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Microbial iron metabolism as revealed by gene expression profiles in contrasted Southern Ocean regimes

The aim of this manuscript was to describe gene expression of targeted genes connected to iron uptake, intracellular machinery and low iron adaptations for different prokaryotic communities at three stations close to the Kerguelen plateau.

Résumé

L'océan Austral est caractérisé par l'acronyme anglais (HNLC) signifiant qu'il contient des concentrations en nutriments élevées, mais que la biomasse phytoplanctonique y est faible.

Cette situation paradoxale est due à la limitation du phytoplancton par le fer (Fe).

L'augmentation de la biomasse phytoplanctonique en réponse à l'apport de Fe et, par conséquent, une plus grande absorption de dioxyde de carbone (CO2), a été démontrée dans plusieurs expériences de fertilisation artificielle et dans des régions naturellement fertilisées de l'océan Austral. Cependant, l'impact de Fe sur les procaryotes marins, acteurs clés du cycle du carbone marin, reste mal compris. En plus du Fe, les concentrations de carbone organique dissous (COD) sont faibles dans les eaux de surface de l'océan Austral, ce qui entraîne une double limitation pour l'activité et de la croissance des procaryotes hétérotrophes. Pour mieux comprendre le rôle des différents taxons procaryotes dans les cycles de Fe et de C, plusieurs aspects ont été pris en compte dans la thèse actuelle. À l'aide d'une approche ciblant des gènes spécifiques de données métatranscriptomiques, nous avons étudié sept voies métaboliques liées au Fe (incorporation, stockage et métabolisme du carbone cellulaire) dans des communautés microbiennes présent dans des eaux type HNLC et celles naturellement fertilisées en Fe au large des iles Kerguelen (Océan Austral) (Chapitre 1). Pour répondre à la question de savoir si les particules marines représentent une source de métaux traces, en particulier du Fe, pour différents membres de la communauté des procaryotes attachés à ou dans la sphère des particules, nous avons effectué une expérience, combinant des approches classiques et métatranscriptomiques (Chapitre 2). Dans le chapitre 3, nous utilisons la protéomique pour une étude comparative des protéines de transporteurs en combinaison avec la méta-génomique et la meta-transcriptomique, pour décrire les modèles d'utilisation du carbone et organique et du Fe par la communauté microbienne pendant deux saisons à des sites contrastés dans le Océan Austral. Les résultats présentés dans cette thèse fournissent de nouvelles perspectives sur le lien entre les divers taxons microbiens et leur rôle dans le cycle du Fe-et du C dans l'océan Austral.

Summary

The Southern Ocean is known as a High Nutrient Low Chlorophyll (HNLC) region where major nutrients are present at high concentrations, but phytoplankton biomass remains low. This paradoxical situation is due to iron (Fe) limitation of phytoplankton growth. The increase in phytoplankton biomass in response to Fe input and the consequently higher uptake of carbon dioxide (CO2) were demonstrated in several artificial fertilization experiments and in naturally fertilized regions of the Southern Ocean. However, the impact of Fe on marine prokaryotes, key players in the marine carbon cycle, remains poorly understood. In addition to Fe, concentrations of dissolved organic carbon (DOC) are low in surface waters of the Southern Ocean, leading to a double constraint of microbial heterotrophic activity and growth. To better understand the role of different prokaryotic taxa in the Fe-and C-cycles, several aspects were considered in the present thesis. Using a gene-specific approach from metatranscriptomics data, we investigated seven Fe-related metabolic pathways (uptake, storage and cellular carbon metabolism) in microbial communities from HNLC and naturally Fe-fertilized waters in the Kerguelen region (Southern Ocean)(Chapter 1). To address the question of whether marine particles represent a source of trace metals, in particular Fe, to different members of the prokaryotic community attached to or in the particle sphere, we performed an on-board experiment, combining classical and metatranscriptomics analyses (Chapter 2). In Chapter 3, we use comparative proteomics of transporter proteins in combination with meta-genomics and -transcriptomics, to describe uptake patterns of Fe and organic carbon substrates by the microbial community during two seasons at contrasting sites in the Southern Ocean. The results presented in this thesis provide novel insights on the link between diverse microbial taxa and their role in the Fe-and C-cycling in the Southern Ocean.

repeatedly used ever since [START_REF] Broeker | The Great Ocean Conveyor[END_REF]. These southernmost waters are responsible for the exchange of heat, nutrients, salt and gases between the basins of the Pacific, Atlantic and Indian Ocean and are increasingly important due to their uptake of anthropogenic CO2. Over the last century, uptake of 40 % of global CO2 has occurred south of 40°S describing this region as a significant CO2 sink of the ocean [START_REF] Sabine | The Oceanic Sink for Anthropogenic CO2[END_REF][START_REF] Fletcher | Inverse estimates of anthropogenic CO2 uptake, transport, and storage by the ocean[END_REF]Khatiwala et al., 2009;[START_REF] Frölicher | Dominance of the Southern Ocean in Anthropogenic Carbon and Heat Uptake in CMIP5 Models[END_REF].

The remoteness to any coast and the unbounded water masses make the Southern Ocean the largest High Nutrient Low Chlorophyll (HNLC) area where macronutrients are recurrently present at high concentrations yet phytoplankton biomass remains low. Together with the eastern subarctic Pacific and eastern equatorial Pacific these three HNLC regions represent 30 % of the global ocean [START_REF] Minas | Net community production in high nutrient-low chlorophyll waters of the tropical and antarctic oceans -grazing vs iron hypothesis[END_REF][START_REF] Pitchford | Iron limitation, grazing pressure and oceanic high nutrient-low chlorophyll (HNLC) regions[END_REF]Wilkins, et al., 2013).

Phytoplankton require a wide range of other elements for growth, such as nitrogen and phosphorus [START_REF] Falkowski | Biogeochemical Controls and Feedbacks on Ocean Primary Production[END_REF]Sarmiento and Gruber, 2006;[START_REF] Falkowski | Aquatic Photosynthesis: Second Edition[END_REF]. These macronutrients are generally present in the higher µmol L -1 range in surface ocean waters, while micronutrients, for example trace metals such as iron, zinc or cobalt are generally available in the lower nmol L -1 range [START_REF] Dugdale | Low specific nitrate uptake rate: A common feature of highnutrient, low-chlorophyll marine ecosystems[END_REF]. Within certain limits, inorganic carbon and nutrients are incorporated into new cellular material in a fixed ratio [START_REF] Redfield | THE BIOLOGICAL CONTROL OF CHEMICAL FACTORS IN THE ENVIRONMENT[END_REF], even though the plasticity of the C:P and C:N ratios has recently been described (Sarmiento and Gruber, 2006;[START_REF] Galbraith | A simple nutrient-dependence mechanism for predicting the stoichiometry of marine ecosystems[END_REF]. Following Liebig's law of the minimum, biomass production is limited by the nutrient species in shortest supply. Nitrogen and phosphorus availability limit productivity throughout the surface low-latitudes as observed in the Atlantic Ocean and Mediterranean Sea (Krom et al., 1991(Krom et al., , 2004;;[START_REF] Mills | Nitrogen and phosphorus co-limitation of bacterial productivity and growth in the oligotrophic subtropical North Atlantic[END_REF], however, in HNLC regions these nutrients are never depleted [START_REF] Ruud | Nitrates and Phosphates in the Southern Seas[END_REF][START_REF] Pitchford | Iron limitation, grazing pressure and oceanic high nutrient-low chlorophyll (HNLC) regions[END_REF]Tagliabue et al., 2017). This anomaly of high phosphorus and nitrogen concentrations apparently not utilized by primary producers in the Southern Ocean was coined "Antarctic paradox". In the 1930s oceanographers proposed that this might be due to the limitation of the trace metal iron as well as the lack of light for photosynthesis in high latitudes [START_REF] Ruud | Nitrates and Phosphates in the Southern Seas[END_REF][START_REF] Gran | On the conditions for the production of plankton in the sea[END_REF][START_REF] Hart | On the Phytoplankton of the South-west Atlantic and the Bellingshausen Sea[END_REF][START_REF] Martin | Iron deficiency limits phytoplankton growth in the north-east Pacific subarctic[END_REF]Tagliabue et al., 2017).

Early laboratory studies showed that iron enrichment stimulated the growth of phytoplankton indicating that iron could indeed be limiting [START_REF] Leslie | Iron in the sea and in marine plankton[END_REF]. Additionally, iron was confirmed as a critical phytoplankton micronutrient necessary as co-factor for protein assembly, the electron transport chain and nitrogen assimilation [START_REF] Holm | Structural and Functional Aspects of Metal Sites in Biology[END_REF][START_REF] Takeda | Influence of iron availability on nutrient consumption ratio of diatoms in oceanic waters[END_REF].

Once trace metal clean sampling methods were developed that could measure in pico-and nanomolar dissolved iron concentrations, iron limitation of phytoplankton growth was recognized as a specific feature of the Southern Ocean (Martin, Fitzwater, et al., 1990;Martin, Gordon, et al., 1990;[START_REF] Bruland | Interactive influences of bioactive trace metals on biological production in oceanic waters[END_REF][START_REF] De Baar | Synthesis of iron fertilization experiments: From the Iron Age in the Age of Enlightenment[END_REF]. Hence, in the year 1990 John Martin postulated the "Iron Hypothesis", a theory on higher input of iron by dust during glacial periods in the Southern Ocean which enhanced the drawdown of atmospheric CO2 by efficient utilization of macronutrients (Martin, 1990).

Since then, models [START_REF] Sarmiento | Three-dimensional simulations of the impact of Southern Ocean nutrient depletion on atmospheric CO2 and ocean chemistry[END_REF] as well as multiple artificial (Seeds, Eisenex, IronEx, Soiree, SoFex;[START_REF] De Baar | Synthesis of iron fertilization experiments: From the Iron Age in the Age of Enlightenment[END_REF] and a few natural (KEOPS, CROZEX, Blain et al., 2007;Pollard et al., 2009) iron fertilization experiments have studied the impact of iron input in Southern Ocean waters.

Martin's hypothesis has been widely accepted and fueled research in iron biogeochemistry (Boyd et al., 2007 review and references therein;Tagliabue et al., 2017). Furthermore, the launch of the international research project GEOTRACES to study trace elements and isotopes has increased the quality and consistency of trace metal data (SCOR Working Group, 2007).

The assimilation of carbon, nitrogen and phosphorus into biomass through the conversion to particulate matter form the basis of the food web in the ocean. This primary production is performed through photosynthetic activity of autotrophic microorganisms, such as phytoplankton and cyanobacteria. These enzymatic activities used by microorganisms to transform energy and matter [START_REF] Falkowski | The microbial engines that drive Earth's biogeochemical cycles[END_REF] contain or depend partly on metals. These metals might control the growth of organisms as well as the cycling of major nutrients (Morel and Price, 2003). In the case of organic material, remineralization (or decomposition) processes, such as prokaryotic respiration, convert the organic carbon to carbon dioxide while the non-remineralized compounds are sequestrated in the ocean's interior or transferred to higher trophic levels [START_REF] Azam | The ecological role of water-column microbes in the sea. The Ecological Role of Water-Column Microbes in the[END_REF][START_REF] Cho | Major role of bacteria in biogeochemical fluxes in the ocean's interior[END_REF]Azam and Malfatti, 2007). The biological pump is an efficient mechanism fixing CO2 by primary producers and transporting organic carbon into the ocean's interior, resulting in sequestration of carbon. Understanding factors involved in the production and remineralization of carbon is of main interest to predict the factors influencing the biological pump efficiency (Herndl and Reinthaler, 2013). The efficiency of the biological pump is measured by the ability of phytoplankton to maintain low nutrient concentrations in surface waters. Without the biological pump operating, the distribution of most chemicals in the ocean would be as uniform as that of salinity. A common method is to estimate primary production fueled by nitrate and ammonium as these nutrients have different sources that are related to the remineralization of sinking material (Sarmiento and Gruber, 2006).

In the Southern Ocean, the low light supply coupled with low iron concentration restricts photosynthesis. Consequently, the supply of nutrients as well as the export of organic matter is low, defining the Southern Ocean biological pump as currently inefficient [START_REF] Sarmiento | Three-dimensional simulations of the impact of Southern Ocean nutrient depletion on atmospheric CO2 and ocean chemistry[END_REF][START_REF] Volk | Ocean Carbon Pumps: Analysis of Relative Strengths and Efficiencies in Ocean-Driven Atmospheric CO2 Changes[END_REF]. Therefore, artificial iron fertilization studies aimed at the potential decrease of atmospheric CO2 by increasing the biological pump efficiency. However, results showed variable consequences on carbon export and the objective to decrease atmospheric CO2 on a large scale remains speculative even though the discussion is re-appearing in recent literature [START_REF] Chisholm | Dis-Crediting Ocean Fertilization[END_REF][START_REF] Zeebe | Feasibility of ocean fertilization and its impact on future atmospheric CO2 levels[END_REF][START_REF] Emerson | Biogenic Iron Dust: A Novel Approach to Ocean Iron Fertilization as a Means of Large Scale Removal of Carbon Dioxide From the Atmosphere[END_REF].

prokaryotes are both phylogenetically and metabolically diverse [START_REF] Venter | Environmental genome shotgun sequencing of the Sargasso Sea[END_REF][START_REF] Delong | Community Genomics Among Stratified Microbial Assemblages in the Ocean's Interior[END_REF] and play dominant roles in mediating a variety of different biogeochemical cycles (Azam and Malfatti, 2007).

Heterotrophic prokaryotes are crucial components of marine food webs and have key roles in controlling carbon fluxes in the oceans [START_REF] Hedges | Global biogeochemical cycles: progress and problems[END_REF]Hansell et al., 2009;[START_REF] Straza | Abundance and single-cell activity of bacterial groups in Antarctic coastal waters[END_REF]. These prokaryotes are part of the microbial loop including the uptake and incorporation of DOM while respiring CO2 and the release of DOM during growth and decay. The microbial loop is driven by DOM, which would otherwise have been lost from the food web. Up to half of primary production is taken up by heterotrophic prokaryotes, utilized and respired to the food web through prokaryotic grazing or viral lysis. The microbial loop is embedded in the classic grazing food chain of phytoplankton, zooplankton and top-predators and is responsible for carbon, nutrient and energy fluxes towards higher trophic levels [START_REF] Azam | The ecological role of water-column microbes in the sea. The Ecological Role of Water-Column Microbes in the[END_REF][START_REF] Pomeroy | The Microbial Loop[END_REF][START_REF] Gasol | Microbial Ecology of the Oceans[END_REF].

The effect on iron-limitation in the Southern Ocean has been extensively studied for phytoplankton and especially diatoms [START_REF] Marchetti | Diatom elemental and morphological changes in response to iron limitation: a brief review with potential paleoceanographic applications[END_REF][START_REF] Smetacek | Deep carbon export from a Southern Ocean iron-fertilized diatom bloom[END_REF][START_REF] Strzepek | Iron-light interactions differ in Southern Ocean phytoplankton[END_REF][START_REF] Assmy | Thick-shelled, grazer-protected diatoms decouple ocean carbon and silicon cycles in the iron-limited Antarctic Circumpolar Current[END_REF]Quéguiner, 2013;Lasbleiz et al., 2016). Research on heterotrophic prokaryotes in iron-and nutrient-limited conditions has indicated that they are physiologically able to adapt to rapid environmental changes (Kirchman, 1990(Kirchman, , 1994;;[START_REF] Holm | Structural and Functional Aspects of Metal Sites in Biology[END_REF]Tortell et al., 1999;Andrews et al., 2003;[START_REF] Almaas | The Activity Reaction Core and Plasticity of Metabolic Networks[END_REF]. In the case of iron this was first shown by Tortell (1996) when multiple heterotrophic strains had different Fe:C ratios depending on the Fe-concentration in the experiment. The ability to adjust metabolic functioning was reported for the TCA cycle, glycolysis and the respiratory chain for iron-limited conditions [START_REF] Oexle | Iron-dependent changes in cellular energy metabolism: influence on citric acid cycle and oxidative phosphorylation[END_REF][START_REF] Shakoury-Elizeh | Metabolic response to iron deficiency in Saccharomyces cerevisiae[END_REF]Fourquez et al., 2014;[START_REF] Koedooder | The role of the Glyoxylate shunt in the acclimation to iron limitation in marine heterotrophic bacteria[END_REF].

Carbon in the ocean and co-limitation

The ocean stock of dissolved organic matter (DOM) equals roughly the amount of CO2 in the atmosphere and represents the largest, most heterogenous and dynamic reservoir of reduced carbon on Earth [START_REF] Mopper | Photochemical degradation of dissolved organic carbon and its impact on the oceanic carbon cycle[END_REF][START_REF] Jiao | Microbial production of recalcitrant dissolved organic matter: long-term carbon storage in the global ocean[END_REF][START_REF] Bauer | The changing carbon cycle of the coastal ocean[END_REF][START_REF] Moran | Deciphering ocean carbon in a changing world[END_REF]. DOM is highly complex, consisting of thousands of different organic molecules (Kim et al., 2003;[START_REF] Hansman | Conservation of dissolved organic matter molecular composition during mixing of the deep water masses of the northeast Atlantic Ocean[END_REF]. The chemical composition and spatial and temporal dynamics of the marine carbon pool as well as the relationship between marine microorganisms and the molecules of the DOM pool are still poorly understood [START_REF] Moran | Deciphering ocean carbon in a changing world[END_REF]. DOM is released as a by-product of metabolically active microbes, but may also be released for nutrient acquisition and communication (in the forms of metal-binding ligands and quorum sensing chemicals, respectively) (Gram et al., 2002;Hansell et al., 2009;[START_REF] Vraspir | Chemistry of marine ligands and siderophores[END_REF], predation or viral lysis [START_REF] Nagata | Production mechanisms of dissolved organic matter[END_REF].

There are major gaps, however, in our understanding of the biogeochemical significance of the released compounds [START_REF] Flynn | Modeling the Release of Dissolved Organic Matter by Phytoplankton1[END_REF]. Although the largest fraction of DOM remains uncharacterized, phytoplankton exudates consist to a considerable extent of labile compounds such as carbohydrates (mono-, and polysaccharides), proteins and amino acids [START_REF] Obernosterer | Phytoplankton extracellular release and bacterial growth: dependence on the inorganic N: P ratio[END_REF][START_REF] Myklestad | Dissolved Organic Carbon from Phytoplankton[END_REF][START_REF] Granum | Cellular and extracellular production of carbohydrates and amino acids by the marine diatom Skeletonema costatum: diel variations and effects of N depletion[END_REF]. Hence, extracellular release of DOM by phytoplankton supports a major fraction of the labile carbon flux in the surface ocean thereby fueling prokaryotic production (Fogg, 1983;Baines and Pace, 1991;Morán et al., 2013). Labile DOM is defined as being consumed by microbes within hours to days of production but typically only accounts for a fraction of the prokaryotic C-and N-demand [START_REF] Fuhrman | Close coupling between release and uptake of dissolved free amino acids in seawater studied by an isotope dilution approach[END_REF]. However, the majority of the oceanic DOM pool appears to be recalcitrant to semi-labile with lifetimes from months to millennia (Hansell, 2013). The composition of DOM released by heterotrophic prokaryotes is even less known than for phytoplankton, however, they do produce and secrete organic compounds for similar purposes [START_REF] Heissenberger | Formation of high molecular weight material by free-living marine bacteria[END_REF][START_REF] Stoderegger | Production and release of bacterial capsular material and its subsequent utilization by marine bacterioplankton[END_REF]Hansell et al., 2009;Kujawinski et al., 2009).

Novel techniques based on electrospray ionization coupled to mass spectrometry allow for a more detailed characterization of the low molecular weight (LMW, < 1000 Da) DOM pool, which represents the major component of DOM and were hardly accessible for detailed molecular characterization before (Kujawinski, 2011). These recent methodological advances gave new insights into the vast complexity of DOM secreted by phytoplankton and heterotrophic prokaryotes [START_REF] Becker | Closely related phytoplankton species produce similar suites of dissolved organic matter[END_REF][START_REF] Romano | Exo-Metabolome of Pseudovibrio sp. FO-BEG1 Analyzed by Ultra-High Resolution Mass Spectrometry and the Effect of Phosphate Limitation[END_REF][START_REF] Wienhausen | The Exometabolome of Two Model Strains of the Roseobacter Group: A Marketplace of Microbial Metabolites[END_REF].

An interesting feature that characterizes surface waters of the Southern Ocean is the low concentration of dissolved organic carbon (DOC, roughly 50 µM; Hansell et al., 2009). Organic carbon availability also affects the ocean's biogeochemistry of other nutrients such as Fe. Glycolysis, the citric acid cycle as well as processes related to the respiratory chain rely on Fe-containing enzymes (Kirchman, 2000). Fe and organic carbon represent therefore both limiting elements for heterotrophic prokaryotes in Southern Ocean surface waters (Church et al., 2000;Obernosterer et al., 2015;Baltar et al., 2018). Nutrient co-limitation has been proposed in this context as the condition when two or more nutrients, both necessary for growth, are limited, however, the usage of the term varies [START_REF] Arrigo | Marine microorganisms and global nutrient cycles[END_REF][START_REF] Saito | Some thoughts on the concept of colimitation: Three definitions and the importance of bioavailability[END_REF][START_REF] Moore | Processes and patterns of oceanic nutrient limitation[END_REF]. Several nutrients can be depleted to equally limiting amounts which is why both need to be added to observe a growth response. Substitution of one limiting nutrient with the same macromolecule through biological processes was also observed [START_REF] Sunda | Iron uptake and growth limitation in oceanic and coastal phytoplankton[END_REF]. Another scenario is the dependence to take up low concentrations of one nutrient on the availability of another nutrient [START_REF] Saito | Some thoughts on the concept of colimitation: Three definitions and the importance of bioavailability[END_REF][START_REF] Moore | Processes and patterns of oceanic nutrient limitation[END_REF]. The response to the addition of one nutrient might also vary between members of the microbial community [START_REF] Arrigo | Marine microorganisms and global nutrient cycles[END_REF][START_REF] Moore | Processes and patterns of oceanic nutrient limitation[END_REF]. Within nutrient addition experiments it is challenging to differentiate these types of co-limitation from each other. The response could possibly be of secondary nature due to addition of a nutrient depleted to levels where it is close to co-limiting [START_REF] Moore | Relative influence of nitrogen and phosphorous availability on phytoplankton physiology and productivity in the oligotrophic sub-tropical North Atlantic Ocean[END_REF][START_REF] Moore | Processes and patterns of oceanic nutrient limitation[END_REF].

Co-limitation for Fe, silicate and light in three Southern Ocean diatom species has been observed [START_REF] Hoffmann | Co-limitation by iron, silicate, and light of three Southern Ocean diatom species[END_REF][START_REF] Hoffmann | Iron, silicate, and light co-limitation of three Southern Ocean diatom species[END_REF]. The co-limitation of Fe and light on two different diatom species resulted in C and N per cell decrease with increasing Fe limitation [START_REF] Bucciarelli | Effects of an iron-light co-limitation on the elemental composition (Si, C, N) of the marine diatoms <I>Thalassiosira oceanica</I> and <I>Ditylum brightwellii<[END_REF]. A similar effect was described for phytoplankton with waters from the Ross Sea to which Fe and Vitamin B12 were added, which is largely produced by bacteria and archaea [START_REF] Bertrand | Phytoplankton-bacterial interactions mediate micronutrient colimitation at the coastal Antarctic sea ice edge[END_REF]. For the diatom Phaeodactylum tricornutum, carbonate availability can limit iron-uptake which was only recently discovered (McQuaid et al., 2018).

Field data from the Atlantic and Pacific Ocean have shown that the nitrogen fixing cyanobacterium Trichodesmium is Fe and phosphorous co-limited [START_REF] Sañudo-Wilhelmy | Phosphorus limitation of nitrogen fixation by Trichodesmium in the central Atlantic Ocean[END_REF][START_REF] Sohm | Emerging patterns of marine nitrogen fixation[END_REF][START_REF] Chappell | Molecular evidence of iron limitation and availability in the global diazotroph Trichodesmium[END_REF] and laboratory studies on Fe/P co-limited cells have observed cellular responses in terms of cell size reduction and growth rates with implications on biogeochemical cycles [START_REF] Walworth | Mechanisms of increased Trichodesmium fitness under iron and phosphorus co-limitation in the present and future ocean[END_REF]. Addition experiments with water from HNLC and Fe-fertilized stations in the Southern Ocean led to a significant increase in heterotrophic prokaryotic production when organic carbon (in the form of glucose) and Fe were added (Obernosterer et al., 2015).

Functional analysis of microbial communities through 'omics' approaches

Classical microbiological analyses depend to a large extent on the cultivation of organisms in pure culture. Through these approaches most of the diversity in ocean and soil ecosystems remained undiscovered as the cultivation and isolation of many microorganisms are difficult or impossible [START_REF] Rappé | The Uncultured Microbial Majority[END_REF][START_REF] Daniel | The metagenomics of soil[END_REF][START_REF] Rinke | Insights into the phylogeny and coding potential of microbial dark matter[END_REF]. The discovery of the abundant SAR11 in the ocean through amplification of 16S rRNA gene clone libraries by Giovannoni (1990a), opened new avenues for microbial ecology and the analysis of microbial diversity [START_REF] Giovannoni | Genetic diversity in Sargasso Sea bacterioplankton[END_REF]. A variety of 16S rRNA gene approaches became popular such as Fluorescence in situ hybridization (FISH) and DNA fingerprinting such as terminal restriction fragment length polymorphism (TRFLP) or denaturing gradient gel electrophoresis (DGGE) (Giovanonni and Rappé 2000;Furhman and Hagström 2008;[START_REF] Gasol | Microbial Ecology of the Oceans[END_REF]. These techniques revealed changes in archaeal and bacterial community composition with biotic and abiotic factors and along spatial and temporal scales [START_REF] Simon | Metagenomic Analyses: Past and Future Trends[END_REF]. Sanger sequencing was a slow and expensive method and was replaced around the year 2005 by the so-called 'next-generation sequencing methodologies' (also called high-throughput sequencing) which enables massive parallel sequencing at comparatively low costs [START_REF] Goodwin | Coming of age: ten years of next-generation sequencing technologies[END_REF]. The first published study using next generation 454 pyrosequencing on 16S rRNA [START_REF] Sogin | Microbial diversity in the deep sea and the underexplored "rare biosphere[END_REF] shifted the field of microbial oceanography (Fig. 4). It became clear that the diversity of archaea as well as bacteria was heavily underestimated with cultivation-based or fingerprinting approaches.

Since then, sequencing machines have further developed into the commonly used Illumina technology yielding several million sequencing reads per sample (Koboldt et al., 2013;[START_REF] Vollmers | Comparing and Evaluating Metagenome Assembly Tools from a Microbiologist's Perspective -Not Only Size Matters![END_REF].

However, these modern approaches have a large drawback to classical Sanger sequencing in the base pair length of obtained sequences (several 100 bp to about 1000 bp for Sanger). This affects the taxonomic resolution, especially for the 16S rRNA gene where multiple regions of variable length could be used [START_REF] Logares | Environmental microbiology through the lens of high-throughput DNA sequencing: Synopsis of current platforms and bioinformatics approaches[END_REF][START_REF] Goodwin | Coming of age: ten years of next-generation sequencing technologies[END_REF]. However, it is now even possible to sequence the complete 16S rRNA fragment [START_REF] Singer | Highresolution phylogenetic microbial community profiling[END_REF]. While the analysis of 16S rRNA as the standard marker gene of prokaryotic taxonomy provided enormous information on community composition, its a uniform dark ocean ecosystem (Duarte, 2015;[START_REF] Pernice | Large variability of bathypelagic microbial eukaryotic communities across the world's oceans[END_REF][START_REF] Morán | Temperature regulation of marine heterotrophic prokaryotes increases latitudinally as a breach between bottomup and top-down controls[END_REF]Acinas et al., 2019).

The TARA Oceans project, a European initiative, aimed at describing the ocean microbiome by sequencing ocean plankton of 8 different size classes in a three-year voyage around the world. Through deep sequencing efforts an ocean microbial reference gene catalog with >40 million nonredundant, mostly novel sequences from viruses, prokaryotes, and picoeukaryotes was created [START_REF] Brum | Patterns and ecological drivers of ocean viral communities[END_REF]Sunagawa et al., 2015;[START_REF] Vargas | Eukaryotic plankton diversity in the sunlit ocean[END_REF][START_REF] Guidi | Plankton networks driving carbon export in the oligotrophic ocean[END_REF][START_REF] Roux | Ecogenomics and potential biogeochemical impacts of globally abundant ocean viruses[END_REF]Carradec et al., 2018).

In 2012, the first ocean sampling day (OSD) was launched as the world's first simultaneous mega sequencing campaign. The idea behind it is to analyze marine microbial community composition and functional traits on a single day which is possible through sampling at coastal sites (Kopf et al., 2015).

Another study that is of importance in this field and certainly for the work of this thesis is the Antarctic Circumnavigation Expedition (ACE) which was carried out by the Swiss Polar Institute from December 2016 to March 2017. It is a project of broad spectrum from biology to climatology to oceanography, combining three legs from Cape Town to Hobart, Hobart to Punta Arenas and Punta Arenas to Cape Town circumnavigating 33,463 km. While first publications on climatology had high impact on our understanding of past climate events [START_REF] Hasenfratz | The residence time of Southern Ocean surface waters and the 100,000-year ice age cycle[END_REF] there are no results published yet on the project profiling the Southern Ocean microbial community.

