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Chapter I: Phosphorus limitation determines the quality of dissolved organic matter released by marine heterotrophic prokaryotes.

To the little 8-year-old me who escaped the world through '' les images de la mer'' and dreamed of becoming a marine scientist one day. I hope that this work is up to your expectations. The best I could do was what I did. 

Acronym

Summary

Dissolved organic matter (DOM) is one of the largest reservoirs of reduced carbon on earth, containing roughly the same amount of carbon as CO2 in the atmosphere. Heterotrophic prokaryotes (HP, Bacteria and Archaea) play a key role in DOM cycling in the ocean. They process about half of the carbon fixed by primary producers, either to produce biomass or CO2. However, less attention has been paid to the role of HP as DOM source. The so-called microbial carbon pump (MCP) states that HP produce recalcitrant DOM, this is, compounds that resist further remineralization and are thus stored in the ocean for thousands of years. In oligotrophic ecosystems, such as the Mediterranean Sea (Med Sea), the MCP is predicted to play a major role in carbon sequestration. The ultimate reasons why this DOM is produced, and which are the conditions that make it refractory, remain unclear. Our objective is to understand the environmental factors driving the MCP, with a particular focus on DOM dynamics in Med Sea, an oligotrophic ecosystem particularly limited in phosphorus (P) and highly vulnerable to climate change. We mainly answer 3 questions: Is the quantity and quality of HP-derived DOM (HP-DOM) dependent on P limitation? (chapter I). Does P limitation affect the bioavailability of HP-DOM? (chapter II). How does DOM composition and bioavailability change seasonally in the Med Sea and what is the role of HP on this variability? (chapter III).

To determine the effect of P limitation on HP-DOM, lab incubations were carried out using single bacterial strains and mixed HP communities. Incubations were done in artificial sea water with a single carbon source (glucose) under contrasting P concentrations (chapter I), and HP-DOM was quantified and characterized at the stationary growth phase. Here, we showed that P limitation did not significantly affect the quantity of HP-DOM but it affected its quality, measured by fluorescence spectroscopy (FDOM), with a predominance of humic-like FDOM under P limitation but protein-like FDOM under P repletion. This HP-DOM was then used as a substrate for natural prokaryotes to test the bioavailability of the HP-DOM released under P repletion or P limitation (chapter II). These experiments demonstrated that HP-DOM promoted significant growth in all treatments, and no clear differences in HP-DOM lability were evidenced based on the prokaryotic growth. But HP-DOM supported the growth of diverse communities and P-driven differences in HP-DOM quality selected for different indicator taxa. Our findings emphasize that HP-DOM lability is dependent on both DOM quality, shaped by P availability, and the composition of the consumers community.

To see if HP-DOM release patterns observed in the lab could be translated into field observations, sampling in the Med Sea was carried from 2019 to 2021 to follow temporal changes in DOM composition, measured by Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) together with other DOM descriptors (DOC, FDOM, etc.), microbial and environmental measures (chapter III). We hypothesized that DOM composition in the surface Med Sea changes from labile to refractory compounds during the summer accumulation period, and that HP might play a significant role in its formation. DOM recalcitrance proxies (aromaticity, unsaturation and molecular size) increased in summer; confirming our hypothesis of an increase in DOM recalcitrance in the mixed layer during stratification. DOM molecular and chemical functional diversity also increased, suggesting that the accumulated DOM in summer is likely the result of the interplay between different processes: dissolved primary production, prokaryotic processing and photobleaching that transform DOM into a highly diverse pool enriched in recalcitrant compounds.

Overall, this thesis brings together experimental and in situ observations of biogeochemical and microbial parameters to understand the role of the microbial carbon pump in DOM cycling in the ocean.

Résumé Titre de la thèse : Rôle de la pompe microbienne dans le cycle du carbone en Mer Méditerranée

La matière organique dissoute (MOD) est l'un des plus grands réservoirs de carbone réduit sur terre, contenant à peu près la même quantité de carbone que le CO2 dans l'atmosphère. Les procaryotes hétérotrophes (PH, bactéries et archées) jouent un rôle clé dans le cycle de la MOD dans l'océan. Ils transforment environ la moitié du carbone fixé par les producteurs primaires pour produire de la biomasse et du CO2. Cependant, le rôle des PH en tant que source de MOD a reçu moins d'attention.

Selon la pompe microbienne de carbone (PMC), les PH produisent de la MOD récalcitrante, c'est-àdire des composés qui résistent à une reminéralisation et sont donc stockés dans l'océan pour des milliers d'années. Dans les systèmes oligotrophes, tels que la mer Méditerranée (Méd.), la PMC devrait jouer un rôle majeur dans le piégeage du carbone. Les raisons ultimes de la production de cette MOD et les conditions qui la rendent réfractaire ne sont pas encore claires. Nous visant à comprendre les facteurs qui régissent la PMC, avec un accent particulier sur la dynamique de la MOD en Méd., un écosystème oligotrophe particulièrement limité en phosphore (P) et très vulnérable au changement climatique. Nous répondons surtout à 3 questions : quel et l'effet de la limitation en P sur la quantité et la qualité de la MOD dérivée des PH (MOD-PH ? (Chapitre I). La limitation en P affecte-t-elle la biodisponibilité de MOD-PH ? (Chapitre II). Quelles sont les variations saisonnières de la composition et la biodisponibilité de la MOD en Méd. et quel est le rôle des PH dans cette variabilité ? (Chapitre III).

Pour la 1 ère question, des incubations ont été menées en utilisant des souches bactériennes seules et des communautés PH mixtes. Elles ont été réalisées dans de l'eau de mer artificielle avec une seule source de carbone (glucose) sous des concentrations de P contrastées (Chapitre I), et la MOD-PH a été quantifiée et caractérisée à la phase de croissance stationnaire. Nous avons montré que la limitation en P n'affectait pas la quantité de la MOD-PH mais plutôt sa qualité, mesurée par spectroscopie de fluorescence (MODF), avec une prédominance de MODF de type humique sous limitation en P et de MODF de type protéique en absence de limitation. Cette MOD a ensuite été utilisée comme substrat pour des procaryotes naturels afin de tester sa biodisponibilité (chapitre II). On a observé que MOD-PH a favorisé une croissance significative dans tous les traitements, et aucune différence claire dans la

GENERAL INTRODUCTION

General introduction 1. The ocean carbon cycle

Absorbing about a 1/3 of anthropogenic CO2, the ocean plays a significant role in carbon sequestration (IPCC, 2013). Classically, 3 conceptual carbon pumps are involved in drawing CO2 from the atmosphere to the ocean: The solubility pump, the carbonate pump, and the biological carbon pump.

They transfer carbon downward the ocean in the form of dissolved inorganic carbon (DIC), calcium carbonate and organic carbon, respectively [START_REF] Volk | Ocean Carbon Pumps: Analysis of Relative Strengths and Efficiencies in Ocean-Driven Atmospheric CO2 Changes[END_REF].

In the solubility pump, carbon enters the ocean by the dissolution of atmospheric CO2 in surface water forming dissolved CO2, carbonate and bicarbonate ions (CO3 2-, HCO3 -). Added together, these components constitute the total pool of DIC. CO2 dissolution mainly happens in high latitude surface cold waters where deep CO2-rich waters form by deep mixing [START_REF] Ridgwell | Why Dissolved Organics Matter[END_REF]. Once exported, it travels throughout the global ocean with the thermohaline circulation, being thus stored for thousands of years before upwelling in warmer lower latitudes.

The carbonate pump describes the bio-precipitation of calcium or magnesium carbonates (CaCO3,MgCO3) in the upper water column by calcifying organisms [START_REF] Ridgwell | Why Dissolved Organics Matter[END_REF]. During their lifetime, these organisms sequester carbon in short time scales within their skeleton (Legendre et al., 2015;[START_REF] Ridgwell | Why Dissolved Organics Matter[END_REF]. Once dead, these biomineral particles gravitationally sink into the deep ocean, where 20 % of them escape dissolution and contribute to long term burial of carbon in sediments [START_REF] Feely | Impact of anthropogenic CO2 on the CaCO3 system in the oceans[END_REF].

In the biological pump (BCP), photosynthetic organisms uptake atmospheric CO2 to synthetize organic carbon that is subsequently transformed through the food web (viral lysis, grazing, mortality, aggregation) into particulate or dissolved organic matter (POM or DOM respectively, see definition in section 2). POM and DOM travel downward into the deep ocean by gravity, mixing or water mass downwelling, and active animal migration [START_REF] Boyd | Multi-faceted particle pumps drive carbon sequestration in the ocean[END_REF][START_REF] Ducklow | Upper Ocean Carbon Export and the Biological Pump[END_REF][START_REF] Siegel | Quantifying the Ocean's Biological Pump and Its Carbon Cycle Impacts on Global Scales[END_REF].

During this journey, both POM and DOM are subject to mineralisation by heterotrophic prokaryotes (bacteria and archaea) that release CO2 resulting in the temporary storage of carbon until it is ventilated to the surface again by the oceanic circulation [START_REF] Ducklow | Upper Ocean Carbon Export and the Biological Pump[END_REF]Jiao et al., 2010;[START_REF] Ridgwell | Why Dissolved Organics Matter[END_REF]. Hence, the deeper POM and DOM sink before their carbon is released back as CO2, the more effective the pump will be. Only a fraction of the photosynthetically fixed carbon sinks to the deep ocean mainly in the form of POM (~ 10 PgC year -1 ), while ~ 2 PgC year -1 enters the ocean interior via DOM (D. Hansell et al., 2009). The degradation of POC by heterotrophic prokaryotes during sinking is generally efficient, with < 6 % of POM reaching the deep ocean [START_REF] Dunne | A synthesis of global particle export from the surface ocean and cycling through the ocean interior and on the seafloor[END_REF]Legendre et al., 2015), while only 0.3 % of this flux escapes benthic degradation to be buried [START_REF] Dunne | A synthesis of global particle export from the surface ocean and cycling through the ocean interior and on the seafloor[END_REF].

However, a large proportion of the DOM is not remineralized throughout the water column, forming a depth-independent reservoir of carbon as refractory DOM (C. A. [START_REF] Carlson | DOM Sources, Sinks, Reactivity, and Budgets[END_REF]Jiao et al., 2010;Jiao & Azam, 2011;Legendre et al., 2015). It has been proposed that marine heterotrophic prokaryotes are the responsible for the generation of this large refractory DOM pool, thus this carbon sequestration pathway has been named as the microbial carbon pump (Jiao et al., 2010).

DOM in the ocean

what is it and why is it important?

Oceanic organic matter is operationally divided into particulate (POM) and dissolved organic matter (DOM) fractions and spans a continuum of sizes and forms (Figure 1, upper panel). DOM is thus defined as organic matter passing through a certain filter size, often 0.2 to 0.7 µm.

DOM constitutes a complex mixture enclosing thousands, possibly millions, of diverse molecules (Dittmar et al., 2021;Zark et al., 2017), composed of a C and hydrogen (H) skeleton to which other heteroatoms can be bound, including oxygen (O), phosphorus (P), nitrogen (N), sulfur (S) and metals. DOM plays a pivotal role in several elemental cycles and controls a plethora of biogeochemical processes in the ocean. DOM is the primary currency of the microbial loop providing nutrients, substrate and energy for the food web and facilitating ecological interactions [START_REF] Azam | Microbial Control of Oceanic Carbon Flux: The Plot Thickens[END_REF][START_REF] Azam | Microbial structuring of marine ecosystems[END_REF].

Figure 1 Size continuum of marine organic matter (Upper panel). Modified from [START_REF] Verdugo | Marine Microgels[END_REF]. Illustration of carbon content of DOM compared to some others carbon reservoirs (Lower panel). Carbon reservoirs are expressed in Pg C (10 15 gC) and values were taken from Hansell et al., (2013) ;[START_REF] Hedges | Chapter 1-Why Dissolved Organics Matter[END_REF] and IPCC (2013) for DOM, atmospheric CO2 and marine biota, respectively.

Among other roles of DOM in the ocean we can cite:

-By reacting with metals, DOM affects their bioavailability but also reduce their toxicity [START_REF] Hirose | Metal-organic matter interaction: Ecological roles of ligands in oceanic DOM[END_REF]Yamashita & Jaffé, 2008).

-It controls UV and visible light penetration into the euphotic zone, influencing thus photobiology but also protecting the organisms from potentially harmful radiations [START_REF] Nelson | The Global Distribution and Dynamics of Chromophoric Dissolved Organic Matter[END_REF].

-It influences air-sea exchanges via the release of aerosols and volatile compounds (Moore et al., 2008).

-It also has an antioxidant activity [START_REF] Romera-Castillo | Free radical scavenging (antioxidant activity) of natural dissolved organic matter[END_REF] -It contributes in pH buffering and total alkalinity of sea water [START_REF] Stewart | Dissolved humic materials: Photodegradation, sediment effects, and reactivity with phosphate and calcium carbonate precipitation[END_REF].

Quantitatively, DOM is usually quantified and referred to as dissolved organic carbon (DOC).

Among the different forms of C hosted by the ocean, DOM constitutes one of the largest reservoirs of reduced C with 662 Pg C (Hansell, 2013), comprising more than 200 times the marine biomass and 20 times the POM (Figure 1, lower panel) (C. A. [START_REF] Carlson | DOM Sources, Sinks, Reactivity, and Budgets[END_REF]D. Hansell et al., 2009). This carbon reservoir is comparable to the mass of C in atmospheric CO2, ~700 PgC [START_REF] Hedges | Chapter 1-Why Dissolved Organics Matter[END_REF] (Figure 1, lower panel). Despite this large pool size, one litre of water in the ocean contains only between 34 to 80 µmol of DOC on average, typically decreasing from surface to depth (D. Hansell et al., 2009). Being such a huge carbon reservoir, DOM plays and important role in carbon cycling and carbon sequestration through the biological and microbial carbon pumps as described in section 1.

The role of DOM in carbon cycling and sequestration is closely related to its biological reactivity. Due to its chemical and structural diversity, DOM exhibits a broad spectrum of reactivities and turnover times (C. A. [START_REF] Carlson | DOM Sources, Sinks, Reactivity, and Budgets[END_REF]. DOM reactivity has been viewed either as a continuum (Benner & Amon, 2015) or as discrete fractions, as shown in Figure 2 (D. A. Hansell, 2013).

Based on the average lifetime, this author classified DOM into 5 pools with different reactivities:

-Labile DOM (LDOM). With a lifetime of hours to days, LDOM represents quantitively a small fraction (<1 %, Figure 2) but a biologically significant one. It is rapidly consumed by marine heterotrophic prokaryotes, supporting their carbon and nutrient demand (C. A. [START_REF] Carlson | DOM Sources, Sinks, Reactivity, and Budgets[END_REF]Moran et al., 2022). It encloses monomers and oligomers including dissolved free neutral sugars, dissolved free amino acids, organic S and P compounds and hydrolysable high molecular weight compounds.

-Semi-labile DOM (SLDOM). Comprises large proteins polysaccharides and is more resistant to microbial degradation, reaching in average a lifetime of ~ 1.5 year (D. A. [START_REF] Hansell | Net removal of major marine dissolved organic carbon fractions in the subsurface ocean: REMOVAL OF EXPORTED DOC[END_REF]. It is consequently accumulating in the surface and then exported to the mesopelagic layer (<100m) where it supports microbial production [START_REF] Nagata | Organic Matter-Bacteria Interactions in Seawater[END_REF]. This fraction contributes only to the short-term C storage as its mineralized products return to the atmosphere within months to years (D. A. Hansell, 2013;[START_REF] Hansell | Net removal of major marine dissolved organic carbon fractions in the subsurface ocean: REMOVAL OF EXPORTED DOC[END_REF].

-Semi-refractory DOM (SRDOM). The SRDOM fraction shows an intermediate reactivity with turnover times of decades; allowing its accumulation and then export beyond 1000 m and thus playing a role in C sequestration (D. A. [START_REF] Hansell | Net removal of major marine dissolved organic carbon fractions in the subsurface ocean: REMOVAL OF EXPORTED DOC[END_REF].

-Refractory DOM (RDOM). The RDOM is the most resistant fraction to microbial degradation and dominates the DOM pool with 630 Pg C (Figure 2). Therefore, it is ubiquitous in the water column and resists for centuries to millennia. Its average lifetime is ~ 16000 years and it is composed of a variety of compounds dominated by low molecular weight molecules (D. A. Hansell, 2013).

-Ultra-refractory DOM (URDOM). URDOM, accounting for a small fraction (~ 2 %), it is assumed to be inert and composed of black carbon with a lifetime > 40000 years (D. A. Hansell, 2013;[START_REF] Ziolkowski | Aged black carbon identified in marine dissolved organic carbon[END_REF]. [START_REF] Carlson | DOM Sources, Sinks, Reactivity, and Budgets[END_REF].

The DOM fractions that are resistant to rapid microbial degradation and accumulate in ocean, i.e., SLDOM,SRDOM, RDOM, URDOM, were termed recalcitrant by (D. A. Hansell, 2013). However (Jiao et al., 2010) use the word recalcitrant to qualify the refractory DOM fraction defined by D.A. Hansell (2013). Throughout this manuscript, the words recalcitrant and refractory were interchangeably used to designate all persistent DOM fractions and broadly referred to as RDOM.

Apart from this lifetime-based classification, DOM reactivity can be viewed differently from a microbiological or environmental perspective as several studies suggested that DOM recalcitrance varies between different microbial species and different environments (e.g., Jiao et al., 2011;Kujawinski, 2011) (see below, RDOM persistence hypotheses).

But why is DOM recalcitrant to heterotrophic prokaryotic mineralization?

Several hypotheses behind RDOM persistence have been proposed and discussed: (Dittmar, 2015), proposed three main hypotheses behind RDOM stability. First, the environmental hypothesis defends that DOM degradation by heterotrophic prokaryotes is limited by the availability of essential resources such as electron acceptors, nutrients, or vitamins. This hypothesis is supported by experimental and in situ observations in anoxic or oligotrophic areas where DOM accumulates (see the Mediterranean Sea example in section 5). Second, the dilution hypothesis, also called the diversity hypothesis, where all DOM compounds are considered potentially labile and the reason behind their apparent recalcitrance is the presence of a huge variety of molecules, each of them present at so low individual concentrations that would be below the uptake limit (Kattner et al., 2011;LaRowe & Van Cappellen, 2011). Finally, studies also identified intrinsically recalcitrant DOM compounds, some of them derived from heterotrophic prokaryotes such as peptidoglycan constituents [START_REF] Amon | Linkages among the bioreactivity, chemical composition, and diagenetic state of marine dissolved organic matter[END_REF]Kawasaki & Benner, 2006) leading to another hypothesis that is the intrinsic stability of DOM (Dittmar, 2015). Both dilution and intrinsic stability hypothesis have been experimentally demonstrated by (Arrieta et al., 2015) and (Shen & Benner, 2020) respectively, but are also a source of debate [START_REF] Jiao | Comment on "Dilution limits dissolved organic carbon utilization in the deep ocean[END_REF][START_REF] Lennartz | Controls on turnover of marine dissolved organic matter-testing the null hypothesis of purely concentration-driven uptake: Comment on Shen and Benner[END_REF].

Recent modelling studies [START_REF] Mentges | Long-term stability of marine dissolved organic carbon emerges from a neutral network of compounds and microbes[END_REF][START_REF] Mentges | Microbial Physiology Governs the Oceanic Distribution of Dissolved Organic Carbon in a Scenario of Equal Degradability[END_REF] led to an alternative hypothesis called the emergent recalcitrance hypothesis, where all forms of DOM are continuously used and transformed within complex microbial networks (Dittmar et al., 2021). In this context, DOM recalcitrance is not an intrinsic property of DOM compounds but it emerges as a bulk property at the ecosystem level (Dittmar et al., 2021). These authors discussed the mechanisms, limitations and the implications of both intrinsic and emergent recalcitrance of DOM, and proposed the ecology of molecules as a novel overarching research strategy that combines both concepts with the ecological and environmental context. All in all, these studies delineate the complexity of DOM reactivity, demonstrating that the hypotheses behind RDOM are not exclusive, that is the RDOM pool hosts both intrinsically persistent molecules and a diversity of likely diluted labile ones and that the environment plays a determining role in their persistence.

DOM sources and sinks

Not only does DOM differ in reactivity and concentration, but it also differs in terms of origin (autochthonous vs. allochthonous). Allochthonous DOM sources comprise inputs from the atmosphere, fluvial and groundwater transport from the continent [START_REF] Raymond | Riverine DOM[END_REF][START_REF] Willey | Rainwater dissolved organic carbon: Concentrations and global flux[END_REF]. Allochthonous fractions contribute only 2-3 % to the total oceanic DOM but can be important in coastal areas [START_REF] Bauer | Dissolved Organic Carbon Cycling and Transformation[END_REF]. About 95 % of DOM in the ocean is from autochthonous sources and they prevail in the open ocean: DOM is produced in the euphotic layer (0-150 m) by phytoplankton through photosynthesis (C. A. Carlson, 2002;Kujawinski, 2011) where a significant proportion of photosynthesized C is released as extracellular DOM [START_REF] Castillo | Production of chromophoric dissolved organic matter by marine phytoplankton[END_REF][START_REF] Maranon | Continuity in the photosynthetic production of dissolved organic carbon from eutrophic to oligotrophic waters[END_REF]. Also, 50 % of the photosynthetically produced particulate organic matter is transformed to DOM through diverse mechanisms [START_REF] Anderson | Carbon cycling and POC turnover in the mesopelagic zone of the ocean: Insights from a simple model[END_REF]. Other autochthonous sources of DOM include grazing and egestion of protists (Gruber et al., 2006;[START_REF] Kujawinski | Probing molecular-level transformations of dissolved organic matter: Insights on photochemical degradation and protozoan modification of DOM from electrospray ionization Fourier transform ion cyclotron resonance mass spectrometry[END_REF]Nagata & Kirchman, 1992) or viral lysis [START_REF] Brussaard | Viral Control of Phytoplankton Populations-A Review1[END_REF][START_REF] Gobler | Release and bioavailability of C, N, P Se, and Fe following viral lysis of a marine chrysophyte[END_REF].

Marine microbes are the main agents of DOM transformations in the ocean, with phytoplankton as the main source via photosynthesis and heterotrophic prokaryotes are recognized as the main sink by remineralization processes (C. A. [START_REF] Carlson | DOM Sources, Sinks, Reactivity, and Budgets[END_REF]. Outside of microbial transformations, abiotic processes can also a be a DOM sink. Abiotic sinks of DOM include thermal degradation in hydrothermal systems [START_REF] Hawkes | Efficient removal of recalcitrant deep-ocean dissolved organic matter during hydrothermal circulation[END_REF], DOM aggregation and particles sorption [START_REF] Druffel | Identification of a deep marine source of particulate organic carbon using bomb 14C[END_REF][START_REF] Verdugo | Marine Microgels[END_REF], and photochemical mineralization [START_REF] Bittar | Competition between photochemical and biological degradation of dissolved organic matter from the cyanobacteria Microcystis aeruginosa[END_REF].

Photochemical reactions not only remove DOM but can also degrade DOM modifying its lability; thus modifying its further transformation by microbes [START_REF] Lønborg | Photochemical alteration of dissolved organic matter and the subsequent effects on bacterial carbon cycling and diversity[END_REF][START_REF] Tranvik | Contrasting effects of solar UV radiation on dissolved organic sources for bacterial growth[END_REF].

Its effect was suggested to be ambivalent: While some experimental studies showed that photodegraded DOM resists microbial degradation [START_REF] Ortega-Retuerta | Distribution and photoreactivity of chromophoric dissolved organic matter in the Antarctic Peninsula (Southern Ocean)[END_REF]Rossel et al., 2013), others highlighted the role of photochemistry in the production of labile DOM (Moran & Zepp, 1997). For instance, when upwellings and oceanic circulation bring deep RDOM to the surface, solar radiation transforms a part of it into bioavailable DOM (Medeiros et al., 2015;Nieto-Cid et al., 2006) fuelling thus DOM cycling.

