposure (dissolved HgCl2) in copepods [START_REF] Wang | Projected near-future ocean acidification decreases mercury toxicity in marine copepods[END_REF](Wang et al. , 2017;;[START_REF] Li | Alleviation of mercury toxicity to a marine copepod under multigenerational exposure by ocean acidification[END_REF]) and in polychaetes [START_REF] Freitas | Physiological and biochemical impacts induced by mercury pollution and seawater acidification in Hediste diversicolor[END_REF], suggesting that biological / physiological response to ocean acidification could affect Hg bioaccumulation efficiency. These authors show that this lower bioaccumulation is linked to an activation of several defense mechanisms (such as the production of repairing / removing damaged proteins) and an oxidative stress response, caused by the drop in pH (Wang et al., 2017[START_REF] Freitas | Physiological and biochemical impacts induced by mercury pollution and seawater acidification in Hediste diversicolor[END_REF]. In addition, the digestive physiology might be affected by hypercarpnia as shown in fish larvae [START_REF] Pimentel | Oxidative Stress and Digestive Enzyme Activity of Flatfish Larvae in a Changing Ocean[END_REF], and thus potentially modified Hg assimilation. To our knowledge, influence of pH on trophic iHg exposition in marine organism was never tested before. Few studies related the impact of ocean acidification after trophic MeHg contamination in organisms. [START_REF] Camacho | Mercury in Juvenile Solea senegalensis: Linking Bioaccumulation, Seafood Safety, and Neuro-Oxidative Responses under Climate Change-Related Stressors[END_REF] shows a decrease of MeHg level in the different tissues of the flat Senegalese sole Solea senegalensis (liver, brain, muscle), exposed through the trophic pathway (contaminated feed: 851±0.15 mg MeHg. kg -1 dw), when pH was low (ΔpH = -0.4 units) after 28 days of exposure and one additional depurative week. In the meagre Argyrosomus regius, [START_REF] Sampaio | Ocean acidification dampens physiological stress response to warming and contamination in a commercially-important fish (Argyrosomus regius)[END_REF] found that co-occurring ocean acidification (ΔpH= -0.5 units) decreased MeHg bioaccumulation (contaminated feed: 8.02 mg MeHg. kg -1 dw) and contributed to physiological homeostasis and a dampening effect on oxidative stress response, after 30 days of diet-contaminated exposure.

Mercury species-specific bioaccumulation pathway

Based on field studies linking Hg concentrations, speciation, and organotropism to life history traits (e.g. age) or ecological tracers (e.g. ẟ 15 N), it is admitted that cephalopod contamination to Hg is mainly due to its intake through contaminated prey consumption [START_REF] Penicaud | Metal bioaccumulation and detoxification processes in cephalopods: A review[END_REF]. In addition, MeHg found in cuttlefish prey items is considered to be efficiently assimilated by predators [START_REF] Pierce | Geographic, seasonal and ontogenetic variation in cadmium and mercury concentrations in squid (Cephalopoda: Teuthoidea) from UK waters[END_REF]. This easily explains the increase of Hg concentrations with age and/or trophic level [START_REF] Chouvelon | Inter-specific and ontogenic differences in δ13C and δ15N values and Hg and Cd concentrations in cephalopods[END_REF][START_REF] Lischka | High cadmium and mercury concentrations in the tissues of the orange-back flying squid, Sthenoteuthis pteropus, from the tropical Eastern Atlantic[END_REF]. Nevertheless, cuttlefish as an opportunist predator fed on various prey, from crustacean to fish, that contain both contrasting iHg / MeHg ratio. Thus, this study aims first at delineating the bioaccumulation behavior of both iHg and MeHg when accumulated by dietary pathway, and considering in a second step, the possible in vivo transformation of methylation of demethylation that could affect the Hg exposure for cuttlefish.

Assimilation efficiency

Based on Hg mass budget, we showed that MeHg is easily bioaccumulated in cuttlefish through dietary route. This difference reflects the dissimilar metabolization of iHg and MeHg that has been demonstrated in previous works for fish [START_REF] Gentès | Specific Effects of Dietary Methylmercury and Inorganic Mercury in Zebrafish (Danio rerio) Determined by Genetic, Histological, and Metallothionein Responses[END_REF], Feng et al. 2015).

Several studies related an AE around 90% for MeHg in the freshwater fish Tilapia [START_REF] Wang | In Vivo Mercury Methylation and Demethylation in Freshwater Tilapia Quantified by Mercury Stable Isotopes[END_REF][START_REF] Yang | The role of intestinal microbiota of the marine fish (Acanthopagrus latus) in mercury biotransformation[END_REF]. In our study, the AE for iHg is relatively high compared to other species: indeed, [START_REF] Yang | The role of intestinal microbiota of the marine fish (Acanthopagrus latus) in mercury biotransformation[END_REF] estimated the AE in Tilapia around 5% and [START_REF] Wang | In Vivo Mercury Methylation and Demethylation in Freshwater Tilapia Quantified by Mercury Stable Isotopes[END_REF] at 10% in the same fish species, showing some variability, probably due to the Hg composition of food.

In cephalopods, few experimental works quantified the Hg bioaccumulation through trophic pathway, as studies generally focused on waterborne iHg contamination (Lacoue-Labarthe et al. 2009, 2011). Nevertheless, using radiolabeled i 203 Hg enriched artemia fed to newborn juvenile cuttlefish, Lacoue-Labarthe et al (2009) showed that more than 90% of iHg was assimilated but rapidly eliminated with a biological half-life (Tb1/2) of 4 d. Despite this rapid elimination, diet contributed to more than 70% of the total iHg accumulation. More recently, twomonth-old juvenile fed with 203 Hg radiolabeled shrimp and fish assimilated more than 95% of the total Hg [START_REF] Minet | Bioaccumulation of inorganic and organic mercury in the cuttlefish Sepia officinalis: Influence of ocean acidification and food type[END_REF]. More, the fish-originated Hg was infinitely retained in cuttlefish tissues whereas Hg from shrimp diet was eliminated relatively rapidly, i.e. with a (Tb1/2) of 25 d. This difference would be explained by the higher iHg fraction relative to MeHg contained in shrimp compared to fish mostly containing MeHg in their tissues [START_REF] Minet | Bioaccumulation of inorganic and organic mercury in the cuttlefish Sepia officinalis: Influence of ocean acidification and food type[END_REF]. Thus, in this study, we expect that both i 199 Hg and Me 202 Hg tracers would be assimilated with equal efficiently but i 199 Hg would be progressively depurated over the experiment course, accounting for the lower accumulation efficiency of iHg compared to MeHg at 30 days of exposure.

iHg and MeHg distribution among organs

Almost all of the assimilated iHg was retained by the digestive gland, probably bound to metalloproteins having a high affinity for this element [START_REF] Penicaud | Metal bioaccumulation and detoxification processes in cephalopods: A review[END_REF]. Nevertheless, to the best of our knowledge, no study reported the subcellular partitioning and molecular association of iHg in the cephalopod digestive gland. This efficient trapping limits the iHg diffusion toward other tissues and organs and should contribute to its rapid elimination of the metal as demonstrated by the low 203 Hg Tb1/2 values reported above. Finally, both i 199 Hg and i 202 Hg were found in the remaining tissues, which include the kidney. This organ preferentially accumulates iHg compared to MeHg in octopods [START_REF] Pereira | Fish eyes and brain as primary targets for mercury accumulation -A new insight on environmental risk assessment[END_REF], suggesting that kidneys could also contribute to iHg elimination as shown in fish (Oliveira Ribeiro, et al., 1996).

Regarding Me 202 Hg, the stable amount found in the digestive gland while cuttlefish were constantly exposed to MeHg was consistent with its progressive diffusion toward other tissues, such as intestine, mantle, brain and gills, whose quantities increased over the experiment course. Not surprisingly, the highest Me 202 Hg proportion was observed in mantle (or muscular part) and in the remaining tissues after 30 days of exposure. This high affinity of MeHg for rich sulfhydryl groups of muscular proteins explain how the mantle can store more than 70% of the total Hg body burden in cephalopod (Bustamante et al., 2006). In addition, a significant amount of Me 202 Hg was found in the remaining tissues including the muscular arms and branchial hearts that can display high MeHg concentrations [START_REF] Seixas | Accumulation of mercury in the tissues of the common octopus Octopus vulgaris (L.) in two localities on the Portuguese coast[END_REF][START_REF] Pereira | Fish eyes and brain as primary targets for mercury accumulation -A new insight on environmental risk assessment[END_REF]. As MeHg elimination is a low process, MeHg was effectively and constantly bioaccumulated in the aforementioned storage organs [START_REF] Oliveira Ribeiro | Distribution Kinetics of Dietary Methylmercury in the Arctic Charr (Salvelinus alpinus)[END_REF][START_REF] Wang | Physiologically Based Pharmacokinetic Model for Inorganic and Methylmercury in a Marine Fish[END_REF]. The in vivo Hg biotransformation seems to be negligible comparatively to Hg food uptake, since in the whole organisms Hg methylation extent is close to zero (0.0042%) and Hg demethylation extent is estimated at 0.15%.

Nevertheless, considering a more dynamic view of the Hg mass budget, our results confirm that one fraction of assimilated iHg is eliminated; indeed, cuttlefish ingested 8.7 ng of i 199 Hg daily for 30 days (261 ng), but at T30 only 105 ng of i 199 Hg remains in the body, corresponding to a theoretical elimination rate ke of 0.078 d -1 , a value consistent with the literature (Lacoue Labarthe et al. 2009[START_REF] Minet | Bioaccumulation of inorganic and organic mercury in the cuttlefish Sepia officinalis: Influence of ocean acidification and food type[END_REF]. In turn, the daily Me 202 Hg intake of cuttlefish is 7.4 ng for 30 days (222 ng) after what at T30, 144 ng of Me 202 Hg remain in the body. Assuming that all of the Me 202 Hg eliminated is in fact demethylated, we calculate a demethylation rate kd of 0.033 d -1 . Once demethylated, the newly formed i 202 Hg (78.7 ng in total) is assumed to be eliminated at the iHg ke value previously calculated (0.078 d -1 ). Based on these kinetics parameters, our model shows that 21.2 ng of i 202 Hg remains unremoved in cuttlefish while 21.4 ng is measured in the mass budget. Given the consistency of the theoretical model and the mass budget, our results tend to show that all the eliminated MeHg is due to MeHg demethylation, indicating in the same way that direct elimination of MeHg is negligible or zero.

There is therefore an internal process allowing the MeHg demethylation in cuttlefish, which occurs first in the digestive gland and secondly and/or to a lesser extent in the remaining tissues.

Indeed, as previously mentioned, the digestive gland of cephalopods had several functions, among them the storage and detoxification of pollutants [START_REF] Penicaud | Metal bioaccumulation and detoxification processes in cephalopods: A review[END_REF][START_REF] Rodrigo | The Role of the Cephalopod Digestive Gland in the Storage and Detoxification of Marine Pollutants[END_REF]. Here, the proportion of i 202 Hg measured in digestive gland (19.7±1.5%) seemed to confirm that demethylation occur in this organ [START_REF] Yang | The role of intestinal microbiota of the marine fish (Acanthopagrus latus) in mercury biotransformation[END_REF][START_REF] Gentès | Specific Effects of Dietary Methylmercury and Inorganic Mercury in Zebrafish (Danio rerio) Determined by Genetic, Histological, and Metallothionein Responses[END_REF]. Once demethylated, the newly formed iHg could be eliminated [START_REF] Penicaud | Metal bioaccumulation and detoxification processes in cephalopods: A review[END_REF] or relocated to other tissues through blood (Wang andWang, 2015, 2020). Wang et al (2017) hypothesized that Hg demethylation in Tilapia fish mainly occurs in the intestine, the newly formed iHg being then transferred to other organs. In our study, the low i 202 Hg proportion measured in intestine (5.1±1.5 %) compared to the digestive gland suggests a poor contribution of intestine to MeHg demethylation. The potential demethylation process in intestine is not well known regardless of the model and seems to be attributed, to date, to microbial activity [START_REF] Rowland | Effects of Diet on Mercury Metabolism and Excretion in Mice Given Methylmercury: Role of Gut Flora[END_REF][START_REF] Yang | The role of intestinal microbiota of the marine fish (Acanthopagrus latus) in mercury biotransformation[END_REF].

Involvement of gut and digestive gland microbiota in Hg metabolism

Absence of microbiota sensitivity to both stressors, OA and Hg

The analysis of the gut microbiota diversity in cuttlefish revealed a very simple microbiome, with mycoplasma sp. being the most abundant genus of bacteria, as observed by [START_REF] Lutz | A Simple Microbiome in the European Common Cuttlefish, Sepia officinalis[END_REF] and Ramirez et al. (2019). No evident change in microbiota diversity was observed in intestine whatever the experimental condition. The microbiota diversity of the digestive gland was higher than in the intestine. Besides, the observed variability seemed to be individualspecific and again unrelated to Hg exposure or rearing under lowered seawater pH. Nevertheless, it is recognized that Hg could create a dysbiosis on intestinal microbiota [START_REF] Nielsen | Alterations to the Intestinal Microbiome and Metabolome of Pimephales promelas and Mus musculus Following Exposure to Dietary Methylmercury[END_REF][START_REF] Duan | Gut microbiota: A target for heavy metal toxicity and a probiotic protective strategy[END_REF], which was not observed in this study. This absence of perturbation in microbiota diversity could be explained by the environmental levels of iHg and MeHg used along the exposure period. In contrast, the cuttlefish microbiota did not seem specifically sensitive to decreasing pH / increasing pCO2, whereas ocean acidification induced changes in microbial communities of oyster larvae (Flores-Higuera et al. 2019) and fish [START_REF] Fonseca | Impact of Ocean Acidification on the Intestinal Microbiota of the Marine Sea Bream (Sparus aurata L.)[END_REF].

This seems to confirm a certain plasticity of cuttlefish facing climate change [START_REF] Seibel | Cephalopod Susceptibility to Asphyxiation via Ocean Incalescence, Deoxygenation, and Acidification[END_REF].

Regarding the microbiota diversity of cuttlefish caught in the field, juveniles displayed a higher intestinal microbial diversity than adults that could be explained by a diet shift with age. Indeed, although known as opportunistic predators, juvenile fed mainly on small crustaceans whereas adult diet includes fish as the main prey (Pinczon du [START_REF] Du Sel | The diet of the cuttlefish Sepia officinalis L. (mollusca: cephalopoda) during its life cycle in the Northern Bay of Biscay (France)[END_REF]. Finally, it is noteworthy that juveniles reared in experimental conditions displayed a similar microbiota to those of field sampled adult (T0_C).

Bacterial families known to be involved in Hg transformations

Some firmicutes, cyanobacteria and bacteroidetes (relative abundance <1.1%, <0.3%, <1.3%, respectively) are present in digestive gland and strains belonging to these families are known to be involved in Hg methylation and demethylation. The presence of this microbiome inside the digestive gland suggests that Hg biotic transformations may occur in this organ. It could be useful to measure HgcA and merA genes expression to answer to this question. Yang et al.

(2021) suggested a minimum level of Hg (MeHg and iHg) from methylating and demethylating bacteria are "activated", which also could explain our results. To our knowledge, it is the first study highlighting the presence of a microbiome associated with the digestive gland of cuttlefish.

This work indicates that predicted climate change scenarios concerning ocean acidification may not significantly impact Hg bioaccumulation and metabolism in cuttlefish. However, interaction between stressors need to be deeply investigated to fully understand the impact on these organisms. This is the first study to investigate and quantify the Hg methylation and demethylation processes in cephalopods and with an "in vivo method". Internal Hg demethylation was highlighted, mainly in the digestive gland. In vivo methylation through bacterial activity seems not possible in the intestine, whereas the microbiome associated with digestive gland was highlighted. Hg biotic transformations need to be confirmed with the search of Hgc and Mer genes.
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Supplementary material

Alkalinity regulation and monitoring are explained in Minet and collaborators (2022 [Chap 1.2]). Briefly, the pCO2 was regulated by an IKS system from Aquastar© with pH measurements every 20 min and a weekly calibration of the IKS probes with NBS standard pH solution (pH 4.0 and pH 7.0), a glass electrode (Metrohm©, ecotrode plus) 132 and using TRIS buffer solutions (salinity 35, provided by A. Dickson, Scripps university, USA). Total alkalinity was measured potentiometrically using a Metrohm© titrator (Titrando 888). The pH values expressed in the NBS scale were corrected and expressed on the total scale using values of total alkalinity and carbonate chemistry parameters calculated with seacarb package from R (Gattuso et al., 2021).

Hg injection procedure in shrimps

Shrimps were sedated in ice water for 1 min minimum and then were intramuscularly injected between the 3 rd and 4 th abdominal segments (through the articular membrane to minimize breakage of the exoskeleton and clogging of the needle with exoskeleton) with 5 μl of the Hg solution (method developed by Richard A. Neal, http://www.fao.org/3/ac741t/AC741T41. htm). To minimize injury to tissues, the needle (Neuros™ syringe Hamilton 1702 RN, volume: 25µL, gauge: 33) is inserted laterally.

Blue food coloring was added to the Hg solution for checking that the injection was correctly done: sedated shrimps were placed on a white wipe (KimTech) for the injection procedure, the blue staining of the paper indicated that the injection was imperfect, and thus the procedure was repeated with another shrimp. The interaction between Hg and food coloring was tested: the food coloring was chemically inert to the Hg solution. The shrimp was fed directly to the cuttlefish, without passing through an intermediate aqueous medium. If the shrimp was not eaten within a few minutes, it was removed and a new one was presented to the cuttlefish.

To preserve the Hg solution from degradation/transformation during the month of the experiment, aliquots of Hg solution were stored in amber GC vials at -20°C, and one vial was used per day.

MiSEQ Analysis Details

DNA extractions were performed according to the Dneasy PowerSoil Kit (QIAGEN, France) following the manufacturer instructions from 60 to 190 mg of intestine and 120 to 440 mg of digestive gland. PCR amplifications were performed with the universal eubacterial 16S rRNA gene primers 8F, 5ʹ-AGAGTTTGATCCTGGCTCAG-3ʹ and 1492R, 5ʹ-GGTTACCTTGTTACGACTT -3ʹ. The reaction mixture included 0.2 µM of each primer, 2 µl of the sample DNA for intestine or 2 µl, 6 µl or 10 µl of the sample DNA for digestive gland (depending on the DNA concentration of the samples), for a final volume of reaction of 25 µl using the AmpliTaq Gold™ 360 Master Mix (Applied Biosystems). The cycle conditions included initial denaturation at 95 °C for 10 min, followed by 25 cycles of denaturation at 95 °C for 40 s, annealing at 55 °C for 40 s, and an elongation at 72 °C for 1 min, and an extension step at 72 °C for 10 min after cycling was complete. Then nested PCR amplifications were performed on the first PCR products: the V4-V5 hypervariable region of the 16S rRNA gene targeting bacteria and archaea was amplified using the primers 515F, 5ʹ-GTGYCAGCMGCCGCGGTA-3ʹ and 928R, 5ʹ-CCCCGYCAATTCMTTTRAGT-3ʹ. Forwards and reverse primers contained the adapter sequences (CTTTCCCTACACGACGCTCTTCCGATCT) and (GGAGTTCAGACGTGTGCTCTTCCGAT) respectively used in Illumina sequencing technology. 16S rRNA genes fragments were amplified from 2µL of the first PCR with -AmpliTaq Gold™ 360 Master Mix (Applied Biosystems) in the presence of 0.5 µM of primers, in a final volume of 50 µL. The cycle conditions included initial denaturation at 95 °C for 10 min, followed by 30 cycles of denaturation at 95 °C for 30 s, annealing at 65 °C for 30 s, and an elongation at 72 °C for 40 s, and an extension step at 72 °C for 10 min after cycling was complete. Illumina MiSeq 250 bp paired-end sequencing was performed by the Get-PlaGe sequencing service (INRA, Toulouse, France). MiSEQ sequences obtained were deposited in the GenBank DNA database of the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov). Sequence analysis was done with the pipeline FROGS from the Galaxy portal of the Toulouse Midi-Pyrenees bioinformatics platform (Escudié et al. 2018;[START_REF] Afgan | The Galaxy platform for accessible, reproducible and collaborative biomedical analyses: 2018 update[END_REF]. After a preprocessing step including quality filter, read trimming, and read assembly, sequences were clustered with Swarm [START_REF] Mahé | Swarm: robust and fast clustering method for amplicon-based studies[END_REF]) with an aggregation distance of 3 and a denoising clustering step. Operational taxonomic units (OTU) with an abundance lower than 0.005% were removed (Bokulich et al. 2012) in order to delete singletons. The SILVA database 128 (release date 29.09.2016) was used to perform the OTU affiliations [START_REF] Quast | The SILVA ribosomal RNA gene database project: improved data processing and webbased tools[END_REF].

Organisms' health

During the experiment, cuttlefish appeared healthy on external inspection (no injury) and no alteration of animals' motility or mortality was observed (n=72). No influence of pH and Hg ("control", "pH", "Hg", "pH+Hg" conditions) were noted on biometric parameters (i.e. size and weight) during the experiment (ANOVA, test LSD fisher, p>0,05). The size was 2-fold increased and the average weight was 6-fold higher from the beginning (T0) to the end (T30) of the experiment, all conditions considered (Figure S2). Table 3. Table 3.S2: Spikes concentrations, transformations, and recoveries just after injection of the Hg solution in shrimps (n=20) and after few minutes or hours of injection of the Hg solution. Concentrations are expressed in ng g -1 dry weight; Average ± SE; R% = spike recovery (%), n = number of individuals, each individuals was analyzed in triplicates. • accumulation efficiency was estimated at 86% for MeHg and 34% for iHg
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No methylation and low demethylation processes (explaining decrease in [Me

• iHg is two time faster eliminated then MeHg

• pCO2 had no impact on Hg accumulation and tissue distribution

• the digestive gland is a key organ for in vivo Hg demethylation

• the intestine and digestive gland microbiota is not involved in Hg transformation

This study confirms the importance of dietary Hg forms in the bioaccumulation efficiency with a high assimilation and long biological half-life for MeHg when compared to iHg. It appears that methylation is not occurring in digestive tube and DG in the cuttlefish, that is congruent with the simple microbiota and the absence of sulfur-reducing bacteria in the digestive tract.

However, a demethylation of MeHg was observed mainly in the DG. Accordingly to the previous section, the OA may not significantly impact Hg bioaccumulation and in vivo transformation in cuttlefish. However, the interactions between these two stressors need to be deeply investigated to be fully understood. Moreover, their individual effect as well as combined ones should be addressed to fill the existing gaps. 

Introduction

Interest in behavioral analysis in ecotoxicology have increased in past years. Indeed, behavioral studies are cheap and sensitive, sensitive and integrate responses of multiple scales, comparatively to other toxicological approaches. Therefore it is a good tool for assessing the toxicological effects of environmental stressors, especially the metallic trace elements [START_REF] Melvin | The utility of behavioral studies for Aquat. Toxicol. testing: A meta-analysis[END_REF]. Among them, some contaminants are known to lead sublethal neurotoxic effects, affecting animal behavior and in fine compromise the fitness and survival of individuals. Thus, several studies reported impaired locomotion and activity in fish due to Hg exposure.

For example, an exposure to iHg impaired swimming behavior in the white seabream Diplodus sargus (Pereira et al., 2016a). This effect was associated to a reduction in the number of cells in the optic tectum and in the medial pallium reported in fish brain after iHg exposure. The embryonic exposure of zebrafish D. rerio to MeHg induced a general decrease in activity of larvae [START_REF] Samson | Delayed effects of embryonic exposure of zebrafish (Danio rerio) to methylmercury (MeHg)[END_REF]. In addition to the locomotor activity, Hg alters foraging and predation abilities. In the mummichog, Fundulus heteroclitus, the exposure to either MeHg or iHg reduced the feeding rate [START_REF] Weis | Effects of mercury on the feeding behavior of the mummichog, Fundulus heteroclitus from a polluted habitat[END_REF]. Similarly, the feeding behavior of yellowfin bream Acanthopagrus australis showed a significantly lower eating success than controls [START_REF] Harayashiki | Effects of oral exposure to inorganic mercury on the feeding behaviour and biochemical markers in yellowfin bream (Acanthopagrus australis)[END_REF]. A study conducted in fathead minnows Pimephales promelas exposed to iHg revealed consistent performance deficits in foraging efficiency and capture speed [START_REF] Grippo | The effect of mercury on the feeding behavior of fathead minnows (Pimephales promelas). Ecotoxicol[END_REF]. In turn, Hg exposure could lead to an impairment of defensive abilities against predators: for instance, the performance of mosquitofish Gambusia affinis to escape bass predation was decreased following a 3 days iHg dissolved exposure of 0.01 µg L -1 [START_REF] Kania | Behavioral Alterations in a Simple Predator-Prey System Due to Sublethal Exposure to Mercury[END_REF]. In the same way, Hg decreased predator avoidance efficiency by impacting shoaling behavior of golden shiner Notemigonus crysoleucas facing an avian predator [START_REF] Webber | Mercury effects on predator avoidance behavior of a forage fish, golden shiner (Notemigonus crysoleucas)[END_REF]. Moreover, low levels of MeHg (< 0.1 µM) exposure delayed learning in zebrafish while higher MeHg levels (> 0.1 µM) make fish unable to learn the task highlighting impacts at environmental concentrations and a dose-dependent effect and [START_REF] Smith | Developmental selenomethionine and methylmercury exposures affect zebrafish learning[END_REF].

Mechanistically, it is well documented that both iHg and MeHg are able to interfere with the cholinergic nervous system, impairing choline acetyltransferase activity, choline uptake and acetylcholinesterase (AChE) activity [START_REF] Basu | Methylmercury Impairs Components of the Cholinergic System in Captive Mink (Mustela vison)[END_REF][START_REF] De Domenico | Biological responses of juvenile European sea bass (Dicentrarchus labrax) exposed to contaminated sediments[END_REF]. Impairment of the AChE activity interferes with neurotransmission processes (e.g. inhibition of AChE in fish would lead to the accumulation of the neurotransmitter acetylcholine (ACh) and, thus, to the eventual compromise of synaptic transmission; Pereira et al., 2016b). Numerous other effects of Hg on neurotransmission processes have been reported (see for review [START_REF] Pereira | A multidimensional concept for mercury neuronal and sensory toxicity in fish -From toxicokinetics and biochemistry to morphometry and behavior[END_REF]: e.g. MeHg can alter the transmission of nervous impulses along the cell membranes, iHg can impair the release of neurotransmitters and both forms can disrupt binding of neurotransmitters to the associated receptors. In mollusks, such as in the freshwater snail Bellamya bengalensis, iHg leads to a decrease in crawling activity and clumping tendency as well as a disappearance of touch reflex [START_REF] Dhara | Biochemical, physiological (haematological, oxygen-consumption rate) and behavioural effects of mercury exposures on the freshwater snail, Bellamya bengalensis[END_REF]. The hydrothermal mussel Bathymodiolus azoricus had a significant increase in duration and a decline in frequency of shell gaping after Hg exposure and did not recover after 3 weeks in Hg-free water [START_REF] Kádár | Behavioural response to the bioavailability of inorganic mercury in the hydrothermal mussel Bathymodiolus azoricus[END_REF], suggesting that non-repairable damages have been caused. Despite evidence that a Hg exposure induces brain and behavioral alterations in fish and mollusks, to date, there is no information about its toxicity on cephalopods. It is mainly during early-life stages that cephalopods develop their complex behavior and cognitive abilities, an ontogenic stage also known to be vulnerable to environmental changes such as metallic contamination (e.g. [START_REF] Calabrese | The toxicity of heavy metals to embryos of the American oyster Crassostrea virginica[END_REF]Warnau et al., 1996).

