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Introduction 1.The hydrogenases

Many prokaryotes are able to use molecular hydrogen (H 2 ) as a primary energy source or to produce H 2 in order to dissipate excess reducing power by reducing protons. Hydrogenases are the metalloenzymes that reversibly oxidize H 2 , using various electron donors and acceptors, according to the reaction: H 2 ⇄ 2H + + 2e -(equation 1)

They are very ancient enzymes and are widespread in bacterial and archaeal microorganisms [START_REF] Greening | Genomic and metagenomic surveys of hydrogenase distribution indicate H 2 is a widely utilised energy source for microbial growth and survival[END_REF][START_REF] Vignais | Occurrence, classification, and biological function of hydrogenases: an overview[END_REF][START_REF] Vignais | Classification and phylogeny of hydrogenases[END_REF]. They can be classified into two main phylogenetically distinct classes, the [FeFe]-and [NiFe]-hydrogenases, according to the nature of the metal atoms at their active site [START_REF] Vignais | Occurrence, classification, and biological function of hydrogenases: an overview[END_REF][START_REF] Vignais | Classification and phylogeny of hydrogenases[END_REF] (Figure 1). [NiFe]-hydrogenases are widely distributed among archaea and bacteria and [FeFe]-hydrogenases are present in bacteria and to a lesser extent in eukaryotic species.

Despite the fact that [NiFe]-and [FeFe]-hydrogenases are phylogenetically unrelated, they share several features. In both types of hydrogenases, the metal atoms at the active sites are coordinated by inorganic carbon monoxide (CO) and cyanide (CN -) ligands. They also have in common the presence of hydrophobic gas channels for the diffusion of H 2 towards or from the buried active site and a series of iron-sulfur clusters forming an electron transfer chain between the active site and the electron donor or acceptor at the surface of the enzyme [START_REF] Cohen | Finding gas diffusion pathways in proteins: application to O 2 and H 2 transport in CpI [FeFe]-hydrogenase and the role of packing defects[END_REF][START_REF] Fontecilla-Camps | Structure/Function Relationships of [NiFe]-and [FeFe]-Hydrogenases[END_REF][START_REF] Leroux | Experimental approaches to kinetics of gas diffusion in hydrogenase[END_REF][START_REF] Montet | Gas access to the active site of Ni-Fe hydrogenases probed by X-ray crystallography and molecular dynamics[END_REF][START_REF] Nicolet | Desulfovibrio desulfuricans iron hydrogenase: the structure shows unusual coordination to an active site Fe binuclear center[END_REF][START_REF] Peters | FeFe]-and [NiFe]-hydrogenase diversity, mechanism, and maturation[END_REF]. All the hydrogenases are reversibly or irreversibly inhibited by O 2 [START_REF] Ghirardi | Implementation of photobiological H 2 production: the O 2 sensitivity of hydrogenases[END_REF][START_REF] Stiebritz | Hydrogenases and oxygen[END_REF].

[NiFe]-hydrogenases are minimally composed of two subunits: a large catalytic subunit and a small iron-sulfur cluster-containing subunit. Their active site is composed of Ni and Fe atoms bridged by a pair of Cys thiolates [START_REF] Peters | FeFe]-and [NiFe]-hydrogenase diversity, mechanism, and maturation[END_REF] (Figure 1). The maturation of [NiFe]hydrogenases is a complex and species-specific process making it difficult to produce these enzymes heterologously. Biosynthesis and insertion of the [NiFe]-catalytic center involve the products of 6 hyp genes [START_REF] Lacasse | NiFe]-Hydrogenase Maturation[END_REF] and a specific protease cleaves a peptide at the C-terminal end of the large subunit to finish the maturation process [START_REF] Theodoratou | NiFe]-Hydrogenase maturation endopeptidase: structure and function[END_REF].

[FeFe]-hydrogenases are very efficient H 2 -producing enzymes and show higher catalytic activity for H 2 evolution than [NiFe]-hydrogenases [START_REF] Adams | The structure and mechanism of iron-hydrogenases[END_REF][START_REF] Frey | Hydrogenases: hydrogen-activating enzymes[END_REF]. One of the first tridimensional structure of an hydrogenase of this type to be determined was that of Desulfovibrio desulfuricans [START_REF] Nicolet | Desulfovibrio desulfuricans iron hydrogenase: the structure shows unusual coordination to an active site Fe binuclear center[END_REF]. Their catalytic sites, referred to H-clusters, consist of a unique [4Fe4S] cluster ligated by four cysteine residues linked to a unique organometallic di-iron subcluster (Figure 1) [START_REF] Nicolet | Desulfovibrio desulfuricans iron hydrogenase: the structure shows unusual coordination to an active site Fe binuclear center[END_REF][START_REF] Peters | X-ray crystal structure of the Fe-only hydrogenase (CpI) from Clostridium pasteurianum to 1.8 angstrom resolution[END_REF]. Besides the catalytic domain containing three evolutionarily conserved binding motifs for the H-cluster [START_REF] Vignais | Classification and phylogeny of hydrogenases[END_REF], additional domains with accessory clusters can be present conferring a modular organization to

[FeFe]-hydrogenases [START_REF] Calusinska | The surprising diversity of clostridial hydrogenases: a comparative genomic perspective[END_REF][START_REF] Fontecilla-Camps | Structure/Function Relationships of [NiFe]-and [FeFe]-Hydrogenases[END_REF][START_REF] Poudel | Unification of [FeFe]-hydrogenases into three structural and functional groups[END_REF][START_REF] Schwartz | H 2 -metabolizing prokaryotes[END_REF]. In green algae, such as Chlamydomonas reinhardtii, the simplest form of the [FeFe]-hydrogenase was identified consisting of the H-cluster domain only [START_REF] Happe | Induction, localization and metal content of hydrogenase in the green alga Chlamydomonas reinhardtii[END_REF][START_REF] Happe | Isolation, characterization and N-terminal amino acid sequence of hydrogenase from the green alga Chlamydomonas reinhardtii[END_REF]. One or two additional ferredoxin-type domains can be present, as in Clostridial monomeric hydrogenases, that contain four additional iron-sulfur clusters. In multimeric [FeFe]-hydrogenases, consisting of three or four subunits, the hydrogenase catalytic subunit is associated with subunits that generally contain ironsulfur clusters. [FeFe]-hydrogenase maturation involves only three accessory proteins for the assembly of the 2Fe subcluster of the active site, HydE, HydF and HydG [START_REF] Broderick | H-cluster assembly during maturation of the [FeFe]-hydrogenase[END_REF][START_REF] Peters | FeFe]-and [NiFe]-hydrogenase diversity, mechanism, and maturation[END_REF][START_REF] Shepard | FeFe]-hydrogenase maturation[END_REF]. Active [FeFe]-hydrogenases can be heterologously produced, using either the maturation system of the host or by simultaneously express the maturases [START_REF] Avilan | Phototrophic hydrogen production from a clostridial [FeFe] hydrogenase expressed in the heterocysts of the cyanobacterium Nostoc PCC 7120[END_REF][START_REF] Gärtner | Expression of Shewanella oneidensis MR-1 [FeFe]-hydrogenase genes in Anabaena sp. strain PCC 7120[END_REF][START_REF] Sybirna | Shewanella oneidensis: a new and efficient system for expression and maturation of heterologous [Fe-Fe] hydrogenase from Chlamydomonas reinhardtii[END_REF] 