Heterotrophic prokaryotes as a source of DOM

Heterotrophic prokaryotes (HP, bacteria and archaea) are the most abundant organisms in the ocean with ~1.3 10 29 cells [START_REF] Flemming | Bacteria and archaea on Earth and their abundance in biofilms[END_REF], and their biomass carbon inventory was estimated to be of about 1.2 Pg C [START_REF] Buitenhuis | Picoheterotroph (Bacteria and Archaea) biomass distribution in the global ocean[END_REF]. These organisms are significant drivers of DOM biogeochemical cycling in the ocean (Azam et al., 1983;[START_REF] Nagata | Organic Matter-Bacteria Interactions in Seawater[END_REF]. They process about half of the carbon fixed by primary producers (Cole et al. 1988), converting it into CO2 (respiration) and new biomass (production). The fraction of carbon converted into new biomass, defined as the prokaryotic growth efficiency (PGE), is crucial for estimating carbon fluxes in the ocean (del Giorgio and [START_REF] Del Giorgio | Bacterial Growth Efficiency in Natural Aquatic Systems[END_REF]. HP contribute to more than half of the microbial community respiration in ocean [START_REF] Biddanda | Dominance of bacterial metabolism in oligotrophic relative to eutrophic waters[END_REF][START_REF] García-Martín | Contribution of bacterial respiration to plankton respiration from 50°N to 44°S in the Atlantic Ocean[END_REF], thus they are viewed as main sinks in the global carbon cycle. However, these microorganisms also release a myriad of compounds, part of which can be recalcitrant and thus stored in the ocean (see MCP in the next section).

HP can release DOM as a direct by-product of their biosynthesis and growth, such as the release of peptidoglycan constituents (Kawasaki and Benner 2006). But when there is an imbalance between their anabolism and catabolism, HP cells dissipate extra energy via extracellular release of DOM [START_REF] Carlson | Microbes and the Dissipation of Energy and Respiration: From Cells to Ecosystems[END_REF]. HP also produce and actively release a plethora of metabolites for specific physiological needs, among which we can cite:

-Communication through quorum sensing [START_REF] Borges | Quorum Sensing Inhibition by Marine Bacteria[END_REF][START_REF] Hmelo | Quorum Sensing in Marine Microbial Environments[END_REF]. For instance [START_REF] Gram | Possible Quorum Sensing in Marine Snow Bacteria: Production of Acylated Homoserine Lactones by Roseobacter Strains Isolated from Marine Snow[END_REF] observed acyl homoserine lactones release by a Roseobacter strain.

-Chemical defense against predation by prokaryote grazers [START_REF] Matz | Marine Biofilm Bacteria Evade Eukaryotic Predation by Targeted Chemical Defense[END_REF][START_REF] Wietz | Antagonistic Interactions Mediated by Marine Bacteria: The Role of Small Molecules[END_REF] but also interspecies competition (e.g. antibiotics).

-Nutrient acquisition [START_REF] Bellenger | Essential metals for nitrogen fixation in a free-living N₂-fixing bacterium: Chelation, homeostasis and high use efficiency[END_REF][START_REF] Granger | The importance of siderophores in iron nutrition of heterotrophic marine bacteria[END_REF][START_REF] Leventhal | Why microbes secrete molecules to modify their environment: The case of iron-chelating siderophores[END_REF].

-Release of extracellular enzymes to break complex material into accessible fragments [START_REF] Arnosti | 13-Microbial Extracellular Enzymes and their Role in Dissolved Organic Matter Cycling[END_REF] or to cleave inorganic nutrients from organic matter when nutrients are scarce. Phosphatase synthesis, for instance, is highly influenced by phosphorus (P) limitation [START_REF] Romano | Phosphate Limitation Induces Drastic Physiological Changes, Virulence-Related Gene Expression, and Secondary Metabolite Production in Pseudovibrio sp. Strain FO-BEG1[END_REF].

The release of DOM by HP is thus closely related to the presence of other microbes, and their growth conditions; particularly the nutrient status of their environment. Therefore, the quantity and chemical nature of HP-derived DOM could differ as a function of environmental conditions such as nutrient availability.

The Microbial Carbon Pump: a story of bacteria and dissolved organic matter

The HP-derived DOM is shown to constitute an important contribution to the marine DOM pool. Measuring the D-enantiomers of amino acids, biomarkers of bacterial peptidoglycans (Kawasaki & Benner, 2006), it was estimated that about 25 % to 30 % of marine DOM is from bacterial origin (Kaiser & Benner, 2008;[START_REF] Tremblay | Origin and fate of particulate and dissolved organic matter in a naturally iron-fertilized region of the Southern Ocean[END_REF]. Recent studies also showed that bacteria can produce DOM with similar chemical composition and complexity as the one observed in natural marine DOM (Lechtenfeld et al., 2015;Noriega-Ortega et al., 2019).

The microbial carbon pump (MCP, Figure 3), is a conceptual framework comprising processes through which heterotrophic prokaryotes transform labile DOM, easily biodegradable, into recalcitrant DOM (RDOM) that resists biological degradation and assimilation resulting in carbon storage in the ocean (Jiao et al., 2010). Carbon sequestration within long term persistent RDOM was proposed earlier (e.g. Hopkinson & Vallino, 2005;[START_REF] Legendre | Microbial food webs and the export of biogenic carbon in oceans[END_REF][START_REF] Ogawa | Dissolved Organic Matter in Oceanic Waters[END_REF] and RDOM generation by bacteria preceded the MCP concept as well (e.g. [START_REF] Brophy | Production of biologically refractory dissolved organic carbon by natural seawater microbial populations. Deep Sea Research Part A[END_REF]Ogawa, 2001).

Jiao and colleagues conceptualized the MCP and proposed 3 pathways : (1) Direct generation of RDOM from growing heterotrophic prokaryotes including direct exudation, viral lysis and grazing; (2) residual RDOM after prokaryotic processing of DOM, i.e RDOM leftovers after preferential utilization of LDOM; and (3) RDOM produced upon bacterial and archaeal hydrolyzation of POM (Jiao et al., 2010;Jiao & Azam, 2011). The importance of the MCP as a carbon sequestration pathway is highlighted by two features of RDOM. First, a large fraction of RDOM has a modelled lifetime of about 16000 years (D. A. [START_REF] Hansell | Net removal of major marine dissolved organic carbon fractions in the subsurface ocean: REMOVAL OF EXPORTED DOC[END_REF], which is higher than the timescales of ocean ventilation (ca. 1000 years). This means that RDOM can survive several ocean ventilation cycles. Second, within the MCP, DOM composition is altered by increasing the ratios of carbon to nitrogen and phosphorus (Hopkinson & Vallino, 2005;Jiao et al., 2010) meaning that more carbon is stored in RDOM relatively to nitrogen and phosphorus. Stoichiometric analyses show that the C:N:P ratios of RDOM (~3,511:202:1) are very different from LDOM (199:20:1) and POM (106:16:1) (Hopkinson & Vallino, 2005). This suggests that more carbon, relatively to N or P, can be sequestered within RDOM by the MCP than what would be sequestered in POM through the BCP.

In the context of the MCP, bacteria and archaea change the elemental composition of DOM, producing intrinsically recalcitrant compounds and diversifying DOM. Heterotrophic prokaryotes alter DOM stoichiometry, resulting in the increase of C to N and P ratios [START_REF] Hach | Rapid microbial diversification of dissolved organic matter in oceanic surface waters leads to carbon sequestration[END_REF]Hopkinson & Vallino, 2005;Jiao et al., 2010). The bioassays conducted by (Lechtenfeld et al., 2015) supported that most molecules in bacterial derived DOM consist solely of carbon, hydrogen and oxygen (49-52 %), while nitrogen and phosphorus containing molecules contribute only to ~32 % and 10 % of the bacterial molecules, respectively. This increase in the C:N:P ratios would favor C sequestration via RDOM accumulation by the MCP, as explained above. Both bacteria and archaea are shown to transform simple and complex substrates to large and diversified mixture of molecules [START_REF] Bayer | Ammonia-oxidizing archaea release a suite of organic compounds potentially fueling prokaryotic heterotrophy in the ocean[END_REF]Koch et al., 2014;Lechtenfeld et al., 2015;Lian et al., 2021;Noriega-Ortega et al., 2019). A fraction of this bacterially derived DOM was shown to be persistent from months to years [START_REF] Brophy | Production of biologically refractory dissolved organic carbon by natural seawater microbial populations. Deep Sea Research Part A[END_REF]Gruber et al., 2006;Koch et al., 2014;Lechtenfeld et al., 2015;Ogawa, 2001). Moreover, several constituents of marine RDOM were also identified in these experimental incubations showing the capacity of heterotrophic prokaryotes to produce recalcitrant compounds. For instance, Carboxyl-rich alicyclic molecules (CRAMs), that constitute a major fraction of recalcitrant DOM in the ocean (Hertkorn et al., 2006[START_REF] Hertkorn | High-field NMR spectroscopy and FTICR mass spectrometry: Powerful discovery tools for the molecular level characterization of marine dissolved organic matter[END_REF], contributed largely to archaeal and bacterial derived DOM [START_REF] Bayer | Ammonia-oxidizing archaea release a suite of organic compounds potentially fueling prokaryotic heterotrophy in the ocean[END_REF]Lechtenfeld et al., 2015). This was strengthened by a recent study by (Z. Liu et al., 2023) which demonstrated the direct production of bio-refractory CRAMs by a bacterium and revealed that some of this biogenic CRAMs resisted microbial decomposition. Another example is the microbial humic-like fluorescent compounds that are showed to be produced by bacteria in several studies (Ortega-Retuerta et al., 2021;Shimotori et al., 2009Shimotori et al., , 2012)). (Catalá et al., 2015) estimated the turnover time of these humic-like compounds in the deep ocean to be between 435 and 610 years, indicating their recalcitrance.

Even though grazers and viruses have been considered as contributing to the production of RDOM, the most acknowledged process of RDOM production in the literature is the direct release and transformation of LDOM to RDOM by HP (see above). Indeed, studies including prokaryote grazers suggested that their presence does not affect the production of RDOM by HP (Benner & Herndl, 2011;Gruber et al., 2006;[START_REF] Nagata | Organic Matter-Bacteria Interactions in Seawater[END_REF]. Concerning virus, [START_REF] Suttle | Marine viruses-Major players in the global ecosystem[END_REF] suggested that highly labile materials produced by viral lysis are recycled in the ocean surface within the viral shunt, while recalcitrant carbon-rich materials have the potential to enhance carbon export to the deep ocean within the viral shuttle. [START_REF] Middelboe | Viral lysis of bacteria: An important source of dissolved amino acids and cell wall compounds[END_REF] suggested that viral-mediated DOM rather contributes significantly to the LDOM pool than to the RDOM one. The labile material produced by viral lysis may anyway indirectly stimulate heterotrophic prokaryotes to synthesize RDOM, thus contributing to the MCP.

The importance of the MCP in C sequestration is predicted to change under the global warming context (e.g. Jiao et al., 2014;Legendre et al., 2015;[START_REF] Lønborg | Impacts of Global Change on Ocean Dissolved Organic Carbon (DOC) Cycling[END_REF]. These studies suggested that global change effects such as the reduction of phytoplankton size, the slowdown of thermohaline circulation, and the decrease of cloud coverage, could decrease RDOM production and favour its removal, decreasing thus the MCP efficiency. (Jiao et al., 2014) proposed that the increase of anthropogenic inputs of inorganic nutrients may reduce the capacity of carbon storage via the RDOM.

On the other hand, it was suggested that ocean acidification, the increase in temperature and the associated water column stratification might enhance carbon sequestration by the MCP by increasing DOM production and shifting from POM to DOM production (Legendre et al., 2015;[START_REF] Lønborg | Impacts of Global Change on Ocean Dissolved Organic Carbon (DOC) Cycling[END_REF][START_REF] Wohlers | Changes in biogenic carbon flow in response to sea surface warming[END_REF]. Moreover, [START_REF] Polimene | Biological or microbial carbon pump? The role of phytoplankton stoichiometry in ocean carbon sequestration[END_REF], suggested that MCP might become more significant under future climate change conditions, where increased stratification would enhance oligotrophy, as they predicted the MCP:BCP pump ratio to increase with decreasing nutrients. Although the increase in ocean stratification would impair nutrient supply of surface waters and increase oligotrophy, (Legendre et al., 2015) argued that the effect of higher oligotrophy in the ocean is not conclusive. Interestingly, microbial-derived DOM accumulation generally occurs in oligotrophic nutrient-limited areas (C. Carlson et al., 2002;[START_REF] Gasol | Bacterial activity and diffusive nutrient supply in the oligotrophic Central Atlantic Ocean[END_REF]Romera-Castillo et al., 2013). Based on a model [START_REF] Polimene | Model of interactions between dissolved organic carbon and bacteria in marine systems[END_REF] described DOC-bacteria interactions that lead to DOC accumulation and showed that RDOM production by bacteria was nutrient dependent and concluded that bacteria contribute to the DOM accumulation under nutrient limitation by decreasing their degradation activity and by actively producing semi-refractory DOM. Thus, nutrient limitation is potentially an important driver of the MCP direct pathways.

How to characterize DOM?

To characterize DOM, it needs to be first isolated using filtration. The most currently used filters are 0.7 µm GF/F filters and 0.2 µm polycarbonate filters. The first ones have the advantage of being inorganic and pre-combustible to eliminate organic contamination. However, some prokaryotic cells end up in the DOM fraction when using this filter size (Figure 1, upper panel). On the other hand, 0.2 µm are readily available and remove most of the bacteria that are susceptible to degrade samples.

Both filters are widely used in DOM studies. Generally, in biogeochemistry studies GF/F are preferentially used and the interference of HP biomass to the organic matter pool is negligible for the chemical analysis of DOM, while in microbiology studies 0.2 µm are preferred.

As highlighted previously, DOM constitutes a complex mixture of thousands of compounds with different sources, reactivity and heterogenous composition. Hence, the comprehensive compositional analysis of DOM is difficult and there are still analytical challenges for its full characterization [START_REF] Repeta | Chemical Characterization and Cycling of Dissolved Organic Matter[END_REF], and only a small fraction of DOM composition is known [START_REF] Dittmar | On the trophic regimes of the Mediterranean Sea: A satellite analysis[END_REF][START_REF] Repeta | Chemical Characterization and Cycling of Dissolved Organic Matter[END_REF]. Research on DOM composition involves many different approaches that look at different DOM properties. On one hand, we have bulk measurements of DOM. This includes dissolved organic elements (DOC, DON, DOP, DOS, etc) concentrations, elemental ratios, or DOM optical properties. On the other hand, we have specific measurements targeting simple biochemicals (e.g. amino acids, polysaccharides, etc); that do not target the broad suite of very complex DOM molecules. Over the last two decades, advanced techniques such as high-field nuclear magnetic resonance and ultrahigh resolution Fourier transform ion cyclotron mass spectrometry (FT-ICR MS), have provided an in-depth understanding of DOM's structural and molecular composition, although this insight is narrowed to the solid phase extractable part of DOM.

Given the number of approaches and the different DOM properties, it is important to identify the relevant DOM measures for our scientific questions. The transformations that DOM undergo during its production and removal leave an imprint on its chemical composition and properties. Thus, in this thesis I focus on the DOM properties that give relevant information to understand its sources and sinks, its cycling in the water column, as well as the RDOM and LDOM fractions through several proxies (see below). To achieve this, I used two main approaches to characterize DOM: optical properties and FT-ICR MS as well as proxies of LDOM-RDOM associated to these measurements.

a. DOM optical properties

Optical properties of DOM reflect the interaction of a fraction of DOM with light. The DOM pool encloses a fraction of compounds that are able to absorb ultraviolet and visible light (UV-vis). This fraction is called chromophoric DOM (CDOM). A part of CDOM is able to re-emit light after absorbance, and is called fluorescent DOM (FDOM). The absorbance and fluorescence signatures of DOM reflect the characteristics of complex mixtures of compounds, but their measurements provide valuable information of DOM properties (see below) and are widely used to track quantitative and qualitative changes in aquatic DOM including photochemistry [START_REF] Stedmon | The Optical Properties of DOM in the Ocean[END_REF], biodegradability (begum et al 2023), etc. In addition, each one of the chromophores or fluorophores, possess unique absorption and/or fluorescence properties allowing their identification (see below).

Furthermore, they represent easy and affordable methods to implement and do not involve any denaturation of DOM samples.

CDOM measurements:

Absorption properties of CDOM are measured using a spectrophotometer as unitless absorbance (Aλ) value which is then converted to Napierian absorption coefficient (aλ, m -1 ) according to the following equation:

a " = 2.303. )*+ " ,
where l is the path-length (in meters) and 2.303 is the factor to convert a base-10 to a natural logarithm.

Typically, measurements are performed using a long path quartz cuvette and the absorbance spectrum, usually from 250 nm to 700 nm, decreases approximatively exponentially with increasing wavelength (from UV to vis) (Figure 4a). The shape of the spectrum indicates changes in CDOM composition and processing and provides both qualitative and quantitative information on CDOM.

Diverse absorption indices can be extracted from these spectra (Figure 4a). Quantitively, the absorption coefficient at 350 nm is an indicator of CDOM concentrations (Bricaud et al, 1981) and was also associated to RDOM [START_REF] Lønborg | Assessing the microbial bioavailability and degradation rate constants of dissolved organic matter by fluorescence spectroscopy in the coastal upwelling system of the Ría de Vigo[END_REF]. The specific ultraviolet absorbance at 254 nm (SUVA254), obtained by dividing the absorption coefficient (m -1 ) at 254 nm on DOC (mg C L -1 ), is correlated to DOM aromaticity and provides information on the DOM structure (Helms et al., 2008;[START_REF] Weishaar | Evaluation of Specific Ultraviolet Absorbance as an Indicator of the Chemical Composition and Reactivity of Dissolved Organic Carbon[END_REF]. In addition, the spectral slope between 275 and 295 (S275_295 ) can be calculated based on the exponential function fitting, giving information on both molecular weight and aromaticity (Helms et al., 2008). Typically higher S275_295 values indicate low molecular weight and are also associated with photochemical alterations [START_REF] Fichot | The spectral slope coefficient of chromophoric dissolved organic matter (S275-295) as a tracer of terrigenous dissolved organic carbon in river-influenced ocean margins[END_REF]Helms et al., 2008).

FDOM measurements

DOM fluorescence, measured using a spectrofluorometer, is typically limited to excitation wavelengths of 240-500nm and emission wavelengths of 300-600nm. This technique has particularly allowed characterizing HP-DOM quality (Rochelle-Newall and Fisher 2002; Kramer and Herndl 2004;Shimotori et al. 2009) and has revealed differences FDOM related to the taxonomy of the producing HP (Shimotori et al. 2012;[START_REF] Goto | Evaluation of the Production of Dissolved Organic Matter by Three Marine Bacterial Strains[END_REF]Ortega-Retuerta et al. 2021).

In practice, several emission scans at different excitations can be concatenated into a matrix called the excitation emission matrix (EEM). EEMs represent several signals reflecting DOM features, i.e. fluorophores, that are classically gathered in 2 major groups identified by peak picking (Coble et al., 1990;Coble, 2007a): protein-like fluorophores, that originate from fluorescent aromatic aminoacids [START_REF] Coble | Characterization of marine and terrestrial DOM in seawater using excitationemission matrix spectroscopy[END_REF][START_REF] Yamashita | Chemical characterization of protein-like fluorophores in DOM in relation to aromatic amino acids[END_REF] and humic-like fluorophores, that come from different origins (Figure 4b). These 2 groups are characterized by 5 excitation/emission (ex/em) pairs:

respectively [START_REF] Coble | Characterization of marine and terrestrial DOM in seawater using excitationemission matrix spectroscopy[END_REF][START_REF] Eisinger | The Excited States of Nucleic Acids[END_REF]; 250 nm/435 nm (peak A) due to humic substances of different origins; 320-360 nm/440 nm (peak C) due to humic substances of terrestrial origin; 290-310 nm/370-410 nm (peak M) due to humic substances produced in marine environments (Coble, 2007;[START_REF] Coble | Characterization of marine and terrestrial DOM in seawater using excitationemission matrix spectroscopy[END_REF]. In this thesis, we mainly focus on Peak T over peak B to characterize protein-like FDOM, as this later can be strongly affected by scattering bands. We also focus on the peak M as it has been used as a marker for microbially derived recalcitrant DOM in the ocean (Yamashita and Tanoue 2008;Catalá et al. 2015).

Given the 3 dimensional aspect of EEMs and the considerable amount of information and DOM features it encloses, a statistical fitting approach called parallel factor analysis (PARAFAC), is increasingly used to detangle FDOM fluorophores (Murphy et al., 2013;[START_REF] Stedmon | Characterizing dissolved organic matter fluorescence with parallel factor analysis: A tutorial[END_REF].

PARAFAC mathematically separates the overlapping fluorescence signal in an EEM into individual and independently variable fluorophores, commonly termed components. In PARAFAC, the EEMs are taken as a 3 arrays dataset (samples x excitation x emission) and is decomposed into a set of trilinear terms and a residual array (Murphy et al., 2013;[START_REF] Stedmon | Tracing dissolved organic matter in aquatic environments using a new approach to fluorescence spectroscopy[END_REF]:
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b. Molecular level characterization: FT-ICR MS

Fourier transform ion cyclotron mass spectrometry (FT-ICR MS) is a cutting-edge technique allowing a non-targeted identification of DOM molecular composition [START_REF] Hertkorn | High-field NMR spectroscopy and FTICR mass spectrometry: Powerful discovery tools for the molecular level characterization of marine dissolved organic matter[END_REF]. It has revealed to be powerful in deciphering the ''black box" of DOM as it allows high resolution and mass accuracy, achieving peak separation within an extremely small mass unit (mass accuracy better than 0.1 mDa [START_REF] Dittmar | On the trophic regimes of the Mediterranean Sea: A satellite analysis[END_REF]Qi et al., 2022)). This technique requires highly concentrated and salt-free samples. Hence, its use is challenged by the nature of marine DOM given its low individual concentrations and the presence of salts. Several techniques are employed in marine DOM isolation and concentration, such as ultrafiltration or reverse osmosis [START_REF] Nebbioso | Molecular characterization of dissolved organic matter (DOM): A critical review[END_REF][START_REF] Repeta | Chemical Characterization and Cycling of Dissolved Organic Matter[END_REF].

Recently, solid phase extraction of DOM (SPE-DOM) using cartridges filled with a styrene divinyl benzene polymer (PPL) has been reported to be an efficient way to extract, concentrate and desalt DOM samples with an efficiency up to 60 % (Dittmar et al., 2008;[START_REF] Li | Proposed Guidelines for Solid Phase Extraction of Suwannee River Dissolved Organic Matter[END_REF].

The first step to FT-ICR MS measure is ionization of the sample to produce gas-phase ions, which are then transferred into a cyclotron cell where the induced current from the ions is detected. The detection of these ions is done according to their mass to charge (m/z) ratio, allowing thus to produce the mass spectrum by plotting signal intensity against m/z. Several ionization methods exist and were used and compared in DOM analysis (Hertkorn 2008;[START_REF] Kim | Analysis of environmental organic matters by Ultrahigh-Resolution mass spectrometry-A review on the development of analytical methods[END_REF]. Negative electrospray ionization (ESI (-)) is the most commonly used in DOM studies (e.g. [START_REF] Hertkorn | High-field NMR spectroscopy and FTICR mass spectrometry: Powerful discovery tools for the molecular level characterization of marine dissolved organic matter[END_REF]Lian et al., 2021;Y. Liu et al., 2023;Medeiros et al., 2015). ESI (-) is widely used because it is a soft ionization method that preserves molecular integrity as much as possible, and it has high selectivity for polar acidic functional groups (most SPE-DOM is acidic and polar) and only a small volume of sample is needed.

Once mass spectra are acquired, molecular formulas are calculated based on the m/z of the molecule using mathematical algorithms that assume pre-established restrictions [START_REF] Koch | Fundamentals of Molecular Formula Assignment to Ultrahigh Resolution Mass Data of Natural Organic Matter[END_REF]. FT-ICR MS attributed data are generally limited to 200-800 Da mass range. FT-ICR MS analysis of DOM have revealed that SPE-DOM is composed mainly of C, H, and N atoms, and, in a lesser extent S and P ones [START_REF] Chen | Structural and compositional changes of dissolved organic matter upon solid-phase extraction tracked by multiple analytical tools[END_REF]Hertkorn et al., 2006).