In addition to Hg, many recent studies documented the impact of increasing seawater CO2

(also named the ocean acidification, OA) on the senses, cognition and behavior of marine organisms, especially in fish (e.g. Heuer and Grosell, 2014). Thus, OA increases baseline activity levels in the brown dottyback Pseudochromis fuscus [START_REF] Cripps | Ocean Acidification Affects Prey Detection by a Predatory Reef Fish[END_REF] and a decreased swimming duration in the larvae of the tropical dolphinfish Coryphaena hippurus (Pimentel et al., 2014). Concerning predatory behavior, OA has been shown to decrease the attraction to prey chemical cues, as shown in a reef fish, the brown dottyback [START_REF] Cripps | Ocean Acidification Affects Prey Detection by a Predatory Reef Fish[END_REF]. In shark species (smooth dogfish Mustelus canis and Port Jackson shark Heterodontus portusjacksoni), individuals exposed to low pH (both 7.69) failed to track, and even avoided in some cases, prey odors [START_REF] Dixson | Odor tracking in sharks is reduced under future ocean acidification conditions[END_REF][START_REF] Pistevos | Ocean acidification and global warming impair shark hunting behaviour and growth[END_REF]. The defensive mechanisms of fish can also be altered by OA through an impairment of visual risk assessment (i.e. juvenile damselfish ;[START_REF] Ferrari | Effects of ocean acidification on visual risk assessment in coral reef fishes: Visual risk assessment under CO2[END_REF], reduced escape distances and delayed reaction (i.e. juvenile damselfish; [START_REF] Allan | Elevated CO2 Affects Predator-Prey Interactions through Altered Performance[END_REF], etc. In general, changes in prey-predator interactions are the result of visual, olfactory, hearing and/or neural processing alterations (see for review [START_REF] Draper | Impacts of Global Warming and Elevated CO2 on Sensory Behavior in Predator-Prey Interactions: A Review and Synthesis[END_REF]. Behavioral lateralization, assessed through turning preference, at the individual level decreased in sand smelt Atherina presbyter exposed to low pH (7.61) for 7 and 21 days [START_REF] Lopes | Behavioural lateralization and shoaling cohesion of fish larvae altered under ocean acidification[END_REF]. Moreover, populational turning bias significantly diminished in tropical-temperate fish (Indo-Pacific Sergents Abudefduf vaigiensis, Eastern hulafish Trachinops taeniatus and Australian mado Atypichtys strigatus) at reduced pH (7.7; [START_REF] Mitchell | Ocean warming and acidification degrade shoaling performance and lateralization of novel tropical-temperate fish shoals[END_REF]. In invertebrates, few studies have investigated the impact of OA on cephalopods' behavior. Low pHs have been shown to increase locomotor activity levels in both the pygmy squid Idiosepius pygmaeus, and the bigfin reef squid Sepioteuthis lessoniana (reared at pH 7.85 and 7.71, respectively). Consequently, the squid fitness might be compromised considering that enhanced swimming activity might 1) increase the detection risk by predator and 2) and imbalance the energy budget [START_REF] Spady | Projected near-future CO2 levels increase activity and alter defensive behaviours in the tropical squid Idiosepius pygmaeus Biology Open[END_REF]. Pygmy squids also exhibited a 20% decrease in predation rate, an increased striking distance, and a reduced preference for attacking the posterior end of their prey at pH 7.71 [START_REF] Spady | Predatory strategies and behaviours in cephalopods are altered by elevated CO2[END_REF]. More, both species exhibited an increased latency to attack a prey and an altered body pattern choice (blanch uniform for ambient pH vs. dark mottle) during the attack sequence [START_REF] Spady | Predatory strategies and behaviours in cephalopods are altered by elevated CO2[END_REF]. Vigilance and defensive behaviors were also altered with >80% (instead of 50% at ambient pH) of individuals choosing jet escape responses over defensive arm postures in response to a visual startle stimulus [START_REF] Spady | Projected near-future CO2 levels increase activity and alter defensive behaviours in the tropical squid Idiosepius pygmaeus Biology Open[END_REF]. A recent study showed that an exposure to low pH (7.68) did not affected learning and memory abilities (i.e. conditional discrimination) in bigfin reef squids [START_REF] Spady | Bigfin reef squid demonstrate capacity for conditional discrimination and projected future carbon dioxide levels have no effect on learning capabilities[END_REF]. However, these investigations have only focused on adult squids whereas, as mentioned above, early-life stages are considered as being particularly vulnerable to OA (e.g. gills and ionic exchange channel in development, digestive mutation; Pörtner and Farrell, 2008;Dupont and Thorndyke, 2009;Zippay and Hofmann, 2010;Oliveira et al., 2020). Concerning cuttlefish, a single study investigated behavioral alteration due to OA and no difference on shelter-seeking, hunting and response to visual alarm cues has been shown in juvenile common cuttlefish exposed to either pH 8.1 or 7.6 (Moura et al., 2019). To date, there is no information about OA effect on locomotor activity, background matching, and visual laterality of cuttlefish.

Thomas and collaborators (2021) pharmacologically tested the role of GABA-, glutamate-, acetylcholine-and dopamine-gated chloride channels on CO2-induced behavioral changes in the two-toned pygmy squid exposed to reduced pH (7.7). Treatment with gabazine (GABAA receptor antagonist) and picrotoxin (a non-specific GABAA receptor antagonist), had a different effect at low pH in comparison with ambient pH conditions in behavior, providing a robust support for the GABA alteration hypothesis but also of other LGIC [START_REF] Thomas | The role of ligand-gated chloride channels in behavioural alterations at elevated CO2 in a cephalopod[END_REF].

In this context, the present study aims at investigating the impact of combined Hg and CO2 on cuttlefish behavior, two neurotoxic that could co-occur in the coastal area where juveniles recruit. We exposed cuttlefish to two pHs (ambient 8.02 and acidified 7.54) from the embryonic stage and/or juveniles to MeHg through the food pathway to the first 40 days post-hatching. A large repertoire of behavior has been studied including the locomotor activity, the predatory behavior (using shrimps and crabs as preys), the primary and secondary defensive behaviors, and behavioral lateralization in each individual for 42 days after hatching. The GABA activity was finally assessed in the optic lobes (OL) of juvenile brains using glutamate decarboxylase (GAD) in-situ hybridization at the end of the experiments.

Materials & Methods

Animals

Freshly , 5, 7, 10, 12, 14, 15, 17, 18, 22, 24, 25, 30, 35 7.687 

Behavioral assays

The FDR-AX53) for 1h. All cuttlefish from the same experimental condition and from the same replicate were tested in parallel (n=27 per condition).

Then, videos have been cropped in order to select only regions of interest from the full frame 4k recording. They were downsized to 1308x1008 pixels. Tracking of cuttlefish displacement was performed using Ultimate tracker software coded in Python 3.7 environment and developed by G. Courtand, in charge of Animotion core facility (INCIA, UMR 5287 CNRS-Université de Bordeaux). This software performs blob detection method available in OpenCV library.

Briefly, regions of interest (ROI) were traced to identify the nine arenas where cuttlefish were placed (Fig. 4.4). Then, each frame was converted to a binary image by thresholding in order to highlight cuttlefish as connected white pixels. These pixels sharing common properties were grouped together to form a binary blob. Frame by frame blob center has been computed inside the ROIs and the coordinates (X;Y) returned. Raw data from video recording were processed with Dataview (by W.J Heitler, University of St Andrews, Scotland). First, X and Y coordinates were plotted in function of time and these traces were smoothed (moving average method, 1s, 3 iterations). Then, distances of X,Y coordinates between two frames were calculated over the video duration and summed to get the total distance sum. Mobility threshold was evaluated when the total displacement of cuttlefish was superior to 0.2 pixel during 200ms. From these data, different parameters were extracted such as the total distance travelled, the time spent moving or resting on the bottom, the time spent in the central and in the peripheral parts of the arena.

Predation (shrimp and crab)

Predatory behavior was evaluated following the attack on two types of prey, shrimp (2020 and 2021) and crab (2020). Behavior of juveniles facing shrimps (live ditch shrimp P. varians) was studied at T3, T5, T7 and T12 in 2020 and at T3, T5 and T7 in 2021. These tests started only at T3 as hatchlings usually possess inner yolk reserves 24 to 48 hours after hatching and do not systematically chase prey during the first post-hatching days [START_REF] Wells | Factors Affecting Reactions To Mysis By Newly Hatched Sepia[END_REF]. Test were conducted until T12, time to which shrimp predation is considered to be settled. Predation of crabs (European green crab Carcinus maenas) was studied once at T28 in 2020. Tests were conducted in the rearing aquaria of the cuttlefish to avoid any stress. After the introduction of the prey, multiple parameters were recorded:

• Detection time (latency before orientation of the cuttlefish toward the prey)

• Attack latency (time between detection and first catching attempt)

• Number of attempts before successful capture of the prey

• Capture latency (time between detection and seizing)

• Location of the attack on the body of the prey (Fig. 4.5A for shrimps and B for crabs; adapted from [START_REF] Boal | Observational learning does not explain improvement in predation tactics by cuttlefish (Mollusca: Cephalopoda)[END_REF] • Capture strategy (i.e. tentacle ejection or jumping strategy)

If 20 min following the introduction of the prey in the aquarium, the cuttlefish did not catch it (no seizing nor trying), the prey was removed from the aquarium and the test was considered as unsuccessful and would not be considered measured parameters. et al., 2007). The apparatus was placed in a black tent and illuminated from above with a circular LED lamp equipped with a ring light diffuser (42W, 1.4 klux, 48 cm diameter from Neewer © ). After 15 minutes of acclimation to the circular arena, pictures of the tested cuttlefish were taken every 5 minutes for 15 minutes (i.e. three pictures per cuttlefish taken with a Canon 5D mark IV + Canon EF 24-70 mm f/2.8 L II USM lens). Each of the 11 main components of disruptive coloration were manually graded from 0 to 3 (Fig. 4.6; according to [START_REF] Barbosa | Disruptive coloration in cuttlefish: a visual perception mechanism that regulates ontogenetic adjustment of skin patterning[END_REF]. When a component was not expressed, it was graded 0; 1, weakly expressed; 2, moderately expressed; and 3, strongly expressed. According to this grading scheme, an animal can be given a total grade, called a disruptive score, ranging from 0, no expression of any disruptive component (i.e. 0 x 11 = 0), to 33, all disruptive components strongly expressed (i.e.

3 x 11 = 33). The disruptive score of the cuttlefish was the average score of the three pictures.

The whole apparatus was performed in a black tent to isolate tested cuttlefish from surrounding visual cues. [START_REF] Hanlon | Adaptive coloration in young cuttlefish (Sepia officinalis L.): the morphology and development of body patterns and their relation to behaviour[END_REF][START_REF] Barbosa | Disruptive coloration in cuttlefish: a visual perception mechanism that regulates ontogenetic adjustment of skin patterning[END_REF][START_REF] Brooks | Do you speak cuttlefish?[END_REF].

Uniform patterning

The testing procedure was the same as for the checkerboard experiment (i.e. size of the arena, acclimation, pictures) at the same days. For this test, to assess background matching ability, the bottom of the side wall of the arena was uniform (grey; RGB = 137; 47% grey). From the pictures taken, the disruptive score was assessed and should be close to 0 to consider the brightness score as relevant. A brightness score (mean grey level of the mantle) grey was also measured using ImageJ © . The standard deviation of the grey level of each pixel was also measured to assess the level of uniformity of the mantle. The grey level ranges from black (RGB = 0) to white (RGB = 255). The grey level of the background was also measured in order to normalize the mean grey level of the mantle (as in [START_REF] Poirier | Early experience and postembryonic maturation of body patterns in cuttlefish (Sepia officinalis)[END_REF]. The closer the ratio is to 1 the more the cuttlefish has a brightness level close to the brightness of the bottom, a ratio <1 or >1 means that the cuttlefish is darker or brighter than the substrate, respectively.

Predator detection

Another essential component of defensive behavior is the predator detection. Indeed, the latency of response and the type of response are key factor that drive cuttlefish survival while encountering predator. At T33, cuttlefish were individually placed inside an equilateral triangular glass aquarium (10 cm sides; 2 L). Two sides of the aquarium and the bottom were opacified, and the last side was kept transparent. In most cases, cuttlefish go in the black corner of the aquarium looking the environment toward the transparent side (Fig. 4.7). Ten cm from the see-through side, looming videos were presented to the cuttlefish using a retina screen (iPad v. 6; Apple © ). The used looming videos were similar to those published by Bedore and collaborators (2015). Briefly, three stimuli (silhouette of a looming crab, fish or shark) were presented to each cuttlefish in a random order. Each stimulus was composed of a five-minute sequence: 1) first, few bubbles passing through a white-grey screen in order to keep cuttlefish attention during 5 to 8 minutes randomly, 2) then, a looming predator shadow appearing for 4s, and 3) finally the shadow disappearing. The whole apparatus was performed in a black tent and recorded from the top by the video camera (Sony FDR-AX53).

Predator detection

This behavior assay combines predator detection and visual laterality assays. This approach aims at determining whether the eye used has an impact on predator detection and on behavioral reaction strength. Cuttlefish at T41-42 in 2021 were placed in a slim aquarium (15 cm length, 3 cm large and 20 cm high) forcing the cuttlefish to use one eye to watch the screen.

The front, back and bottom of the aquarium were opacified, and the lateral sides were kept

transparent. An ipad (v. 6; Apple © ) was placed 10 cm away from one of the sides and displayed a looming stimulus (i.e. always the shark image). Five minutes after the end of the first looming stimulus, the ipad was moved to the opposite side of the aquarium and another trial was run.

Each cuttlefish passed two trials (i.e. one on each side) with only one stimulus. All trials were videorecorded (Sony FDR-AX53) from the top and from the side using a 45° mirror placed on the opposite side of the ipad (Fig. Each parameter was scored by 1 or 0 if it changed or not, respectively. The body pattern score could vary between 0 and 4. For example, a cuttlefish that became darker, changed from uniform to mottle pattern, dilated its papillae but did not move its arms will get a score of 3 over 4.

incubated in 15% sucrose, 0.12 M phosphate buffer (pH 7.2) twice for 24h each before being frozen in embedding medium (Neg-50, ThermoScientific) using a cryoembedding station (Prestochill, Microm Microtech, France). Frozen samples were then cut in 20 µm frontal sections with a cryostat (Microm Microtech, HM560). Sections were applied on SuperFrost Plus slides (ThermoScientific) and stored at -20°C. The whole process was conducted under RNAse free conditions.

Cloning and sequencing of Sepia orthologs

While one cephalopod genome has been completely sequenced (Octopus bimaculoides, [START_REF] Albertin | The octopus genome and the evolution of cephalopod neural and morphological novelties[END_REF], work on the S. officinalis genome is still in progress. Using the National Center for Biotechnology Information (NCBI) database, we searched for the cFos, Egr1 and Uch gene sequences in cephalopod species using the Basic Local Alignment Search Tool (BLAST). These sequences were used to blast our embryonic transcriptome [START_REF] Bassaglia | ESTs library from embryonic stages reveals tubulin and reflectin diversity in Sepia officinalis (Mollusca -Cephalopoda)[END_REF]. Highly similar sequences were found, and specific primers were synthesized to perform PCR amplifications on cDNA. Total RNA of S. officinalis was extracted from a pool of embryos from stages 15 to 30 using Tri Reagent (MRC, Cincinnati, OH, USA) and RNA purification kit (Qiagen, Valencia, CA, USA). RNAs were isolated with the genomic (gDNA) eliminator column and converted into cDNA by the Omniscript reverse-transcriptase (Qiagen). Gene fragments were amplified under the following conditions: 95° C for 5 minutes + (95° C for 30 s, 58° C for 30 s, 72° C for 1 min) for 35 cycles + 72° C for 10 minutes, using the following couples of primers: Sof-GAD forward: 5'-CGCACGAACAAAGTGCTTGA-3' and Sof-GAD reverse: 5'-GCAACTTACCGGCCTTTTGG-3'. PCR products of the expected size were cloned into TOPO vector (Invitrogen) and sequenced by GATC Biotech (Konstanz, Germany). To confirm the identity of each sequence we obtained in Sepia, nucleotide sequences were converted into protein sequences and aligned with ortholog sequences from Metazoa using ClustalW Multiple Alignment [START_REF] Thompson | CLUSTAL W: improving the sensitivity of progressive multiple sequence alignment through sequence weighting, position-specific gap penalties and weight matrix choice[END_REF]. Maximum Likelihood (ML) trees were built under the Jones-Taylor-Thornton (JTT) model of substitution with 500 bootstrap replicates for node support (MEGA5, [START_REF] Tamura | MEGA5: Molecular Evolutionary Genetics Analysis Using Maximum Likelihood, Evolutionary Distance, and Maximum Parsimony Methods[END_REF]. Sequences from closely related proteins were used as outgroups. Trees were viewed and graphically edited with MEGA5. Since they were confirmed as Sepia orthologs, these sequences were submitted to the GenBank databases under the following accession numbers: Sof-GAD.

on Fig. 4.12). Area of interest was then crop (i.e. OL) and the number red pixels or grouping of red pixels was counted (i.e. counting of labelled cells). A size threshold allowed to avoid artifacts' (e.g. air bubble) counting. The density of labelled cells in each OL (right and left side) has been investigated for each individual. A ratio: right density / left density has been calculated

to highlight any asymmetric expression of GAD.

Fig. 4.12: Example of slide analyzed using ImageJ by cropping the medulla of the OL (yellow zone) and quantifying GAD expression (red spots surrounded by light blue square).

Statistical analysis

All statistical analyses were completed using RStudio (Version 4.0.5, http://www.r-project.org). Growth and development followed normal and homoscedastic distributions, this was not observed for other analyzed parameters. To compare experimental conditions, we used ANOVA followed by FDR (False Discovery Rate) post-hoc analysis for growth and development. For other parameters, we used non-parametric statistical tests. Behavioral assays and ISH data were analyzed using nonparametric analyses of longitudinal data in factorial experiments from nparLD package (version 2.1-1; [START_REF] Noguchi | nparLD: An R Software Package for the Nonparametric Analysis of Longitudinal Data in Factorial Experiments[END_REF]. When significant, intergroup pairwise comparison was analyzed using FDR post-hoc analyses. Laterality index difference from zero were estimated by one-sample two-tailed t-test. The graphical error bars represent standard deviation and interquartile range on the histogram and boxplot respectively.

Results

Growth, development and Hg

First of all, nor Hg or OA or combined factor exposure affected the growth and the mortality of the cuttlefish. Only a slight delay in hatching (i.e. 2 days over 60 days development) was observed for the lower pH conditions (i.e. 7.54; CO2 and CO2+Hg). The concentrations of THg in the mantle have been measured to validate and assess the MeHg exposure during experiment (see table 4.3). In 2021, the Hg shrimp-fed cuttlefish (i.e. Hg and CO2+Hg) were ten times less concentrated in the mantle than in 2020 with a mean concentration of 0.325 µg.g -1 vs.

3.324 µg.g -1 , similar to THg recorded in adult cuttlefish from the Bay of Biscay 0.098 to 1.107 μg g -1 dw; Bustamante et al., 2006;[START_REF] Chouvelon | Inter-specific and ontogenic differences in δ13C and δ15N values and Hg and Cd concentrations in cephalopods[END_REF][START_REF] Minet | Mercury in the tissues of five cephalopods species: First data on the nervous system[END_REF]. Thus, when distinction is needed, the Hg exposure condition carried out in 2020 and in 2021 were noted Hg2020 and Hg2021, respectively, in the following manuscript parts. When data gather both year results, the exposure condition was noted Hg. 

Discussion

The effects of chronic exposure to Hg in cephalopods, especially on behavior, have never been investigated. In the same way, information about the effect of CO2 exposure in cuttlefish are scarce. The present work focused on behavior as a sensitive indicator of neurotoxicity. The proper functioning and acquisition of various behaviors (predation, antipredation lateralization and so on) in juvenile cuttlefish is particularly important because it conditions their survival.

Growth and development

The embryonic development time of the common cuttlefish was about 58 ± 3 days at pH 8.08 and 60 ± 3 days at pH 7.54 and 18.3°C. However, studies undertaken in this species have returned inconsistent findings. This slight delay has already been observed previously with a 2days hatching delay but at a lower pH (i.e. 62.1 ± 4.1 days at pH 8.08, 7.82, 7.65 and 7.54 and 17.4°C, but increased to 63.9 ± 5.4 days at pH 7.43 and 17.4°C; Minet et.al., 2022 submitted).

In other studies, 50% of S. officinalis hatched after 65-69 d of incubation at 16°C, while hatching was delayed to 67-70 d under pH 7.76 (Sigwart et al., 2016). Moura and collaborators (2019) found that the duration of embryonic development at 18°C did not differ (59 ± 9 days) between ambient (i.e. pH 8.1) and low pH (i.e. 7.7). Similarly to our results, Moura and collaborators (2019) found that neither hatching success (73.33 ± 1.80% and 70.20 ± 1.36% at pH 8.1 and 7.7 respectively), nor survival rate 10 days after hatching (66.86 ± 1.10% and 69.30 ± 1.99% at pH 8.1 and 7.7, respectively) were affected by low pH/high CO2 treatment (Moura et al., 2019). Even down to pH 7.54, the hatching success was not impacted [START_REF] Minet | Bioaccumulation of inorganic and organic mercury in the cuttlefish Sepia officinalis: Influence of ocean acidification and food type[END_REF] submitted) by OA. Hatchlings were of the same size and weight regardless of the exposure conditions and no effect on growth was observed (present study and Minet et al., 2022 submitted). Other studies highlighted a decreased body mass in high pCO2-treated animals but only at very low pH (i.e. 7.39 and 7.27) and not at intermediate pH (i.e. 7.63 and 7.76;Hu et al., 2011;Sigwart et al., 2016, respectively). Hatching delay did not affect growth of the hatchlings, which appears resistant to low pH and Hg according to this parameter.

Behavior

Locomotor activity

One major result regarding the locomotor activity is that juveniles exposed to lowered pH 7.54 covered three times more distance and spend about 2-fold more time mobile during the test than those exposure to Hg or combined Hg and low pH. To our knowledge, this is the first assessment of cuttlefish activity exposed to environmental stressors such as OA and/or metallic contamination. However, a rather close species, the pygmy squid, order of the Idiosepiida, displayed a near 3-fold increase in movement when exposed to in pH 7.75 compared to controls [START_REF] Spady | Projected near-future CO2 levels increase activity and alter defensive behaviours in the tropical squid Idiosepius pygmaeus Biology Open[END_REF]. The increased activity might have 1) an increased energetic cost [START_REF] Spady | Projected near-future CO2 levels increase activity and alter defensive behaviours in the tropical squid Idiosepius pygmaeus Biology Open[END_REF] and 2) detrimental consequences on defensive mechanisms by increasing visibility to predators. For example, the increased movement during active behaviors, such as courtship and foraging, can cause a decrease in vigilance as shown in other cephalopod species (e.g. carribean reef squid Sepioteuthis sepioidea; [START_REF] Mather | Vigilance and antipredator responses of Caribbean reef squid[END_REF].

In fish, the low pH exposure has been suggested to alter brain GABAA receptor functioning, inducing individual anxiety (Hamilton et al., 2014). By analogy, we suggest that increased pCO2 induced similar neurotoxic effects in cuttlefish brain that could explain the higher activity of the juvenile exposed to low pH. In addition, although not being significatively different from the control, the distance covered was 23.5% higher and the time spent mobile was 40% higher in CO2+Hg exposed cuttlefish. This alleviation of Hg on the CO2 effect on locomotor activity (intermediate between the results of the control and the CO2 exposed cuttlefish) might be explained either by the fact that (1) Hg limits the effect of OA on locomotor activity by modulating GABA neurotransmission, (2) Hg decrease anxiety through other neurotransmission processes alteration than GABA neurotransmission. Indeed, it has been suggested that early effect of MeHg exposure which could be associated with changes in the serotonergic system and modulate anxiety in zebrafish [START_REF] Maximino | Possible role of serotoninergic system in the neurobehavioral impairment induced by acute methylmercury exposure in zebrafish (Danio rerio)[END_REF]. Such changes could compensate anxiety-like behavior from CO2 conditions. Finally, (3) Hg might lower activity level without acting on anxiety (compared to CO2 condition) but on swimming/muscular performances. For example, several authors demonstrated a decreased swimming activity performance from a motor impairment, in fish (Atlantic salmon Salmo salar, common goby Pomatoschistus microps, white seabream Diplodus sargus) exposed to Hg [START_REF] Berntssen | Chronic dietary mercury exposure causes oxidative stress, brain lesions, and altered behaviour in Atlantic salmon (Salmo salar) parr[END_REF][START_REF] Vieira | Acute effects of copper and mercury on the estuarine fish Pomatoschistus microps: Linking biomarkers to behaviour[END_REF]Pereira et al., 2016 respectively). In these two last cases, we would have expected a lower level of locomotor activity in Hg exposed cuttlefish than in control cuttlefish.

Nevertheless, the "natural" low level of swimming activity in the cuttlefish contributes to explain the absence of significative difference between the tested exposure Hg conditions (i.e.

floor effect).

Predation

Three days post-hatching (T3), the cuttlefish exposed to low pH, alone or combined with Hg, (i.e. CO2 and CO2+Hg) had a lower predation success (33% and 30% respectively) for shrimp predation than cuttlefish from the control and alone Hg conditions (56% and 52% respectively). We suggest that as cuttlefish hatching was delayed under elevated pCO2 (e.g. Minet et al., submitted), the inner yolk reserve consumption was also slower, and the cuttlefish were not sufficiently hungry and motivated to attack and seize the shrimp in the first post hatching days.

Then, at T5, T7, and T12, when the inner yolk reserve was totally consumed, no effect of both stressors was reported on predation success. This absence of effect is concomitant with the constant high predation success that juvenile displayed from T5 regardless of the condition (> 90%). This predation efficiency is congruent with values of 80 to 90% of successful strikes reported in other predation studies at ambient pH [START_REF] Messenger | The visual attack of the cuttlefish, Sepia officinalis[END_REF][START_REF] Wu | Visual Attack on the Moving Prey by Cuttlefish[END_REF]. The absence of effect induced by low pH and Hg on detection time, time before seizing, number of attempts before seizing, confirmed the good predation performances of juveniles regardless of the condition and suggest that nervous pathways involved in predation were not affected by OA or Hg. These results in Hg exposed cuttlefish contrasted with lower eating success observed in the yellowfin bream Acanthopagrus australis after an exposure to dietary iHg (0.2, 0.7 and 2.4 μg g -1 as Hg 2+ ) over 16 days [START_REF] Harayashiki | Effects of oral exposure to inorganic mercury on the feeding behaviour and biochemical markers in yellowfin bream (Acanthopagrus australis)[END_REF]. Nevertheless, cuttlefish were poorly contaminated during the first days of their juvenile life, as they fed on few contaminated shrimps, limiting thus potential Hg toxic effect on predation performance. Interestingly, OA increased latency to attack in squids (i.e. Idiosepius pygmaeus and Sepioteuthis lessoniana) exposed to pH 7.74 and 7.71 respectively [START_REF] Spady | Predatory strategies and behaviours in cephalopods are altered by elevated CO2[END_REF]. In addition, I. pygmaeus exhibited a 20% decrease in predation rate, an increased striking distance, and reduced preference for attacking the posterior end of prey (glass shrimp, Acetes sibogae australis) at pH 7.71 [START_REF] Spady | Predatory strategies and behaviours in cephalopods are altered by elevated CO2[END_REF]. These results contrasted with the absence of effect in the juvenile cuttlefish imply that these behavioral traits were less sensitive in cuttlefish than in squid. They also raise the need for more data to conclude on the potential impact of OA on predation capacities in cephalopod.

Shrimp are fast escaping prey compared to crabs but do not hurt cuttlefish such as the crabs when attack on a wrong location (i.e. front attack with carb's pinch). As shrimp predation tests were conducted in their rearing tank, cuttlefish might have learnt that no escape for the shrimp was possible, and they might loose the need to be cautious when attacking. In contrast, crab's predation success was lower and similar for all exposure conditions. First attempts were only located between location 0 and 2 (frontal to mid dorsal) and almost always failed resulting in a crab pinch of the arms or tentacles. Second attempts were mostly located in the rear position of the crabs resulting in a high success of seizing as observed by Boal and collaborators (2000). Those results highlighted the absence of effect of Hg and high pCO2/low pH on (1) the associative learning ability of cuttlefish (crab pinches induced rearing attack and jumping technique) and (2) predation efficiency as observed for shrimp in juveniles of S. officinalis.

Defense mechanisms

The most used defense mechanism in cephalopods is crypsis. Here, we demonstrate that background matching on a uniform substrate was not impacted by exposure conditions. In contrast, the background matching on disruptive substrate was altered by low pH and/or Hg. To date, no studies investigated the effect of OA on cephalopods' primary defense such as crypsis. Interestingly, in contrast with locomotor activity, low pH and/or Hg had the same effect on disruptive patterning. We can hypothesize that (1) cuttlefish are not able to use disruptive patterning when exposed to these environmental stressors because of an alteration of perception of their surroundings and/or processing of environmental information (2) or cuttlefish do not "want" or do not "feel the need" of displaying disruptive patterning. To partially answer this first hypothesis, we verified the visual acuity of the cuttlefish, through the optomotor response (OMR). All cuttlefish showed OMR regardless of the exposure conditions at 60°/s, similarly to Goerger and collaborators (2021). Then, the decrease of OMR with the increase of rotating speed of the cylinder were comparable in all exposure conditions. This OMR demonstrated that the vision was not altered by OA nor Hg. This results is also consistent with the good predation efficiency previously observed considering that prey capture is visually driven in cuttlefish [START_REF] Messenger | The visual attack of the cuttlefish, Sepia officinalis[END_REF]. Thus, the fail of background matching did not result from a visual acuity impairment by both stressors. This behavior alteration could be therefore due to 1) an alteration of the environmental information processing by the brain or 2) an effect on cuttlefish willingness or need to display a cryptic pattern. Here, we suggest that anxious cuttlefish would choose the most complex body patterning they are able to display (i.e. uniform; [START_REF] Poirier | Early experience and postembryonic maturation of body patterns in cuttlefish (Sepia officinalis)[END_REF][START_REF] Chabenat | Antidepressants Modify Cryptic Behavior in Juvenile Cuttlefish at Environmentally Realistic Concentrations[END_REF], regardless of the background pattern. The opposite scenario is also possible with individuals having a lower level of anxiety than controls, not feeling the need to match the background. Finally, and interestingly, low Hg contaminated individuals (2021 concentration) displayed an intermediate disruptive score between control cuttlefish and high Hg contaminated individuals (2020 concentration), suggesting a dose response of this behavioral endpoint with respect to Hg bioaccumulation.