Physiological role of hydrogenases in prokaryotes

In prokaryotes, the physiological role of hydrogenases is very diverse. In anaerobic microorganisms, H 2 is a terminal product in various types of fermentations, such as in the glucosefermenting bacterium Clostridium pasteurianum [START_REF] Therien | The Physiological Functions and Structural Determinants of Catalytic Bias in the [FeFe]-Hydrogenases CpI and CpII of Clostridium pasteurianum Strain W5[END_REF], in the bacterium Ruminococcus albus (Y. [START_REF] Zheng | Hydrogen formation and its regulation in Ruminococcus albus: involvement of an electron-bifurcating [FeFe]hydrogenase, of a non-electron-bifurcating [FeFe]-hydrogenase, and of a putative hydrogen-sensing [FeFe]-hydrogenase[END_REF] of the rumen flora, or in the thermophilic bacterium Thermotoga maritima [START_REF] Schut | The iron-hydrogenase of Thermotoga maritima utilizes ferredoxin and NADH synergistically: a new perspective on anaerobic hydrogen production[END_REF]. Fermentative H 2 production allows the recycling of the pool of reduced electron carriers produced during the fermentation process (reviewed in [START_REF] Schwartz | H 2 -metabolizing prokaryotes[END_REF]). H 2 is also produced during the anaerobic oxidation of CO [START_REF] Robb | Life on the fringe: microbial adaptation to growth on carbon monoxide[END_REF] or during N 2 fixation as a byproduct of the reaction catalysed by the nitrogenase [START_REF] Bulen | Nitrogen Fixation: Hydrosulfite as Electron Donor with Cell-Free Preparations of Azotobacter Vinelandii and Rhodospirillum Rubrum[END_REF]. H 2 is widely used by microorganisms as an energy source and H 2 -oxidation can occur in aerobic or anaerobic microorganisms. The Knallgas bacteria use H 2 as electron donor and O 2 as a terminal electron acceptor and fix CO 2 . During methanogenesis, in which methane is formed from H 2 and CO 2 or partially reduced forms of carbon, several types of [NiFe]-hydrogenases are involved [START_REF] Enzmann | Methanogens: biochemical background and biotechnological applications[END_REF]. H 2 is also used, under anaerobic conditions, to reduce a wide range of compounds such as iron, chlorinated compounds, fumarate, nitrate or sulfate (reviewed in [START_REF] Schwartz | H 2 -metabolizing prokaryotes[END_REF][START_REF] Vignais | Classification and phylogeny of hydrogenases[END_REF].

The genus Desulfovibrio

Sulfate-reducing microorganisms are widespread in anoxic habitats. They include both bacteria and archaea which are able to perform the dissimilatory reduction of sulfate, resulting in the production of hydrogen sulfide. Desulfovibrio, belonging to the class of deltaproteobacteria, is the most widely studied bacterial genus among the sulfate-reducing microorganisms. They are metabolically versatile and can couple oxidation of a variety of electron donors, such as lactate or pyruvate, to the reduction of sulfate. Desulfovibrio can also use electron acceptors other than sulfate for anaerobic respiration such as sulfur, nitrate, or fumarate [START_REF] Lobo | Sulfate-reducing bacteria reveal a new branch of tetrapyrrole metabolism[END_REF][START_REF] Miller | Growth of sulphate-reducing bacteria by fumarate dismutation[END_REF][START_REF] Thauer | Energy metabolism and phylogenetic diversity of sulphate-reducing bacteria[END_REF][START_REF] Voordouw | The genus Desulfovibrio: the centennial[END_REF]. They can also reduce metal ions such as Fe(III) [START_REF] Coleman | Reduction of Fe(III) in sediments by sulphate-reducing bacteria[END_REF], U(VI) [START_REF] Lovley | Reduction of uranium by Desulfovibrio desulfuricans[END_REF] and Cr(VI) [START_REF] Lovley | Reduction of Chromate by Desulfovibrio vulgaris and Its c 3 Cytochrome[END_REF][START_REF] Michel | Enzymatic reduction of chromate: comparative studies using sulfate-reducing bacteria. Key role of polyheme cytochromes c and hydrogenases[END_REF] but these reduction processes are not coupled to growth. Moreover, some Desulfovibrio strains have the ability to ferment organic compounds such as pyruvate in the absence of sulfate or other electron acceptors [START_REF] Hansen | Carbon Metabolism of Sulfate-Reducing Bacteria[END_REF][START_REF] Meyer | The energy-conserving electron transfer system used by Desulfovibrio alaskensis strain G20 during pyruvate fermentation involves reduction of endogenously formed fumarate and cytoplasmic and membrane-bound complexes, Hdr-Flox and Rnf[END_REF][START_REF] Singleton | The Sulfate-Reducing Bacteria: An Overview[END_REF].

Despite being considered obligate anaerobic organisms, Desulfovibrio species have been found to be tolerant to molecular oxygen and have developed different strategies to address the presence of O 2 [START_REF] Dolla | Oxygen defense in sulfate-reducing bacteria[END_REF][START_REF] Dolla | Biochemical, proteomic and genetic characterization of oxygen survival mechanisms in sulphate-reducing bacteria of the genus Desulfovibrio[END_REF][START_REF] Ramel | Growth of the obligate anaerobe Desulfovibrio vulgaris Hildenborough under continuous low oxygen concentration sparging: impact of the membrane-bound oxygen reductases[END_REF]. Many of them are able to reduce O 2 to water probably as a protective mechanism although there is no sustainable aerobic growth [START_REF] Cypionka | Oxygen respiration by Desulfovibrio species[END_REF][START_REF] Marschall | Influence of oxygen on sulfate reduction and growth of sulfate-reducing bacteria[END_REF]. [START_REF] Schoeffler | Growth of an anaerobic sulfate-reducing bacterium sustained by oxygen respiratory energy conservation after O2 -driven experimental evolution[END_REF] have recently obtained, by implementing O 2 -driven experimental evolution, an evolved strain of Desulfovibrio vulgaris that is able to grow with energy derived from oxidative phosphorylation linked to oxygen reduction [START_REF] Schoeffler | Growth of an anaerobic sulfate-reducing bacterium sustained by oxygen respiratory energy conservation after O2 -driven experimental evolution[END_REF].

The major part of this chapter will be devoted to the description of hydrogenases found in bacteria belonging to the genus Desulfovibrio and their physiological role in the hydrogen metabolism. The search for genes encoding hydrogenases in the genome of more than 30 Desulfovibrio strains available on the National Center for Biotechnology Information (NCBI) site gives an overview of the distribution of these enzymes in this genus (Table 1). Emphasis will be placed on the species D. fructosovorans, our model organism, which has a complex system of hydrogenases including multimeric [FeFe]-enzymes catalyzing flavin-based electron-bifurcation and a putative sensory-type [FeFe]-hydrogenase.