FT-ICR MS provides different molecular information including the molecular weight, heteroatoms content, oxidation state, degree of aromaticity, and unsaturation. However, it does not provide any structural information on the molecular formulas and that many possible isomers can exist for a single formula. Since this technique provides large datasets per sample, Van-Krevelen diagrams (hydrogen to carbon ratio H/C vs. oxygen to carbon ratio O/C) are useful to visualize the DOM fingerprints and to assign identified molecules to compound groups according to their H/C and O/C ratios and aromatic properties [START_REF] Kim | Graphical Method for Analysis of Ultrahigh-Resolution Broadband Mass Spectra of Natural Organic Matter, the Van Krevelen Diagram[END_REF]. The molecular diversity of DOM based on FT-ICR MS analyses are also widely applied to estimate DOM diversity both in field and incubation studies including richness (e.g., Lechtenfeld et al., 2015;Schmidt et al., 2009), abundance-based and functional diversity (e.g., Mentges et al., 2017;Noriega-Ortega et al., 2019).

c. Proxies and indicators of DOM recalcitrance:

Based on the chemical characterization of DOM, several indicators of its broad lability or recalcitrance as well as intrinsic RDOM proxies were developed. In this section we provide a list of proxies and indicators that we used in this thesis based on FT-ICR MS and optical DOM fingerprints (Table 1 and2). Other chemistry-based proxies exist (see table 4 in [START_REF] Zhang | Evolving paradigms in biological carbon cycling in the ocean[END_REF], reviewed by (Cai & Jiao, 2022). Since these proxies/indicators are based on DOM chemical properties, they mostly reflect DOM reactivity as an intrinsic property and they only give an idea of the overall bio-reactivity of a DOM sample (thus not considering the environmental context of DOM recalcitrance). Most of these proxies are associated to increase of DOM recalcitrant with increasing depth in the ocean (Figure 5), but they were also associated to microbial transformations of DOM and associated increase of recalcitrance. 

Optical properties-based proxies and indicators

RDOM proxies and indices calculated from fluorescence measures are summarized in Table 1. 

Proxy/index Description

Protein-like FDOM DOC mineralization has been reported to relate with the contribution of protein-like FDOM to the total FDOM pool [START_REF] Cory | Biological lability of streamwater fluorescent dissolved organic matter[END_REF]) and this component is widely considered as labile (Lønborg et al., 2009;Nieto-Cid et al., 2006;[START_REF] Yamashita | Chemical characterization of protein-like fluorophores in DOM in relation to aromatic amino acids[END_REF] Humic-like FDOM Humic-like FDOM fluorescence was reported to increase and accumulate upon prokaryotic transformation of diverse substrates and was considered to be recalcitrant [START_REF] Jørgensen | Tracing the long-term microbial production of recalcitrant fluorescent dissolved organic matter in seawater[END_REF]Kramer & Herndl, 2004;Ortega-Retuerta et al., 2021;Rochelle-Newall & Fisher, 2002;Romera-Castillo et al., 2011). Humic-like FDOM increases with increasing depth in the ocean (Figure 6) and was associated to long lived DOM in the deep ocean (Catalá et al., 2015;Yamashita & Tanoue, 2008).

Humification index (HIX)

HIX is an indicator of humification of organic matter calculated based on EEMs data (Ohno, 2002). Higher values of HIX indicate an increase in fluorescent intensity of humic-like FDOM and thus indirectly indicates a decrease in DOM bioavailability (Cai & Jiao, 2022). a350 a350 has been reported to be significantly related to the humic like fluorophores and to refractory DOC [START_REF] Lønborg | Assessing the microbial bioavailability and degradation rate constants of dissolved organic matter by fluorescence spectroscopy in the coastal upwelling system of the Ría de Vigo[END_REF].

FT-ICR MS-based proxies and indices

RDOM proxies and indices calculated from Fourier transform ion cyclotron mass spectrometry (FT-ICR MS) data are summarized in Table 2 Table 2 Summary of RDOM proxies and indices evaluating overall DOM recalcitrance based on FT-ICR MS analyses.

Proxy/index Description

Carboxyl rich alicyclic molecules (CRAMs)

CRAMs are an operationally defined group of molecules that represent 8 % of RDOM in the ocean (Hertkorn et al., 2006). CRAMs are defined based on FT-ICR MS derived molecular characteristic and can be identified within Van Krevelen diagram. They are considered to be refractory due to their high degree of oxygenation and unsaturation (Hertkorn et al., 2006), as well as their high polarity that could make their uptake energy demanding (Kattner et al., 2011).

Hydrogen to carbon ratio H/C

H/C ratio reflects the saturation state of the sample and its decrease has been associated to DOM lability decrease [START_REF] D'andrilli | An ultrahigh-resolution mass spectrometry index to estimate natural organic matter lability[END_REF][START_REF] Lechtenfeld | Molecular transformation and degradation of refractory dissolved organic matter in the Atlantic and Southern Ocean[END_REF]Medeiros et al., 2015).

Double bond equivalent (DBE)

DBE represents the sum of unsaturation and rings in a molecule and it indicates the presence of double bonds and can be calculated based on molecular data (Koch and Dittmar 2006). Its increase was associated in increase in DOM recalcitrance with depth (P. Li et al., 2019;Martínez-Pérez et al., 2017;Medeiros et al., 2015).

Carbon number and m/z C number and m/z represent molecular size and weight that are related to DOM reactivity (Benner & Amon, 2015). In the FT-ICR MS analysis acquisition window (commonly <1500 Da), different field and experimental studies show that an increase in molecular weight is associated to an increase in DOM recalcitrance (Cai et al., 2019;P. Li et al., 2019;Martínez-Pérez et al., 2017;Medeiros et al., 2015).

Nominal oxidative state of carbon (NOSC)

NOSC reflects the oxidative state of a molecule regardless of its chemical structure, it is an indicator of overall DOM reactivity. High NOSC compounds are thermodynamically more profitable to degrade (LaRowe &. Van Cappellen, 2011). NOSC was generally applied in sediment-derived DOM studies and need to be tested in DOM samples from natural seawater and incubation experiments (Cai & Jiao, 2022).

The Mediterranean Sea

The Mediterranean Sea (Med Sea) is the largest semi enclosed basin on earth. Despite its modest size, it is considered as one of the most complex marine environments given its particular chemical and physical characteristics [START_REF] Santinelli | DOC in the Mediterranean Sea[END_REF]. The Med Sea is recognized to be an oligotrophic basin, particularly limited in phosphorus. It is thus especially vulnerable to climate change perturbations (Durrieu de [START_REF] Durrieu De Madron | Marine ecosystems' responses to climatic and anthropogenic forcings in the Mediterranean[END_REF]. Characterized by a pronounced seasonality, the Med Sea experiences surface stratification and enhanced nutrient limitation in the upper mixed layer during the summer period. Recent studies reported a rapid warming trend in the Med Sea, particularly in the western basin, and predicted significant warming for the future [START_REF] Shaltout | Recent sea surface temperature trends and future scenarios for the Mediterranean Sea[END_REF]. The direct effect of this warming would be the increase in stratification, strengthening thus the surface nutrient limitation.

The Med Sea is particularly suitable to study the microbial carbon pump as there is a surface accumulation of DOC coinciding with the inorganic nutrient limitation increase. In the summer period, an accumulation of dissolved organic carbon is recurrently observed (Laghdass et al., 2010;Romera-Castillo et al., 2013;Sánchez-Pérez et al., 2016[START_REF] Romera-Castillo | This accumulation is decoupled to the phytoplankton maximum, which takes place in late winter-early spring (D'Ortenzio & Ribera d'Alcalà[END_REF], as in other oligotrophic ocean areas (C. Carlson et al., 2002;Church et al., 2002), which is decoupled to the phytoplankton maximum taking place in late winter-early spring [START_REF] D'ortenzio | On the trophic regimes of the Mediterranean Sea: A satellite analysis[END_REF]Michaels et al., 1994).

The proposed reason for this decoupling is the malfunctioning of the microbial loop, this is, that nutrient limitation prevents heterotrophic prokaryotes from uptaking the DOM released by phytoplankton, therefore promoting its accumulation (Thingstad et al., 1997;Thingstad & Rassoulzadegan, 1999). Should this be the case, this DOM would be labile and remineralized once it enters the deep waters after autumn mixing. However, disproving this hypothesis, heterotrophic prokaryotic production in the region is usually higher in summer (Alonso-Sáez et al., 2008;Laghdass et al., 2010), as well as enzymatic activities [START_REF] Ortega-Retuerta | Seasonal dynamics of transparent exopolymer particles (TEP) and their drivers in the coastal NW Mediterranean Sea[END_REF]. This suggests that at least a part of the accumulated DOM is derived from heterotrophic prokaryotes by the consumption of labile DOM and the released of refractory DOM. In this case, the MCP would be the major player in this DOM accumulation and once this HP derived RDOM enters deep layers a large fraction of it would be stored and sequester carbon in the Med Sea.

Thesis objectives and manuscript structure

This thesis aims to understand the role of heterotrophic prokaryotes in DOM release within the microbial carbon pump, with a particular focus on DOM dynamics in the Mediterranean Sea. I particularly want to understand the effect of P limitation on MCP pathways and how this can be observed in the Med Sea. Therefore, this thesis work combines experimental incubations and in situ observations to answer three main questions:

(1) Is the quantity and quality of HP-derived DOM (HP-DOM) dependent on P limitation?

(2) Does P limitation affect the bioavailability of HP-DOM?

(3) How does DOM composition and bioavailability change seasonally in the Mediterranean

Sea and what is the role of HP on this variability?

The thesis is organized as follows -General introduction giving an overview on DOM in the ocean and its interactions with HP, DOM charachterization, and the Med Sea as a relevant study area for our research questions.

-Chapter I examines P limitation effect on HP-derived DOM quantity (DOC) and optical properties (FDOM) by the mean of experimental incubations involving single bacterial strains and mixed HP communities under contrasting P concentrations.

-Chapter II builds up on Chapter I results using HP-derived DOM in biodegradation experiments to test its bioavailability.

-Chapter III describes DOM seasonal variability mainly by FT-ICR MS associated to FDOM and CDOM measurement as well as microbial metrics (Chlorophyll concentration, viral and bacterial abundances, prokaryotic diversity) and environmental descriptors.

-General discussion and perspectives bringing the 3 chapters together as each of them contains its own discussion. It mainly discusses how the experimental work can be translated in field observations. It also includes future research directions upon this work.

-Conclusions summarizing the main conclusions of this thesis.

-Annexes contains information related to the three presented chapters as well as additional research work for completeness.

CHAPTER I

Phosphorus limitation determines the quality of dissolved organic matter released by marine heterotrophic prokaryotes. 

Introduction

Dissolved organic matter (DOM) is the dominant pool of reduced carbon in the ocean. DOM covers a continuum of reactivity ranging from labile, with fast turnover, to recalcitrant DOM that persists for millennia being thus a carbon sequestration mechanism (Hansell, 2013). Heterotrophic prokaryotes (HP) are important drivers of DOM biogeochemical cycling in the ocean [START_REF] Nagata | Organic Matter-Bacteria Interactions in Seawater[END_REF].

They process about half of the carbon fixed by primary producers (Cole, et al., 1988), converting it into CO2 (respiration) and new biomass (production). The fraction of carbon converted into new biomass, defined as the prokaryotic growth efficiency (PGE), is crucial for estimating carbon fluxes in the ocean [START_REF] Del Giorgio | Bacterial Growth Efficiency in Natural Aquatic Systems[END_REF]. But HP also release a myriad of DOM compounds, part of which can be recalcitrant and thus be stored in the ocean (Ogawa, 2001;Gruber et al., 2006;Lønborg et al., 2009;Lechtenfeld et al., 2015;Osterholz et al., 2015). This process, termed the microbial carbon pump (Jiao et al., 2010), may be an important carbon sequestration mechanism.

In recent years, different fractions of this HP-derived DOM (HP-DOM) have been characterized, e.g. amino acids concentration (Daoud & Tremblay, 2019), molecular signature (Lechtenfeld et al. 2015;Koch et al. 2014) and fluorescence properties (Shimotori et al., 2009). This last technique has allowed characterizing HP-DOM quality (Rochelle-Newall and Fisher 2002; Kramer and Herndl 2004;Shimotori et al., 2009) and has revealed differences in fluorescent DOM (FDOM) related to the taxonomy of the producing HP (Shimotori et al., 2012;[START_REF] Goto | Evaluation of the Production of Dissolved Organic Matter by Three Marine Bacterial Strains[END_REF]Ortega-Retuerta et al., 2021). Yet, the reason why FDOM is released and its relation to environmental factors has been scantly studied.

HP can release DOM as a direct by-product of their biosynthesis and growth (Kawasaki and Benner 2006) or by the imbalance between their anabolism and catabolism [START_REF] Carlson | Microbes and the Dissipation of Energy and Respiration: From Cells to Ecosystems[END_REF]. Viral lysis and sloppy grazing by protozoans can also release DOM from HP [START_REF] Middelboe | Viral lysis of bacteria: An important source of dissolved amino acids and cell wall compounds[END_REF][START_REF] Nagata | Production mechanisms of dissolved organic matter[END_REF] and alter its composition (Gruber et al., 2006;[START_REF] Heinrichs | Deciphering the Virus Signal Within the Marine Dissolved Organic Matter Pool[END_REF].

However, many molecules can also be released for specific needs including competition (antibiotics), communication, nutrient acquisition (siderophores, ectoenzymes) (Kujawinski 2011;Carlson 2002). Therefore, the quantity and chemical nature of HP-DOM could differ as a function of

Chapter I

Phosphorus effects on prokaryotic DOM 60 environmental conditions such as nutrient availability. Phosphatase synthesis, for instance, is highly influenced by phosphorus (P) limitation [START_REF] Romano | Phosphate Limitation Induces Drastic Physiological Changes, Virulence-Related Gene Expression, and Secondary Metabolite Production in Pseudovibrio sp. Strain FO-BEG1[END_REF]. Although P-limitation for HP is a dominant condition in the ocean [START_REF] Wu | Phosphate Depletion in the Western North Atlantic Ocean[END_REF]Obernosterer et al., 2003;Lazzari et al., 2016), its effect on HP-DOM quantity and chemical composition is unclear (e.g. Thompson & Cotner, 2020). For example, Romano et al. (2014), looking at solid-phase extracted DOM, showed changes in bacterial metabolomes induced by P-limitation, with an increase in phenolic and polyphenolic compounds.

Therefore, we hypothesize that P availability would have an effect on DOM quantity and quality.

To test this hypothesis, we addressed two main questions: (i) Does P-limitation affect the quantity of DOM released by HP? (ii) Do the fluorescence properties of HP-DOM depend on P availability?

Material and methods

Experimental design

To test the effect of P-limitation on HP-DOM, we performed 4 experiments using 2 model bacterial strains and 2 natural HP communities.

The two bacterial strains were obtained from the "Laboratoire Arago culture collection":

Photobacterium angustum S14, a copiotrophic Gammaproteobacterium isolated from coastal waters (Botany Bay, Australia) [START_REF] Lauro | The genomic basis of trophic strategy in marine bacteria[END_REF] ; and Sphingopyxis alaskensis RB2256, an oligotrophic Alphaproteobacterium isolated from North Pacific waters (Eguchi et al., 2001). They were chosen based on their capacity to grow on glucose, the availability of their genome sequenced, and the ample experience culturing them at our laboratory (e.g. [START_REF] Koedooder | The Role of the Glyoxylate Shunt in the Acclimation to Iron Limitation in Marine Heterotrophic Bacteria[END_REF][START_REF] Matallana-Surget | Proteome Analysis of the UVB-Resistant Marine Bacterium Photobacterium angustum S14[END_REF].

Initially preserved in glycerol (33% final concentration) at -80 °C, they were thawed and 2 consecutive acclimation steps (strains inoculated in fresh media, dilution 1:1000) were performed prior to experiments to minimize glycerol presence in the final incubations.

The natural HP communities were collected from surface waters of a coastal site located in the NW Mediterranean Sea (SOLA, 42°29'300 N -03°08'700 E) at 2 different seasons, fall (November 2020) and spring (May 2021), referred to as SOLA-fall and SOLA-spring experiments respectively.

Water was prefiltered, immediately after sampling, by 0.8 µm and then cells were concentrated from ~3000 mL to ~40 mL by filtering through 0.2 µm filters to allow low inoculum volume, minimizing thus nutrient and DOM supply from seawater to the media. The natural communities were then directly inoculated in the experimental media (dilution 1:1000).

Both strains and communities were grown separately on minimum media [START_REF] Fegatella | Implications of rRNA operon copy number and ribosome content in the marine oligotrophic ultramicrobacterium Sphingomonas sp. Strain RB2256[END_REF] consisting of artificial sea water (composition in Table S1) with glucose as a sole carbon (C) source (~ 200 µmolC L -1 ), nitrogen as NH4Cl (~ 40 µmol L -1 ), P as NaHPO4, trace metals and vitamins. Two experimental treatments were considered, termed "balanced" and "unbalanced", by changing the initial P concentration in the media. In the "balanced" treatment, P was added at an initial concentration of ~ 4.4 µmol L -1 , thus inorganic nutrients were at a C:N:P ratio of 45:9:1, mimicking the internal stoichiometry of HP cells [START_REF] Goldman | Regulation of gross growth efficiency and ammonium regeneration in bacteria by substrate C: N ratio1[END_REF]). In the "unbalanced" treatment, P was added at an initial concentration of ~ 0.53 µmol L -1 , so C:N:P ratios were at ~ 374:75:1, similar to the mean C:P ratio of bulk DOM in the surface ocean (Hopkinson & Vallino, 2005).

Culture media were inoculated at an initial cell abundance of 0.5 to 9 x10 4 cells mL -1 for the strains and of 0.4 to 2 x10 4 cells mL -1 for the natural communities. Two contamination controls per treatment (i.e. culture media with no cell inoculum) were also incubated in parallel. Incubations were set up in combusted (5 hours at 450 °C) 500 mL glass bottles, in triplicate (except for S. alaskensis, 4 replicates) at 25 °C in the dark and shaken at 100 rpm.

Cell growth was determined by flow cytometry (See Supporting Information) and experiments were conducted until the stationary phase was reached.

To quantify and characterize the HP-DOM, samples were taken at the beginning of the experiment (T0), and in the stationary phase (Tf). At T0, samples for HP-DOM were directly taken from the cultures while at Tf, samples were collected after filtering the cultures twice onto pre-rinsed 0.2 µm polycarbonate filters using pre-combusted all-glass vacuum filtration unit (Millipore). Negligible DOM leaching from the polycarbonate filters was previously tested (data not shown). The double filtration procedure ensured minimal cell presence in the filtrates (< 2 % of the abundance before filtration).
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Chemical analyses

Samples for dissolved organic carbon (DOC) were acidified and stored in the dark at room temperature until analysis by temperature catalytic oxidation technique (Benner & Strom, 1993).

Glucose was quantified as µmol L -1 of carbon equivalent (C-glucose) based on an adapted colorimetric method (Myklestad et al. 1997). Inorganic nutrients (NH4 + , NO3 -, NO2 -, PO4 3-) were also measured.

Detailed chemical analyses are provided in Supporting Information.

FDOM measurement

FDOM samples were analyzed within few hours upon sampling. Excitation emission matrices (EEMs) were recorded using a JASCO FP-85000 Spectrofluorimeter in a 10 mm quartz cell at scan speed of 5000 nm min -1 . Excitation scans ranged between 240 to 450 nm at 5 nm intervals and emission scans were recorded between 300 to 560 nm at 2 nm intervals. MilliQ EEM blanks were recorded in every batch of analysis. Fluorescence intensities were reported in Raman units (RU) obtained by dividing the fluorescence units by the MilliQ blank peak area (Raman scatter) excited at 350 nm. EEMs

were measured for all replicates except in SOLA-fall experiment where only one EEM per treatment was recorded (See supporting information).

Data analyses

Growth rates were calculated as the slope of the ln-transformed cell abundances over time. The prokaryotic growth efficiency was determined as the increase of biomass from the lag phase to the maximum growth reached, divided by the decrease of C-glucose between T0 and Tf following this equation:

PGE (%) = ∆ biomass (µmol L K9 ) ∆ C-glucose (µmol L K9 ) × 100
where biomass was obtained using specific cell to biomass conversion factors for each experiment (Table S2).
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HP-DOM release was quantified as the difference between the concentration of C-glucose remaining at the end of the experiment and bulk DOC concentration (DOC excess) as follows. Our calculation assumes that HP did not release carbon as glucose and other monosaccharides during the incubation.

HP-DOM (µmol L -1 ) =DOCtf (µmol L -1 ) -C-glucosetf (µmol L -1 )

To better understand FDOM characteristics, EEMs were separated into distinct components using parallel factor analysis (PARAFAC) under the drEEM toolbox in MATLAB (Murphy et al., 2013). A 6-component model (Table S3, Fig S2) was validated and associated to identified components in previous studies published in the OpenFluor database (Detailed method in Supporting information).

Differences in biological and chemical parameters between the experimental treatments were tested by one-way analysis of variance (ANOVA) and post-hoc Tukey tests.

We performed linear regression analysis between the FDOM components and the HP growth rates, pooling data from all experiments. A correspondence analysis (CA) was applied to the identified components and their maximum intensity for each experiment. Statistics were performed using R 3.6.1 (R Core Team, 2019) and the FactoMineR (v.2.3; [START_REF] Lê | FactoMineR: An R Package for Multivariate Analysis[END_REF] package.

Results

Heterotrophic prokaryotic growth

Independent of nutrient regime, P. angustum and SOLA-fall grew fast, reaching the stationary phase after 30 h of incubation (Fig. 1a,c), while SOLA-spring only plateaued after 60 h of incubations (Fig. 1d). S. alaskensis grew slower and reached the stationary phase after about 100 h (Fig. 1b). In the contamination controls, cell numbers remained < 16 x10 4 cells mL -1 . The maximum cell abundance reached was always higher in the balanced than in the unbalanced treatments (P. angustum, p-value <0.05; S. alaskensis, SOLA-fall and SOLA-spring, p-value <0.001). P-limitation did not affect the growth rates in any of the incubations (Table 1), but S. alaskensis grew significantly slower than P.

angustum and the natural HP communities (p-value <0.001). In the unbalanced (P-limited) treatments, 64 PGE was always significantly lower than in the balanced treatments ( 

HP-DOM quantity

At the end of the incubations, 1.8 to 23.4 µmol L -1 of initial C-glucose remained, while DOC concentrations ranged between 18.2-64.6 µmol L -1 (Table S4). The single strains released between 50.5 to 60.2 µmol C L -1 , corresponding to 20 -30 % of initial C-glucose (Table 1). For the natural HP communities, DOC release ranged between 5.3 and 43.2 µmol L -1 (3 -18 % of initial C-glucose), which is significantly lower than the release by the strains (p-values <0.05). P-limitation did not significantly affect the net quantity of HP-DOM (Table 1). EEMs in the unbalanced treatment showed a more humic-like signature (except SOLA-spring,

Fig 3a)

. DOM released under balanced conditions was significantly enriched in the protein-like component C340, compared to unbalanced, in all experiments except for S. alaskensis (Fig. 3b).
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Phosphorus effects on prokaryotic DOM 67 Conversely, we detected higher microbial humic-like C398 in the unbalanced treatment in both single strains and SOLA-fall, but not in SOLA-spring (Fig. 3d). Humic-like components C460 and C440 were equally released under both treatments (p-value > 0.05) in all experiments (Table S5). The humic-like C424 was not different among treatments in P. angustum and SOLA-spring and not detected in the balanced treatments for both S. alaskensis and SOLA-fall (Table S5).

The protein-like C340 showed a significant (p-value <0.01) and positive relationship to the growth rates under P-repletion (Fig. 4a) but this relationship was not evidenced under P-limitation (Fig. 4b). Conversely, the humic-like components C460 and C398 were negatively related to the growth rates in both treatments (p-value <0.01 and p-value <0.05 respectively). The other components were not significantly related to growth rates (Table S6). 