Considering secondary defense and the second apparatus for predator detection (2021), no latency to react to the looming stimulus was observed in low pH conditions alone or combined (CO2 and CO2+Hg). Similarly, there was no significant difference in mean time to react and distance moved in the squid I. pygmaeus in response to the looming stimulus according to decreasing pH (pHs = 8.13, 7.99, 7.83; [START_REF] Spady | Projected near-future CO2 levels increase activity and alter defensive behaviours in the tropical squid Idiosepius pygmaeus Biology Open[END_REF]. In contrast, squids (i.e. I. pygmaeus and S. lessoniana) exposed to pH 7.74 and 7.71 respectively, exhibited an increased latency to attack [START_REF] Spady | Predatory strategies and behaviours in cephalopods are altered by elevated CO2[END_REF].

Concerning the type (2020 and 2021) and the intensity (2021) of cuttlefish response, the predator detection assays showed no difference between exposure conditions in 2020. However, in 2021, the CO2 and low Hg exposed cuttlefish used more protean behavior and deimatic behavior, respectively, in response to shark silhouette looming. Similarly, pygmy squids changed their defensive behavior when exposed to pH 7.83, decreasing the frequency of the deimatic display body pattern from 39% to 5% (compare to pH 8.13). Lastly, the flashing display was only observed in the high CO2 treatment, with 20% of the squid displaying this pattern [START_REF] Spady | Projected near-future CO2 levels increase activity and alter defensive behaviours in the tropical squid Idiosepius pygmaeus Biology Open[END_REF].

Overall, in the present study, the most used defensive behavior were freezing and body pattern change (80%) as similarly observed in cuttlefish facing a fish or a shark stimuli (Bedore et al., 2015). These authors also found that only one cuttlefish out of seven reacted by freezing, while the other did not react in front of crab stimulus. In our case, about 70% of the cuttlefish demonstrated a freezing and a body pattern change behavior. Such difference could be partly explained by the low number of cuttlefish they used for this test (7 vs. 108 in this study).

Otherwise, the main explanation would be size (and age) difference between the cuttlefish used (68 to 105 mm DML vs. 11 to 25 mm DML in the present study) with identical size of the stimuli. Crabs could be perceived as predators by small cuttlefish, such as those in this work, resulting in freezing behavior or escaping. In turn, crabs are also common prey for sub-adult cuttlefish, such as those from Bedore and collaborators (2015), that might not consider crabs as threatening predators. In the present study, escaping behavior (i.e. jetting) was more frequently elicited (about 20%) by cuttlefish facing crab stimulus than fish and shark stimuli (about 10%). However, about 50% of escape and 20% of inking reaction were previously demonstrated in cuttlefish in front of a fish stimulus (Cartron et al., 2013). Such difference could be explained by the age and size of the cuttlefish (5 months old vs. 1 month old in our experiments). Furthermore, when tested in the presence of real predator (i.e. bluefish Pomatomus saltatrix and black seabass Centropristis striata; Staudinger et al., 2013) cuttlefish may adapt their behavior to the predator. Thus, the cryptic behaviors (primary defense) was more important in the presence of active searching predators (bluefish), while conspicuous movements such as swimming in the water column and startle displays (secondary defense: protean and deimatic behavior) were more prevalent with relatively sedentary, bottom-associated predators (seabass; Staudinger et al., 2013) such as crab in our case.

Considering more severe responses such as inking, Spady and collaborators (2014) observed that 26% of squids discharged ink at ambient pH when startled with the looming stimulus, whereas squids discharged ink increased to 60% at low pH [START_REF] Spady | Projected near-future CO2 levels increase activity and alter defensive behaviours in the tropical squid Idiosepius pygmaeus Biology Open[END_REF]. It is worth noting that in the present study, in 2020 and 2021, only 7 trials out of 417 reported inking response. Interestingly, those reactions were all observed in cuttlefish exposed to low pH or low pH combined with Hg, consequently exhibiting similar trend than Spady and collaborators (2014). Fleeing or inking may alert a predator that has not yet detected the cryptic prey, whereas freezing fosters invisibility, and thus is considered as being the most favorable option for survival and energy saving [START_REF] Broom | You can run-or you can hide: optimal strategies for cryptic prey against pursuit predators[END_REF]. In addition, freezing reduced the bioelectric fields emitted by the cuttlefish and can reduce elasmobranchs success to locate and identify cuttlefish (Bedore et al., 2015). The change in defensive strategy would drive the chances of detection and/or successful escape to a predator, which will directly impact the survival of the species.

Visual laterality

Predator detection is resulting from vigilant scanning of its environment by the cuttlefish. During this phase, the cuttlefish remains on its guard and observes the environment which surrounds it. The predominant uses of one eye over the other for scanning would determine the visual laterality of the animal. Visual laterality during vigilant scanning was assessed at T5, T14, T25, T31 and T41. The absence of an eye use preference at T5 and T14 is congruent with previous studies showing a progressive preference of cuttlefish to use their left eye when looking for a shelter during the first post hatching month (Jozet- Alves et al., 2012aAlves et al., , 2012b)). It is worthwhile to be aware that this preference has also been shown three days after hatching when the motivation of cuttlefish to hide is very high (i.e. predator odor in the apparatus; Jozet- [START_REF] Jozet-Alves | Embryonic exposure to predator odour modulates visual lateralization in cuttlefish[END_REF]. In our study, the control condition, cuttlefish revealed an expected populational lateralization with 60% of left eye preference for vigilant scanning, as in Schnell and collaborators (2016). Regarding stressors, an exposure to low level of dietary Hg (i.e.

Hg2021: 0.32 ± 0.08 μg g -1 dw) did not affect the emergence and preferential left eye use in onemonth old juvenile. However, when exposed to a higher Hg concentration (Hg2020: 3.31 ± 0.03 μg g -1 dw) or to low pH conditions (CO2 and CO2+Hg), only 30% of cuttlefish had a left eye preference, the other cuttlefish having either a right eye preference (30%), or no eye use preference. These results suggest that high Hg bioaccumulation and/or low pH did not prevent visual laterality, but led to an antisymmetrical distribution of visual laterality in the groups (i.e.

no systematic bias toward let). After 28 days of dietary MeHg and or low pH exposure (brain THg about 8 μg g -1 dw, pH 7.6 respectively), juvenile Senegalese sole Solea senegalensis, demonstrated no lateralization in side turning test, while low pH or control condition had a left side turning preference [START_REF] Sampaio | Habitat selection disruption and lateralization impairment of cryptic flatfish in a warm, acid, and contaminated ocean[END_REF]. The absence of aligned visual laterality in the population might impact intraspecific interactions which have been shown to be greatly influenced by these behavioral asymmetries [START_REF] Schnell | Fighting and mating success in giant Australian cuttlefish is influenced by behavioural lateralization[END_REF]. Considering the predator detection test, no difference in reaction latency was observed whether cuttlefish used left, right or both eyes to detect the stimulus. For the moment, it seems that it is therefore an absence of alignment without loss of predator detection efficiency.

GABAergic system

The published studies on the OA effect on fish and cephalopods suspected a dysregulation of the GABAergic system (Nilsson et al., 2012) to explain altered behaviors. To our knowledge, the role of GABA-gated chloride channels in OA context have only been assessed through pharmacological approaches in cephalopods. These results were consistent with the hypothesis alteration of GABAergic neurotransmission but also of other LGIC [START_REF] Thomas | The role of ligand-gated chloride channels in behavioural alterations at elevated CO2 in a cephalopod[END_REF].

However, despite the growing literature demonstrating high pCO2-induced behavioral alterations in marine invertebrates, the mechanisms responsible of it are still poorly understood.

The present ISH analysis of the expression of the gene encoding GAD (i.e. enzyme converting glutamate to GABA) provided the first data of Hg and/or high pCO2 effect on the GABAergic system with a molecular approach in cephalopods. According to the depolarization hypothesis of the GABAA receptor of Nilsson and collaborators (2012), we hypothesized that high pCO2 exposure would induce an upregulation of GAD genes to increase GABA production. Surprisingly, the ISH analysis revealed no difference in density of labelled cells between conditions.

This result suggests that GABAergic system in CO2 and/or Hg exposed cuttlefish is not affected and/or modulated through an increased expression of the gene encoding GAD. Two hypotheses remain: (1) there is a higher production of glutamate that forms more GABA via GAD (2)

there is a higher production in GABAA receptor.

When considering the density of labelled cells in the left and the right OL separately, cuttlefish from control and Hg2021 conditions showed a higher expression in the left OL, while displaying a left eye-use preference for vigilant scanning as seen above. On contrary, CO2 and CO2+Hg in the right OL showed a higher expression in the right OL, while 30% individuals displaying a left preference and 30% individuals displaying a right preference Interestingly, other brain asymmetries have been shown previously, monoamines (neurotransmitters derived from amino acids) were more concentrated in the left OL compared to the right OL of juvenile cuttlefish reared under ambient pH conditions (Jozet- Alves et al., 2012a). OL development might by driven by biotic (e.g. environment) and abiotic factors (e.g. contaminants) as visual asymmetries. However, no sufficient cuttlefish brains were analyzed by GAD ISH (n= 3 for control, CO2, Hg and, n= 2 for CO2+Hg) and we could not individually correlate the asymmetry to the eye preference. Thus, to date, this asymmetry in gene expression is appears to be reverse by high pCO2 but cannot directly explain the absence of alignment observed for vigilant scanning.

Conclusion

Development, growth and survival of S. officinalis were not impacted by high pCO2/low pH and/or Hg. Similarly, the predation efficiency at different time points and for two types of prey (i.e. live ditch shrimp P. varians and green crab C. maenas) was not different from the control condition. However, locomotor activity increased at low pH, which has an energetic cost and increases the risk of running into a predator or being detected. Furthermore, cuttlefish defense behaviors are altered by CO2 and/or Hg. While all cuttlefish could efficiently use a uniform background matching strategy, exposed cuttlefish were not able or did not want to display disruptive patterning. This was not explained by an alteration of visual acuity. The camouflage is one of the most important skills of cuttlefish. Widely used as a defense mechanism against predators, it is also used for hunting and ambushing preys, for various social behaviors.

In line with these results, the predator detection assays demonstrated a change in behavioral response of cuttlefish exposed to CO2 or Hg. Strategy of cuttlefish from control condition used more often body pattern changes in front of threatening stimuli, while exposed cuttlefish used more intense secondary defense (i.e. jetting, inking). These behaviors could be adapted to different situations, nevertheless, when used in the wrong moment this might drastically reduce the animal's chances of survival. Cuttlefish from CO2 and/or Hg treatments did not show populational level laterality in contrast with the control cuttlefish or cuttlefish exposed to a lower Hg concentration. Alteration of visual laterality alignment can have an impact on intraspecific interactions requiring coordination (e.g. mating), which in the future may reduce the number of individuals. The ISH analysis revealed no difference in the OL GAD expression between treatments. However, at the individual level a higher density of GAD was observed in the left OL in control condition in contrast to CO2 exposed cuttlefish, suggesting an effect of elevated pCO2 on brain development.

Overall, OA and Hg needs to be considered as real threat for the environment. The combined effect of these two stressors remained unclear as we have only tested one pH and two Hg concentrations. However, significant alterations in vital behavior have been observed and need to be further investigated. Mechanistic approach of Hg and elevated pCO2 in cephalopods required extensive research.

Mercury bioaccumulation and metabolism under OA context

General discussion

Mercury is a widespread contaminant of concern because it efficiently bioaccumulates in aquatic organisms and biomagnifies in food webs [START_REF] Wiener | Ecotoxicology Of Mercury[END_REF][START_REF] Bisi | Trophic relationships and mercury biomagnification in Brazilian tropical coastal food webs[END_REF][START_REF] Van Der Velden | Basal mercury concentrations and biomagnification rates in freshwater and marine food webs: effects on Arctic charr (Salvelinus alpinus) from eastern Canada[END_REF]. In spite its known neurotoxicity, few studies (less than 5%) focused on concentrations recorded in brain of marine organisms, especially in cephalopods. Indeed, regarding these latter, only one study reported Hg concentration in the brain in one individual of the giant squid Architeuthis dux (Hg = 1.25 μg g -1 dw; [START_REF] Bustamante | Metal and metalloid concentrations in the giant squid Architeuthis dux from Iberian waters[END_REF]. Despite of an elaborate CNS [START_REF] Hanlon | Cephalopod behaviour[END_REF], and a demonstrated Hg accumulation in edible tissues (e.g. the mantle) [START_REF] Penicaud | Metal bioaccumulation and detoxification processes in cephalopods: A review[END_REF], the potential impact of Hg contamination on the complex behaviors of cephalopods was not supported by information on Hg accumulation in the brain. Thus, the present work highlighted the presence of MeHg in the CNS of five cephalopods species from the Bay of Biscay, western Atlantic Ocean. The octopus Eledone cirrhosa and the cuttlefish Sepia officinalis had the highest levels of Hg in their tissues, relative to concentrations in the other species assessed. This observation is consistent with previous studies, in which inter-specific differences have mainly been attributed to ecological factors (e.g. benthic vs. pelagic; [START_REF] Storelli | Intake of essential and nonessential elements from consumption of octopus, cuttlefish and squid[END_REF][START_REF] Penicaud | Metal bioaccumulation and detoxification processes in cephalopods: A review[END_REF]. Nevertheless, contrasting physiological processes of detoxification, including the demethylation and elimination capacities, could also explain this inter-specific Hg variation [START_REF] Manceau | Demethylation of Methylmercury in Bird, Fish, and Earthworm[END_REF]. This study also highlighted that brain Hg concentrations can be predicted from muscle Hg concentrations for a given species, which facilitate the assessment of brain Hg in cephalopods. It is worth to note that the octopus E. cirrhosa has a particularly high brain-to-muscle ratio (>1) relative to ratio of the other species evaluated (<0.5), which will be discussed in the section on perspectives.

For some time, in situ studies have hypothesized that Hg bioaccumulation in cephalopods mainly comes from the diet (Bustamante et al., 2006;[START_REF] Chouvelon | Inter-specific and ontogenic differences in δ13C and δ15N values and Hg and Cd concentrations in cephalopods[END_REF][START_REF] Penicaud | Metal bioaccumulation and detoxification processes in cephalopods: A review[END_REF]. However, no laboratory work has formally demonstrated this important contribution of the trophic pathway. In addition, the kinetic parameters of bioaccumulation (e.g. assimilation efficiency, elimination rate, retention time, etc.) that determine the body concentration of Hg have never been evaluated considering both the iHg and MeHg forms and the waterborne and dietary pathways. Our experimental approaches using Hg isotopes (both stable and radioactive isotopes) have shown that dietary MeHg is completely assimilated and largely transferred to other tissues, mainly among them the muscle tissues where Hg is strongly retained, making MeHg contained in the prey the main source of Hg contamination for cuttlefish. These results confirm the HR-XANES speciation approach from field individuals, which showed that MeHg is the dominant form in the muscles [START_REF] Minet | Mercury in the tissues of five cephalopods species: First data on the nervous system[END_REF].

Contrasting to this, iHg, whatever the source, is rapidly transferred from uptake organs (e.g. gills or digestive tract) and taken up by the digestive gland (i.e. the metal detoxification organ), before being efficiently eliminated. This result is again in agreement with field data, which reported one third of the Hg was under inorganic form in the digestive gland (Bustamante et al., 2008;[START_REF] Pereira | Fish eyes and brain as primary targets for mercury accumulation -A new insight on environmental risk assessment[END_REF][START_REF] Minet | Mercury in the tissues of five cephalopods species: First data on the nervous system[END_REF]. Nevertheless, the high fraction of inorganic Hg in the digestive gland always suggested a possible in vivo demethylation as observed in fish [START_REF] Bustamante | Metal and metalloid concentrations in the giant squid Architeuthis dux from Iberian waters[END_REF][START_REF] Pereira | Fish eyes and brain as primary targets for mercury accumulation -A new insight on environmental risk assessment[END_REF]. Our investigation went in this direction to understand the in vivo metabolism of Hg in S. officinalis. Furthermore, the potential involvement of the microbiome in the methylation and/or demethylation processes of dietary Hg was also investigated. This work revealed that no methylation of iHg was effective and that there was no role of the microbiome in such process. In contrast, about 20% of the dietary MeHg measured in the digestive gland was demethylated after 30 days where a microbiome was identified and might be suspected of being involved in this Hg transformation. Similarly, 21% of the total Hg in the remaining tissues was found under iHg suggesting 1) that iHg resulting from the demethylation of MeHg in the digestive gland would be relocated to other tissues embedded in the remaining tissues through blood (Wang andWang, 2015, 2020). Thus, the kidneys are known to be the final storage and excretion organs for Hg in vertebrates (rats and fish; [START_REF] Berndt | Renal glutathione and mercury uptake by kidney[END_REF]Leaner and Mason, 2004, respectively). In addition, by analogy with vertebrate, this same organ might contribute to demethylate MeHg by selenoneine (i.e. low molecular weight selenium (Se) containing molecule) as it has been demonstrated in vitro in fish blood cells and human embryonic kidney cells [START_REF] Yamashita | Selenoneine, a Novel Selenium-Containing Compound, Mediates Detoxification Mechanisms against Methylmercury Accumulation and Toxicity in Zebrafish Embryo[END_REF] and in vivo in Guinea pig Cavia porcellus [START_REF] Komsta-Szumska | Demethylation and excretion of methyl mercury by the guinea pig[END_REF]. However, Se:Hg ratio has been investigated in the kidney and the digestive gland of O. vulgaris and S. officinalis [START_REF] Raimundo | Relations between mercury, methylmercury and selenium in tissues of Octopus vulgaris from the Portuguese Coast[END_REF]2014), but did not indicate that Se-based demethylation processes were involved in these cephalopod species.

Based on our stable isotopic approach, it was estimated that about 35% of the MeHg was demethylated, and that one fraction of the new formed demethylated iHg was eliminated from the digestive gland after 30 days. This is surprising as the radioisotopes experiment showed no loss of MeHg activity after 21 days, implying no elimination and suggesting thus no demethylation. One explanation of this difference would be linked to the methods used to dietary exposed the cuttlefish to enriched MeHg prey. Cuttlefish Hg radioisotope contamination was achieved by feeding on MeHg contaminated pellets to the gobies for three days, simulating a natural trophic contamination pathway. Contrasting to this, the stable isotope contamination was achieved by injecting a solution into the shrimp muscle a few seconds before the cuttlefish meal. Thus, this freshly injected enriched stable isotope MeHg may be under a "free form", not bound to biological molecules, and metabolically available. Under this form, it could be more easily entrapped by the digestive gland or the kidneys and taken in charge by physiological processes of detoxification, including a partial demethylation followed by an elimination. In contrast, with a more realistic approach through food contamination, Hg must be strongly bound in molecular complex, such as one cysteinyl group to form a MeHgCys complex as observed from field samples [START_REF] Minet | Mercury in the tissues of five cephalopods species: First data on the nervous system[END_REF]. If possible, demethylation of this complex might take more than 21 days and would explain the absence of an evident elimination of Me 203 Hg during the radioisotope experiment (further investigation on this specific aspect is suggested in the perspectives section).

Interestingly, the radiotracer experiment revealed that, after MeHg contaminated pellets feeding for 3 days, shrimp demethylated about 40% of the MeHg they ingested. To date, only one study reported demethylation in crustaceans, the terrestrial isopod rough woodlouse Porcellio scaber [START_REF] Jereb | Transformations of mercury in the terrestrial isopod Porcellio scaber (Crustacea)[END_REF], but nothing in known in marine crustaceans. This result raises again the question of the inter-specific, -taxa differences in demethylation processes that could occur more largely in marine organisms. Finally, research on HgcA and merA genes expression, from bacteria involved in Hg methylation and demethylation processes, would demonstrate if microbiota is involved in Hg biotic transformations.

The effect of the water pH have been previously reported as factor changing Hg bioaccumulation and/or concentrations with an increase in Hg concentrations in the European squid

Loligo vulgaris eggs and a decrease in the copepod Tigriopus japonicus exposed to dissolved iHg [START_REF] Lacoue-Labarthe | Effects of ocean acidification on trace element accumulation in the early-life stages of squid Loligo vulgaris[END_REF][START_REF] Li | Alleviation of mercury toxicity to a marine copepod under multigenerational exposure by ocean acidification[END_REF]. Similarly, a decrease of Hg concentration was observed in the meagre Argyrosomus regius fed with enriched MeHg food [START_REF] Sampaio | Ocean acidification dampens physiological stress response to warming and contamination in a commercially-important fish (Argyrosomus regius)[END_REF]. However, in our experimental conditions, the bioaccumulation kinetics and organotropisms of Hg in juvenile cuttlefish were not affected by the pH/pCO2. First, CO2 has no effect on the bioaccumulation of waterborne iHg with CFss and ku that were not significantly different at pH 8.08 and 7.54. This suggests that despite the increase of H + in acidified condition, it did not significantly compete influx pathway with Hg + to limit the bioconcentration efficiencies as hypothesized by Li and collaborators (2007). Second, elevated pCO2 exposure upregulated the branchial acid-base and ion regulatory processes [START_REF] Melzner | Ocean Acidification and Coastal Marine Invertebrates: Tracking CO2 Effects from Seawater to the Cell[END_REF] that could be linked to the slightly higher, although not statistically different, iHg proportion in gills of cuttlefish exposed to dissolved iHg at pH 7.54 compared to pH 8.08 [START_REF] Lacoue-Labarthe | Effects of ocean acidification on trace element accumulation in the early-life stages of squid Loligo vulgaris[END_REF]. [START_REF] Wang | Bioaccumulation kinetics and exposure pathways of inorganic mercury and methylmercury in a marine fish, the sweetlips Plectorhinchus gibbosus[END_REF] indicated that Hg uptake was primarily a Freundlich absorption type dominated by passive diffusion or a facilitated transport process, suggesting that iHg might not be mainly influenced by ionic activities. However, several studies suggested that Hg uptake involves a number of mechanisms, both active and passive, and that Hg binds strongly to the gills [START_REF] Andres | Mercury accumulation and flux across the gills and the intestine of the blue crab (Callinectes sapidus)[END_REF][START_REF] Klinck | Influence of water chemistry and natural organic matter on active and passive uptake of inorganic mercury by gills of rainbow trout (Oncorhynchus mykiss)[END_REF] and so might be affected by the OA. Indeed, changes in ions concentration in seawater did not affect Hg accumulation and its binding in the gills [START_REF] Klinck | Influence of water chemistry and natural organic matter on active and passive uptake of inorganic mercury by gills of rainbow trout (Oncorhynchus mykiss)[END_REF]. Third, the seawater pH/pCO2 can change intestinal cationic regulation, impact digestive processes [START_REF] Hu | Variability in larval gut pH regulation defines sensitivity to ocean acidification in six species of the Ambulacraria superphylum[END_REF] and affect the assimilation efficiency of trace metals. Moreover, cuttlefish might have the ability to self-regulate pH shifts in their digestive tract, or they can metabolically accommodate such pH changes as observed for the AE of three essential elements (Co, Mn and Zn) in juvenile clownfish that were not affected by pH change. In complement, their stomach pH during digestion was not affected by the variation of pH in seawater [START_REF] Jacob | Trophic transfer of essential elements in the clownfish Amphiprion ocellaris in the context of ocean acidification[END_REF]. Finally, the lower pH could also facilitate the protonation of phospholipid head groups, and the reduced charge could subsequently produce tighter packing of the phospholipids, resulting in a lower membrane permeability and diffusion for the organic and metal complex within the membrane [START_REF] Boullemant | Uptake of Hydrophobic Metal Complexes by Three Freshwater Algae: Unexpected Influence of pH[END_REF][START_REF] Li | Alleviation of mercury toxicity to a marine copepod under multigenerational exposure by ocean acidification[END_REF].

However, this was not observed in cuttlefish fed with fish because Hg under its organic form does not favor its passage through ion channels. Moreover, cuttlefish fed with iHg/MeHg contaminated shrimp (injected or not) did not show differences in assimilation efficiency as a function of pH. The digestive gland of cephalopods has a more active role in the digestive process, either through intracellular digestion or through digestive enzyme secretion than the vertebrate liver [START_REF] Boucaud-Camou | Fine structure and function of the digestive cell of Sepia officinalis (Mollusca: Cephalopoda)[END_REF]Costa et al., 2014). This function makes the metabolic pathways of the digestive gland more complex, but still poorly understood, contributing to the many differences between the histological architecture of the molluscan digestive gland and that of vertebrate livers. The particularities of the digestive process of cephalopods might explain this lack of effect of the pH on the bioaccumulation of Hg. Overall, no effect of pH was observed on bioaccumulation and Hg metabolism. In addition, the cuttlefish embryos developed in hypoxic and hypercarbic conditions inside their eggs that might provide a degree of phenotypic plasticity and may favour the odds of the recruits in a future acidified ocean [START_REF] Seibel | Cephalopod Susceptibility to Asphyxiation via Ocean Incalescence, Deoxygenation, and Acidification[END_REF]Moura et al., 2019). However, based on the results of the present study and the available literature, we do not know if this phenotypic plasticity would be preserved in adults or if they will become more sensitive to OA and be impacted later on.

Major perspectives

In light of this new information on Hg bioaccumulation in cephalopods, new questions arise in order to better understand and put into perspective the results obtained.

What is the particularity of the octopus Eledone cirrhosa?

First, and beyond the cuttlefish model, one major result of our first studies was the peculiar Hg concentration in optic lobes of E. cirrhosa with respect to its concentration in the muscle.

Indeed, information regarding the bioaccumulation and tissue distribution pointed out interspecific differences in Hg concentrations among the five studied species. Brain is about half as much concentrated than muscle in four of the studied species (i.e. Sepia officinalis, Loligo vulgaris, Todaropsis eblanae and Illex coindetii) while a unique pattern of Hg bioaccumulation showed higher Hg concentrations in brain than in muscle in the octopus E. cirrhosa. What makes this species so special, especially its brain? The hypothesis is that the biochemical structure of E. cirrhosa's brain is different than other species (e.g. richer in sulphydril groups) and

Hg have a higher affinity for brain than muscle [START_REF] Ajsuvakova | Sulfhydryl groups as targets of mercury toxicity[END_REF]. Despite a lack of comparative knowledge, Octopodidae are known for their complex brain and cell proliferation, even in adult individuals (i.e. adult neurogenesis; [START_REF] Bertapelle | Enriched Environment Increases PCNA and PARP1 Levels in Octopus vulgaris Central Nervous System: First Evidence of Adult Neurogenesis in Lophotrochozoa[END_REF]. In addition, the octopus genome analyses revealed an extensive RNA editing of protocadherin proteins, homophilic cell adhesion molecules important in controlling neural circuits and promoting nerve cell excitability [START_REF] Albertin | Cephalopod genomics: A plan of strategies and organization[END_REF]. However, it remains unclear if these specificities are specific to Octopodidae and if they could contribute the enhanced Hg levels recorded in Eledone cirrhosa compared to squid and cuttlefish.

Finally, E. cirrhosa was the only octopus's species on which we investigated brain Hg concentration and speciation. Further studies on octopodiforms species would clarify if this unique pattern was specific to this species, to this family or this order. Furthermore, little is known about E. cirrhosa's behavior, however, other octopodiforms such as Octopus vulgaris are wellknown species on which numerous behavioral assays have been reported [START_REF] Hanlon | Cephalopod behaviour[END_REF]. Investigation of the effect of Hg on octopodiforms and comparison with the present study on cuttlefish would answer the following question: does a higher Hg bioaccumulation in the brain implies a higher resistance to this neurotoxic?

What about dissolved MeHg and sediment?

On the one hand, seawater MeHg pathway have not been tested during our experiments. The main reasons are that 1) seawater MeHg proportion are minimal compared to iHg. However, in some region and seawater depth, in which cephalopods can be found, MeHg can represent up to 40% of the THg [START_REF] Wang | Subsurface seawater methylmercury maximum explains biotic mercury concentrations in the Canadian Arctic[END_REF] and should not be negligible. 2) Radioisotope experiments during the uptake phase are in close-circuit aquaria to avoid unmanageable radioactive waste production. To maintain water quality, sufficient oxygen, and stable pH, water was constantly aerated. Nevertheless, MeHg can be transformed in Hg 0 that is volatile, and thus, newly formed radioactive 203 Hg 0 therefore constitutes a significant risk for the experimenter and the lab. Working under fume hood, combine with a reduction in the number of individuals per aquarium or an increase in the volume of water could allow sufficient aeration with a water recirculation system (and no bubbling), would limit Hg volatilization and risk for the experimenters. On the other hand, benthic cephalopods generally display significantly higher Hg concentrations than pelagic ones (e.g. Bustamante et al., 2006;[START_REF] Minet | Mercury in the tissues of five cephalopods species: First data on the nervous system[END_REF]. Penicaud and collaborators (2017) suggested that sediments could significantly contribute to Hg bioaccumulation. Indeed, as numerous cephalopods, S. officinalis is a burying species and spend most of its time in contact with sediments [START_REF] Guerra | Spawning habitat selection by the common cuttlefish Sepia officinalis in the Cíes Islands (Northwest Spain)[END_REF]. On one hand, assessing the sediment pathway will complete the bioaccumulation model we established and determine the contribution of this third pathway. Moreover, the tissue distribution and kinetics would validate that Hg would accumulate via the skin or the gills, iHg should be routed to digestive gland while MeHg to muscle. These two approaches would provide a more complete view of the contribution of Hg in both inorganic and organic forms, and its kinetics.