H 2 metabolism in Desulfovibrio

Versatility of the Desulfovibrio metabolism

Numerous genomes of Desulfovibrio species have been sequenced in the last years providing an overview of the hydrogen metabolism and more broadly of the energy metabolism of these bacteria (I. A. [START_REF] Pereira | A comparative genomic analysis of energy metabolism in sulfate reducing bacteria and archaea[END_REF]. Molecular hydrogen plays a central role in the energy metabolism of Desulfovibrio which can either use H 2 as an energy source or produce H 2 when growing fermentatively [START_REF] Fauque | The three classes of hydrogenases from sulfate-reducing bacteria of the genus Desulfovibrio[END_REF][START_REF] Rabus | Dssimilatory sulfate-and sulfur-reducing prokaryotes[END_REF]. They also have the ability to live in stable syntrophic associations with H 2 -scavenging methanogenic partners in the absence of sulfate with ethanol or lactate as electron donor [START_REF] Bryant | Growth of Desulfovibrio in lactate or ethanol media low in sulfate in association with H 2 -utilizing methanogenic bacteria[END_REF][START_REF] Stolyar | Metabolic modeling of a mutualistic microbial community[END_REF]. Under these conditions, Desulfovibrio is the H 2 -producing partner and the H 2 -consuming partner keeps the H 2 partial pressure low to make possible the otherwise thermodynamically unfavorable oxidation of ethanol or lactate. The two partners are in a close contact and it was proposed that the H 2 produced is directly transferred from the producer to the H 2 -scavenger [START_REF] Brileya | Biofilm growth mode promotes maximum carrying capacity and community stability during product inhibition syntrophy[END_REF][START_REF] Conrad | Gas metabolism evidence in support of the juxtaposition of hydrogen-producing and methanogenic bacteria in sewage Sludge and lake sediments[END_REF][START_REF] Krumholz | Syntrophic growth of Desulfovibrio alaskensis requires genes for H 2 and formate metabolism as well as those for flagellum and biofilm formation[END_REF]. This phenomenon, particularly important in anaerobic environments, was called interspecies hydrogen transfer [START_REF] Schink | Syntrophism among prokaryotes[END_REF][START_REF] Wolin | Interactions between H 2 -producing and methane-producing species[END_REF]. More recently, tight cell-cell physical interactions between Desulfovibrio and Clostridium in a synthetic consortium have been demonstrated, associated with an exchange of cytoplasmic molecules, allowing the survival of D. vulgaris in the absence of its nutrients. These physical interactions induce changes in the distribution of metabolic fluxes, and allow an important increase in H 2 production [START_REF] Benomar | Nutritional stress induces exchange of cell material and energetic coupling between bacterial species[END_REF].

Different models for the H 2 metabolism

The versatility of the H 2 metabolism in Desulfovibrio species is due to a complex hydrogenase system composed by several enzymes of both [FeFe]-and [NiFe]-type with different subunit composition and cellular localization and this system greatly varies in Desulfovibrio species (Table 1) [START_REF] Morais-Silva | Genome sequence of the model sulfate reducer Desulfovibrio gigas: a comparative analysis within the Desulfovibrio genus[END_REF]I. A. Pereira et al., 2011). In addition, some Desulfovibrio species can have [NiFeSe]-hydrogenases, a subfamily of the [NiFe]-hydrogenase with a selenocysteine on the active site (Figure 1). This multiplicity and diversity of hydrogenases confer to the bacteria the ability to quickly adapt their metabolism in response to the environmental changes but make difficult the elucidation of the physiological function of these enzymes [START_REF] Caffrey | Function of periplasmic hydrogenases in the sulfate-reducing bacterium Desulfovibrio vulgaris Hildenborough[END_REF]Casalot, De Luca, Dermoun, Rousset, & de Philip, 2002;[START_REF] Casalot | Construction and physiological studies of hydrogenase depleted mutants of Desulfovibrio fructosovorans[END_REF][START_REF] Goenka | Construction of a [NiFe]-hydrogenase deletion mutant of Desulfovibrio vulgaris Hildenborough[END_REF][START_REF] Keller | Genetics and molecular biology of the electron flow for sulfate respiration in Desulfovibrio[END_REF][START_REF] Malki | Physiological characteristics and growth behavior of single and double hydrogenase mutants of Desulfovibrio fructosovorans[END_REF][START_REF] Morais-Silva | Roles of HynAB and Ech, the only two hydrogenases found in the model sulfate reducer Desulfovibrio gigas[END_REF][START_REF] Pohorelic | Effects of deletion of genes encoding Fe-only hydrogenase of Desulfovibrio vulgaris Hildenborough on hydrogen and lactate metabolism[END_REF]. Indeed, the role in the energy metabolism of most of the hydrogenases in Desulfovibrio has still to be clarified.

Almost forty years ago, a model for the growth of Desulfovibrio with lactate as electron donor and sulfate as electron acceptor, called the "hydrogen cycling model", was proposed by [START_REF] Odom | Hydrogen cycling as a general mechanism for energy coupling in the sulfate-reducing bacteria, Desulfovibrio sp[END_REF] (Figure 2) to explain the transient burst of H 2 observed in batch culture [START_REF] Tsuji | Significance of hydrogen burst from growing cultures of Desulfovibrio vulgaris, Miyazaki, and the role of hydrogenase and cytochrome c 3 in energy production system[END_REF]. In this energy-conserving mechanism, lactate oxidation produces electrons and protons that are used by a cytoplasm-located hydrogenase to produce H 2 .

After the diffusion through the cytoplasmic membrane, H 2 is re-oxidized by a periplasmic hydrogenase generating a proton gradient across the membrane that leads to ATP formation. The electrons generated by this oxidation are then returned to the cytoplasm thanks to the cytochrome c 3 network and several integral membrane complexes where they are used for sulfate reduction. This model requires the presence of both periplasmic and cytoplasmic hydrogenases.

Since hydrogen cycling model publication, it has remained controversial and several studies have pointed out the non-essential character of the hydrogen cycling for the growth of Desulfovibrio [START_REF] Fitz | A study on electron transport-driven proton translocation in Desulfovibrio desulfuricans[END_REF], 1991;[START_REF] Lupton | Physiological function of hydrogen metabolism during growth of sulfidogenic bacteria on organic substrates[END_REF][START_REF] Morais-Silva | Roles of HynAB and Ech, the only two hydrogenases found in the model sulfate reducer Desulfovibrio gigas[END_REF][START_REF] Pankhania | The Effect of Hydrogen on the Growth of Desulfovibrio vulgaris Hildenborough on Lactate[END_REF][START_REF] Rabus | Dssimilatory sulfate-and sulfur-reducing prokaryotes[END_REF]. More recent models propose that two electron transfer routes from lactate to sulfate operate simultaneously: the pathway of the hydrogen cycling model including the transient production and consumption of H 2 , and a second H 2independent pathway involving a direct electron transfer from the donor to the acceptor (Figure 2) [START_REF] Keller | Genetics and molecular biology of the electron flow for sulfate respiration in Desulfovibrio[END_REF][START_REF] Noguera | A unified model describing the role of hydrogen in the growth of Desulfovibrio vulgaris under different environmental conditions[END_REF][START_REF] Sim | Fractionation of sulfur isotopes by Desulfovibrio vulgaris mutants lacking hydrogenases or type I tetraheme cytochrome c 3[END_REF]. In the methanogenic archaeon Methanosarcina barkeri, Kulkarni et al. have very recently demonstrated, thanks to a series of hydrogenase mutants, the role of H 2 cycling in energy conservation and proposed, based on the common occurrence of both cytoplasmic and periplasmic hydrogenases, that this mechanism may be widespread in nature, especially among anaerobic microorganisms [START_REF] Kulkarni | Energy Conservation via Hydrogen Cycling in the Methanogenic Archaeon Methanosarcina barkeri[END_REF].