Discussion

In this study, using 2 marine bacterial strains with contrasting lifestyles and 2 natural HP communities from different seasons, we showed that P-limitation influences the quality of HP-DOM, but not the net quantity released to the media. In addition, under P-replete conditions, the quality of the released FDOM was related to the growth rates.

Significant amounts of DOM were released in all experiments regardless of the nutrient condition, in line with previous studies showing that HP can be an important DOM source (Gruber et al., 2006;Koch et al., 2014;Ogawa, 2001;Ortega-Retuerta et al., 2021). Interestingly, DOM released by natural HP communities was lower than DOM released by the 2 single strains. This could be due to trophic cooperation in mixed communities (mainly SOLA-fall), i.e. DOM released by some taxa can be consumed by others within the community [START_REF] Fritts | Extracellular Metabolism Sets the Table for Microbial Cross-Feeding[END_REF]. Contrary to the single strains, natural communities appeared to be less well adapted to efficiently uptake glucose (Table S4), also suggested by [START_REF] Lønborg | Dissolved Organic Carbon Source Influences Tropical Coastal Heterotrophic Bacterioplankton Response to Experimental Warming[END_REF]. We cannot exclude that in the mixed communities, viral lysis could contribute to some extent releasing back some glucose and monosaccharides to the media. P-limitation did not induce an increase in the net HP-DOM released during our experiments.

However, DOM release per biomass unit tended to be higher (although non-significant) in the unbalanced treatments in single strain experiments (Fig S3). In line with this, a previous study by Thompson & Cotner (2020) showed higher DOM release at high media C:P ratios (P-limitation) for bacteria with strong internal elemental homeostasis. In the case of the mixed natural communities, this trend was not clear especially since the HP-DOM release was much lower.

In the present study, growth efficiencies were also lower under P-limitation while the amount of glucose consumed was similar between treatments in all experiments (Table S4). Since no significantly higher DOM was released (although visible in some experiments, Fig S3), this suggests that under P-limitation a higher proportion of the initial C-glucose was respired instead of being incorporated into biomass. This is in line with previous studies showing an enhanced growth efficiency when P is available [START_REF] Guillemette | Simultaneous consumption and production of fluorescent dissolved organic matter by lake bacterioplankton[END_REF][START_REF] Smith | Bacterial metabolism and growth efficiency in lakes: The importance of phosphorus availability[END_REF]). Together, these results suggest that the effect of P-limitation on HP-DOM release is complex and could vary among microbial
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Even though HP-DOM quantity was similar among treatments, the FDOM fingerprints hint towards different HP-DOM chemical composition driven by P (Fig. 3). The microbial humic-like fluorescence (C398), which increased in the P limited treatments of the strains and the natural community from fall, has been used as a marker for microbially derived recalcitrant DOM in the ocean (Catalá et al., 2015;Yamashita & Tanoue, 2008). Our results thus suggest that P-limitation promotes the release of more presumably recalcitrant FDOM by HP. A possible explanation for this is the adaptation strategies of the cells to P depletion. To reduce their P requirements, heterotrophic bacteria can substitute P-containing lipids by P-free lipids in the cellular membrane [START_REF] Chan | Transcriptional Changes Underlying Elemental Stoichiometry Shifts in a Marine Heterotrophic Bacterium[END_REF][START_REF] Sebastián | Lipid remodelling is a widespread strategy in marine heterotrophic bacteria upon phosphorus deficiency[END_REF]. It has also been observed that nutrient limitation, namely P, in the presence of excess glucose, leads to the excretion of "overflow-metabolites'', i.e. intermediary metabolites resulting from alternative metabolic pathways used to reduce the involvement of the limiting nutrient [START_REF] Krämer | Secretion of amino acids by bacteria: Physiology and mechanism[END_REF][START_REF] Neijssel | The regulation of carbohydrate metabolism in Klebsiella aerogenes NCTC 418 organisms, growing in chemostat culture[END_REF]. We can speculate that the compounds released through these adaptive metabolic pathways have a distinct fluorescence signature, likely similar to humic-like fluorescence.

Interestingly, the natural community from spring did not follow this trend. A different community composition between seasons [START_REF] Lambert | Rhythmicity of coastal marine picoeukaryotes, bacteria and archaea despite irregular environmental perturbations[END_REF] could explain this different response, since different prokaryotic taxa have contrasting responses to P-limitation [START_REF] Sebastián | Heterogeneity in the nutrient limitation of different bacterioplankton groups in the Eastern Mediterranean Sea[END_REF] .

In contrast, the protein-like fluorescence signal was generally higher under balanced growth and decreased with P-limitation. In line with our result, Romano et al. (2014) showed that under P-surplus conditions, peptides were one of the main secreted compounds by Pseudovibrio sp. FO-BEG1.

However, this was not the case for S. alaskensis, showing overall a low protein-like signature that increased under P-limitation. S. alaskensis, a model oligotroph [START_REF] Cavicchioli | Life under Nutrient Limitation in Oligotrophic Marine Environments: An Eco/Physiological Perspective of Sphingopyxis alaskensis (formerly Sphingomonas alaskensis)[END_REF], presents low growth rates, while P. angustum and natural HP communities grew faster. As confirmed in our study, the release of protein-like FDOM under P-repletion is related to growth rates. This emphasizes the role of the different growth strategies between the considered HP, in agreement with [START_REF] Weissman | Estimating maximal microbial growth rates from cultures, metagenomes, and single cells via codon usage patterns[END_REF] who demonstrated that gene families involved in rapid protein production were overrepresented in
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Phosphorus effects on prokaryotic DOM 70 genomes of fast-growing copiotrophs relative to slow-growing oligotrophs. In the other hand, growth rates did not significantly vary between conditions while protein-like fluorescence changed, indicating that growth rate is not the only predictor of protein-like release. Indeed, P-limitation also affects secondary metabolism of marine bacteria (e.g. [START_REF] Martín | Phosphate Control of the Biosynthesis of Antibiotics and Other Secondary Metabolites Is Mediated by the PhoR-PhoP System: An Unfinished Story[END_REF][START_REF] Romano | Phosphate Limitation Induces Drastic Physiological Changes, Virulence-Related Gene Expression, and Secondary Metabolite Production in Pseudovibrio sp. Strain FO-BEG1[END_REF]. This latter study (and references within) detected several proteins potentially involved in oxidative stress response and antibiotic production. It is likely that bacteria invest more in stress coping metabolism than in growth when P starved and this could explain the uncoupling of growth and protein-like FDOM release under P-limitation.

Conclusion

We could demonstrate that P-limitation plays an important role in HP-DOM release, leading to a relative increase in the likely recalcitrant (based on previous evidences) humic-like FDOM with a decrease in the presumably labile protein-like. We hypothesize that P availability would thus play an important role shaping the microbial carbon pump. Further work is needed to confirm the influence of P-limitation on the bioavailability of HP-derived DOM.

detection limits were 0.02 µmol L -1 for NO3 -, 0.01 µmol L -1 for NO2 -and PO4 3-. NH4 + (7 mL) samples were collected into pre-rinsed tubes and analyzed freshly by fluorometry using a DeNovix QFX Fluorometer.

FDOM measurements

In addition to the EEMs, 5 discrete excitation emission pairs were measured as described in (Coble, 2007), in all of the experimental replicates. These excitation emission pairs are: 280 nm/350 nm (peak T) and 275 nm/310 nm (peak B) for tryptophan and tyrosine-like substances respectively; 250 nm/435 nm (peak A) for humic substances of different origins; 340 nm/440 nm (peak C) for terrestrial humic-like; 320 nm/410 nm (peak M) for marine humic-like substances. In SOLA-fall experiment, we recorded an EEM in only one randomly chosen replicate per treatment due to time constraints. In this experiment, fluorescence measurements of the 5 discrete excitation and emission pairs showed differences between triplicates from 0.1 to 16 %.

PARAFAC analysis method details

The Raman and Rayleigh scattering bands were excised from all the dataset and replaced with missing values. Several models of 2-8 components were then fitted with a non-negative constraint using 'outliertest' function (drEEM Toolbox) in order to detect outlier samples and/or wavelengths. At this step, noisy measurements at excitation 240 nm were removed from all EEMs, and one replicate from SOLA-spring experiment (unbalanced treatment) was detected as an outlier and excluded. Based on these preliminary models' spectral properties, residuals and errors, the 6-component model was determined to be the best fit for this dataset and explained 99.3% of the variance. A final 6-component model was computed out of 50 random initializations with a convergence criterion of 10 -8 . The model was then split-half validated by dividing the dataset into randomly selected halves as described by (Murphy et al. 2013). All model's components matched in all the splits with a Tucker Congruence Coefficient (TCC) > 0.95 in the excitation and emission loadings (Figure S4). The final model was compared to previously developed fluorescence DOM models on the OpenFluor database [START_REF] Murphy | OpenFluor-an Online Spectral Library of Auto-Fluorescence by Organic Compounds in the Environment[END_REF]). The number of matches was restricted to a threshold of TCC > 0.96 for excitation and TCC > 0.97 for emissions. All the components yielded several matching models allowing to describe their properties (Table S3).
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Table S1 Minimum media composition. 

Salt
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Table S2 Biomass conversion factors used for prokaryotes growth efficiencies calculation. Conversion factors were chosen to account for the differences in cell size and life styles. For S. alaskensis the fgC Cell-1 was obtained by converting fgC µm-3 to fgC Cell-1 considering a cell volume of 0.05 µm3 (Eguchi et al. 2001) and a volume to C content conversion factor of 380 fgC µm-3 [START_REF] Lee | Relationships between Biovolume and Biomass of Naturally Derived Marine Bacterioplankton[END_REF]. We chose a higher conversion factor for the copiotrophic P. angustum based on a Vibrio C content estimate [START_REF] Fagerbakke | Content of Carbon, Nitrogen, Oxygen, Sulfur and Phosphorus in Native Aquatic and Cultured Bacteria[END_REF]. Since our natural communities come from coastal water, we used the conversion factor for coastal bacteria reported in literature [START_REF] Fukuda | Direct Determination of Carbon and Nitrogen Contents of Natural Bacterial Assemblages in Marine Environments[END_REF]. 
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Introduction

Dissolved organic matter (DOM) is a large pool of reduced carbon consisting of diverse molecules with various degrees of reactivity. A significant portion of this DOM is recalcitrant to microbial degradation, being thus a carbon sequestration mechanism (Hansell, 2013). Heterotrophic prokaryotes (HP) play an important role in DOM processing in the ocean (Azam et al., 1983) and are well known to uptake DOM for biomass production and respiration. However, HP metabolism results also in the generation of DOM. This process, termed the microbial carbon pump (MCP) (Jiao et al., 2010), was suggested to make an important contribution to carbon sequestration (Legendre et al., 2015).

The MCP encompasses different pathways including successive microbial transformation of labile DOM into recalcitrant DOM and direct release of recalcitrant DOM by HP (Daoud & Tremblay, 2019;Jiao & Azam, 2011;LaBrie et al., 2022;Lechtenfeld et al., 2015;Ogawa, 2001;Ortega-Retuerta et al., 2021;Osterholz et al., 2015). These processes sustain a large DOM pool, including DOM compounds that can be refractory in specific environmental conditions but labile in others; and DOM compounds present at concentrations below HP uptake limit (Jiao et al., 2014). DOM bioavailability to HP can be then viewed as a relative concept that can be challenging to address. Additional information on DOM released by HP, and the factors influencing its release and its further bioavailability, are crucial for a better understanding of carbon sequestration through the MCP.

DOM lability in the ocean can be controlled by the composition and metabolic capacities of the degrading community (Alonso-Sáez [START_REF] Alonso-Sáez | Seasonal Variations in the Contributions of Different Bacterial Groups to the Uptake of Low-Molecular-Weight Compounds in Northwestern Mediterranean Coastal Waters[END_REF][START_REF] Krüger | In marine Bacteroidetes the bulk of glycan degradation during algae blooms is mediated by few clades using a restricted set of genes[END_REF][START_REF] Mccarren | Microbial community transcriptomes reveal microbes and metabolic pathways associated with dissolved organic matter turnover in the sea[END_REF][START_REF] Sala | Prokaryotic Capability to Use Organic Substrates Across the Global Tropical and Subtropical Ocean[END_REF], but is also shaped by environmental variables such as inorganic nutrients or temperature [START_REF] Arnosti | Latitudinal Gradients in Degradation of Marine Dissolved Organic Carbon[END_REF][START_REF] Lønborg | Large Stimulation of Recalcitrant Dissolved Organic Carbon Degradation by Increasing Ocean Temperatures[END_REF]. Nutrient availability, for example, can alter both the suite of DOM molecules released to the environment and their uptake. Phosphorus (P) limitation has been reported in previous studies (Obernosterer et al., 2003), particularly the Mediterranean Sea (Lazzari et al., 2016;[START_REF] Pinhassi | Seasonal changes in bacterioplankton nutrient limitation and their effects on bacterial community composition in the NW Mediterranean Sea[END_REF][START_REF] Thingstad | P limitation of heterotrophic bacteria and phytoplankton in the northwest Mediterranean[END_REF]. Previous studies showed that the condition in which DOM is released can influence its availability to bacteria [START_REF] Obernosterer | Phytoplankton extracellular release and bacterial growth: Dependence on the inorganic N: P ratio[END_REF][START_REF] Puddu | Bacterial uptake of DOM released from P-limited phytoplankton[END_REF]. Using exudates of diatoms grown under P enriched and P depleted conditions, [START_REF] Puddu | Bacterial uptake of DOM released from P-limited phytoplankton[END_REF] showed that bacterial growth was significantly lower in the exudates from P depleted diatoms.

In spite of previous studies showing that P-limitation can influence the HP extracellular metabolome (Romano et al., 2014) and its optical properties (Bouchachi et al., 2022;Thompson & Cotner, 2020), no studies have investigated the effects of P-limitation on the bioavailability of DOM released by HP.

In a previous work we showed the effect of P-limitation on the quantity and fluorescence properties of DOM released by HP (a single bacterial strain and 2 natural HP communities from different seasons) grown under P-limitation (C:P ratio 45:1) and P-repletion (C:P ratio 374:1) (Bouchachi et al., 2022). We have shown that HP-DOM released under P-limitation was enriched in humic-like fluorescence (Bouchachi et al., 2022) largely considered refractory (Coble et al., 1990;Yamashita & Tanoue, 2008;Catalá et al., 2015;[START_REF] Jiao | Unveiling the enigma of refractory carbon in the ocean[END_REF], while under P-repletion protein-like fluorescence, considered labile (Lønborg et al., 2009a;Nieto-Cid et al., 2006;[START_REF] Yamashita | Chemical characterization of protein-like fluorophores in DOM in relation to aromatic amino acids[END_REF], prevailed. The present study builds on these findings to determine the effect of P-limitation on the bioavailability of this HP-DOM. We hypothesize that (i) DOM released under P-limitation would thus promote lower HP growth and that (ii) the labile protein-like fluorescence would decrease during the incubation contrary to the likely refractory humic-like DOM. To test these hypotheses, we carried out short-term incubations of HP communities from the NW Mediterranean Sea with HP-DOM collected during the stationary phase from different culturing conditions. HP-DOM consumption was followed as changes in DOM fluorescence spectroscopy (FDOM). The response of the HP communities to the different type of DOM was investigated using flow cytometry, enzymatic activity and 16S rRNA sequencing.

Material and Methods

Experimental design

To evaluate the bioavailability of DOM released by HP under P-repletion and P-limitation, we conducted two-step experiments. First (Fig. 1a), a single bacterial strain (Sphingopyxis alaskensis) and 2 natural HP communities from different seasons (SOLA-fall and SOLA-spring) were grown in minimum media with glucose (200 µMol C L -1 ) as the sole carbon source under P-replete and P-limited conditions (coded balanced "B" and unbalanced "U"). Cultures were harvested at stationary phase, and 95 DOM in the media was separated from the cells by 0.2 µm filtration. Since little glucose (1.8 to 23.4

µmol C L -1 ) was remaining at the end of the cultures of the 1 st step, measured dissolved organic carbon (DOC) was assumed to reflect that released by the HP, and the quality of this HP-DOM was characterized using DOM fluorescence. Detailed experimental design of the 1 st step can be found in supporting information and its results are described elsewhere (Bouchachi et al., 2022). In the 2 nd step of the experiment, the DOM derived from the bacterial strain and the HP communities was used as substrate for biodegradation experiments (Fig. 1b). Inocula of in situ HP communities from the Mediterranean Sea were added to the DOM collected in the release experiments, i. S1). To prepare the inocula, sea water collected at the SOLA observatory (Service d'Observation du Laboratoire Arago, Northwestern Mediterranean Sea, 42°29′300N-03°08′700E) was first prefiltered through 0.8 µm to remove phytoplankton and grazers. Two to 3 L of the prefiltered water was then reduced to 200-250 mL by filtration through 0.2 µm filters using a vacuum pump, to concentrate the inocula (Table S1). We then stopped the filtration and resuspended the cells stuck to the filter by pipetting out and in several times. This volume was then distributed to the different treatments as inoculum and an aliquot was reserved for 16S rRNA gene sequencing.

The incubations consisted of 10% (vol/vol) of the inocula and 90 % of DOM from each treatment.

Inorganic nutrients (NH4 + and PO4 -) were added to force carbon limitation (Table S2). The incubations were performed in triplicates at in situ temperature in the dark. Cell abundance was followed through the incubation and samples for FDOM, exoenzymes activity, and diversity were taken at the onset (T0)

and end of the incubations (Tf)

Chemical and biochemical analysis HP cell abundances were followed by flow cytometry using a BD Biosciences FACSCanto.

Samples were fixed using Glutaraldehyde (0.5 % final concentration) and preserved at -80°C until analysis. Samples were thawed and stained with SYBR Green (0.025% final concentration) [START_REF] Lebaron | Comparison of Blue Nucleic Acid Dyes for Flow Cytometric Enumeration of Bacteria in Aquatic Systems[END_REF][START_REF] Obernosterer | Biochemical characteristics and bacterial community structure of the sea surface microlayer in the South Pacific Ocean[END_REF]. Fluorescent beads were added as internal standards and prokaryotic cells were identified in plots of side scattered light vs. green fluorescence. Since we did not discriminate autotrophic and heterotrophic prokaryotes in these cytograms and given our experimental design (dark incubations), autotrophic prokaryotes are considered negligible.

Samples for FDOM were filtered through 0.2 µm polycarbonate filters and analysed within few hours upon sampling. Excitation emission matrices (EEMs) were recorded using a JASCO FP-8500

Spectrofluorimeter in a 10 mm quartz cell at a scan speed of 5000 nm min -1 . Excitation scans ranged between 240 to 450 nm at 5 nm intervals and emission scans were recorded between 300 to 560 nm at 2 nm intervals. MilliQ EEM blanks were recorded in every batch of analysis. Fluorescence intensities were reported in Raman units (RU) obtained by dividing the fluorescence units by the MilliQ blank peak area (Raman scatter) excited at 350 nm. EEMs were separated into 6 distinct components using parallel factor analysis (PARAFAC) under the drEEM toolbox in MATLAB (Murphy et al., 2013).

These results are described elsewhere (Bouchachi et al., 2022).We used the protein-like component C340

(ex 275/em 340) as an indicator of labile DOM and the microbial humic-like C398 (ex 314 /em 398) as an indicator of recalcitrant DOM.

Extracellular enzyme activities were quantified using fluorogenic substrates in a plate reader.

Each sample was pipetted in triplicate into 96-well black plates and added to the following substrates:

4-methylumbelliferyl phosphate (for alkaline phosphatase APA), and L-leucine-7-amido-4-methyl coumarin (for leu-aminopeptidase AMA) (final concentration of 125 µmol L -1 ). Fluorescence was measured immediately after addition of the substrates, after 1.5 hour, and after 3 to 4-hour incubations in the dark at the same temperature as for the experimental incubations. Fluorescence readings were done with a JASCO FP-8500 Spectrofluorimeter at 365/450 nm ex/em wavelengths. The increase of fluorescence units during the period of incubation was converted into enzymatic activity (µM h -1 ) with standard curves prepared with 7-amido-4-methylcoumarin for AMA and 4-methylumbelliferone for APA.

Samples for HP diversity (70 to 140 mL) were filtered onto 0.2 µm polycarbonate filters that were stored at -80°C until analysis. Frozen filters were then cut with sterilized scissors. Cell lysis was conducted in 2 steps: adding 50 µL of lysozyme (20 mg mL -1 ) and incubating for 45 min at 37 °C followed by a 1-hour incubation at 55 °C after adding 10 µL proteinase K (20 mg mL -1 ). DNA was then purified using Quick DNA™ fungal/bacteria miniprep kit (Cat. No.: D6005 Zymo Research).

Amplification and sequencing were done at LGC Genomics GmbH (Germany). 16srRNA gene amplicon sequencing (300bp paired end read Illumina Miseq V3) was done using the primer pair 515FY-926Rjed [START_REF] Parada | Every base matters: Assessing small subunit rRNA primers for marine microbiomes with mock communities, time series and global field samples[END_REF]. Samples demultiplexing using Illumina bcl2fastq, as well as adapter and primer clipping were performed by the sequencing company. Further processing, including filtering and trimming, dereplication, sample inference, merging pair reads and removing chimeras, were done under R using the DADA2 package v1.18.0, ( [START_REF] Callahan | DADA2: High-resolution sample inference from Illumina amplicon data[END_REF]). Obtained amplicon sequence variants (ASVs) were taxonomically assigned using the Genome Taxonomy Database (GTDB) [START_REF] Parks | A standardized bacterial taxonomy based on genome phylogeny substantially revises the tree of life[END_REF].

Data analyses

Differences in cell abundance between treatments were tested using repeated measures ANOVA and post hoc pairwise t-tests (package rstatix in R, 0.7.0; [START_REF] Kassambara | rstatix: Pipe-Friendly Framework for Basic Statistical Tests[END_REF]). Differences in exoenzymatic activities were tested using a two-way ANOVA and post-hoc pairwise t-tests (package rstatix in R, 0.7.0; [START_REF] Kassambara | rstatix: Pipe-Friendly Framework for Basic Statistical Tests[END_REF]). To see dissimilarities in HP communities' structure we used a Non-metric Multidimensional Scaling (NMDS), based on Bray Curtis dissimilarity matrices, then differences in communities' structure were tested by ANOSIM tests (package vegan, 2.5.7; (Oksanen et al., 2020)). This was performed on ASVs relative abundance obtained after rarefaction to the minimum number of reads per sample, using rrarefy function package vegan, 2.5.7; (Oksanen et al., 2020)). An

indicator ASVs analysis was run using indval function from package labdsv (2.0.1; (Roberts, 2019))

based on the absolute abundance after rarefaction. Only ASVs with more than 100 reads were considered for this analysis.

Results

Changes in heterotrophic prokaryotes abundance

Heterotrophic prokaryotes from the Mediterranean Sea grown on B-DOM and U-DOM (DOM released under P-repletion and P-limitation respectively) from S. alaskensis reached significantly higher abundances than if grown on IS-DOM and on G-DOM (Fig. 2a; repeated measurement ANOVA Table S3 and post hoc pairwise t-test Fig S1). In contrast, DOM released by natural HP communities SOLAfall and SOLA-spring in both B-and U-DOM treatments supported lower carrying capacities as compared to the IS-DOM and the G-DOM (Fig. 2b,c; Table S3, Fig S1). No clear differences in cell abundances between B and U-DOM treatments were observed in the S. alaskensis DOM biodegradation experiment. Cells grew slightly higher in the B-DOM treatment during the exponential phase but tended to be similar to the U-DOM treatment in the stationary phase. However, significantly higher cell numbers (Table S3, Fig S1) on U-DOM as compared to B-DOM were detected in both SOLA-fall and SOLA-spring experiments (Fig. 2b,c). 