Does S. officinalis really demethylate MeHg?

As previously mentioned, we estimated that the demethylation in cuttlefish could reach 35% of the dietary ingested MeHg. However, based on the stable isotopes enriched Hg mass budget, only 0.15% of the whole MeHg body burden was found under a demethylated form after 30 days. Indeed, after demethylation, the newly formed i 202 Hg might be eliminated as demonstrated with the i 199 Hg. Nevertheless, an experimental bias such as spontaneous demethylation (6%) of Me 202 Hg in the solution, could potentially decrease the demethylation efficiency initially estimated. To go further on this quantification of the demethylation in cuttlefish, I propose the following experiment: a trophic contamination of the prey and the cuttlefish with Me 202 Hg stable isotope using the same procedure such as this carried out using gobies contamination with 203 Hg (Hg contaminated pellets feeding the fish themselves feeding the cuttlefish). Using the goby as prey would allow to limit demethylation from the prey as previously observed with shrimp. Additionally, it is a more environmentally realistic approach than injection which would take into account the effect of the metabolic bioavailability of Hg in prey. Second, higher Hg contamination levels, despite a less environmentally relevant concentration, would facilitate quantification in small tissues and thus the investigation of demethylation in key organ such as the kidneys. It would also allow HR-XANES analysis to assess a structural analyze of the chemical speciation of Hg. Third, the experimentation might be conducted for a longer period as no elimination was observed with radioisotopes in 21 days.

Forth, we recommend an isotopic contamination only during the first days of experimentation to have a clearer idea of the Hg metabolism kinetics. Indeed, if demethylation is a slow process, adding MeHg until the end of the experiment might drown the demethylation information. An example of a potential time frame is represented in Fig. 5.1. Sampling at T15, T30

and T45 analysis would allow to quantify demethylation (isotopic approach) and qualify demethylation (HR XANES approach). Moreover, as proposed earlier in the discussion, investigation on HgcA and merA genes expression, from bacteria involved in Hg methylation and demethylation processes, would demonstrate if microbiota is involved in Hg biotic transformations.

heterogeneous background. Moreover, the type of behavioral responses in cuttlefish exposed to CO2 was different compared to control during predator detection assays. In case of predator encounter, if the background matching is not optimal and the response after detection by the predator is not adapted, the cuttlefish has very little chance of survival. These results converge toward the idea that lowering pH increases anxiety in young cuttlefish, leads to increased movements [START_REF] Tran | Neurochemical factors underlying individual differences in locomotor activity and anxiety-like behavioral responses in zebrafish[END_REF], a failed cryptic behavior and more erratic responses to startle stimulus [START_REF] Cachat | Modeling Stress and Anxiety in Zebrafish[END_REF]. These behaviors alterations are congruent with the CO2-induced GABA neurotransmitters interference hypothesis (Nilsson et al., 2012) and an increased anxiety (Hamilton et al., 2014). Concerning cryptic behavior, it has been suggested that expressing a uniform pattern for background matching might be more challenging for cuttlefish hatchlings than producing a disruptive pattern on a disruptive background [START_REF] Poirier | Early experience and postembryonic maturation of body patterns in cuttlefish (Sepia officinalis)[END_REF][START_REF] Chabenat | Antidepressants Modify Cryptic Behavior in Juvenile Cuttlefish at Environmentally Realistic Concentrations[END_REF]. Poirier and collaborators (2005) observed that hatchling mainly display disruptive pattern, and its expression appears to be relatively independent of the background.

In this context, one hypothesis is that CO2 exposed cuttlefish might be more anxious than control and would choose the most complex patterning they are able to display, regardless of the background pattern or display a disruptive pattern as a default pattern. Anxiety evidence has been observed in the Californian rockfish Sebastes diploproa exposed to pH 7.75 with an increased time spend in dark section of a light/dark arena (Hamilton et al., 2014). Alternatively, another explanation is that CO2-exposed cuttlefish are not more anxious than the control ones. In contrast, they would be less stressed, would swim more during the locomotor activity assay and would not display disruptive patterning as they are not threatened by predator. However, when exposed to a visual looming stimulus, cuttlefish would respond as there is a threat. These behavior might be associated with an increase of boldness as reported in several CO2 exposed fish [START_REF] Munday | Behavioural impairment in reef fishes caused by ocean acidification at CO2 seeps[END_REF][START_REF] Clements | Marine animal behaviour in a high CO2 ocean[END_REF][START_REF] Cattano | Behavioural responses of fish groups exposed to a predatory threat under elevated CO2[END_REF].

Ultimately, the last hypothesis is that information processing necessary for disruptive and uniform patterning relies on different neural pathways that would be differently altered by CO2.

In the Japanese flying squid Todarodes pacificus, L-glutamate (L-Glu) is an excitatory transmitter that causes the chromatophores to expand and serotonin [5-hydroxytryptamine (5-HT)] is the neurotransmitter that causes the retractation of chromatophores. In this species, as for L-Glu, GABA causes expanded chromatophores to retract [START_REF] Kinoshita | ATP depletion inhibits retraction of chromatophores induced by GABA in cephalopod Todarodes pacificus[END_REF]. Disruptive patterning would require more expansion of the chromatophores in some regions of the body (see chromatic components, diagram Fig. 4.6 in the Chapter 2, Material and Methods section)

which could be altered in presence of higher levels of GABA or GABAA receptor impairments due to CO2. Similarly, if L-Glu and/or 5-HT activity, and so glutamatergic and/or serotoninergic systems are altered, the background matching as well as other behaviors (as studied in Chapter 2) can be impacted. Overall, the total glutamate decarboxylase (GAD) expression in the optic lobes was not impacted by the exposure conditions. If altered, the effect on GABAergic system might come from the neurotransmitter (GABA) or neuroreceptor (GABAA) but not the GABA production enzyme (GAD).

However, these results and the vigilant scanning assays (visual laterality) confirmed an impact on neural organization of the OL and brain development, respectively. No apparent consequences were observed at the individual level. Nevertheless, laterality is known to play an important role in behavior and information processing in cuttlefish (e.g. camouflage, foraging, interindividual interactions; [START_REF] Ghirlanda | Intraspecific competition and coordination in the evolution of lateralization[END_REF][START_REF] Schnell | Fighting and mating success in giant Australian cuttlefish is influenced by behavioural lateralization[END_REF]. Deeper investigations would be necessary to fully assess the consequences of such changes. The alteration observed is not an absence of brain asymmetry, but an absence of alignment among individuals. Responses speed and efficiency as well as dual tasking might not be impacted, but at the populational level social behavior or cooperative interactions could be compromised [START_REF] Ghirlanda | Intraspecific competition and coordination in the evolution of lateralization[END_REF]. Thus, the major impact on cuttlefish would be a decrease in mating success [START_REF] Schnell | Fighting and mating success in giant Australian cuttlefish is influenced by behavioural lateralization[END_REF] and a reduced shoaling behavior efficiency [START_REF] Drerup | Shoaling behaviour in the European cuttlefish Sepia officinalis. Bshary R[END_REF] inducing a decrease in the cuttlefish population.

Interestingly, Hg had roughly similar effects than OA on cuttlefish behavior while various toxicity mechanisms were suspected, and not only the GABAergic system of neurotransmission.

Extremely scarce information is available on the alteration of the GABAergic system by Hg in aquatic or semiaquatic species. Besides, to the best of our knowledge, no study has investigated the effect of Hg on the GABAergic system in invertebrates. No relationship were found between GABAA receptor density in the brain and Hg concentrations in the North American river otter Lontra canadensis [START_REF] Dornbos | Mercury exposure and neurochemical biomarkers in multiple brain regions of Wisconsin River Otters (Lontra canadensis)[END_REF]. Similarly to our results, laboratory experiments showed no effects of MeHg on GAD activity in the American mink Neogale vison [START_REF] Basu | In vitro and whole animal evidence that methylmercury disrupts GABAergic systems in discrete brain regions in captive mink[END_REF], but a reduction of GABAA receptors and GABA activity in the brain stem and basal ganglia [START_REF] Basu | In vitro and whole animal evidence that methylmercury disrupts GABAergic systems in discrete brain regions in captive mink[END_REF]. Sprague-Dawley rats demonstrated that MeHg and iHg decreased the GABA-induced chloride current [START_REF] Arakawa | Mercury modulation of GABA-activated chloride channels and non-specific cation channels in rat dorsal root ganglion neurons[END_REF]. In contrast, on the same model, iHg increased the GABA-induced current chloride currents while MeHg would suppressed it [START_REF] Narahashi | GABA receptor-channel complex as a target site of Mercury, copper, zinc, and lanthanides[END_REF]. Despite of these scarce evidences showing Hg effects on the GABAergic system, the lack of information, the contradictory results and the variety of biological models (and no invertebrate study) do not allow us to formulate concrete hypothesis on Hg effect on GABAergic system.

However, the effects of Hg on other neurotransmission processes are much more documented on vertebrates (see for review [START_REF] Pereira | A multidimensional concept for mercury neuronal and sensory toxicity in fish -From toxicokinetics and biochemistry to morphometry and behavior[END_REF], and with few studies on invertebrates. Briefly, concentrations of receptors in the brain for neurotransmitters such as acetylcholine (muscarinic receptor) and glutamate (N-methyl-D-aspartic acid receptor), can be significantly altered by low-level dietary exposure to MeHg in adult birds and mammals [START_REF] Basu | An interspecies comparison of mercury inhibition on muscarinic acetylcholine receptor binding in the cerebral cortex and cerebellum[END_REF][START_REF] Scheuhammer | Relationships among mercury, selenium, and neurochemical parameters in common loons (Gavia immer) and bald eagles (Haliaeetus leucocephalus)[END_REF]. Focusing on fish, it is well documented that both iHg and MeHg are able to interfere with the cholinergic nervous system, impairing choline acetyltransferase (ChAT) activity, choline uptake and acetylcholinesterase (AChE) activity involved in the neuromuscular process in the CNS [START_REF] De Domenico | Biological responses of juvenile European sea bass (Dicentrarchus labrax) exposed to contaminated sediments[END_REF]. Similarly, in invertebrates, Hg interfered with neurotransmission in cholinergic synapses of C. maenas [START_REF] Elumalai | Enzymatic biomarkers in the crab Carcinus maenas from the Minho River estuary (NW Portugal) exposed to zinc and mercury[END_REF]. Moreover, Hg exposure could affect serotoninergic system in fish through reduction of serotonin neurotransmitters (5-HT) [START_REF] Tsai | Effects of mercury on serotonin concentration in the brain of tilapia, Oreochromis mossambicus[END_REF]. Similarly, dopaminergic system can be altered by Hg mainly through a decrease or increase of the dopamine (neurotransmitter) [START_REF] Zhou | Neurotransmitter levels in two populations of larval Fundulus heteroclitus after methylmercury exposure[END_REF]. Serotoninergic and dopaminergic systems and their respective neurotransmitters are also present in the CNS of cephalopods and should be investigated in the context of a contaminated environment. In addition, biochemical and physiological effect of Hg on CNS have been reported with an induction of metallothionein and an increased catalase (CAT) activity. In contrast, inhibition of superoxide dismutase (SOD) activity and glutathione peroxidase (GPx) activity, was found to result in a general break-down of the redox defense system in the brain, resulting in an enhanced brain lipid peroxidation (LPO) [START_REF] Maulvault | Ecophysiological responses of juvenile seabass (Dicentrarchus labrax) exposed to increased temperature and dietary methylmercury[END_REF]. Finally, fish brain showed a diffuse necrosis after 4 months of exposure to iHg, indicating severe and non-reversible effects of this contaminant [START_REF] Berntssen | Chronic dietary mercury exposure causes oxidative stress, brain lesions, and altered behaviour in Atlantic salmon (Salmo salar) parr[END_REF]. All these studies demonstrate the wide spectrum of effects of Hg, mainly on the CNS of fish and gives us as many paths of investigation to complete these first data on cephalopods. Overall, the study of Hg toxicity mechanisms on CNS is far too little studied considering that invertebrates represent more than 70% of animal biomass on Earth, and more specifically, about 10% of this animal biomass are mollusks [START_REF] Bar-On | The biomass distribution on Earth[END_REF]. Cephalopods are an ideal model, as a link between vertebrates and invertebrates, with a CNS close to vertebrates while being part of invertebrates.

It is worth noting that the Hg effects on behavior seem to be dependent to the Hg accumulated in the cuttlefish. A muscular Hg concentration >3.3 μg g -1 dw is correlated with a shift of the visual laterality and a strong mismatch between the disruptive patterning and the heterogenous background. In turn, when Hg exposure led to a ten-fold lower concentration in the mantle (i.e. 0.33 μg g -1 dw), no effect on visual asymmetry during vigilant scanning was observed and the disruptive patterning was less impacted. By comparison, the adults of the cuttlefish S. officinalis displayed a Hg concentration in the mantle ranging from 0.098 to 0.596, 0.108 to 0.380 and 0.178 to 1.107 μg g -1 dw (Bustamante et al., 2006;[START_REF] Chouvelon | Inter-specific and ontogenic differences in δ13C and δ15N values and Hg and Cd concentrations in cephalopods[END_REF]Minet et al., 2021 respectively), i.e. in the same order than juveniles exposed in the 2021 experiments. Expecting that juveniles would have lower Hg concentrations due to the increasing Hg concentrations with size (i.e. age; [START_REF] Monteiro | Inter-and Intra-specific varaition of mercury levels in muscle of cephalopods from Azores[END_REF][START_REF] Rossi | Mercury in Eledone cirrhosa from the Northern Tyrrhenian Sea: Contents and relations with life cycle[END_REF][START_REF] Barghigiani | Size Related Mercury Accumulations in Edible Marine Species from an Area of the Northern Tyrrhenian Sea[END_REF][START_REF] Pierce | Geographic, seasonal and ontogenetic variation in cadmium and mercury concentrations in squid (Cephalopoda: Teuthoidea) from UK waters[END_REF][START_REF] Chouvelon | Inter-specific and ontogenic differences in δ13C and δ15N values and Hg and Cd concentrations in cephalopods[END_REF], juveniles' behavior might be less impacted than highlighted in this work. Nevertheless, juveniles sampled along the Bay of Biscay displayed Hg concentrations in mantle ranging from 0.083 to 0.169 μg g -1 dw [START_REF] Chouvelon | Inter-specific and ontogenic differences in δ13C and δ15N values and Hg and Cd concentrations in cephalopods[END_REF], confirming that our experimental results are in line with an environmentally realistic context. Moreover, it is important to remember that Hg concentrations in the oceans and organisms tend to increase as a consequence of increasing emission (i.e. mainly from gold mining, combustion of fossil fuels, cement production) and that today's concentrations are different from tomorrow's concentrations which may be more hazardous [START_REF] Bowman | A global perspective on mercury cycling in the ocean[END_REF]. Moreover, the most concentrated individuals would appear to be the most impacted.

Indeed, background matching and behavioral laterality alteration were Hg dose dependent.

On the one hand, we could expect that lower Hg contaminated cuttlefish will avoid detection by predators more effectively according to their background matching abilities. On the other hand, more contaminated cuttlefish would be detected more easily due their defense strategy changes. Consequently, it is likely that more contaminated cuttlefish would be the easiest prey and therefore the most predated. Top predators preying on cuttlefish will thus be more contaminated, posing a real problem for the health of marine ecosystems as a whole, as well as for humans.

By combining two known neurotoxic stressors, this work raises the question of potential interaction (i.e. antagonistic, synergistic or additive) of both Hg and OA on behavior and CNS but answering to this appears difficult for three main reasons. First, and the most important, the number of conditions was insufficient to conduct a multiple crossed conditions laboratory plan allowing to evidence stressors interactions. This point is all the more interesting as the present work showed that behavioral responses to Hg seem to be dose dependent (see the alleviation of the disruptive patterning fail at the lowest Hg concentration; Chapter 2), and that a wide range of responses to OA showed a tipping point (Dorey et al., 2013;[START_REF] Jager | Near-future ocean acidification impacts maintenance costs in sea-urchin larvae: Identification of stress factors and tipping points using a DEB modelling approach[END_REF]Minet et al., 2022 submitted). Second, the effect of low pH condition alone was so severe that it could not be worthen by Hg. For example, disruptive patterning score on disruptive background in the low pH condition was already lower than 5/33 and close to the worst score (0/33), the combined stressor effect could not result in a much lower score. An intermediate pH between control and CO2 conditions might provide further information on this interaction.

Nevertheless, in this work, considering more experimental conditions was not compatible with the large repertoire of behavioral and cognitive performances we tested. Third, while most of the assays showed no evident interaction, it is noteworthy that the locomotor activity was less altered by combined Hg and lowered pH than by the low pH alone, suggesting an antagonistic interaction of both stressors on this response. In addition, no difference in eye preference use for vigilant scanning at T31 was observed for Hg2021 compared to controls. In contrast, CO2 and CO2 + Hg had similar results with an increased right eye preference. Therefore, the potential interaction between stressors seems to be specific to the investigated endpoint, suggesting that different behavioral responses use different neural circuits that may have various sensitivities to elevated CO2 or Hg. At this point, it is not possible to statute on how Hg and OA mechanistically interact in the CNS. Moreover, beyond these two factors, much more biotic and abiotic factors in the ocean (e.g. temperature, hypoxia, pesticides, pharmaceuticals, plastics, noise…) would interact and affect marine organisms.

Major perspectives

What have we learned from these assays and how to improve them?

Rearing cephalopods is not that common and despite the effort of the cephalopod's community on rearing techniques and welfare, sometimes I was surprised by unexpected things.

Moreover, our everyday experience with this species and behavioral assays shows some technical limits. 

Do not underestimate defense mechanisms

During rearing or behavioral assays, cuttlefish were regularly transferred from an aquarium to another for maintenance or testing. As the experimenter disturbed them and changed their environment, juveniles change brightness and pattern quickly. Consequently, cuttlefish could display a brightness, which totally unmatched the background, but in few milliseconds, they adopted the perfect brightness to match the background and fool the experimenter eyes. This perfect cryptic behavior led the experimenter to take few precious minutes during behavioral trials searching the cuttlefish in the tank. Alternatively, some individuals under stress inked in the tank during collection. Thus, the cuttlefish behavior could not be followed anymore, and ink odor in water can induce a stress to the other cuttlefish. In this case, because cuttlefish showed evident stress cues, the assay have been systematically postponed. In summary, experiment using the cuttlefish requires to be as gentle as possible; walking faster, or collecting faster can save ten seconds or waste an hour.

The best is the enemy of the good Some of the assays were camera recorded (i.e. movement tracking, looming responses) and the choice has been done to maximize the image resolution of the video to gain information (better movement detection, etc.). All the assays were then recorded in 4K quality, that in turn requires a lot of numeric memory. For the present study, I totalized more than 5 To of video.

Most software or computers could not support such heavy videos and treatments, so I had to fragmented and/or reduced the resolution to 1080p, which was sufficient for most uses. Accordingly, to minimize wasted time, I suggest adapting the resolution to the final use: thus, the behavioral analysis of predatory response might require precise 4K video (e.g. to see papillae) while locomotor activity only required video registration in 1080p.

You won ten times your weight in shrimps

One important thing to consider which often limits cuttlefish rearing capacity is the food. Cuttlefish hardly eat frozen or even freshly dead food, especially after hatching and when they are individualized without feeding competition [START_REF] Koueta | Food intake and growth in reared early juvenile cuttlefish Sepia officinalis L. (Mollusca Cephalopoda)[END_REF]. Moreover, when fed with live food, cuttlefish survival and growth increased compare to frozen food [START_REF] Koueta | Food intake and growth in reared early juvenile cuttlefish Sepia officinalis L. (Mollusca Cephalopoda)[END_REF][START_REF] Domingues | Growth and survival of cuttlefish (Sepia officinalis) of different ages fed crustaceans and fish. Effects of frozen and live prey[END_REF]. Thus, rearing cuttlefish with the appropriate food require alive shrimp or fish, particularly adapted for cuttlefish and considered as high-quality food. The use of mysids can be also considered but we recommend it only on the first days of the juvenile life and/or in complement of the shrimps/fish as it is less rich in nutrients [START_REF] Koueta | Food intake and growth in reared early juvenile cuttlefish Sepia officinalis L. (Mollusca Cephalopoda)[END_REF]. Each cuttlefish eats about 1 to 4 shrimp per day (even more depending on the age). In our case, feeding 108 cuttlefish for 42 days experiment required more than 10 000 shrimps caught in the field and kept alive in the laboratory.

It is time, place, and human-energy consuming or can be expensive in case of purchase. To date, experiments using cephalopod models remained a challenge mainly because of this high constantly needs in live prey.

Served on a silver (or mercury) platter

It is obvious that the experimental conditions could affect the behavioral responses of the cuttlefish. One peculiar case concerns the predation assay that was conducted in the fairly small rearing aquaria. In such conditions minimizing distance between the cuttlefish and shrimp, the detection and seizing of the prey might not be challenging enough. I suggest therefore that predation should be conducted in larger aquaria, in which elements of environmental decor can be displayed to have a more realistic approach, eliciting hunting and more challenging predation.

Children grow up so fast

In good rearing conditions, as obtained in the present work, the hatchlings and juveniles grow up fast. Some juveniles had more than triple their size in 40 days. Besides, some experimental apparatuses were size dependent. The diameters of vigilant scanning apparatus should be adapted. Similarly, the size of the square of the disruptive background is related to the background matching response [START_REF] Barbosa | Cuttlefish camouflage: The effects of substrate contrast and size in evoking uniform, mottle or disruptive body patterns[END_REF], and should be anticipated.

detailed for Hg effect on CNS, can be investigated at the molecular level and linked to the behavioral traits recorded for each individual.

Olfaction

Not planned yet, the olfaction is one of the cephalopod's senses [START_REF] Boal | Distance chemoreception in the common cuttlefish, Sepia officinalis (Mollusca, Cephalopoda)[END_REF] that have not been tested in cuttlefish Hg contaminated or not in the OA context. It is surprising as numerous studies on fish demonstrated its alteration. For example, the brown dottyback P.

fuscus exposed to reduced pH spent about 20% less time in a water stream containing prey odor compared with controls [START_REF] Cripps | Ocean Acidification Affects Prey Detection by a Predatory Reef Fish[END_REF]. In the same way, juvenile common coral trout Plectropomus leopardus exposed to low pH demonstrated altered sensory function and were attracted by predator odor [START_REF] Munday | Elevated CO2 affects the behavior of an ecologically and economically important coral reef fish[END_REF]. In cuttlefish, while predation is mainly lead by vision, anti-predation solicits as much vision as chemoreception [START_REF] Hanlon | Cephalopod behaviour[END_REF]. Consequently, impairment of this sensory function would directly impact the survival of the species. Furthermore, it would be of particular interest to couple this chemoreception test with the disruptive patterning assays. Using the same protocol, after taking a first photo of the background matching on disruptive background, the odor of predator or prey could be added, and a second photo taken. In addition, the ventilation rate, as a proxy of stress, could be studied: 1) An increase and then a quick decrease of the ventilation rate after prey odor or no variation and 2) an increase and a slow or no decrease of the ventilation rate after predator odor would indicate no alteration of the chemoreception. The background matching photos would show if there were changes in background matching strategies after a stimulus. Indeed, CO2 and or Hg exposed cuttlefish might change from white uniform pattern to disruptive pattern. Such results would suggest a too low anxiety level of cuttlefish to display disruptive pattern without stimulus. Finally, the cuttlefish can change pattern but do not "want" to change. On the contrary, if no pattern change is observed while the ventilation rate is increased, it would suggest that cuttlefish probably want to change the pattern but cannot because of neurotransmission processes alteration.

Replication

Recently, the effects of OA, especially on reef fish behavior, have been debated in the scientific community. Different researchers from different laboratories used the same experimental apparatus and behavioral assays but found contrasting results (Clark et al., 2020a(Clark et al., , 2020b;; by selected antibodies. For example, GAD activity has been quantify by immunohistochemistry in the squid S. lessoniana [START_REF] Kobayashi | Distribution of glutamic acid decarboxylase immunoreactivity within the brain of oval squid Sepioteuthis lessoniana[END_REF]. The hypothesis of an increase GABAA receptor subunit activity when exposed to CO2 proposed by Hamilton and collaborators (2014) could be assess using similar approach. Furthermore, our first analysis of the CNS focused on the optic lobes and could be extended to the entire CNS.

In a second phase, similar exposure could be repeated but this time instead of transition to ambient pH and no more Hg contamination, reversibility could be pharmacologically tested (see the following section on pharmacological approach).

Finally, most of the CO2 exposure experiments used a stable pCO2 value. However, pCO2 natural variability, spatial (regional) and temporal (e.g. seasonal variation, nychthemeral variation [decreased CO2 during plant photosynthesis, increased CO2 during respiration]), have been documented and show high fluctuation, especially in the coastal waters of the ocean (Chen et al., 2019;[START_REF] Vargas | Upper environmental pCO2 drives sensitivity to ocean acidification in marine invertebrates[END_REF]. Considering this variability during the experiments would allow a more realistic approach that may have different effects from a more classical approach.

Pharmacological approach

Pharmacologically, the role of GABA-, glutamate-, acetylcholine-and dopamine-gated chloride channels in CO2-induced behavioral changes in the pygmy squid have been tested [START_REF] Thomas | The role of ligand-gated chloride channels in behavioural alterations at elevated CO2 in a cephalopod[END_REF]. Gabazine (GABAA receptor antagonist) and picrotoxin (a non-specific GABAA receptor antagonist) had a different effect at low pH compared with ambient pH conditions in some behaviors, providing a robust support for the GABA alteration hypothesis but also of the other ligand-gated ion channel (LGIC) previously cited. Similar experiments could be conducted in cuttlefish during behavior assays. We would suggest the use of gabazine, picrotoxin and also muscimol (GABAA receptor agonist). In brief, gabazine as a GABAA receptor antagonist, will close the ionic channel potentially depolarized under reduce pH condition, and restored "normal" behavior. Picrotoxin acts likewise gabazine, except that it does not only target GABAA receptor but also all the other LGIC and is used as indicator of neurotransmission process alteration, other than GABA. Muscimol has the opposite effect of gabazine, it binds to the same site as GABA and increases channel opening and should amplify alteration. If no changes are observed after Muscimol treatment, it would suggest that GABA is not implicated in the behavioral alteration observed. Overall, this approach aims to determine whether GABA and/or other LGIC are involved in the studied behavioral alterations from CO2 or Hg.

General conclusion

To conclude, I spent four wonderful years working on a stimulating research topic, which highlighted the effect of two stressors, Hg and CO2, on cuttlefish. We had interesting results, but which suggests a worrying near future, especially considering the presence of many other stressors in the environment. Our results, as well as many other studies, have shown that many species are not prepared for global changes. I am convinced that there is an urgent need to redouble our efforts on global change issues. Ecosystems and humans cannot afford to lose so many essential species such as the common cuttlefish. A better understanding of our ecosystems and the pressures they are facing or will be facing is necessary to preserve them.

Annexes

Chapter 2 supplementary material 

Introduction

Atmospheric carbon dioxide (CO2) emissions are continuously increasing because of energy production, transportation, manufacturing, and other human activities, causing a rise in the sea-surface partial pressure of CO2 (pCO2). This change leads to an ocean pH decrease and is known as ocean acidification (OA) (Gattuso and Hansson, 2011). The surface ocean pH is expected to decrease from 8.07, to 8.00 or 7.66 by 2100 according to the shared socioeconomic pathways (SSP)1-2.6 or SSP5-8.5 scenarios, respectively (IPCC, 2021). OA is directly affecting the carbonate-silicate cycle of the ocean, resulting in a change in the calcification rate of organisms such as coralline algae [START_REF] Manning | Ocean acidification reduces net calcification and wound healing in the tropical crustose coralline alga, Porolithon onkodes (Corallinales, Rhodophyta)[END_REF], coccolithophores [START_REF] Krumhardt | Coccolithophore growth and calcification in an acidified ocean: Insights from Community Earth System Model simulations[END_REF], foraminifera [START_REF] Guamán-Guevara | Impacts of ocean acidification on intertidal benthic foraminiferal growth and calcification[END_REF], corals [START_REF] Chou | Contrasting Changes in Diel Variations of Net Community Calcification Support That Carbonate Dissolution Can Be More Sensitive to Ocean Acidification Than Coral Calcification[END_REF] and mollusks (Gutowska et al., 2010;Dorey et al., 2013b;[START_REF] Zhao | A review of transgenerational effects of ocean acidification on marine bivalves and their implications for sclerochronology[END_REF]. Changes to the pH of seawater also cause behavioural and physiological alterations in some marine organisms, such as a reduction in growth rates and development (Dorey et al., 2013b), decreased metabolic rates (Stumpp et al., 2011), acid-base imbalance (Pörtner and Farrell, 2008), reduced osmoregulation (Ramaglia et al., 2018), and altered neurosensorial capacity (Nilsson et al., 2012). It is these subsequent consequences of OA are gaining interest as an emerging threat to ecosystems, and evidence suggests that early-life stages are particularly vulnerable to acidification (Pörtner and Farrell, 2008;Dupont and Thorndyke, 2009;Zippay and Hofmann, 2010;Oliveira et al., 2020).