Desulfovibrio fructosovorans

Desulfovibrio fructosovorans is one of the most widely studied Desulfovibrio species. It can grow mixotrophically with H 2 as sole energy source and with acetate and CO 2 as carbon source, or heterotrophically with different carbon and energy source such as fructose, pyruvate or lactate, and sulfate as electron acceptor [START_REF] Ollivier | Characterization of Desulfovibrio fructosovorans sp[END_REF].

Fructose as a carbon source

D. fructosovorans differs from most other Desulfovibrio species by its ability to use fructose as a carbon source [START_REF] Ollivier | Characterization of Desulfovibrio fructosovorans sp[END_REF]. Utilization of carbohydrates has been reported for a few other species of Desulfovibrio [START_REF] Nielsen | Desulfovibrio zosterae sp. nov., a new sulfate reducer isolated from surface-sterilized roots of the seagrass Zostera marina[END_REF][START_REF] Sass | Isolation of sulfate-reducing bacteria from the terrestrial deep subsurface and description of Desulfovibrio cavernae sp[END_REF][START_REF] Trinkerl | Desulfovibrio termitidis sp.nov.,a carbohydrate-degrading sulfate-reducing bacterium from the hindgut of a termite[END_REF][START_REF] Zellner | Desulfovibrio simplex spec. nov., a new sulfate-reducing bacterium from a sour whey digester[END_REF]. Fructose can be metabolized and degraded to pyruvate by the Embden-Meyerhof-Parnas pathway of glycolysis for generation of energy and cellular biosynthesis. The in silico analysis of the draft genome of D.

fructosovorans shows that all the enzymes of this pathway are present in this organism. In many bacteria, the uptake of sugar is mainly performed by the phosphotransferase system (PTS) that couples transport with sugar phosphorylation using phosphoenolpyruvate as phosphoryl donor [START_REF] Barabote | Comparative genomic analyses of the bacterial phosphotransferase system[END_REF]. PTS involves two cytosolic proteins, Enzyme I (EI) and Histidine protein (Hpr), as well as a sugar specific transporter called Enzyme II (EII) with three structurally different functional domains (IIA, IIB and the permease IIC) that can be fused in one molecule or separated in different chains. D. fructosovorans possesses at least 8 genes for PTS transport distributed in three different clusters positioned in the genome. One of these cluster contains a gene coding for a PTS EII (EIIBC) containing a permease specific for fructose, and another gene for a polypeptide containing EI, Hpr and the fructose-specific EIIA components (locus tags DesfrDRAFT_0726 and _0728). The two genes are separated by a gene coding for a 1-phosphofructokinase, enzyme that transforms fructose 1-phosphate into fructose 1,6-biphosphate (DesfrDRAFT_0727). The presence of fructose-specific permease EII and 1-phosphofructokinase in the same cluster suggests that fructose enters the cell as fructose 1-phosphate [START_REF] Kornberg | Routes for fructose utilization by Escherichia coli[END_REF] and could be incorporated in the glycolysis pathway as fructose 1,6-biphosphate. Operons specific for fructose transport that include 1-phosphofructokinase are also found in E. coli and Salmonella typhimurium [START_REF] Geerse | The PEP: fructose phosphotransferase system in Salmonella typhimurium: FPr combines enzyme IIIFru and pseudo-HPr activities[END_REF][START_REF] Geerse | Relationship between pseudo-HPr and the PEP: fructose phosphotransferase system in Salmonella typhimurium and Escherichia coli[END_REF]. The other clusters of genes for PTS lack permease and include proteins belonging to mannose/fructose/sorbose family.

Six different hydrogenases in D. fructosovorans

D. fructosovorans has a complex hydrogen metabolism and possesses 6 gene clusters encoding six different hydrogenases, among them two are of [NiFe]-type and four are of [FeFe]type (Figure 3). Three of these hydrogenases, Hyn, Hyd and Hnd, have already been biochemically and genetically studied. Hyn is a periplasmic heterodimeric [NiFe]-hydrogenase that was deeply characterized in D. fructosovorans, especially at the molecular level. Hyd is a periplasmic heterodimeric hydrogenase as well but of [FeFe]-type and Hnd is a cytoplasmic heterotetrameric [FeFe]-hydrogenase, whose physiological role was already discussed more than 20 years ago (de Luca, de Philip, Rousset, Belaich, & Dermoun, 1998;[START_REF] Malki | Physiological characteristics and growth behavior of single and double hydrogenase mutants of Desulfovibrio fructosovorans[END_REF]. Only recently, we purified a recombinant form of this enzyme and showed that it performs flavin-based electron-bifurcation [START_REF] Kpebe | A new mechanistic model for an O 2 -protected electron-bifurcating hydrogenase, Hnd from Desulfovibrio fructosovorans[END_REF]. The analysis of the sequence of the draft genome of D. fructosovorans revealed the presence of three additional putative hydrogenases. One of them shows high similarity with the energy-conserving, membrane-bound [NiFe]-hydrogenases Ech [START_REF] Hedderich | Energy-converting [NiFe] hydrogenases from archaea and extremophiles: ancestors of complex I[END_REF]. The second one is very similar to the trimeric cytoplasmic [FeFe]-hydrogenase from Thermotoga maritima that was the first hydrogenase demonstrated to be a flavin-based electronbifurcating hydrogenase using simultaneously a reduced ferredoxin and NADH as electron donors [START_REF] Schut | The iron-hydrogenase of Thermotoga maritima utilizes ferredoxin and NADH synergistically: a new perspective on anaerobic hydrogen production[END_REF]. We called this putative enzyme from D. fructosovorans Hnt (H for Hydrogenase, n for NA(D)P-dependent and t for trimeric). The third probable hydrogenase from D. fructosovorans shows strong similarity with the putative sensory [FeFe]-hydrogenases HydS from T. maritima [START_REF] Chongdar | Unique Spectroscopic Properties of the H-Cluster in a Putative Sensory [FeFe] Hydrogenase[END_REF] or the Hfs hydrogenase from Thermoanaerobacterium saccharolyticum [START_REF] Shaw | Identification of the [FeFe]-hydrogenase responsible for hydrogen generation in Thermoanaerobacterium saccharolyticum and demonstration of increased ethanol yield via hydrogenase knockout[END_REF]. These three putative hydrogenases have never been biochemically characterized in D. fructosovorans, even if the activity of a fourth hydrogenase has been detected in the triple hydrogenase mutant deleted of Hyn, Hyd and Hnd (Casalot, De Luca, et al., 2002).The physiological role of these putative hydrogenases in the energy metabolism has yet to be elucidated.