This 'era of big data' has recently been discussed in terms of conclusions on global microbial diversity [START_REF] Spang | Towards a systematic understanding of differences between archaeal and bacterial diversity[END_REF]. Several studies in the past years have proposed new phyla for bacteria and archaea and a new taxonomy has been introduced based on genome phylogeny [START_REF] Castelle | Major New Microbial Groups Expand Diversity and Alter our Understanding of the Tree of Life[END_REF]Parks et al., 2018). Among the challenges are the improvement of computational infrastructure for the coherent analysis of these massive data and a standardized database for the identification of sequences (Koonin, 2018). Additionally, it is not yet clear how the rare biosphere can be recovered from metagenomics data and a large amount of sequencing reads (up to 70 % in large metagenomic data) have been named 'the dark side of metagenomes' as they cannot be identified with current database search approaches [START_REF] Spang | Towards a systematic understanding of differences between archaeal and bacterial diversity[END_REF]. However, from a computational point of view the coming years promise further developments and standardization in the 'omics' field. Hopefully, this will result in a 'microbial map of the ocean' as proposed by Santoro (2019), containing information on microorganisms and their genes in the ocean basins alongside with macro-and micronutrient concentrations.

The case of the Kerguelen plateau

In the year 1772, Yves de Kerguelen-Tramarec was sent by King Louis XV in exploration of previously reported rich and fertile lands. He discovered, but due to poor weather conditions did not set foot on the sub-Antarctic islands today named Kerguelen and nowadays part of the French Southern and Antarctic Lands (Amiral de Brossard, 1970). Together with the Heard and MacDonald Islands, they represent emerged parts of the mostly submerged Kerguelen plateau which constitutes a microcontinent.

The plateau was built from basaltic lava due to volcanic eruptions associated with the Kerguelen volcanic hotspot about 130 million years ago [START_REF] Olierook | Bunbury Basalt: Gondwana breakup products or earliest vestiges of the Kerguelen mantle plume?[END_REF][START_REF] Direen | Naturaliste Plateau: constraints on the timing and evolution of the Kerguelen Large Igneous Province and its role in Gondwana breakup[END_REF].

Even though as described above, the Southern Ocean is the largest HNLC site in the ocean, close to the island plateau the conditions regularly lead to the development of massive, diatom-dominated phytoplankton blooms that can be observed from satellite images (Blain et al., 2007;[START_REF] Mongin | Seasonality and scale of the Kerguelen plateau phytoplankton bloom: A remote sensing and modeling analysis of the influence of natural iron fertilization in the Southern Ocean[END_REF]Quéguiner, 2013). This phenomenon has been described as the island mass effect, a localized increase in phytoplankton biomass near islands [START_REF] Doty | The island mass effect[END_REF][START_REF] Gove | Near-island biological hotspots in barren ocean basins[END_REF] and has been crucial in understanding Darwin's paradox [START_REF] Darwin | The Structure and Distribution of Coral Reefs: Being the First Part of the Geology of the Voyage of the Beagle, Under the Command of Capt[END_REF] on the occurrence of coral reefs in the middle of abyssal descents. This form of natural fertilization occurs through several mechanisms that enhance nearshore nutrient concentrations. Current and bathymetry interactions that can drive vertical transport of water masses via upwelling, downwelling and eddy formation, and internal waves have been described as well as island-associated input, such as submarine groundwater discharge and outflow from rivers, which can mobilize and transport sediment and other terrigenous material rich in nutrients [START_REF] Gove | Near-island biological hotspots in barren ocean basins[END_REF]. In the case of the Kerguelen island, vertical mixing supplying iron and major nutrients to surface waters from iron-rich deep waters is most probably due to internal wave activity (Blain et al., 2007).

The Kerguelen bloom consists of a plume northeast of the island and a larger area southeast of the island; the latter bloom is constrained by the bathymetry of the plateau (Fig. 7; Blain et al., 2007;Jouandet et al., 2008). The blooms are re-occurring every year, with one large bloom in early summer (mid-December to mid-January). Occasionally, a second bloom is observed in spring (November). The The Kerguelen area has been extensively studied in terms of microbial diversity and ecology and food web structure as well as DOM composition and sources. The first molecular techniques applied were 16S rRNA clone libraries for the analysis of the KEOPS 1 project. During the bloom, the dominant operational taxonomic units (OTUs) were Roseobacter, SAR92 and the Flavobacteria-Bacteroidetes and Cytophaga (FCB) cluster, now coined Bacteroidetes, whereas in the HNLC region, SAR11, Roseobacter and Polaribacter dominated (West et al., 2008). In a second approach oligonucleotide probes were designed to target five OTUs at a narrow phylogenetic level of 16S rRNA showing that the mentioned groups contributed substantially to bulk abundance and leucine incorporation during the spring phytoplankton bloom in the naturally fertilized region off Kerguelen (Obernosterer et al., 2011).

Preferences in the degradation of different DOM were identified for bacterial taxa associated with contrasting blooms. Diatom-derived DOM was identified as an important factor influencing prokaryotic communities in the Southern Ocean in early spring (Landa et al., 2016[START_REF] Landa | Major changes in the composition of a Southern Ocean bacterial community in response to diatom-derived dissolved organic matter[END_REF]. Using co-occurrence analysis, the connection between diatoms and heterotrophic prokaryotes was identified leading to distinct associations (Liu et al., 2019). Through 16S rRNA analysis, the high contribution of

Pelagibacterales, the order of the most abundant SAR11 in the ocean, to total prokaryotic abundance and activity (micro-autoradiography combined with CARD-FISH) was documented in spring phytoplankton blooms off the Kerguelen Island [START_REF] Dinasquet | High contribution of Pelagibacterales to bacterial community composition and activity in spring blooms off Kerguelen Island (Southern Ocean)[END_REF].

Microbial uptake of Fe was measured during the spring blooms showing that SAR11 as well as (FCB) were actively taking up Fe (Fourquez et al., 2015(Fourquez et al., , 2016)). The gene expression response of SAR11 was analyzed with specific qPCR primers for the isocitrate lyase gene, which induces the glyoxylate shunt, indicating that the HNLC community of SAR11 actively uses this mechanism (Beier et al., 2015).

Chapter overview

The objective of the doctoral thesis was to perform a detailed study on gene expression of heterotrophic prokaryotes with regard to the low organic carbon and iron availability in the study region. The thesis is structured along 3 chapters described below.

and the synthesis of mRNA standards as well as the design of all bioinformatic procedures resulting in data analysis and visualization for amplicon sequencing and metatranscriptomic data. 

Chapter 3

Deciphering organic matter utilization through prokaryotic membrane transporter expression at two Southern Ocean sites in early spring and late summer Pavla Debeljak, Barbara Bayer, Ying Sun, Ingrid Obernosterer & Gerhard J. Herndl

The aim of this project was to focus on organic matter availability through membrane transporter by investigating and comparing the meta-genomes, -transcriptomes and -proteomes of the free-living microbial communities present in early spring (October 2016) and late summer (March 2018) at station A3 and KERFIX.

Author contribution:

PD, BB, IO and GJH designed the research and PD conducted all on-board sampling for both cruises.

PD extracted DNA and RNA and organized sequencing. PD and BB extracted all protein samples and organized MS measurements at the Vienna metabolomics center. PD designed all bioinformatic procedures and conducted the analysis. YS curated metagenome assembled genomes from the coassembly and calculated phylogenetic similarity.

Chapter 1

Microbial iron metabolism as revealed by gene expression profiles in contrasted Southern

Ocean regimes

Pavla Debeljak 1,2 , Eve Toulza 3 , Sara Beier 4 , Stéphane Blain 1 and Ingrid Obernosterer 1

Introduction

Since John Martin's 'iron hypothesis' was introduced in the late 1980s to solve the high nutrient low chlorophyll (HNLC) paradox in the ocean, the micronutrient iron (Fe) has been recognized as a major factor in the regulation of ocean primary productivity (Martin, 1990;Tagliabue et al., 2017). The Southern Ocean as the largest HNLC area has been subject to multiple mesoscale artificial Fe fertilization studies focusing on enhanced phytoplankton blooms through Fe input (reviewed in the study by Boyd et al., 2007). Together with investigations in naturally Fe-fertilized regions (Blain et al., 2007;Pollard et al., 2009), the control by Fe of primary productivity and subsequent carbon dioxide (CO 2 ) drawdown in this ocean has been confirmed. Heterotrophic microorganisms rapidly respond to phytoplankton blooms induced by Fe-fertilization [START_REF] Cochlan | The heterotrophic bacterial response during a mesoscale iron enrichment experiment (IronEx II) in the eastern equatorial Pacific Ocean[END_REF][START_REF] Hall | The impact of in situ Fe fertilisation on the microbial food web in the Southern Ocean[END_REF][START_REF] Oliver | The heterotrophic bacterial response during the Southern Ocean iron experiment (SOFeX)[END_REF]Obernosterer et al., 2008) and they remineralize a substantial fraction of phytoplankton-derived dissolved organic matter (Christaki et al., 2014). Fe is essential for microbial heterotrophic metabolism, the access to this micronutrient by various taxa will therefore affect the processing of organic carbon. The limited number of measurements indicates that heterotrophic prokaryotes have cellular Fe quotas that are similar or higher than those of phytoplankton (Tortell et al., 1999;[START_REF] Sarthou | The fate of biogenic iron during a phytoplankton bloom induced by natural fertilisation: impact of copepod grazing[END_REF][START_REF] Fourquez | A method for the use of the radiotracer 55Fe for microautoradiography and CARD-FISH of natural bacterial communities[END_REF]. The majority of Fe (> 90%) in heterotrophic prokaryotic cells is located in the respiratory chain (Andrews et al., 2003) and as a consequence Fe limitation results in a prokaryotic reduction in prokaryotic respiration and growth rates (Tortell et al., 1999;[START_REF] Smith | Transcriptional and translational regulatory responses to iron limitation in the globally distributed marine bacterium Candidatus Pelagibacter ubique[END_REF]Fourquez et al., 2014;[START_REF] Koedooder | The role of the Glyoxylate shunt in the acclimation to iron limitation in marine heterotrophic bacteria[END_REF]. Experimental studies testing the effect of Fe on natural prokaryotic communities have revealed both positive and negative bulk metabolic responses (summarized in the study by Obernosterer et al., 2015), likely reflecting temporal and spatial variability of the bioavailability and the cellular requirements of this micronutrient. In the region off Kerguelen Island, heterotrophic prokaryotic growth and production were limited by Fe and organic carbon in early spring (Obernosterer et al., 2015), leading to competition between heterotrophic and phototrophic microorganisms for this micronutrient (Fourquez et al., 2015).

These observations raise the question of the mechanisms used by microbial taxa to acquire and to metabolize this micronutrient in cellular processes. An increasing number of prokaryotic genomes and of metagenomes originating from global ocean surveys has provided insights to the inventories of Fe-related pathways [START_REF] Desai | Factors influencing the diversity of iron uptake systems in aquatic microorganisms[END_REF]Hopkinson and Barbeau, 2012;Toulza et al., 2012;[START_REF] Hogle | Trace metal acquisition by marine heterotrophic bacterioplankton with contrasting trophic strategies[END_REF]. These studies have shown that the genomic potential for Fe-uptake mechanisms varies among prokaryotic taxa (Hopkinson and Barbeau, 2012;[START_REF] Hogle | Trace metal acquisition by marine heterotrophic bacterioplankton with contrasting trophic strategies[END_REF] and that the prevalence of Fe-related pathways in prokaryotes reflects Fe concentrations across ocean regions (Toulza et al., 2012). The single-cell approach MICRO-CARD-FISH using 55 Fe revealed that the community taking up Fe in the Southern Ocean was dominated by Gammaproteobacteria and FCB, while SAR11 and Roseobacter had overall lower contributions (Fourquez et al., 2016). Fe limitation has been shown to induce the glyoxylate shunt in heterotrophic bacterial model organisms [START_REF] Smith | Transcriptional and translational regulatory responses to iron limitation in the globally distributed marine bacterium Candidatus Pelagibacter ubique[END_REF]Fourquez et al., 2014;[START_REF] Koedooder | The role of the Glyoxylate shunt in the acclimation to iron limitation in marine heterotrophic bacteria[END_REF], a pattern that was also observed for SAR11 in the HNLC Southern Ocean (Beier et al., 2015). The glyoxylate shunt bypasses two decarboxylation steps and the coupled release of CO 2 and reducing equivalents (NADH 2 ) of the TCA cycle, with important consequences on ATP production and processing of organic carbon [START_REF] Koedooder | The role of the Glyoxylate shunt in the acclimation to iron limitation in marine heterotrophic bacteria[END_REF].

The aim of the present study was to extend these observations, by providing a detailed picture on the expression of genes responsible for Fe-uptake and Ferelated downstream processes in Southern Ocean natural prokaryotic communities. We screened the total mRNA from metatranscriptomes against a database that contained 10,411 protein sequences corresponding to seven Fe-related metabolic pathways connected to Fe transport, Fe storage and central carbon metabolism. We explored the functional expression profiles of different taxa in microbial communities originated from HNLC and naturally Fefertilized waters in the region off Kerguelen Island.

Results

Environmental context

The three stations considered in the present study were part of the Kerguelen Ocean and Plateau compared study 2 (KEOPS2)-cruise that took place in November 2011. Station (R-2) was located in HNLC waters west of Kerguelen Island (Fig. 1), and two stations were situated east of the island in naturally Fe-fertilized waters south (Station A3-2) and north (Station F-L) of the polar front. Concentrations of dissolved Fe in the surface mixed layer varied between 0.13 AE 0.05 nM and 0.22 AE 0.06 nM (Quéroué et al., 2015) (Table 1). Chlorophyll a concentrations were low at station R-2 (Chl a, 0.25 AE 0.08 μgL -1 ) and up to 16-fold higher in naturally fertilized waters (Lasbleiz et al., 2014) (Table 1). The abundance, production and respiration of heterotrophic prokaryotes were several fold enhanced at the fertilized sites as compared with HNLC waters. Concentrations of DOC, DON and DOP were not enhanced at the Fe-fertilized sites, probably due to the rapid consumption of organic matter by heterotrophic prokaryotes. Despite these pronounced differences in biomass and production, heterotrophic prokaryotes were shown to be limited by Fe at the HNLC-site and in Fe-fertilized waters (Obernosterer et al. 2015).

Contribution of prokaryotic groups to specific gene expression

Filtering and rRNA removal of raw reads resulted in a total of 29-36 Million reads per sample (Supporting Information Table S1). The prokaryotic proportions were calculated for each duplicate based on Blastx results and ranged from 9.7% AE 1.1 at Station R-2, 14.5% AE 1.0 at A3-2%, to 19.9% AE 2.9 at F-L (Supporting Information Fig. S1). The retrieved sequences cover a broad range of families out of 30 bacterial phyla as well as archaea. Highest overall pathway specific contributions were observed for the classes of Alpha-, Beta-a n dGammaproteobacteria as well as the Fibrobacteres, Chlorobi, Bacteroidetes (FCB) (Figs. 2 and3, S2). These bacterial phyla were shown to be abundant also in data sets derived from 16S rRNA amplicon sequencing (Fig. 4). We observed major differences in the contribution of prokaryotic groups to the different Fe-uptake mechanisms and this pattern was largely independent of site. Siderophore-uptake was dominated by Gammaproteobacteria (43% of total transcripts) and FCB (25%), while Fe 2+ -an dFe 3+ -uptake revealed an increased contribution of alphaproteobacterial groups, most pronounced for Fe 3+ -uptake (29%). Within Gammaproteobacteria noticeable differences in the contribution of different phylotypes to the three uptake mechanisms could be observed. While Alteromonadaceae, Cellvibrionaceae and Shewanellaceae were abundant contributors to siderophore-uptake, Shewanellaceae and Enterobacteriaceae, accounted for most gammaproteobacterial Fe 2+ -uptake transcripts and Pseudomonadaceae, Chromatiaceae and Piscirickettsiaceae were major contributors to Fe 3+ -uptake transcripts (Fig. 3, Supporting Information Table S2). FCB were mostly represented by Flavobacteriaceae for siderophore-and Fe 2+ -uptake, and Bacillaceae contributed additionally to Fe 3+ -uptake. Within Alphaproteobacteria, Rhodobacteracea substantially contributed to Fe 2+ -and Fe 3+ -uptake, but this group had low siderophore uptake transcripts (<1.6% of alphaproteobacterial transcripts). A contrasting pattern was observed for Sphingomonadaceae and Erythrobacteraceae that contributed to siderophore uptake transcripts but neither Fe 2+ nor Fe 3+ . Pelagibacteraceae transcripts were not detectable for siderophore-and Fe 2+ -uptake, and Fe 3+ -uptake transcripts belonging to this group accounted for 0.8% of alphaproteobacterial transcripts. Actinobacteriaceae and Archaea were almost absent from siderophore-uptake but contributed to Fe 2+ -andFe 3+ -uptake.

The flavodoxin switch and bacterioferritin transcripts revealed both high contributions of gammaproteobacterial groups, and smaller proportions of alphaproteobacterial and FCB transcripts, in particular for flavodoxin transcripts. Pronounced differences in the contribution of different gammaproteobacterial phylotypes to the two Fe-related processes were detectable. Shewanellaceae, Alcanivoracaceae and Aeromonadaceae were the most important contributors to flavodoxin switch transcripts, while Cellvibrionaceae, Halieaceae and Alteromonadaceae dominated the bacterioferritin transcripts. Flavobacteriaceae and Rhodobacteraceae contributed each substantially to bacterioferritin transcripts, while flavodoxin switch transcripts belonging to these groups were almost absent.

Pelagibacterales did not contribute to flavodoxin switch and bacterioferritin transcripts. Cyanobacteria accounted for a large portion of flavodoxin switch transcripts, in particular at the HNLC-site. The relative contribution of cyanobacteria to 16S rRNA sequences varied between 0.37% at the HNLC and 0.41% at the Fe-fertilized stations respectively (Landa et al. 2016). Taken together, these results construe specific Fe-uptake and Fe-processing mechanisms for several prokaryotic groups.

We identified two categories of prokaryotic groups contributing to transcripts of aconitase and isocitrate lyase, genes associated with the TCA cycle. Alphaproteobacterial phylotypes, in particular Pelagibacteraceae and Actinobacteriaceae, each had similar contribution to aconitase and isocitrate lyase. In contrast, the proportions of transcripts accounted for by Flavobacteriacaea and gammaproteobacterial phylotypes varied considerably between the two genes. Flavobacteriacaea had higher contributions to aconitase transcripts than to those of isocitrate lyase, and gammaproteobacterial phylotypes, such as Pseudoalteromonadaceae, Moraxellaceae, Oceanosprillaceae, Alteromonadaceae and Colwelliaceae showed the opposite pattern. Burkholderiaceae, a group that had low contributions to all other transcripts, accounted for up to 30% of the aconitase and isocitrate lyase transcripts.

Transcriptional activity in HNLC and Fe-fertilized waters Among site comparison of pathway-specific transcripts revealed that Fe 2+ ,F e 3+ , the flavodoxin switch and bacterioferritin had higher proportions at R-2 as compared to the Fe-fertilized sites (Fig. 5). In contrast, no such pattern was observed for siderophore-uptake, aconitase and isocitrate lyase. Comparison among genes encoding for the different Fe-uptake mechanisms was possible due to the similar gene length (Supporting Information Table S4). The relative transcript abundance of siderophore-uptake was roughly 6-and 2-fold higher than those of Fe 2+ -and Fe 3+ -uptake respectively.

In order to assess a potential per cell transcriptional activity, results from qPCR expression of isocitrate lyase in SAR11 at two sites, R-2 and F-L, were used as correction factors (see Experimental procedures). This normalization step was chosen in order to answer the following question: Does gene expression vary between HNLC and Fefertilized waters? And further, how variable is cell specific expression of a given gene among the different prokaryotic Fig. 2. Relative contribution of prokaryotic groups to pathway specific transcripts. Prokaryotic group is defined until taxonomic family level. For clarity, one replicate per station is shown, duplicates as well as mean values and error estimates are shown in the Supporting Information (Fig. S2 and Table S2).

groups? This step was done for representatives from the prokaryotic phyla (presented in Fig. 2) for which the gene transcripts and 16S relative abundances were available for a given phylogenetic level (Fig. 4 and Supporting Information Fig. S5). To verify the approach, ribosomal proteins, essential in cellular processes of translation, were retrieved from Kyoto Encyclopedia of Genes and Genomes (KEGG) and screened against our data sets (Fig. 6 and Supporting Information Fig. S4).

Cell-specific expression of all genes considered in the present study was considerably higher (10-to 1000-fold) at Station R-2 in comparison to F-L for all prokaryotic groups (Fig. 6 and Supporting Information Table S3). Exceptions were Pseudomonadales that consistently revealed an inverse pattern, and Burkholderiales for which differences between sites were in most cases small. In comparison, the ribosomal proteins showed the lowest fold-change (1.5) between R-2 and F-L. For clarity, the following comparison of taxa-specific expression levels among prokaryotic groups is focused on the HNLC site R-2. Alteromonadales had the highest taxa-specific expression levels for all genes, while taxa-specific expression levels of a given gene was more variable for the other prokaryotic groups.

Flavobacteriales, Oceanospirillales and Rhodobacterales had similar taxa-specific siderophore-uptake expression while Rhodobacterales and Actinomycetales had substantially higher taxa-specificF e 3+ -uptake as compared with Flavobacteriales (8-to 6-fold respectively) and Oceanospirillales( 1 5 -t o1 2 -f o l d ) . Rhodobacterales, Flavobacteriales and Oceanospirillales had similar bacterioferritin expression levels, and flavodoxin switch expression levels belonging to Flavobacteriales were considerably lower than those of the other groups. Taxa-specific gene expression of aconitase was similar for Rhodobacterales, Flavobacteriales and Oceanospirillales. In contrast, taxaspecific expression levels of isocitrate lyase were highly variable among groups, with Actinomycetales and Pelagibacterales at the higher and lower ranges respectively.

Discussion

We present here taxon-specific strategies of Fe-uptake and intracellular processes dependent on Fe, a crucial, yet growth-limiting element for microbial heterotrophs in large areas of the ocean. By investigating the in situ expression patterns of candidate genes from metatranscriptomics data, we provide novel insights into these metabolic traits of Southern Ocean microbial communities in contrasting Fe-and C-regimes. We observe major differences in the contribution of prokaryotic groups to the pathways investigated, indicating distinct metabolic capabilities for Ferelated processes and downstream carbon metabolism for microbial taxa. Our finding that taxa-specific expression levels are substantially higher under Fe-limited conditions suggests that the transcriptional states related to Feuptake and Fe cell-content reduction or control are associated with the in situ Fe-supply.

Our observation that gamma-and flavobacterial groups accounted for a large fraction of siderophore-A B C Fig. 3. Detailed view of relative contribution of Alpha (A) and Gammaproteobacteria (B) and FCB cluster (C) to pathway specific transcripts. Note the different y-axis for Gammaproteobacteria. For clarity, one replicate per station is shown, duplicates as well as mean values and error estimates are shown in the Supporting Information (Fig. S3 and Table S2). uptake transcripts, while alphaproteobacterial groups had an increased contribution to Fe 3+ -uptake transcripts corroborates previous findings on the genomic potential of representatives of these classes (Hopkinson and Barbeau, 2012;Tang et al., 2012;[START_REF] Hogle | Trace metal acquisition by marine heterotrophic bacterioplankton with contrasting trophic strategies[END_REF]. A survey of 206 bacterial genomes revealed that Ton-Bdependent transporters (TBDTs), many of which are known as siderophore type transporters, are common in Gammaproteobacteria and Bacteroidetes but less abundant in Alphaproteobacteria, and absent in Pelagibacter ubique (Hopkinson and Barbeau, 2012;Tang et al., 2012). Within Alphaproteobacteria, Erythrobacteracea and Sphingomonadacea were major contributors to siderophore-uptake transcripts in the present study, an observation supported by the genomic potential of representative strains (Tang et al., 2012). Fe 3+ -uptake gene expression revealed a contrasting pattern, with high contributions of Rhodobacteraceae and Actinomycetales and a minor contribution of FCB. While Fe 3+ transporters were abundant in many of the 206 bacterial genomes investigated, only 1 of 16 Bacteroidetes genomes contained this type of transporter (Hopkinson and Barbeau, 2012). Despite its dependency on inorganic Fe-uptake, Pelagibacteraceae had a minor contribution to the overall Fe 3+ -uptake gene expression (0.8% of total Fe 3+ transcripts) and the lowest cell-specificF e 3+ -uptake (Fig. 6). The lower copy numbers of Fe 3+ transporters in SAR11 as compared with Roseobacter genomes [START_REF] Hogle | Trace metal acquisition by marine heterotrophic bacterioplankton with contrasting trophic strategies[END_REF] and potentially lower Fe requirements could explain this observation.

The dominating microbial contributors to the transcripts of a given Fe-uptake mechanism were overall similar among sites and thus largely independent of the in situ Fe supply. This contrasts with the different relative contributions of the observed groups at the sites (Fig. 4, Landa et al., 2016) and suggests that our observations on the transcriptome level are mainly driven by the metabolic potential of the respective prokaryotic groups (see Supporting Information Fig. S5). In support of this conclusion, our results illustrate that only a few prokaryotic groups contribute substantially to the transcripts of more than one Fe-uptake mechanism. This was the case for Shewanellaceae transcripts that were present for the three Fe-uptake mechanisms, and for Rhodobacteraceae and the FCB cluster that accounted both for substantial proportions of Fe 2+ -and Fe 3+ -uptake transcripts.

The 2-to 6-fold higher proportions of siderophoreuptake gene expression as compared with Fe 3+ and Fe 2+ could indicate that this mechanism was a more efficient pathway for prokaryotes to acquire Fe. Most dissolved Fe (99%) [START_REF] Gledhill | Determination of complexation of iron(III) with natural organic complexing ligands in seawater using cathodic stripping voltammetry[END_REF]Rue and Bruland, 1995) is complexed by organic ligands leaving extremely low steady-state concentrations of inorganic Fe 3+ noted as Fe'. The steady-state concentrations of Fe 2+ are also typically extremely low in oxygenated surface waters although reduction mediated by different processes could locally produce enhanced concentrations. Fe' has been considered a more bioavailable and thus more important form than siderophore-bound Fe for phytoplankton [START_REF] Morel | The role of unchelated Fe in the iron nutrition of phytoplankton[END_REF]Lis et al., 2015). Our observations suggest that heterotrophic prokaryotes favour the uptake of Fe bound to siderophores, which presents several advantages. First, once complexed by siderophores, Fe is hardly available for most phytoplankton (Lis et al., 2015), even though the idea that phytoplankton cannot directly use Fe-siderophore complexes has recently been challenged [START_REF] Kazamia | Endocytosismediated siderophore uptake as a strategy for Fe acquisition in diatoms[END_REF]McQuaid et al., 2018). Heterotrophic prokaryotes thereby avoid competition with phytoplankton for this scare resource. Second, siderophores can contribute to access initially not available forms of Fe, such as particulate Fe or Fe-organic complexes [START_REF] Kraemer | Iron oxide dissolution and solubility in the presence of siderophores[END_REF]. Third, Fe-siderophoreuptake could be stimulated by siderophore-production of the same microbial cell and thus provide an advantage to certain taxa (Martinez et al., 2003;Hopkinson and Barbeau, 2012;[START_REF] Sijer Ci C | Hydroxamate siderophore secretion by Pseudoalteromonas haloplanktis during steady-state and transient growth under iron limitation[END_REF]Boiteau et al., 2016). Our taxa-specific transcripts point out that the expression of the genes encoding for siderophore-uptake was increased (20-to 135-fold) under Fe-limited conditions when the competition for the acquisition of this resource was highest. This latter observation agrees well with the previously reported global scale inverse relationship between siderophore-uptake gene occurrence and Fe concentrations (Toulza et al., 2012). Under strong Fe limitation, the Fe-uptake rate can only be increased by the number of Fe transporters as has been demonstrated for phytoplankton [START_REF] Hudson | Trace metal transport by marine microorganisms: implications of metal coordination kinetics. Deep-Sea[END_REF]. Our observations point to a similar conclusion for heterotrophic prokaryotes. Besides the capacity to optimize Fe acquisition in limited conditions, the second global strategy for prokaryotes is to decrease the Fe cellular content.

To explore differences in intracellular Fe-regulatory mechanisms among prokaryotic groups, we investigated the two genes encoding for flavodoxin and bacterioferritin. The non-Fe containing protein flavodoxin is an iso-functional protein, which can replace ferrodoxin, an electron shuttle harbouring Fe-sulfur clusters. The expression of this protein by marine autotrophic plankton was proposed as a proxy for Fe scarcity in the oceans [START_REF] Roche | Flavodoxin as an in situ marker for iron stress in phytoplankton[END_REF], and insight into the mechanisms of how Fe availability regulates this protein was obtained from studies on various temporal and spatial scales [START_REF] Erdner | Characterization of ferredoxin and flavodoxin as markers of iron limitation in marine phytoplankton[END_REF][START_REF] Saito | Iron conservation by reduction of metalloenzyme inventories in the marine diazotroph Crocosphaera watsonii[END_REF]Tara Oceans Coordinators et al., 2018). A metagenomic analysis revealed that prokaryotes lacking this flavoprotein are confined to coastal areas where Fe supply is high, while flavodoxincontaining marine prokaryotes are preferably located in open ocean sites (Toulza et al., 2012). Given the roughly 35-fold higher proportion of total flavodoxin transcripts and the higher cell-specific expression in HNLC waters as compared with Fe-fertilized sites, our results extend the understanding of the regulation of this switch by Fe-availability for a large range of prokaryotic groups. In the present study, the dominant contributors were gammaproteobacterial taxa and Cyanobacteria, while Alphaproteobacteria and the FCB cluster had minor contributions to flavodoxin Fig. 6. Taxa-specific transcript abundance (per 10 5 cells) of a given pathway in HNLC (Station R-2, white bars) and Fe-fertilized waters (Station F-L, grey bars), and the Log 10 of the ratio between the cell-specific transcripts at R-2 to F-L. The order of prokaryotic groups is from high to low cell-specific transcripts at Station R-2. The panel 'All pathways' shows the cell-specific transcripts for all prokaryotic groups combined and the Log 10 of the R-2/F-L ratios for the respective pathways, including ribosomal proteins. Bars represent mean values and error bars represent minimum and maximum values. Error estimates are given in the Supporting Information (Table S3). Ratios were calculated by dividing each duplicate pair.

transcripts. These latter groups revealed also lowest cellspecific expression patterns, suggesting that many FCB and alphaproteobacterial members might make use of other strategies to cope with Fe-limitation.