FDOM consumption and exoenzyme activity

Whenever the protein-like component C340 was initially dominant, this component was largely consumed over the course of the incubations. Similarly, the humic-like C398 was consumed in those treatments where this component dominated at the onset of the experiments. At the onset of the degradation experiments, the protein-like component C340 was dominant in the B-DOM treatments in the SOLA-fall and SOLA-spring experiments with FDOM > 4 10 -2 RU (Table 1). The C340 component was generally lower in both S. alaskensis DOM treatments (B-DOM and U-DOM) and in U-DOM treatments in SOLA-fall and SOLA-spring experiments (Table 1). The humiclike component C398, however, was high in both B and U-DOM in S. alaskensis and in the U-DOM SOLA-fall experiments (initial values ³ 1.7 10 -2 RU) but lower in both B-and U-DOM treatments of SOLA-spring (Table 1). In the S. alaskensis DOM degradation experiment, the protein-like component C340 remained stable both in the B-DOM and U-DOM treatments, while the humic-like component C398 decreased (Fig. 3a,b). In SOLA-fall, a pronounced decrease in C340 was observed in the B-DOM treatments, while it was less depleted in U-DOM (Fig. 3a). The humic-like C398 was only consumed in the U-DOM treatment (Fig. 3b). In SOLA-spring, a C340 consumption was detected in the B-DOM treatments but not in the U-DOM and there was no decrease of C398 (Fig. 3a,b).

In parallel, APA was slightly higher in the S. alaskensis B-DOM than in the U-DOM, however this difference was not statistically significant. APA was higher in the SOLA-fall U-DOM, where humiclike FDOM C398 was consumed, than in B-DOM (Fig. 3c). AMA did not differ among treatments or experiments (Fig. 3b).

Changes in heterotrophic prokaryotes community composition

Samples for community composition were only taken in S. alaskensis and SOLA-fall DOM experiments. Changes in diversity and composition were observed in all treatments (Table 2, Fig. 4).

At T0, HP communities growing on S. alaskensis and SOLA-fall were both highly dominated by Vibrionaceae (92 % and 56 -95 %, respectively) and minor contributions from Flavobacteriaceae, Pelagibacteriaceae and Rhodobacteraceae were observed (Fig. 4a,b). The dominance of Vibrionaceae at the onset of the experiments could be due to the concentration procedure of the inocula, that would favour the presence of larger cells such as Vibrio species (See experimental design). However, the HP taxa that were initially present at low relative abundances made up the majority of the community composition at Tf. This led to an increase in diversity (either expressed as Shannon or evenness) between T0 and Tf in both experiments (Table 2). At Tf, there were no significant differences in diversity (evenness, Shannon) between the B-DOM and U-DOM treatments (p-value >0.05). The S. alaskensis derived DOM led to a lower diversity compared to its in situ DOM treatment while HP community derived DOM (SOLA-fall) led to similar diversity as in situ DOM (Table 2).

In the S. alaskensis DOM degradation experiment, the B-DOM treatment was dominated by Alteromonadaceae (> 20 %) and Methylophagaceae (>30 %), except for replicate 2 where Methylophagaceae were not present. In the U-DOM treatment, Vibrionaceae and Rhodobacteraceae were the dominant families, contributing each to more than 29 % and 23 % to the community composition, respectively (Fig. 4a). In the SOLA-fall experiment, both B-DOM and U-DOM showed relatively high proportions of Alteromonadaceae, Flavobacteraceae and Rhodobacteraceae but the U-
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Effects of P limitation on HP-DOM bioavailability 102 DOM treatment was characterized by the presence of Methylophilaceae (Fig. 4b). In both experiments, the G-DOM treatment was dominated by Vibrionaceae at the end of the incubation (24 to 83 %). The NMDS ordination showed that T0 samples of both experiments grouped together, but showed separation among experiments at Tf (ANOSIM, p-value<0.05) and separation among treatments as replicates grouped together (ANOSIM, p-value<0.05) (Fig. 4c). Therefore, we further studied the two experiments independently to identify which taxa are specifically associated to each treatment. 

Discussion

Our experiments allowed us to confirm that a fraction of DOM released by heterotrophic prokaryotes is labile, promoting significant cell growth in all incubations, in line with previous studies (Lønborg et al., 2009a;Ortega-Retuerta et al., 2021). In contrast to our hypothesis, clear differences in DOM lability released under P-repletion and P-limitation (B-DOM and U-DOM, respectively) could not be evidenced based on the cell growth, and P-limitation was not demonstrated to decrease the lability of the released DOM.

FDOM consumption

Although clear differences in cell growth were not observed between U-DOM and B-DOM, different patterns in FDOM consumption were detected. The protein-like component C340, usually considered as a proxy of labile DOM [START_REF] Nieto-Cid | DOM fluorescence, a tracer for biogeochemical processes in a coastal upwelling system (NW Iberian Peninsula)[END_REF][START_REF] Yamashita | Chemical characterization of protein-like fluorophores in DOM in relation to aromatic amino acids[END_REF], was only partially used on the time scale of our incubations. Lønborg et al. (Lønborg et al., 2009a), using long term incubations, suggested that a fraction of bacterial derived protein-like FDOM could be refractory.

However, in contrast to our initial hypothesis, the microbial humic-like component C398 was consumed by the communities from the Mediterranean Sea in some of the incubations. This component has been considered refractory that resists bacterial degradation (Catalá et al., 2015;Yamashita & Tanoue, 2008), however we evidence that the microbial humic-like FDOM fluorophore released by HP is not always refractory and can be partially used when this DOM component dominates. Previous studies in marine and freshwater environments reported bacterial consumption of similar humic-like fluorescence (summarised in Table 3). Based on these studies, the humic-like fluorescence was used to different extent (Table 3) depending on its molecular weight [START_REF] Varela | Changes in Activity and Community Composition Shape Bacterial Responses to Size-Fractionated Marine DOM[END_REF], source (Romera-Castillo et al., 2011) and or the degrading community (Ortega-Retuerta et al., 2021). In our incubations, only 32.5 % to 78.3 % of the humic-like DOM was consumed. The percentages of HP degradation of microbial humic-like FDOM derived either from bacteria or phytoplankton (Table 3) are higher than the degradation of DOM directly isolated from natural waters [START_REF] Cory | Biological lability of streamwater fluorescent dissolved organic matter[END_REF][START_REF] Varela | Changes in Activity and Community Composition Shape Bacterial Responses to Size-Fractionated Marine DOM[END_REF]. This is most likely because humic-like DOM isolated from natural systems is more processed than DOM produced over short time incubations. Together with our results, this also suggests that similar humic-like FDOM peaks could be of different bioavailability and likely different chemical composition since fluorescence spectroscopy captures only a bulk signal from DOM. Further DOM analyses (e.g. high-resolution mass spectrometry) would be needed to elucidate this point.

Our results indicate that humic-like FDOM use is also related to the lack of other DOM compounds. In our experiment, the humic-like FDOM component was consumed only when the presumably labile protein-like component was initially not prevailing, implying that heterotrophic prokaryotes are able to use less labile carbon sources when the presumably labile ones are scarce. This is in line with the results by [START_REF] Xie | Coupling Between Carbon and Nitrogen Metabolic Processes Mediated by Coastal Microbes in Synechococcus-Derived Organic Matter Addition Incubations[END_REF], that followed the bioavailability of Synechococcusderived DOM to estuarine and coastal bacteria for 180 days and showed that a similar humic-like fluorophore can be produced by some bacterial groups when labile Synechococcus-derived DOM is available, then re-used by other bacterial groups after the labile DOM is depleted. Microbial humic-like consumption was also accompanied by a consistently high alkaline phosphatase activity. Although high alkaline phosphatase activity could be interpreted as a response to P-limitation, this was not the case in our incubations since inorganic P was added (Table S2). Studies demonstrated that HP can use alkaline phosphatases to unbind bioavailable organic carbon [START_REF] Lidbury | A widely distributed phosphate-insensitive phosphatase presents a route for rapid organophosphorus remineralization in the biosphere[END_REF]. We hypothesize that alkaline phosphatase in our experiments was used to break P-containing DOM polymers to use them as a substrate.

Selection of community composition according to HP-DOM quality

HP-DOM quality driven by P availability appeared to change the taxonomic composition of the Mediterranean Sea communities growing on it. Both HP-DOM released under P-repletion and P-limitation (B-and U-DOM) lead to the growth of diverse communities, suggesting that HP-DOM is composed of a multitude of substrates. Previous studies using ultra-high resolution mass spectroscopy revealed a large number of molecules in bacterially derived DOM (Noriega-Ortega et al., 2019;Romano et al., 2014). Landa et al., (Landa et al., 2014) discussed different effects of DOM generated by diatoms and cyanobacteria on the composition and diversity of bacterial communities. According to their results, the more chemically diverse the DOM is, the higher the diversity of the community growing on it.

Even though HP diversity did not differ between B-and U-DOM, community composition (corresponding to our C398) and several members of Rhodobacterales, was observed in communities growing on low molecular weight DOM [START_REF] Varela | Changes in Activity and Community Composition Shape Bacterial Responses to Size-Fractionated Marine DOM[END_REF] or on viral lysates of cyanobacteria (Xiao et al., 2021). Members of Marinomonadaceae, particularly Marinomonas, have been shown to degrade complex organic matter such as terrestrial DOM inputs in high latitudes [START_REF] Müller | Bacterial Response to Permafrost Derived Organic Matter Input in an Arctic Fjord[END_REF]. But they are also known to be associated with Cyanobacteria lysates [START_REF] Nelson | Tracking differential incorporation of dissolved organic carbon types among diverse lineages of Sargasso Sea bacterioplankton[END_REF]. This suggests that they can respond positively to various carbon sources including complex DOM or humic-like DOM as shown here. In addition, Alteromonadales, Burkholderiales (Methylophilaceae), and

Rhodobacterales are among most abundant heterotrophic marine bacteria that might hydrolyse

Chapter II Effects of P limitation on HP-DOM bioavailability 109 dissolved organic phosphorus outside the cytoplasmic membrane using alkaline phosphatase [START_REF] Luo | Subcellular localization of marine bacterial alkaline phosphatases[END_REF], in line with our results showing high alkaline phosphatase activities in these treatments.

Conclusion

Overall, our results illustrate how P availability shapes HP-DOM degradation patterns, suggesting that P would play a key role shaping HP-mediated DOM fluxes in the ocean. Although the growth of Mediterranean Sea communities did not differ between P-replete and P-limited derived DOM, different metabolisms and taxonomic groups were selected for the different DOM conditions.

We could show that a considerable portion of humic-like DOM might be bioavailable when this DOM pool prevails as a substrate for HP. This bioavailability is also controlled by the releasing conditions, and the consumers community composition. Our results emphasize that DOM lability is context dependent, and implies that the impact of P-limitation on DOM fluxes via the MCP should be placed on its local environmental context rather than generalized to a global context. 

Fig. S3 Contribution of B-DOM, U-DOM, G-DOM and IS-DOM indicator ASVs to T0 and Tf communities composition of the different treatments and their taxonomy at the genus level, in S. alaskensis DOM degradation experiment (a-d) and SOLA-fall DOM degradation experiment (e-h).

Introduction

Dissolved organic matter (DOM) in the ocean is one of the largest reservoirs of reduced carbon on earth (662 Pg., D. A. Hansell, 2013). It consists of a complex mixture of thousands of compounds of diverse composition (carbon oxygen and hydrogen molecules but also different heteroatoms such as N, P, S) at different concentrations. While DOM can originate from different autochthonous and allochthonous sources (e.g. terrestrial or atmospheric inputs), phytoplankton primary production is the main source of DOM in the open ocean. Heterotrophic prokaryotes (Bacteria and Archaea) transform about 50 % of this DOM to biomass (production) or to CO2 (remineralization) (Cole et al., 1988).

However, a part of this DOM escapes from degradation and accumulates in the surface ocean before being exported into deep layers and accumulates as refractory DOM (RDOM) (D. Hansell et al., 2009).

The microbial carbon pump hypothesis states that heterotrophic prokaryotic metabolism leads to successive transformation of labile DOM into RDOM resulting in long term carbon storage (Jiao et al., 2010), being thus an important carbon sequestration mechanism (Legendre et al., 2015). Understanding the mechanisms of prokaryotic DOM release and its persistence in the ocean is essential to better constrain carbon sequestration through the microbial carbon pump.

To explain RDOM persistence in the ocean two key hypotheses have been advanced: the intrinsic stability, which attributes DOM recalcitrance to its molecular characteristics (Shen & Benner, 2020), and the dilution or diversity hypothesis, which states that RDOM is composed of various but highly diluted labile molecules (Arrieta et al., 2015). However, one of the biggest challenges to study DOM dynamics in the ocean is its characterization due to the concurrence of thousands of different compounds. Over the last years, FT-ICR MS (Fourier Transform Ion Cyclotron Resonance) has revealed to be a powerful tool to trace DOM cycling through heterotrophic prokaryotes thanks to the identification of large numbers of individual molecular formulas and chemical compounds groups in DOM (Cooper et al., 2022;[START_REF] Nebbioso | Molecular characterization of dissolved organic matter (DOM): A critical review[END_REF]Qi et al., 2022) that provide information about its potential recalcitrance. Several molecular structures and properties have been proposed through FT-ICR MS as intrinsically RDOM. Namely, carboxyl-rich alicyclic molecules (CRAMs; Hertkorn et al., al., 2010;Obernosterer et al., 2003). In the other hand, heterotrophic prokaryotic production in the region is usually higher in summer when inorganic nutrients are depleted in surface waters (Alonso-Sáez et al., 2008;Laghdass et al., 2010). This suggests that at least a part of the accumulated DOM is derived from heterotrophic prokaryotes through the consumption of labile DOM and the release of refractory DOM through the microbial carbon pump.

In this study, we hypothesize that DOM composition in the surface NW Mediterranean Sea changes from labile to refractory compounds from spring to summer leading to its accumulation in summer. In addition, heterotrophic prokaryotes might play a significant role in its formation, i.e., the microbial carbon pump would be enhanced in oligotrophic summer conditions. To test this hypothesis, we tracked the seasonality of DOM molecular composition and chemical diversity using FT-ICR MS during more than 2 years of monthly sampled time series in a NW Mediterranean Sea station (Fig. S1).

The generated dataset was compared to a broad suite of environmental parameters, prokaryotic abundances and DOM optical properties in order to better understand the potential sources and drivers of DOM dynamics.

Material and methods

Study site and sampling strategy

The MOLA Station (Microbial Observatory Laboratoire Arago) is located on the edge of the continental shelf in the NW Mediterranean Sea (42°27'205 N -03°32'565 E, 550 m bottom depth, Fig. S1). MOLA is part of the MOOSE network (Mediterranean Ocean Observing System for the Environment) and is sampled monthly since 2003.

Several biochemical measurements, including inorganic nutrients, chlorophyll a (Chl a) and flow cytometry analyses, are routinely determined in the upper 500 m water column as part of MOOSE.

From January 2019 to August 2022, 6 depths (5, 20, 40, 80, 200 and 500 m) were additionally sampled for dissolved organic carbon (DOC), colored and fluorescent DOM (CDOM and FDOM), details can be found in supplementary information. Samples for FT-ICR MS and 16s rRNA sequencing were also taken at 5 and 500m. The station could not be sampled in December due to meteorological conditions and between March and June 2020 due to COVID restrictions. For convenience only one deep (500 m) sample per season was measured by FT-ICR MS (Jun 2020, Aug 2020, Nov 2020, Feb 2021, Mar 2021).

All samples were collected using 12L Niskin bottles. Temperature and salinity were measured in the whole vertical profile using a CTD (SEA BIRD SBE 19plus).

MOLA is characterized by a marked seasonal cycle with a succession of water mixing and stratification. In our study years, during the mixing period from winter to early spring, the mixed layer depth (MLD) deepened (>35-74 m, Table S1, Fig. S2) allowing nutrients input to the surface, up to 2.3 µmol L -1 NO3 -and 0.08 µmol.L -1 PO4 3-(Fig. S3). These nutrients sustain a spring phytoplankton bloom where, during the study period, Chl a concentration reached up to 0.94 µg L -1 (March 2021, Fig. S4a).

In the summer stratification period, the MLD did not exceed 32 m depth (table S1) and nutrient levels are low (0.16 µmol L -1 NO3 -and 0.04 µmol.L -1 PO4 3-, Table S1, Fig. S3). DOC accumulates in the surface mixed layer at this period of the year (Fig. S4b). During the study period we observed abnormally high nutrient level, in particular PO4 3-, in August 2020 (0.26 µmol L -1 NO3 -and 0.20 µmol.L -1 PO4 3-, Table S1, Fig. S3).

SPE-DOM samples

Water samples for solid phase extracted DOM (SPE-DOM) from 5 and 500 m were transferred to HDPE carboys (acid washed and rinsed with MilliQ water) until their processing in the lab, within 2 hours. The samples were successively filtered through 3 then 0.2 µm polycarbonate filters using a peristaltic pump. The first 1 L, used to rinse the filters and tubing, was discarded. The filtered sea water was then recovered in 2 L combusted glass bottles and acidified to pH 2 with 37% HCl. DOM was extracted using styrene divinyl benzene polymer cartridges (Agilent Bond Elut PPL, 1 g) as described in (Dittmar et al., 2008). After extraction, cartridges were rinsed with acidified MilliQ water (200 mL, pH 0.01N). The cartridges were then dried with pure air using sterile air-filters and stored at -20 °C until elution. Elution was done by gravity using 6 mL HPLC grade Methanol (MeOH). Extracts aliquots were dried under pure air (sterile air-filtered) until complete evaporation of MeOH for mass spectroscopy analysis. However, the presence of chloride ions from the rinsing process caused DOM signal suppression. To resolve this, all samples underwent a second SPE process: Dried DOM extracts were resuspended in 5 mL of LCMS water and ran through 1g PPL cartridges. After this second extraction step the cartridges were rinsed with 3 mL of LCMS water and dried with N2. Elution was done using 2 mL of LCMS MeOH in amber glass vials and stored at -20 °C. The instrument was first externally calibrated with sodium trifluoroacetate (NaTFA), and then internally calibrated with a calibration list of CxHyOz molecular formulas (MFs, n=90). This internal list of calibrants was made using a test sample spiked with an Agilent tune mix mass calibration solution. A series of ions repeatedly observed in previous DOM studies (m/z 339.10854, 369.11911, 411.12967, 469.13515, 541.15628 (Flerus et al., 2011)) were also identified and checked based on their fine isotopic structure. These ions were then added to the calibrants list. Alkylate series of these ions were then identified and included in the calibrants list.

FT-ICR MS analysis

MFs were assigned using the Bruker DataAnalysis software in a mass range of m/z 98.3-1200 respecting the following restrictions: CxHyN00-2O0-15S0-1, DBE ≤ 80,0.4≤ H/C ratio≤ 3, only peaks with signal to noise ratio (S/N) > 9 were considered and 0.5 ppm maximum mass error tolerated. The obtained MFs attribution lists were exported and further processed under R 3.6.1 (R Core Team, 2019).

Since there was very low signal at mass > 850 m/z, attributed formulas were filtered to keep only mass ≤ 850 m/z. An intense peak at m/z 265.14, likely contamination, was removed from all samples. MFs containing the N2S heteroatom combination were removed because they are less likely to occur in nature (Martínez-Pérez et al., 2017). Formula assignment was reproducible among analytical replicates sharing between 65 -84 % common MFs. Only those MFs identified in all analytical replicates were kept for each sample replicate and used for multivariate analysis (see statistical analyses). With these cleaning steps we obtained a set of 3789 of MF identified across all samples. For each sample, a mean MFs list was created by merging the analytical replicates.

All peak intensities were normalized to the summed total intensity (i.e., relative intensity). For each compound we calculated the modified aromaticity index AImod (eq. 1), the double bond equivalents DBE (eq. 2) [START_REF] Koch | From mass to structure: An aromaticity index for high-resolution mass data of natural organic matter[END_REF].
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The mean lists were used for diversity measures (see below), average intensity weighted (denoted with '_w') molecular parameters [START_REF] Sleighter | Multivariate Statistical Approaches for the Characterization of Dissolved Organic Matter Analyzed by Ultrahigh Resolution Mass Spectrometry[END_REF], compound groups and sorting MFs into heteroatoms combinations classes: CHO, CHONS, CHON, CHOS, CHNS. The compound groups considered here are: polyphenols 0.5 < AImod < 0.66; highly unsaturated (HU) AImod < 0.5, H/C < 1.5, O/C < 0.9 ; unsaturated aliphatic (UA) 1.5 ≤ H/C < 2, O/C <0.9, N = 0 ; peptides 1.5 < H/C < 2, O/C ≤ 0.9 and N > 0 (Martínez-Pérez et al., 2017) ; carboxyl-rich alicyclic molecules (CRAMs) 0.3 <DBE/C < 0.68, 0.2 < DBE/H < 0.95, 0.77 <DBE/O< 1.75 (Hertkorn et al., 2006); carbohydrates 1.6 < H/C < 2.0, 0.7 < O/C < 1.0 and N = 0 (Li et al., 2019). Note that HU and CRAMs groups are highly overlapping (Fig. S5).

DOM chemical diversity measures

We assessed DOM chemo-diversity using several diversity indices that are traditionally used in biological diversity studies. We calculated abundance-based diversity (Simpson) and functional diversity (F). These indices were used in previous studies and have been considered to be robust against variation in sample preparation and instrument settings, allowing thus comparison among samples and studies (Mentges et al., 2017). Simpson (eq. 3) considers the relative abundance and describes the probability that 2 randomly chosen molecular formulas differ. In biological diversity studies, F (eq. 4)

is interpreted as the variability of a biological trait in the community. Similarly, F here quantifies how a chemical property (e.g., H/C, C number, DBE etc.) varies (Mentges et al., 2017) and it is calculated based on Rao's Quadratic Entropy.
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N in the total number of MFs, Ii(j) is the relative intensity of i th (j th ) MF, p the considered molecular parameter.

F can be viewed as the expected difference between two molecules in terms of a chosen chemical parameter. In this study we assessed functional diversity of DOM lability based on the H/C ratio. H/C ratio reflects the saturation state of the sample and its decrease has been associated to a decrease in DOM lability [START_REF] D'andrilli | An ultrahigh-resolution mass spectrometry index to estimate natural organic matter lability[END_REF][START_REF] Lechtenfeld | Molecular transformation and degradation of refractory dissolved organic matter in the Atlantic and Southern Ocean[END_REF]Medeiros et al., 2015).

We also measured chemical differences between molecules in each sample using the average distance (Dist, eq. 5) in van Krevelen space between each MF and all other MFs of the sample as described in (Landa et al., 2014) (Li et al., 2019;Martínez-Pérez et al., 2017;Medeiros et al., 2015). The NOSC (eq. 6), that reflects the oxidative state of a molecule regardless of its chemical structure, is an indicator of overall DOM reactivity. High NOSC compounds are thermodynamically more profitable to degrade (LaRowe &. Van Cappellen, 2011). C number and m/z represent molecular size and weight that are related to DOM reactivity (Benner & Amon, 2015). In the FT-ICR MS analysis acquisition window (commonly <1500 Da), different field and experimental studies show that an increase in molecular weight is associated to an increase in DOM recalcitrance (Cai et al., 2019;Li et al., 2019;Martínez-Pérez et al., 2017;Medeiros et al., 2015).

Statistical analyses

To visualize dissimilarities in the molecular composition between deep and surface samples we used a Non-metric Multidimensional Scaling (NMDS) based on Bray Curtis dissimilarity matrices (package vegan, 2.5.7; Oksanen et al., 2020). To further identify which MFs are representative of deep and surface samples, an indicator species analysis (in our case indicator MFs), traditionally applied in ecological contexts, was applied using indval function from package labdsv (v2.0.1 Roberts, 2019) based on the relative intensity data. Only MFs having a summed relative intensity > 0.01 (1 %) to the whole dataset were considered; reducing MFs from 3789 to 1100 for this analysis.

Mean seasonal trends for one year at 5 m were visualized using geom_smooth function from package ggplot2 (v3.3.6 Wickham, 2016). A principal coordinate analysis (PCoA) based on Bray

Curtis dissimilarity matrix was used to visualize seasonal dissimilarities in surface samples.

Environmental and microbial variables were fitted to the PCoA axes using envfit function (package vegan, 2.5.7; Oksanen et al., 2020).

Results

Comparison of DOM composition between deep and surface samples

The NMDS analysis revealed a clear separation between deep and surface samples (Figure 1).

Surface samples showed a larger spread than deep ones, reflecting higher seasonal and interannual variability in DOM composition in the mixed layer than in deep waters (see section 2).