Even if hydrogenases, especially those from the [FeFe]-type, are generally known to be highly O 2sensitive [START_REF] Orain | Electrochemical Measurements of the Kinetics of Inhibition of Two FeFe Hydrogenases by O 2 Demonstrate That the Reaction Is Partly Reversible[END_REF], the three hydrogenases from D. fructosovorans that have been characterized so far (Hyn, Hyd and Hnd) remain active when purified under aerobic condition, as other hydrogenases from Desulfovibrio species. Indeed, these three hydrogenases can form O 2protected inactive form: NiA and NiB states in the case of the [NiFe]-hydrogenase Hyn (Abou Hamdan, Liebgott, et al., 2012) and Hox (inact) state in the case of [FeFe]-hydrogenases Hnd and Hyd [START_REF] Kpebe | A new mechanistic model for an O 2 -protected electron-bifurcating hydrogenase, Hnd from Desulfovibrio fructosovorans[END_REF][START_REF] Rodriguez-Macia | Sulfide Protects [FeFe] Hydrogenases From O 2[END_REF]. It should be noted that hydrogenases are not the only type of enzymes to have developed O 2 -protection in Desulfovibrio species. The pyruvate:ferredoxin oxidoreductase (PFOR) from D. africanus was demonstrated to use a disulfide bond-dependent reversible mechanism of O 2 -protection [START_REF] Vita | Disulfide bond-dependent mechanism of protection against oxidative stress in pyruvate-ferredoxin oxidoreductase of anaerobic Desulfovibrio bacteria[END_REF]. Moreover, this enzyme has an extension at the C-terminal end of one subunit containing a methionine that protects one of the iron-sulfur cluster from oxidative damage [START_REF] Chabrière | Crystal structures of the key anaerobic enzyme pyruvate:ferredoxin oxidoreductase, free and in complex with pyruvate[END_REF]. The carbon monoxide dehydrogenase (CODH) from D. vulgaris was demonstrated to be less sensitive to O 2 than CODH from other bacteria such as Carboxydothermus hydrogenoformans [START_REF] Merrouch | O 2 Inhibition of Ni-Containing CO Dehydrogenase Is Partly Reversible[END_REF].

Periplasmic hydrogenases

The genomes of Desulfovibrio species that we have probed for hydrogenase genes contain at least one and at most four soluble periplasmic hydrogenases (Table 1). These hydrogenases could be of [FeFe]-, [NiFe]-or [NiFeSe]-type. All Desulfovibrio species contain at least one copy of the Hyn enzyme (Table 1) (I. A. [START_REF] Pereira | A comparative genomic analysis of energy metabolism in sulfate reducing bacteria and archaea[END_REF]. D. fructosovorans contains, as already mentioned, a [FeFe] and a [NiFe] periplasmic soluble hydrogenases but no gene was found for a

[NiFeSe]-enzyme.

Molecular characterization of the periplasmic hydrogenases

The Hyd hydrogenase

The dimeric soluble [FeFe]-hydrogenase Hyd from D. fructosovorans, encoded by the two gene operon hydAB, is composed of HydA ,a large subunit of 46 kDa and HydB a small subunit of 13 kDa (Figure 3B) [START_REF] Casalot | Molecular study and partial characterization of iron-only hydrogenase in Desulfovibrio fructosovorans[END_REF]. Its periplasmic localization was predicted by the presence of a TAT signal at the N-terminus of HydB [START_REF] Casalot | Molecular study and partial characterization of iron-only hydrogenase in Desulfovibrio fructosovorans[END_REF][START_REF] Vignais | Occurrence, classification, and biological function of hydrogenases: an overview[END_REF]. This enzyme was partially purified [START_REF] Casalot | Molecular study and partial characterization of iron-only hydrogenase in Desulfovibrio fructosovorans[END_REF] and its hydrogen uptake activity was determined to be 17 000 U/mg of protein (1U= 1 µmol of H 2 /min). No further characterization was performed on this enzyme. However, the two closely related Hyd hydrogenases from D. desulfuricans ATCC 7757 and D. vulgaris Hildenborough were deeply characterized using various spectroscopies and electrochemistry.

The enzymes from these two species were first purified in a native form (C. [START_REF] Hatchikian | Further characterization of the [Fe]-hydrogenase from Desulfovibrio desulfuricans ATCC 7757[END_REF][START_REF] Patil | EPR-detectable redox centers of the periplasmic hydrogenase from Desulfovibrio vulgaris[END_REF] from which most of the studies were performed. At present, Hyd from D. desulfuricans is produced in a recombinant and apo-form (lacking the H-cluster) in E. coli and then artificially maturated by the (Et 4 N) 2 [Fe 2 (adt)(CO) 4 (CN) 2 ] complex [START_REF] Birrell | Artificial maturation of the highly active heterodimeric [FeFe] hydrogenase from Desulfovibrio desulfuricans ATCC 7757[END_REF].

The structure of Hyd from D. desulfuricans was solved in 1999 by the group of Fontecilla-Camps [START_REF] Nicolet | Desulfovibrio desulfuricans iron hydrogenase: the structure shows unusual coordination to an active site Fe binuclear center[END_REF] and was one of the first crystallographic structure determined for a [FeFe]hydrogenase. It revealed the active site arrangement with a typical [4Fe4S] cluster, the H-cluster, bridged by a cysteine to a di-iron center with CO and CN -ligands and a dithiolate bridge between the two iron atoms. The large subunit contains the active site (H-cluster) and two additional [4Fe4S] clusters while the small subunit can be best described as a belt around the large subunit (Figure 1). From this structure, proton and electron transfer pathways and gas channel were proposed.

Hyd from various Desulfovibrio species has a particular characteristic in that when it is isolated under air in an inactive form, it can be reactivated by reduction. When purified under aerobic conditions, the hydrogenase shows two different forms of the active site: an inactive "airprepared" state, called Hox (inact) or Hox (air) , which is O 2 -insensitive and presents a specific Fourier Transform InfraRed spectroscopy (FTIR) signal and an active state, which is O 2 -sensitive and can be obtained by reduction of the Hox (inact) state [START_REF] Pierik | Redox properties of the iron-sulfur clusters in activated Fe-hydrogenase from Desulfovibrio vulgaris (Hildenborough)[END_REF]. After the structure of Hyd was solved, different spectroscopies permit to further characterized the enzyme. The nature of the dithiolate bridge was identified by advanced EPR spectroscopy as an azadithiolate (Silakov, Wenk, Reijerse, & Lubitz, 2009). The mechanism of formation of Hox (inact) involving sulfide was proven by FTIR spectroscopy [START_REF] Rodriguez-Macia | Sulfide Protects [FeFe] Hydrogenases From O 2[END_REF].