Ferritins are compounds that were shown to regulate the storage and the release of intracellular Fe in a number of eukaryotic microorganisms (Marchetti et al., 2009;[START_REF] Botebol | Central role for ferritin in the day/night regulation of iron homeostasis in marine phytoplankton[END_REF]. Bacterioferritins are known to be involved in the storage of Fe in Bacteria; however, the regulation and the exact physiological mechanisms of these compounds are not clear (Andrews et al., 2003;[START_REF] Carrondo | Ferritins, iron uptake and storage from the bacterioferritin viewpoint[END_REF]. In the GOS data set, bacterioferritin gene abundance was higher at coastal sites with overall high Fe concentrations (Toulza et al., 2012). In the present study, all prokaryotic groups contributed to bacterioferritin transcripts. The differences in bacterioferritin transcripts between HNLC and Fe-fertilized waters were far less pronounced than the other Fe-related metabolisms. This could indicate that bacterioferritin-related processes are occurring at background levels, for instance, as a control of Fe homeostasis, rather than as storage of Fe in response to episodic Fe supply.

The higher cell-specific expression of siderophore-, Fe 2+ -, Fe 3+ -uptake, flavodoxin and bacterioferritin transcripts in HNLC as compared with Fe-fertilized waters highlight the increased investment in Fe-related metabolism when prokaryotic growth and production are limited by Fe and organic carbon (Obernosterer et al., 2015). But how can this affect cellular carbon metabolism? We addressed this question by investigating the two enzymes aconitase and isocitrate lyase belonging to a central metabolic pathway, the TCA cycle. Aconitase, an Fe-containing enzyme, transforms citrate to isocitrate, which can either serve as a substrate for the enzyme isocitratedehydrogenase (IDH) in the TCA cycle or as a substrate for isocitrate lyase, a non-Fe-containing enzyme that induces the glyoxylate shunt, a bypass of the TCA cycle (Supporting Information Fig. S6). While the regulation of the glyoxylate shunt can be driven by a number of factors, its induction by Fe-limitation has been demonstrated in bacterial model organisms (Fourquez et al., 2014;[START_REF] Koedooder | The role of the Glyoxylate shunt in the acclimation to iron limitation in marine heterotrophic bacteria[END_REF]. Using genetic tools and bioreporters demonstrated that the isocitrate lyase knockout strains of gammaproteobacterium Photobacterium angustum S14 had significantly lower growth and respiration rates as compared with the wild type under Fe-limited conditions [START_REF] Koedooder | The role of the Glyoxylate shunt in the acclimation to iron limitation in marine heterotrophic bacteria[END_REF]. Using qPCR, SAR11 cell-specific isocitrate lyase gene expression was higher at Station R-2 as compared with F-L (Beier et al., 2015). The increased cell-specific isocitrate-lyase expression in Felimited as compared with Fe-fertilized waters observed in the present study extends this previous observation to several prokaryotic groups.

In the context of these recent findings, we focus in the following discussion on two prokaryotic groups with distinct patterns in the expression of aconitase and isocitrate lyase.

Pelagibacteraceae contributed similarly to the expression of both genes; in contrast, Flavobacteriaceae revealed substantially higher contributions to aconitase (7%-13% of prokaryotic transcripts) as compared with isocitrate lyase transcripts (0.7%-2.2% of prokaryotic transcripts). In addition, Flavobacteriaceae had 18.5-fold higher cell-specific aconitase expression than Pelagibacteraceae, but both groups had similar cell-specific isocitrate lyase expression. These observations could indicate that the entire TCA cycle is more preferentially used in Flavobacteriaceae than in the members of Pelagibacteraceae with consequences on the production of NADH and ATP equivalents.

The combined information obtained by the present results and previous knowledge on characteristics of these bacterial groups leads us to propose two distinct ecological strategies with respect to Fe-related processes for Pelagibacteraceae and Flavobacteriaceae. Members of Pelagibacteraceae appear to be the thriftiest group, characterized by the unique use of Fe 3+ -uptake, performed by ABC-type transporters that do not require the costly outer membrane receptors (Andrews et al., 2003) but do require ATP. Additionally, members of this group lack Fe storage and the flavodoxin switch for which no transcripts were detectable in the present study. Despite its dependency on Fe 3+ -uptake, Pelagibacteraceae had a minor contribution to the total transcripts, suggesting low Fe requirements of this group. These characteristics extend those described previously of the most prominent representatives such as the streamlined SAR11 (reviewed in the study by [START_REF] Giovannoni | SAR11 bacteria: the Most abundant plankton in the oceans[END_REF]. The SAR11 clade has been shown to possess high-affinity uptake systems for a range of small molecules present at low concentrations, including two-carbon compounds, known to induce the glyoxylate shunt. This strategy allows to maintain cellular metabolism with low Fe requirements and to efficiently metabolize small molecules.

Members of Flavobacteriaceae appear to be characterized by different features. Our results point out that members of this group display the most competitive Feuptake systems. Also, they can potentially regulate homeostasis with bacterioferritin in particular under Fe limited conditions. This group has a moderate use of the glyoxylate shunt, because the biosynthesis of TBDTs, and their transport to the cytoplasm renders the acquisition of siderophore-bound Fe a process that is costlier in terms of energy and carbon requirements than that of Fe 3+ -uptake. Siderophore biosynthesis, coupled in many bacterial genomes to TBDTs (Hopkinson and Barbeau, 2012), adds further energy requirements (Sijer ci c and Price, 2015). Besides Fe-siderophore-uptake, TBDTs were associated with the uptake of a range of substrates, such as carbohydrates, amino acids, amino sugars or vitamin B 12 (Schauer et al., 2008;Noinaj et al., 2010).

The highest number and most diverse types of TBDTs were associated with Gammaproteobacteria and FCB in the GOS data set (Tang et al., 2012). This genomic information, in combination with whole genome sequencing, culture-based studies and single-cell approaches have led to the characterization of members of FCB to be efficient degraders of polymeric organic matter [START_REF] Kirchman | Diversity and abundance of uncultured Cytophaga-like bacteria in the Delaware estuary[END_REF][START_REF] Bauer | Mobilization of arsenic by dissolved organic matter from iron oxides, soils and sediments[END_REF][START_REF] Kabisch | Functional characterization of polysaccharide utilization loci in the marine Bacteroidetes 'Gramella forsetii' KT0803[END_REF]. Even though members of both groups are well equipped to thrive in Fe-limited environments, Pelagibacteraceae are likely to have an advantage over Flavobacteriaceae when organic carbon is limiting. These contrasting characteristics for members of Pelagibacteracea and Flavobacteriaceae extend those known for other metabolic traits to clear prevalence for Fe 3+ -and siderophore-uptake, respectively, and could be considered as ecological strategies in an ocean region where microbial activity is limited by Fe and organic carbon.

Experimental procedures

Sample collection

Seawater samples were collected during the KEOPS2 cruise (Kerguelen Ocean and Plateau Compared Study 2, 8 October to 30 November2011) in the Indian sector of the Southern Ocean.

Seawater samples were collected with 12 l Niskin bottles mounted on a rosette equipped with a CTDO Seabird SBE911-plus. For nucleic acid extractions, seawater was sampled at one depth in the surface mixed layer, and the chemical and biological parameters were collected throughout the water column (Christaki et al., 2014;Lasbleiz et al., 2014;[START_REF] Blain | Distributions and stoichiometry of dissolved nitrogen and phosphorus in the iron-fertilized region near Kerguelen (Southern Ocean)[END_REF]Quéroué et al., 2015;Tremblay et al., 2015) (Table 1).

RNA extraction

For RNA extractions, volumes varying between 15 l and 30 l of pre-filtered water (200 μm nylon screen and 5 μm polycarbonate isopore filters) were collected onto 0.2 μm SuporPlus Membranes using a 142 mm filtration system (geotech equipment) and a peristaltic pump. The filtration procedure did not exceed 10 min and 10 ml of RNA-later was added before storage at -80 C. All nucleic acid extractions were performed in triplicates by cutting the filter in three parts.

Total prokaryotic and eukaryotic RNA was extracted using the NucleoSpin ® RNA Midi kit (Macherey-Nagel, Düren, Germany). Filters stored in RNA later were defrosted, removed from the RNA later solution, refrozen in liquid nitrogen and shattered using a mortar. The obtained 'powder-like' filter-pieces were added together with low binding zirconium beads (OPS Diagnostics, Lebanon, NJ, USA) to the denaturing lysis buffer supplied by the NucleoSpin ® RNA Midi kit and cells were disrupted by vortexing for 2 min. Beads were discarded by centrifugation. The extraction with the NucleoSpin ® RNA Midi kit include an on-column DNA digestion step. However, in order to ensure the absence of DNA in the sample, a control PCR reaction was performed without the retrotranscription (RT) step. Samples with DNA contamination, as indicated by amplification products were treated with a second DNA digestion step using the Turbo DNA-free kit (Ambion Life Technologies, Carlsbad, CA, USA). This additional DNAse treatment was followed by purification with the RNeasy MinElute Clean Up kit (Qiagen, Hilden, Germany). The extracted RNA was quantified with the Agilent 2100 Bioanalyzer/Agilent RNA 6000 Nano Kit (Agilent, Santa Clara, CA, USA) and duplicates were chosen for sequencing.

Library preparation and sequencing

Prior to sequencing, ribosomal RNA was treated enzymatically with the RiboZero rRNA stranded RNA protocol to ensure sequencing of primarily messenger RNA followed by cDNA library construction using Illumina TruSeq Stranded mRNA Library Prep kit (Fasteris SA). Libraries were sequenced using paired-end 2 × 125 read length on one Illumina HiSeq 2500 lane.

Bioinformatic analysis

The raw Illumina reads were checked with FastQC (Andrews 2010; http://www.bioinformatics.babraham.ac.uk/projects/ fastqc) and adapters were eliminated using Cutadapt (Martin, 2011). Remaining ribosomal RNA sequences were removed by the riboPicker (Schmieder et al., 2012) tool and sequences were checked by interlacing and de-interlacing paired-end reads ensuring that the same sequences were removed from each R1 and R2 files and finally retaining only R1 (performed in Galaxy, Afgan et al., 2016). Randomized subsets of 1% of the data were affiliated using BLASTX (Altschul et al., 1990) against the non-redundant (nr) protein database followed by the visualization in MEGAN6 (Huson et al., 2007) and proportions of unassigned to not assigned sequences as well as prokaryotic to eukaryotic sequences were retrieved (Supporting Information Fig. S1). These sequence data have been submitted to the EMBL databases under accession number PRJEB30315.

Database construction

A database containing sequences of genes involved into Fe-related metabolic pathway was retrieved from the study by Toulza et al. (2012). This database was constructed by screening for bacterial sequences from NCBI with the gene name as query, as well as the protein sequences from the Moore Microbial Genome database (http://www.moore.org/microgenome/) for genes involved in Fe metabolism. For the purpose of this study, the specific sequences for the following pathways were retrieved from the database and updated by searching for these in NCBI protein clusters: Flavodoxin switch (FL), Fe 2+ -uptake (F2), Fe 3+ -uptake (F3), siderophore-uptake (SU), and storage (ST) (Supporting Information Table S2).

These five together are further named as 'Fe' database.

In addition, protein sequences for two supplementary enzymes were chosen for pathway specific analysis. Aconitase that catalyses the isomerization of citrate to isocitrate via cis-aconitate in the tricarboxylic acid cycle and isocitrate lyase an enzyme in the glyoxylate shunt which catalyses the cleavage of isocitrate to succinate and glyoxylate. For maximal phylogenetic coverage, all available bacterial protein sequences were retrieved from protein clusters (proteins grouped on taxonomic groups which are non-redundant) using the NCBI search tool with the protein name as query.

In order to include more sequences from environmental marine bacteria the two databases were aligned using BLASTX tool (Altschul et al., 1990) against the Global Ocean Sampling (GOS) protein database (retrieved from /iplant/home/shared/imicrobe/projects/26/CAM_PROJ_GOS .read_pep.fa, Yooseph et al., 2007) containing peptide sequences predicted from long reads from Sanger sequencing and thus more robust for the purpose of the analysis. The retrieved GOS sequences were then checked against the KEGG (Kanehisa and Goto, 2000;Kanehisa et al., 2016;2017) and for each custom database sequences with an e-value of <1e -5 were chosen for further analysis and annotated from their KEGG-Id (Supporting Information Table S3). Finally, each database contained FASTA sequences with the taxonomic affiliation in the header as well as the KEGG-Id. For SU only Fe-related siderophore KEGG-Ids were retained.

Additionally, all ribosomal protein sequences (n = 261 980) stored in the KEGG database (download January 2018) were broadly (order level) annotated by retrieving taxonomic information for sequences from KEGG. These sequences were used to recruit ribosomal protein transcripts from our metatranscriptome data that served as verification of the normalization approach.

Sequence alignment

The final curated databases (n = 4, Fe, aconitase, isocitrate lyase and ribosomal proteins) containing information on the annotated taxonomic levels (phylum, class, order, family and genus) were aligned to the short-read translated DNA query sequences for each station and duplicate using diamond blastx (parameters used -k 1 -e 10 -p 12) (Buchfink et al., 2015). Total counts per phylum, class, order, family and genus for each database, and in case of Fe, for each pathway, were summed and relative proportions to all prokaryotic reads for bacterial groups were calculated (Supporting Information Fig. S7). Bacterial groups defined at the taxonomic order level with the highest abundances of pathway specific transcripts were taken for further analysis.

Normalization approach

In an attempt to estimate the absolute number of transcripts per sample, we followed the principals published elsewhere (Satinsky et al., 2013): the number of reads per sample is normalized by the number of reads obtained from an internal standard added with a known number of RNA molecules to the RNA extraction. However, in our case, we did not add internal standard RNA molecules, but instead based our calculations on the number of SAR11 isocitrate lyase transcripts for normalization, which were quantified earlier via qPCR (Beier et al., 2015).

While the number of SAR11 isocitrate lyase transcripts per L water derived from the qPCR approach might be biased, for instance, due to primer miss matches, such biases are strongly reduced for the ratio of SAR11isocitrate lyase gene transcripts to SAR11-isocitrate lyase gene copies (Beier et al., 2015). For the normalization step, we therefore assumed that the above-mentioned ratio derived from qPCR data equals the ratio of SAR11isocitrate lyase gene transcripts (metatranscriptome; RNA) to the number of SAR11 cell per L estimated by CARD-FISH (as described in the study by Fourquez et al. 2016):

qT iso =qC iso =mT iso =nC SAR11 ð1Þ 
where, for the purpose of this study, qT iso /qC iso is the ratio of SAR11-isocitrate lyase gene transcripts L -1 (qT iso )t o SAR11-isocitrate lyase gene copies L -1 (qC iso )e s t i m a t e d by qPCR (Beier et al., 2015), mT iso is the number of SAR11-isocitrate lyase gene transcripts L -1 ,a n dn C SAR11 is the SAR11 cells L -1 estimated by CARD-FISH (Fourquez et al. 2016) The ratio qT iso /qC iso as well as nC are known variables and Eq. 1 can accordingly be resolved by mT iso .Wesubsequently related mT iso to the number of metatranscriptome reads coding for SAR11 isocitrate lyase gene transcripts (mT iso ) and used this factor to estimate the absolute transcript numbers per L water or all remaining genes (mT).

qPCR data were only available for Station R-2 and F-L, thus samples from A3-2 were excluded from these calculations. Operational taxonomic units (OTUs) obtained by 16S rRNA gene sequencing were retrieved for Station R-2 and F-L from an already published data set from the same sampling date (Landa et al., 2016). The OTUs were corrected for copy numbers of 16S rRNA gene per cell per specific taxa obtained from the ribosomal RNA database (Stoddard et al., 2015). Total cell numbers per bacterial group were then calculated with 16S rRNA gene relative proportions and counts from the Eub228-I, -II and -II catalysed reporter deposition-fluorescence in situ hybridization (CARD-FISH) probe from the same samples (data from the study by Fourquez et al., 2016, Supporting Information Table S6).

In order to obtain the number of transcripts per cell, we divided mT for the inspected genes derived from a certain bacterial group (based on the number of hits from the specific databases) by the total cell numbers per L for the respective bacterial group shown in Supporting Information Table S6. While we tried to minimize biases introduced by the qPCR approach, it should be considered that our method is not fully free of biases, also because additional biases might be introduced by combing multiple techniques, such as qPCR, CARD-FISH and amplicon sequencing data. Accordingly, the retrieved and presented values (Fig. 6) represent a rough estimate of transcripts per cell.

Analysis and visualization of data were performed in the R language [https://cran.r-project.org/, version 3.4.0 (21 April 2017)] using customized colour palettes. Following packages and versions were used: phyloseq_1.22.3, gdtools_0.1.7, gridExtra_2.3, cowplot_0.9.3, gtable_0.2.0, ggpubr_0.2, magrittr_1.5, ggplot2_3.0.0, plyr_1.8.4. Figures were using the open-source vector graphics editor Inkscape (http://inkscape.org/). Codes and databases are provided through the following link https://github.com/ PavlaDe/emi14621/. * The higher number of prokaryotic reads and their higher relative contributions to total reads at A3-2 and F-L as compared to R-2 can be explained by the elevated prokaryotic cell abundances at these sites (Table 1) and differences in the phytoplankton community composition. While larger diatom cells, abundant at the bloom sites, were retained by the 5 µm filter used for the pre-filtration step, phytoplankton biomass at station R-2 was dominated by picoeukaryotes (Lasbleiz et al. 2016) that pass this pore size resulting in a higher number of eukaryote-assigned reads. 
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The dissolved pool is considered to be the main reservoir of bioavailable trace metals for microorganism as microbial uptake typically results in "nutrient like" vertical profiles with a clear depletion in surface waters for most trace metals (Morel et al., 2003). In some regions dissolved trace metal concentrations are reduced to such low levels that microorganisms are limited, the most pronounced and studied case being iron (Fe). For example, the Southern Ocean, where our study was conducted is known to be the largest high nutrient low chlorophyll (HNLC) region due to the limitation in dissolved iron (dFe, < 0.2 µm) in surface waters (Martin et al., 1990;[START_REF] Boyd | A mesoscale phytoplankton bloom in the polar Southern Ocean stimulated by iron fertilization[END_REF]Blain et al., 2007).

Distributions of the trace metal particulate fraction (> 0.2 -0.4 µm) in the ocean are highly variable because they are influenced by a large number of processes. When concentrations of particulate forms are compared to dissolved forms contrasted patterns emerge depending on the trace metal considered. For example, in the surface water of the central north Pacific Gyre, [START_REF] Bruland | Reactive trace metals in the stratified central North Pacific[END_REF] reported ratios of dissolved to particulate metals of 82, 15, 1.9 and 0.9 for Mn, Zn, Cd and Fe, respectively. Thus, for some trace metals such as Fe, the particulate forms can represent a stock that equals or even exceeds the dissolved one (Boyd and Ellwood, 2010; van der [START_REF] Merwe | The autonomous clean environmental (ACE) sampler: A trace-metal clean seawater sampler suitable for open-ocean time-series applications[END_REF] and therefore might represent an important potential resource for microbes. This raises the question of the bioavailability of particulate trace metals.

This question has thus far been less studied compared to the bioavailability of the dissolved pool. It is not straightforward to address because the nature and the origin of the particles present in the ocean are extremely diverse and variable. Marine particles can be divided by their origin. Particles can derive from lithogenic external sources such as those resulting from atmospheric deposition, from delivery by rivers, glaciers and hydrothermal vents, and sediment re-suspension (Blain and Tagliabue, 2016). The biological production of particles is an additional important source, and authigenic precipitation can also be a significant source for some trace metals. The suspended particles (SP, operationally defined as the fraction 0.2 < SP < 53 µm) can abiotically or biologically aggregate into larger particles (LP, > 53 µm)

that sink to depth [START_REF] Gardner | Biophysical forcing of particle production and distribution during a spring bloom in the North Atlantic[END_REF][START_REF] Steinberg | Bacterial vs. zooplankton control of sinking particle flux in the ocean's twilight zone[END_REF][START_REF] Armstrong | Settling velocity spectra and the ballast ratio hypothesis[END_REF][START_REF] Sigman | The Biological Productivity of the Ocean[END_REF]Herndl and Reinthaler, 2013). During their transfer in the water column both exchange with the dissolved pool, and differential remineralization length of the trace metals contribute to modifying their composition [START_REF] Boyd | Biotic and abiotic retention, recycling and remineralization of metals in the ocean[END_REF]. All these processes lead to the final complex composition of trace metals in marine particles.

Geochemical approaches were proposed to split the trace metal content of particles in different pools with the ultimate goal to relate them to their reactivity or bioavailability. These approaches rely mainly on leaching protocols that sequentially separate different fractions and were recently compared [START_REF] Rauschenberg | Evaluation of approaches to estimate biogenic particulate trace metals in the ocean[END_REF]. These authors recommend using the acetic-acid hydroxylamine leach to estimate the biogenic fraction and the associated labile particulate phases. They suggest that this fraction is likely cycled through biota, an assumption that implies that this fraction or part of it is bioavailable. However, it is important to keep in mind that the so-called refractory fraction that is left after this leaching protocol might also contain phases that are likely bioavailable.

Besides this pure geochemical view of bioavailability, a more biologically oriented approach was proposed which relies on incubations of ambient microbial communities with particles of different origin. Changes in the chemical composition of the media and of the microbial community activity during the incubation can provide some insight into the bioavailability of the particles. For example, the release of Fe-binding ligands coupled with an increase in dFe has been observed when prokaryotes were incubated with particles (Boyd et al., 2010;[START_REF] Velasquez | Ferrioxamine Siderophores Detected amongst Iron Binding Ligands Produced during the Remineralization of Marine Particles[END_REF].

A third perspective to investigate the bioavailability of particles is to look at the metabolic response of the cells in natural environments that are enriched in particles. The expression of microbial Fe transporters was observed in waters close to a hydrothermal plume suggesting a "microbial iron pump", rendering hydrothermal Fe bioavailable through microbial processing (Li et al., 2014). Alternatively, the metabolic profiles of natural microbial communities or strains incubated in different treatments can also be used. While several studies have tackled carbon and nitrogen cycling in marine systems [START_REF] Baker | Community transcriptomic assembly reveals microbes that contribute to deep-sea carbon and nitrogen cycling[END_REF][START_REF] Gifford | Quantitative Transcriptomics Reveals the Growth-and Nutrient-Dependent Response of a Streamlined Marine Methylotroph to Methanol and Naturally Occurring Dissolved Organic Matter[END_REF]Li et al., 2016) and the use of different carbon compounds (Beier et al., 2015;[START_REF] Landa | Bacterial transcriptome remodeling during sequential co-culture with a marine dinoflagellate and diatom[END_REF], to our knowledge this approach has not been used to focus on metal availability.

Finally, another important feature to consider when investigating the bioavailability of trace metals in particles is that they are inhabited by prokaryotes. Prokaryotic activity on marine particles is shown to be elevated in terms of extracellular enzymes and metabolic functioning compared to the free-living community in multiple studies [START_REF] Karner | Extracellular enzymatic activity and secondary production in freeliving and marine-snow-associated bacteria[END_REF][START_REF] Delong | Phylogenetic diversity of aggregate-attached vs. free-living marine bacterial assemblages[END_REF][START_REF] Simon | Microbial ecology of organic aggregates in aquatic ecosystems[END_REF]Azam and Malfatti, 2007;Satinsky et al., 2010;[START_REF] Simon | Metagenomic insights into particles and their associated microbiota in a coastal margin ecosystem[END_REF]. The complex microstructure of marine particles can also influence prokaryotic community composition as observed through 16S rRNA and metagenomic surveys [START_REF] Smith | Contrasting genomic properties of free-living and particle-attached microbial assemblages within a coastal ecosystem[END_REF][START_REF] Ganesh | Metagenomic analysis of sizefractionated picoplankton in a marine oxygen minimum zone[END_REF]. While a clear separation of particle attached and free-living communities has been proposed [START_REF] Delong | Phylogenetic diversity of aggregate-attached vs. free-living marine bacterial assemblages[END_REF], recent studies suggest that processes on particles are more dynamic. The presence of particulate matter enhances heterotrophic productivity and this can be due to multiple factors. Particles are proposed to have plumes as they sink and can therefore be hotspots for prokaryotes that are able to actively sense these [START_REF] Kiørboe | Marine snow, organic solute plumes, and optimal chemosensory behavior of bacteria[END_REF][START_REF] Stocker | Rapid chemotactic response enables marine bacteria to exploit ephemeral microscale nutrient patches[END_REF][START_REF] Stocker | Marine Microbes See a Sea of Gradients[END_REF]. These processes are happening on the microscale and thus the 100 µm length scale has been proposed as it characterizes the chemical, physical and biological processes happening in the surrounding of a prokaryotic cell [START_REF] Stocker | The 100 µm length scale in the microbial ocean[END_REF]. These plumes or spheres itself produce gradients from which not directly attached microorganism can profit.

In the present study we were particularly interested to investigate how important particles are as a source of trace metals to microorganisms in the Southern Ocean. The specific questions of the present study were i) Are marine particles a source of available trace metals for heterotrophic prokaryotes? and ii) How are the particle-derived trace metals used for prokaryotic metabolism?

To address these questions, an experiment was designed to investigate prokaryotes attached to particles (particle -attached, PA), present in the particle-sphere (free-living particlesphere, FLP) and those out of reach of marine particles (free-living control, FLC) (Fig. 1). The three different approaches described above were applied to describe the bioavailability of trace metals with a focus on Fe, the proximate limiting trace element of the Southern Ocean microbial community. The particles were characterized by the geochemical approach, the bulk response of the prokaryotic community was followed during incubations with and without particles, and the messenger RNA of microbial communities at the end of the incubations was sequenced to provide a functional fingerprint of gene expression in the different fractions (PA, FLP and FLC).

Material and methods

The experiment was performed during the Heard Earth-Ocean-Biosphere Interactions Sample handling, collection and processing was performed in accordance with the general GEOTRACES protocols (http://www.geotraces.org/) and specific methodologies outlined in [START_REF] Bowie | Modern sampling and analytical methods for the determination of trace elements in marine particulate material using magnetic sector inductively coupled plasma-mass spectrometry[END_REF]. Briefly, suspended particles for the incubations and the trace metal analysis were collected using paired, acid washed, 142 mm, 0.8 µm Supor filters to obtain a 0.4 µm effective pore size [START_REF] Bishop | Getting good particles: Accurate sampling of particles by large volume in-situ filtration[END_REF]. The pumped volume was 96 L. The top filter was then split into punches of 47 mm diameter each. For the experimental incubations, particles were rinsed off from 2 filter punches with each 20 mL 0. carboys, in the dark in a temperature-controlled incubator at 8°C. All steps of the preparation of the cultures were done under a trace metal clean laminar flow hood (ISO class 5).

During the 12d incubation period, the cultures were subsampled every 2-3 days for prokaryotic heterotrophic abundance and production. Both parameters were determined for the bulk community (unfiltered water from the batch cultures) and in the < 0.8 µm size fraction, the latter considered as free-living community. The difference in prokaryotic heterotrophic production between these fractions was considered as particle-attached. Prior to microbial measurements, subsamples of each culture were filtered through an 0.8 µm polycarbonate filter (25 mm diameter), that was treated with a mild HCl-wash (0.1 N) and several rinses with Milli-Q water. At the end of the experiment, additional samples were taken for the determination of dissolved and particulate organic carbon (DOC and POC), prokaryotic diversity and metatranscriptomics.

Dose addition experiment

To determine whether Fe or organic carbon (C) were the limiting factors for prokaryotic heterotrophic activity in the control incubations, we sacrificed one of the 4 control incubations after 8 days to perform a dose addition experiment. We therefore split the control incubation into the following three treatments: +Fe, +C and an unamended control (Fig. 3; + Iron, + Glucose, Control). Fe was added as FeCl3 (final concentration 1 nM of FeCl3), and C was added as trace-metal clean glucose (final concentration 6 µM of glucose). To eliminate trace metal contamination, the working solution of glucose was passed over a Chelex 100 ion exchange resin (Bio-rad, 200-400 mesh). Triplicate incubations (250 mL each) were done for the Fe-and C-amended treatments. Because of the high reproducibility in prokaryotic heterotrophic abundance and production in the cultures without particles over the 8 days of incubation, a single incubation bottle served as control for the dose addition experiment. The incubations were done in the dark in the same temperature-controlled incubator as the particle-incubation experiments. For subsampling, incubation bottles were opened under a laminar flow hood (ISO class 5). Prokaryotic abundance and production were determined after 1 and 3 days of incubation.

Particulate organic carbon concentrations

In situ suspended particles for elemental CHN analysis were collected using precombusted (450° C for 12 h) quartz micro-fibre (QMA, Sartorius) filters with a nominal 1 µm pore size. 16 mm subsamples were taken from the 142mm QMA filters and frozen until analysis at -20° C. Total carbon, nitrogen and hydrogen were determined using a Thermo Finnigan EA 1112 Series Flash Elemental Analyzer (estimated precision ~ 1%). In the cultures, subsamples (500 mL) for particulate organic carbon analyses were collected on pre-combusted GF/F filters (25 mm diameter). Samples were analysed with a Carlo Erba Instruments EA1108 elemental analyser using an acetanilide standard as reference.