To better understand the differences in composition between deep and surface samples, we ran an indicator molecular formula (MFs) analysis. This showed 840 significant indicator molecules, divided into 440 indicator MFs for surface samples and 400 for deep samples. Surface indicator MFs accounted for 26 % of the total intensity of surface samples and 22 % of deep samples (Figure 2a). In the other hand, deep indicator MFs accounted for 46 % of the total intensity of deep samples and about in spring but were maximal in summer (Figure 5f), further indicating the increase of the overall oxidation state of DOM in summer and its recalcitrance. We also observed a higher proportion of CHOS and CHONS containing molecules in summer while CHO ones were at their relative minimum (Figure 6a-c). Compounds groups also showed seasonal trends, with peptides peaking in spring while the highly aromatic polyphenols were at their minimum and increased to maximum in summer (Figure 6d,e). Carboxyl rich aromatic molecules (CRAMs), that constitute a large proportion of marine recalcitrant RDOM, showed a stable trend in winter-spring before decreasing in summer and reaching a minimum in July-August (Figure 6f). 

Linking DOM molecular composition to DOM optical properties and prokaryotic activity

Similarly, to DOM molecular composition, the mean trends of DOM optical properties and microbial metrics followed a seasonal pattern. Humic-like specific fluorescence was higher in winterspring and decreased in summer (Fig. S7). Total, high and low DNA prokaryotes abundances were high in winter and decreased from winter to the end of spring then increased in summer (Fig. S8).

To better understand the seasonal dynamics of DOM in the surface, we used a PCoA and Only significantly related variables are plotted in the PCoA space (Figure 7). The first 2 PCoA components explained 48.9 % of the variance. The analysis showed a clear separation among samples by seasons, although we could observe interannual variability particularly in early summer samples (Figure 7). June and July samples from different years were not grouped together (Figure 7). For instance, in June 2019, we observe a higher H/C ratio (Figure 5 Environmental variables were significantly (p value <0.05) related to the ordination (Figure 7a), but only temperature and nitrate had a strong relationship with r 2 >0.6 compared to the other variables (r 2 ≤ 0.4). Optical properties had weak to moderate (0.2≤r 2 ≤0.5) relationships to the PCoA (Figure 7b). The microbial parameters, including prokaryotic abundances, 16s rRNA Simpson diversity, and richness, showed weak to moderate associations to the chemical composition ordination, with 0.2<r 2 <0.5 (Figure 7c). The summer samples, however, were closely related to prokaryotic abundances (Figure 7c).

Discussion

Comparison of deep and surface DOM

Overall, our results indicate that, in the NW Mediterranean Sea, deep (500m) DOM is more degraded, recalcitrant, but less molecularly diverse than surface DOM. Consistently with previous results from the Mediterranean sea (Martínez-Pérez et al., 2017) and other ocean areas (Li et al., 2019;Medeiros et al., 2015), the higher recalcitrance of deep SPE-DOM is shown by the higher aromaticity, CRAMs proportion, and carbon number, of deep samples. The Simpson intensity-based diversity was higher in surface than in deep DOM samples indicating a change not only in the number of MFs but in intensities distribution (less evenly distributed) in deep samples. This indeed was observed also as a decrease in Pielou evenness in deep samples (Fig. S6). (Mentges et al., 2017), similar to our results, reported high diversity in surface waters and low diversity in deep waters from the Atlantic Ocean.

They also showed a relationship between the diversity decrease and the increase of the degradation state of DOM with depth. Our results further indicate that deep SPE-DOM is also less diverse in terms of chemical characteristics, as shown by the decrease in the distance between molecular MFs in the Van Krevelen space in deep sample.

Higher DOM diversity at the surface may reflect the coexistence of different DOM sources, including continuous phytoplankton DOM release, either directly or indirectly after zooplankton feeding, or allochthonous DOM inputs (see discussion in section 2), while in deep samples several DOM fractions have already been consumed before reaching a depth where the persistent DOM accumulates, explaining the lower DOM diversity. Indicator MFs analysis suggests that deep SPE-DOM is also less oxygenated compared to the surface DOM. In line with this, previous studies conducted in the Northern Pacific Ocean and the Mediterranean Sea showed that compounds at depth had smaller O number and lower O/C ratios compared to those at the surface (Martínez-Pérez et al., 2017;Medeiros et al., 2015). A decrease in the O/C ratio has been associated to more degraded DOM as [START_REF] Kim | Biodegradable dissolved organic matter in a temperate and a tropical stream determined from ultra-high resolution mass spectrometry[END_REF] showed that biodegradation results in a preferential removal of high O/C molecules, suggesting that deep DOM have been subject to successive degradation by microorganisms (but see discussion below). We also saw a surface enrichment in molecules containing S and N heteroatoms respect to deep DOM. In agreement with our results, (Li et al., 2019) showed a lower number of sulfur containing molecules in deep enriched MFs in the western Pacific ocean compared to surface. Conversely, (Medeiros et al., 2015) reported a high proportion in CHON and CHOS in molecules enriched in depth and their results suggested an influence of surface DOM in depth due to DOC export and strong vertical mixing in the area.

Summer accumulation of recalcitrant DOM in the upper mixed layer

Our results reveal a clear seasonal variation in DOM molecular composition and diversity in the surface layer. In the spring period, we observed a lower aromaticity and unsaturation degree along with an increase in peptides proportion, concordant with the presence of fresh phytoplanktonic DOM as indicated by higher Chl a during spring. DOM aromaticity, unsaturation, and size, all indicators of recalcitrant DOM (Cai & Jiao, 2022 and references within), were higher in summer during our study period, thus confirming our hypothesis of an increase in DOM recalcitrance in the upper mixed layer during the stratified period. Noteworthy, CHOS compounds in SPE-DOM were suggested to be rather unreactive as they cannot be further oxidized or hydrolyzed [START_REF] Pohlabeln | Dissolved organic sulfur in the ocean -A mass spectrometric (FT-ICR-MS) investigation[END_REF] which is consistent with the accumulation of recalcitrant DOM in surface in summer (Figure 6a). The increase in the oxidative state of DOM in summer, however, may indicate the increase of its reactivity and thermodynamic favorability for biodegradation (LaRowe & Van Cappellen, 2011). The carbon oxidative state and oxygen content of DOM may give ambiguous information about its recalcitrance. Increases in NOSC has been reported in light exposed estuarian DOM resuspended from sediment [START_REF] Harfmann | Composition and lability of photochemically released dissolved organic matter from resuspended estuarine sediments[END_REF] but also in dark microbial incubations (LaBrie et al., 2022). (LaBrie et al., 2022) suggested that the increase in NOSC indicates the creation of recalcitrant compounds. By contrast, [START_REF] Lechtenfeld | Molecular transformation and degradation of refractory dissolved organic matter in the Atlantic and Southern Ocean[END_REF] did not support a correlation between NOSC and DOM degradation rate but they reported a positive correlation between NOSC and molecules residence time. This is in line with the assumption that more oxidized molecules have a low energetic value for prokaryotes because they require energyefficient uptake systems (Kattner et al., 2011;[START_REF] Perdue | Natural Organic Matter[END_REF]. This may explain the increase and persistence of high NOSC observed in summer in our study. In the literature, the use of NOSC to evaluate DOM reactivity is more often reported in studies involving sediment-extracted DOM and or anoxic environments (e.g. [START_REF] Boye | Thermodynamically controlled preservation of organic carbon in floodplains[END_REF][START_REF] Zhang | Chemodiversity of water-extractable organic matter in sediment columns of a polluted urban river in South China[END_REF]. Thus, further data of marine DOM might be needed to understand NOSC relationship to DOM bioavailability.

However, the proportion of CRAMs, a major constituent of recalcitrant DOM (Hertkorn et al., 2006), decreased from spring to summer. CRAMs are shown to be sensible to photobleaching [START_REF] Stubbins | Illuminated darkness: Molecular signatures of Congo River dissolved organic matter and its photochemical alteration as revealed by ultrahigh precision mass spectrometry[END_REF] which may explain their removal at surface in the summer period. In this line, we also detected summer increases in the CDOM spectral slope S275-295 in the upper mixed layer (Figure S7), indicating photo-alteration (Hansen et al., 2016;Helms et al., 2008). The likely photodegradation of CRAMs in summer in surface was then supported by the negative correlation between their relative intensity and the S275-295 (Table S2). Generally, photodegradation of recalcitrant CRAMs results in enrichments in relatively more labile compounds with high H/C ratios such as unsaturated aliphatic (UA) [START_REF] Chen | Ultrahigh resolution mass spectrometric differentiation of dissolved organic matter isolated by coupled reverse osmosis-electrodialysis from various major oceanic water masses[END_REF]Medeiros et al., 2015). We did not observe increases in H/C in summer, supporting further that DOM accumulated is enriched in recalcitrant compounds [START_REF] D'andrilli | An ultrahigh-resolution mass spectrometry index to estimate natural organic matter lability[END_REF].

A possible explanation for the increase in DOM recalcitrance during the summer accumulation period is the prokaryotic DOM reprocessing during this period: The changes in DOM quality that we observe in our timeseries study (i.e. summer increases in unsaturation, aromaticity, m/z, and SN heteroatom content) were also reported during prokaryotic incubations (Cai et al., 2019;Lechtenfeld et al., 2015;Lian et al., 2021). Likewise, the observed increase of SN heteroatom content in summer has been suggested to be a good indicator for microbial alteration (Koch et al., 2014). Our experimental incubations (chapter I) also showed the release of likely recalcitrant DOM by heterotrophic prokaryotes when they are P limited (Bouchachi et al., 2022). In summer, photodegradation and prokaryotic processing occur simultaneously, and the relative importance of each process is difficult to detangle, but photochemical degradation of DOM could influence its prokaryotic transformation into recalcitrant DOM [START_REF] Bittar | Competition between photochemical and biological degradation of dissolved organic matter from the cyanobacteria Microcystis aeruginosa[END_REF][START_REF] Miranda | Impact of UV radiation on DOM transformation on molecular level using FT-ICR-MS and PARAFAC[END_REF]Rossel et al., 2013).

DOM diversity also increased in this period, in particular high values of functional diversity (F(HC)) were observed in summer indicating simultaneous co-occurrence of low and high lability compounds. During summer, different sources are likely to add on the DOM pool: This is DOM derived from prokaryotic reprocessing and photochemically produced DOM compounds, as suggested from our results; and potentially phytoplankton-derived DOM, since dissolved primary production is high in oligotrophic summer conditions (Alonso-Sáez et al., 2008;[START_REF] López-Sandoval | Dissolved and particulate primary production along a longitudinal gradient in the Mediterranean Sea[END_REF]. Evidence from D-L amino acids analyses corroborate the contribution of prokaryotes to the DOM pool with a higher concentration of D-amino acids in summer (Ortega-Retuerta et al, in prep), an indicator of prokaryotic DOM (Kaiser & Benner, 2008;Kawasaki & Benner, 2006) but also points toward the accumulation of DOM from different origins at this period (phytoplanktonic and prokaryotic) (Ortega-Retuerta et al, in prep).

A high chemical diversity with low individual concentrations were suggested as one of the reasons behind DOM persistence in the ocean, i.e., the dilution hypothesis (Dittmar, 2015). Within this context, DOM accumulation in summer results not only in the accumulation of intrinsically recalcitrant compounds (as seen by the increases in recalcitrance indices) but also in the increase of its diversity, that might result in lower degradability given the need of more diverse metabolic pathways for its degradation. The increase in the functional and abundance-based diversity of DOM in summer, might be interpreted as accumulation of high number of chemically and functionally different molecules, with a myriad of potential isomers (Zark et al., 2017), each at low individual concentrations hampering their uptake (Arrieta et al., 2015).

Conclusion and implication for carbon sequestration

Our result provides the first analysis of seasonal change in molecular composition of DOM in the Mediterranean Sea by a using a 2 years' time series. We observed that during summer stratification, recalcitrant and diverse DOM accumulates in the surface mixed layer. We suggest that a combined effect of bacterial processing and likely photodegradation transform DOM into a diverse pool enriched in recalcitrant compounds in the summer period. This refractory DOM accumulated in the surface will be exported to deep layers in the autumn-winter mixing and likely be accumulated and stored. With carbon sequestration becoming an increasingly important issue, it is worthwhile to explore whether the predicted increases in the length of the summer stratification period, would enhance nutrient limitation and prokaryotic release of recalcitrant DOM therefore increasing the pool of recalcitrant DOM. In such a case, the microbial carbon pump might play an important role in carbon sequestration in the Mediterranean Sea. . Therefore, even when our heterotrophic prokaryotic incubations (Chapter I) show higher humic-like FDOM release under P limitation, which are the conditions we find in summer in the NW Mediterranean, direct photobleaching results in lowered FDOM values in the surface mixed layer during the stratified summer period (Annex III Figure S7; (Romera-Castillo et al., 2013)). Interestingly, observations made from supplementary experiments of nutrient additions (i.e. incubations of surface prokaryotic communities from MOLA with and without N and P additions) in spring and summer allowed to see that prokaryotes released higher microbial humic-like FDOM in late spring compared to summer and particularly highest when inorganic nutrient are not added (Annex IV, Figure 1). At the end of spring bloom, labile substrate is likely available but nutrients are already limiting. These conditions potentially boost the production of humic-like FDOM. In the summer experiment, prokaryotic community composition changed (Annex IV, Figure 2) and accordingly the quality of the DOM released. These results suggest that the composition of the DOM-producing prokaryotes and the substrate they grow on also affect FDOM release.

All in all, HP-derived (under the different P conditions) RDOM indicators that can be easily traced in situ are needed to improve our understanding of DOM dynamics in the Mediterranean Sea (see perspective 1).

Measured DOM release is a net result of consumption and release

Experimentally controlled conditions using a known and measurable substrate allowed to quantify DOM release with no background DOM, whereas in natural conditions quantified DOM is a net outcome of consumption and production. For instance, in the single strains and mixed community incubations, when only glucose was present as a carbon source, we saw that HP release protein-like FDOM (Chapter I). In natural conditions, labile DOM consumption would prevail over labile DOM release masking this latter process. In terms of quantity, we have observed that when mixed communities grew on glucose, their net DOM release (3-18% of initially provided C) was lower than single strains (21-30%), denoting a cross-feeding effect, i.e. released metabolites can be consumed by other prokaryotes. This brings us to the difficulty of determining DOM release rates, which is the partitioning between what is consumed, what is released back, and what accumulates as DOM leftover.

Similarly, it is also difficult to take into account the potential release of DOM by natural prokaryotes in the biodegradation experiments (Chapter II). It is likely that we underestimated the consumption of the labile protein-like FDOM for example since we show that it can also be released (Chapter I). In addition, we saw that the natural prokaryotic communities in these experiments consumed the microbial humiclike component, but also released another humic-like FDOM component fluorescing at higher excitation/emission wavelength (data not shown), highlighting that both DOM consumption and release occurred during these experiments.

How bio-labile is HP-DOM in the lab, and what can we learn from this on in situ processes?

In the biodegradation experiments (chapter II) we evidenced that HP-DOM is partly labile regardless of the release condition (P limitation or repletion), and that metabolic arrangements were likely operated by the community to adapt to the provided DOM. DOM released by mixed HP communities induced more taxonomic diversity in the degrading communities than DOM released by single strains. This suggests that DOM released by mixed microbial communities has a higher chemodiversity (Landa et al., 2014;[START_REF] Zhao | Microbial transformation of virus-induced dissolved organic matter from picocyanobacteria: Coupling of bacterial diversity and DOM chemodiversity[END_REF]. Interestingly, in the field, there is a mismatch between DOM chemo-diversity and prokaryotic diversity. Chemo diversity is lower in deep waters (Chapter III, (Mentges et al., 2017)), yet prokaryotic diversity is usually higher in deep ocean compared to surface [START_REF] Sebastián | Environmental gradients and physical barriers drive the basin-wide spatial structuring of Mediterranean Sea and adjacent eastern Atlantic Ocean prokaryotic communities[END_REF]. These observations suggest that prokaryotic diversity is higher in the presence of deep refractory DOM as compared to more biologically labile surface DOM. A possible explanation could be that labile DOM promotes the growth of a few opportunistic taxa thereby decreasing the community diversity. However, this mismatch is also observed in the surface seasonal patterns of DOM molecular composition. Temporal dynamics of DOM chemo-diversity revealed that the highest diversity occurs in summer, but prokaryotic diversity (based on 16srRNA sequencing), which was indeed lower in summer compared to winter-early spring period (Annex III, Figure S9), was more related to the less diverse DOM in winter samples (Chapter III, Figure 7 c). The chemo-diversity of DOM does not depend solely on heterotrophic prokaryotes processing but also on the phytoplanktonic source (Landa et al., 2014) and photochemical alteration (Stubbins & Dittmar, 2015) among other parameters. Detangling the effect of these processes on DOM chemo-diversity and composition is an important step in determining the contribution of these processes in shaping DOM fate (see perspective

3).

Then what happens in situ based on our results? RDOM in the surface waters undergoes photochemical degradation, as indicated by the decrease in CDOM spectral slope and a decrease in the photosensitive refractory humic-like FDOM and CRAMs components (Annex III Figure S7, chapter III Figure 6). This might lead partly to RDOM removal from the pool [START_REF] Shen | Mixing it up in the ocean carbon cycle and the removal of refractory dissolved organic carbon[END_REF][START_REF] Stubbins | Photo-lability of deep ocean dissolved black carbon[END_REF] However, photodegradation can also lead to the production of different compounds fueling both RDOM and LDOM pools (Rossel et al., 2013), diversifying the DOM pool in summer. Thus, they also may contribute to the reprocessing of LDOM to RDOM through the microbial pump pathways.

The high chemo-diversity observed in the surface reflect these multiple sources and processes involved in DOM formation but could also reflect the influence of prokaryotic enzymatic activities that catalyze a plethora of reactions diversifying thus DOM. Thanks to enzymatic promiscuity, marine prokaryotes can potentially produce more than 4000000 different compounds (Dittmar et al., 2021). A part of this DOM is definitely respired back but the a part of it can be exported to deep waters by vertical turbulent and convective mixing [START_REF] Avril | DOC dynamics in the northwestern Mediterranean Sea (DYFAMED site)[END_REF][START_REF] Guyennon | New insights into the organic carbon export in the Mediterranean Sea from 3-D modeling[END_REF]. The fate of this RDOM once it encounters deep waters is controlled by various process including community composition and metabolic capacities of the deep prokaryotes. Deeper water communities may metabolize a part of the exported material; and the remaining RDOM will contribute to carbon sequestration within the Microbial Carbon Pump.

To sum up, the summer stratification in the Mediterranean Sea is thus a key moment in DOM dynamics, particularly the heterotrophic prokaryotes mediated formation and accumulation of RDOM in surface, which persists long enough to be exported and ultimately contribute to long term carbon storage within the MCP.

Perspectives

Where to go from here?

1. Higher resolution characterization of experimentally released DOM:

In the HP-DOM release experiments, samples for FT-ICR MS analysis were taken for the S. alaskensis strain. Analyzing these samples will allow to further evidence P limitation effect on HP-DOM composition at a finer level but also provide better recalcitrant HP-DOM proxies to track the microbial carbon pump back in natural conditions (Lechtenfeld et al., 2015;Osterholz et al., 2015).

Based on FT-ICR MS datasets, metabolite annotations can be done [START_REF] Ayala-Ortiz | MetaboDirect: An analytical pipeline for the processing of FT-ICR MS-based metabolomic data[END_REF]Romano et al., 2014). These metabolites can be associated to genes as these model strains were initially chosen for their already available sequenced genomes. These HP derived compounds and their associated genes can then be tracked in the ocean as biomarkers of the microbial carbon pump.

More realistic DOM release rates

Experiments using model strains or mixed HP communities with a simple substrate (glucose) provided insights on the factors governing DOM release by HP (P limitation, growth rate, potential cross feeding). However, as raised earlier, determining realistic DOM release rates entail separating consumed and released DOM fractions from DOM present in the media. The use of stable and radioactive isotope probing has been recognized as a powerful tool for tracing the sources, rates, fates and pathways of different elements of interest in aquatic and terrestrial systems [START_REF] Glibert | Stable isotope tracers: Enriching our perspectives and questions on sources, fates, rates, and pathways of major elements in aquatic systems[END_REF][START_REF] Gougoulias | The role of soil microbes in the global carbon cycle: Tracking the below-ground microbial processing of plant-derived carbon for manipulating carbon dynamics in agricultural systems[END_REF]. The use of radioactive isotope substrates (e.g., 14 C) for naturally isolated HP in experimental incubations can be explored for this purpose. We can obtain more accurate estimates of DOM release rates by measuring isotopically labelled DOC in culture filtrates and comparing these measurements to labeled carbon incorporation rates determined in parallel for the same community. Indepth exploration of this pathway and laboratory tests would help evaluating its applicability for DOM release rate measurements.

Detangling in situ DOM transformations

As shown by our results, in situ DOM dynamics are governed by several factors, mainly prokaryotic processing but our results also suggest photo-alteration processes that occur simultaneously. Detangling these processes is crucial in order to get an insight of the importance of heterotrophic prokaryotes in shaping DOM composition and thus the magnitude of the MCP. Further treatments of the already generated FT-ICR MS dataset may be promising to explore this research direction. Connections between molecules in van Krevelen diagram (H/C vs O/C representation space for molecules) can be used to infer specific molecular transformations. FT-ICR MS mass (m/z) lists can be mathematically transformed allowing to detect the loss or the gain of chemical functions between individual compounds. These chemical changes can be then used to infer pathways by which compounds are consumed, released or altered. Practically, a software can be used to calculate mass differences between each m/z detected in a sample. This will be the basis to build a transformation network where compounds are connected by arrows representing identified transformations that can be potentially reflected in a microbial or chemical induced reaction [START_REF] Longnecker | Using network analysis to discern compositional patterns in ultrahigh-resolution mass spectrometry data of dissolved organic matter: Network analysis and mass spectrometry[END_REF].

Noteworthy, such an approach generates large and complex networks that may imply cleaning/filtering steps of non-feasible reactions for instance. Studies that used this approach for example selected for the most frequently observed mass differences and focused on them [START_REF] Longnecker | Using network analysis to discern compositional patterns in ultrahigh-resolution mass spectrometry data of dissolved organic matter: Network analysis and mass spectrometry[END_REF]. It is also possible to target biotic and abiotic reactions that are presumed to mostly occur (in our case prokaryotic transformations and potentially photodegradation). For instance, targeting amino acids isomers prokaryotic transformations or enzymatic reactions [START_REF] Longnecker | Using network analysis to discern compositional patterns in ultrahigh-resolution mass spectrometry data of dissolved organic matter: Network analysis and mass spectrometry[END_REF][START_REF] Vorobev | Identifying labile DOM components in a coastal ocean through depleted bacterial transcripts and chemical signals[END_REF], decarboxylation reactions (loss of COOH chemical moieties) as a possible photochemical induced transformation [START_REF] Ward | Complete and Partial Photo-oxidation of Dissolved Organic Matter Draining Permafrost Soils[END_REF]. A database of known prokaryotic and abiotic reactions suspected to mostly occur can be used to build a targeted transformation network (Cooper et al., 2022).

Conclusions

The main conclusions drawn for this thesis work are:

1. P limitation plays a significant role in DOM release by heterotrophic prokaryotes by enhancing the release of recalcitrant humic-like FDOM and reducing the release of protein-like FDOM.

In addition, P limitation potentially increases the quantity of released DOM per unit of biomass.

Natural heterotrophic prokaryotic community composition is an important parameter that can modulate the P limitation effect.

2. In P replete conditions, the release of protein-like fluorescence is correlated to the growth rate of heterotrophic prokaryotes suggesting that rapid protein production by fast growing copiotrophs can be translated into high release rates of these compounds.

3. Heterotrophic prokaryote-derived DOM is partly labile regardless of the release condition (P limitation or repletion). HP-DOM leads to the diversification of the prokaryotic communities, and P-driven differences in HP-DOM quality selected for different indicator taxa. HP-DOM humic-like fluorescence can be consumed when this fluorophore dominates the FDOM pool.

This consumption coincides with higher alkaline phosphatase activity. These results highlight that besides DOM intrinsic quality, the role of consumers community composition and their metabolic capacities are important in shaping the lability of DOM. 