Furthermore, the structure of Hyd hydrogenase from D. desulfuricans has provided the basis of several theoretical chemistry calculations, mainly by Density Functional Theory (DFT) in order to identify the dithiolate bridge of the active site, or to propose catalytic and inhibition mechanisms [START_REF] Baffert | CO disrupts the reduced H-cluster of FeFe hydrogenase. A combined DFT and protein film voltammetry study[END_REF][START_REF] Dogaru | Inactivation of [Fe-Fe]-Hydrogenase by O 2 . Thermodynamics and Frontier Molecular Orbitals Analyses[END_REF][START_REF] Fan | A capable bridging ligand for Fe-only hydrogenase: density functional calculations of a low-energy route for heterolytic cleavage and formation of dihydrogen[END_REF][START_REF] Greco | A QM/MM investigation of the activation and catalytic mechanism of Fe-only hydrogenases[END_REF]. The catalytic properties of Hyd hydrogenases were studied both by standard biochemical methods (enzymatic activity assays followed by spectrophotometry) and by proteinfilm electrochemistry. Their H 2 -uptake activity with methyl-viologen as artificial partner reaches 62200 U/mg for the D. desulfuricans enzyme and 50000 U/mg for the D. vulgaris enzyme while the H 2 -production activity was determined to be 8200 U/mg for D. desulfuricans enzyme and 6900 U/mg for the D. vulgaris enzyme [START_REF] Fauque | The three classes of hydrogenases from sulfate-reducing bacteria of the genus Desulfovibrio[END_REF][START_REF] Hatchikian | Further characterization of the [Fe]-hydrogenase from Desulfovibrio desulfuricans ATCC 7757[END_REF][START_REF] Pierik | Redox properties of the iron-sulfur clusters in activated Fe-hydrogenase from Desulfovibrio vulgaris (Hildenborough)[END_REF].

Using electrochemistry, it was determined that Hyd enzyme is reversibly inhibited by CO with an inhibition constant of 5 nM showing its high sensitivity to this gas. Hyd hydrogenases are also irreversibly inhibited by O 2 and NO with an O 2 inhibition rate constant of 1.8 s -1 mM -1 [START_REF] Berlier | Inhibition studies of three classes of Desulfovibrio hydrogenase: application to the further characterization of the multiple hydrogenases found in Desulfovibrio vulgaris Hildenborough[END_REF][START_REF] Goldet | Electrochemical kinetic investigations of the reactions of [FeFe]-hydrogenases with carbon monoxide and oxygen: comparing the importance of gas tunnels and active-site electronic/redox effects[END_REF]. Furthermore, Hyd enzymes are inactivated at high potential (above around 0 V/ESH) under anaerobic conditions [START_REF] Goldet | Electrochemical kinetic investigations of the reactions of [FeFe]-hydrogenases with carbon monoxide and oxygen: comparing the importance of gas tunnels and active-site electronic/redox effects[END_REF]. The Km for H 2 was not determined but was proposed to be around 100 µM [START_REF] Goenka | Construction of a [NiFe]-hydrogenase deletion mutant of Desulfovibrio vulgaris Hildenborough[END_REF]. This value is in the low range of Km determined for other [FeFe]-hydrogenases, which are around 500 µM [START_REF] Fourmond | The mechanism of inhibition by H 2 of H 2 -evolution by hydrogenases[END_REF].

These specific activity values indicate that Hyd hydrogenases are biased toward H 2 -oxidation in agreement with the physiological role proposed (see section 4.2). However, it is worth to note that the experimental conditions used to determine the specific activities provide different drivingforce for the oxidation or reduction reaction, thus values cannot be directly compared. The Km value for dihydrogen shows a low affinity of the enzyme for this substrate and this property suggests that Hyd hydrogenase is important when the pressure of H 2 is high [START_REF] Caffrey | Function of periplasmic hydrogenases in the sulfate-reducing bacterium Desulfovibrio vulgaris Hildenborough[END_REF].

The high sensitivity to inhibitors of Hyd hydrogenase is not coherent with the versatility of environments in which Desulfovibrio species can grow. However, the presence of an additional small subunit and the formation of an O 2 -insensitive state (Hox (inact) ) could protect the enzyme during exposition to inhibitors and then allow reactivation of the hydrogenase when conditions become favorable for its activity.

The Hyn hydrogenase

The dimeric soluble [NiFe]-hydrogenase from D. fructosovorans is encoded by the two genes hynA and hynB (Figure 3B) which are part of an operon containing also a third gene encoding the specific protease, HynC, involved in the maturation of the large subunit [START_REF] Rousset | Analysis of the periplasmic [NiFe] hydrogenase transcription unit from Desulfovibrio fructosovorans[END_REF]. HynA, the small subunit of 28.5 kDa, contains two [4Fe4S]clusters and one [3Fe4S]-cluster while HynB is the large subunit of 60 kDa that hosts the [NiFe]active site. Its periplasmic localization was predicted by the presence of a TAT signal on HynB [START_REF] Vignais | Occurrence, classification, and biological function of hydrogenases: an overview[END_REF].

D. gigas

Hyn hydrogenase was the first [NiFe]-hydrogenase purified and characterized in 1978 [START_REF] Bell | Reactivity of Desulfovibrio gigas hydrogenase toward artificial and natural electron donors or acceptors[END_REF][START_REF] Hatchikian | Characterization of the periplasmic hydrogenase from Desulfovibrio gigas[END_REF]. Its specific activity with artificial redox partners (methyl-viologen or benzyl-viologen) was determined to be 50.5 U/mg for H 2 oxidation and 90 U/mg for H 2 production. EPR spectroscopy proved the presence of a Ni atom in inactive O 2 -protected states, named NiA and NiB [START_REF] Moura | Unambiguous identification of the nickel EPR signal in 61 Ni-enriched Desulfovibrio gigas hydrogenase[END_REF][START_REF] Teixeira | Electron paramagnetic resonance studies on the mechanism of activation and the catalytic cycle of the nickel-containing hydrogenase from Desulfovibrio gigas[END_REF]. The structure of Hyn from D. gigas was first solved in 1995 but at a low resolution [START_REF] Volbeda | Crystal structure of the nickel-iron hydrogenase from Desulfovibrio gigas[END_REF]. Higher resolution of D. vulgaris Hyn enzyme and IR spectroscopy studies of D. gigas Hyn enzyme showed the presence of CO and CN -ligands at the active site [START_REF] Higuchi | Unusual ligand structure in Ni-Fe active center and an additional Mg site in hydrogenase revealed by high resolution X-ray structure analysis[END_REF][START_REF] Van Der Spek | Similarities in the architecture of the active sites of Ni-hydrogenases and Fe-hydrogenases detected by means of infrared spectroscopy[END_REF].