Enumeration of heterotrophic prokaryotes and determination of particle size distribution

Heterotrophic prokaryotic abundance of the bulk community and in the < 0.8 µm fraction were enumerated by flow cytometry. Subsamples (1.8 mL) were fixed with glutaraldehyde (1% final concentration), incubated for 30min at 4°C and stored at -80°C until analyses on a BD FACS Canto [START_REF] Marie | Flow Cytometry Analysis of Marine Picoplankton[END_REF] equipped with an air-cooled laser, providing 15mW at 488 nm with the standard filter set-up. Heterotrophic prokaryotes were stained with SYBRGreen I, and determined by flow cytometry as described in detail in (Obernosterer et al., 2008). For microscopic observations of the particles and the enumeration of particle-attached cells, the 0.8 µm polycarbonate filters that served for the size-fractionation (see Experimental design) were placed on pads (Millipore) soaked with 5% PFA overnight at 4°C. The filters were then rinsed with 0.2 µm filtered Milli-Q water, dried and stored in petri dishes at -20°C. Back in the home lab, each filter was split into about 6 pieces, and stained with DAPI for microscopic observations using an Olympus AX70 epifluorescence microscope equipped with an image analyses system as described in Cottrell and Kirchman (Cottrell and Kirchman, 2000). For each observation, two images were acquired using excitation with white and blue light. The images were then processed with the software image J. The blue image was used to count by eye the cells attached to the different particles. The white image was split into the three channels (Green, Blue and Red). The red one presented the best characteristics (brightness, contrast) for the determination of the surface of the particles. The particles were contoured and the surface determined after calibration of the pixel size. For each replicate, at least 100 particles were observed on different randomly selected parts of the filter. For each particle, the surface and the number of attached prokaryotic cells was recorded to estimate the size distribution of the particles and the cell areal abundance.

Prokaryotic heterotrophic production

Prokaryotic production was estimated by [ 3 H]leucine incorporation applying the centrifugation method [START_REF] Smith | A simple, economical method for measuring bacterial protein synthesis rates in sea water using 3H -Leucine[END_REF]. Briefly, 1.5-mL samples were incubated with a mixture of [3,4,5-3 H(N)] leucine (Perkin Elmer, 123.8 Ci mmol -1 ; 7 nM final concentration)

and nonradioactive leucine (13 nM final concentration). Controls were fixed with trichloroacetic acid (TCA; Sigma) at a final concentration of 5%. Samples were incubated for 2-3h in the dark. Incubations were terminated with TCA (5% final concentration). The radioactivity incorporated into prokaryotic cells was measured aboard in a HIDEX 300 SL liquid scintillation counter.

Sampling for prokaryotic diversity and metatranscriptomics

At the end of the incubation, 500 mL of each replicate culture were sequentially filtered on 0.8 µm and 0.2 µm polycarbonate filters, and both filters were stored at -80°C until further diversity and metatranscriptomic analysis. The cells extracted from the 0.8 µm filters were considered as particle-attached (PA). The cells extracted from the 0.2 µm filters of the same incubation were considered as free-living in the presence of particles (FLP). The cells extracted from the 0.2 µm filters of the incubations without particles were considered as free-living control (FLC). The cells extracted from the 0.2 µm filters obtained from the cultures from which particles were removed after 7.7 days of incubation were also considered as free-living controls.

This treatment is referred to as FLC-P in Fig. 8 and in Suppl. Table 1 and2. In order to calculate the concentration of mRNA standard that needed to be added, two control samples (FLC) were used for trial extractions. Therefore, the control triplicates consisted of one FLC and two FLC-P samples (Fig. 8 and Suppl. Table 2). In total 9 samples (PA, FLP and FLC each in triplicates)

were sequenced for metatranscriptomics.

Nucleic acid extraction

In order to enhance efficiency prior to extraction, each filter (Whatman 47 mm) was cut into smaller pieces of several millimetres on a sterile petri dish with a sterile razor blade. The pieces were transferred back to the Eppendorf tube (2 ml) where lysis buffer (ZYMO research) was added immediately. DNA from all experiment samples (n = 14) was extracted using a ZR Fungal/Bacterial DNA MiniPrepTM Kit (ZYMO research) following the manufacturer's guidelines with the addition of a 45 min lysozyme digestion at 37°C and a 1 h Proteinase K digestion (20 mg ml -1 final concentration) at 55°C.

Amplicon sequencing

DNA was amplified and pooled as described in Parada et al. (2016) 

RNA Extraction with customized standards

RNA was extracted according to the protocol of [START_REF] Roey | Total Nucleic Acid Extraction from Soil[END_REF] with the following modifications for the use of filters. Tubes containing the filters (48 mm filters, 2ml Eppendorf tubes) were submerged in liquid nitrogen and ground into small pieces with a metal spatula.

Phosphate buffer (750 µL, 120 mM, pH 5.5) and 250 µL TNS buffer (500 mM Tris base, 100 mM NaCl, 10% SDS) and internal standards (described below) were added to the filter pieces, and cells were lysed with 5x freeze and thaw cycles. After centrifuging at 20 000 x g at 4°C for 3 min, the supernatant was added to a fresh tube and one volume of TE saturated phenol (pH 5.5) was added. RNA was purified using standard phenol/chloroform/isoamyl alcohol and chloroform/isoamyl alcohol purification, and the supernatant was transferred to non-stick RNase-free microfuge tubes (Eppendorf). Nucleic acids were precipitated with 30% polyethylene glycol (PEG) in 1.6 M NaCl and 2 µL glycogen (Thermo Scientific), washed once with ice-cold 75% EtOH and resuspended in low TE buffer. DNA was digested with TURBO DNase (Ambion) and purified using the RNeasy MinElute Cleanup Kit (Qiagen). Complete DNA removal was validated via PCR amplification of 30 cycles and quality of RNA was checked with Bioanalyzer RNA chip profiles (Agilent Technologies, Santa Clara, CA, USA).

Ribo-Zero Gold rRNA Removal Kit (Epidemiology) was used to remove cytoplasmic and mitochondrial ribosomal RNA and sequencing was performed in pair-end using HiSeq (3000/4000) Illumina 2 × 150 bp chemistry on one full lane by Fasteris SA.

Internal standard addition

Prior to the lysis step of the extraction, known copy numbers of two artificial internal mRNA (MTST5 = 3.70 x 108 molecules; MTST6 = 3.72 x 108 molecules) standards ~ 1000 nt in length were added to each sample individually (Satinsky et al., 2013); and dx.doi.org/10.17504/protocols.io.ffwbjpe). Standards were synthesized using custom templates that were transcribed in vitro to RNA (Satinsky et al., 2013).

Amplicon analysis

The analysis of the raw sequences was done by following the standard pipeline of the DADA2 package (Callahan et al. 2016; https://benjjneb.github.io/dada2/index.html, version 1.6) in 'R' (R Core Team (2019), https://www.R-project.org/) with the following parameters: trimLeft = c(19, 20), maxN = 0, maxEE = c(2, 5), truncQ = 2. Briefly, the package includes the following steps: filtering, dereplication, sample inference, chimera identification, and merging of paired-end reads. DADA2 infers exact amplicon sequence variants (ASVs) from sequencing data, instead of building operational taxonomic units from sequence similarity. In total, from 14 samples we obtained an average of 23,000 reads per sample (Supplementary Table 1). The 

Metatranscriptome read processing, assembly and annotation

Nine metatranscriptome shotgun libraries were prepared using a strand-specific protocol and sequenced on the Illumina's HiSeq 3000/4000 system (Fasteris SA, Inc.

). An initial round of read processing was provided by the company, using trimmomatic (Bolger et al., 2014), an integrated quality-control tool for high-throughput Illumina NGS data (Fig. 4). The standard Illumina adapters and low-quality bases were removed with the following parameters "2:30:10 SLIDINGWINDOW:4:5", and reads for which no insert was found or ambiguities were also dropped, resulting in 91.84 -97.12% of 2×150 bp paired-end reads (Supplementary Table 2). Further, we performed another round of quality control and refinement with Trim Galore v0.5.0 (https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) for automatic detection and removal of overrepresented adapters, using a phred score of 20 and a length cutoff of 50 bp. To focus on protein-coding RNAs, we computationally eliminated ribosomal RNA and internal standards-derived reads using SortMeRNA v 2.1b [START_REF] Kopylova | SortMeRNA: fast and accurate filtering of ribosomal RNAs in metatranscriptomic data[END_REF]. A BLASTN homology search against a custom database (Altschul et al., 1990), which consists of representative prokaryotic rRNAs and tRNAs from NCBI RefSeq along with the template sequences of internal standards, was also implemented using a bit score cut-off of 50 as suggested in previous studies (Satinsky et al., 2013).

Given that similar starting communities were observed among samples according to amplicon sequencing data (Supplementary Fig. 4), all reads from the 3 samples (9 triplicates)

were pooled together and used for co-assembly in MegaHit v1.2.7 (Li et al., 2015) with default parameters. The assembly yielded 819,328 contigs with an N50 of 577 bp. Contigs shorter than 300 bp were discarded from further analysis, and 732,369 contigs were retained. Genes were predicted using Prodigal v2.6.3 (Hyatt et al., 2010). The resulted proteins with more than 100 aa were taxonomically annotated by DIAMOND BLASTP against nr database (January 2019)

with options "--more-sensitive -f 100 -k 1 -p 10" (Buchfink et al., 2015), and functionally annotated using eggNOG 5.0 (Huerta-Cepas et al., 2016, 2019) and GhostKOALA (Kanehisa and Goto, 2000;[START_REF] Kanehisa | BlastKOALA and GhostKOALA: KEGG Tools for Functional Characterization of Genome and Metagenome Sequences[END_REF] with default parameters. The taxonomic affiliation of each protein was inferred based on its top hit with the aid of MEGAN6 (Huson et al., 2007). A total of 420,218 prokaryotic protein sequences (66% of all, 9% eukaryotic and 15% unassigned) were finally retrieved, among which 65 % could be assigned to KEGG orthologous groups (KO) (Kanehisa, Sato, Kawashima, et al., 2016).

Cell specific calculation with internal standards

Total transcripts per sample (500 ml) were calculated by multiplying protein encoding reads of the transcriptome library with the number of molecules of the internal standard added to the samples; this value was then divided by the recovered reads of the internal standard in the sequence library (Satinsky et al., 2013). Total transcripts per samples were then divided by the number of total cells per sample to obtain an estimate for transcripts per cell.

DESeq2 normalization with internal standards

We have used the Likelihood Ratio Test (LRT) as implemented in the DESeq2 software (Love et al., 2014) to screen each gene for significant changes in transcription activity of the particle-attached (PA) treatment against free-living particle-sphere (FLP) and free-living control (FLC) as well as the FLP treatment against FLC (fitType: local). After adjusting for multiple testing, the P-value padj < 0.05 was used as threshold to identify genes with significant changes in transcription activity. The raw count data were normalized based on the count data of the internal standards by applying the controlGenes option of the DESeq2 software to statistically test the dynamics of absolute transcriptional activity. A further normalization step was performed in order to account for differences in the average feature length of each gene in each sample using the normMatrix option. Genes with a total count of less than 50 were eliminated. This was done by KEGG Ids and they were normalized by length of genes and retrieved standard reads.

Metal co-factor analysis

KEGG Ids of co-factor related enzymes were retrieved from the enzyme by cofactor function on the bioinformatics resource portal ExPASy (https://enzyme.expasy.org/enzymebycofactor.html). Co-factors were retrieved for Co 2+ , Cob(II)alamin, cobalt cation, Cu cation, Cu 2+ , Fe cation, Fe 2+ , Fe 3+ , Ferriheme b, Iron-sulphur, Mn 2+ , Ni 2+ , Zn 2+ .

Results

Particle characterization

The in situ POC concentration at 100 m depth, as determined from the material collected with the ISP, was 6.17 µM. A similar POC concentration was determined in the control cultures at the end of the experiment (5.5 ± 1.7 µM; mean ± SD of duplicate cultures). By contrast, POC concentrations in the three replicate particle-amended cultures were substantially higher and more variable, amounting to 22.3, 48.0 and 76.4 µM. In the cultures filtered through 0.8 µm after 7.7 days, the POC concentration was 10.4 ± 3.9 µM (mean ± SD of duplicate cultures) at the end of the incubation.

We used microscopic observations to characterize the particle size spectrum in the range 25 -1000 µm for one of the treatments (Figure 5; Suppl. Fig. 1). Small particles (25 -150 µm)

accounted for roughly 55% of total particle surface, while each of the considered larger size classes accounted for < 10% to the total particle surface. The particle size spectra were similar at the start and at the end of the incubations. The abundance of cells increased with particle size, ranging from less than 10 cells per particle in the size range 25-50 µm to an average of about 30 cells on the largest particles (500-1000 µm). Prokaryotic cell abundance normalized to particle surface revealed no preferential colonization of a given size class. The number of cells per surface unit remained stable over the course of the experiment, indicating that the particles were already colonized prior to collection and that there was no further colonization of particles during the 12-d incubation period. Based on the total particle surface area and the prokaryotic cell abundance per surface unit, we estimated 0.6 x 10 5 cells mL -1 to be attached to particles at the end of the experiment. 

Prokaryotic abundance and heterotrophic production

Prokaryotic abundance, as determined by flow cytometry, in the < 0.8 µm size fraction, referred to as free-living, accounted for 96 ± 5% (n = 22) and 92 ± 5% (n = 30) of the abundance in the unfiltered seawater in the control-and the particle-amended treatments, respectively. The slightly higher abundances in the unfiltered seawater as compared to the < 0.8 µm fraction in the particle-amended treatments are likely a combined effect of the detachment of cells from particles during the manipulation of the samples prior to flow cytometric analysis and the retention of cells larger than the filter pore size used. Because we added prokaryotic cells concurrently with particles, the abundance of free-living prokaryotes in the particle-amended treatments were 3.6 -fold higher than in the control treatment at the start of the experiment. The abundance of free-living prokaryotes remained higher in the presence of particles throughout the experimental period (Fig. 6A).

Figure 6. Abundance (A) and cell-specific production (B) of free-living prokaryotes over the 12-day incubation period. Mean±SD of biological replicates are given. White circles: FLP, Black circles FLC, Grey Circles FLC-P. Asterisk denote significant difference between FLP and FLC (B).

Despite the variability in the concentration of particulate organic carbon in the particleamended incubations, the abundance of free-living cells was similar in the three replicate incubations. At the final time point, free-living prokaryotes amounted to 6.02 ± 0.7 x 10 5 cells mL -1 . This corresponds to about 10 times the abundance of particle-attached prokaryotes as determined in one of the replicates of the respective treatment.

Particle-attached prokaryotes revealed highly active over the course of the experiment (Suppl. Fig. 2). Particle-associated prokaryotic heterotrophic production ranged between 660 and 981 pmol leucine L -1 d -1 during the first 6 days of incubation and decreased to values ranging between 265 and 556 pmol leucine L -1 d -1 during the last 4 days of incubation. Based on the number of attached cells determined in one of the replicate bottles of the respective treatment, we calculated the cell-specific production for attached cells to be 11.0 and 4.4 amol leucine cell -1 d -1 at the initial and the final time points, respectively. After 7.7 days of the experiment, particles were filtered out in two of the five replicates. In these incubations, the particle-attached prokaryotic production dropped to values below 150 pmol leucine L -1 d -1 . In the control treatment, prokaryotic production in the particle-associated size fraction (> 0.8 µm)

was undetectable. Bulk prokaryotic production remained below 73 pmol leucine L -1 d -1 during the experimental period in the control treatments.

Prokaryotic production of free-living cells was normalized to abundance, because of the higher cell abundances in the particle-amended treatments as compared to the control. In the presence of particles, prokaryotic production of free-living cells can be distinguished in two phases. During the first phase, cell-specific production rapidly decreased from 2.0 to 0.39 amol leucine cell -1 d -1 (Fig. 6B). The higher cell-specific activity at the start of the experiment is likely due to the presence of active prokaryotes detached from particles, and an increased availability of inorganic elements, such as Fe, and organic carbon released from the particles by abiotic leaching processes. At the end of phase 1 (day 4), cell-specific activity in the particleamended treatments equalled those in the control treatments. During the second phase of the experiment, a consistently higher prokaryotic cell-specific activity could be observed in the presence of particles (0.50 ± 0.06 amol leucine cell -1 d -1 , n = 4) as compared to the control (0.30 ± 0.08 amol leucine cell -1 d -1 , n = 3). In the incubations where particles were filtered out after 7.7 days, cell-specific production of free-living bacteria was 0.38 ± 0.14 amol leucine cell -1 d - 1 , n = 3). Cell-specific production was 6-and 14-times higher for particle-attached than for the free-living prokaryotes at the initial and final time points, respectively.

Dose addition experiment

To determine the growth limiting factor of the free-living prokaryotic community in the absence of particles, we followed prokaryotic production and abundance over 3 days in incubations amended either with Fe or C. Both Fe and C individually stimulated prokaryotic heterotrophic production with a more pronounced effect of C than Fe (Fig. 7). The addition of solely Fe lead to a significant increase in production after 3 days (p < 0.001, ANOVA and post hoc Tukey), while C stimulated production after 1 day (p < 0.02) and 3 days (p < 0.001) (Fig. 7). By contrast, significant increases in prokaryotic abundance were only observed in the Camended treatment after 3 days (p < 0.05). 

Prokaryotic community composition

Observations of 16S rRNA sequences on the order level revealed treatment specific differences in prokaryotic community composition. Flavobacteriales showed highest contribution in all treatments peaking in FLP (35%; Fig. 8).

Other alphaproteobacterial groups with dominant contribution in the treatments were Rhodobacterales, the SAR11 clade, Sphingomonadales, followed by gammaproteobacterial groups Oceanospirillales, Cellvibrionales, Thiotrichales. Members of Betaproteobacteria of the order Methylophilaceae and deltaproteobacteria of Bdellovibionales were also among the highest relative abundances in all treatments. FLP and FLC were especially different in the relative contribution of the SAR11 clade compared to PA which was higher in FLP (11%) and FLC (13%) as compared to PA (2%), and Alteromonadales which was lower in FLP (1 %) compared to PA (9%). On the phylum level, the taxonomic affiliation of the assembly mirrored amplicon 16S rRNA community composition (Fig. 9., Suppl. Fig. 4).

Figure 9. Broad taxonomic affiliation of samples based on 16S rRNA genes and the assembled metatranscriptome. Samples chosen for RNA sequencing are highlighted by black dots. FLP-free-living prokaryotes in the presence of particles; FLC-free-living prokaryotes in the control (no particles added); PA -particle-attached prokaryotes; FLC-P -freeliving prokaryotes in the treatment from which particles were removed after 7.7 d of incubation The highest transcript counts, corrected for cell abundance, were determined for the iron complex outer membrane receptor protein, for both PA and FLP. Flagellin (K02406) and the outer membrane protein OmpU (K08720) had also among the highest transcript counts in PA and FLP, respectively (Fig. 11, Suppl. Fig. 6, Suppl. Table of DESeq2 results provided as pdf).

In the following, trace-metal related transcripts were investigated in more detail, including trace metal transporters and siderophore biosynthesis genes, genes implicated in the Fe-S cluster assembly, Fur transcriptional regulators and iron homeostasis, oxidative phosphorylation and trace metal co-factors. Other transcripts of interest, such as genes involved in the twocomponent regulatory system, transporters of organic compounds, genes implicated in the nitrogen metabolism and vitamin B biosynthesis were additionally considered. In an attempt to describe the underlying prokaryotic diversity for specific transcripts of interest, taxonomic affiliation was retrieved by aligning all sequences by a KEGG-Id to the non-redundant protein database of NCBI.

Trace metal transporter and siderophore synthesis

A total of 1780 protein families under KEGG Brite ID 02000 (Transporters) were retrieved and matched with the differentially expressed transcripts. From the resulting 610 transporters, all trace metal transporters (Fe, Zn, Mn, Ni, Cu, Co, W, Mo) were extracted (Fig. 11). In addition, KEGG Ids from the pathway 01055 corresponding to the biosynthesis of siderophore group non-ribosomal peptides were retrieved, and 15 out of a total of 30 enzymes matched with the DESeq2 results.

Figure 11. Log2 Fold changes for differentially expressed transcripts. Positive values indicate higher expression in PA than in FLP (orange circles) and in FLP than in FLC (blue circles). Negative values indicate lower expression in the respective comparisons.

Most siderophore synthesis transcripts were higher expressed in PA compared to FLP and in FLP to FLC (Log2 fold change 2.7 to 4.4, Suppl. Fig. 6 &7). By contrast, siderophore transporters such as TonB receptors were mostly higher expressed in FLP vs PA (Log2 fold change -1.8 to -3.3, K02014, K16089, 19611). One siderophore exporter (enterobactin) was found highly expressed in PA compared to FLP (Log2 fold change 1.9, K08225) (Fig. 11).

Most ABC transporter complexes for multiple trace metals were higher expressed in FLP vs FLC (Log2 fold change 2.8 to 5.9), while most of them were not different between PA and FLP (Fig. 11, Supplementary Fig. 8). An exception was the iron-chelate transporting ATPase K11326 with a Log2 fold change of 1.4 for PA to FLP, and this transporter was highly expressed in FLP to FLC (Log2 fold change 5). The structural complex of the iron (III) transport system was expressed with a Log2 fold change of 4 to 4.7 in FLP to FLC. ACB transporters for manganese/iron (K11604, K11606, K11605), molybdate (K05776) and zinc (K09816) showed lower expression in PA compared to FLP (Log2 fold change -1.2 to -2.1). By contrast, several ABC transporters for copper, molybdate/tungstate and zinc/manganese were differentially expressed in PA to FLP and FLC (Log2 fold change 2.8 -5.9, K19340, K15497, K02077, K02074).

Several high affinity trace metal permeases and porins were higher expressed in FLP compared to PA (Log2 fold change -1.6 to -7.7, K08720, K07241, K07230). One of the most pronounced changes was observed for the vacuolar erythrin iron transport, which was highly expressed in FLP to PA (Log2 fold change -9.2) and FLP to FLC (Log2 fold change 3.4, K22737). Copper and cobalt-zink-cadmium resistance proteins were higher expressed in FLP to FLC (Log2 fold change 3.1 to 4, K15726, K08344, K07245) as well as partially in FLP to PA (Log2 fold change -1.9, K07156). The same could be observed for efflux systems proteins for cobalt-zink-cadmium, ferrous iron, nickel and cobalt which were higher expressed in FLP over FLC (Log2 fold change 2.8 to 6, K16264, K15727, K15725, K13283, K11326) while a cobalt/gold efflux system was higher expressed in PA to FLP (Log2 fold change 3.4, K19595).

Intracellular regulation

All of the observed Ferric uptake regulator (Fur) transcripts showed high differential expression in FLP to FLC, but there was no difference observed in PA to FLP (Fig. 12). This indicates the enhanced regulation of intracellular Fe concentrations in PA and FLP, as compared to FLC. Members of the Fur family are also involved in homeostasis of other ions.

In our dataset we found higher expression of transcripts related to the homeostasis of zinc (Zur), iron or nickel (Nur) or manganese (Mur), and peroxide (PerR, occurring in zinc/iron and zinc/manganese forms) in PA and FLP (Supplementary DESeq2 table). Iron homeostasis transcripts such as for ferritin, bacterioferritin and dps were upregulated in PA and FLP compared to FLC (K02217, K03594, K04047, Log2 fold change: 5.3, 4.1, 3.4; Suppl. Fig. 9) and ferritin and dps were also upregulated in PA compared to FLP with Log2 fold change of 1.5 and 1.3, respectively (Fig. 12). Iron being an essential cofactor for respiration, we investigated transcripts necessary for the assembly of Fe-S clusters which require specific biosynthetic pathways (Fig. 13). The cysteine desulfurase enzyme (Suf) which is required to liberate sulphur atoms from free cysteine to be used in cluster assembly and a corresponding transcriptional regulator were highly expressed in FLP compared to FLC (Fig. 13, Log2 fold change 3.7 -4.3, 3.2 -4.6, SufE, SufS, iscS). For the Fe-S cluster assembly all other necessary transcripts were higher expressed in PA and FLP compared to FLC (Log2 fold change 2.7 -4.7 SufA, SufC, SufD, SufB). 

Oxidative phosphorylation

The respiratory chain consists of 5 complexes that contain one or more Fe atoms as well as Cu cofactors. The majority of the genes involved in the oxidative phosphorylation, a key pathway for ATP production, were higher expressed in FLP than FLC (Fig. 14, Suppl. Figure 10). Especially in complex II all types of succinate dehydrogenase/fumarate reductase have been found over expressed in FLP and PA compared to FLC (SdhC, SdhD, SdhA, SdhB). By contrast, only a few of these genes were differentially expressed between FLP and PA (Fig. 14).

Figure 14. Log2 Fold changes for differentially expressed transcripts in the 5 complexes of the respiratory chain. Positive values indicate higher expression in PA than in FLP (orange circles) and in FLP than in FLC (blue circles). Negative values indicate lower expression in the respective comparisons.

Metal co-factors

Trace metal co-factors identified by KEGG-Id were retrieved from ExpaZy and when analysed with differential expression, resulted in 233 Fe co-factor enzymes, 93 Zn, 78 Mn, 25

Co, 24 Cu and 13 Ni. Of the 233 Fe enzymes the majority were Fe-S clusters followed by Fe 2+

and Fe 3+ co-factors. Detailed analysis of zinc co-factor enzymes revealed multiple metalloproteinases to be highly expressed in PA compared to FLP as well as FL to FLC (Suppl.

Fig. 11).

Figure 15. Log2 Fold changes for differentially expressed transcripts. Positive values indicate higher expression in PA than in FLP (orange circles) and in FLP than in FLC (blue circles). Negative values indicate lower expression in the respective comparisons.

All thiamine transporters were highly expressed in FLP to FLC (K02064 Log2 fold change 3.3, K15598 Log2 fold change 3.8, K02062 Log2 fold change 4.5) and the permease protein was higher expressed in FLP to PA (K02063, Log2 fold change -2.5) (Suppl. Fig. 8 & 14). The biotin ATP transporter (K16784) was differentially expressed in FLP and PA to FLC while the biotin permease was only expressed in FLP.

Nitrogen metabolism

Cu and Fe co-factor analysis revealed proteins present in nitrogen metabolism expressed in different treatments. Several Cu containing nitrite reductases (e.g. K02567, K03385) were found expressed in FLP compared to FLC while nitrogenase transcripts which are Fe-S clusters were found higher expressed in PA (Suppl. Fig 15 & 16). As nitrogen fixation is known to be oxygen sensitive this might indicate anoxic zones in the particles. Nitrate/nitrite transporters were found to be expressed in FLP and PA compared to FLC, however no transporters for ammonium were differentially expressed. Taken together this means that the energy for nitrogen cycling was available to PA and FLP prokaryotes.

Discussion

Iron and other trace metals control the biological activity in large parts of the ocean. While chemical analyses and an unprecedented international effort for sampling (GEOTRACE program) have provided a detailed picture of the concentration of a range of metals across ocean provinces [START_REF] Schlitzer | The GEOTRACES Intermediate Data Product 2017[END_REF], understanding the bioavailability of different chemical forms and size fractions of trace metals remains a major challenge. Through gene expression, we observed in the present study that particles collected in the upper water column of the Southern ocean are a highly available source of Fe and other bioactive trace metals (Cu, Ni, Co, Zn, Mo, W) to heterotrophic prokaryotes, stimulating the metabolic activity of cells attached to or in the sphere of particles. For Fe, the limiting factor of primary production, we were able to identify different mechanisms of Fe acquisition and describe how this element affects major metabolic cellular functions. Our study provides a new perspective of particulate Fe availability with implications for other trace metals or nutrients in the Southern Ocean.

Bioavailability of Fe

For a better understanding of the availability of trace metals to microbes, geochemical and biological approaches are used. For the characterization of the particles of the present study, the leaching protocol revealed that the trace metal content was dominated by the refractory fraction with a labile fraction of particulate Fe of roughly 10% (van der [START_REF] Merwe | The autonomous clean environmental (ACE) sampler: A trace-metal clean seawater sampler suitable for open-ocean time-series applications[END_REF].

However, this particulate labile Fe fraction was substantially higher than the dFe inventory at our study site (van der [START_REF] Merwe | The autonomous clean environmental (ACE) sampler: A trace-metal clean seawater sampler suitable for open-ocean time-series applications[END_REF], suggesting particles are an important potential source of Fe.

A biological approach to determine Fe bioavailability was proposed based on uptake rates by phototrophic microbes (Lis et al., 2015). This has led to the definition of a 'bioavailability envelope', ranging from highly bioavailable Fe, corresponding to the pool Fe', to strongly chelated Fe (i.e. by the terrestrial siderophore DFOB) at the lower limit. This concept suggests that the expression of genes coding for different transport pathways of Fe into the cell are candidates to study Fe bioavailability and/or how Fe is made bioavailable for heterotrophic prokaryotes. The same approach of bioavailability could in principle also be applied to other trace metals. Therefore in order to evaluate whether and how prokaryotes take advantage from the particulate source of metals, we first focused on membrane uptake systems.