Among marine organisms, cuttlefish have a particularly long embryonic development time of ~ 2 months (i.e., 10% of the entire life span) in encapsulated eggs with harsh conditions of hypoxia and hypercapnia in the perivitelline fluid (PVF) (Dorey et al., 2013b). This fluid constitutes a micro-environment wherein the embryo develops, surrounded by three envelopes (the chorion, the envelope secreted by the gland of the oviduct, and the envelope secreted by the nidamental glands impregnated of ink) (Boletzky, 1986). During embryonic development, the egg swells leading to enhanced surface area and reduced egg wall thickness, promoting eggshell permeability. This facilitates the exchanges with external media for oxygen or essential elements [START_REF] De Wachter | Regulation of respiration during juvenile development of Sepia officinalis (Mollusca: Cephalopoda)[END_REF][START_REF] Cronin | Respiration of the eggs of the giant cuttlefish Sepia apama[END_REF] but also allows contaminants to pass through the eggshell (Lacoue-Labarthe et al., 2009). [START_REF] Melzner | Swimming performance in Atlantic Cod (Gadus morhua) following long-term (4-12 months) acclimation to elevated seawater PCO2[END_REF] demonstrated that common cuttlefish embryos are surrounded by tenfold higher pCO2 values than those of ambient sea water (~ 2300 vs. 400 µatm respectively) at the end of their embryonic developmental period, as well as low PVF pO2 ~ 25% air saturation. Thus, cuttlefish embryos develop in highly challenging conditions, until juveniles can hatch and bathe in normoxic and normocarbic seawater.

It is thus during this critical phase that environmental stressors can affect cuttlefish embryos.

Different factors are likely to produce stress in cephalopods which results in a modification of metabolism. For instance, when temperature increases, the duration of egg development is reduced as a consequence of an increase in metabolic activities (Dorey et al., 2013b). OA and the resulting pH decrease leads to a hyper calcification of the hatchlings cuttlebone (Dorey et al., 2013b;Sigwart et al., 2016), but also to reduced embryo growth and a delayed hatching time (Sigwart et al., 2016). These results are consistent with depressed pre-hatchling's energy expenditure rates underlying a decrease in embryo routine metabolic rate [START_REF] Rosa | Lower hypoxia thresholds of cuttlefish early life stages living in a warm acidified ocean[END_REF], certainly affecting metabolites profiles. In this context, metabolomics facilitates the detection of perturbations to specific biological molecules and links them to relevant biochemical processes, pathways, or mechanisms, which correlate with overall health. Despite few studies in cephalopods, stressful hypoxia exposure of Sepia pharaonis juveniles influenced levels of many metabolites revealing disturbed energy and amino acid metabolism, and disruption to the balance of neurotransmitters and osmoregulatory molecules [START_REF] Jiang | 1H NMR-based metabolomic analysis of cuttlefish, Sepia pharaonis (Ehrenberg, 1831) exposed to hypoxia stresses and post-anoxia recovery[END_REF]. In addition, metabolomics analysis provided insights on the molecular responses of cuttlefish to acute stress and inking at the tissue level [START_REF] Jiang | Combined metabolomics and histological analysis of the tissues from cuttlefish Sepia pharaonis exposed to inking stress[END_REF]. Despite evidence that chronic environmental stress affects the metabolism of marine organisms, the impact of OA has not yet been investigated on cephalopod metabolite profiles, including the vulnerable early life stages (Dupont and Thorndyke, 2009).

The objective of the present work was to determine the effects of pCO2/pH (i.e., pH 8.08; 7.82; 7.65; 7.54; 7.43) on common cuttlefish using multiple integration levels; (1) the phenotypic level with development and growth of eggs and juveniles, (2) the physiological level, looking to metabolic performances using respirometry on 10 d-old juveniles and (3) the molecular level with metabolomics analysis in ready-to-hatch embryos, as well as newly hatched and 10 d-old juveniles.

and filled with temperature-controlled (i.e. 17°C) and oxygenated mixed water as in the rearing system. Mass specific Oxygen consumption (MO2 in mg O2 g -1 h -1 ), associated with the activity of cuttlefish, was measured by intermittent-flow respirometry [START_REF] Steffensen | Some errors in respirometry of aquatic breathers: How to avoid and correct for them[END_REF]. Water supply in each respirometer was provided by flush pumps, which controlled water flow from the buffer tank to the respirometer. Dissolved oxygen in the water were measured every 5 seconds by oxygen probes (minisensor, PreSens, Germany) connected to an oxymeter (Microx, PreSens, Germany). The probes were calibrated once at the beginning of the test using 0% and 100% air saturation for a controlled temperature of 19°C.

Maximal oxygen uptake measurement (MO2Max)

The cuttlefish were starved 24 h before respirometry assays as previous research showed that cuttlefish are adaptable to short-term hunger which has no significant effect on their respiration rate and oxygen consumption [START_REF] Grigoriou | Effect of body mass, temperature and food deprivation on oxygen consumption rate of common cuttlefish Sepia officinalis[END_REF]. The MO2Max was established by using an exercise challenge immediately before placing the animal in the respirometry chamber. To achieve MO2Max cuttlefish were chased in a circular tank for 3 minutes, then held in a dip net and periodically lifted in and out of the water (10:10 seconds) for 1 minute immediately prior to introduction to the respirometry chamber. Then MO2Max were measured during 20 min followed by a phase of oxygen renewal of 10 min constituting a first cycle of 20:10 min. Two more cycle of 30:10min were repeated to verify the first cycle MO2Max consumption. The total experimental trial lasted 2 hours for each cuttlefish. The O2 concentration did not fall below 70% air saturation during measurement periods in any of the chambers.

Calculations MO2Max

Mass specific oxygen consumption MO2Max is expressed in mg O2 mg kg -1 h -1 and calculated using the following equation:

MO2Max = S Vresp Mcut -1
where S is the slope (in milligrams of O2 per litre per second), Vresp is the volume of the respirometer (chamber and tubing) minus the volume of the cuttlefish (water displacement, in litres) and Mcut is the mass of the cuttlefish (in kilograms). Only the steepest slope (S) of the 3 cycles were considered. The R 2 of slopes were always above 0.95. layer) was transferred to glass amber vials and dried in a centrifugal evaporator (GeneVac).

The dried samples were resuspended in deuterium oxide (D2O) containing 0.05% sodium-3-(tri-methylsilyl)-2,2,3,3-tetradeuteriopropionate (TSP) as an internal standard. Samples were transferred to 3 mm NMR tubes using glass pipettes.

NMR in the samples, there was considerable suppression of the 13 C signal, meaning several metabolites could only be identified using 1 H spectra. Nevertheless, the samples were highly concentrated, and identification was achieved with a high degree of confidence for most of the spectral features (i.e., metabolites). 

Univariate and multivariate statistical analysis

Multivariate analysis was performed on each of the 3 groups of samples independently using the MetaboAnalyst 3.0 platform. Spectra were log transformed and auto-scaled and were first examined by Principal Components Analysis (PCA) to explore differences in metabolite profiles between the treatments. Partial Least-Squares Discriminant Analysis (PLS-DA) was subsequently applied to further characterize the observed separation between treatment groups.

Permutation analysis (n=2000 permutations) was applied to explore whether PLS-DA separation distance was statistically significant. ANOVAs with False Discovery Rate (FDR) adjusted pvalues were used to identify specific metabolites driving the observed differences between treatments. Important Features analysis was also performed -this test highlights the most important metabolites contributing towards separation in the multivariate (PLS-DA) analysis irrespective of statistical significance.

Results

Egg development and hatching success

Monitoring of egg hatching revealed a minor hatching delay corresponding to the lowering pH treatments, with embryonic development lengthening from 61.7 ± 3.5 days at pH 8.08 to 61.7 ± 4.0, 62.3 ± 4.6, 62.7 ± 4.2, 63.9 ± 5.4 days at pH 7.82, 7.65, 7.54, 7.43 respectively (Fig. 1).

Moreover, the hatching success was significantly reduced at the lowest pH condition, from 84.4% at pH 8.08 to 72.5% at pH 7.43 (table 1). No mortality was observed until day 10 except in pH 7.54 condition which was voluntarily stopped just after the hatching. 

Metabolomic responses to lower pH.

Analyses of metabolomic profiles among pH treatments within each developmental stages revealed a differing magnitude of response to pH at different life stages on the cuttlefish metabolism.

Clear separation between treatments was observed via PCA and PLS-DA analysis of late embryonic stage (group 1) samples (Fig. 4A), and these differences were confirmed as significant via permutation analysis. ANOVA with FDR = 0.05 indicated that this was driven by significant differences in 26 metabolites between pH treatments: 3-methoxytyramine, acetylcholine, AMP (adenosine monophosphate), ADP (adenosine diphosphate), alanine, arginine, asparagine, betaine, choline, creatinine, cytosine, fumarate, galactarate, glucose, glutamate, glycine, hydroxykynurenine, isoleucine, lactic acid, leucine, phenylalanine, proline, taurine, tryptophan, uracil, valine, plus 4 notable spectral features that could not be identified (Fig. S2). The characteristic pattern of response for all metabolites was a general decrease in abundance in pH 7.43 as compared to the other treatments.

In newly hatched juvenile, the PLS-DA displayed very little visible separation of metabolite profiles with respect to pH (Fig 4B). Interestingly, considerable variance existed within each pH treatment during the juvenile stage apart from individuals at pH 7.43. Only one metabolite, AMP, was identified as significantly different between treatments in group 2 (Fig S3). However, this observation should be interpreted with caution, since other integrals corresponding to AMP were not identified as significantly different based on the ANOVA with FDR = 0.05. Finally, 10 d-old juvenile cuttlefish exhibited significant differences in 15 metabolites: acetylcholine, ATP (adenosine triphosphate), alanine, asparagine, creatinine, cytosine, fumarate, glutamate, GMP (guanosine monophosphate), hydroxykynurenine, lactic acid, NAD+ (nicotinamide adenine dinucleotide), proline, trimethylamine, uracil, plus 2 notable spectral features that were not identified (Fig. 4C). All but 3 of these metabolites (i.e., GMP, NAD+, and trimethylamine), plus one unknown feature, were also significantly altered in the group 1 cuttlefish.

However, an additional 9 metabolites were significantly altered by pH in group 1 that were not identified as significantly different between treatments in group 3 cuttlefish. As with group 2, the group 3 cuttlefish generally exhibited lower metabolite abundance (overall) in pH 8.1 compared to the other treatment groups.

3.5 Oxygen consumption rate in 10-d-old juvenile under lower pH.

Oxygen uptake measurement demonstrated a significative effect of pH on the maximum consumption (p-value=0.0434). MO2Max dropped from 668 ± 254 mg kg -1 h -1 at pH 8.08 to 574 ± 236 and 340 ± 229 mg kg -1 h -1 at pH 7.82 and 7.65, respectively, and rose back to 594 ± 191 mg kg -1 h -1 at pH 7.43 (Fig. 5). Fig. 5: Maximal oxygen uptake (MO2Max in mg kg -1 h -1 ) of common cuttlefish Sepia officinalis 10 days-old exposed to 4 different pHs (8.08, 7.82, 7.65, 7.43) 

Discussion

Effect of decreasing pH on egg development

The embryonic development time of the common cuttlefish was about 62.1 ± 4.1 days at pH 8.08, 7.82, 7.65 and 7.54, but increased to 63.9 ± 5.4 days at pH 7.43. Such extension of earlylife stages as a consequence of OA has been previously reported in the purple sea urchin (Paracentrotus lividus) larval stages, which develop more slowly under decreased pH conditions (Dupont and Thorndyke, 2009). However, studies with common cuttlefish have returned inconsistent findings. For example, Sigwart and collaborators (2016) observed delayed hatching of cuttlefish (i.e. 50% of S. officinalis hatched after 65-69 d of incubation, while hatching was delayed to 67-70 d at 16°C under pH 7.76), whereas Moura and collaborators (2019) found the development duration at 18°C of Sepia officinalis embryos did not differ (59 ± 9 days) between ambient (i.e. pH 8.1) and acidified pH (i.e. 7.7). Likewise, they found that neither hatching success (73.33 ± 1.80% and 70.20 ± 1.36% at pH 8.1 and 7.7 respectively), nor survival rate 10 days after hatching (66.86 ± 1.10% and 69.30 ± 1.99% at pH 8.1 and 7.7 respectively) were significantly affected by low pH/high CO2 treatment (Moura et al., 2019). Similar to their results, hatching success in the present study was not impacted by intermediate pH and was about 84% at pH 8.08, 7.82, 7.65 and 7.54. In contrast, at pH 7.43, survival significantly decreased to 72.5% suggesting that pH below 7.5 has the potential to directly affect embryo survival. The discrepancies between studies are most likely due to the range of pH treatments tested.

Increased egg size with decreasing pH

In addition to a longer development time, a significant increase in egg size was observed at lower pH (i.e. 7.65, 7.54, and 7.43), including greater weight and surface area than the control eggs. Such results can be explain by an enhanced swelling of the egg (Dorey et al., 2013b). Indeed, cuttlefish embryos are surrounded by high pCO2 (i.e. hypercarbia) and low oxygen partial pressure (pO2) (i.e. hypoxia) in PVF (Gutowska and Melzner, 2008;Dorey et al., 2013b).

Cuttlefish egg swelling implies an increased egg surface area, a reduced thickness and contributes to facilitate gas exchanges [START_REF] Cronin | Respiration of the eggs of the giant cuttlefish Sepia apama[END_REF]. The cuttlefish embryos are naturally exposed in their PVF to low pO2 <6 kPa, and high pCO2 >2000 µatm (Gutowska and Melzner, 2008), and it is well documented that pCO2 values in extracellular fluids of marine animals such as cephalopods are about 2000 µatm above those of the ambient seawater [START_REF] Johansen | Blood Gas Transport in the Cephalopod, Sepia officinalis[END_REF][START_REF] Portner | Acid-base regulation in exercising squid (Illex illecebrosus, Loligo pealei)[END_REF]. When exposed to ambient pH (8.08, pCO2 ~ 400 µatm) the egg's PVF is about 7.4 (pCO2 ~ 2000 µatm) while at low pH (7.43, pCO2 ~ 2100 µatm) the PVF pH would be about 7.0 (pCO2 ~ 4200 µatm), as a mechanism to maintain the CO2 gradient and optimise exchanges with external media (Sigwart et al., 2016).

4.3

The hatching event, from hell to heaven.

Encapsulated cuttlefish embryos develop in extremely harsh hypoxic and hypercarbic conditions until they hatch, when favorable normoxic and normocarbic seawater conditions prevail.

It is noteworthy that, at the end of the egg development stage, hatching success was around 73% at the lowest pH (7.43) while all newly hatched juveniles survived until the end of the experiment (10 days). When comparing the metabolome of the three studied developmental stages, higher levels of several metabolites are consistent with the transition from embryos in harsh internal conditions to juveniles in seawater conditions. For example, the high relative abundances of asparagine and glutamate are consistent with low oxygen and high CO2, since these are well known as metabolic fuels for anaerobic pathways [START_REF] Storey | Functional Metabolism: Regulation and Adaptation[END_REF]. Similarly, the high abundance of alanine (fermentation products of glucose and aspartate) in embryos is consistent with metabolism under hypoxic conditions. Specifically, elevated alanine is a key survival response associated with the buffering of H + ions, the regulation of intracellular osmotic pressure, and serves as a substrate for alanopine production during hypoxic stress [START_REF] Fujimori | Physiological roles of free d-and l-alanine in the crayfish Procambarus clarkii with special reference to osmotic and anoxic stress responses[END_REF][START_REF] Garrett | Biochemistry, Brooks/Cole[END_REF][START_REF] Müller | Biochemistry and Evolution of Anaerobic Energy Metabolism in Eukaryotes[END_REF]. Venter and collaborators (2018) suggested that increased proline in the tissues of South African abalone Haliotis midae exposed to environmental hypoxia could be the result of reduced proline catabolism due to redox imbalance. The overall higher abundances of these and other metabolites in embryos compared to juveniles are therefore largely consistent with the fact that hypoxic and hypercarbic conditions lead to an embryonic metabolism dominated by anaerobic pathways, which represents an adaptive mechanism to ensure energy conservation and growth during development.

The cuttlefish were of the same size and weight between pH treatments in newly hatched juveniles (group 2) and 10-days old juveniles (group 3). Other studies highlighted a decreased body mass in high pCO2-treated animals but only to very high pCO2 (i.e. 3950 and 3650 µatm)

and not to intermediate pCO2 (i.e. 1580 and 1380 µatm), closer to our extreme pCO2 of 2200 µatm and confirming previous results (Hu et al., 2011;Sigwart et al., 2016 respectively). Hatchlings appears resistant to low pH.

Impact of OA on metabolites profiles at different life stages

Our metabolomic analysis revealed that late embryos appear to be rather resilient to pH compared to earlier life stages, with relatively stable metabolite profiles except at the lowest pH of 7.43. Among the metabolites significantly impacted by the pH conditions, the increased abundances of ketogenic amino acids (i.e. leucine, isoleucine, phenylalanine) with decreasing pH until 7.54 may be consistent with a reduced conversion of these compounds in the citric acid cycle, as a clue for a switch from aerobic to anaerobic metabolism (Venter et al., 2018). Indeed, oxygen affinity of cuttlefish haemocyanins decreases with decreasing pH (Bridges, 1995), thus reducing their metabolic scope. Concomitantly, lactate, a known product of anaerobic metabolism, also increased before reaching its lowest value at 7.43. Indeed, at pH 7.43, a metabolic depression was observed as a strong decrease in the abundance of all the metabolites, except for dihydrouracil which increased as the pH decreased. This time-limited adaptative response in invertebrates to severe hypoxia and hypercapnia can lead to an extension of egg development fostering the consumption of vitellin reserves. As a consequence of the partial pressure gradient conservation between the PVF and seawater, it has been measured that when cuttlefish embryos were exposed to pH 7.60 (i.e. 1400 µatm) the PVF pCO2 was higher than 4000 µatm and the around pH 7.1 (Dorey et al., 2013b;Sigwart et al., 2016).

In our study, a seawater pH of 7.43 (i.e., pCO2 = 2100 µatm) would lead to a PVF pH about 7.0. This brutal pH depletion around 7.0 is similar to the identified tipping point for various morphological and physiological traits observed at pH 7.3-6.9 in another molluscs, the pacific oyster Crassostrea gigas, that coincided with a major reshuffling in membrane lipids and transcriptome [START_REF] Lutier | Revisiting tolerance to ocean acidification: insights from a new framework combining physiological and molecular tipping points of Pacific oyster[END_REF]. Dorey and collaborators (2013a) similarly concluded that the sea urchin Strongylocentrotus droebachiensis larvae have a wide tolerance to low pH (7.0-8.0), but at pH below 7.0, it does not develop. This general pattern is consistent with previous studies on sea urchins Hemicentrotus pulcherrimus, Echinometra mathaei, Sterechinus neumayeri, Parborlasia corrugatus, and Arachnoides placenta [START_REF] Kurihara | Sub-Lethal Effects of Elevated Concentration of CO2 on Planktonic Copepods and Sea Urchins[END_REF][START_REF] Ericson | The response of two ecologically important Antarctic invertebrates (Sterechinus neumayeri and Parborlasia corrugatus) to reduced seawater pH: Effects on fertilisation and embryonic development[END_REF][START_REF] Gattuso | Fertilisation, embryogenesis and larval development in the tropical intertidal sand dollar Arachnoides placenta in response to reduced seawater pH[END_REF]. In the present study, an extreme stress response resulting in an overall reduction in broad metabolic processes of embryo developing at pH 7.43 might thus reveal a tipping point around pH 7.0 in the PVF. Embryonic development is highly dependent on metabolic performance, thus the higher-level effects on embryonic developmental could be attributed to the metabolic depression observed at the lowest pH (7.43). Indeed, the overall metabolomic response is consistent with the observed reduction in hatching success and the delay in hatching at the lowest pH.

Regarding the abundances of metabolites in hatchlings, it is noteworthy that they did not show significant differences between the pH treatments and only few alterations to their metabolite profiles. The pH treatment effect seems to be overshadowed by the extreme stress caused by hatching and the shift from a hypercarbic and hypoxic PVF to normoxic and normocarbic seawater. This stress was illustrated by the considerable variability of metabolites abundances whatever the pH treatment. Furthermore, the passage from PVF to seawater might requires hatchlings to be more resilient to their environment through physiological plasticity as a mechanism to enhance survival at this stage.

Finally, 10 d-old juvenile cuttlefish (group 3) in ambient pH condition displayed the lowest metabolite abundances while juveniles exposed to pH 7.82 had the highest abundances, and this slowly fell back at lower pH (i.e., pH 7.65 and 7.43) but remained higher than at pH 8.08.

Part of these metabolites with higher abundances in lower pH conditions are involved in energy production (ATP, NAD+, fumarate, GMP), suggesting increased energetic consumption to maintain their development.

Few significantly different metabolites between pH treatments were common to late-stage embryos and 10 d-old juveniles: Proline, Glycine, Glutamate, Alanine, Asparagine, Betaine, 3methoxytyranine. Nevertheless, they have not evolved in the same way accordingly to pH between these two development stages and correlation between stages cannot be done.

Metabolic performances

To our knowledge, this study reports the first MO2Max measurements in juvenile cuttlefish, precluding comparison with previous works. Nevertheless, two studies reported in two other cephalopods species, the pigmy squid Idiosepius pygmaeus and the bigfin reef squid Sepioteuthis lessoniana, MO2Max values of 1133 ± 36 and 1139 ± 63 mg kg -1 h -1 , respectively (Spady et al., 2019). These values are almost 2-fold higher than the MO2Max measured here in cuttlefish juveniles (MO2Max = 668 ± 255 mg kg -1 h -1 ). Such difference may be explained (1) by the protocol used for measurement, squids MO2Max was measured with the use of a swimming chamber while cuttlefish MO2Max were stressed before measurement and then place in the chamber as they stand static (2) because of the taxon and ecology differences between squids and cuttlefish and that routine O2 consumption is already very different (i.e., squid Lolliguncula brevis 0.402 µmol O2 min -1 g -1 vs. cuttlefish Sepia officinalis 0.094 µmol O2 min -1 g -1 ; [START_REF] Wells | Respiratory and Cardiac Performance in Lolliguncula Brevis (Cephalopoda, Myopsida): The Effects of Activity, Temperature and Hypoxia[END_REF][START_REF] Melzner | Temperature-dependent oxygen extraction from the ventilatory current and the costs of ventilation in the cephalopod Sepia officinalis[END_REF]. Indeed, the common cuttlefish is a nektobenthic species that rests frequently (e.g. burying), while most of the squid are nektonic and exhibit active and constant swimming.

Decreased pH caused a reduction the MO2Max of the juveniles, which could be explained by the interference of CO2 with oxygen extraction, reducing aerobic performance. Indeed, cephalopods are known for having hemocyanin characterized by a strong Bohr effect (Bridges, 1995) whose oxygen affinity strongly depend on the blood pH. Thus, the environmental acidosis caused by ocean acidification is supposed to decrease the O2 binding and transport capacities by the respiratory pigment, which should result in a decrease of the MO2Max. De facto, the Humbold squid Dosidicus gigas exposed to an acute decrease of pH applied rapidly (from 7.93 to 7.62) displayed a reduction of its MO2Max [START_REF] Rosa | Synergistic effects of climate-related variables suggest future physiological impairment in a top oceanic predator[END_REF]. However, a slower lowering of pH spread over several hours or days resulted in to no change of MO2routine or MO2Max in the bigfin reef squid Sepioteuthis lessoniana, the pigmy squid Idiosepius pygmaeus (Spady et al., 2019), nor the longfin and Humbold squids, Doryteuthis pealeii and D. gigas, respectively (Birk et al., 2018). Indeed, cephalopods demonstrated physiological machinery that can nearly fully compensate the environmental blood acidosis (Gutowska et al., 2008), limiting alteration of the O2 transport capacity of hemocyanin. Nevertheless, prolonged exposure to OA has detrimental effects on the neurophysiology of marine fish, by interfering with GABA-A receptor, resulting in increased anxiety behaviour (Hamilton et al., 2014). So, cuttlefish exposed to low pH/high pCO2 might be more anxious than controls after the exercise challenge, causing them to freeze. The freezing behaviour, defined as temporary cessations of body movement or ventilation, often co-occurs with background matching and visual displays, to evade predation by both visual and non-visual predators (Staudinger et al., 2013;Bedore et al., 2015). The reduction of ventilation might lead to a lower MO2Max, however the lowest MO2Max was observed at pH 7.65 for 3 cuttlefish over 8 and not at pH 7.43. To date, our date did not allow to unravel the physiological and behavioural responses that might help to explain the lowering MO2Max from pH 8.08 to 7.65. We can hypothesize that at pH 7.65, cuttlefish try to compensate the energetic cost of growing in acidified conditions, by reducing their oxygen consumption. At extreme pH (7.43), the cuttlefish are probably no longer able to compensate but suffer from this low pH exposure.

Conclusion

Decreased pH conditions delayed embryonic development and increased egg surface area to maximize gas exchange with seawater. Cuttlefish were apparently most sensitive to pH fluctuations (i.e., exhibited significant change in the greatest number of metabolites) during embryonic development compared to the other life-stages, as a metabolic depression was observed at the lowest pH. Embryos developing in hypercarbic and hypoxic eggs already constitute harsh conditions, whereas just after hatching, juvenile cuttlefish displayed few significant alterations to their metabolite profiles due to greater variability relating to intense physiological/metabolic demands associated with hatching process and the passage from a hypercarbic and hypoxic medium to seawater. Finally, 10 d after hatching, juveniles exposed to low pH exhibited higher metabolite abundance overall compared to control conditions, which can be attributed to an effort to catch up with the embryonic development delay. Intermediate pH decreased the maximal oxygen consumption while lower pH did not. [START_REF] Tanner | Molecular clocks indicate turnover and diversification of modern coleoid cephalopods during the Mesozoic Marine Revolution[END_REF]. Female, mantle length 100 mm (from [START_REF] Ferguson | Gravity and light influence the countershading reflexes of the cuttlefish Sepia officinalis[END_REF]. et al., 2013 andGlobal Mercury Assessment, 2018). LGICs at elevated pCO2/ low pH in marine invertebrates. (A) A change in HCO3 -and Cl -gradients across the neuronal membrane, due to acid-base regulation at elevated CO2, was proposed to reverse the net flow of negative charge through the GABAA receptor (Nilsson et al., 2012) and likely applies to the marine invertebrate GABA receptor. Under normal conditions the net influx of negative charge is primarily carried by Cl -, while at elevated CO2 the net efflux of negative charge may be primarily carried by HCO3 -(see Heuer et al., 2019 for a detailed explanation). (B) A range of invertebrates also possess glutamate, acetylcholine, histamine and serotonin-gated chloride channels. The flow of Cl-through these channels may be similarly altered at elevated levels of CO2. Research is needed to determine whether these receptors are also permeable to HCO3 -which could also contribute to the reversal of the net movement of negative charge. A net influx of negative charge will result in hyperpolarization and inhibition of neuronal firing, while a net efflux of negative charge will cause depolarization and excitation. Glu, glutamate; ACh, acetylcholine; 5-HT, serotonin (adapted from [START_REF] Thomas | Toward a Mechanistic Understanding of Marine Invertebrate Behavior at Elevated CO2[END_REF]. Sepia officinalis (n = 12 per group until day 4, then n = 9 per group) contaminated by a pulse chase feeding on two types of prey (sand goby and ditch shrimp) previously radiolabelled with Me 203 Hg. Cuttlefish fed on fish were also maintained at two pHs.

Fig. 2.4: Evolutive Hg contribution scenarios from food (fish and shrimp) and water. A: Newly born cuttlefish feeding with 95% of shrimp and 5% of fish with an IR=0.50. B: One-month-old juvenile cuttlefish feeding with 55% of shrimp and 45% of fish with an IR=0.35. Three-months-old juvenile cuttlefish feeding with 20% of shrimp and 80% of fish with an IR=0.10. , 2, 3, 4, 7, 9, 11, 14, 17 and 21 of uptake and depuration. Part of the cuttlefish were dissected to investigate the radiotracer distribution among the beak (BE), the branchial hearts (BH), the digestive gland (DG), the digestive tube (DT), the gills (G), the mantle muscles (M), the optic lobes (OL), the tentacles and arms (TA) and the remaining tissues (R) at day 7 and 14 of the uptake phase and at day 21 of the depuration phase. , 2, 3, 4, 7, 9, 11, 14, 17 and 21 of depuration. Part of the cuttlefish were dissected to investigate the radiotracer distribution among the beak (BE), the branchial hearts (BH), the digestive gland (DG), the digestive tube (DT), the gills (G), the mantle muscles (M), the optic lobes (OL), the tentacles and arms (TA) and the remaining tissues (R) at day 4 and 21 of the depuration phase.