The hydrogenase Hyn from D. fructosovorans was first characterized in 1990 (C. E. [START_REF] Hatchikian | Characterization of the nickel-iron periplasmic hydrogenase from Desulfovibrio fructosovorans[END_REF]. The enzyme was determined to contain 11 iron atoms, 1 nickel atom and 12 inorganic sulfur atoms in close agreement with the prediction. Later, a Strep-tagged recombinant enzyme was homologously produced in D. fructosovorans and deeply characterized. EPR experiments confirmed the presence of a Ni(III) atom and iron-sulfur clusters.

The enzyme purified under air-atmosphere present NiA and NiB EPR signatures characteristic of inactive forms of the enzyme that need reducing conditions (hydrogen or chemical reductant) to be converted into active enzyme. These states are re-formed upon exposure to O 2 or at high potential (above around -200 mV/ESH) under anaerobic conditions [START_REF] Abou Hamdan | O 2 -independent formation of the inactive states of NiFe hydrogenase[END_REF].

The structure of Hyn from D. fructosovorans was obtained in 1998 (pdb 1FRF) (Figure 1) [START_REF] Rousset | 3Fe-4S] to [4Fe-4S] cluster conversion in Desulfovibrio fructosovorans [NiFe] hydrogenase by site-directed mutagenesis[END_REF]. It contains the [NiFe]-active site (Figure 1) in the large subunit HynB, one classical proximal [4Fe4S] cluster, one [3Fe4S] medial cluster and an unusual 3 cysteine/1 histidine residues coordinated-[4Fe4S] distal cluster in the small subunit HynA, the three clusters forming an electron transfer pathway. The specific activity of Hyn from D. fructosovorans with an artificial electron acceptor (methyl-viologen) was determined to be 205 U/mg of protein for H 2 -uptake and 335 U/mg of protein for H 2 -evolution (C. E. [START_REF] Hatchikian | Characterization of the nickel-iron periplasmic hydrogenase from Desulfovibrio fructosovorans[END_REF]. However, the proton reduction is strongly inhibited by H 2 [START_REF] Fourmond | The mechanism of inhibition by H 2 of H 2 -evolution by hydrogenases[END_REF] and the Km of Hyn for H 2 is 9 µM showing its high affinity for this substrate [START_REF] Liebgott | Relating diffusion along the substrate tunnel and oxygen sensitivity in hydrogenase[END_REF].

Several aspects of the catalysis were studied on Hyn from D. fructosovorans, using sitedirected mutagenesis, biochemical, spectroscopic and electrochemical approaches: i) inter-and intramolecular electron transfers, ii) proton transfer, iii) gas diffusion and iv) reaction at the active site.

i) The rates of intermolecular and intramolecular electron transfers were deduced from the specific activity of enzyme variants around the iron-sulfur clusters of the electron transfer chain: the histidine ligand of the unusual distal [4Fe4S] cluster could be replaced by a glycine or a cysteine without impairing the cluster formation and the medial [3Fe4S] could be changed into a

[4Fe4S] by the replacement of a proline by a cysteine [START_REF] Dementin | Rates of intra-and intermolecular electron transfers in hydrogenase deduced from steady-state activity measurements[END_REF][START_REF] Rousset | 3Fe-4S] to [4Fe-4S] cluster conversion in Desulfovibrio fructosovorans [NiFe] hydrogenase by site-directed mutagenesis[END_REF].

The specific activitiy of all the variants was affected at different extent [START_REF] Dementin | Changing the ligation of the distal [4Fe4S] cluster in NiFe hydrogenase impairs inter-and intramolecular electron transfers[END_REF].

These variations were interpreted in term of inter-and intramolecular electron transfer rate (Figure 4A).

ii)

Mutagenesis of the glutamate 25 of HynB indicates that this amino acid is essential for proton transfer between the active site and the protein surface [START_REF] Dementin | A glutamate is the essential proton transfer gate during the catalytic cycle of the [NiFe] hydrogenase[END_REF].

However, the entire proton pathway could not be determined because it may involve residues too close to the proximal iron-sulfur cluster to be mutated without modification of the electron transfer rate.

iii) Gas diffusion has been focused on because gas molecules such as CO or O 2 are inhibitors of the enzyme and inhibition by dioxygen is a major obstacle to the use of hydrogenases in biotechnological devices. Hyn was inhibited by CO with a rate constant of 63000 s -1 mM -1 and by O 2 with a rate constant of 32 s -1 mM -1 [START_REF] Liebgott | Relating diffusion along the substrate tunnel and oxygen sensitivity in hydrogenase[END_REF]. The structure showed that two amino acids gate the access of gas to the active site. Gas diffusion and O 2 inhibition rate were determined for several variants mutated on these residues using direct electrochemistry [START_REF] Dementin | Introduction of methionines in the gas channel makes [NiFe] hydrogenase aero-tolerant[END_REF][START_REF] Leroux | Experimental approaches to kinetics of gas diffusion in hydrogenase[END_REF][START_REF] Liebgott | Original design of an oxygen-tolerant [NiFe] hydrogenase: major effect of a valineto-cysteine mutation near the active site[END_REF][START_REF] Liebgott | Relating diffusion along the substrate tunnel and oxygen sensitivity in hydrogenase[END_REF]. Diverse strategies were followed: substitution by bulky amino acids with the idea of molecular sieve, substitution by reactive residues such as methionine or cysteine, substitution with charged residues (Figure 4B).

This approach allowed to decrease the diffusion rate of gas into the protein and to improve the O 2 resistance of the enzyme.

iv)

The reaction at the active site and the catalytic bias (ratio of the catalytic rate constants of the forward vs backward reaction, i.e. proton reduction vs dihydrogen oxidation)

could not be investigated by mutation around the active site because of the formation of an inactive enzyme. However, among the variants constructed, some shown catalytic properties that differ from the wild-type enzyme (Abou Hamdan, [START_REF] Abou Hamdan | Understanding and tuning the catalytic bias of hydrogenase[END_REF]. The bias is not mainly determined by redox potential of the active site but is tuned by the rate-limiting step. H 2 production rate is limited by H 2 -diffusion in the gas channel whereas the electron-transfer rate limits the H 2 -oxidaton by Hyn.

Role of periplasmic hydrogenases in the H 2 metabolism

A deletion mutant of the two structural genes hydAB was constructed in D. fructosovorans [START_REF] Casalot | Construction and physiological studies of hydrogenase depleted mutants of Desulfovibrio fructosovorans[END_REF]. When the bacterium is grown mixotrophically on H 2 , acetate and CO 2 , or with lactate as carbon source and sulfate, the deletion mutant and the wild-type strains show the same pattern of growth. When pyruvate is used in the presence of sulfate, the mutant grows three time slower than the wild-type but the molar growth yield relative to sulfate remains unchanged. However, when fructose is used for growth, both the rate and the molar growth yield of the mutant are affected compared to the wild-type [START_REF] Casalot | Construction and physiological studies of hydrogenase depleted mutants of Desulfovibrio fructosovorans[END_REF]. hydAB genes were also deleted in a single mutant depleted of one of the other two hydrogenases Hyn and Hnd.