Ion transport

High affinity transporters are used by prokaryotes for the uptake of unchelated cationic or anionic forms of metals. In the present study, we observed a higher expression of ABC transporters in cells attached to or in the vicinity of particles as compared to the control for the seven essential metals with well-known biological function in prokaryotes. Cationic transporters were found for Co, Cu, Fe, Mn, Ni and Zn whereas one anionic transporter was present for Mo in the form of molybdate. Additionally, an anionic transporter was also found for W, a metal with a similar biological function as Mo. All these metals, with the exception of W, which was not analysed in our study, were abundant in the particles (data not shown). Our observations suggest that significant amounts of these metal ions were produced in the particles or more likely at the interface between the particles and the ambient seawater. Although our data clearly show that an additional ionic pool of these metals exist and is actively used by the prokaryotic community when particles are present, we are not able to infer its exact origin. The inorganic ions could result from either thermodynamically or biologically mediated dissolution of the particles. However, the similar expression pattern of the ABC transporters suggest that this pool is accessible in a same way for prokaryotes attached to particles and present in the particle sphere. This is easily conceivable, as in our experiment the rapid dispersion of small ionic species was favoured by mild but continuous mixing during the incubation. In the environment, the sphere affected by the ionic pool will be controlled by the diffusion of the different ions. Interestingly, ABC transporters for Fe(II) and Fe (III) were both found differentially expressed for particle-attached and cells in the particle-sphere. Our results suggest that both redox forms are significant sources of bioavailable Fe. Fe(II) is usually present at vanishing concentrations in oxygenated open ocean seawater and does not constitute a significant source of Fe for microbes [START_REF] Croot | The Importance of Kinetics and Redox in the Biogeochemical Cycling of Iron in the Surface Ocean[END_REF]. Metagenomic analysis (Hopkinson and Barbeau, 2012;Toulza et al., 2012) provided evidence that in the open ocean Fe(III) prevails over Fe(II) uptake, the opposite pattern being observed in coastal environments (Toulza et al., 2012). Our results show that the presence of particles modify this view and that significant amounts of Fe(II) are accessible. Fe(II) is likely produced in anoxic microenvironments that are present in particles [START_REF] Ploug | Anoxic aggregates -an ephemeral phenomenon in the pelagic environment?[END_REF][START_REF] Ploug | Small-scale oxygen fluxes and remineralization in sinking aggregates[END_REF][START_REF] Grossart | Bacterial Colonization of Particles: Growth and Interactions[END_REF][START_REF] Ploug | Oxygen diffusion limitation and ammonium production within sinking diatom aggregates under hypoxic and anoxic conditions[END_REF] and is rapidly utilised by prokaryotes before oxidation. The fraction of Fe(II) that did not escape oxidation in our study likely contributed to build up of the Fe(III) pool that is also available for prokaryotes as shown by the expression of Fe(III) transporters.

Additional interesting information can also be derived from the taxonomic assignation of the prokaryotes that express genes for metal ion uptake pathways. Based on KEGG annotation we identified the taxa with a high contribution (> 10% to total gene transcripts) to a number of ABC transporters. Rhodobacterales had the highest contribution to the ABC transporters for Fe(III), Fe(II), Zn(II), Mn(II)/Fe(II), both in particle-attached and free-living cells (Fig. 17 & Suppl. Fig. 17). This observation is coherent with previous studies that have identified Rhodobacteracaea (Tang et al., 2012;[START_REF] Debeljak | Microbial iron metabolism as revealed by gene expression profiles in contrasted Southern Ocean regimes[END_REF] and an alphaproteobacterial strain [START_REF] Weaver | Utilization of iron/organic ligand complexes by marine bacterioplankton[END_REF] among the highest contributors to Fe(III) ABC mediated transport.

Figure 17. Examples of ion transporter genes and the relative contribution of taxa for particle attached cells. Mean values ± SD of triplicates are shown (FLP is presented in Supplementary Information).

Siderophore synthesis and transport of Fe

Siderophores are chelating substances and high-affinity Fe carriers, and siderophore uptake is a well-known pathway for Fe acquisition in heterotrophs [START_REF] Neilands | Siderophores: Structure and Function of Microbial Iron Transport Compounds[END_REF][START_REF] Crosa | Iron Transport in Bacteria[END_REF][START_REF] Sandy | Microbial Iron Acquisition: Marine and Terrestrial Siderophores[END_REF]Cornelis and Andrews, 2010;Hider and Kong, 2010). In the marine environment a few siderophores were characterized on a molecular level as compared to terrestrial siderophores [START_REF] Butler | Iron(III)-siderophore coordination chemistry: Reactivity of marine siderophores[END_REF]. The siderophore synthesis genes that could be identified in our study were highly expressed in the presence of particles (PA and FLP)

as compared to the control, indicating this mechanism is utilised to render a fraction of the particulate Fe bioavailable. Siderophore synthesis was observed to be enhanced both, under Fe limited conditions in the ocean [START_REF] Völker | Physical limits on iron uptake mediated by siderophores or surface reductases[END_REF]Cornelis and Andrews, 2010;Boiteau et al., 2016), and upon pulsed Fe additions in an experimental study [START_REF] Sijerčić | Hydroxamate siderophore secretion by Pseudoalteromonas haloplanktis during steady-state and transient growth under iron limitation[END_REF]. Because siderophore synthesis is a costly cellular undertaking as energy needs to be derived from the proton motive force of the inner membrane [START_REF] Völker | Physical limits on iron uptake mediated by siderophores or surface reductases[END_REF][START_REF] Donat | Metal Import through Microbial Membranes[END_REF][START_REF] Wiener | TonB-dependent outer membrane transport: going for Baroque?[END_REF]Noinaj et al., 2010), the availability of organic carbon could be an additional regulating factor. In the present study, siderophore synthesis genes were among the few Fe-related pathways that were higher expressed by cells attached to particles as compared to cells in the particle-sphere. The particles we used provided access not only to Fe, but also to labile organic carbon. The high gene expression together with the enhanced cell-specific prokaryotic production rates suggests that particles present a hotspot for the biosynthesis of siderophores.

How accessible are these siderophores to cells in the particle-sphere? The link between the biosynthesis of the large variety of siderophores [START_REF] Sandy | Microbial Iron Acquisition: Marine and Terrestrial Siderophores[END_REF] and their respective utilization by diverse prokaryotes is not well understood. The production of siderophores by a cell does not guarantee scavenging of Fe bound to the same compound [START_REF] Hopkinson | The role of siderophores in iron acquisition by photosynthetic marine microorganisms[END_REF]. As a consequence, cells producing siderophores could potentially be wasting energy, while others that do not possess pathways of production can take advantage (Boiteau et al., 2016). A different scenario could be that siderophore production is a strategy to capture Fe while preventing uptake by competitors that lack these acquisition pathways (Boiteau et al., 2016). We observed that most of the identified transcripts for TonB receptors required for siderophore uptake were higher expressed by free-living cells in the particle-sphere than by attached cells. These results could indicate the transfer of Fe bound to siderophores, produced by attached cells, to the particle sphere.

To address the question of who the siderophore producers are and which taxa utilize siderophore-bound Fe we identified the taxa contributing to siderophore synthesis and TonB receptors required for their uptake (Fig. 18 & 19). Taking as an example the four siderophores Enterobactin, Yersiniabactin, Myobactin and Pyochelin, our analysis shows that these are each produced by a distinct assemblage of taxa, independent of whether they are particle-attached or free-living. Synthesis of Myobactin and Pyochelin were dominated by 3-4 taxa, while a larger range of taxa contributed to the synthesis of Enterobactin and Yersiniabactin. This illustrates variability in the specificity of siderophore producing prokaryotes (Fig. 18 & Suppl. Fig. 18). Our taxonomic analysis of the TonB transcripts allowed us to identify, among the four siderophores described above, only the taxa contributing to enterobactin uptake (Fig. 19 & Suppl. Fig. 19). SAR86 and SAR92 dominated the TonB transcripts for enterobactin, two RyhB was shown to be inversely correlated with proteins known to be positively regulated by Fur [START_REF] Massé | A small RNA regulates the expression of genes involved in iron metabolism in Escherichia coli[END_REF]. These include the two ferritin genes ftnA and bfr, which, in the present dataset were both higher expressed in the presence of particles (Fig 12 & Suppl.

Fig. 9). Three types of Fe storage proteins are described for prokaryotes: the haem-containing bacterioferritins, the haem-free ferritins and the smaller dps proteins (Andrews et al., 2003;Cornelis and Andrews, 2010). In our study, dps and ferritin were higher expressed by cells attached to particles as compared to free-living ones in the particle sphere. This could indicate high Fe concentrations in particle-attached cells that needed to be regulated by homeostasis These results complement those on siderophore uptake (previous section) and are in line with previous observations of some prokaryotic groups in the Kerguelen region. In situ gene expression profiles revealed that Cellvibrionaceae contributed about 15% to the total siderophore uptake transcripts in early spring [START_REF] Debeljak | Microbial iron metabolism as revealed by gene expression profiles in contrasted Southern Ocean regimes[END_REF]. During summer, SAR92

(belonging to Cellvibrionaceae) was identified as a main contributor to bulk leucine incorporation (30% of total leucine-active cells) throughout the upper mixed layer (125m) (Obernosterer et al., 2011), a possible consequence of the competitive utilization of siderophore bound Fe. Using MICRO-CARD-FISH and 55 Fe, CFB and Gammaproteobacteria, in particular SAR86, were shown to be the dominant contributors to total Fe-active prokaryotic cells in early spring (Fourquez et al., 2016). The possible storage of Fe in the form of bacterioferritin, as suggested by the gene expression patterns of the present study, could in part explain the detection of a high number of Fe-active cells belonging to these prokaryotic groups. These previous observations and the present study let us conclude that members of these groups have an important contribution to the Fe-cycle in Southern Ocean waters.

Intracellular utilization of Fe

The function of many proteins depends on the presence of metal cofactors. One of the most ancient and versatile inorganic cofactors in biology are Fe/S clusters [START_REF] Wächtershäuser | Groundworks for an evolutionary biochemistry: the iron-sulphur world[END_REF][START_REF] Ayala-Castro | Fe-S Cluster Assembly Pathways in Bacteria[END_REF]. They range from multiple forms (e.g. 2Fe-2S, 4Fe-4S, 3Fe-4S) and are needed in proteins from varying functions from the electron transfer to regulatory processes. Described assembly structures are broadly divided into 3 categories, the housekeeping cluster assembly (Isc), the cluster assembly under stress conditions (Suf) and those for nitrogen fixation (Nif) [START_REF] Ayala-Castro | Fe-S Cluster Assembly Pathways in Bacteria[END_REF]. The in vivo process of Fe donation to the cluster complex remains poorly understood. The diverse evolutionary spread of these systems has been proposed as a possible biochemical advantage through the specific pathway.

High rates of cluster assembly could support rapid growth of r-strategists and thus be of advantage while for K-strategist a protected and resistant function might be ecologically favoured [START_REF] Ayala-Castro | Fe-S Cluster Assembly Pathways in Bacteria[END_REF]. In the present study, the Fe/S assembly was not differentially expressed between particle-attached and free-living cells, but highly different to the cells in the control treatment. These results could indicate that the Fe quota was reached when particles were present, similar to the Fur threshold. As a consequence, protein assembly was taking place in cells attached to particles or present in the particle-sphere.

Our results illustrate the important role of marine particles as a source of trace metals. In the case of Fe, we have shown that the production of siderophores contributed to transfer a fraction of the particulate form to heterotrophic prokaryotes, active players of the microbial loop. This observation reinforces the idea of the "microbial ferrous wheel" [START_REF] Kirchman | Microbial ferrous wheel[END_REF], highlighting the role of heterotrophic prokaryotes in the ocean Fe cycle. Our gene expression patterns suggest increased prokaryotic siderophore production, Fe uptake and storage on marine particles, indicating that prokaryotes inhabiting this micro-environment are key players in Fe chemical speciation and the associated bioavailability of particulate Fe.

Chapter 2 Supplementary Tables & Figures

Supplementary Table 1 Detailed information on amplicon sequences through the steps of the DADA2 workflow.
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Introduction

The Southern Ocean has been extensively studied as a high-nutrient low-chlorophyll area, primarily limited by the micronutrient iron (Martin et al., 1990a;1990b;Tagliabue et al., 2017).

This limitation constrains microbial growth and results in an inefficient biological pump (Tortell et al., 1996;Sarmiento and Gruber, 2006). In addition, the Southern Ocean exhibits low concentrations of dissolved organic carbon (DOC) (Hansell et al., 2009), primarily due to low productivity which hinders the provision of fresh, labile carbon (Hansell, 2013;[START_REF] Bercovici | Dissolved organic carbon in the deep Southern Ocean: Local versus distant controls[END_REF]. This dual nutritional constraint has been tested in co-limitation experiments (Church et al., 2000;Obernosterer et al., 2015;Baltar et al., 2018).

Although the largest fraction of DOC remains uncharacterized, phytoplankton exudates consist to a considerable extent of labile compounds such as carbohydrates (mono-, and polysaccharides), proteins and amino acids [START_REF] Obernosterer | Phytoplankton extracellular release and bacterial growth: dependence on the inorganic N: P ratio[END_REF][START_REF] Myklestad | Dissolved Organic Carbon from Phytoplankton[END_REF]Meon and Kirchman, 2001;[START_REF] Granum | Cellular and extracellular production of carbohydrates and amino acids by the marine diatom Skeletonema costatum: diel variations and effects of N depletion[END_REF]. Hence, extracellular release of DOC by phytoplankton supports a major fraction of the labile carbon flux in the surface ocean thereby supporting heterotrophic microorganisms (Fogg, 1983;Baines and Pace, 1991;Morán et al., 2013). The area around the Kerguelen island plateau is characterized by annually re-occurring phytoplankton blooms due to the supply of Fe by the island mass effect in otherwise HNLC waters. Diatom DOC has been observed as a key factor shaping bacterial communities in Southern Ocean during spring and summer [START_REF] Straza | Abundance and single-cell activity of bacterial groups in Antarctic coastal waters[END_REF][START_REF] Luria | Marine bacterial, archaeal and eukaryotic diversity and community structure on the continental shelf of the western Antarctic Peninsula[END_REF][START_REF] Luria | Seasonal succession of bacterial communities in coastal waters of the western Antarctic Peninsula[END_REF][START_REF] Landa | Major changes in the composition of a Southern Ocean bacterial community in response to diatom-derived dissolved organic matter[END_REF]Liu et al., 2019).

While the chemical characterization of DOC remains challenging despite recent analytical advances, high throughput sequencing methods offer the possibility to describe DOC uptake indirectly via the expression of microbial transporter proteins [START_REF] Green | An intercomparison of three methods for the large-scale isolation of oceanic dissolved organic matter[END_REF][START_REF] Lechtenfeld | Molecular transformation and degradation of refractory dissolved organic matter in the Atlantic and Southern Ocean[END_REF][START_REF] Medeiros | Dissolved organic matter composition and photochemical transformations in the northern North Pacific Ocean[END_REF][START_REF] Osterholz | Inefficient microbial production of refractory dissolved organic matter in the ocean[END_REF]. In particular, metaproteomic studies have contributed to insights into microbial organic matter utilization in the open ocean (Morris et al., 2010;Bergauer et al., 2018).

Seasonal studies of coastal Antarctic communities based on metagenomic and metaproteomic data indicated the occurrence of different functional processes in diverse taxa (Grzymski et al., 2012;Williams et al., 2012Williams et al., , 2013)). Furthermore, meta-omics approaches are able to identify structure-function relationships between microbial communities within complex environments [START_REF] Kieft | Microbial Community Structure-Function Relationships in Yaquina Bay Estuary Reveal Spatially Distinct Carbon and Nitrogen Cycling Capacities[END_REF][START_REF] Li | Metaproteomics reveals major microbial players and their metabolic activities during the blooming period of a marine dinoflagellate Prorocentrum donghaiense[END_REF]. Until recently, linking the taxonomic affiliation to functional data could only be achieved by sequence alignment. Draft genomes from metagenomic assemblies are an essential step towards the taxonomic classification of microbial communities and their corresponding functions (Sharon and Banfield, 2013).

Here, we used a meta-omics approach to study organic matter and Fe uptake patterns, and mapped gene expression to metagenomic assembled genomes to link phylogenetic with functional information. The aim of this study was to answer the following questions: i) Are compound-specific transporter protein differentially expressed in HNLC vs. iron-fertilized waters and during different seasons? ii) Does transporter expression indicate major changes in the uptake of different organic compounds by the inherent microbial communities at these two locations during different seasons? 

Material & Methods

Sample collection

Surface seawater samples (10 -15 m) were collected during the Southern Ocean Climate Two stations were chosen for the present study (Fig. 1): One station was located in deeper off-plateau HNLC waters (KERFIX; 50°40' S -68°25' E) and one station was located in naturally iron-fertilized waters on the plateau of Kerguelen (A3; 50°38' S -72°02' E). Both stations were sampled in early spring and late summer. Except for station KERFIX in early spring, all stations were revisited twice and, A3 in late summer a third time. The number of samples taken per station is shown in Table 1. Extractions were performed as described below with the same kits and methods for both cruises and revisits (Table 1). Sequencing depth was kept the same for all replicates. 

Sampling & extraction of DNA for metagenomics

For DNA analysis, 6 L seawater from each station was pre-filtered (0.8 µm polycarbonate filter) through a 47 mm filtration system and collected on a 0.2 µm Sterivex cartridge (Millipore). Sampling was performed in triplicate resulting in 3 cartridges per station. DNA was extracted from each Sterivex filter unit using the AllPrep DNA/RNA kit (Qiagen, Hiden, Germany) with the following modifications. Filter units were thawed and closed with a sterile pipette tip at the outflow. Lysis buffer was added (40 mM EDTA, 50 mM Tris, 0.75 M sucrose)

and three freeze-and-thaw cycles were performed using liquid nitrogen and a water bath at 65°C. Lysozyme solution (0.2 mg mL -1 final concentration) was added and filter units were placed on a rotary mixer at 37°C for 45 min. Proteinase K (0.2 mg mL -1 final concentration)

and SDS (1% final concentration) were added and filter units were incubated at 55°C with gentle agitation every 10 min for 1 h. To each filter unit, 1550 µl RLT plus buffer was added and inverted to mix. The lysate was recovered by using a sterile 5 ml syringe and loaded in three additions onto the DNA columns by centrifuging at 10,000x g for 30 sec. DNA purification was performed following manufacturer's guidelines. The concentration of doublestranded DNA was quantified by PicoGreen fluorescence assay (Life Technologies). Triplicate extracts were pooled in equimolar amounts to achieve a final concentration of 1 µg in 30 µL

Tris. Quality was checked on an Agilent 2100 Bioanalyzer/Agilent Nano DNA chip (Agilent, Santa Clara, CA, USA). Shotgun library preparation was performed by Fasteris SA using the illumina Nano library preparation kit with 550 bp size selection. Each metagenome was sequenced on one full lane of HiSeq 4000 with 150 bp paired-end reads yielding between 285 -339 million reads per metagenome.

Sampling & extraction of RNA for metatranscriptomes

For RNA extractions, volumes of 10 L of pre-filtered seawater (0.8 µm Isopore polycarbonate filters) were collected onto 0.2 µm SuporPlus membranes using a 142 mm filtration system (Geotech equipment inc.) and a peristaltic pump. The filtration procedure did not exceed 10 min and 10 ml of RNA-later was added to the filter in a Greiner tube prior to storage at -80°C. Sampling was performed in triplicate resulting in 3 filters per station.

RNA was extracted using the NucleoSpin® RNA Midi kit (Macherey-Nagel, Düren, Germany).

Filters stored in RNA-later were thawed, removed from the RNA-later solution, re-frozen in liquid nitrogen and shattered using a mortar. The obtained 'powder-like' filter-pieces were added to the denaturing lysis buffer supplied by the NucleoSpin® RNA Midi kit and cells were disrupted by vortexing for 2 min. At this step two artificial internal mRNA standards in known copy numbers (MTST5 = 3.70 × 10 8 molecules; MTST6 = 3.72 × 10 8 molecules) ~1,000 nt in length were added to each sample individually (Satinsky et al., 2013;and dx.doi.org/10.17504/protocols.io.ffwbjpe). Standards were synthesized using custom templates that were transcribed in vitro to RNA (Satinsky et al., 2012). The extraction with the NucleoSpin® RNA Midi kit includes an on-column DNA digestion step. However, to ensure the absence of any DNA in the sample, a PCR reaction was performed without the retranscription step. Samples with DNA contamination, as indicated by amplification products were treated with a second DNA digestion step using the Turbo DNA-free kit (Ambion Life Technologies, Carlsbad, CA, USA). This additional DNAse treatment was followed by purification with the RNA Clean & Concentrator™-5 (Zymo Research, OZyme, France). The extracted RNA (N=12) was quantified with the Agilent 2100 Bioanalyzer/Agilent RNA 6000

Nano Kit (Agilent, Santa Clara, CA, USA). Prior to sequencing, ribosomal RNA was treated enzymatically with the RiboZero rRNA stranded RNA protocol to ensure sequencing of primarily messenger RNA followed by cDNA library construction using Illumina TruSeq Stranded mRNA Library Prep kit (Fasteris SA). All metatranscriptomes (n=12) were sequenced on one lane of HiSeq 4000 with 150 bp paired-end reads yielding between 26 -36 million reads per metatranscriptome.

Sampling & extraction of proteins for metaproteomes

For protein extractions 20 L seawater were pre-filtered seawater (0.8 µm Isopore polycarbonate filters) and collected on 0.2 µm SuporPlus Membranes using a 142 mm filtration system (Geotech equipment inc.) and a peristaltic pump. Filtrations were performed in duplicate for early spring samples and for late summer samples and frozen immediately at -80°C. Whole protein extractions from filters were performed using a modified protocol from Bayer et al.

(2019) and subjected to denaturing polyacrylamide gel electrophoresis (SDS-PAGE) followed by overnight trypsin in-gel digestion. For higher yield of extraction, filters in Greiner tubes were cooled in liquid nitrogen and smashed with a sterile metal spoon until a powder-like sample of small filter pieces was achieved. Proteins were extracted from filter pieces by adding 10 mL lysis buffer (100 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM DTT, 1 % SDS, 10 mM EDTA) to the tubes followed by three freeze-and-thaw cycles and 5 cycles of sonication with a sonication probe (Sonopuls HD 2070, Bandelin) for 30 sec intervals at 20% intensity. Tubes were centrifuged at 20,000x g at 4°C for 10 min and the supernatant containing the cell lysate was collected in a fresh tube. Proteins were co-precipitated with 0.015% deoxycholate and 6%

trichloroacetic acid (TCA) on ice for 1h and washed once with ice-cold acetone according to the protocol of Bensadoun and Weinstein [START_REF] Bensadoun | Assay of proteins in the presence of interfering materials[END_REF]. Dried protein pellets were resuspended in 50 µL of 8 M urea containing 4% SDS and protein concentrations

were measured with the bicinchoninic acid (BCA) assay using BSA as a standard. Ten-20 µg of protein were subjected to denaturing polyacrylamide gel-electrophoresis (SDS-PAGE), stained with Commassie staining solution and de-stained in 40% (v/v) methanol containing 2%

(v/v) acetic acid as described in Valledor and Weckwerth [START_REF] Valledor | An Improved Detergent-Compatible Gel-Fractionation LC-LTQ-Orbitrap-MS Workflow for Plant and Microbial Proteomics[END_REF]. Gel bands were excised without fractionating the bands, cut into 1 x 1 mm pieces on a sterile glass plate and transferred into protein-low binding tubes (Eppendorf). Gel pieces were de-stained with 200 mM ammonium bicarbonate containing 50% acetonitrile at 37°C for 30 min, and cysteines were reduced and alkylated with 10 mM DTT and 55 mM iodoacetoamide (IAA), respectively, as described by Shevchenko et al. [START_REF] Shevchenko | In-gel digestion for mass spectrometric characterization of proteins and proteomes[END_REF] prior to overnight trypsin digestion according to [START_REF] Valledor | An Improved Detergent-Compatible Gel-Fractionation LC-LTQ-Orbitrap-MS Workflow for Plant and Microbial Proteomics[END_REF].

Peptides were extracted and desalted using 96-well plates (Spec 96-Well C18, Agilent) [START_REF] Valledor | An Improved Detergent-Compatible Gel-Fractionation LC-LTQ-Orbitrap-MS Workflow for Plant and Microbial Proteomics[END_REF] and then resuspended in 2 % acetonitrile containing 0.1 % formic acid to a concentration of 0.2 µg µL -1 prior to injection into a one-dimensional nanoflow LC-MS/MS.

LC-MS/MS analysis and peptide identification

Five µL of desalinated peptides were eluted using an Easy-spray PepMap RSLC column (ThermoFisher Scientific, C18, 500 mm x 75 µm, pore size 2.0 µm), during a 270-min gradient from 5 to 40% (v/v) acetonitrile and 0.1% (v/v) formic acid with a controlled flow rate of 300 nl min -1 . MS analysis was performed on a Orbitrap Elite and Q Exactive mass spectrometer (Thermo Fisher Scientific). Specific tune settings for the MS were as follows: Mass resolution for precursor ion analysis in FTMS (Fourier transform mass spectrometry): 60,000; full-scan mode, mass window for precursor ion: 1 m/z; spray voltage: 1.9 kV; temperature of the heated transfer capillary: 275°C, covering the range 350-1,800 m/z, and cyclomethicone used as lock mass (m/z 371.101230). Each full MS scan was followed by 20 dependent MS/MS scans in the Ion Trap using rapid mode with centroid data in which the 20 most abundant peptide molecular ions were dynamically selected. The dynamic exclusion window was set to 30 sec and an exclusion list of 500 entries. Dependent fragmentations were performed in CID (collisioninduced dissociation) mode, with a normalized collision energy of 35, iso width of 2.0, activation Q of 0.250, and activation time of 30 msec. Ions with a +1 or unidentified charge state in the full MS were excluded from MS/MS analysis.

In Proteome Discoverer 2.2 (Thermo Fisher Scientific), the mass tolerance was set to 5 ppm for precursor masses and 0.6 Da for the fragment masses. Cysteine carbamidomethylation was set as static-, methionine oxidation and protein N-terminal acetylation as dynamic modifications. A maximum false discovery of 1% was allowed for both peptide and protein levels. Trypsin was specified as the proteolytic enzyme and 2 missed cleavages were allowed with a maximum of 3 equal post-translational modifications (PTMs) per peptide. The obtained peptide spectrum matches (PSMs) were filtered with the Percolator tool based on a scoring of maximum delta Cn 0.05, a strict false discovery rate (FDR) of 0.01 with validation based on qvalues.

Acquired MS/MS spectra were analyzed using the SEQUEST-HT algorithm implemented in Proteome Discoverer 2.2 software (Thermo Fisher Scientific), and spectra were searched against the entire set of metagenomic database (described below in bioinformatic analysis, Figure 2, B&D). Protein matches were accepted if they were identified by at least one unique peptide and with high confidence. Proteins were quantified using the normalized spectral abundance factor (NSAF) approach [START_REF] Zhang | Improving Label-Free Quantitative Proteomics Strategies by Distributing Shared Peptides and Stabilizing Variance[END_REF] as follows:

Decontaminated, trimmed and bbnormed metagenomic sequences from station A3 in early spring as well as A3, KERFIX, and an additional available sample M4 form late summer were co-assembled using megahit v1.2.7 (Li et al., 2015) with the default parameters and the -presets 'meta-large' option resulting in 949,228 contigs of at least 1,000 bp (Supplementary Table 2&3). Prodigal, a protein-coding gene prediction software tool for bacterial and archaeal genomes, was used to produce a gene coordinate file (gtf) and a translated protein as well as nucleotide file with the option -p meta (Hyatt et al., 2010).

Binning for metagenomic assembled genomes (MAGs)

We applied a combination of three binning tools, CONCOCT [START_REF] Alneberg | Binning metagenomic contigs by coverage and composition[END_REF], MaxBin v2.0 [START_REF] Wu | MaxBin 2.0: an automated binning algorithm to recover genomes from multiple metagenomic datasets[END_REF] and MetaBAT v2.0 [START_REF] Kang | MetaBAT 2: an adaptive binning algorithm for robust and efficient genome reconstruction from metagenome assemblies[END_REF], to recover genomes from fragmented metagenomic assemblies with a mimimum contig size of 2,500 bp.

CONCOCT bins the contigs by employing sequence composition and contig coverage across multiple samples [START_REF] Alneberg | Binning metagenomic contigs by coverage and composition[END_REF]. Besides the two features used by CONCOCT, MaxBin also takes advantage of phylogenetic marker genes to perform binning through an Expectation-Maximization (EM) algorithm [START_REF] Wu | MaxBin 2.0: an automated binning algorithm to recover genomes from multiple metagenomic datasets[END_REF]. MaxBin was performed multiple times with different values for "-markerset" (40 or 107) and "-prob_threshold" (0.5 or 0.8). The resulted MAGs by distinct parameter combinations were compared based on the completeness and contamination estimations in CheckM [START_REF] Parks | CheckM: assessing the quality of microbial genomes recovered from isolates, single cells, and metagenomes[END_REF], by using an R script provided in the MetaBAT workflow (https://portal.nersc.gov/dna/RD/Metagenome_RD/MetaBAT/Files/benchmark.R). The parameter set (-markerset 40 -prob_threshold 0.5), which yielded slightly more bins fulfilling given recall (>=0.5) and precision (>=0.9) cutoffs, was selected. MetaBAT2 is a fully automated metagenome binner equipped with an adaptive binning algorithm based on iterative graph partitioning for contig clustering, which saves users from the brain-racking parameter tuning procedure [START_REF] Kang | MetaBAT 2: an adaptive binning algorithm for robust and efficient genome reconstruction from metagenome assemblies[END_REF]. All three tools are widely used on current metagenomics studies, but their extents of success vary with characteristics of the underlying datasets [START_REF] Sczyrba | Critical Assessment of Metagenome Interpretation-a benchmark of metagenomics software[END_REF]. Therefore, we integrated and refined MAGs generated by the three tools by using MetaWRAP, which proposes a scoring function based on the completion and contamination metrics estimated with CheckM [START_REF] Uritskiy | MetaWRAP-a flexible pipeline for genome-resolved metagenomic data analysis[END_REF]. Finally, 133 high-quality MAGs with >= 50% completeness and < 10% redundancy were obtained.