  Chromophoric dissolved organic matter CRAMs: Carboxyl-rich alicyclic molecules DBE: Double bond equivalents DOC: Dissolved organic carbon EEM: Excitation emission matrix FDOM: Fluorescent dissolved organic matter FT-ICR MS: Fourier transmission ion cyclotron mass spectrometry HP: Heterotrophic prokaryotes HP-DOM: Heterotrophic prokaryote-derived dissolved organic matter HU: Highly unsaturated LDOM: Labile dissolved organic matter MCP: Microbial carbon pump MF: Molecular formula NOSC: Nominal oxidative state of carbon PGE: Prokaryotic growth efficiency RDOM: Refractory (or recalcitrant) dissolved organic matter RU: Raman units SLDOM: Semi-labile dissolved organic matter SPE-DOM: Solid phase extractable dissolved organic matter SRDOM: Semi-refractory dissolved organic matter URDOM: Ultra-refractory dissolved organic matter

Figure 2

 2 Figure 2 DOM fraction and their stocks and fluxes in the water column. Illustration taken from[START_REF] Carlson | DOM Sources, Sinks, Reactivity, and Budgets[END_REF].

Figure 3

 3 Figure 3 Schematic representation of the microbial carbon pump in the ocean. Taken from[START_REF] Zhang | Evolving paradigms in biological carbon cycling in the ocean[END_REF] 

  the fluorescence intensity of the i th sample at the j th emission value and at the k th excitation value. The parameter eijk is the residual unexplained variability(scatter, noise, etc) and f corresponds to a PARAFAC component. The outcomes of the model are the values of a, b and c representing concentration, emission and excitation spectrum of the underlaying component. The chemical interpretation in a valid PARAFAC model relies on 3 assumptions (Murphy et al., 2013): (1) Variability: two chemical components/ fluorophores cannot have the same intensity or identical emission excitation wavelength. (2) Trilinearity: the same number of components underlies the chemical variation in each dimension of the dataset. For fluorescence EEMs, this means that emission spectra are invariant across excitation wavelengths, excitation spectra are invariant across emission wavelengths, and fluorescence increases approximately linearly with concentration (Beer-Lambert Law). (3) Additivity: the total signal of the EEM is due to the linear superposition of a fixed number of components chemically isolated.

Figure 4

 4 Figure 4 DOM characterisation approaches: Chromophoric dissolved organic matter (CDOM) (a), fluorescent dissolved organic matter (FDOM) (b), Fourier transform ion cyclotron mass spectrometry (FT-ICR MS) (c). Material and instrument illustration were obtained from BioRender.com. PARAFAC analysis illustration is taken from Murphy et al., 2013. CDOM spectrum, excitation emission matrix and Van Krevelen diagram were made based on the present thesis data for illustration.

Figure 5

 5 Figure 5 Idealized vertical profiles of DOM recalcitrance proxies and indices. This Figure was modified from Cai and Jiao 2022 and based on the references within.

Figure 1

 1 Figure 1 Changes in cell abundance in P. angustum (a), S. alaskensis (b), SOLA-fall (c), and SOLA-spring (d) experiments. Dots represent the experimental replicates and lines represent mean cell abundances. Note the different scales for x and y axes.

Figure 2

 2 Figure 2 Biplot of the first 2 axes of correspondence analysis (CA) performed on the PARAFAC components, each dot representing an experimental replicate (See material and methods and Supporting information for details on replicates). C340: protein-like; C460: fulvic like; C354: protein-/phenolic-like; C398: microbial humic-like; C440: terrestrial humic-like; C424: humic-like.

Figure 3

 3 Figure 3 FDOM characterization at Tf: EEMs contour plots at Tf (only one out of the replicates is shown). Red labels show modelled component location, only primary excitation peak is considered. Note the difference in colormap scale. (a). FDOM Maximum fluorescence intensities of Protein-like C340 component (c) and microbial humic-like C398 component (d) at Tf in the different experimental treatments. Dots represent replicates (See material and methods and Supporting information for details on replicates).

Figure 4

 4 Figure 4 Linear regression between the protein-like component C340 and growth rate in (a) balanced treatment and (b) unbalanced treatment. Dots represent replicates (See material and methods and Supporting information for details on replicates).

  data set used for PARAFAC modeling consisted of 113 EEMs, including 42 samples from the HP-DOM release experiments, of which 21 were measured during the exponential growth phase (data not shown), and 71 samples from HP-DOM degradation experiments conducted using the same HP-DOM (data not shown). T0 samples were not included (very low fluorescent signal, Fig S1).

Final

  

Fig S 1

 1 Fig S 1 EEMs contour plots at T0 and Tf (only one out of the replicates is shown): (a) P. angustum, (b) S. alaskensis, (c) SOLA-fall, (d) SOLA-spring. Red labels show modelled component location, only primary excitation peak is considered. Note the difference in colormap scale.

Fig S 3

 3 Fig S 3 Dissolved organic matter release at the end of the experiment expressed as DOC concentration per unit of integrated biomass (T0 to Tf) in all experiments. Hinges correspond to median, first and third quartiles. Whiskers extended from hinges to the smallest and largest values (no further than 1.5 * IQR from the hinge, where IQR is the inter-quartile range. No significant difference between balanced an unbalanced over all experiments (ANOVA, p-value >0.1).

  e. DOM released by the strain and the two HP communities under P-limited (U-DOM) or P-replete (B-DOM). In situ DOM (IS-DOM) alone or in situ DOM supplemented with 20 µmol L -1 of glucose (G-DOM) were used as additional culture media in each of the experiments. The G-DOM treatment served as a control to rule out that HP grew only on glucose leftovers of the first step of the experiment. IS-DOM was collected from the same location and date than the HP inoculum of the respective experiment (Fig. 1, Table

Fig. 1

 1 Fig. 1 Scheme displaying the experimental design. HP-DOM: DOM released by heterotrophic prokaryotes. B-DOM: DOM produced under P-repletion. U-DOM : DOM produced under P-limitation. IS-DOM: in situ DOM collected at the same time than the natural HP inocula. G-DOM: in situ DOM added with 20 µmol L -1 of glucose. SOLA: a coastal observation station in the Northwestern Mediterrannean Sea. N: ammonium NH4 + , P: phosphate PO4 3-.

Fig. 2

 2 Fig. 2 Changes in HP abundance over incubation time in the three biodegradation experiments: (a) S. alaskensis DOM, (b) SOLA-fall DOM, (c) SOLA-spring DOM. The lines represent the mean of the triplicates and dots correspond to triplicates. B-DOM: DOM produced under P-repletion. U-DOM : DOM produced under Plimitation. IS-DOM: in situ DOM collected at the same time than the natural HP inocula. G-DOM: in situ DOM added with 20 µmol L -1 of glucose.

Fig. 3

 3 Fig. 3 FDOM consumption and enzymatic activities in the B-DOM and U-DOM treatments of each experiment: Difference between Tf and T0 (Tf -T0) fluorescence of (a) the protein-like component C340 and (b) the humic-like component C398. Values < 0 correspond to consumption. (c) Aminopeptidase activity (AMA) and (d) alkaline phosphatase activity (APA) at Tf. Dots represent triplicates. ns = not significant. * = p-value <0.05.

Fig. 4

 4 Fig. 4 HP community composition based on 16s rRNA sequencing in (a) the S. alaskensis and (b) SOLA-fall experiments. (c) NMDS plot of all replicates and treatments based on Bray Curtis dissimilarity. Note that samples at the onset of the experiment (T0) were taken for the inoculum (T0 Inoc), B-DOM (T0B), U-DOM (T0U), G-DOM (T0G), IS-DOM (T0IS) for the SOLA-fall experiment while in S. alaskensis experiment only an inoculum (T0 Inoc) sample was taken.

Fig. 5

 5 Fig. 5 Contribution of B-DOM, U-DOM, G-DOM and IS-DOM indicator ASVs to T0 and Tf communities composition of the different treatments and their taxonomy at the family level, in S. alaskensis DOM degradation experiment (a-d) and SOLA-fall DOM degradation experiment (e-h).

  analyses revealed different taxonomic groups growing on the different HP-DOM sources, indicating the different composition of the HP-DOM released under P-repletion vs. P-limitation. Few families, belonging mainly to Alphaproteobacteria and Gammaproteobacteria and few Bacteroidia, dominated the HP-DOM incubations. However, the ASVs differed among the experiments and the treatments, suggesting that community composition plays an important role in determining DOM lability. Members of Rhodobacteraceae, Alteromonadaceae (Pseudophaeobacter, Alteromonas) were the main indicators of the protein-like rich treatment in SOLA-fall B-DOM. Some members of the Alteromonadales class have already been shown to be related to the protein-like peak T, corresponding to our component C340, in bacterial incubations of high and low molecular weight DOM suggesting their preference for labile DOM (Varela et al., 2020). DOM rich in humic-like components, namely S. alaskensis DOM and SOLA-fall U-DOM, selected different indicator taxa, including mainly Methylophilaceae, Marinomonadaceae, Rhodobacteraceae and Alteromonadaceae. A coupling between FDOM Peak M

Fig. S2

 S2 Fig. S2 pairwise t-test post hoc results on HP cell abundance. * = p-value ≤ 0.05, ** = p-value ≤ 0.01, *** = p-value ≤ 0.001, **** = p-value ≤ 0.0001.

Fourier

  transform ion cyclotron resonance mass spectrometry FT-ICR MS analyses were performed at the COBRA Laboratory (TGE FT-ICR FR3624 facility) using a 12 T Solarix XR mass spectrometer (Bruker Daltonics). SPE-DOM MeOH extracts were diluted in LCMS grade MeOH and ran in FIA (flow injection analysis) in analytical triplicates and several MeOH blanks were randomly ran with each sample set. Sample replicates analysis order was randomized to rule out running order effects. A quality control sample consisting of an equi-volume mixture of all samples was also analyzed. An electrospray ionization source was used in negative mode. Mass spectra were acquired in a mass range of m/z 98.2-1200. Accumulation time was set to 0.02 s and 200 scans were accumulated. Samples Jul 2019, Sep 2019, Nov 2019 and Aug 2021 were discarded from the data set due to contamination problems.

Figure 1

 1 Figure 1 NMDS based on Bray-Curtis distance using relative intensities of the selected 3789 MFs. Dots represent technical replicates.

Figure 2

 2 Figure 2 Indicator MF analysis results. Contribution of Surface indicator MF to surface and deep samples (a). Contribution of Deep indicator MF to deep and surface samples (b).Van krevelen diagram of surface and deep indicator MF (c) and their moelcular composition in terms of compounds groups (d) and heteroatoms content (e).

Figure 3

 3 Figure 3 Chemodiversity and Molecular characteristics of deep and surface samples. Simpson diversity index (a). Average distance in van Krevelen space (Dist) between MFs (b). Weigthed modified aromaticity index (AImod_w) (c). Relative intensity (%) of CRAMs (d), and intensity weighted carbon number C_w (e).

Figure 5

 5 Figure 5 Seasonal evolution of intensity weigthed molecular indices in surface. Modified aromaticity index AImod_w (a). Double bound equivalent DBE_w (b). Carbon atom number C_w (c). Mass to charge ratio m/z_w (d). Hydrogen to carbon ratio HC_w (e). Nominal oxydative state of carbon NOSC_w (f). Each dot represent a sample based on mean lists of analytical replicates.Red line represent mean trend and shaded bands correspond to 0.95 confidence level interval.

Figure 6

 6 Figure 6 Seasonal evolution of different heteroatom classes (a-c) and compound groups (d-f) in surface. Each dot represent a sample based on mean lists of analytical replicates. Red line represent mean trend and shaded bands correspond to 0.95 confidence level interval. CRAMs = carboxyle rich alicyclique molecules.

  potential explanatory drivers were fitted to the ordination. The drivers included FT-ICR MS derived measures (chemo-diversity, compounds groups, AImod_w, m/z, C, etc), optical properties (specific fluorescence of FDOM peaks, humification index (hix), spectral slope S275-295, SUVA254), microbial metrics (16s rRNA diversity, total prokaryotes abundances, low and high DNA prokaryote abundances, viral abundances, Heterotrophic Nano-flagellate (HNF)) and bulk environmental parameters (DOC, Chl a, NO3 -, PO4 3-, Salinity, Temperature).

Figure 7

 7 Figure 7 PCoA of the molecular compositon of surface samples based on Bray Curtis distances calculated from normalized intensities of MFs. The arrows correspond to fitted variables: environmental variables (a). Optical properties (b). Microbial metrics (c). Molecular parameters (d). Only significant drivers are ploted. 16srRNA_diveristy= 16srRNA Simpson index of free living fraction, TotBac, HNABac and LNABac are respectively total bacterial, high DNA and low DNA bacterial abundances. hix=humification index. spA,spM,spC,spB are respectively specific fluorescence of peak A humic-like, peak M marine humic-like, peak C terristrial humic-like, peak B tyrosine-like, S275_295=CDOM spectral slop between 275-295 nm wavelength.

  ), higher protein-like specific fluorescence (Fig S7) with higher Chl a (Fig S4) than in June 2020.

Fig. S3

 S3 Fig. S3 Phosphate and nitrate concentrations profiles between 2019-2021 in MOLA site. Dots represent monthly measurements. Figure was done in Ocean Data View (DOV 5.6.3) using DIVA gridding.

Fig

  Fig. S4 Mean Chlorophyll a (µg L -1 ) and DOC (µM) concentrations within and Below the mixed layer. Dots represents monthly measurements. Read and green lines represent mean trend and shaded bands correspond to 0.95 confidence level interval.

Fig. S6

 S6 Fig. S6 Deep and surface content of heteroatom classes relative intensities (%) (a-e) and Pielou evennes (f).

Fig

  Fig. S7 Mean optical parameters values within the surface mixed layer. Dots represents monthly measurements. Red line represents mean trend and shaded bands correspond to 0.95 confidence level interval. spM=marine humic-like, spA humic-like, spC terristrial humic-like, hix=humification index, spT=tryptophan-like, spB=tyrosine-like, S275_295=CDOM spectral slope. FDOM. Peaks are reported as specific fluorescence (sp, RU L mg C -1 ).

Figure 1

 1 Figure1represents a tentative conceptual scheme of the multiple processes, from

Figure 1

 1 Figure 1 Conceptual scheme showing potential players of DOM dynamics at the surface layer during the summer stratification in Mediterranean Sea.

4.

  In the surface Mediterranean Sea, DOM molecular diversity and composition, assessed by FT-ICR MS, shows a marked seasonal variation. DOM recalcitrance indicators, including aromaticity, unsaturation and molecular size, increase from spring to summer, when they reach their maximum. DOM chemo-diversity increases concurrently, emphasizing the likely recalcitrant character of summer accumulated DOM. The increase of functional diversity during this period suggests the influence of different sources and processes including dissolved

  

  

  

  

  

  

  

  

  

  

  

Table 1

 1 Summary of RDOM proxies and indices evaluating overall DOM recalcitrance based on FDOM and CDOM measurements.

Table 1

 1 

, P. angustum, p-value <0.05; S. alaskensis p-value <0.001; SOLA-fall p-value <0.001; SOLA-spring, p-value <0.01).

Table 1

 1 Growth parameters and DOM quantification in all experiments: Prokaryotic growth efficiency PGE (mean ± standard deviation), growth rate (mean ± standard deviation), heterotrophic prokaryotic DOM (HP-DOM) net quantity (mean ± standard deviation), percentage of initial C-glucose released asHP-DOM. Letters indicate significant differences, n.d. = non-determined. 

	Experiment-Treatment	Growth rate (h -1 )	PGE (%)	HP-DOM (µmol L -1 )	% to initial C-Glucose
	P. angustum				
	Balanced	0.480 ± 0.039 a	21.94 ± 0.27 a	50.5 ± 18.3 a	21 ± 7%
	Unbalanced	0.418 ± 0.042 a	16.15 ± 0.31 b	60.2 ± 44.9 a	30 ± 23%
	S. alaskensis				
	Balanced	0.093 ± 0.002 a	34.82 ± 1.64 a	52.4 ± 8.1 a	28 ± 4%
	Unbalanced	0.085 ± 0.003 a	12.02 ± 0.69 b	52.1 ± 13.8 a	23 ± 6%
	SOLA-fall				
	Balanced	0.500 ± 0.035 a	23.06 ± 3.53 a	18.2 ± 4.8 a	10 ± 3%
	Unbalanced	0.475 ± 0.028 a	9.19 ± 0.18 b	5.3 ± 5.5 a	3 ± 3%
	SOLA-spring				
	Balanced	0.221 ± 0.08			
	Unbalanced				

a 0.179 ± 0.097 a 10.51 ± 3.22 a 4.04 ± 0.20 b 43.2 ± 15.5 n.d. 18 ± 7% n.d.

  Table S3 Characteristics of the six components identified by PARAFAC analysis, ex = excitation and em = emission, examples of matching models for external validation and components classification into known florescence types. Table S4 Initial and final C-glucose and inorganic nutrient concentrations (mean ± standard deviation), percentage of C-glucose consumed and final DOC concentrations (mean ± standard deviation) in the different treatments (B = Balanced, U= Unbalanced), n.d.=not determined.

	Annex I Annex I					Supporting information Chapter I Supporting Information Chapter I
			Conversion factor	Reference		
	P. angustum Component	Ex	62 fgC Cell -1 Em Examples of matching PARAFC models build in marine or (Fagerbakke et al. 1996) freshwater systems (OpenFluor) Component ex/em Source and Reference	Fluorescence type classification	Classification reference
	SOLA-fall SOLA-spring S. alaskensis C340	275	30.2 fgC Cell -1 19 fgC Cell -1 340 C1 275/342 C6 275/334	(Fukuda et al. 1998) al. 2001) (Lee and Fuhrman 1987; Eguchi et Coastal (Brym et al. 2014); Boreal lakes (Lapierre and del Giorgio 2014)	Protein-like (Tryptophan-like)	(Coble 2007; Stedmon and Markager 2005)
	C460	270 (385)	460	C2 270(380)/476 C5 260(385)/460	Estuary (Bittar et al. 2016); River (Gonçalves-Araujo et al. 2015)	Fulvic-like and humic-like	(Coble 2007)
	C354	290	354	C6 240/350 C4 248/355	Streams (Osburn et al. 2018); Lake (Catalá et al. 2016)	Protein-or phenolic-like humic-like material related to processed	(Catalán et al. 2021)
	C398	315	398	C3 240(310)/403	Estuary (Wang et al. 2020);	Marine/Microbial humic-like	(Yamashita et al. 2008; Coble 2007)
	C440	340(265)	440	C3 350/428	Waste water * (Murphy et al. 2011)	Terrestrial humic-like (C)	(Coble 2007)
	C424	250	424	C1 275/424 C1 250 (295)/412	Boreal lakes (Lapierre and del Giorgio 2014) Lake (Du et al. 2016)	Humic-like from diverse origins (A)	(Coble 2007)
	* Only one matching model					
				83 84			

  Table S5 Maximum fluorescence intensities of all components at Tf in the different treatments (B = Balanced, U= Unbalanced). Values are expressed in (x10 -2 RU).

	T0 242.6 197.9 185.1 223.9 174.6 12.5±18.3 35.2 21.1±1.0 Tf T0 Tf 2.8±3.2 35.3 19.8±0.7 4.3±1.3 33.4 23.6±0.4 1.8±1.7 30.1 8.8±0.6 9.4±9.2 32.8 12.0±0.5 200.4 23.4±3.0 36.0 24.8±0.8 245.9 18.2±5.4 31.6 16.6±0.9 247.5 22.5±5.3 32.7 21.4±0.4 C460 C354 C398 6.76 ± 0.57 a 0.86 a ± 0.33 P. angustum B U S. alaskensis B U SOLA-fall B U SOLA-spring B U C340 1.27 ± 0.14 a 0.88 a ± 0.14 4.74 ± 0.35 b 0.89 a ± 0.40 0.00 ± 0.00 a 1.60 a ± 0.48 2.17 ± 0.27 a 4.50 a ± 0.16 0.11 ± 0.08 a 2.56 a ± 0.67 3.86 ± 0.33 b 4.24 a ± 0.38 10.63 ± 17.49 a 5.65 b ± 0.20 7.08 ± n.d 0.45 a ± n.d 0.20 ± n.d 0.56 ± n.d 2.14 ± n.d 0.53 a ± n.d 0.01 ± n.d 1.43 ± n.d 6.29 ± 1.07 a 0.53 a ± 0.58 0.19 ± 0.16 a 0.72 a ± 0.36 3.28 ± 0.22 b 0.59 a ± 0.10 0.28 ± 0.02 a 0.48 a ± 0.19 Component Treatment Equation Condition P. angustum B U S. alaskensis B U SOLA-fall B U SOLA-spring B U p-value n.d. Experiment-T0 Tf T0 Tf 4.51 2.16±0.03 99.1 218.7 52.6 ±14.1 0.91 0.31±0.40 97.8 221.9 64.6 ±45.0 4.49 2.84±0.11 99.0 247.5 53.2±5.2 0.68 0.18±0.21 95.8 271.5 57.7±6.7 4.51 1.87±0.17 92.8 164.9 18.2±1.0 0.59 0.06±0.03 88.3 162 28.6±1.3 4.27 2.20±0.16 92.6 214.8 61.4 ±19.0 0.63 0.06±0.03 90.9 224.5 C440 C424 0.75 ± 0.36 a 1.15 ± 0.47 a 0.96 ± 0.65 a 0.76 ± 0.87 a 1.02 ± 0.11 a 0.00 ± 0.00 a 0.84 ± 0.10 a 0.18 ± 0.15 a 0.29 ± n.d 0.00 ± n.d 0.37 ± n.d 0.31 ± n.d 0.55 ± 0.28 a 0.89 ± 0.34 a 0.37 ± 0.07 a 0.15 ± 0.03 a r 2 C460 B y = 0.4 -6.7 x 0.009 0.55
		U	y = 0.4 -7.6 x	0.005	0.65
	C354	B	y = 0.2 + 26.6 x	0.003	0.65
		U	y = 0.3 -0.6 x	0.3	0.16
	C398	B	y = 0.4 -12.0 x	0.02	0.46
		U	y = 0.4 -5.4 x	0.02	0.53
	C440	B	y = 0.4 -23.5 x	0.2	0.19
		U	y = 0.2 + 1.6 x	0.9	0.0013
	C424	B	y = 0. 2 + 16.9 x	0.06	0.33
		U	y = 0.2 + 17.2 x	0.1	0.25

*

Table S6 Results of linear regression analysis between maximum fluorescence of the different FDOM components and growth rate in the different experimental treatments (B = Balanced, U= Unbalanced).
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 1 

	Initial (T0) values of component C340 (protein-like) and C398 (microbial-humic fluorescence), expressed
	in x 10 -2 Raman units (RU). B-DOM: DOM produced under P-repletion. U-DOM : DOM produced under P-
	limitation.		
	DOM source Treatment	C340	C398
	B-DOM	1.82	2.34
	S. alaskensis		
	U-DOM	3.45	5.71
	B-DOM	4.87	0.62
	SOLA-fall		
	U-DOM	2.44	1.72
	B-DOM	5.71	1.08
	SOLA-spring		
	U-DOM	2.98	0.46

Table 2

 2 Diversity indexes (mean and standard deviation): Evenness, Shannon for all treatments in the S. alaskensis DOM and SOLA-fall DOM experiments at T0 and Tf. Diversity indexes were calculated based on rarefied data. Letters represent comparison test significance (ANOVA followed by Tukey Post hoc test).

	DOM source	evenness	Shannon
		T0 Inoculum	0.20	1.06
	S. alaskensis DOM	Tf B-DOM Tf U-DOM Tf G-DOM	0.47 ± 0.03 ac 0.47 ± 0.02 ac 0.514 ± 0.147 cb 2.58 ± 1.30 ab 2.14 ± 0.14 a 2.39 ± 0.26 a
		Tf IS-DOM	0.68 ± 0.045 b	4.03 ± 0.27 b
		T0 Inoculum	0.35	2.08
		T0 B-DOM	0.26	1.37
		Tf B-DOM	0.47 ± 0.01 a	2.53 ± 0.15 a
		T0 U-DOM	0.21	1.17
	SOLA-fall DOM	Tf U-DOM	0.53 ± 0.04 a	2.75 ± 0.46 a
		T0 G-DOM	0.51	3.01
		Tf G-DOM	0.26 ± 0.03 b	1.24 ± 0.13 a
		T0 IS-DOM	0.164	0.82
		Tf IS-DOM	0.46 ± 0.01 a	2.45 ± 0.01 a

Table 3

 3 Comparaison to previous studies reporting the consumption of microbial humic like fluorescence originating from different sources.