Fig. 2.S3: Proportion of 203 Hg (in % of the whole-body burden activity) in the main organs, that count for >90% of the accumulated Hg (see Table 2.2), of the common cuttlefish Sepia officinalis reared at two pHs (8.08 and 7.54) A) sampled at 7, 14 days of uptake and 21 days of depuration following dissolved i 203 Hg exposure and B) sampled after 4 and 21 d following a pulse chase feeding with Me 203 Hg radiolabelled fish (sand goby) and shrimp (ditch shrimp). DG = digestive gland, DT = digestive tube, R = remaining tissues. The whiskers indicate the standard deviation, the midline in each box indicates the median, upper and lower quartiles indicate 25% and 75% quartiles respectively and black dots are outliers. [START_REF] Hanlon | Adaptive coloration in young cuttlefish (Sepia officinalis L.): the morphology and development of body patterns and their relation to behaviour[END_REF][START_REF] Barbosa | Disruptive coloration in cuttlefish: a visual perception mechanism that regulates ontogenetic adjustment of skin patterning[END_REF][START_REF] Brooks | Do you speak cuttlefish?[END_REF]. Fig. 4.16: Cuttlefish attack locations on crabs (0: front attack, 1: front/dorsal attack, 2: mid/dorsal attack, 3: rear/dorsal attack, 4: rear attack) at T28 exposed to the four exposure conditions (Ctrl, CO2, Hg2020 and CO2+Hg2020), n=18, 18, 19, 17 on first attempt in solid line and 13, 14, 12, 13 on second attempt in dotted line for Ctrl, CO2, Hg2020 and CO2+Hg2020 respectively. Letter difference = statistically significant difference between the first and second attempt (p<0.005). 36). Uptake parameters-CFss: concentration factor at steady state (mean ± SD); ku: uptake rate constant (d -1 ). All loss kinetics followed a mono-exponential depuration fit. Loss parameters-A0: activity (%; mean ± SD) lost according to the exponential component for dissolved Hg; AE: assimilation efficiency (%; mean ± SD) for trophic Hg; ke: depuration rate constant (d -1 ); Tb1/2: biological half-life (d; mean ± SD). * = statistically significant difference from other prey and pH conditions of trophic route (p<0.05). 

Abstract

The common cuttlefish, Sepia officinalis, is a coastal cephalopod known for its ecophysiological performance supported by a wide repertoire of behaviors that allows it, despite its short life cycle, to play a central role in food webs. However, it is also known to efficiently accumulate metallic elements such as mercury (Hg), a neurotoxic contaminant in its organic form (methylmercury; MeHg). Moreover, in the context of global changes, ocean acidification (OA) induced by the increase of CO2 emissions, can impact metabolism, development and the central nervous system, especially in young life stages. The present work therefore aims to study the effects of OA on Hg bioaccumulation and the effects of these two neurotoxicants (Hg and CO2) on behavior and cognitive performance in juvenile cuttlefish. In the first place, in-situ measurements showed that Hg accumulated in the brain of cephalopods in methylated form (MeHg). Moreover, experimental approaches using isotopic tracers (stable and radioactive) of Hg have shown that the accumulation of total Hg comes mainly from the assimilation of MeHg present in preys, compared to the accumulation of inorganic mercury (iHg) dissolved in seawater. This MeHg is then very strongly retained despite evidence of Hg demethylation processes in the digestive gland. Surprisingly, OA has no effect on the bioaccumulation efficiencies and metabolism of Hg. In terms of effect, behavioral assays showed that Hg and CO2, alone or in combination, did not impact visual acuity and predation performance in juveniles. However, both induced an increase in locomotor activity, compromised defensive behavior through, in particular, an alteration of disruptive coloration and a non-alignment of lateralization. Among the neural processes likely to be impacted by Hg and CO2, the GABAergic system was analyzed in the optic lobes but showed no obvious link with behavioral responses suggesting more complex effect processes. All of this work therefore questions the effects of future ocean conditions on juvenile's cuttlefish, and more broadly the impacts on cephalopod populations.
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Fig. 0

 0 Fig. 0.2: Distribution area of Sepia officinalis with the relative probabilities of occurrence (Aq-uaMaps, 2019).

Fig. 0

 0 Fig. 0.3: "Head to head" position of male (left) and female (right) common cuttlefish. Credit: B. Guichard.

Fig. 0

 0 Fig. 0.5: Main steps of Sepia officinalis development during organogenesis. Top: sketches of Sepia embryos during the three main periods of organogenesis with an emphasis on the development of the nervous structures (ganglia and brain lobes). Center: Diagrams of Sepia embryos at stages 18, 20 and 25 (stages from Lemaire). Bottom: illustration of the "Chinese lantern"-like development of Sepia officinalis, allowing the transition from a disk-shaped embryo to an adult-shaped embryo. Peripheral structures of the disk-shaped embryo, like arm buds, become anterior organs (from an ecological point of view) and central structures, like the mantle, become posterior organs. a1, a2, a3, a4, a5: arms 1, 2, 3, 4 and 5; ASM: anterior suboesophageal mass; CNS: central nervous system; e: eye; f: funnel; g: gill; m: mantle; mo: mouth; MSM: middle suboesophageal mass; oe: esophagus; OL: optic lobe; PNS: peripheral nervous system; PSM: posterior suboesophageal mass; s: shell; SBM: suboesophageal mass; SPM: supraoesophageal mass; st: statocyst. Scale bar: 200 μm (Navet et al., 2014).

Fig. 0

 0 Fig. 0.7: Dorsal view of Sepia brain, with right optic lobe cut away (Young, 1965). B.med: median basal lobe, buc.s.: superior buccal lobe, ch.p.: posterior chromatophore lobe, fr.i: inferior frontal lobe, fr.s.: superior frontal lobe, n.opt.: optic nerves, n.ten.: tentacle nerve, n.visc.: visceral nerve, opt.: optic lobe, ped.: peduncle lobe, pv.cen: central palliovisceral lobe, tr. opt.: optic tract v.: vertical lobe.

  (1) Flattened body posture; (2) paling of the skin; (3) Paired mantle spots that look like eyes; (4) Dark fin line; (5) Dark eye ring; and (6) Dilated pupil (Fig. 0.18).

Fig. 0 .

 0 Fig. 0.21: Global Hg budget and origin showing the anthropogenic impact on the Hg cycle since the pre-anthropogenic period (prior to 1450 AD). Ranges are given in brackets after the best estimate values; percentages in brackets represent the estimated increase in mass or flux due to human activities since the pre-anthropogenic period (Global Mercury Assessment, 2018).

Fig. 1

 1 Fig. 1.1: Hg concentrations (μg.g -1 dw) in the mantle muscles, digestive gland, and the optic lobes of the five studied cephalopods species: ELED: Eledone cirrhosa (n=20); ILLEX: Illex coindetii (n=11); LOL: Loligo vulgaris (n=20); SOF: Sepia officinalis (n=21); TODA: Todaropsis eblanae (n=9). Statistical differences are denoted by different letters when significant (p-value < 0.05).

Fig. 1 . 2 :

 12 Fig.1.2: Hg concentrations (μg.g -1 dw) In optic lobes function of Hg concentration in mantle of the five cephalopods species: Eledone cirrhosa (black points), Sepia officinalis (grey points); Todaropsis eblanae (black triangles), Illex coindetii (grey triangles); Loligo vulgaris (black crosses). Linear models for E. cirrhosa, S. officinalis and T. eblanae, and I. coindetii and L. vulgaris are represented by the 95% confidence intervals (black, grey and light grey curves, respectively). The black dashed-dotted line is the bisector of the plan. See parameters of the linear models on the Table1.3.

Fig. 1

 1 Fig. 1.3: Chemical forms of Hg determined by Hg L3-edge HR-XANES spectroscopy and balland-stick representation of the MeHgCys and Hg(Cys)2 complexes. a-c) Comparison of the spectrum for the optic lobes with the spectra (a) for the mantle muscle, (b) for MeHgCys in fish muscle, and (c) for the digestive gland. d) Linear combination fit of the spectrum for the digestive gland with 68 ± 11% of the optic lobes spectrum and 33 ± 11% of the dicysteinate complex Hg(Cys)2. NSS = 1.50 × 10 -4 .
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  (3) The combined organic layers were stirred over the Na2CO3 solution for 10 min, then evaporated by blowing a gentle stream of clean air or nitrogen over the surface. The radioactive CH3 203 Hg(II) (i.e. Me 203 Hg) was left dissolved in the Na2CO3 solution. The Me 203 Hg solution was gamma-counted to determine the final yield of methylation (95%).
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 3 Dissolved i 203 Hg exposure Twenty-four cuttlefish were evenly divided into six 70 L aquaria (3 replicates x 2 pH levels; close-water system 0.45 μm filtered natural seawater, T = 19°C; Salinity = 38; constantly aerated; NO2 -< 0.1 mg L -1 , NO3 -< 5mg L -1 ) and left two weeks for acclimatisation to the experimental rearing conditions. During this period, each individual was gently handled daily and placed in 200 mL plastic containers in order to accustom them to sampling and gamma-counting conditions (see section below) and thus limit their stress during the experiment. From the beginning of this period, three aquaria were maintained at the ambient seawater pH/pCO2 (i.e. control: pH = 8.08 ± 0.06 equivalent to 400 µatm) while the pH/pCO2 in the three other aquaria were progressively lowered during 4 days until a value of ~ 7.6 (i.e. acidified condition: pH = 7.54 ± 0.04 equivalent to 1600 µatm), consistently with modelled scenarios of ocean pH at the end of the century (i.e. SSPI 8.5, IPPC, 2021). Briefly, the pCO2 was regulated by an IKS system from Aquastar© with pH measurements every 20 min and a weekly calibration of the IKS probes with NBS standard pH solution (pH 4.0 and pH 7.0), a glass electrode (Metrohm©, ecotrode plus) and using TRIS buffer solutions (salinity 35, provided by A. Dickson, Scripps university, USA). Total alkalinity was measured potentiometrically using a Metrohm© titrator (Titrando 888). The pH values expressed in the NBS scale were corrected and expressed on the total scale using values of total alkalinity and carbonate chemistry parameters calculated

  Thirty-six cuttlefish were evenly divided into 9 open-circuit 30 L aquaria (T = 19°C; Salinity = 38, flux: 60 L.h -1 ) corresponding to 3 replicates x 3 experimental conditions; cuttlefish were fed with: 1) 203 Hg radiolabelled ditch shrimp at ambient pH (i.e. pH = 8.08), with 2) 203 Hg radiolabelled sand goby at ambient pH and 3) 203 Hg radiolabelled sand goby at lowered pH (e.g. pH = 7.54).

  over a 21-d period to follow the depuration kinetic of 203 Hg along the experimental course. Finally, at days 4 and 21, one individual per aquaria (n = 3 per condition) and three individuals per aquaria (n = 9 per condition), respectively, were sampled, weighed, and dissected to determine the radiotracer distribution among the same organs as previously listed for the dissolved i 203 Hg exposure. The dissection on day 4 allowed for a visualisation in the short term as to how the 203 Hg is taken care of after ingestion, while day 21 allowed for a longer-term study of 203 Hg translocation and/or depuration (see schematic summary Fig. 2.S2).

Fig. 2

 2 Fig.2.3: Loss kinetics of 203 Hg (mean ± SD) in juvenile of the common cuttlefish Sepia officinalis (n = 12 per group until day 4, then n = 9 per group) contaminated by a pulse chase feeding on two types of prey (sand goby and ditch shrimp) previously radiolabelled with Me 203 Hg. Cuttlefish fed on fish were also maintained at two pHs.

  the pCO2 does not increase nor alleviate the Hg bioaccumulation efficiency. These results open the question of the Hg toxicity on the cuttlefish physiology and underline the key role of cephalopod in the Hg transfer along the food chain considering their pivotal place in trophic webs. Credit authorship contribution statement Antoine Minet: Methodology, Formal Analysis, Writing -original draft. Marc Métian: Conceptualization, Methodology, Resources, Writing -review & editing, Supervision. Angus Taylor: Methodology, Formal analysis. Sophie Gentes: Methodology, Formal analysis. Sabine Azemard: Methodology, Formal analysis. François Oberhänsli: Methodology. Peter Swarzenski: Resources, Writing -review & editing. Paco Bustamante: Conceptualization, Writing -Review & Editing, Supervision, Funding acquisition. Thomas Lacoue-Labarthe: Conceptualization, Methodology, Resources, Writing -original draft, Writing -Review & Editing, Supervision, Funding acquisition fostering stimulating scientific discussions and collaborations for more integrative approaches. Authors warmly thank Antoine and José Lacoue-Labarthe, Jérôme Fort, Rémy Guilloneau and Fernando Pedraza for their support during field sampling.
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 2 Fig.2. S1: Schematic summary of juvenile cuttlefish Sepia officinalis exposition to waterborne i 203 Hg at two pHs (8.08 and 7.54). Entire individuals were gamma-counted on days 1, 2, 3, 4, 7, 9, 11, 14, 17 and 21 of uptake and depuration. Part of the cuttlefish were dissected to investigate the radiotracer distribution among the beak (BE), the branchial hearts (BH), the digestive gland (DG), the digestive tube (DT), the gills (G), the mantle muscles (M), the optic lobes (OL), the tentacles and arms (TA) and the remaining tissues (R) at day 7 and 14 of the uptake phase and at day 21 of the depuration phase.

Fig. 2 .

 2 Fig. 2.S2: Schematic summary of juvenile cuttlefish Sepia officinalis exposition to trophic 203 Hg with two types of prey (ditch shrimps Palaemon varians and sand gobies Pomatoschistus microps) and at two pHs (8.08and 7.54). Entire individuals were gamma-counted on days 1, 2, 3, 4, 7, 9, 11, 14, 17 and 21 of depuration. Part of the cuttlefish were dissected to investigate the radiotracer distribution among the beak (BE), the branchial hearts (BH), the digestive gland (DG), the digestive tube (DT), the gills (G), the mantle muscles (M), the optic lobes (OL), the tentacles and arms (TA) and the remaining tissues (R) at day 4 and 21 of the depuration phase.

  2.66 ± 0.03 cm at initial time; n = 72) were transferred into eight 20 L black plastic tanks (n = 9 per tanks). They were maintained in open circuit (flux: 20 L h -1 ; salinity: 38; temperature: 19 ± 0.2°C; pH: 8.0 ± 0.1; 12h light:12h dark cycle) and the pH of four tanks were progressively lowered by bubbling CO2 on a 2.5 days period until reaching a pH of ~7.6 (i.e., acidified condition: pH = 7.54 equivalent to 1600 µatm), consistently with modelled scenarios of ocean pH at the end of the century (i.e., SSPI 8.5, IPCC, 2022). The other four tanks were maintained at ambient pH all along the experiment. Details about pCO2 regulation and monitoring are explained in[START_REF] Minet | Bioaccumulation of inorganic and organic mercury in the cuttlefish Sepia officinalis: Influence of ocean acidification and food type[END_REF] and described in the Supporting Information section.

  quality and to minimize potential contamination from recycling of Hg, tank bottoms were cleaned every day by eliminating cuttlefish feces and food remains. Cuttlefish were sampled after 10, 20 and 30 days for control and Hg conditions, and for 10 and 30 days for pH and Hg+pH conditions (Fig 3.S1). Mantle muscle (without skin), intestine, digestive gland, gills, brain (optic lobes) and the remaining tissues (but the cuttlebone) of collected individual were independently harvested in their entirety. The intestine and digestive gland of cuttlefish were collected in sterile cryotubes and stored at -80 °C: one part being used to study the microbial diversity by MISEQ analysis; a second part was stored until Hg speciation analysis. The rest of samples was stored at -80 °C until Hg speciation analysis.

  DNA extractions were performed according to the Dneasy PowerSoil Kit (QIAGEN, France) following the manufacturer instructions from 60 to 190 mg of intestine and 120 to 440 mg of digestive gland. PCR amplifications were performed with the universal eubacterial 16S rRNA gene primers 8F, 5ʹ-AGAGTTTGATCCTGGCTCAG-3ʹ and 1492R, 5ʹ-GGTTACCTTGTTACGACTT -3ʹ. Nested PCR amplifications was needed and were performed on the first PCR products: the V4-V5 hypervariable region of the 16S rRNA gene targeting bacteria and archaea was amplified using the primers 515F, 5ʹ-GTGYCAGCMGCCGCGGTA-3ʹ and 928R, 5ʹ-CCCCGYCAATTCMTTTRAGT-3ʹ. The reaction mixture and the cycle conditions are detailed in sup data. Illumina MiSeq 250 bp paired-end sequencing was performed by the Get-PlaGe sequencing service (INRA, Toulouse, France). MiSEQ sequences obtained were deposited in the GenBank DNA database of the National Center for Biotechnology Information

  Fig. 3.2: A) Relative abundance of the most representative microbial family groups (based on 16S rRNA gene) found in intestine (A) and digestive gland (B) of cuttlefish in different experimental conditions (1: Control, 2: Hg, 3: pH, 4: Hg+pH) and time (0, 10, 20 and 30 days). Number of intestine sampled: T0 (1): n=6; T10 (1,2,3,4), T30 (1,2,3), adult, juvenile ("juv"): n=3; T20 (1,2), T30 (4): n=4. Number of digestive gland sampled: T10 (1,2,3,4), T20 (2): n=3; T20 (1), T30 (1,4): n=4; T30 (2,3): n=2 ; adult, juv: n=3.

  In vivo Hg transformations in cuttlefish: the major role of digestive gland in MeHg demethylation

5. 1

 1 Experimental design Juvenile cuttlefish were maintained in the Marine Environment Laboratory (International Atomic Energy Agency, Monaco) for 7 days prior to experimentation and fed with the same food as in situ (live shrimps Palaemon varians) in order to minimize stress due to the change of environment. They were randomly placed in 8 open-water tanks (7 to 9 cuttlefish per tank) containing 20 L of seawater under the following parameters: flux = 60 L.h -1 ; salinity = 38 psu; temperature = 19 ± 0.2°C; pH = 8.1; photoperiod =12h/12h).

  S1: Theoretical quantity of Hg isotopes absorbed per cuttlefish during the experiment. * 1 shrimp Hg-contaminated ( 199 Hg and 202 Hg) + 2 shrimps uncontaminated ( 200 Hg) per day per cuttlefish; Natural Hg concentration calculation in shrimps is based on the analysis of the 200 Hg (shrimp average weight: 0.146 ± 0.034 g dw; 8 ± 1ng Me 200 Hg.g -1 and 38 ± 4 ng i 200 Hg.g -1 dw, 15 ± 3% MeHg, n=27). **3 shrimps uncontaminated per day per cuttlefish.

  This first chapter allow to deepen the knowledge on the accumulation of Hg in cephalopods and in particular in cuttlefish. It definitely demonstrated, that dietary MeHg is the essential source for Hg bioaccumulation, that MeHg diffuses toward several organs (e.g. muscle), including nervous tissues, and that OA has no significant impact on Hg bioaccumulation processes. Nevertheless, both Hg and CO2 are recognized as having neurotoxic effects on marine organisms. Their impacts on cephalopods are still very little studied despite of the Hg tropism for brain, or their effects already proven in other species on cognitive and behavior performances. The next chapter is thus dedicated to investigate the effect of dietary MeHg exposure on the cuttlefish early life stages, focusing on the juvenile growth, cognition and behavior, in the context of OA.

  behavioral tests were carried out in 2020 and 2021 on 108 individuals per year. In 2020, we assessed predatory behavior, vigilant scanning, locomotor activity, background matching and predator detection. The purpose of running this experiment a second time in 2021 was two-fold: firstly, to confirm the results obtained in 2020 and to perform additional test (visual acuity) in order to refine our hypotheses; secondly, to reduce Hg contamination level to be closer to environmentally relevant concentrations. All behavioral assays conducted in 2020 and 2021 are summarized on the two timelines below (Fig. 4.2 and Fig. 4.3 respectively).

Fig. 4

 4 Fig. 4.4: Locomotor activity test. On the left, apparatus with nine testing arenas; on the right, example of movements tracked using Ultimate Tracking software.

Fig. 4

 4 Fig. 4.6: Diagrammatic representation of chromatic components graded to assess disruptive score in cuttlefish tested on a checkerboard background (see text for detail on grading method). Light chromatic components: 1, White posterior triangle; 2, White square; 3, White mantle bar; 13, White head bar; 14, White arm triangle. Dark chromatic components: 17, Anterior transverse mantle line; 18, Posterior transverse mantle line; 19, Anterior mantle bar; 21, Paired mantle spots; 22, Median mantle stripe; 29, Anterior head bar (From[START_REF] Hanlon | Adaptive coloration in young cuttlefish (Sepia officinalis L.): the morphology and development of body patterns and their relation to behaviour[END_REF][START_REF] Barbosa | Disruptive coloration in cuttlefish: a visual perception mechanism that regulates ontogenetic adjustment of skin patterning[END_REF][START_REF] Brooks | Do you speak cuttlefish?[END_REF].

  4.9). Each response was manually analyzed to obtain: the time before detection and the type of response (disruptive patterning, mottle body pattern, distractive markings, dilatation of the skin papillae, deimatic behavior, flight, etc. See defense mechanisms part in the general introduction for more details). Moreover, a scoring of the body pattern change was established to evaluate the intensity of the change induced by the looming stimulus. The body pattern changes were defined by 4 parameters: -Brightness (darker or whiter) -Chromatic pattern (disruptive or mottle) -Dilatation or retractation of the papillae -Rise or fall of the arms

  Table 4.3: THg concentrations (μg g -1 dw) in the mantle muscle of cuttlefish exposed to the different conditions in 2020 and 2021 (n=27 per condition)activity Cuttlefish activity was assessed during 1h in an unknown environment at T11 in 2020. Cuttlefish exposed to low pH/high pCO2 alone demonstrated a higher distance covered (i.e. 339 ± 278) than other exposure conditions (i.e. 119 ± 95 for Ctrl, 114 ± 102 for Hg2020, 147 ± 103 for CO2+ Hg2020; Fig. 4.13).

2. 4 . 3

 43 Peak assignments and processing of 1 H NMR spectra MestReNova v8.1.4 (Mestrelab Research S.L., Spain) was used for post processing of NMR spectra. 1 H NMR free induction decay (FID) data were Fourier transformed with line broadening of 0.3 Hz and HSQC spectra were processed with default Bruker post-processing parameters. All spectra were manually phase corrected, automatically baseline adjusted (ablative), and referenced and normalised to TSP ( 1 H δ 0.00, 13 C δ 0.0). Once processed, individual features (resonances) were manually integrated and normalised to the mass of each sample to provide a comparative measure of the relative abundance of metabolites.

Fig. 1 :

 1 Fig.1: Percentage of the total hatched eggs of common cuttlefish Sepia officinalis exposed to 5 different pHs(8.08, 7.82, 7.65, 7.54, 7.43) over time.

Fig. 0 . 2 :

 02 Fig. 0.2: Distribution area of Sepia officinalis with the relative probabilities of occurrence (AquaMaps, 2019).

Fig. 0

 0 Fig. 0.3: "Head to head" position of male (left) and female (right) common cuttlefish. Credit: B. Guichard.

Fig. 0

 0 Fig. 0.5: Main steps of Sepia officinalis development during organogenesis. Top: sketches of Sepia embryos during the three main periods of organogenesis with an emphasis on the development of the nervous structures (ganglia and brain lobes). Center: Diagrams of Sepia embryos at stages 18, 20 and 25 (stages from Lemaire). Bottom: illustration of the "Chinese lantern"-like development of Sepia officinalis, allowing the transition from a disk-shaped embryo to an adult-shaped embryo. Peripheral structures of the disk-shaped embryo, like arm buds, become anterior organs (from an ecological point of view) and central structures, like the mantle, become posterior organs. a1, a2, a3, a4, a5: arms 1, 2, 3, 4 and 5; ASM: anterior suboesophageal mass; CNS: central nervous system; e: eye; f: funnel; g: gill; m: mantle; mo: mouth; MSM: middle suboesophageal mass; oe: esophagus; OL: optic lobe; PNS: peripheral nervous system; PSM: posterior suboesophageal mass; s: shell; SBM: suboesophageal mass; SPM: supraoesophageal mass; st: statocyst. Scale bar: 200 μm (Navet et al., 2014).

Fig. 0 . 6 :

 06 Fig. 0.6: Generalized anatomy of a female cuttlefish (Boyle and Rodhouse, 2005).

Fig. 0 . 7 :

 07 Fig. 0.7: Dorsal view of Sepia brain, with right optic lobe cut away[START_REF] Young | The Croonian Lecture, 1965 -The organization of a memory system[END_REF]. B.med: median basal lobe, buc.s.: superior buccal lobe, ch.p.: posterior chromatophore lobe, fr.i: inferior frontal lobe, fr.s.: superior frontal lobe, n.opt.: optic nerves, n.ten.: tentacle nerve, n.visc.: visceral nerve, opt.: optic lobe, ped.: peduncle lobe, pv.cen: central palliovisceral lobe, tr. opt.: optic tract v.: vertical lobe.
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 09 Fig. 0.9: Common cuttlefish Sepia officinalis chromatophores in A) retracted states and B) expansion state.

Fig. 0 .

 0 Fig. 0.11: Common cuttlefish Sepia officinalis seizing A) a shrimp using a ballistic tentacle ejection credit: Dr Danbee Kim, PhD B) a crab from behind.

Fig. 0 .

 0 Fig. 0.13: A) Uniform (Credit: Dr Roger Hanlon, PhD) and B) disruptive background matching of Sepia officinalis.

Fig. 0 .

 0 Fig. 0.14: Distractive marking of Sepia officinalis with black bars.

Fig. 0 .

 0 Fig. 0.15: The roll countershading reflex of Sepia officinalis. A) Rotation through less than approximately 90° expanded chromatophores on the uppermost lateroventral side of the animal. B) Rotation through more than 90° component B, which extends to the midline of the animal. The slight irregularities in the otherwise sharp demarcation are due to skin lesions.Female, mantle length 100 mm (from[START_REF] Ferguson | Gravity and light influence the countershading reflexes of the cuttlefish Sepia officinalis[END_REF].

Fig. 0 .

 0 Fig. 0.16: Sepia officinalis masquerading as a clump of seaweed. The cuttlefish is indicated by the white arrow. Credit: Dr Roger Hanlon, PhD.

Fig. 0 .

 0 Fig. 0.18: 30 days-old juvenile cuttlefish S. officinalis showing a deimatic displays with flattened body posture, paired mantle spots that look like eyes, dark eye ring and dilated pupil.

Fig. 0 .

 0 Fig. 0.19: Schematic representation of memory type and associate learning.

Fig. 0 .

 0 Fig. 0.20: schematic representation of the current knowledge of the eye uses in the majority-type Sepia.

Fig. 0 .

 0 Fig. 0.22: Regional breakdown of global emissions of Hg to air from anthropogenic sources in 2015 (Global Mercury Assessment, 2018).

Fig. 0 .

 0 Fig. 0.23: Global emissions of Hg in tons/year according to region (adapted from[START_REF] Driscoll | Mercury as a global pollutant: sources, pathways, and effects[END_REF] Global Mercury Assessment, 2018).

Fig. 0 .

 0 Fig. 0.24: Schematic A) bioaccumulation of contaminants and B) biomagnification of contaminant within marine food web.

Fig. 0 .

 0 Fig. 0.26: Schematic representation of CO2 dissolution and simplified reaction of carbonate system in seawater.

Fig. 0 .

 0 Fig. 0.27: Global Ocean surface pH based on Coupled Model Intercomparison Project phase (CMIP) 6 model simulations. Very likely ranges are shown for Shared Socioeconomic Pathways (SSP)1-2.6 and SSP3-7.0 (adapted from IPPC report, 2021).

Fig. 0 .

 0 Fig. 0.28: Potential reversal in function of varying LGICs at elevated pCO2/ low pH in marine invertebrates. (A) A change in HCO3-and Cl -gradients across the neuronal membrane, due to acid-base regulation at elevated CO2, was proposed to reverse the net flow of negative charge through the GABAA receptor(Nilsson et al., 2012) and likely applies to the marine invertebrate GABA receptor. Under normal conditions the net influx of negative charge is primarily carried by Cl -, while at elevated CO2 the net efflux of negative charge may be primarily carried by HCO3 -(see Heuer et al., 2019 for a detailed explanation). (B) A range of invertebrates also possess glutamate, acetylcholine, histamine and serotonin-gated chloride channels. The flow of Cl-through these channels may be similarly altered at elevated levels of CO2. Research is needed to determine whether these receptors are also permeable to HCO3 -which could also contribute to the reversal of the net movement of negative charge. A net influx of negative charge will result in hyperpolarization and inhibition of neuronal firing, while a net efflux of negative charge will cause depolarization and excitation. Glu, glutamate; ACh, acetylcholine; 5-HT, serotonin (adapted from[START_REF] Thomas | Toward a Mechanistic Understanding of Marine Invertebrate Behavior at Elevated CO2[END_REF].

Fig. 0 .