Protein-coding genes of each MAG were retrieved from the aforementioned Prodigal annotations based on sequence headers. For phylogenomic inference, single-copy orthologous gene families shared by at least 20 (out of 133) MAGs were identified by OrthoFinder v2.2.3 [START_REF] Emms | OrthoFinder: solving fundamental biases in whole genome comparisons dramatically improves orthogroup inference accuracy[END_REF], and aligned with MAFFT v7.313 [START_REF] Katoh | MAFFT Multiple Sequence Alignment Software Version 7: Improvements in Performance and Usability[END_REF]. Then, the protein sequence alignments of each gene family were concatenated into a super alignment.

Maximum likelihood (ML) phylogenetic inference of the 133 MAGs was performed using IQ-Tree v1.6.8 [START_REF] Nguyen | IQ-TREE: A Fast and Effective Stochastic Algorithm for Estimating Maximum-Likelihood Phylogenies[END_REF] with 1,000 bootstrap replicates, and the amino acid substitution model for each gene family partition was automatically selected by the ModelFinder feature (-m MFP) [START_REF] Kalyaanamoorthy | ModelFinder: Fast Model Selection for Accurate Phylogenetic Estimates[END_REF]. Furthermore, taxonomic classification of the 133 MAGs was performed according to the Genome Taxonomy Database (Parks et al., 2018) using GTDB-Tk v0.3.3 (https://github.com/Ecogenomics/GTDBTk) with the classify_wf workflow.

Metatranscriptomic read-recruitment (mapping)

An initial round of read processing was provided by the sequencing company using trimmomatic (Bolger, Lohse et al. 2014), an integrated quality-control tool for high-throughput

Illumina NGS data. The standard Illumina adapters and low-quality bases were removed with the following parameters "2:30:10 SLIDINGWINDOW:4:5" and reads for which no insert was found or ambiguities were dropped resulting in million 2×150 bp paired-end reads. The raw Illumina reads were checked with FastQC. A further quality trimming was performed with Sickle resulting in between 99.47 -100% of remaining reads which is a tool that uses sliding windows along with quality and length thresholds to determine when quality is sufficiently low to trim the 3'-end of reads and also determines when the quality is sufficiently high to trim the 5'-end of reads (https://github.com/najoshi/sickle) (Suppl. Table 4). To focus on protein-coding RNAs, we computationally eliminated ribosomal RNA and internal standard-derived reads using SortMeRNA v 2.1b (Kopylova, Noe et al. 2012). A BLASTN homology search against a custom database, which consists of representative prokaryotic rRNAs and tRNAs from NCBI RefSeq along with the template sequences of internal standards, was also implemented using a bit score cut-off of 50 as suggested in previous studies (Satinsky, Gifford et al. 2013). The files with protein coding genes from SortMeRNA were unmerged again to be mapped to the reference metagenomic co-assembly using Bowtie2 for read recruitment with default parameters. Overall 59.8 -62.6 % of reads could be mapped on the metagenomic contigs (Supplementary Table 5). For read counting featureCounts (http://bioinf.wehi.edu.au/featureCounts/) was used with the following parameters for stranded specific reads -F 'GTF' -t 'gene' -Q 1 -s2 -p -C. Count tables were further analysed with DESeq2 (Love et al. 2014) in R. Differential expression analysis was thus calculated with triplicates of each station as the spring samples for reference.

Protein database construction and annotation of transporter protein sequences

Each metagenome was individually assembled by megahit and protein sequences were predicted by prodigal using the same parameters as mentioned above. The script anvi-scriptreformat-fasta was run on each resulting protein fasta file changing header names to include the sample ID for further analysis. Sequences were compared with cd-hit-2d and the parameters -c 0.9 -n 5 -d 0 -S2. Additionally, the GOS peptide database was added as well as the SAG database available in-house. Once one file was created and cd-hit was run with the following parameters -c 1 -n 5 -d 0 to create a non-redundant protein sequence database. This resulted in a database of 58,403.522 sequences (Fig. 1B).

In order to identify the transporter sequences resulting from the individual metagenomic assemblies, predicted protein sequences were aligned eggNOG 5.0 (Huerta-Cepas, Szklarczyk et al. 2019) and GhostKOALA (Kanehisa, Sato et al. 2016) with default parameters. All KO number defined as "Transporter" in KEGG were retrieved and this list was used for merging with annotated sequences for metatranscriptomes and metaproteomes. Transporter families were verified by manually checking the KO number with assigned classification from the Transporter Classification Database. For definite assignment of a protein sequence with a MAG, the sequences corresponding to transporters were aligned against the high quality curated metagenomic bins and those with 99% identity and 90% coverage were kept for MAG specific further analysis.

Data visualization

All figures were produced using ggplot2 package in R version 3.6.0 (2019-04-26) and

enhanced in the open-source software inkscape. Figure 6 was produced using Anvi'o visualization tool version (5.2.0) in the anvio-interactive manual mode.

Results

Environmental context

DOC concentrations ranged from 50 -52 µM for both seasons and at both sites (Table 2). Chlorophyll a concentrations at station A3 ranged from 1.40 -1.64 µg L -1 during both visits in early spring and were lower in late summer with 0.27 -0.57 µg L -1 . At station KERFIX, chlorophyll a concentrations were higher in early spring (0.32 µg L -1 ) as compared to those in late summer (0.14 -0.19 µg L -1 ). Total nitrogen (nitrite + nitrate) and phosphate concentrations in early spring at both stations ranged between 28.11 -28.23 µM and 1.84 -1.97 µM, respectively, and were slightly higher compared to those in late summer (21.05 -22.27 µM ∑N, 1.45 -1.62 µM PO4 3-) (Table 1).

Prokaryotic cell abundance was about two-fold higher at both stations in late summer ranging from 6.68 -11.8 x10 8 cells L -1 at station A3 and 4.46 -6.96 x10 8 cells L -1 at station KERFIX, as compared to 3.66 -4.88 x10 8 cells L -1 at A3 and 2.89 x10 8 cells L -1 at KERFIX in early spring. Dissolved Fe (DFe) was not measured at either cruise, however, reference data from previous cruises at both sites collected during the same seasons are available, indicating that DFe was higher at station A3 during both seasons [START_REF] Blain | Distribution of dissolved iron during the natural ironfertilization experiment KEOPS (Kerguelen Plateau, Southern Ocean)[END_REF]Quéroué et al., 2015). Quéroué et al. (2016) for KEOPS-2 project with HNLC reference site R-2 (November 2011), for late summer from Blain et al. (2007) & Lefèvre et al. (2008) for KEOPS-1 with HNLC reference site C11 (January-February 2005). Mean values and standard deviation are shown for parameters that were measured in triplicates.

SEASON T (°C)

DOC (µM) Chl a (µg L -1 ) PO4 3- (µM) ∑N (µM) PA (x10 8 L - 1 ) PP* (nmol C L -1 d -1 ) PR (µmol O2 L -1 d -1 )
DFe** (nmol We found 202 transporter proteins of which 89 were shared in the metatranscriptomic and metaproteomic datasets which are visualized in Figure 5 (Supplementary Figure 1). In both seasons, the highest normalized transcript counts of transporter proteins belonged to those encoding for amino acid transporters (ABC, K09969), branched amino acid transporters (ABC, K01999), spermidine/putrescine transporters (ABC, K02055), iron outer-membrane complex receptors (OMR, K02014), taurine transporters (ABC, K15551), glycine-betaine transporters (ABC, K02002), peptide/nickel transporters (ABC, K02035) and iron (III) transporters (ABC, K02012). Furthermore, transcripts encoding glycerol transporters (ABC, K17321) were among the ten highest normalized counts in late summer whereas higher counts of transcripts encoding ammonium transporters (AMT, K03320) were detected in early spring, particularly at station KERFIX. Additionally, three sugar transporters (K10559, K10111, K10117) and transporters for thiamine (vitamin B1), phosphonate (K02041) were higher expressed in early spring and were detected in metaproteomes from both seasons. Carbon uptake transporters (CUT) were higher expressed in late summer, specifically transporters for peptides and sugars (K02168, K017213, K012368). TRAP-T (Tripartite ATPindependent periplasmic transporters associated extra-cytoplasmic Immunity transporter) and TTT (Tripartite Tricarboxylate Transporter) accounted for the smallest fraction of prokaryotic transporters and had a higher number of transcripts in late summer than in early spring, while detected in metaproteomes of both seasons (K07795, K11688). Porins were expressed at both stations during both seasons, however, membrane export proteins were detected at higher relative abundance during early spring than in late summer (Fig. 5).

The substrate active community

Metagenome assembled metagenomes (MAGs) were constructed and transporter proteins from metatranscriptomes and metaproteomes were mapped to high quality metagenomic bins (completeness >=50%, redundancy <=10%) to identify the substrate active members of the prokaryotic community. MAGs were constructed from the Co-assembly of all metagenomic libraries (Supplementary Table 2 & 3). A total of 133 high quality MAGs spanning 11 phyla (according to https://gtdb.ecogenomic.org/, Genome Taxonomy Database) were used for mapping of metaproteomic and metatranscriptomic sequences (Fig. 6, Supplementary Table 6).

Out of 133 MAGs, 39 belonged to the phylum of Bacteroidota with the dominant order of Flavobacteriales (32), and 69 MAGs belonged to Proteobacteria of which 34 belonged to Alphaproteobacteria and 35 to Gammaproteobacteria. While transcripts of transporter proteins could be mapped to the majority of MAGs (122 out of 133), peptide sequences of transporter proteins could be mapped to 67 MAGs (Fig. 6).

ABC, OMR, porins and CUT could be assigned to specific MAG transcriptomes and proteomes while for AMT/NNPs, TTTs and TRAP-Ts only transcriptomes were assigned.

Several phyla-specific patterns could be observed for transport protein expression. Most transporter proteins present in metatranscriptomes and metaproteomes were mapped to gammaproteobacterial MAGs, including MAG31 of the order Enterobacterales and MAGs 130,56,44,13,115,117,62 and 103 of the order Pseudomonadales. Furthermore, the alphaproteobacterial MAG137 of the order Sphingomonadales expressed many transporter proteins, and MAGs of the order Rhodobacterales nearly all expressed TRAP-Ts in the metatranscriptomes. For all MAGs of the order Flavobacterales sequences for ABC, OMR and AMT/NNPs transporters were detected in the metatranscriptomes, whereas the euryarchaeal MAG137 expressed an ammonium transporter. Several MAGs did not appear to express stations ranging from 7.9 -9.1% (Fig. 7B). In relative contribution to all assigned transporter transcripts, amino acids (Fig. 7B; 23.6 -28.3%) as well as branched amino acids (12.2 -14.7%)

were the most abundant compound-specific transporters at all stations followed by polyamines spermidine and putrescine transporters (8.7 -10.2%). Amino acid transporters represented 21.8 -56.6% of the identified transporter proteins in early spring compared to 12.1 -24.7% in late summer metaproteomes (Fig. 7A). Hence, amino acids potentially comprised the largest pool of transported substrates.

Diverse sugar transporters were detected in early spring samples comprising 6.1 -7.4% of the identified transporter proteins, while comprising 1.2 -3.1% of transporter proteins in late summer. Glycine/betaine/proline transporter transcripts (Fig. 7B) were in the same range at all stations ranging from 13.8 -16.1% of the total transporter proteins except for KERFIX in early spring (7.1%). In contrast ammonium transporter transcripts were highest in abundance at KERFIX in early spring (7.9%). Glycine betaine transport proteins were more abundant in early spring samples contributing 1.8 -3.8% of all transporter proteins compared to 0.5 -2.2% in late summer (Fig. 7A). Furthermore, polyamine transporters comprised 3.9 -8.5% of the detected transporter proteins in early spring and 1.8 -4.3% in late summer, indicating the presence of a labile source of carbon and nitrogen.

The number of taurine transporter transcripts was lowest at KERFIX in early summer at 3.8% and reached up to 5.4% at this station in late summer. Urea transporter transcripts were within members of this family (Fig. 7B; Polar AA, L-AA, Phosphonate, Spermidine/Putrescine, Peptide/Nickel, lipids). OMRs were expressed at higher relative abundances in late summer than in early spring by Flavobacteriales and Gammaproteobacteria (Pseudoalteromonas, Pseudomondales, Litoricolacea).

Discussion

Although DOC concentrations were similar in early spring and late summer (Table 2), prokaryotic heterotrophic production rates were two-to three-fold higher in late summer than early spring as indicated by 3 H-leucine incorporation rates. The higher prokaryotic production observed at station A3 in late summer indicates a post-bloom scenario as previously observed in this season and station [START_REF] Christaki | Microbial food web structure in a naturally iron-fertilized area in the Southern Ocean (Kerguelen Plateau)[END_REF]Obernosterer et al., 2008). Chlorophyll a concentrations were higher in early spring than in summer at both sites in accordance with chlorophyll a data from a remote autonomous sampler at station A3 (Supplementary Figure 5).

The low surface DOC values are a characteristic feature of Southern Ocean waters exhibiting some of the lowest world's ocean DOC values in surface waters (Hansell et al., 2009). The availability of Fe in surface waters above the Kerguelen plateau appears to be enhanced by the greater winter stock supplied by a higher continuous vertical mixing which can explain the slightly higher DFe concentrations during spring (Blain et al., 2007). Vertical profiles have shown that deep winter mixing sustains surface water Fe supplies in the Southern Ocean [START_REF] Tagliabue | Surface-water iron supplies in the Southern Ocean sustained by deep winter mixing[END_REF]. The strong seasonal difference in Fe and carbon supply, regardless of specific site, is of greater importance for transporter proteins as indicated by our data.

Membrane proteins are more difficult to solubilize from biomass than periplasmic binding proteins without the application of specific methods of enrichment [START_REF] Burg | Analyzing the hydrophobic proteome of the antarctic archaeon Methanococcoides burtonii using differential solubility fractionation[END_REF]Morris et al., 2010;[START_REF] Williams | Global proteomic analysis of the insoluble, soluble, and supernatant fractions of the psychrophilic archaeon Methanococcoides burtonii. Part I: the effect of growth temperature[END_REF]. However, we detected high relative abundances of different membrane transporter types in all metaproteomes. In contrast, the detected membrane transporters showed a substantially lower relative contribution in the metatranscriptomes. The major advantage of applying metatranscriptomics and -proteomics compared to community diversity analysis, is to infer the active part of the community, and to decipher which genes are transcribed and translated into proteins. RNA expression studies provide a more comprehensive insight into the cell metabolism while proteomic studies suffer from inherent technical shortcomings associated with, for example, protein insolubility or fractionation losses.

Accordingly, conclusions from proteomic studies are usually based on smaller datasets. They also give insight only into protein accumulation and/or protein synthesis. On the other hand, mRNA levels do not necessarily correlate with protein expression status. Therefore, combined mRNA and proteomic investigations are expected to provide maximal insight into cell physiology. An overall comparison of metatranscriptome and metaproteome data showed only a qualitative agreement regarding expression differences. Absolute values differed greatly, as has been found in an earlier study [START_REF] Scherl | Challenges in the Overall Analysis of Microbial Proteomes[END_REF][START_REF] Resch | Comparative proteome analysis of Staphylococcus aureus biofilm and planktonic cells and correlation with transcriptome profiling[END_REF]. Therefore, the absolute difference factor in protein expression is very difficult to measure. Given these limitations, the overall similarities in the trends of differential expression data determined by metatranscriptomic and metaproteomic approaches are quite high.

Additionally, prokaryotic mRNA half-life times are short and highly variable (ranging from 1 -46 min (Steiner et al. 2019)). Messenger RNA is also about four orders of magnitude less abundant than proteins [START_REF] Ingraham | KERFIX, a timeseries station in the Southern Ocean: a presentation[END_REF][START_REF] Bernstein | Global analysis of mRNA decay and abundance in Escherichia coli at single-gene resolution using two-color fluorescent DNA microarrays[END_REF][START_REF] Hambraeus | Genome-wide survey of mRNA half-lives in Bacillus subtilis identifies extremely stable mRNAs[END_REF][START_REF] Selinger | Global RNA half-life analysis in Escherichia coli reveals positional patterns of transcript degradation[END_REF][START_REF] Taniguchi | Quantifying E. coli proteome and transcriptome with single-molecule sensitivity in single cells[END_REF][START_REF] Moran | Sizing up metatranscriptomics[END_REF] and prokaryotic proteins reside longer in the ocean (up to 20 h) than mRNA. Thus, there is a temporal decoupling that needs to be considered as proteins persist in a bacterial cell long after the mRNA that encoded them (Koch and Levy, 1955;[START_REF] Borek | PROTEIN TURNOVER IN MICRO-ORGANISMS*[END_REF][START_REF] Mandelstam | Turnover of protein in growing and non-growing populations of Escherichia coli[END_REF][START_REF] Moran | Sizing up metatranscriptomics[END_REF].

However, we detected several transporter proteins in the metatranscriptomes which were absent in the metaproteomes (Fig. 5). This can be explained by the sensibility of the methods used.

The RNA-sequencing depth used in our study provides a higher throughput compared to SDSpage separated proteins. The contradictory results might be artifacts caused by false-positive results either on the mRNA or the protein level or might reflect post-transcriptional regulation involving, for example, protein half-life and thereby accumulation of the protein or protein modification.

In line with results from metaproteomic studies in the Antarctic peninsula from 6 -70 m depth (Williams et al. 2012) and in the North Atlantic (Bergauer et al. 2017), substrate-binding proteins were the most dominant transport proteins at all stations and revisits (Fig. 4A,B). The second most abundant transporter system was the outer-membrane receptors (OMR) comprising all TonB-dependent receptors which play an important role in the uptake of highmolecular-weight organic matter [START_REF] Mccarren | Microbial community transcriptomes reveal microbes and metabolic pathways associated with dissolved organic matter turnover in the sea[END_REF], and have been reported in metaomics datasets from surface waters (Morris et al., 2010;Tang et al., 2012;Li et al., 2014).

OMRs are involved in proton motive force dependent outer membrane transport in many Gramnegative bacteria. These transporters are involved in the binding and uptake of ironsiderophore complexes, cobalamin [START_REF] Koebnik | TonB-dependent trans-envelope signalling: the exception or the rule?[END_REF] or carbohydrates [START_REF] Blanvillain | Plant Carbohydrate Scavenging through TonB-Dependent Receptors: A Feature Shared by Phytopathogenic and Aquatic Bacteria[END_REF].

TonB-dependent receptors from metaproteomes of a coastal Southern Ocean site increased in summer compared to winter which was interpreted as substrate scavenging, potentially representing an important strategy for some prokaryotic clades at this site (Williams et al., 2012). TRAP-T and TTTs are secondary active transporters of Bacteria and Archaea that retain solute binding proteins to bind ligands [START_REF] Kelly | TRAP transporters: an ancient family of extracytoplasmic solute-receptor-dependent secondary active transporters[END_REF][START_REF] Kelly | The tripartite ATP-independent periplasmic (TRAP) transporters of bacteria and archaea[END_REF][START_REF] Winnen | The tripartite tricarboxylate transporter (TTT) family[END_REF][START_REF] Mulligan | Tripartite ATP-independent periplasmic (TRAP) transporters in bacteria and archaea[END_REF]. They were only detected at low relative abundance in both datasets similar to previous reports, potentially due to the lack of reference sequences in public databases and the limited knowledge of the substrate range of these transporters [START_REF] Antoine | The periplasmic binding protein of a tripartite tricarboxylate transporter is involved in signal transduction[END_REF]Bergauer et al., 2018). Porins were found in all samples and seasons and can create diffusion channels of different size [START_REF] Nikaido | Molecular Basis of Bacterial Outer Membrane Permeability Revisited[END_REF]. Members of Vibrionaceae employ a chitoporin channel for the uptake of chitin, the most abundant biopolymer in marine ecosystems [START_REF] Suginta | Molecular Uptake of Chitooligosaccharides through Chitoporin from the Marine Bacterium Vibrio harveyi[END_REF]. Carbohydrates with a size of ~ 600 Da can either diffuse freely into cells of Gram-negative bacteria [START_REF] Decad | Outer membrane of gram-negative bacteria. XII. Molecular-sieving function of cell wall[END_REF], or are channeled into the cells via porins [START_REF] Weiss | Molecular architecture and electrostatic properties of a bacterial porin[END_REF]. Flavobacterial SusD-like TonB-dependent receptors have been observed coupled with SusC-like TonB-dependent transporter porins, increasing significantly in abundances during phytoplankton blooms [START_REF] Teeling | Substratecontrolled succession of marine bacterioplankton populations induced by a phytoplankton bloom[END_REF][START_REF] Teeling | Recurring patterns in bacterioplankton dynamics during coastal spring algae blooms[END_REF].

The exact annotation of compounds specific for transporters remains a challenge due to the complexity and multitude of protein domains and classification databases [START_REF] Kloppmann | Structural genomics plucks high-hanging membrane proteins[END_REF][START_REF] Chiang | The complexity, challenges and benefits of comparing two transporter classification systems in TCDB and Pfam[END_REF][START_REF] Ijaq | Annotation and curation of uncharacterized proteins-challenges[END_REF]. ABC transporters can transport several compounds depending on their size and charge, while TonB transporters were initially assumed to exclusively transport Fe-related compounds. However, studies suggest that TonB transporters can transport a wide range of substrates (Schauer et al., 2008).

Amino acids represent essential components of the organic matter pool in surface waters of the Southern Ocean, including the study region (Tremblay et al., 2015). In a previous study, ABC transporters for general amino acids, branched-chain amino acids, glycine betaine and sugars were significantly more abundant in winter than in summer in a coastal Antarctic metaproteome (Williams et al., 2012). Glycine betaine is a compatible solute and a potentially important cryoprotectant in the Antarctic environment. Glycine betaine can also be catabolized to glycine which was proposed to be of particular importance for members of the globally abundant SAR11 clade, which are auxotrophic for glycine [START_REF] Tripp | Unique glycine-activated riboswitch linked to glycine-serine auxotrophy in SAR11[END_REF]Williams et al., 2012).

Several of the proposed transported compounds indicate the potential availability of labile organic matter during early spring, including polyamines, taurine and urea. Transporters for polyamines such as spermidine and putrescine have previously been identified in genomes and metaproteomes from surface waters (Sowell et al., 2009;Bergauer et al., 2018). The amino acid-like compound taurine can be a source of nitrogen, carbon and sulfur, and has recently been suggested as a major carbon and energy source for heterotrophic prokaryotes [START_REF] Clifford | Taurine Is a Major Carbon and Energy Source for Marine Prokaryotes in the North Atlantic Ocean off the Iberian Peninsula[END_REF]. Furthermore, urea can be used as a carbon and nitrogen source for diverse prokaryotes in the Arctic summer and winter, including autotrophic ammonia-oxidizing archaea [START_REF] Alonso-Saez | Role for urea in nitrification by polar marine Archaea[END_REF][START_REF] Connelly | Urea Uptake and Carbon Fixation by Marine Pelagic Bacteria and Archaea during the Arctic Summer and Winter Seasons[END_REF].

Flavobacteriales and Gammaproteobacteria (Pseudoalteromonas, Pseudomondales, Litoricolacea) potentially use OMRs to scavenge iron and carbohydrates dissolved in seawater or associated with particulate organic matter [START_REF] Blanvillain | Plant Carbohydrate Scavenging through TonB-Dependent Receptors: A Feature Shared by Phytopathogenic and Aquatic Bacteria[END_REF]Tang et al., 2012;Williams et al., 2012). OMR utilization is adapted for the acquisition of biopolymers and other nutrients derived from phytoplankton generally of a size larger than 600 Da (Tang et al., 2012).

Our results indicate a greater reliance on OMR mediated uptake of Bacteroidota and some alpha-and gammaproteobacterial families, such as Pseudomondales and Flavobacterales, particularly in the late summer, as compared to members of the Pelagibacteracea (HIMB59)

and Rhodobacteracae, which might rely more on labile solute high-affinity uptake systems such as ABC transporters or porins. In line with these results members of the FCB cluster were found highly represented in their consumption of low-molecular-weight dissolved organic matter while representatives of Alphaproteobacteria were observed to largely consume amino acids when incubated from estuarine and coastal environments (Cottrell and Kirchman, 2000).

Transporter proteins for Fe (OMR & ABC) were higher in relative abundance in late summer samples compared to early spring (Fig. 5 & 7A). In relative transcript abundance there was no difference between seasons, while differential expression results showed Fe transporter expression with highest log2 fold changes in late summer (Fig. 8). Heterotrophic prokaryotic and phytoplankton actively compete for Fe (Fourquez et al., 2015). Studies in the Kerguelen area have observed that the phytoplankton community is dominated by small, fast-growing cells that outcompete heterotrophic bacteria for Fe uptake in spring, while the presence of larger diatoms in summer could result in higher organic carbon and Fe availability for heterotrophic prokaryotic (Quéguiner, 2013;Fourquez et al., 2015). However, Fe limitation could also be reduced in summer as a result of enhanced Fe regeneration mediated by biological activity (Bowie et al., 2015). The idea of seasonal changes in resource limitation is further supported by the higher prokaryotic Fe quota and cell-specific Fe uptake rates in spring than in summer, which point to enhanced prokaryotic Fe requirements early in the season (Fourquez et al., 2015;Obernosterer et al., 2015). Resource supply and biological interactions determine both the extent of Fe and carbon limitation of heterotrophic prokaryotes, with possible important feedbacks on the Fe and C cycles in the Southern Ocean. 

Conclusion

This thesis contributes to the understanding of gene expression of microbial communities in contrasting Southern Ocean environments and the potential implications for Fe and C cycling.

The following conclusion is intended as a synthesis of the scientific outcome of all three chapters ending with perspectives for the research field.

Taxa specific patterns in heterotrophic Fe metabolism

The analysis on 16S rRNA level for microbial communities in the Kerguelen area from previous studies depict differences in relative abundance of taxa at naturally Fe fertilized and Fe limited sites. During austral summer months (KEOPS 1 cruise, January-February 2005), clone library analysis of the Fe fertilized site in the phytoplankton bloom period revealed dominant operational taxonomic units (OTUs) as the Roseobacter, SAR92 and FCB (Flavobacteria-Cytophaga-Bacteroides), while in the HNLC region, SAR11, Roseobacter and

Polaribacter dominated (West et al., 2008). These difference are less pronounced in spring (KEOPS 2, November 2011), the relative abundance derived from 454 pyrosequencing of SAR11 reached up to 25 -50% at all visited sites followed by Gammaproteobacteria at 5 -15%, FCB at 5 -40% and at one station up to 30% Actinomycetales (Landa et al., 2016). When comparing to metatranscriptomic data for the KEOPS 2 cruise, the taxa contributing to specific Fe metabolism are different (Chapter 1). Siderophore-uptake was dominated by Gammaproteobacteria (43% of total pathway specific transcripts) and FCB (25%), while Fe 2+

-and Fe 3+ -uptake revealed an increased contribution of alphaproteobacterial groups, most pronounced for Fe 3+ -uptake (29%). FCB were mostly represented by Flavobacteriaceae for siderophore-and Fe 2+ -uptake, and Bacillaceae contributed additionally to Fe 3+ -uptake. Within

Alphaproteobacteria, Rhodobacteracea substantially contributed to Fe 2+ -and Fe 3+ -uptake, but this group had low siderophore uptake transcripts (<1.6% of alphaproteobacterial transcripts).

Regarding prokaryotic communities incubated with particles and sea-water from the Southern Ocean, both particle-attached and free-living were dominated by the three same In Chapter 1 the composition of the prokaryotic communities contributing to the transcripts of a given Fe-related pathway was overall independent of the in-situ Fe supply, indicating that microbial taxa utilize distinct Fe-related metabolic processes. Only a few prokaryotic groups contributed to the transcripts of more than one Fe uptake mechanism, suggesting limited metabolic versatility.

The potential of particulate Fe for heterotrophic metabolism remains underexplored. In the particle experiment prokaryotic production increases when only particles are added (Chapter 2). While it cannot be confirmed that this is due to the Fe present in the particles, transcripts for siderophore synthesis and Fe transporters are differentially expressed compared to the control. However, marine particles are a source of complex polymeric substances which can additionally to trace metals induce prokaryotic production increases.

In a multi-omics approach (Chapter 3) transporters for multiple C sources as well as Fe and other trace metals are shown to have different seasonal expression for site A3 and KERFIX.

The seasonal difference can be linked to different supplies of Fe and C, while for C it is difficult to assess as DOC is similar for stations and seasons. With this approach it is possible to link the expression of a protein to its expressed gene from a specific species and thus it is possible to identify who is expressing what, in which season, and thus what sort of organic matter was present.

From gene expression to proteins

The advancement of 'omics' techniques has brought forth an incredible amount of sequence information. Most of the recent oceanic studies have however focused on the genetic potential through metagenomes from the surface to the deep (Sunagawa et al., 2015;Carradec et al., 2018;Acinas et al., 2019). While quantifying and describing metabolic processes is still very challenging, omics techniques can be combined to further describe actual activity of microorganism at a given timepoint (Chapter 3).