		FDOM			% of
	Study	peak	DOM Producer / source	Consumer	consumed
		Ex Em			FDOM
	(Romera-		Single Phytoplankton		
	Castillo et al.,	310 392	Skeletonema cotatum Chaetoceros sp.	Natural HP community	30.3 % 5%
	2011)		Micromonas pusilla		10%
	(Cory & Kaplan, 2012)	310 420	Stream water (white Clark Creek)	Stream water Bacteria	16 %
			Single bacteria strains	HP communities collected in:	
	(Ortega-			500 m, March	20 %
	Retuerta et al.,	320 410	Photobacterium angustum	5 m, March 5 m, April	30 % 59 %
	2021)			5 m, December	0 %
			S. alaskensis	5 m, April 5m, December	57 % 11 %
			Mesopelagic North Atlantic water		
	(Varela et al., 2020)	320 410	fractionated to low (L) and high (H) molecular weight DOM LDOM	Natural HP community	0 %
			L+H DOM		2 %
	(Arai et				
	al., 2018)	330 386	Coastal HP	Coastal HP	52 %
	*				
			Single bacteria strains	HP community collected in	
			S. alaskensis under P replete condition S. alaskensis under P limited condition	5 m, February	32.5 % 60.9 %
	Actual study	315 398	Fall HP communities under P-replete Fall HP communities under P-limited	5 m, November	0 % 78.3 %
			Spring HP communities under P-replete Spring HP communities under P-limited	5 m, May	0 % 0 %

Table S2

 S2 Inorganic nutrients values at T0 and Tf expressed in µmole L -1 : means and standards deviation of the triplicates (at T0 there was only one replicate measured).

	DOM source Treatment	T0	PO4 3-Tf	T0	NH4 + Tf	
		B-DOM	4.69	4.08 ± 0.11	20.68	17.26 ± 1.78
		U-DOM	2.29	1.75 ± 0.05	23.81	19.03 ± 0.83
	S. alaskensis	G-DOM	2.37	2.06 ± 0.02	14.55	13.43 ± 0.47
		IS-DOM	2.4	2.18 ± 0.01	16.59	14.6 ± 0.22
		B-DOM	3.53	3.73 ± 0.08	21.54	18.47 ± 0.24
		U-DOM	1.87	1.85 ± 0.54	15.91	20.35 ± 0.2
	SOLA-fall	G-DOM	2.12	1.83 ± 0.03	18.36	13.76 ± 0.32
		IS-DOM	2.08	1.99 ± 0.04	14.39	14.24 ± 0.68
		B-DOM	4.37	3.93 ± 0.04	30.22	22.92 ± 0.46
		U-DOM	2.15	1.7 ± 0.02	32.65	27.5 ± 0.62
	SOLA-spring	G-DOM	2.31	1.77 ± 0.04	15.18	10.55 ± 0.66
		IS-DOM	2.2	1.95 ± 0.04	14.13	11.59 ± 0.55
	Effect	DFn	DFd	F	p		p<0.05	ges
		S. alaskensis					
	Treatment	3	6	11.941	0.006		*	0.769
	time	5	10	150.076	4.54E-09	*	0.763
	Treatment:time 15	30	8.276	5.75E-07	*	0.560
		SOLA-fall					
	Treatment	3	6	552.913	1.02E-07	*	0.978
	time	5	10	39.762	2.78E-06	*	0.795
	Treatment:time 15	30	26.566	2.98E-13	*	0.884
		SOLA-spring				
	Treatment	3	6	1326.765	7.46E-09	*	0.975
	time	2	4	1416.377	1.99E-06	*	0.984
	Treatment:time 6	12	47.867	1.09E-07	*	0.95

Table

S3

Repeated two ways anova results, DFn Degrees of Freedom in the numerator, DFd Degrees of Freedom in the denominator, SSn Sum of Squares in the numerator, SSd Sum of Squares in the denominator, F F-value, p p-value (probability of the data given the null hypothesis), p<0.05 Highlights p-values less than the traditional alpha level of 0.05, ges Generalized Eta-Squared measure of effect size.

  . In a van Krevelen diagram, molecules with similar chemical properties are situated close to each other leading to low Dist values, while high Dist values reflect more chemically different molecules in a given sample. To assess DOM recalcitrance, we used a combination of average intensity weighted molecular parameters that have been described as indices of the recalcitrance /bioavailability of DOM: AImod_w, DBE_w, H/C_w, nominal oxidative state of carbon (NOSC_w), C_W, m/z_w. AImod and DBE values are indicators of aromatic rings and double bounds presence in a molecule and their increase has been associated to an increase in DOM recalcitrance

	7:=d =	C 5 B @ @ e(1/ H -1/ A ) B + (2/ H -2/ A ) B (5) C 1 ADE HDE
	Indices for evaluating overall DOM recalcitrance

Table S1

 S1 Mixed layer depths between 2019 and 2022 at the MOLA station and temperature, salinity and nutrient concentrations within. Mixed layer depth was estimated followingde Boyer Montegut et al (2004) using mld function from package castr v0.1.0: a reference value for density is taken at 10 m and the water column is considered to be mixed until the depth at which density deviates from this reference by more than 0.03 kg/m 3 . nd = not dermined; n.a. =missing value.Table S2 Pearson correlations between FT-ICR MS variables and optical and biological variables: r=rho, n=number of data and p-values.Results in bold green and positive correlations and those in red are negative. TotBac, HNABac and LNABac are respectively total bacterial, high DNA and low DNA bacterial abundances. hix=humification index, S275_295=CDOM spectral slope between 275 abd 295nm wavelengths.

	31/05/2021 biodegradation)11	Below MLD 38.2 ± 0.251 Within MLD 38.0 ± nd	14.3 ± 1.001 16.6 ± nd	2.69 ± 3.481 0.02 ± nd	0.11 ± 0.143 0.02 ± nd
	23/07/2021	10	Within MLD Below MLD	37.9 ± nd 38.3 ± nd	23.4 ± nd 16.6 ± nd	0.02 ± nd 2.56 ± 3.706	0.03 ± nd 0.13 ± 0.169
	Date 26/08/2021	MLD (m) 22	layer Within MLD 37.9 ± 0.002 Salinity Below MLD 38.2 ± 0.214	Temperature (ºC) 22.0 ± 0.034 15.8 ± 3.463	NO3 -(µmol.L -1 ) 0.02 ± 0 3.98 ± 4.073	PO4 3-(µmol.L -1 ) 0.02 ± 0.003 0.15 ± 0.174
	31/01/2019		Within MLD 38.2 ± 0.006 Below MLD 38.3 ± nd	12.9 + 0.012 12.8 ± nd	2.33 ± 0.019 4.12 ± 3.257	0.08 ± 0.003 0.16 ± 0.157
	27/02/2019		Within MLD 38.2 ± 0.008 Below MLD 38.4 ± nd	13.6 ± 0.052 13.4 ± nd	0.82 ± 0.379 4.38 ± 3.082	0.02 ± 0.014 0.17 ± 0.15
	09/04/2019		Within MLD 38.2 ± 0.012 Below MLD 38.2 ± 0.036	13.7 ± 0.019 13.5 ± 0.037	0.64 ± 0.011 3.21 ± 3.263	0.02 ± 0.004 0.12 ± 0.147
	07/05/2019 17/06/2019 29/07/2019	Within MLD 38.1 ± 0.019 Below MLD 38.1 ± nd FT-ICR MS variables Optical and microbial variables Within MLD 37.7 ± nd CHO HNABac Below MLD 38.1 ± 0.133 CRAMs S275_295 Below MLD 38.0 ± 0.287 Within MLD 37.7± nd CHO S275_295	14.1 ± 0.042 14.0 ± nd r 17.9 ± nd -0.60 15.5 ± 1.709 -0.66 16.6 ± 3.545 21.4 ± nd -0.66	0.44 ± 0.063 3.97 ± 3.569 p-value 0.02 ± nd 0.031 13 n 3.18 ± 3.35 0.014 13 1.38 ± 2.075 0.02 ± nd 0.014 13	0.03 ± 0.009 0.15 ± 0.145 0.04 ± nd 0.12 ± 0.124 0.06 ± 0.076 0.01 ± nd
	28/08/2019		Within MLD Below MLD 38.0 ± 0.153 37.9 ± nd	22.4 ± nd 17.7 ± 4.128	0.02 ± nd 2.94 ± 3.732	0.01 ± nd 0.13 ± 0.159
	17/09/2019		Within MLD Below MLD 38.2 ± 0.158 38.1 ± nd	20.0 ± nd 15.8 ± 2.953	0.02 ± nd 4.83 ± 3.396	0.01 ± nd 0.16 ± 0.115
	29/10/2019		Within MLD Below MLD	n.a. n.a.	n.a. n.a.	0.02 ± 0 6.17 ± 2.056	0.01 ± 0.002 0.25 ± 0.104
	25/11/2019		Within MLD 38.1 ± 0.001 Below MLD 38.2 ± nd	15.4 ± 0.005 14.8 ± nd	0.43 ± 0.013 4.42 ± 3.295	0.01 ± 0.001 0.18 ± 0.158
	27/01/2020		Within MLD 38.1 ± 0.004 Below MLD 38.1 ± nd	14.5 ± 0.002 14.4 ± nd	1.01 ± 0.018 4.10 ± 3.744	0.027 ± 0.006 0.14 ± 0.171
	23/06/2020		Within MLD 37.7 ± 0.037 Below MLD 38.1 ± 0.215	19.3 ± 0.038 15.9 ± 2.661	0.16 ± 0.173 3.59 ± 3.873	0.02 ± 0.007 0.13 ± 0.179
	21/07/2020		Within MLD Below MLD	37.8 ± nd 38.1 ± 0.15	21.2 ± nd 16.4 ± 3.204	0.02 ± nd 3.29 ± 3.663	0.01 ± nd 0.12 ± 0.172
	25/08/2020		Within MLD 38.0 ± 0.001 Below MLD 38.2 ± 0.001	23.0 ± 0.038 15.1 ± 1.416	0.26 ± 0.152 4.27 ± 3.931	0.20 ± 0.215 0.17 ± 0.156
	12/11/2020		Within MLD 37.2 ± 0.003 Below MLD 38.3 ± 0.278	17.5 ± 0.006 14.6 ± 1.251	0.02 ± 0 4.29 ± 3.959	0.02 ± 0 0.18 ± 0.181
	04/02/2021		Within MLD 38.2 ± 0.004 Below MLD 38.3 ± 0.245	13.3 ± 0.026 13.3 ± 0.283	1.78 ± 0.085 4.67 ± 3.809	0.05 ± 0.002 0.18 ± 0.171
	03/03/2021		Within MLD 37.9 ± 0.047 Below MLD 38.2 ± 0.254	13.5 ± 0.043 13.5 ± 0.057	1.22 ± 0.212 3.28 ± 3.752	0.03 ± 0.017 0.13 ± 0.176
	22/04/2021		Within MLD 38.1 ± 0.009 Below MLD 38.4 ± 0.238	13.6 ± 0.079 13.7 ± 0.107	0.63 ± 0.27 4.09 ± 3.4	0.01 ± 0.003 0.15 ± 0.145
				161			

labilité de la MOD-PH n'a été démontré à partir de la croissance des procaryotes. Mais les différentes qualités de MOD-PH ont sélectionné pour différents taxons indicateurs. Nos résultats soulignent que la labilité de la MOD dépend à la fois de sa qualité, déterminée par la disponibilité du P, et de la composition de la communauté qui la dégrade.Pour voir si résultats observés en laboratoire pouvaient être traduits en observations sur le terrain, un échantillonnage a été conduit en Méd. de 2019 à 2021 pour suivre les changements temporels de la composition de la MOD, mesurée par spectrométrie de masse à résonance cyclotronique ionique à transformée de Fourier (FT-ICR MS) avec d'autres descripteurs de la MOD, des mesures microbiennes et environnementales (chapitre III). On a postulé que la qualité de la MOD de surface en Méd. passe de labiles à réfractaires pendant la période d'accumulation en été, et que les PH jouent un rôle majeur dans sa formation. Les indices de récalcitrance de la MOD ont augmenté en été, confirmant notre hypothèse.L'augmentation de diversité fonctionnelle chimique de la MOD suggère que la MOD résulte de l'interaction entre différents processus : la production primaire dissoute, l'activité des PH, et la photodégradation qui diversifient la MOD la rendant récalcitrants. Dans l'ensemble, cette thèse rassemble des observations expérimentales et in situ de paramètres biogéochimiques et microbiens pour comprendre le rôle de la pompe à carbone microbienne dans le cycle de la MOD dans l'océan.

CNRS/Sorbonne Université, UMR7621 Laboratoire d'Océanographie Microbienne, Banyuls sur Mer, France. * Correspondence: nawal.bouchachi@obs-banyuls.fr, ortegaretuerta@obs-banyuls.fr

* in the present studies fluorescence consumption was estimated as the decrease from the maximum of fluorescence along the same incubation.
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Supporting information

Effects of P limitation on the bioavailability of DOM released by marine heterotrophic prokaryotes.

Nawal Bouchachi 1* , Ingrid Obernosterer 1 , Barbara Marie 1 , Olivier Crispi 1 , Eva Ortega-Retuerta 1*

Supplementary material and methods

Heterotrophic prokaryotes abundance

HP growth was followed by flow cytometry using a Beckman CytoFLEX bench instrument. 500 µL samples were fixed with glutaraldehyde (0.5 % final concentration) and preserved at -80 °C prior to analysis. Just before analysis samples were thawed and stained with SYBR Green (0.025% (v/v) final concentration) and fluorescent beads (1µm) were added as an internal standard. Samples were run at medium speed (30 µL.min -1 ) for 60 seconds. Prokaryotes were identified in plots of side scatter (SSC) vs. green florescence (FITC).

Chemical analyses

Samples for dissolved organic carbon (DOC) concentration were taken into 10 mL precombusted glass ampoules, acidified with 85 % H3PO4 to pH=2. The ampoules were flame-sealed and stored in the dark at room temperature until analysis. DOC was analyzed using the high temperature catalytic oxidation technique with a Shimadzu TOC-L analyzer (Benner and Strom 1993). Calibration curves were made using an acetanilide solution (C8H9NO) and deep seawater standards (44-45 µmol C L -1 ), provided by the Consensus Reference Material Hansell program (Univ. of Miami), were used to assess the accuracy of the measurements.

Samples (200 µL) for dissolved glucose were stored in pre-combusted glass vials at -20 °C until analysis. Glucose quantification was done based on an adapted colorimetric protocol from Myklestad et al. (1997). The reagents were calibrated daily using a standard curve made of D-Glucose. MilliQ water and artificial sea water blanks were ran in triplicate before and after each batch of samples.

Glucose concentrations were expressed as µmol L -1 of carbon equivalent (C-glucose). This approach detects not only glucose but also other dissolved monosaccharides.

Samples for inorganic nutrients (11 ml, NO3 -, NO2 -, and PO4 3-) were stored at -20 °C until analysis. Quantification was done using segmented flow analyzer (Bran+Luebbe) with colorimetric detection using methods described in [START_REF] Aminot | Dosage Automatique Des Nutriments Dans Les Eaux Marines[END_REF]. The accuracy of the method was assessed using reference material (Certipur, Merck). The precisions were in the range of 1-4%, and the
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CHAPTER II

Effects of phosphorus limitation on the bioavailability of DOM released by marine heterotrophic prokaryotes.
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Effects of P limitation on the bioavailability of DOM released by marine heterotrophic prokaryotes. Chapter III: Seasonal dynamics of DOM diversity and molecular composition in the NW Mediterranean Sea.

Abstract

In the oligotrophic Mediterranean Sea, an accumulation of dissolved organic matter (DOM) is repeatedly observed in the summer stratified period. This, surface accumulation is decoupled from the spring phytoplankton maxima. The classical hypothesis behind this DOM accumulation is the malfunctioning of the microbial loop, that is, nutrient limitation hampers prokaryotic DOM uptake of labile DOM allowing its accumulation. However, relatively high heterotrophic prokaryotic activities in the summer period suggest that the accumulated DOM might be derived from heterotrophic prokaryotes through the consumption of labile DOM and the release of refractory DOM within the microbial carbon pump (MCP). In this study, we hypothesize that DOM composition in the surface Mediterranean Sea changes in its composition and lability, from labile to refractory compounds, along the accumulation period. We also hypothesized that heterotrophic prokaryotes play a significant role in its formation, i.e., the MCP would be enhanced in oligotrophic summer conditions. To test this hypothesis, we tracked the seasonality of DOM molecular composition and chemical diversity using FT-ICR MS from 2019 to 2021 in a monthly sampled time series in the NW Mediterranean Sea. DOM composition measurements were combined with environmental parameters, prokaryotic abundances and DOM optical properties in order to better understand the potential sources and drivers of DOM dynamics. Our results reveal a clear seasonal variation in DOM molecular composition and diversity in the surface mixed layer.

Proxies of DOM recalcitrance, such as aromaticity, unsaturation, and molecular size, were all higher in summer, confirming our hypothesis. In parallel to this, an increase in DOM molecular diversity and chemical functional diversity was observed, suggesting that the accumulated DOM in summer is likely the result of the interplay between different processes including dissolved primary production, photodegradation and prokaryotic activity, that transform DOM into a highly diverse pool enriched in recalcitrant compounds. Our results might have significant implication for carbon sequestration through the MCP in the Mediterranean Sea as this refractory DOM accumulated in the surface will be likely be stored once exported into deep layers.

Temporal trends in DOM chemo-diversity and DOM recalcitrance indicators in surface waters

DOM chemo-diversity, as expressed by the different diversity indexes, showed a seasonal variation in surface samples (Figure 4). The Simpson diversity had relatively stable mean trend from winter to spring and then increased toward summer reaching a maximum in July-August, indicating a higher chemo-diversity in summer (Figure 4a). A higher chemical diversity in summer was also supported by the increase of average distance (Dist) in the van Krevelen space in summer (Figure 4b).

The functional diversity F(HC) index was relatively stable from January to May and then increased from May to a maximum in summer (Figure 4c), indicating that the DOM pool in summer contained both High and low H/C molecules.

Figure 4 Seasonal evolution of DOM chemodiveristy descriptros in surface. Simpson diversity index (a). Average distance (Dist) in van Krevelen space between MF (b). H/C ratio functional diversity F(HC) (c). Each dot represent a sample based on mean lists of analytical replicates. Red line represent mean trend and shaded bands correspond to 0.95 confidence level interval.

Going from winter to spring, we observed a concomitant decrease in DOM aromaticity (AImod_w), unsaturation (DBE_w), and molecular size (C and m/z), reaching a minimum in April-May (Figure 5 a-c). In parallel, we observed a increase in H/C, an indicator of DOM lability, which reahed a maximum towards April-May (Figure 5e). Recalcitrant DOM proxies (DOM aromaticity, unsaturation and molecular size) increased again towards summer, reaching a maximum July-August; while HC_w fell to its minimum (Figure 5 a-e). Nominal oxidative state of carbon (NOSC) values slightly decreased
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Supplementary material and methods

Optical properties (FDOM, CDOM) and DOC measurements

Samples for DOC, CDOM and FDOM were filtered within few hours on double GFF combusted filters (450 ºC, 6h) using a syringe system. DOC samples were analyzed within few months using a Shimadzu TOC-L analyzer (Benner & Strom, 1993). Calibration curves were made using an acetanilide solution (C8H9NO) and a deep seawater (44-45 µmol C L-1) provided by the Consensus Reference Material Hansell program (Univ. of Miami), were used to assess the accuracy of the measurements.

Fluorescence was measured using a Perkin Elmer LS55 spectrofluorometer. We measured 5 excitation/emission pairs: 280 nm/350 nm (peak T) and 275 nm/310 nm (peak B) for tryptophan and tyrosine-like substances respectively [START_REF] Coble | Characterization of marine and terrestrial DOM in seawater using excitationemission matrix spectroscopy[END_REF]; 250 nm/435 nm (peak A) due to humic substances of different origins; 340 nm/440 nm (peak C) due to humic substances of terrestrial origin; 320 nm/410 nm (peak M) due to humic substances produced in marine environments (Coble, 2007;[START_REF] Coble | Characterization of marine and terrestrial DOM in seawater using excitationemission matrix spectroscopy[END_REF]. Fluorescence intensities of the peaks were reported in Raman units (RU) obtained by dividing the fluorescence units by the MilliQ blank peak area (Raman scatter) excited at 350nm. This MilliQ blank was recorded in every batch of analysis. Normalized fluorescence intensity to DOC concentration allows to obtain specific fluorescence for each peak (spA, spB, spC, spM, spT) and enable concentration independent comparisons. We calculated the humification index as described in (Ohno, 2002).

CDOM was measured in a 100 mm Quartz cell using a spectrophotometer (Digilab-HITACHI U-3010). Absorbance scan ranged between 250 and 750 and MilliQ water was used as a blank. Residual backscattering caused by sample turbidity was corrected by subtracting the mean absorbance between 650 et 680 nm. Absorbance was converted into Napierian absorption coefficient (m -1 ). We calculated specific ultra-violet absorbance at 254 nm (SUVA254 L mg -1 m -1 ) and spectral slope (S275_295) (Hansen et al., 2016;Helms et al., 2008). 

Supplementary figures and tables

General Discussion

The presented chapters in this thesis already contain their specific discussion. In this general discussion, I mainly aim to provide a transversal view of the results obtained from laboratory-controlled conditions and the in situ observations, as well as my research perspectives. For this purpose, I also comment on some additional results that are included in the annexes.

How easy is it to translate experimental result into in situ observations?

The main aim of this thesis was to explore how the microbial carbon pump operates in the oligotrophic Mediterranean Sea combining experiments and field observations. Throughout this work we can see that projecting experimental results to field observations is not always obvious as there are many other parameters that control DOM quality and quantity in natural conditions.

Recalcitrant DOM proxies: From lab experiments to in situ observations

In the laboratory incubations, using the microbial humic-like fluorescence as an RDOM proxy, we saw that RDOM release by heterotrophic prokaryotes is increased under P limitation (Chapter I).

This microbial humic-like component, already shown to be recalcitrant on the time scale of deep ocean circulation (Catalá et al., 2015;Yamashita & Tanoue, 2008), was consumed by natural prokaryotes to a different extent (Chapter II) and this consumption was done by different taxa as revealed by the indicator taxa analysis. This suggests that the same fluorophore, can likely represent different DOM chemical compounds. To better differentiate between the released and consumed HP-DOM, higher resolution chemical analyses (e.g. FT-ICR MS analyses on HP-DOM extracts released by different strains and HP communities under P limitation and P repletion) are needed to follow recalcitrant HP-DOM at the molecular level.

In addition, looking at the dynamics of this humic-like fluorophore as a proxy for recalcitrant prokaryotic-derived DOM in the field is difficult as in situ FDOM dynamics are also controlled by other processes that produce it (phytoplankton, allochthonous sources) but also remove it (photobleaching, primary production, prokaryotic processing and photobleaching, that transform DOM into a highly diverse pool enriched in recalcitrant compounds. 

ANNEXES Annexes Annex IV -Supplementary nutrient addition experiments results

During the MOLA (Microbial Observatory of Laboratoire Arago) time series nutrient addition experiments were carried at key moments of the year (summer, spring). Briefly, short dark incubations of 0.8 µm filtered surface water (5 m) from the MOLA (4-5 days at in situ temperature) were performed under 3 treatment: Control with no nutrient addition, P where PO4 3-was added, and NP treatment where both PO4 3-and NH4 + were added. These experiments showed that prokaryotic communities are P limited and co limited by N in both summer and spring as shown by prokaryotic growth (Figure 1, left panel). A higher production of humic-like DOM in spring was observed in the absence of nutrient addition but this was not the case in summer experiments. Prokaryotic community composition differed both between summer and spring experiment and among nutrient conditions (Figure 2), showing the important role of community composition in shaping DOM quality