 0 Fig. 0.29: Chapters main questions investigated.

Fig. 1 . 1 :

 11 Fig. 1.1: Hg concentrations (μg g -1 dw) in the mantle muscles, digestive gland, and the optic lobes of the five studied cephalopods species: ELED: Eledone cirrhosa (n=20); ILLEX: Illex coindetii (n=11); LOL: Loligo vulgaris (n=20); SOF: Sepia officinalis (n=21); TODA: Todaropsis eblanae (n=9). Statistical differences are denoted by different letters when significant (p-value < 0.05).

Fig. 1 . 2 :

 12 Fig. 1.2: Hg concentrations (μg g -1 dw) In optic lobes function of Hgconcentration in mantle of the five cephalopods species: Eledone cirrhosa (black points), Sepia officinalis (grey points); Todaropsis eblanae (black triangles), Illex coindetii (grey triangles); Loligo vulgaris (black crosses). Linear models for E. cirrhosa, S. officinalis and T. eblanae, and I. coindetii and L. vulgaris are represented by the 95% confidence intervals (black, grey and light grey curves, respectively). The black dashed-dotted line is the bisector of the plan. See parameters of the linear models on the Table 1.3.

Fig. 1

 1 Fig. 1.3: Chemical forms of Hg determined by Hg L3-edge HR-XANES spectroscopy and ball-and-stick representation of the MeHgCys and Hg(Cys)2 complexes. a-c) Comparison of the spectrum for the optic lobes with the spectra (a) for the mantle muscle, (b) for MeHgCys in fish muscle, and (c) for the digestive gland. d) Linear combination fit of the spectrum for the digestive gland with 68 ± 11% of the optic lobes spectrum and 33 ± 11% of the dicysteinate complex Hg(Cys)2. NSS = 1.50 × 10 -4 .

Fig. 2

 2 Fig. 2.2: Activity (in Bq g -1 wet weight) of 203 Hg in the main organs, that count for >90% of the accumulated Hg (seeTable 2), of the common cuttlefish Sepia officinalis reared at two pHs (8.08 and 7.54) A) sampled at 7, 14 days of uptake and 21 days of depuration following dissolved i 203 Hg exposure and B) sampled after 4 and 21 d following a pulse chase feeding with Me 203 Hg radiolabelled fish (sand goby) and shrimp (ditch shrimp). DG = digestive gland, DT = digestive tube, R = remaining tissues. The whiskers indicate the standard deviation, the midline in each box indicates the median, upper and lower quartiles indicate 25% and 75% quartiles respectively and black dots are outliers.

Fig. 2 .

 2 Fig.2.S1: Schematic summary of juvenile cuttlefish Sepia officinalis exposition to waterborne i 203 Hg at two pHs (8.08 and 7.54). Entire individuals were gamma-counted on days 1, 2, 3, 4, 7, 9, 11, 14, 17 and 21 of uptake and depuration. Part of the cuttlefish were dissected to investigate the radiotracer distribution among the beak (BE), the branchial hearts (BH), the digestive gland (DG), the digestive tube (DT), the gills (G), the mantle muscles (M), the optic lobes (OL), the tentacles and arms (TA) and the remaining tissues (R) at day 7 and 14 of the uptake phase and at day 21 of the depuration phase.

Fig. 2 .

 2 Fig. 2.S2: Schematic summary of juvenile cuttlefish Sepia officinalis exposition to trophic 203 Hg with two types of prey (ditch shrimps Palaemon varians and sand gobies Pomatoschistus microps) and at two pHs (8.08 and 7.54). Entire individuals were gamma-counted on days 1, 2, 3, 4, 7, 9, 11, 14, 17 and 21 of depuration. Part of the cuttlefish were dissected to investigate the radiotracer distribution among the beak (BE), the branchial hearts (BH), the digestive gland (DG), the digestive tube (DT), the gills (G), the mantle muscles (M), the optic lobes (OL), the tentacles and arms (TA) and the remaining tissues (R) at day 4 and 21 of the depuration phase.

Fig. 3 . 1 :

 31 Fig. 3.1: Quantity of Hg isotopes under inorganic (iHg) and methylated forms (MeHg) measured in different organs of cuttlefish at 10, 20 and 30 days (except for the remaining tissues, just at 30 days).

Fig. 3

 3 Fig. 3.2:A) Relative abundance of the most representative microbial family groups (based on 16S rRNA gene) found in intestine (A) and digestive gland (B) of cuttlefish in different experimental conditions (1:

Fig. 3 .

 3 Fig. 3.S2: Percentage of MeHg based on the isotope 200 of Hg in different organs of cuttlefish at two times (10 and 30 days), both pH conditions pooled. Bars represent SE. *= statistically significant difference days 10 and 30.

Fig. 3 . 3 :

 33 Fig. 3.3: Graphical summary of the Chapter 1 mains questions and answers.

Fig. 4

 4 Fig. 4.1: Diagram of the distribution of eggs and hatchlings according to their exposure condition.

Fig. 4 . 2 :

 42 Fig. 4.2: Timeline of the behavioral assays performed in cuttlefish in 2020. Time (T) is indicated in days, T0 corresponding to the day of hatching.

Fig. 4 . 3 :

 43 Fig. 4.3: Timeline of the behavioral assays performed in cuttlefish in 2021. Time (T) is indicated in days, T0 corresponding to hatching day.

Fig. 4 . 4 :

 44 Fig. 4.4: Locomotor activity test. On the left, apparatus with nine testing arenas; on the right, example of movements tracked using Ultimate Tracking software.

Fig. 4 . 7 :

 47 Fig. 4.7: Predator detection apparatus, cuttlefish looking at a looming image of a shark.

Fig. 4 . 9 :

 49 Fig.4.9: Visual laterality for predator detection testing apparatus. Cuttlefish tested with a looming predator in the right visual field.

Fig. 4 .

 4 Fig. 4.12: Example of slide analyzed using ImageJ by cropping the medulla of the OL (yellow zone) and quantifying GAD expression (red spots surrounded by light blue square).

Fig. 4 .

 4 Fig. 4.13: Distance covered (cm) at T11 by cuttlefish exposed to the four exposure conditions (Ctrl, CO2, Hg2020 and CO2+Hg2020) during 1 hour tracking, n=27/condition, * = statistically significant difference compared to other exposure conditions (p<0.05).

Fig. 4 .

 4 Fig. 4.14: Percentage of time spent immobile (lighter) and mobile (darker) in 1 hour at T11 by cuttlefish exposed to the four exposure conditions (Ctrl, CO2, Hg2020 and CO2+Hg2020), n=27/condition, * = statistically significant difference between exposure conditions (p<0.05).

Fig. 4 .

 4 Fig. 4.15: Shrimp predation success (%) of cuttlefish exposed to the four exposure conditions (Ctrl, CO2, Hg and CO2+Hg) at days 3, 5, 7 and 12 (T3, T5, T7 and T12), n=27/condition/time, * = statistically significant difference between treatments (p<0.01).

Fig. 4 .

 4 Fig. 4.17: Disruptive score of cuttlefish exposed to the four exposure conditions (Ctrl, CO2, Hg and CO2+Hg) at T15, T30 (2020) and T35 (2021). Condition with Hg with solid color correspond to Hg concentration of 2020 and with hatched color correspond to Hg concentration of 2021, n=27/condition.

Fig. 4 .

 4 Fig. 4.20: Cuttlefish type of behavioral change observed (%), at T33, in front to three stimuli (crab, fish and shark) and exposed to the four exposure conditions (Ctrl, CO2, Hg2020 and CO2+Hg2020), n = 27/condition/stimulus, * = statistically significant difference between stimuli (p<0.05).

Fig. 4 .

 4 Fig. 4.21: Cuttlefish laterality index (LI), at T5, T14, T25 and T41 (2020) exposed to the four exposure conditions (Ctrl, CO2, Hg2020 and CO2+Hg2020), n = 27/condition/time, * = statistically significant from zero (p<0.05).

Fig. 4 .

 4 Fig. 4.22: Cuttlefish laterality index (LI), at T14 and T31 (2021) exposed to the four exposure conditions (Ctrl, CO2, Hg2021 and CO2+Hg2021), n = 27/condition/time, * = statistically significant difference from zero (p<0.05).

Fig. 4 .

 4 Fig. 4.23: Cuttlefish eye use preference for vigilant scanning (%), at T25 (2020) and T31 (2021) exposed to the four exposure conditions (Ctrl, CO2, Hg and CO2+Hg), n = 54 for Ctrl, CO2, and n = 27 for Hg2020, Hg2021 CO2+ Hg2020, CO2+ Hg2021. * = statistically significant difference from Ctrl condition (p<0.05).

Fig. 4 .

 4 Fig.4.24: Cuttlefish latency to react (s), at T41-42, in front of a looming shark stimulus and exposed to three exposure conditions (Ctrl, CO2, and Hg2021), according to the eye used (n = 12/condition for left and right eyes, n=7/condition for both eyes).

Fig. 4 .

 4 Fig. 4.25: Cuttlefish reaction changes (frequency of use in %), at T41-42, in front of a looming shark stimulus and exposed to three exposure conditions (Ctrl, CO2, and Hg2021), n = 21/condition. Letters indicate significative difference between conditions (p<0.05).

Fig. 4 .

 4 Fig. 4.26: Cuttlefish showing an optomotor response (OMR; %), at T36-37 (2021) exposed to four conditions (Ctrl, CO2, Hg2021 and CO2+Hg2021), at three rotation speeds (60, 90 and 120°/s), n = 27/condition, * = statistically significant difference from other rotation speeds (p<0.05).

Fig. 4 .

 4 Fig. 4.27: GAD expressing cells (number of labelled cells / µm 2 ) in the OL of cuttlefish exposed to the four exposure conditions (Ctrl, CO2, Hg2021 and CO2+Hg2021), n = 3 for Ctrl, CO2 and CO2+Hg2021 and n = 4 for Hg2021. Each individual totalized between 14 and 16 slides.

Fig. 4 .

 4 Fig. 4.28: GAD expression ratio (number of labelled cells in the right OL / number of labelled cells in the left OL) of cuttlefish exposed to the four exposure conditions (Ctrl, CO2, Hg2021 and CO2+Hg2021), n = 3 for Ctrl, CO2 and Hg2021 and n = 2 for CO2+Hg2021. Four slides per brain were analyzed. Letters indicate significative differences between conditions (p<0.05).

Fig. 4 .

 4 Fig. 4.S1: Disruptive score of cuttlefish, on uniform background, exposed to the four exposure conditions (Ctrl, CO2, Hg and CO2+Hg) at T15, T30 (2020) and T35 (2021). Condition with Hg with solid color correspond to Hg concentration of 2020 and with hatched color correspond to Hg concentration of 2021, n=27/condition.

Fig. 4 .

 4 Fig. 4.S3: Cuttlefish absolute laterality index (ALI), at T14 and T31 (2022) exposed to the four exposure conditions (Ctrl, CO2, Hg2021 and CO2+Hg2021), n = 27/condition/time, * = statistically significant from zero (p<0.05).

Fig. 4 .

 4 Fig. 4.S4: Cuttlefish reaction changes (frequency of use in %), at T41-42, in front of a looming shark stimulus and exposed to three exposure conditions (Ctrl, CO2, and Hg2021).

Fig. 4 .

 4 Fig. 4.S5: Cuttlefish body patterning change score at T41-42, in front a looming shark stimulus and exposed to three exposure conditions (Ctrl, CO2, and Hg), n = 20, 16 and 16 for Ctrl, CO2, and Hg, respectively.

Fig. 5 . 2 :

 52 Fig. 5.2: Theoretical timeframe of a new experiments to investigate reversibility of CO2 and Hg effect on locomotor activity, background matching and vigilant scanning.
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  Table 2.2: Distribution of i 203 Hg (%; mean ± SD) in the tissues of the common cuttlefish, Sepia officinalis over time at pH 8.08 and 7.54 during and after dissolved i 203 Hg exposure. G = gills, BH = branchial hearts, DG = digestive gland, DT = digestive tube, M = mantle muscle, TA = tentacles and arms, BE = beak, OL = optic lobes and R = remaining tissues. 95 Table 2.3: Distribution of 203 Hg (%; mean ± SD) in the tissues of the common cuttlefish Sepia officinalis reared at pH 8.08 and 7.54 and at 4 d and 21 d of depuration following a pulse chase feeding with radiolabelled 98 (due to few statistical differences observed between conditions). Mean ± SE. N = number of replicates.
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Table 1

 1 

		.1: Mantle size range and mean (± sd in cm), mantle weight range and mean (± sd in g)
	and total Hg concentrations (mean ± sd in μg g -1 dw) in mantle muscles, digestive gland and
	optic lobes of Eledone cirrhosa (n = 20), Illex coindetii (n = 11), Todaropsis eblanae (n = 9),
	Loligo vulgaris (n = 20), Sepia officinalis (n = 21).
	Species	Family	Mantle
			size range
			(cm)

Mantle size mean ± sd (cm) Weight range (g) Weight mean ± sd (g) [Hg] man- tle mus- cles [Hg] diges- tive gland [Hg] optic lobes Eledone cirrhosa

  

		Octopodidae	4.2 -14.9	8.3 ± 2.4 19 -764	197 ± 177	0.52 ± 0.35 0.47 ± 0.34 0.60 ± 0.47
	Illex	Ommastrephidae	14.3 -18.0	15.5 ± 1.4 62 -131	85 ± 19	0.08 ± 0.01 0.12 ± 0.02 0.04 ± 0.01
	coindetii					
	Todaropsis	Ommastrephidae	7.8 -13.0	10.6 ± 1.8 43 -167	105 ± 46	0.29 ± 0.15 0.24 ± 0.06 0.18 ± 0.07
	eblanae					
	Loligo vul-	Loliginidae	13.2 -19.0	16.6 ± 1.8 83 -198	139 ± 34	0.16 ± 0.03 0.29 ± 0.06 0.09 ± 0.02
	garis					

Table 1

 1 Scaled DAICc; DAICc = 0.00 is interpreted as the best fit to the data among the models.

	Models	N° parameters AICc	DAICc a	wi
	Cephalopods (n = 240)				
	Tissue * Species	16	225	0	1
	Tissue + Species	8	276	51	0
	Species	6	330	105	0
	Tissue	4	499	274	0
	Null	2	519	294	0
	a				

.2: AICc model ranking for log Hg concentrations within the five studied cephalopod species from Bay of Biscay. Models are GLMs with a gaussian distribution and an identity link function. Abbreviations: AICc, Akaike's Information Criteria adjusted for small sample-sizes values; wi, AICc weights.

Table 1 .

 1 3: Parameters of the linear relationships between Hg concentrations in the optic lobes [Hg]ol and the mantle muscles [Hg]m. When the slopes between species were not significantly different, only one model was fitted within pooled data. See Fig. 1.2. XANES spectra of the optic lobes and mantle muscles were statistically indistinguishable, indicating similar or identical chemical forms of Hg were present in each tissue (Fig. 1.3a). The best spectral match with our database of model compounds was obtained with MeHg bound

	Species	Model Equation	P value	R 2
	E. cirrhosa	[Hg]ol = 1.32 x [Hg]m -0.09	p < 0.001	0.978
	S. officinalis -T. eblanae	[Hg]ol = 0.35 x [Hg]m + 0.08	p < 0.001	0.829
	I. coindetii -L. vulgaris	[Hg]ol = 0.50 x [Hg]m + 0.01	p < 0.001	0.663
	HR-			

  Palaemon varians or live green shore crabs Carcinus maenas

	acclimated for 3 weeks in open-circuit glass aquariums (flux: 60 L h -1 ; salinity: 38; tem-
	perature: 19 ± 0.2°C; pH: 8.08 ± 0.03; 12h light:12h dark cycle) at the International Atomic
	Energy Agency, Marine Environment Laboratories (IAEA-EL) premises in Monaco. Cuttlefish
	were fed with live ditch shrimp

Table 2

 2 

	.1) regardless of pH, indicating that

203 

Hg whole body burden were found in the gills and the remaining tissues (including the skin), respectively (Table

2

.2 and Fig.

2

.S3). After 14 days of exposure, these proportions were slightly lower, with 43 % and 16 % respectively, whereas

Table 2 .

 2 1: Whole-body uptake and loss kinetic parameters of 203 Hg in whole common cuttlefish, Sepia officinalis following different exposure

	experiments: (1) individuals (n = 24) were exposed for 10 d to the radiotracer in seawater at two pH then (2) placed in depuration conditions
	for 21 d (n = 18); (3) individuals fed on radiolabelled fish (sand goby Pomatoschistus minutus) or shrimp (ditch shrimp Palaemon varians) were
	placed in depuration conditions at two pH for 21 d (n = 36). Uptake parameters-CFss: concentration factor at steady state (mean ± SD); ku:
	uptake rate constant (d -1 ). All loss kinetics followed a mono-exponential depuration fit. Loss parameters-A0: activity (%; mean ± SD) lost
	according to the exponential component for dissolved Hg; AE: assimilation efficiency (%; mean ± SD) for trophic Hg; ke: depuration rate
	constant (d -1 ); Tb1/2: biological half-life (d; mean ± SD). * = statistically significant difference from other prey and pH conditions of trophic route
	(p<0.05).										
		Conditions				Uptake				Loss	
	Phase	Contamination	pH	Prey	CFss	ku	R 2	A0 or AE	ke	Tb1/2	R 2
	Uptake	Dissolved iHg	8.08 7.54		709 ± 54 893 ± 117	0.136 0.097	0.872 0.863				
		Dissolved iHg	8.08 7.54					96 ± 2 105 ± 3 0.013 0.016	44 ± 12 55 ± 16	0.343 0.195
	Loss		8.08	Sand goby				98 ± 2	0.002	∞	0.015
		Trophic MeHg	7.54	Sand goby				100 ± 2 0.004	∞	0.054
			8.08	Ditch shrimp				104 ± 2 0.028	25 ± 14*	0.510

Table 2 .

 2 2: Distribution of i 203 Hg (%; mean ± SD) in the tissues of the common cuttlefish, Sepia officinalis over time at pH 8.08 and 7.54 during and after dissolved i 203 Hg exposure. G = gills, BH = branchial hearts, DG = digestive gland, DT = digestive tube, M = mantle muscle, TA = tentacles and arms, BE = beak, OL = optic lobes and R = remaining tissues. Exposure to Me 203 Hg through trophic pathway Despite sand goby and ditch shrimp were contaminated using Me 203 Hg radiolabelled food (fish pellets and brine shrimp), the analyses of the 203 Hg speciation in prey demonstrated that 82 ± 4% and only 30 ± 22% of the total 203 Hg amount were found under methylated form in the fish and shrimp, respectively. This implied that shrimp contained a large fraction of i 203 Hg compared to Me 203 Hg contrasting to fish that was mainly a source of Me 203 Hg for the cuttlefish in our experimental conditions.

				Uptake 7 d		Uptake 14 d			Loss 21 d	
	Conditions Tissues	Distribution (% ; mean ± SD)	Distribution (% ; mean ± SD)	Distribution (% ; mean ± SD)
		G	54.5	±	5.6	43.9	±	3.4	43.4	±	9.9
		BH	0.7	±	0.4	2.7	±	3.5	3.0	±	1.3
		DG	11.9	±	1.1	14.5	±	3.4	20.7	±	5.2
		DT	2.9	±	0.7	9.9	±	1.2	6.4	±	2.1
	pH 8.08	M	6.9	±	1.7	7.8	±	1.2	6.0	±	3.4
		TA	3.6	±	0.5	3.5	±	0.5	3.3	±	1.0
		BE	0.1	±	0.0	0.1	±	0.0	0.3	±	0.1
		OL	0.8	±	0.2	1.6	±	0.5	1.4	±	0.3
		R	18.9	±	3.2	16.0	±	2.9	15.5	±	3.6
		G	57.7	±	8.5	46.3	±	2.2	50.1	±	5.2
		BH	0.3	±	0.2	0.9	±	0.7	1.6	±	1.0
		DG	8.2	±	3.3	14.3	±	2.6	17.8	±	4.3
		DT	2.4	±	1.8	7.8	±	4.1	6.7	±	2.4
	pH 7.54	M	9.6	±	3.0	6.8	±	0.4	6.8	±	0.6
		TA	3.0	±	0.5	3.7	±	0.6	3.2	±	1.0
		BE	0.2	±	0.1	0.1	±	0.0	0.2	±	0.0
		OL	0.9	±	0.4	1.5	±	0.4	1.1	±	0.2
		R	17.8	±	2.6	18.6	±	2.9	12.6	±	2.0

Table 2 .

 2 3: Distribution of 203 Hg (%; mean ± SD) in the tissues of the common cuttlefish Sepia officinalis reared at pH 8.08 and 7.54 and at 4 d and 21 d of depuration following a pulse chase feeding with radiolabelled Me 203 Hg fish (sand goby) and shrimp (ditch shrimp). G = gills, BH = branchial hearts, DG = digestive gland, DT = digestive tube, M = mantle muscle, TA = tentacles and arms, BE = beak, OL = optic lobes and R = remaining tissues.

			Depuration 4 d	Depuration 21 d	
	Condition	Tissues	Radiotracer distribution (% ; mean ± SD)	Radiotracer distribution (% ; mean ± SD)
		BH	0.7	±	0.2	0.5	±	0.2
		DG	34.2	±	9.5	8.1	±	1.8
		DT	32.1	±	8.7	21.5	±	5.0
	Sand goby	M	10.2	±	1.2	30.8	±	3.7
	pH 8.08	TA	2.3	±	0.3	8.1	±	1.6
		BE	0.3	±	0.1	0.3	±	0.1
		OL	2.3	±	0.4	2.1	±	0.6
		R	12.7	±	2.5	25.3	±	1.6
		G	4.2	±	1.1	3.3	±	0.4
		BH	0.6	±	0.3	0.6	±	0.1
		DG	40.8	±	3.7	7.5	±	1.8
	Sand goby	DT	30.7	±	8.4	20.5	±	3.3
	pH 7.54	M TA	7.7 2.2	± ±	2.2 0.8	30.8 9.4	± ±	4.0 1.0
		BE	0.3	±	0.1	0.3	±	0.1
		OL	2.3	±	0.9	2.3	±	0.4
		R	11.2	±	3.8	25.1	±	3.4
		G	2.6	±	1.4	2.6	±	0.5
		BH	0.8	±	0.7	0.6	±	0.2
		DG	71.9	±	12.4	33.8	±	9.8
	Ditch shrimp	DT	6.4	±	3.4	11.5	±	3.5
	pH 8.08	M TA	6.5 1.7	± ±	3.4 0.8	22.2 6.0	± ±	2.8 2.0
		BE	0.2	±	0.0	0.6	±	0.5
		OL	1.4	±	1.0	1.5	±	0.5
		R	8.6	±	2.5	21.2	±	4.9

Table 2 .

 2 S1: Experimental condition summary (mean ± SD)

	Phase Contamination	Treatment	Flux	Temperature Salinity	Alkalinity	pH
	Uptake Dissolved iHg	pH 8.08 pH 7.54	closed system: 1 or 2 days reniewal closed system: 1 or 2 days reniewal	19 ± 0.5°C 19 ± 0.5°C		2597 ± 11 2595 ± 10	8.08 ± 0.08 7.54 ± 0.04
	Dissolved iHg	pH 8.08 pH 7.54	60 L.h -1 60 L.h -1	19 ± 0.2°C 19 ± 0.2°C	38	2533 ± 2 2533 ± 1	8.08 ± 0.02 7.54 ± 0.04
	Loss	pH 8.08 + sand goby	60 L.h -1	19 ± 0.2°C		2535 ± 4	8.08 ± 0.02
	Trophic MeHg	pH 7.54 + sand goby	60 L.h -1	19 ± 0.2°C		2534 ± 2	7.54 ± 0.05
		pH 8.08 + ditch shrimp	60 L.h -1	19 ± 0.2°C		2532 ± 2	8.08 ± 0.02
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Table 3 .

 3 1: Percentage of Me 199 Hg and i 202 Hg measured in each tissues at 10, 20 and 30 days. Calculations are based on the quantities of the different isotopes of interest. N = number of replicates. Mean ± SE. Values in italics: calculation based on low amounts of isotopes (<1ng), indicating a methylation difficult to quantify (close to zero).

	Organ	Time (days)	N	% Me 199 Hg formed	% i 202 Hg formed
		10	11		
	Brain	20	5	31.7 ± 3.8	5.1 ± 1.5
		30	10	36.4 ± 7.9	4.5 ± 1.4
		10	6		9.5 ± 1.5
	Digestive gland	20	5	0.2 ± 0.1	11.0 ± 1.6
		30	11	0.4 ± 0.0	19.7 ± 1.5
		10	10		5.6 ± 1.6
	Gills	20	5		3.5 ± 0.8
		30	10		
		10	6		4.3 ± 1.6
	Intestine	20	5		2.5 ± 0.2
		30	11		5.1 ± 1.5
		10	10		4.4 ± 1.5
	Mantle	20	5		1.6 ± 0.5
		30	10		1.7 ± 0.2
	Remaining tis-sues	30	10		21.2 ± 3.1
	Whole cuttlefish	30	10	0.0042	0.15

Table 3 .

 3 S3: Results of Mann-Whitney test (p-values) on comparison of different variables measured for Hg in Hg contaminated condition and a normal seawater pH (pH = 8.1) and Hg contaminated condition with an acidification of the seawater (pH = 7.54) after 10 days of exposure (T10), in different tissues of cuttlefish. p < 0.05 is significant and marked in bold. [ ] indicates concentrations of Hg isotope; %M = percentage of Me 199 Hg formed; %Demeth = percentage of i 202 Hg formed; Me 200 Hg and i 200 Hg = "natural" Hg bioaccumulated; %MeHg = percentage of total MeHg compared to total Hg (THg); n = number of replicates in Hg condition ("Hg") and in acidified condition with Hg ("Hg+pH"). NA = not applicable.

		Hg isotopes	Theorical aver-age Hg/cuttle-fish/day (ng)	theorical aver-age Hg/cuttle-fish at 10 days (ng)	theorical aver-age Hg/cuttle-fish at 20 days (ng)	theorical aver-age Hg/cuttle-fish at 30 days (ng)
		i 199 Hg	8.7	87	174	261
		Me 202 Hg	7.4	74	148	222
	Spikes*	TOTAL i 200 Hg	16.1 16.7	161 166.7	322 333.4	483 500.1
		Me 200 Hg	3.5	35.1	70.2	105.3
		TOTAL	36.3	362.8	725.6	1088.4
	Control**	i 200 Hg Me 200 Hg	16.7 3.5	166.7 35.1	333.4 70.2	500.1 105.3
		TOTAL	20.2	201.8	403.6	605.4

202 

Hg] and loss) have been observed. Table 3.S4: Results of Mann-Whitney test (p values) on comparison of different variables measured for Hg in Hg contaminated condition (pH = 8.1) and Hg contaminated condition with an acidification of the water (pH = 7.54) after 30 days (T30) of exposure, in different organs of cuttlefish. p < 0.05 is significant and marked in bold. [ ] indicates concentrations of Hg isotope; %M = percentage of Me 199 Hg formed; %Demeth = percentage of i 202 Hg formed; Me 200 Hg and i 200 Hg = "natural" Hg bioaccumulated; %MeHg = percentage of total MeHg compared to total Hg (THg); n = number of replicates in Hg condition ("Hg") and in acidified condition with Hg ("Hg+pH"). NA = not applicable.

Table 3 .

 3 S5: Quantities of isotopes 200 of Hg (natural Hg) in different tissues of cuttlefish at different time (10, 20 and 30 days), both pH conditions pooled (due to few statistical differences observed between conditions). Mean ± SE. N = number of replicates.

	Organ	Time	N	Me 200 Hg (ng)	i 200 Hg (ng)
		10	11	0.4 ±0.0	0.7 ± 0.2
	Brain	20	5	NA	0.3 ± 0.1
		30	10	0.6 ± 0.1	0.7 ± 0.3
		10	6	4.2 ± 1.4	18.0 ± 5.7
	Digestive gland	20	5	2.2 ± 0.3	35.2 ± 6.7
		30	11	7.9 ± 1.7	74.6 ± 4.3
		10	10	1.0 ± 0.1	1.1 ± 0.3
	Gills	20	5	0.8 ± 0.1	2.3 ± 0.2
		30	10	1.2 ± 0.2	4.0 ± 0.7
		10	6	3.2 ± 0.4	2.2 ± 0.7
	Intestine	20	5	2.5 ± 0.2	1.6 ± 0.3
		30	11	6.1 ± 0.8	2.3 ± 0.5
		10	10	20.1 ± 2.7	5.1 ± 1.6
	Mantle	20	5	23.6 ± 0.8	2.2 ± 0.5
		30	10	38.4 ± 3.0	2.3 ± 0.5
	Remaining tis-sues	30	10	84.8 ± 3.1	5.6 ± 0.8

Table 4 .

 4 spawned eggs of common cuttlefish Sepia officinalis were caught in the Bay of Biscay, 2: Summary of the feeding experimental procedure with MeHg contaminated shrimps. Total Hg concentration (in μg g -1 dw; mean ± standard deviation) in contaminated and noncontaminated shrimps.