Attempts to link sequence data to biogeochemical results have yet to advance the field of microbial oceanography as linking biogeochemistry and omics remains challenging (Caputi et al., 2019). The gap between the scales of microbial and biogeochemical sciences has to be crossed in order to provide quantitative insights into the functioning of biogeochemical cycles based on these data [START_REF] Schimel | Microbial ecology: Linking omics to biogeochemistry[END_REF]. In order to do so, the flow of biological information from DNA through proteins needs to be converted into actual process rates but at each step, the linkage can be wildly non-linear. One gene can code for thousands of copies of an enzyme or none at all and enzymes may also be present but inactive. It therefore remains unclear how to scale microbial data to biogeochemical process rates or whether it is even possible to do so [START_REF] Bier | Linking microbial community structure and microbial processes: an empirical and conceptual overview[END_REF]. Additionally, there is a mathematical disconnect between the scales: whereas mathematical models of biogeochemical processes rarely have more than twenty separate flows between different chemical forms (for example, DOC in the ocean to microbial biomass), high throughput sequencing identifies millions of individual DNA sequences. How is it possible to link a million independent drivers to a few dependent response variables? These are the challenges facing the attempt to link populations to functions and processes and developing a microbially based picture of system level biogeochemistry. Recent statements and calls of scientist are urging for an integration of microorganisms in to global scale models especially in times of climate change [START_REF] Baltar | Towards Integrating Evolution, Metabolism, and Climate Change Studies of Marine Ecosystems[END_REF][START_REF] Cavicchioli | Scientists' warning to humanity: microorganisms and climate change[END_REF]. Attempts have been taken using gene centric approaches basing the dependence of microbial growth on substrate and nutrient availability through Michaelis-Menten kinetics [START_REF] Reed | Gene-centric approach to integrating environmental genomics and biogeochemical models[END_REF] or using simulation models and observing resulting biogeochemical outcomes [START_REF] Coles | Ocean biogeochemistry modeled with emergent trait-based genomics[END_REF]. Despite their revolutionary attempts the predictive strength of these remains limited.

Additionally, the increasing amount of sequences in public databases points to fundamental questions that remain unanswered which can be observed through the recent debates on diversity of prokaryotes and whether conclusions on it can actually be drawn from 16S rRNA data [START_REF] Martiny | High proportions of bacteria are culturable across major biomes[END_REF][START_REF] Steen | High proportions of bacteria and archaea across most biomes remain uncultured[END_REF].

While metagenome assembled genomes (MAGs) provide a new possibility to recreate environmental species with high genomic completeness the rapidly increasing number of MAGs in public databases already competes with the total number of microbial isolate genomes (Bowers et al., 2017). Despite their growing availability, metagenomes are inherently complex and demand researchers to arrange a complex combination of rapidly evolving computational tools and approaches with many alternatives to reconstruct, characterize, and finalize MAGs [START_REF] Shaiber | Composite Metagenome-Assembled Genomes Reduce the Quality of Public Genome Repositories[END_REF]. However, the amount of resolved MAGs from environmental samples does not necessarily increase our knowledge of prokaryotic diversity (commentary in Appendices). Furthermore, the quality of MAGs and the accuracy of their genomic content needs to be of highest precision to truly benefit public databases [START_REF] Shaiber | Composite Metagenome-Assembled Genomes Reduce the Quality of Public Genome Repositories[END_REF].

Perspectives

Following aspects are yet to be implemented and discussed in the context of methods and concepts of this thesis:

• The reason why Fe concentrations in the ocean only exist since the 1980 (Boyd and Ellwood, 2010) is due to the challenge of obtaining non-contaminated values using trace-metal clean sampling method. While the GEOTRACES framework (international study of the global marine biogeochemical cycles of trace elements and their isotopes, 2007) has tremendously increased our knowledge on trace metals in the ocean, recent developments might allow for trace-metal clean seawater sampling in open-ocean timeseries applications [START_REF] Merwe | The autonomous clean environmental (ACE) sampler: A trace-metal clean seawater sampler suitable for open-ocean time-series applications[END_REF].

• The results stem from sampling of several liters of seawater to study microorganisms at a given depth and timepoint, such as in other sequencing projects (Yooseph et al., 2007;Duarte, 2015;Sunagawa et al., 2015). The analyzed metabolic processes are occurring on the smallest, so-called Kolomogorov scale or microscale. The observed results however shed light on biogeochemical cycling of nutrients in marine systems happening on larger, even global scales as microorganism are responsible for recycling of crucial elements and reintroducing them into the marine food-web. The discrepancy in discussing this when focusing on 'global ocean' projects is problematic. Inspiring works of ecology from the 1960s and 1970s were holistic (Wyatt, 2014 and references therein).

Amongst these inspirations, Margalef's mandala holds a unique place in ecology and in terms of biogeochemical cycles one could raise the question: At what point does a cycle begin and at what point does it end? On a cellular level, cycles are initiated through the uptake of the element in question, and conclude when that said element leaves the cell.

However, across larger spatial and temporal scales, this process is only the first of several steps. Once the element of interest leaves the cell, it merely starts the next phase of the cycle. Each phase within a biogeochemical cycle -be it at the cellular level or global scale -is subjected to a plethora of biological, chemical and physical processes.

The manner in which these processes interact with each other is key to understanding the finer details of biogeochemical cycling.

Sequencing efforts are however, a snapshot of a very specific water mass at a specific timepoint. Time-series installations and remote automated samplers are providing a more holistic view of changes in marine microbial communities. Coupled with the above-mentioned automated sampler for trace metals, these can significantly advance our understanding on spatial and temporal scales of ocean element cycling.

• In order to derive the importance from sequencing data experiments comprising the whole microbial community need to be thought of. One possibility are chemostats incubating multiple pure culture strains or natural community assemblages under controlled conditions. However, in the case of Fe, trace metal clean sampling and incubation would need to be possible resulting in a great methodological challenge.

• An interesting result from in Chapter 2 is the expression of siderophore synthesis genes by several members of the community and the expression the receptors by other groups.

One possibility is the temporal decoupling of these mechanisms in the cell which is not accounted for as the sample is filtered immediately and RNA sequencing only provides a metabolic fingerprint. Another point that is increasingly of importance with the accumulating information on membrane transporters is the question of membrane space.

How much space can a prokaryotic membrane provide to fulfill multiple uptake and regulation processes and can all of these be upregulated at the same time? In order to attempt at answering these questions we will need to go back to culture work and design experiments with marine strains that are known siderophore producers. Approaches such as geneFISH might be the most promising at identifying intracellular upregulation coupled with cell activity.

• The current analysis of sequence data relies on alignment with curated or newly created databases. While functional information can be gained from databases targeting a specific process (Chapter 1) a large proportion remains unclassified. In metagenomic studies up to 70% of raw reads cannot be annotated [START_REF] Parks | Recovery of nearly 8,000 metagenome-assembled genomes substantially expands the tree of life[END_REF].

This approach could be applied on the metagenomes (Chapter 3) using the CAZy database that describes the families of structurally-related catalytic and carbohydratebinding modules of enzymes that degrade, modify, or create glycoside bonds [START_REF] Lombard | The carbohydrate-active enzymes database (CAZy) in 2013[END_REF]. While the unaccounted part of sequences cannot be integrated with these approaches, the identifiable proportion can be discussed.

• Compared to classical biogeochemical analysis at oceanographic cruises (such as the collection of seawater in vials and the addition of fixatives for subsequent analysis), the analysis of sequence data derived files is methodologically more challenging.

Measuring a concentration of a solute in seawater is nowadays performed using similar if not identical instruments and protocols (i.e. NH4 + , DOC). The obtained result from the instrument is recorded and ready to use for interpretation with other parameters of a cruise, a sampling point or a time-series. The result is less subject of debate for the methodology used. With sequence data, the result is only one path taken in a series of complex decisions influencing the outcome. Such as the old Chinese saying claims: 'If you have 4 hours to chop a tree spend 3 hours sharpening your axe', an increasing time is spent on the processing of sequences into results. Even though recent years have resulted in an increase in ready-to-use pipelines, caution needs to be taken as the workflow heavily depends on the research question. More and more scientist applying bioinformatics urge for a consensus in analysis and transparency in the methodology used which will enhance the practice of data sharing. 

Materials and Methods

Sample collection

Seawater samples were collected during the KEOPS2 cruise (Kerguelen Ocean and Plateau Compared Study 2, Oct. 8 -Nov. 30 2011) in the Indian sector of the Southern Ocean.

Sampling and work procedures conducted in the study area were approved by the French Polar Institute (Institut polaire français Paul-Emile Victor) aboard the RV Marion Dufresne. Three stations were chosen for the present study: Station R-2 was located in HNLC (high-nutrient low chlorophyll) waters and stations A3-2 and F-L were located in naturally iron-fertilized waters (Figure 1). Seawater samples were collected with 12 L -1 Niskin bottles mounted on a rosette equipped with a CTDO Seabird SBE911-plus. For nucleic acid extractions, seawater was sampled at one depth in the surface mixed layer, and the chemical and biological parameters were collected throughout the water column (Christaki et al., 2014;Lasbleiz et al., 2014). For all environmental parameters, mean values from several measurements were calculated from surface deployments (Table 1). * The higher number of prokaryotic reads and their higher relative contributions to total reads at A3-2 and F-L as compared to R-2 can be explained by the elevated prokaryotic cell abundances at these sites (Table 1) and differences in the phytoplankton community composition. While larger diatom cells, abundant at the 2 bloom sites, were retained by the 5 µm filter used for the pre-filtration step, phytoplankton biomass at station R-2 was dominated by picoeukaryotes (Lasbleiz et al. 2016) that pass this pore size resulting in a higher number of eukaryote-assigned reads.

Cufflinks was used to assemble the transcripts and cuffmerge was used to produce a GTF file that contains an assembly that merges together the input assemblies creating one metatranscriptome of recruited reads. Obtained mapping regions (sam files converted into bam files) were preprocessed for differential expression analysis by counting the overlap of reads with merged transcripts from cuffmerge using htseq-counts [START_REF] Anders | HTSeq-a Python framework to work with high-throughput sequencing data[END_REF]. Differential expression analysis (DESeq2; Love et al., 2014) was calculated from the count files using the HNLC site (R-2) as reference to the Fe fertilized sites (A3-2 and F-L). The resulting log fold changes (LFC) corresponding to over (positive LFC) or under-presence (negative LFC) of genes at the fertilized sites compared to the reference (R-2) (Table 3).

in positioning a substance or cellular entity and maintaining it in that location" (GO). A transport protein (variously referred to as a transmembrane pump, transporter, escort protein, acid transport protein, cation transport protein, or anion transport protein) is a protein that serves the function of moving other materials within an organism. Transport proteins are vital to the growth and life of all living things. There are several different kinds of transport proteins. Carrier proteins are proteins involved in the movement of ions, small molecules, or macromolecules, such as another protein, across a biological membrane [START_REF] Ashburner | Gene ontology: tool for the unification of biology. The Gene Ontology Consortium[END_REF]The Gene Ontology Consortium, 2019). Carrier proteins are integral membrane proteins; that is, they exist within and span the membrane across which they transport substances. The proteins may assist in the movement of substances by facilitated diffusion (i.e., passive transport) or active transport. These mechanisms of movement are known as carrier-mediated transport. Each carrier protein is designed to recognize only one substance or one group of very similar substances [START_REF] Mi | PANTHER version 14: more genomes, a new PANTHER GO-slim and improvements in enrichment analysis tools[END_REF]. per samples, which was shown to be sufficient in terms of read recovery to capture the structure of microbial communities 4,5 . For the other samples, recovery of 16S rDNA ranged from 0.06 to 0.08 % (Fig. 1B), which points to a limited sequencing effort when targeting diversity analysis. Only 5 % of the 16S rDNA reads could be used for miTAG analysis (Fig. 1B). Despite of the arguable application for community diversity, 16S

rDNA-based analysis is based on the largest existing database for classification of microorganisms, although single marker gene-based approaches are prone to bias and are not able to cover the community as a whole.

To address this limitation, multiple single-copy marker gene-based metagenomic operational taxonomic units 6 (mOTU) were recruited to generate a high-resolution profiling of community diversity (Fig. 1C). Nearly 10 % of the total reads were employed (Fig. 1D) and in addition, as shown in the mOTU-based alpha-diversity analysis, prokaryotic community evenness in the deeper sediment is always lower than in the corresponding shallower sediments in both, the background and hydrothermal vent sediments. Furthermore, at the same depth horizon, the evenness of microbial communities is lower in the vent system, while richness is not drastically affected by both, the depth of the sediment layer and the vent except for sample Vent 3 (4 -6 cm).

These differences are represented in a decreasing Shannon index with depth as well as proximity of sampling site to the vent (Fig. 2). For example, the background samples and samples from the outside vent (Vent 1a) exhibited a higher diversity than the hydrothermal vent system if compared across the same depth layers. Moreover, the decrease in diversity from sample Vent 1a to sample Vent 1c (0 -3 cm depth) indicates limited influence of the vent system where the sampling location is closer to the core of the vent sediment. Based on these analyses, we conclude that the hydrothermal vent sediments harbor lower microbial diversity towards deeper layers despite their distinct phylogeny due to strong selection. This conclusion differs fundamentally from that reported in Dombrowski et al. 1 .

Our analysis points to several pertinent problems in assessing diversity of microbes. While there has been an immense increase in available sequence information over the last two decades leading to novel phyla and functional traits, we are only starting to grasp the full extent of the diversity of the biosphere and the functional potential of the world's oceans 7 . Binning-based metagenomic studies hold the possibility to recover nearly complete genomes without isolated representatives. Such efforts reveal a high diversification of the microbial community and increase our knowledge on the microbial biodiversity 8 . Special caution should be taken, however, when comparison is made between samples or sites. For example, finding new phyla in the vent system but not in background sediments, as observed in the study of Dombrowski et al. 1 should not be interpreted as higher diversity. Actually, the richness was higher in the background sediments than in the vent sediments (see Fig. 2). The number of recovered MAGs is influenced by sequencing depth as well as the in-situ community complexity, and, within the same sequencing depth, high quality MAGs result from less diverse but phylogenetically distinct samples 9 . Therefore, if completeness and contamination of the bin are used as selection criteria, the number of MAGs is negatively related with community diversity. Instead, the diversity should be estimated prior to the metagenomic binning to provide realistic insights into a given environment 10 .

Taken together, the conclusion reached by Dombrowski et al. 1 that the microbial diversity of Guaymas Basin hydrothermal vent sediment is higher than in the adjacent sediments is based on their specific way of analyzing the data. However, while we are aware of the caveats using phylogenetic marker genes and especially 16S rRNA gene analyses, we can conclude from our analysis that the vent system does not maintain a higher diversity than the non-vent sediments which is in contrast to the conclusion reached by Dombrowski et al. 1 . Thus, we provide evidence that more caution needs to be put into the interpretation of diversity when focusing solely on MAGs.

Material & Methods

Metagenomic reads retrieved from Dombrowski et al. 1 were trimmed with AdaptorRemoval 11 for downstream analysis. For 16s miTAG analysis, the qualityfiltered reads were merged or interleaved (for unmerged reads) with BBmerge.sh as the input for Meta_RNA 12 to extract 16s rRNA genes. The predicted 16s rRNA gene read pairs were used to construct miTAG OTU table with the UPARSE 13 function implemented in LotuS 14 at 97% similarity. MATAM 15 (v.1.5.3) was used to assemble 16s rRNA gene related reads from each metagenome and subsequently the relative abundance of 16S was calculated per sample. For mOTU analysis, quality-filtered reads were aligned to mOTU.v2b.nr.padded database 16 with BWA algorism, mOTU table was generated according to mOTU.v2b.map file 15 . Rarefaction curves were generated with rarecurve function from Vegan package and the mOTU-based alpha-diversity was calculated with rtk package on the basis of the average of 1000 rarefied datasets.
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Figure 6 .

 6 Figure 6. Metagenomic sequencing project of the past two decades as well as location of sampling site of this thesis. ACE -Antarctic Circumnavigation Expedition, GOS -Global Ocean Sampling, Malaspina -Expedition, OSD -Ocean Sampling Day, Tara -Oceans Sampling, SOCLIM/MOBYDICK -Data from this thesis

Figure 7 .

 7 Figure 7. Climatology of the Kerguelen plateau over a period of ten years. Chlorophyll map courtesy of Prof. Stéphane Blain.

Fig. 1 .

 1 Fig. 1. Location of sampling sites positions superimposed on the monthly composite satellite image of chlorophyll (μgL -1 ) provided by Copernicus Marine Service for (November 2011, 4 × 4 km). The grey line denotes 1000 m isobaths.

Fig. 4 .

 4 Fig. 4. Relative proportion of 16S rRNA gene sequences on the order level (data are from Landa et al. 2016).

Fig. 5 .

 5 Fig. 5. Percent contribution of pathway-specific transcripts to total prokaryotic transcripts at a given site. Bars represent mean values and error bars represent minimum and maximum values.
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  the first row of the transition metals (atomic mass above 50), are known to have an important biological role. They are often co-factors or part of co-factors in enzymes and structural elements in proteins, therefore being essential for living organisms. Of those, the trace metals -Mn, Fe, Co, Ni, Cu, Zn, and Cd-have been best studied by

(

  HEOBI) cruise (8 January -27 February 2016) aboard the Australian R/V Investigator (INV2016-V01). Particles were collected on January 29 th 2016 in shallow waters (overall depth 210 m) in the vicinity of Mac Donald Island (53.0349 S, 72.55 E) at 100 m by McLane high volume in-situ pumps (WTS-LV) (here on referred to as ISPs) (Fig. 2).

  2 µm-filtered seawater collected following trace-metal clean procedures[START_REF] Holmes | Iron availability influences nutrient drawdown in the Heard and McDonald Islands region, Southern Ocean[END_REF]. The remaining punches served for chemical analyses of the particulate matter as described in Van der[START_REF] Merwe | The autonomous clean environmental (ACE) sampler: A trace-metal clean seawater sampler suitable for open-ocean time-series applications[END_REF].

Figure 2 .

 2 Figure 2. Sampling location of particles (red dot) close to Mac Donald Island and of seawater used for the incubations (yellow dot) in HNLC waters. Chlorophyll map of 4 Km resolution for February 2016.

  sequence data were normalized by dividing counts by sample size. The taxonomy assignments were done with the SILVA v.128 database (https://www.arb-silva.de/documentation/release-128/) and the "assignTaxonomy" function in DADA2 that implements the RDP naiveBayesian classifier method described in[START_REF] Wang | Naïve Bayesian Classifier for Rapid Assignment of rRNA Sequences into the New Bacterial Taxonomy[END_REF]. Visualization of results was performed in phyloseq package in R(McMurdie and Holmes, 2013) and plots were enhanced using the open source tool inkscape (https://inkscape.org/).

Figure 5 .

 5 Figure 5. Microscopic observation of particles collected at the end of the incubation. (left panel) (A) Red channel of the image produced with white light excitation, showing particles of different size and nature as revealed by the intensity of the fluorescence. (B) Image produced with excitation at 365 nm showing the attached cells stained with DAPI. (C) Image shown in left panel treated with the image J software to delineate the edges of particles before measurement of the surface area.

Figure 7 .

 7 Figure 7. Prokaryotic heterotrophic production during the dose addition experiment. Mean values ±SD of biological replicates are shown. Asterisk denote significant difference between treatment and control. Cell-specific prokaryotic production was significantly enhanced by C after 1 day (p = 0.025) and 3 days (p = 0.006), and Fe-addition significantly enhanced prokaryotic production after 3 days (p = 0.013) (Suppl. Fig 3).

Figure 8 .

 8 Figure 8. Relative abundance of 16S rRNA gene sequences on order level representing 89 -99 % of relative abundance per sample. Mean values ±SD of triplicate amplicons are shown.

Figure 12 .

 12 Figure 12. Log2 Fold changes for differentially expressed transcripts. Positive values indicate higher expression in PA than in FLP (orange circles) and in FLP than in FLC (blue circles).

Figure 13 A

 13 Figure 13 A. Log2 Fold changes for differentially expressed transcripts. Positive values indicate higher expression in PA than in FLP (orange circles) and in FLP than in FLC (blue circles). B. Simplified scheme of Fe/S cluster assembly ofSuf, modified from (Ayala-Castro et al. 2008) 

Figure 18 .

 18 Figure 18. Examples of siderophore synthesis pathway genes and the relative contribution of taxa for particle attached cells. Mean values ± SD of triplicates are shown (FLP in supplementary).

Figure 20 A

 20 Figure 20 A. Simplified Fur mechanisms modified from Massé and Gottesman 2002. B. Simplified scheme of ferritin pathway from KEGG.

  genes. Alteromonadales, Cytophagales and Flavobacteriales were the main contributors to bacterioferritin transcripts, and heam-free ferritin transcripts belonged mainly to Alteromonadales, Bdellovibrionales, Cellvibrionales and Oceanospirillales (Fig.21& Fig.20).

Figure 21 .

 21 Figure 21. Examples of bacterioferritin and ferritin genes genes and relative contribution for particle attached cells. Mean values ± SD of triplicates are shown (FLP in supplementary).

Figure 1 .

 1 Figure 1. Bathymetry of the Kerguelen plateau. Position along depth gradients of station KERFIX (1707m) and A3 (527m).

(

  SOCLIM, Oct. 6 th -Nov. 1 st 2016, austral early spring (ES)) and Marine Ecosystem Biodiversity and Dynamics of Carbon around Kerguelen (MOBYDICK, Feb. 18 th -Mar. 29 th 2018, austral late summer (LS)) cruise in the Indian sector of the Southern Ocean. Sampling and work procedures conducted in the study area were approved by the French Polar Institute (Institut Polaire Emile Victor) and IFREMER aboard the RV Marion Dufresne. Seawater was transferred from Niskin bottles mounted on a CTD frame into polycarbonate carboys of 10 -20 L using sterile tubing with a 60 µm nylon screen.

Figure 7 .

 7 Figure 7. Compound-specific transporter proteins. A. Relative proportion by NSAF by compound and metaproteomes. All replicates and revisits are shown. B. Relative proportion of compound-specific transporters from assigned transporter transcripts shown as mean values with SD for metatranscriptomes. Green bar -early spring samples, Red bar -late summer samples, AA -amino acids.

  While metagenomics is able to identify which microorganisms are present in an environment and what genomic potential they have, metatranscriptomics studies the function and activity of the complete set of transcripts (obtained from RNA-sequencing). In this assembly based metatranscriptomic approach we tried to highlight functional processes that were of highest importance in contrasting environmental sites of the Southern Ocean.

Figure 1

 1 Figure 1 Location of sampling sites superimposed on the monthly composite satellite image of chlorophyll (µg L -1 ) provided by Copernicus Marine Service for November 2011, 4 x 4 km. The grey line denotes 1000km isobaths.

Figure 4

 4 Figure 4 Gene ontology scatterplots constructed with REVIGO for all significant GO terms from Fisher exact tests using similarity of 0.7, with SimRel as semantic similarity measure. Colours indicate the p-value of enrichment according to the legend. The size of each bubble reflects the count of each term among the enriched term list. A&B. Biological Process, C&D Cellular Component, E&F Molecular Function.

Figure 5 .

 5 Figure 5. Percentages of sequences by Gene Ontology terms for A. R2 vs A3 comparison and B. R2 vs FL comparison

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 2 .

 2 Dissolved iron (dFe), Chlorophyll a and dissolved organic carbon (DOC) at Station A3 and KERFIX obtained from oceanographic cruises. NA -not available.

		A3 (on plateau)		KERFIX (off plateau)	
	Cruise	dFe	Chl a	DOC	dFe	Chl a	DOC
		(nmol L -1 )	(µg L -1 )	(µM)	(nmol L -1 )	(µg L -1 )	(µM)
	KEOPS 1	0.13 1.6 ± 0.5	NA	0.09 * 0.2 ± 0.1 *	NA
	(January -						
	February 2005) a						
	KEOPS 2	0.16 ±	2.03 ±	51.3 ±	0.13 ±	0.25 ±	47.8 ±
	(November 2011) b	0.03	0.34	1.5	0.05 **	0.08 **	0.4 **
	SOCLIM	NA	1.64	52.0	NA	0.32	51.0
	(October 2016) c						
	MOBYDICK	NA	0.39 ±	52.5	NA	0.17 ±	50.4
	(March 2018) d		0.14			0.03	

*Reference site C11 for KEOPS 1 cruise. **Reference site R-2 for KEOPS 2 cruise. Off-plateau station in vicinity of KERFIX (50°35S -66°71E) a

Lefèvre et al., 2008 b Lasbleiz et al., 2014; Quéroué et al., 2015; Tremblay et al., 2015 c Liu et al., 2019 d unpublished 

  Contextual data was provided by SB, Jocelyn Carparros and Philippe Catala. IO and SB designed the research and carried out the experiment in collaboration with Pier van der Merve and Andy Bowie (UTAS-IMAS,

	Hobart, Australia) during an oceanographic cruise aboard the Australian R/V Investigator (January to
	February 2016).

Table 1 .

 1 Location, date, biogeochemical properties and bulk prokaryotic parameters at the three study sites. All parameters are mean AE SD for the surface mixed layer.

	R-2	F-L	A3-2

Table 1 .

 1 General information on sequencing results and reads.

	Supplementary Sample Names	Raw Reads from	Interlaced reads after	Percent of	Number of
		paired-end	trimming and rRNA	prokaryotic	prokaryotic
		sequencing (fastq	removal	reads from	reads from total
		replicates)		BLAST (%)	reads
	R_1	25 795 611	31 872 360	8.9	2 860 032
		25 795 611			
	R_2	24 750 021	31 519 356	10.5	3 308 037
		24 750 021			
	A3_2_1*	23 871 679	29 824 202	15.3	5 514 089
		23 871 679			
	A3_2_2*	21 853 684	34 620 685	13.8	4 438 123
		21 853 684			
	FL_1*	20 460 960	36 070 585	18.0	5 373 036
		20 460 960			
	FL_2*	23 556 644	32 099 894	21.7	7 504 148
		23 556 644			

Table 3 .

 3 Taxa

	Station	Prokaryotic group	Aconitas	F 2+	F 3+	Flavodoxi	Bacterioferrit	Isocitrat	Sideropho
			e	uptake	uptake	n switch	in	e lyase	re uptake
	A3_2	Actinomycetaceae	0	0	1.9 ±	0	0		0
					0.09				
	A3_2	Aeromonadaceae	0	0	0	3.33 ±	0		0
						0.16			
	A3_2	Alcanivoracaceae	0	0	0	5.18 ±	0		0
						0.07			
	A3_2	Alteromonadaceae	3.11 ±	0	0	1.48 ±	5.04 ± 0.82	5.45 ±	13.17 ±
			0.06			0.21		0.26	0.25
	A3_2	Aphanizomenonaceae	0	0	0	4.37 ±	0		0
						0.24			
	A3_2	Archaea	0	2.42 ±	6.15 ±	2.33 ±	1.74 ± 0.21		0.26 ±
				0.13	0.19	0.04			0.01
	A3_2	Bacillaceae	0	0	2.63 ±	0	0		0
					0.11				
	A3_2	Burkholderiaceae	2.49 ±	0	0	0	0	7.45 ±	1.12 ±
			0.14					0.65	0.01
	A3_2	Cellvibrionaceae	0	0	0	2.55 ±	4.08 ± 0.05		8.81 ±
						0.12			0.14
	A3_2	Chromatiaceae	0	0	2.92 ±	0	0		0
					0.34				
	A3_2	Chromobacteriaceae	0	0	0	0	1.72 ± 0.48		0
	A3_2	Colwelliaceae	0	0	0	0	0	0.31 ±	0
								0.11	
	A3_2	Coriobacteriaceae	0	0.6 ±	0	0	0		0
				0.06					
	A3_2	Corynebacterineae	0	0	0	0	0	7.65 ±	0
								0.04	
	A3_2	Crocinitomicaceae	0	0	0	0	2.7 ± 0.49		0

Supplementary Table

2

. Relative contribution of prokaryotic groups to pathway specific transcripts. For each group, mean value ± standard deviation of 2 replicates are shown. Error estimates are provided for all prokaryotic groups illustrated in Figures

2 & 3

, and groups are listed by alphabetic order. -specific transcript abundance (per 10 5 cells) of a given pathway at Station F-L and R-2. For each group, mean value ± standard deviation of 2 replicates are shown. Error estimates are provided for all prokaryotic groups illustrated in Figures 6, and groups are listed by alphabetic order.

Table 4 .

 4 Information of databases constructed or modified fromToulza et al. (2012) and retrieved by NCBI.

	Database	Specific processes	Sum	Global Ocean	Size of created	Mean length
	Name	referred to	retrieved	Sampling	and functionally	of sequences
			from	(GOS)	verified (KEGG)	in customized
			NCBI/Moore	protein	databases in	database (bp)
			Database	database	Fasta sequences	
				retrieval		
	Aconitase	TCA cycle	527	807	1334	534
	Isocitrate	Glyoxylate shunt	1123	591	1714	412
	lyase					
		Fe 3+	101	1150	1251	396
		Fe 2+	243	757	1000	513
	Fe	Siderophore uptake	561	2934	3495	513
		Flavodoxin switch	181	886	1067	209
		Fe Storage	123	427	550	170
	Supplementary					

Table 5 .

 5 Pathways and corresponding KEGG-Id numbers that were chosen for further analysis. For Siderophore uptake only Fe related KEGG-Ids were chosen.