	Port des Minimes, France (46°08'44.7"N 1°10'16.4"W) during summer in 2020 and 2021.
	Clutch of eggs were separated and acclimated for two weeks in four black plastic aquaria (20,
	n=70 eggs per aquarium; salinity: 35; temperature: 18.3 ± 0.2°C; pH: 8.0 ± 0.1; 12 h light:12 h
	dark cycle, with aeration, recirculation pumps and daily water renewal) at the Littoral Envi-
	ronnement et Sociétés laboratory, CNRS-La Rochelle Université. Two aquaria remained at am-
	bient pH (8.03 ± 0.05 in 2020 and 8.01 ± 0.05 in 2021, equivalent to ∼440 µatm) and two
	others were progressively acclimated to acidified conditions by bubbling CO2 during a five days
	period until reaching a pH of 7.54 ± 0.06 (equivalent to ∼1600 µatm). The pCO2 was regulated
	by an IKS system from Aquastar © with pH measurements every 20 min and a weekly calibra-
	tion of the IKS probes with NBS standard pH solutions (pH 4.0 and pH 7.0), a glass electrode
	(Metrohm Table 4.1: Experimental parameters in each aquarium used for incubation (pCO2, pH, alkalin-
	ity, temperature, and salinity).				
	Years	Aquaria	pCO2 µatm	pH	Alkalinity	Temperature Salinity
		1	440	8.03 ± 0.04	2508 ± 2	18.3 ± 0.2°C	
	2020	2 3	440 1600	8.02 ± 0.03 7.54 ± 0.06	2509 ± 3 2530 ± 2	18.3 ± 0.2°C 18.3 ± 0.2°C	35
		4	1600	7.54 ± 0.05	2533 ± 1	18.3 ± 0.2°C	
		1	440	8.02 ± 0.02	2510 ± 2	18.3 ± 0.2°C	
	2021	2 3	440 1600	8.01 ± 0.03 7.54 ± 0.06	2508 ± 1 2532 ± 2	18.3 ± 0.2°C 18.3 ± 0.2°C	35
		4	1600	7.54 ± 0.06	2533 ± 1	18.3 ± 0.2°C	

© , ecotrode plus) and using TRIS buffer solutions (salinity 35, provided by A. Dickson, Scripps university, USA). Total alkalinity was measured potentiometrically using a Metrohm © titrator (Titrando 888). The pH values expressed in the NBS scale were corrected and reported on the total scale using values of total alkalinity and carbonate chemistry parameters calculated with the seacarb package from R

(Gattuso et al., 2021)

. Experimental conditions are outlined in the Table

4

.1.

  Hatchlings were kept for 42 days, and they successively performed different behavioral assays as detailed in the following parts. The exposure conditions during this period were summarized in Table4.S1. The experiments complied with the French and the European regulations (Directive 2010/63/EU) for the use of animals for scientific purposes. The experimental procedures were approved by the ethical committee: APAFIS # 20520-2019050614554709.

			± 1.163	0.033 ± 0.016
	2021	3, 7, 9, 16, 18, 22, 23	1.512 ± 0.162	0.039 ± 0.021

  The following section will detail what I have learned, what I wished to know earlier and what can help future cuttlefish experimenters.

Table 4

 4 

	.S1: Experimental parameters in aquaria used to rear hatchlings (pCO2, pH, alkalinity,
	temperature, and salinity).				
	Years	Aquaria	pCO2 µatm	pH	Alkalinity	Temperature Salinity
		Ctrl 1	440	8.03 ± 0.04	2508 ± 3	18.3 ± 0.2°C	
		Ctrl 2	440	8.02 ± 0.03	2510 ± 3	18.3 ± 0.2°C	
		Ctrl 3	440	8.02 ± 0.04	2510 ± 2	18.3 ± 0.2°C	
		Hg 1	440	8.02 ± 0.04	2510 ± 4	18.3 ± 0.2°C	
		Hg 2	440	8.02 ± 0.03	2509 ± 2	18.3 ± 0.2°C	
	2020	Hg 3 CO2 1	440 1600	8.03 ± 0.04 7.53 ± 0.07	2509 ± 1 2535 ± 4	18.3 ± 0.2°C 18.3 ± 0.2°C	35
		CO2 2	1600	7.54 ± 0.06	2530 ± 2	18.3 ± 0.2°C	
		CO2 3	1600	7.54 ± 0.05	2533 ± 1	18.3 ± 0.2°C	
		CO2 + Hg 1	1600	7.53 ± 0.07	2535 ± 4	18.3 ± 0.2°C	
		CO2 + Hg 2	1600	7.54 ± 0.06	2530 ± 2	18.3 ± 0.2°C	
		CO2 + Hg 3	1600	7.54 ± 0.05	2533 ± 1	18.3 ± 0.2°C	
		Ctrl 1	440	8.03 ± 0.04	2508 ± 2	18.3 ± 0.2°C	
		Ctrl 2	440	8.02 ± 0.03	2511 ± 3	18.3 ± 0.2°C	
		Ctrl 3	440	8.02 ± 0.04	2510 ± 2	18.3 ± 0.2°C	
		Hg 1	440	8.02 ± 0.04	2509 ± 4	18.3 ± 0.2°C	
		Hg 2	440	8.02 ± 0.03	2508 ± 3	18.3 ± 0.2°C	
	2021	Hg 3 CO2 1	440 1600	8.03 ± 0.04 7.54 ± 0.06	2510 ± 1 2539 ± 4	18.3 ± 0.2°C 18.3 ± 0.2°C	35
		CO2 2	1600	7.54 ± 0.07	2531 ± 2	18.3 ± 0.2°C	
		CO2 3	1600	7.53 ± 0.05	2533 ± 1	18.3 ± 0.2°C	
		CO2 + Hg 1	1600	7.53 ± 0.07	2533 ± 3	18.3 ± 0.2°C	
		CO2 + Hg 2	1600	7.53 ± 0.05	2530 ± 2	18.3 ± 0.2°C	
		CO2 + Hg 3	1600	7.54 ± 0.05	2532 ± 3	18.3 ± 0.2°C	

  spectra were acquired with an 800 MHz Bruker® Avance III HDX spectrometer, equipped with a Triple (TCI) Resonance 5mm Cryoprobe with Z-gradient and automatic tuning and matching. A SampleJet automatic sample changer controlled via the software IconNMR™ (Bruker Pty Ltd., Victoria, Australia) was used to load the samples. Spectra were acquired at 298 K, with D2O for field locking and TSP ( 1 H δ 0.00) as a reference. 1 H spectra were acquired using the zg30 pulse program with 64 scans, 0.8 s relaxation delay, 5.25 µs pulse width and 16 kHz spectral width ( 1 H δ -3.75-16.28). An edited 1 H-13 C HSQC spectra was acquired for a representative sample with 200 scans, 0.8 s relaxation delay, 5.25 µs pulse width and spectral widths of 12.8 kHz ( 1 H δ -3.23-12.79) and 33.1 kHz ( 13 C δ -9.40-155.2). Due to high salt content

Table S1 :

 S1 Experimental condition summary

	pCO2	pH	Alkalinity	Flux	Temperature	Salinity
	400 Fig. 0.1: Phylogenetic tree of Cephalopoda 8.08 ± 0.02 2534 ± 2	60 l.h -1	17.4 ± 0.1°C	
	800	7.82 ± 0.03	2533 ± 3	60 l.h -1	17.4 ± 0.1°C	
	1200	7.65 ± 0.03	2532 ± 2	60 l.h -1	17.4 ± 0.1°C	38
	1600	7.54 ± 0.05	2533 ± 1	60 l.h -1	17.4 ± 0.1°C	
	2100	7.43 ± 0.04	2535 ± 4	60 l.h -1	17.4 ± 0.1°C	

Table 1 .

 1 1: Mantle size range and mean (± sd in cm), mantle weight range and mean (± sd in g) and total Hg concentrations (mean ± sd in μg g -1 dw) in mantle muscles, digestive gland and optic lobes of Eledone cirrhosa (n = 20), Illex coindetii (n = 11), Todaropsis eblanae (n = 9), Loligo vulgaris (n = 20), Sepia officinalis (n = 21). 63 Table 1.2: AICc model ranking for log Hg concentrations within the five studied cephalopod species from Bay of Biscay. Models are GLMs with a gaussian distribution and an identity link function. Abbreviations: AICc, Akaike's Information Criteria adjusted for small sample-sizes values; wi, AICc weights. 65 Table 1.3: Parameters of the linear relationships between Hg concentrations in the optic lobes [Hg]ol and the mantle muscles [Hg]m. When the slopes between species were not significantly different, only one model was fitted within pooled data. See Fig. 1.2. 68 Table 2.1: Whole-body uptake and loss kinetic parameters of 203 Hg in whole common cuttlefish, Sepia officinalis following different exposure experiments: (1) individuals (n = 24) were exposed for 10 d to the radiotracer in seawater at two pH then (2) placed in depuration conditions for 21 d (n = 18); (3) individuals fed on radiolabelled fish (sand goby Pomatoschistus minutus) or shrimp (ditch shrimp Palaemon varians) were placed in depuration conditions at two pH for 21 d (n =

Table 4 .

 4 1: Experimental parameters in each aquarium used for incubation (pCO2, pH, alkalinity, temperature, and salinity). Table4.2: Summary of the feeding experimental procedure with MeHg contaminated shrimps. Total Hg concentration (in μg g -1 dw; mean ± standard deviation) in contaminated and non-contaminated shrimps. Table 4.3: THg concentrations (μg g -1 dw) in the mantle muscle of cuttlefish exposed to the different conditions in 2020 and 2021 (n=27 per condition). La seiche commune, Sepia officinalis, est un céphalopode côtier connu pour ses performances écophysiologiques soutenues par un large répertoire de comportements lui permettant, malgré son cycle de vie court, de tenir un rôle central dans les réseaux trophiques. Cependant, elle est également connue pour accumuler efficacement les éléments métalliques tel que le mercure (Hg), un contaminant neurotoxique sous sa forme organique (methylmercure ; MeHg). De plus, dans le contexte des changements environnementaux globaux, l'acidification des océans (AO) induite par l'augmentation des émissions de CO2, peut impacter le métabolisme, le développement et le système nerveux central, notamment chez les jeunes stades de vie. Le présent travail a donc pour but d'étudier les effets de l'AO sur la bioaccumulation du Hg et les effets de ces deux neurotoxiques (Hg et CO2) sur le comportement et les performances cognitives chez les juvéniles de seiches. Préalablement, des mesures in-situ ont montré que le Hg s'accumulait dans le cerveau des céphalopodes sous forme méthylé (MeHg). Par ailleurs, les approches expérimentales utilisant des traceurs isotopiques (stables et radioactif) du Hg ont démontré que l'accumulation du Hg total provenait majoritairement de l'assimilation du MeHg présent dans les proies, en comparaison à l'accumulation du mercure inorganique (iHg) par voie dissoute. Ce MeHg est ensuite très fortement retenu malgré la mise en évidence de processus de déméthylation du Hg dans la glande digestive. Étonnamment, l'AO n'a aucun effet sur les efficacités de la bioaccumulation et le métabolisme du Hg. En termes d'effets, des essais comportementaux ont montré que le Hg et CO2, seuls ou combinés, n'impactaient pas l'acuité visuelle et les performances de prédation chez les juvéniles. Par contre, ces deux derniers induisent une augmentation de l'activité locomotrice, compromettant le comportement défensif à travers notamment une altération de la coloration disruptive et un non-alignement de la latéralisation. Parmi les processus neuronaux susceptibles d'être impactés par le Hg et le CO2, le système GABAergique a été analysé dans les lobes optiques mais n'a montré aucun lien évident avec les réponses comportementales suggérant des processus d'effets plus complexes. L'ensemble de ce travail questionne donc les effets des conditions futures de l'océan sur les juvéniles de seiches, et plus largement les impacts sur les populations de céphalopodes.

	Résumé scientifique
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Abstract

Mercury (Hg), one of the elements most toxic to biota, accumulates within organisms throughout their lifespan and biomagnifies along trophic chain. Due to their key role in marine systems, cephalopods constitute a major vector of Hg in predators. Further, they grow rapidly and display complex behaviors, which can be altered by neurotoxic Hg. This study investigated Hg concentrations within 81 cephalopod specimens sampled in the Bay of Biscay, which belonged to five species: Eledone cirrhosa, Sepia officinalis, Loligo vulgaris, Todaropsis eblanae and Illex coindetii. Hg concentrations were measured in the digestive gland, the mantle muscle and the optic lobes of the brain. The digestive gland and the mantle were tissues with the most concentrated Hg among all species considered (up to 1.50 μg.g -1 dw), except E. cirrhosa. This benthic cephalopod had 1.3-fold higher Hg concentrations in the brain (up to 1.89 μg.g -1 dw) than in the mantle, while other species had 2-fold lower concentrations of Hg in the brain than in the mantle. Brain-Hg concentrations can be predicted from muscle-Hg concentrations for a given species, which facilitates the assessment of Hg toxicokinetics in cephalopods. In the most contaminated E. cirrhosa individual, the chemical form of Hg in its digestive gland, mantle muscle and optic lobes, was determined using High energy-Resolution X-ray Absorption Near Edge Structure (HR XANES) spectroscopy. In the digestive gland, 33 ± 11% of total Hg was inorganic Hg speciated as a dicysteinate complex (Hg(Cys)2), which suggested that the demethylation of dietary MeHg occurs in this organ. All Hg found in the mantle muscle and the optic lobes is methylated and bound to one cysteinyl group (MeHgCys complex), which implies that dietary MeHg is distributed to these tissues via the bloodstream.

These results raised the questions regarding interspecific differences observed regarding Hg brain concentrations and the possible effect of Hg on cephalopod functional brain plasticity and behavior. Keywords: Organotropism; Mantle muscle; Digestive gland; Optic lobes, MethylHg; Speciation; HR-XANES
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work (excluding stable isotopes analysis), to the formal results analysis and to the general interpretation and discussion.

Abstract

Mechanisms of mercury (Hg) toxicity are difficult to fully understand as pathways and reactions can be unique at the species level, the chemical form of mercury, as well as environmental conditions. In nature, the common cuttlefish (Sepia officinalis) is exposed to variable Hg contamination and environmental stressors (e.g. ocean acidification, warming) as this species must live in the coastal zone during key life cycle stages (e.g. juvenile recruitment). However, data on Hg in a context of multi-stressors are still scarce, including in cephalopods. This raises the question of the possible effects of ocean acidification on Hg bioaccumulation through changes of metabolism and microbiota, possibly involving in vivo Hg (de)methylation. This work quantified the accumulation efficiencies of Hg in different cuttlefish organs, depending on both organic (MeHg) and inorganic (iHg) species, under increased pCO2 (1600 µatm). Cuttlefish were fed with live shrimp injected with two Hg stable isotopic tracers (Me 202 Hg and i 199 Hg), which allowed for the simultaneous quantification of internal Hg accumulation, IHg methylation and MeHg demethylation rates. Results showed that pCO2 had no impact on Hg bioaccumulation and organotropism and both Hg and pCO2 did not influence the microbiota diversity. However, the results also demonstrated that the digestive gland is a key organ for in vivo MeHg demethylation, and the digestive gland microbiota could be involved in Hg transformations. Consequently, cuttlefish exposed to environmental levels of MeHg could exhibit in vivo microbial MeHg demethylation. This has important implications as to how some marine organisms may respond to future ocean change. Keywords: mercury isotopes; microbiota; cuttlefish; acidification; (de)methylation; methylmercury.

In-situ Hybridizations

RNA probes were generated by in vitro transcription using digoxigenin-11-UTP (DIG RNA labelling mix or FITC RNA labelling mix; Roche, Meylan, France). Antisense and sense probes were obtained with SP6 or T7 polymerase (Roche). RNA probes were purified by cold precipitation with lithium chloride and anhydrous alcohol. Sense RNA probes were used as negative controls. In-situ hybridizations were performed on cryosections of three heads in independent experiments. The protocol was adapted from Scaros and collaborators (2018) and from Sinigaglia and collaborators (2018). Controls were done for each manipulation. After defrosting 1 hour at room temperature, 20 µm-thick sections were incubated for 2 x 15 min. in PBS and treated by 10 mg mL -1 proteinase K for 10 min. Next, two rinses in 2mg mL -1 glycine and an acetylation step (in 0.1M Triethanolamine / 0.25% acetic anhydride) were performed. After one rinse in a saline sodium citrate (SSC) buffer (2X SSC: 0.3 M sodium citrate, 3 M NaCl, pH 8.0) at 65°C, the sections were then prehybridized for 2 hours at 65°C in hybridization buffer (50% deionized formamide, 2X SSC, 0.1% Tween 20, 50 μg mL -1 heparin, 50 μg mL -1 tRNA, and 10% dextran sulfate). Hybridization was carried out with addition of 45 ng of probe/mL in the hybridization buffer and was left overnight at 65°C. After progressively stringent rinses in SSC (2X) and SSC (0.1X), at 65°C, a saturation step in blocking solution (1% blocking reagent (Roche) and 5% fetal bovine serum in MABT) for 1 hour at room temperature were performed. Then, sections were incubated 1 hour at 4°C with polyclonal sheep anti-DIG antibody or anti-FITC antibody (Roche) conjugated to alkaline phosphatase (AP) and diluted 1:1000 in blocking solution overnight at 4°C. Sections were washed twice in MABT for 45 min. and kept overnight in MABT at 4°C. Sections were thoroughly rinsed with AP buffer (100 mM Tris-HCl pH 9.5, 100 mM NaCl, 0.1% Tween-20) twice for 10 min. and again twice for 10 min. in AP buffer with 50 mM MgCl2. Bound antibodies were revealed with the addition of 50 μg mL -1 of 5-bromo-4chloro-3-indolyl phosphate (BCIP) and 80 μg mL -1 nitroblue tetrazolium chloride (NBT). When the desired contrast was reached, the revelation was stopped by several PBS rinses. The slides were mounted in mowiol.

Analysis

The slides were scanned and analyzed using ImageJ © . First the image was converted to in black and white 8-bit image. Each pixel is defined by its gray level from 0 (black) to 255 (white). A threshold value between 0 and 175 enabled us to highlight the marking of the blade (in red

Juveniles should not spend too much time in front of screens

Video screens are more and more used in behavioral apparatus. Interestingly, cuttlefish see in polarized light [START_REF] Temple | Highresolution polarisation vision in a cuttlefish[END_REF], and therefore all video screens are not adapted to project them visual stimulus. From experience, iPads with retina screens were compatible with the cuttlefish vision and were chosen as a projection medium. It allows a wide range of test like looming stimulus without experimenter's bias. However, it is possible to question the relevance of this tool by its good perception or not by the cuttlefish (shape, brightness, number of frames per seconds, etc.), and the gap of the environmental realism. Furthermore, we have no idea of the intensive use of 10 times bigger screen size than the animal size on the cuttlefish behavioral responses.

Stayin' alive, stayin' alive

Finally, at the end of 2021 experiments, we had a mortality issue in 35 days-old juveniles. 48 hours after the first visual symptoms (abnormal behavior [such as no feeding], damaged skin, buoyancy alteration…), all cuttlefish from the same replicate died. Little is known about cuttlefish parasite and disease, and we were not able to treat our animals. Isolation and deep cleaning of the aquaria, UV treatment... were evidently not sufficient. Further investigations on this topic would improve cephalopods rearing quality.

The following sections will focus on the main scientific perspectives of the work by using other endpoint and approach.

RNA sequencing

As explain in the Chapter 2 Material and Methods section, half of the head of cuttlefish were quickly freeze dried in liquid nitrogen after euthanasia for further RNA sequencing. The time required for sample analysis and the bioinformatic work that follows could not fit in this PhD calendar. However, the samples are stored in the laboratory and their analysis will be conducted next year. This analysis will allow deeper investigation on the GABAergic system but also on other potential molecular responses to the Hg and CO2 coexposure. For example, transcriptomic analysis of the Mediterranean pteropod Heliconoides inflatus exposed to low pH for 3 days showed upregulation of the transcript encoding a GABAA receptor subunit [START_REF] Moya | Near-future pH conditions severely impact calcification, metabolism and the nervous system in the pteropod Heliconoides inflatus[END_REF]. Furthermore, other neurotransmission processes such as the one previously [START_REF] Munday | Methods matter in repeating ocean acidification studies[END_REF]. Clark and collaborators (2020a) indicated that the reported effects of OA on the behavior of coral reef fishes highlighted by Munday and collaborators (2020) were not reproducible, suggesting that behavioral perturbations will not be a major consequence for coral reef fishes in high CO2 oceans. However, in regards of more than 40 studies showing behavioral alteration in coral reef fishes (see for review [START_REF] Munday | Methods matter in repeating ocean acidification studies[END_REF], and considering what is observed in cold fish, mammals and cephalopods, it is hard to believe that OA effect on behavior will not be a major consequence for coral reef fishes. The main concerns of those authors were the reproducibility of the study, a constant issue of concern in science, especially in biology (Nature, 2018). In our case, the important number of cuttlefish used, the number of replicates and the similarity of the results obtained two years in a row strongly support a robust reproducibility. Furthermore, it reinforces the idea that OA would have a major impact on cuttlefish and ultimately on marine ecosystems. Finally, I personally agree with the words of Williamson and collaborators (2021) on this debate: "Open-minded assessment of all research results, both negative and positive, remains the best way to develop process-based understanding. As in other fields, replication studies in ocean acidification are most likely to contribute to scientific advancement when carried out in a spirit of collaboration rather than confrontation". Now to follow up the present work, our results allow at proposing further experiments: first, after the large repertoire of behavioral tests assessed and repeated over time, it would be possible to focus on the most altered behavior at the right time. For example, investigating locomotor activity in 25 days old (T25) juveniles, background matching (disruptive patterning) at T26 and the vigilant scanning (visual laterality) at T27. These assays are particularly fast to realize and highlighted behavioral alteration by OA and/or Hg. The time saved would benefits to the increase of experimental conditions while maintaining a significant number of tested individuals. Indeed, an intermediate pH could be added and/or another stressor such as warming or hypoxia, especially relevant in the global changing ocean context. Finally, are the effects we have observed reversible? Indeed, reversibility of CO2 and/or Hg effect have never been tested in cephalopods. However, 12 days CO2 exposed rockfish demonstrated a decreased anxiety, similar to control, after a return to seawater at ambient pH (Hamilton et al., 2014).

Similarly, the impaired olfaction of the green shore crab exposed to reduce pH was back to normal state after few hours in ambient pH seawater [START_REF] Roggatz | Ocean acidification affects marine chemical communication by changing structure and function of peptide signalling molecules[END_REF]. Thus, the impact of OA seems to be reversible. In contrast, the current work demonstrated no depuration of

Published papers related to the thesis included in the manuscript

Highlights

• Low pH conditions delay the timing of hatching and reduce hatching success of cuttlefish • Low pH conditions also impact cuttlefish egg size and but not the size of juveniles

• The maximum rate of dissolved oxygen uptake is reduced in response to low pH exposure • A decline in metabolic rates was observed in embryos exposed to low pH conditions

• Juveniles appear to compensate for lowered embryonic metabolic rates by expending more energy

Abstract

Atmospheric carbon dioxide (CO2) emissions are continuously rising due to increasing anthropogenic activities, causing a rise in the sea-surface partial pressure of CO2 (pCO2). This change in turn leads to decreased ocean pH, named ocean acidification, and affects the carbonatesilicate cycle. Such modification of seawater chemistry also affects the physiology and behaviour of some marine organisms, impacting their metabolism, growth and development during vulnerable early-life stages. Among them, the embryo of the cuttlefish develops for ~2 months in encapsulated eggs with harsh conditions of hypoxia and hypercapnia, potentially worsened by ocean acidification. In this study, the growth and development of early-life stages of the common cuttlefish, Sepia officinalis, were followed during the whole embryonic developmental period up to 10 days post-hatching. Embryos and juveniles were exposed to five elevated pCO2 conditions controlled with a continuous pH-stat system (pH 8.08; 7.82; 7.65; 7.54; 7.43).

Metabolites were determined in ready-to-hatch embryos, just hatched embryos and 10 d-old juveniles, using 1 H nuclear magnetic resonance (NMR) spectroscopy as a platform for untargeted metabolomics analysis. Consistent with previous studies, our results show delayed embryonic development and decreased hatching success at the lowest pH, but no effect on juvenile weight upon hatching. Metabolomics analysis revealed a metabolic depression in embryos reared at pH 7.43, non-monotonic changes to pH in 10 d-old juveniles, and no clear pH effect in newly hatched juvenile cuttlefish, likely due to the existing metabolic stress associated with hatching. These results suggest an effect of ocean acidification on early cuttlefish recruitment.

Keywords: cephalopods; high pCO2/low pH; growth; respirometry; metabolomic

Cuttlefish collection and exposure

Freshly spawned eggs of common cuttlefish Sepia officinalis were caught in the Bay of Biscay, Port des Minimes, France (46°08'44.7"N 1°10'16.4"W) during summer 2019. The eggs were separated and acclimated for one week in 5 open-circuit glass aquaria (n=80 per aquarium; flux: 60 L h -1 ; salinity: 38; temperature: 17.4 ± 0.1°C; pH: 8.0 ± 0.1; 12 h light:12 h dark cycle) at the International Atomic Energy Agency, Marine Environment Laboratories (IAEA-MEL). Embryos, and later juveniles, were exposed to 5 conditions of seawater pH/pCO2 (i.e., control; pH = 8.08 equivalent to 400 µatm and 4 acidified conditions; pH = 7.82, 7.65, 7.54, 7.43 equivalent to 800, 1200, 1600, 2100 µatm respectively). The pCO2 was regulated by an IKS system from Aquastar© with pH measurements every 20 min and a weekly calibration of the IKS probes with NBS standard pH solution (pH 4.0 and pH 7.0), a glass electrode (Metrohm©, ecotrode plus) and using TRIS buffer solutions (salinity 35, provided by A. Dickson, Scripps university, USA). Total alkalinity was measured potentiometrically using a Metrohm© titrator (Titrando 888). The pH values expressed in the NBS scale were corrected and reported on the total scale using values of total alkalinity and carbonate chemistry parameters calculated with the seacarb package from R (Gattuso et al., 2021). Experimental conditions are outlined in Table S1.

After hatching, cuttlefish were fed with live ditch shrimp Palaemon varians twice daily, for 10 days. The exposure conditions and endpoints are summarised in Fig. S1. The experiments were cleared with an authorization request for the use of animals for scientific purposes, referenced and authorized under the number APAFIS # 20520-2019050614554709.

Hatching and development

Cuttlefish egg development was followed every day and hatching was recorded twice a day. Cuttlefish eggs were sized with ImageJ software (version 1.53, 2021) and weighed (g) just before hatching, as well as newly born cuttlefish (<24h) and 10d-old cuttlefish.

Respirometry

Experimental set up

Cylindrical respirometers (61 mL; 3.75 cm diameter) were used to assess metabolic performance of 10 d-old juvenile cuttlefish. Each respirometer was submerged in a 20 L buffer tank,

Nuclear Magnetic Resonance spectroscopy

The metabolites of embryos and juveniles reared at different pH were analysed by 1 H Nuclear Magnetic Resonance (NMR) spectroscopy.

Sample description

The samples (n=112) collected and analysed, facilitated comparing the effects of varying pH conditions on metabolite profiles at three developmental stages (i.e. group 1, 2 and 3):

• Group 1: 40 embryos sampled at the end of the development period (n=8 per pH; 5 pH: 8. 08, 7.82, 7.65, 7.54, 7.43).

• Group 2: 40 newly hatchlings collected immediately post-hatching (n=8 per pH; 5 pH: 8. 08, 7.82, 7.65, 7.54, 7.43).

• Group 3: 32 samples of 10d-old juveniles (n=8 per pH; 4 pH: 8.08, 7.82, 7.65, 7.43).

One condition was stopped due to lack of material and space. We chose the 7.54 condition to keep the ambient pH and the 2 highest pH (8.08, 7.82, 7.65 respectively) and therefore more realistic in an AO scenario and the lowest pH (7.43), as an extreme condition.

Measurement

The cuttlefish were flash-frozen via submersion in liquid nitrogen, freeze-dried, and shipped on dry-ice to Griffith University, Australia, where they were stored at -80°C until extraction of metabolites and analysis using Nuclear Magnetic Resonance (NMR) spectroscopy. Prior to analysis, individual samples were transferred to glass test tubes and again placed in a freezedryer overnight to ensure complete removal of residual water (e.g., atmospheric absorption or uptake during cold storage), after which they were weighed (mg) for normalisation of metabolite abundance per unit mass. Samples were manually ground then homogenised with an Ultra-Turrax® T10 tissue homogenizer (IKA®, Selangor, Malaysi), after which ice cold methanol was added (800 µl) and they were incubated overnight at -20°C. The following morning 1600 μL chloroform and 400 μL deionised water were added, the samples were vortexed and then centrifuged (10 min, 15,000 rpm at 4°C). After centrifugation, the polar fraction (top
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Me 203 Hg fish (sand goby) and shrimp (ditch shrimp). G = gills, BH = branchial hearts, DG = digestive gland, DT = digestive tube, M = mantle muscle, TA = tentacles and arms, BE = beak, OL = optic lobes and R = remaining tissues.

Table 2.S1: Experimental condition summary (mean ± SD)