	Prokaryotic Order	R-2	F-L
		cells L -1	cells L -1
	Alteromonadales	1045863.3	13983087.5
	Oceanospirillales	11147372.2	27410029.5
	Pseudomonadales	4336506.3	1032841.7
	Pelagibacterales	102775200.0	165731367.0
	Flavobacteriales	21478460.8	58156932.1
	Actinomycetales	1096881.0	28125073.7
	Rhodobacterales	5433387.3	119253491.0
	Burkholderiales	162973.3	110346.3
	Synechococcales	440264.9	1715609.3

Supplementary Table

6

. Cells per L for prokaryotic groups in Figure

6

for station R-2 and F-L, calculated as described in experimental procedures.

  with a modification to the PCR amplification step. Briefly, the V4 -V5 region of the 16S rRNA gene from DNA samples was amplified with the primer sets 515F-Y (5' -GTGYCAGCMGCCGCGGTAA) and 926R (5' -CCGYCAATTYMTTTRAGTTT). Triplicate 10 µl reaction mixtures contained 2 µg DNA, 5 µl KAPA2G Fast HotStart ReadyMix, 0.2 µM forward primer and 0.2 µM reverse primer. Cycling reaction started with a 3 min heating step at 95 °C followed by 22 cycles of 95 °C for 45 s, 50 °C for 45 s, 68 °C for 90 s, and a final extension of 68 °C for 5 min. The quality of amplification products was examined on a 1 % agarose gel electrophoresis and when bands were visible triplicate reactions were pooled. Unique paired barcodes were added to each sample. The Master 25 µl mixtures contained 1 µl PCR product, 12.5 µl KAPA2G Fast HotStart

	ReadyMix (Kapa Biosystems, USA), 0.5 µl barcode 1 and 0.5 µl barcode 2. The cycling
	program included a 30 s initial denaturation at 98°C followed by 8 cycles of 98 °C for 10 s, 60
	°C for 20 s, 72 °C for 30 s, and a final extension of 72 °C for 2 min. 3 µl PCR product were

used to check for amplification on 1% agarose gel electrophoresis. The remaining 22 µl barcoded amplicon product was cleaned to remove unwanted dNTPs and primers by Exonuclease I and Shrimp Alkaline Phosphatase at 37 °C, 30 min for treatment and at 85 °C, 15 min to inactivate. The concentration of double-stranded DNA was quantified by PicoGreen fluorescence assay (Life Technologies). After calculating the PCR product concentration of each samples, they were pooled at equal nanogram manually. The pooled PCR amplicons were concentrated using Wizard SV gel and PCR clean-up system (Promega, USA) according to the manufacturer's protocol. Amplicons were sequenced with MiSeq Illumina 2 × 300 bp chemistry by Fasteris SA sequencing service (Switzerland) in a batch of 300 samples on one lane. Mock community DNA (LGC standards, UK) was used as a standard for subsequent analyses and considered as a DNA control for all treatments. All samples from the platform have been demultiplexed and barcodes have been trimmed off. A total number of 764,658 raw sequences was obtained for 14 samples.

Table 1 .

 1 Number of transcripts differentially expressed between particle-attached and free-living prokaryotes. PA -Particle attached, FLP -Free living particle sphere, FLC -Free living control.

	Testing	Differentially expressed	Higher	Higher	Higher
	conditions	transcripts	abundance	abundance	abundance
			in FLP	in PA	in FLC
	FLP vs. FLC	4860	4860		
	PA vs. FLC	4799		4789	10
	FLP vs. PA	1407	532	875	

  Samples chosen for RNA sequencing with raw read counts before and after trimming.

		reads Filtered	Denoised	Merged	Tabled	Nonchimeric
	PA_1	43516	27080	27080	16459	16459	16459
	PA_2	64753	40805	40805	25553	25553	25553
	PA_3	49667	30994	30994	14620	14620	14593
	PA_4	49258	30725	30725	13492	13492	13296
	FLC_1	52876	34004	34004	24627	24627	24362
	FLC_2	54477	34985	34985	25861	25861	25861
	FLC_3	54926	35706	35706	27431	27431	27426
	FLC-P1	36679	22689	22689	9482	9482	9482
	FLC-P2	18136	11458	11458	6236	6236	5799
	FLP_1	53138	33559	33559	23581	23581	23533
	FLP_2	59776	37481	37481	25038	25038	25028
	FLP_3	65775	41693	41693	29917	29917	29917
	FLP_4	90847	58623	58623	43993	43993	43954
	FLP_5	70834	45176	45176	32155	32155	32104
	Sample	Read	Raw	Adapter	Sickel	% of surviving
	code			Trimmed	Trimmed	reads
	PA 7	R1	27853639	27244786	25024024	91.85
	PA 7	R2	27853639	27244786	25024024	91.85
	PA 8	R1	29149587	29039594	27678745	95.31
	PA 8	R2	29149587	29039594	27678745	95.31
	PA 9	R1	38714036	38535793	37292499	96.77
	PA 9	R2	38714036	38535793	37292499	96.77
	FLP 10	R1	32557386	32410197	30851772	95.19
	FLP 10	R2	32557386	32410197	30851772	95.19
	FLP 11	R1	21940087	21894483	21263978	97.12
	FLP 11	R2	21940087	21894483	21263978	97.12
	FLP 12	R1	26928106	26898976	25453528	94.63
	FLP 12	R2	26928106	26898976	25453528	94.63
	FLC-P 13 R1	33884697	33190763	32040019	96.53
	FLC-P 13 R2	33884697	33190763	32040019	96.53
	FLC-P 14 R1	32289912	31454280	30094793	95.68
	FLC-P 14 R2	32289912	31454280	30094793	95.68
	FLC 15	R1	27590625	27439358	26599999	96.94
	FLC 15	R2	27590625	27439358	26599999	96.94

Supplementary Table
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Table 1 .

 1 Sample and replicate description

	Station	Site	Season Visits		Prefilter Metagenomes	Metatranscriptomes	Metaproteomes
			per		Total DNA	Ribosomal-depleted	Total	protein,
			cruise		RNA	trypsin digested
			track			
	A3	Fe-fert. ES	2	0.8 µm 1 (pooled	3 (biological triplicates	2 (biological
					extracts from all	from second visit)	duplicates from
					revisits)		each visit)
	KERFIX HNLC ES	1	0.8 µm NA	3 (biological triplicates)	2 (biological
							duplicates)
	A3	Fe-fert. LS	3	0.8 µm 1 (pooled	3 (biological triplicates	6 (biological
					extracts from all	from first visit)	replicates from
					revisits)		each visit)
	KERFIX HNLC LS	2	0.8 µm 1 (pooled	3 (biological triplicates	4 (biological
					extracts all	from first visit)	replicates from
					revisits)		each visit)

Table 2 .

 2 Environmental parameters for the two stations and revisits.

	Parameters at sampling depth of 10-15 m for

sources of Fe and C with heterotrophic metabolism

  Corynebacteriales while TonB receptors for the respective siderophores were again expressed by other representatives such as SAR86 and SAR92. Rhodobacteracea transcripts were again expressed in highest contribution for Fe 3+ uptake mediated through ABC transporters (Chapter 1 & 2). Gammaproteobacteria (27.8%). Metatranscriptomic data revealed differential expression of Fe transport related genes in MAGs of Gammaproteobacteria and Bacteroidota and several of these were recovered in metaproteomes as well (Chapter 3, Fig 6&8).

	When observing the metagenomic co-assembly of sites around the Kerguelen islands and
	the derived assembled genomes the taxa proportions are close to the previously observed 16S
	rRNA patterns (Chapter 3). Of 133 MAGs, 4 belonged to Archaea (3.0% of MAGs), 39 to the
	Bacteroidota (29.3%, new Name of FCB cluster by GTDB), 34 to Alphaproteobacteria (25.6%)
	and 27 to Linking
	groups in 16S contribution (Chapter 2): Flavobacteriales (25% PA, 35% FL), Rhodobacterales
	(20% PA, 27% FL), Oceanospirillales (26% PA, 13% FL). While the non-particle control was
	dominated by Flavobacteriales up to 28%, SAR11 up to 20% and Cellvibrionales up to 14%.

Regarding Fe uptake transcripts for siderophore synthesis were associated to a diverse prokaryotic community of low contribution in 16S rRNA such as for instance Burkholderiales and Samples from Chapter 1 & 3 include measurements or derived data for dissolved Fe concentrations at open ocean stations and sequencing data is put in context to those. Chapter 2 focuses on different views on dissolved and particulate Fe and the impact on microbial communities from an open ocean HNLC site. The different sources show different processes and taxa at work in terms of gene expression and protein translation.

Table 1 .

 1 Environmental parameters for the three stations

		R-2	F-L	A3-2
	Latitude S	50.3590	48.5222	51.0333
	Longitude E	66.7170	74.6500	72.0833
	Date of sampling	26/10/11	7/11/11	16/11/11
	Sampling depth (m)	60	20	20
	Surface mixed layer (m)	105±15	38±7	153±15
	Dissolved and particulate nutrients			
	DOC (µM) 1	47.8 ± 0.4	49.6± 1.3	51.3 ± 1.5
	DON (µM) 2	6.1 ± 0.04	5.47 ± 1.33	6.44 ± 2.2
	DOP (µM) 2	0.3 ± 0.02	0.26 ± 0.12	0.36 ± 0.04
	POC (µM) 1	6.5 ± 1.8	11.5±1.2	13.5 ± 1.8

Table 2 .

 2 General information on sequencing results and reads.

	Sample	Raw Reads from	Interlaced reads	Percent of	Number of
	Names	paired-end	after trimming and	prokaryotic	prokaryotic
		sequencing	rRNA removal	reads from	reads from
		(fastq replicates)		BLAST (%)	total reads
	R_1	25 795 611	31 872 360	8.9	2 860 032
		25 795 611			
	R_2	24 750 021	31 519 356	10.5	3 308 037
		24 750 021			
	A3_2_1*	23 871 679	29 824 202	15.3	5 514 089
		23 871 679			
	A3_2_2*	21 853 684	34 620 685	13.8	4 438 123
		21 853 684			
	FL_1*	20 460 960	36 070 585	18.0	5 373 036
		20 460 960			
	FL_2*	23 556 644	32 099 894	21.7	7 504 148
		23 556 644			
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Chapter 2

Marine particles as source of trace metals for prokaryotes:

A metatranscriptomic view Pavla Debeljak 1,2 , Stéphane Blain 1 , Pier van der Merwe 3 , Andrew R. Bowie 3,4 and Ingrid 

Abstract

Trace metal availability in marine ecosystems controls biological activity in vast oceanic regions. The extremely low levels of essential metals have led microorganisms to develop efficient mechanisms of uptake and transformation for specific biochemical functions. While the amendment of the trace metal iron has shown to increase autotrophic and heterotrophic activity in large scale studies as well as in cultures, the expressional response in heterotrophic prokaryotes remains less understood. In this study we used metatranscriptomics on a prokaryotic community from a low iron Southern Ocean site after incubation with marine particles from the vicinity of MacDonalds Island. Bacteria and Archaea attached to particles as well as free-living cells incubated in the presence of particles were enriched in transcripts of transporters for multiple trace metals, siderophore synthesis and uptake, cellular carbon metabolism and several metal co-factors containing pathways. Our results illustrate that marine particles are a source of trace metals to heterotrophic prokaryotes in the iron-deplete Southern Ocean.

Experimental design

To investigate the effect of suspended particles on prokaryotes, on-board incubation experiments were performed (Fig. 3).

Figure 3. Experimental design of the on-board incubations. ISP-In situ pump

Batch cultures, containing a natural prokaryotic consortium (< 0.8 µm size fraction) and 0.2 µm-filtered seawater (ratio of 1:10, final volume 2L), were amended with particles and incubated for 12 days. Seawater for the < 0.2 µm-and < 0.8 µm-size fractions was collected at 45 m depth from HNLC waters south of Heard Island (54 10.061 S/ 73 40.092 E) (Fig. 2), using trace-metal clean procedures. Particles were added to the cultures from the suspension described above (6.5 mL of suspension to 2L of batch culture). Batch cultures without particle addition served as control. Because of the expected variability induced by the addition of the particle suspension, five replicate particle-amended cultures were prepared. The control incubations were done in quadruplicates. To investigate short-and medium-term dynamics of the suspended matter, particles were removed after 7.7 days of incubation in two of the five replicate particle-amended cultures. The cultures were therefore filtered through an 0.8 µm filter, and the incubation containing < 0.8 µm filtered seawater continued until the end of the experimental period (Fig. 3). To keep the particles in suspension, each culture was continuously stirred at slowest speed using a magnetic stirrer. The cultures were kept in polycarbonate 

Gene differential expression and functional enrichment analyses

Reads were mapped back to the assembled contigs using Bowtie2 (Langmead and Salzberg, 2012) with default parameters (Fig. 4), resulting an overall 54.3% recruitment rate.

Reads that were aligned to the selected prokaryotic gene features were counted using featureCounts (http://bioinf.wehi.edu.au/featureCounts/) with the following parameters for stranded specific reads -F 'GTF' -t 'gene' -Q 1 -s2 -p -C [START_REF] Liao | featureCounts: an efficient general purpose program for assigning sequence reads to genomic features[END_REF]. The R package DESeq2 (Love, Huber et al. 2014) was implemented to detect differential expression based on the count table generated by featureCounts. The control sample FLC-P_14 (Suppl. Table 2) had to be excluded from the further analysis as it was significantly different from the triplicate set recruiting less reads than all other samples (DESeq function Cooks distance). Differential expression analysis was thus calculated with a duplicate set of control samples. 

Correction for cell abundance

Enumeration of prokaryotes revealed about 10 times higher cell abundance of free-living than particle-attached cells per litre (see Results Section below). To avoid a potential bias in the interpretation of the DESeq analysis results, we accounted for this difference in cell abundance by multiplying the metatranscriptomics raw reads of the PA treatment by a conservative factor of five prior to the analysis. were mapped back to the assembly and mapped reads were counted. One control sample (FLC-P_14; Suppl. Table 2) was significantly different from the triplicate set recruiting less reads than all other samples (DESeq function Cooks distance) and this sample had to be excluded from further analysis. For differential expression analysis, the control therefore consisted of one FLC and one FLC-P sample (Suppl. Table 2). In order to analyse functional differences, assigned KEGG-Ids were summed by normalized gene length and differential expression analyses were performed for the following pairs: PA vs FLP, FLP vs FLC and PA vs FLC.

Significantly differentially expressed transcripts were chosen with an adjusted pvalue < 0.05 (Suppl. Fig. 5). Bray Curtis dissimilarities of transcript counts revealed grouping by treatment and control in non-metric space (Fig. 10). Highest numbers of over-expressed transcripts were found for FLP versus FLC (4860)

and PA vs FLC (4789), and this number was substantially lower for PA versus FLP (875).

Comparison of FLP versus PA and FLC versus PA revealed 532 and 10, respectively, overexpressed transcripts (Table 1). A large number (4560) of KEGG Enzymes were shared between PA and FLP, and 300 and 229 were unique in PA and FLP, respectively.

Two-component systems

Given the pronounced response of prokaryotes attached to or in the vicinity of particles,

we investigated transcripts with the potential for sensing changes in growth conditions. We identified a total of 65 sensor histidine kinases in our dataset, and most (62) of them were higher expressed in PA and FLP compared to FLC (Fig. 15; Suppl. Fig. 12). The ferric enterobactin receptor (fepA) is part of the PfeS-PfeR-PfeA enterobactin-dependent Fe acquisition twocomponent regulatory system and was highly expressed in FLP compared to both FLC and PA (Log2 fold change 5.3 and -3.3 respectively, Fig. 15).

The CRP/FNR family transcriptional regulator, nitrogen fixation regulation protein (K15861, L2FC 4.6) was highly expressed in PA compared to FLP. The complete tetrathionate respiration trS-TtrR two-component regulatory system could be found highly expressed in PA to FLP (K13040, TtrS, L2FC 3.8; K13041, TtrR, L2FC 3.4; K08357, TtrA 6.9; K08358, TtrB, Log2 fold change 4). The RegA (redox response) two-component regulatory system as well as ubiquinol-cytochrome c PetB and PetB were highly expressed in FLP to PA which indicates regulation of the electron transfer system (K15012, regA, Log2 fold change -2; K00410, PetB, PetC, Log2 fold change -9).

In both PA and FLP multiple biofilm formation sensory elements were highly expressed Log2 fold change 2; Suppl. Fig. 13). Flagellin had highest transcript contribution for PA and was highly expressed for both PA and FLP versus FLC (K0206, Log2 fold change 4.3 and 3.6).

Chemotaxis proteins MotA and MotB had a Log2 fold change of 4 for both PA and FLP compared to FLC (Suppl. Fig. 13).

Porphyrin synthesis pathways

Both PA and FL expressed partially pathways for Vitamin B1, B8, B12 biosynthesis compared to FLC. Vitamin B12 contains cobalt thus the ability of synthesis points to the fact that cobalt was present and that the energetic need for these biosynthetic pathways was covered in presence of particles (Fig. 16; Suppl. Fig. 9). 

Other ABC transporters

Numerous amino acids, simple sugars and complex carbohydrates, as well as lipid ABC transporters were identified to be higher expressed in PA and FLP compared to FLC, and several sugars showed higher expression in FLP to PA (Suppl. Fig. 8 & 14). Among the ABC transporters for amino acid derivatives such as taurine, spermidine and putrescine were present.

Furthermore, compound specific transporters were identified for Vitamin B1 (thiamine), B8

(biotin) and B12 (cobalamin). The ABC transporter for Vitamin B12, K06073 was highly expressed in PA to FLP (Log2 fold change 5.9) as well as FLP to FLC (Log2 fold change 5.2).

groups that were not identified as producers (Fig. 18). In addition, the siderophore exporter for enterobactin was found highly expressed by representatives of the order Flavobacterales in particle-attached compared to free-living cells. These results suggest that in our experimental setting enterobactin is produced by a range of taxa and that SAR92 and SAR86 are the most competitive in the utilization of Fe bound to this siderophore. Sensing and cell-cell communication Two-component system kinases are responsible for the sensing of nutrients, including trace metal or other cells and have been described as important indicators for biogeochemical cycling in genomes and metaproteomes of marine prokaryotes [START_REF] Panzeca | B vitamins as regulators of phytoplankton dynamics[END_REF][START_REF] Carini | Discovery of a SAR11 growth requirement for thiamin's pyrimidine precursor and its distribution in the Sargasso Sea[END_REF][START_REF] Held | Unique Patterns and Biogeochemical Relevance of Two-Component Sensing in Marine Bacteria[END_REF]. In the present study, cellular signalling processing could potentially explain the energetic investment into siderophore synthesis. The high expression of PFeA a TonB dependent outer-membrane protein, related to FepA, that binds and translocates Fe(III)-enterobactin into the periplasm [START_REF] Poole | Enterobactin-mediated iron transport in Pseudomonas aeruginosa[END_REF], could indicate that free-living prokaryotes were actively sensing for Fe in the vicinity of particles. A recent study confirmed that PfeA recognises enterobactin in Pseudomonas aeruginosa [START_REF] Moynié | The complex of ferric-enterobactin with its transporter from Pseudomonas aeruginosa suggests a two-site model[END_REF].

Furthermore, chemotaxis and biofilm regulation genes were highly expressed by particleattached cells (Supplementary Figure 13). Potential cell-to-cell communication could in part explain the higher siderophore production on particles. In a recent study, the model organism Vibrio harveyi was observed to use quorum sensing as well as a Fe repressed gene cluster to produce cell-associated siderophores and other related soluble siderophores [START_REF] Mcrose | Quorum sensing and iron regulate a two-for-one siderophore gene cluster in Vibrio harveyi[END_REF]. The production of acylated homoserine lactones was observed in Roseobacter strains isolated from marine snow and indicating quorum sensing on these particles (Gram et al., 2002).

Intracellular processing of Fe

Once a metal has been taken up, its intracellular concentration must be carefully managed as high concentrations can become toxic. For example, an excess of Fe can lead to the formation of reactive oxygen species inside the cell (Andrews et al., 2003). The ferric iron uptake regulator (Fur) family is responsible for the regulation of Fe uptake and homeostasis in prokaryotes (Andrews et al., 2003;Cornelis and Andrews, 2010). We did not observe any significant differences in the expression of the observed Fur transcripts between particleattached and free-living cells (Fig. 12). The expression of a Fur transcriptional regulator in excess of the ion inhibits downstream expression of the gene and results in noncoding RNA called RyhB (Fig. 20A&B; [START_REF] Massé | A small RNA regulates the expression of genes involved in iron metabolism in Escherichia coli[END_REF]Andrews et al., 2003). 

Supplementary Figure 15. Detailed plot of genes in Nitrogen metabolism and corresponding Log2 Fold changes in comparisons. Positive values indicate higher expression in PA than in FLP (orange circles) and in FLP than in FLC (blue circles). Negative values indicate lower expression in the respective comparisons.

Supplementary

Abstract

The availability of dissolved organic matter constrains heterotrophic microbial activity in surface waters of the Southern Ocean, characterized by generally low concentrations of organic carbon. In the region southeast of Kerguelen Island, the island mass effect leads to elevated iron concentrations in otherwise high-nutrient low-chlorophyll (HNLC) waters. Thus, it represents an attractive site to study locally occurring spring phytoplankton blooms and the response of heterotrophic microorganisms to phytoplankton-derived organic matter. To obtain insight into the types of organic substrates used by the microbial communities, we collected samples at sites with contrasting organic matter supply during two seasons, early austral spring and late austral summer. In order to analyse organic matter utilization, we focused on the expressed membrane transporter proteins. Comparative proteomics of transporter proteins suggest that ABC transporters are present throughout both seasons but increase in relative abundance in spring, while outer membrane receptors were detected at higher relative abundance in late summer, in both HNLC and iron-fertilized waters. The highest contribution of compound-specific transporters showed amino acid transporters, followed by sugar, polyamine, taurine and urea transporters, which were detected at high relative abundance in early spring metaproteomes. In contrast, iron transporters exhibited the highest relative abundances during late summer.

Despite a high functional redundancy, more compound-specific transporters were expressed during early spring than in late summer by diverse taxa as revealed by high quality metagenome assembled genomes.

where the total number of spectral counts for the matching peptides from protein k (PSM) was divided by the protein length (L) and then divided by the sum of PSM/L for all N proteins.

Metagenome analysis

An initial round of read processing was provided by the company, using trimmomatic (Bolger et al., 2014), an integrated quality-control tool for high-throughput Illumina NGS data.

The standard Illumina adapters and low-quality bases were removed with the following parameters "2:30:10 SLIDINGWINDOW:4:5", and reads for which no insert was found or ambiguities were also dropped, resulting in million 2×150 bp paired-end reads. 

Metatranscriptomic and metaproteomic assessment of transporter proteins

In order to identify changes in organic matter utilization comparing the two contrasting stations and seasons, membrane transporter proteins from metatranscriptomes and metaproteomes were analyzed using all available transporter proteins identified by KEGG (Supplementary Table 1 &6). Significant differences in relative transporter protein abundances between the two seasons were identified as shown by dissimilarity analysis for During early spring, transporter proteins made up 64.9 ± 16.8% of all detected proteins compared to 48.47 ± 4.5% in late summer metaproteomes (Fig. 4A) while the relative proportions in metatranscriptomes made up 4.6 ± 1.1% in early spring and 11.0 ± 1.2% in late summer of total normalized counts (Fig. 4B). In both metaproteomes and metatranscriptomes, membrane transporters belonging to the ATP-binding cassette transporter family (ABC) had highest contributions of 3.9 ± 1.1% to 9.9 ± 1.0% respectively, followed by outer-membrane receptors (OMR) ranging from 0.3 ± 0.0% in early spring to 0.5 ± 0.1% in late summer.

transporter proteins, including MAG16 (Flavobacterales), all MAGs of the order Caulobacterales (MAG120, 86, 68, 37) and MAG25 (Burkholderiales). 

Organic matter utilization as revealed by transporter proteins

Compound specificity for a transporter protein was derived from sequence similarity to transporter families. Most of the detected compound-specific transporters were identified at higher relative abundance in early spring than in late summer, with the exception of Fe and other trace metal transporters detected in metaproteomes (Fig. 7A). Contrary to metaproteomes, Fe transporters showed no difference in the relative contribution throughout the season for all among the transporters with the lowest relative abundances ranging from 0.02 -0.03% (Fig. 7B) while urea transporters ranged from 0.6 -1.8 % in early spring to 0.2 -0.6 % in late summer metaproteomes (Fig. 7A). Sugar transporters were roughly similar in abundance in the metatranscriptomes as in the metaproteomes with higher contribution of transporters in early spring samples with 7.5 to 5.5%, respectively.

Differential expression between early spring and late summer

In order to identify seasonal differences between the active members of the prokaryotic community, we retrieved all transporter proteins identified in the metaproteomes and used the respective transcripts for differential expression analyses (see Material & Methods).

Metatranscriptomic coding sequences were mapped against the co-assembly and the resulting count tables obtained for spring and summer samples were compared (Supplementary Table 4 &5). Of all identified transporter proteins, 12% exhibited a higher relative abundance in late summer, whereas 21% were detected at higher relative abundance in early spring (Supplementary Figures 456; Supplementary Table 7). The observed differential expression patterns of transport proteins were represented by distinct phylogenetic groups (Fig. 7). All early spring ABC transporters could be matched to alphaproteobacterial MAGs (Fig. Initially a second analysis was conducted with the data from Chapter 1 as a global approach consisting of an assembled metatranscriptome of the three sites. Functional annotation as well as differential expression analyses of prokaryotic gene transcripts were performed focusing on differences from iron-fertilized to the HNLC site in terms of gene ontology. The following is a short summary of the methodological approach and preliminary results.

DFe (nmol L -1 ) 3 0.13 ± 0.05 0.22 ± 0.06 0.16 ± 0.03 Chlorophyll a (µg L -1 ) 4 0.25 ± 0.08 4.00 ± 1.58 2.03 ± 0.34 Prokaryotic abundance (x10 5 cells mL -1 ) 5 2.72±0.3 6.06* 3.16±0.5

Prokaryotic production (ng C L -1 h 

RNA extraction

For RNA extractions, volumes varying between 15 l and 30 l of pre-filtered water (200 µm nylon screen and 5 µm polycarbonate isopore filters) were collected onto 0.2 µm SuporPlus Membranes using a 142 mm filtration system (geotech equipment) and a peristaltic pump. The filtration procedure did not exceed 10 min and 10 ml of RNA-later was added before storage at -80°C. All nucleic acid extractions were performed in triplicates by cutting the filter in three products were treated with a second DNA digestion step using the Turbo DNA-free kit (Ambion Life Technologies, Carlsbad, CA, USA). This additional DNAse treatment was followed by purification with the RNeasy MinElute Clean Up kit (Qiagen, Hilden, Germany). The extracted molecular function (by GO definition 'the elemental activities of a gene product at the molecular level such as binding and catalysis') and biological process (by GO definition 'operations or sets of molecular events with a defined beginning and end, pertinent to the functioning of integrated living cells'). Results shown in Figure 4 have been visualized by an R code from REVIGO [START_REF] Supek | REVIGO Summarizes and Visualizes Long Lists of Gene Ontology Terms[END_REF]. Remaining results were visualized in R from Blast2GO output and enhanced using the open-source program inkscape (www.inkscape.org).

Specific GO terms were chosen based on interest in functional meaning (Table 4) and these protein sequences were retrieved from the metatranscriptome and annotated with eggNOG (Huerta-Cepas et al., 2016, 2019). 

Results

We used enrichment analysis out of assigned gene ontology terms from gene products. While prokaryotic community changes and specific functional changes have been observed this is to our knowledge the first study using GO assignment of metatranscriptomic data to identify key processes involving sudden environmental changes for the limiting nutrient iron. Our findings observe an increase of genes involving transport and localization at the iron limited site compared to the iron fertilized sites (Fig 4 & 5).

These GO terms are part of the biological process ontology and cover "processes involved Diatoms shape the biogeography of heterotrophic prokaryotes in early spring in the Southern Ocean 

Summary

The interplay among microorganisms profoundly impacts biogeochemical cycles in the ocean. Culture-based work has illustrated the diversity of diatom-prokaryote interactions, but the question of whether these associations can affect the spatial distribution of microbial communities is open. Here, we investigated the relationship between assemblages of diatoms and of heterotrophic prokaryotes in surface waters of the Indian sector of the Southern Ocean in early spring. The community composition of diatoms and that of total and active prokaryotes were different among the major ocean zones investigated. We found significant relationships between compositional changes of diatoms and of prokaryotes. In contrast, spatial changes in the prokaryotic community composition were not related to geographic distance and to environmental parameters when the effect of diatoms was accounted for. Diatoms explained 30%of the variance in both the total and the active prokaryotic community composition in early spring in the Southern Ocean. Using co-occurrence analyses, we identified a large number of highly significant correlations between abundant diatom species and prokaryotic taxa. Our results show that key diatom species of the Southern Ocean are each associated with a distinct prokaryotic community, suggesting that diatom assemblages contribute to shaping the habitat type for heterotrophic prokaryotes. (RPS3) shows that these MAGs are representing the community as a whole (see their Suppl. Fig. 4). Based on these findings the authors demonstrate that these hydrothermal vent sediments harbor a higher biodiversity than the background sediments. This conclusion, however, is in striking contrast to the findings reported in previous studies 2,3 .

Full

While this work provides novel and valuable insight into the genomic flexibility as well as functional capacities of microorganisms in these ecosystems, here we show that the reported higher diversity in the vent sediment might actually be the result of a misleading analysis or somewhat loose interpretation of the term 'diversity'. Reanalyzing their data, we find evidence that the vent sediment is actually less diverse than the background sediment. We argue below that there are fundamental differences between the number of reconstructed MAGs as a proxy of diversity, as used in the study of Dombrowski et al. 1 , and the actual community biodiversity as highlighted below.

We focus on the diversity statements from Dombrowski et al. and ask: 1) Does the abundance of a single marker gene like RPS3 reflect the whole microbial community and 2) Can the number of reconstructed MAGs be used as a proxy for community diversity?

We first used the metagenomic 16S rDNA gene 4 (16s miTAG) to explore the diversity. The rarefaction curve of 16S miTAG-based operational taxonomic units (OTUs) revealed that the number of reads of 16S rDNA gene fragments is too limited to represent all the samples, especially for samples from background sediments which are poorly characterized (Fig. 1A). Recovered 16S rDNA from the samples Vent 1b (0 -3cm), Vent 2 (0 -3cm) and Vent 3 (4 -6cm) was on average 0.1 % of the total reads Contributions Z.Z., P.D. and G.J.H. designed the study and wrote the manuscript. Z.Z. and P.D.

analyzed data.
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