A triple mutant was also constructed by deletion of the genes encoding the three characterized hydrogenases, Hyd, Hyn and Hnd [START_REF] Casalot | Construction and physiological studies of hydrogenase depleted mutants of Desulfovibrio fructosovorans[END_REF]. The analysis of this series of hydrogenase mutants indicated that the deletion of one enzyme might be compensated by another (Casalot, De Luca, et al., 2002;[START_REF] Casalot | Construction and physiological studies of hydrogenase depleted mutants of Desulfovibrio fructosovorans[END_REF] and this deletion strategy has not made possible the elucidation of the exact physiological role of the Hyd hydrogenase in the energy metabolism of D. fructosovorans.

hydAB genes are represented in most of Desulfovibrio species. Indeed, genes encoding a dimeric

[FeFe] periplasmic hydrogenase are found in 27 of the 37 genomes of Desulfovibrio strains available on NCBI in which we have searched for hydrogenase genes (Table 1). D. alaskensis G20 even possesses two copies of hydAB genes (Table S1).

In D. vulgaris, multiple studies have indicated that the Hyd hydrogenase is involved in H 2 oxidation [START_REF] Caffrey | Function of periplasmic hydrogenases in the sulfate-reducing bacterium Desulfovibrio vulgaris Hildenborough[END_REF][START_REF] Pohorelic | Effects of deletion of genes encoding Fe-only hydrogenase of Desulfovibrio vulgaris Hildenborough on hydrogen and lactate metabolism[END_REF], except the study by van den Berg et al., in which it was proposed a role of Hyd in H 2 production (van den Berg, [START_REF] Van Den Berg | Reduction of the amount of periplasmic hydrogenase in Desulfovibrio vulgaris (Hildenborough) with antisense RNA: direct evidence for an important role of this hydrogenase in lactate metabolism[END_REF]. A mutant strain lacking the Hyd enzyme grew less on H 2 / sulfate medium than the wild-type strain [START_REF] Pohorelic | Effects of deletion of genes encoding Fe-only hydrogenase of Desulfovibrio vulgaris Hildenborough on hydrogen and lactate metabolism[END_REF]. On lactate/sulfate medium, the growth yield was strongly affected in the mutant strain but it produced a larger amount of hydrogen, indicating that the role of Hyd is H 2 consumption. Comparison of the growth and of gene expression level pattern of a deletion strain of D. vulgaris lacking the Hyd hydrogenase on lactate-containing medium or in the presence of hydrogen at either 5 or 50% as electron donor for sulfate reduction, with the parental strain demonstrated that the [FeFe] periplasmic hydrogenase is involved in H 2 oxidation at high H 2 partial pressure in keeping with its low affinity for H 2 and its high specific activity [START_REF] Caffrey | Function of periplasmic hydrogenases in the sulfate-reducing bacterium Desulfovibrio vulgaris Hildenborough[END_REF].

The growth rate of a deletion mutant of the two structural genes hynAB of D.

fructosovorans with hydrogen as sole energy source is similar to that of the wild-type but with a lag phase [START_REF] Rousset | Marker exchange mutagenesis of the hydN genes in Desulfovibrio fructosovorans[END_REF]. On fructose-, lactate-and pyruvatecontaining medium and in the presence of sulfate, wild-type and deletant strains grew similarly [START_REF] Malki | Physiological characteristics and growth behavior of single and double hydrogenase mutants of Desulfovibrio fructosovorans[END_REF]. Again, the analysis of single, double and triple hydrogenase mutant strains in D. fructosovorans indicated that the absence of one periplasmic hydrogenase can be compensated by another hydrogenase (Casalot, De Luca, et al., 2002;[START_REF] Malki | Physiological characteristics and growth behavior of single and double hydrogenase mutants of Desulfovibrio fructosovorans[END_REF]. In D. vulgaris, results obtained by Caffrey et al. on mutant strains lacking periplasmic hydrogenases indicate that the

[NiFeSe] periplamic hydrogenase is required for the growth when the partial pressure of H 2 is low, in accordance with the lower activity but the higher affinity for H 2 of this enzyme as compared to the [FeFe] Hyd enzyme [START_REF] Caffrey | Function of periplasmic hydrogenases in the sulfate-reducing bacterium Desulfovibrio vulgaris Hildenborough[END_REF].

Hyn has been shown in D. gigas to play a dominant role in the hydrogen metabolism because it is required for H 2 oxidation when the bacterium grows on H 2 as the only energy source but also for Hyn hydrogenase is present in all Desulfovibrio species analyzed, even in two copies in D.

desulfuricans, D. fairfieldensis, D. gracilis, D. inopinatus, D. piger and D. vulgaris (Table S1).

[NiFeSe] hydrogenase (Figure 1) is a sub-class of Hyn hydrogenase in which a cysteine ligand to the active site is substituted by a seleno-cysteine [START_REF] Baltazar | Nickel-Iron-Selenium Hydrogenases -An Overview[END_REF]. In addition, the medial cluster is a [4Fe4S]-cluster instead of a [3Fe4S]-cluster in the standard Hyn hydrogenase. One third of the Desulfovibrio species encodes for a [NiFeSe] hydrogenase (Table S1).

In summary, it seems clear that the main function of periplasmic hydrogenases in Desulfovibrio species is to oxidize hydrogen. They contribute to the overall energy metabolism of the cells. However, because of the redundancy of the periplasmic enzymes, their precise physiological role is still to be clarified. The expression of each hydrogenase depends on the environmental conditions such as the availability of metal ions, in particular nickel and selenium [START_REF] Valente | Selenium is involved in regulation of periplasmic hydrogenase gene expression in Desulfovibrio vulgaris Hildenborough[END_REF], the level of O 2 [START_REF] Fournier | A new function of the Desulfovibrio vulgaris Hildenborough [Fe] hydrogenase in the protection against oxidative stress[END_REF] or H 2 [START_REF] Caffrey | Function of periplasmic hydrogenases in the sulfate-reducing bacterium Desulfovibrio vulgaris Hildenborough[END_REF]. In view of the Km value of Hyn and Hyd for H 2 , Hyn could be efficient at low partial pressure of H 2 whereas Hyd is proposed to be required when the level of H 2 is high.

Membrane-bound hydrogenases

The Ech hydrogenase

In the genome of D. fructosovorans, we identified a six-gene cluster encoding a putative multisubunit membrane-bound [NiFe]-hydrogenase (Figure 3B). Sequence analysis of the deduced subunits revealed that this putative enzyme is of the Ech-type (Ech for Energy-Conserving Hydrogenase). The six subunits of Ech-type enzymes are closely related to subunits of the proton pumping complex I (NADH:quinone oxidoreductase) [START_REF] Efremov | The coupling mechanism of respiratory complex I -a structural and evolutionary perspective[END_REF][START_REF] Hedderich | Energy-converting [NiFe] hydrogenases from archaea and extremophiles: ancestors of complex I[END_REF]Hedderich & Forzi, 2005). Ech hydrogenases have been identified both in bacteria and archaea, and the most biochemically and genetically studied member of this hydrogenase family is the one from the methanogenic archaeon Methanosarcina [START_REF] Kurkin | The membrane-bound [NiFe]hydrogenase (Ech) from Methanosarcina barkeri: unusual properties of the iron-sulphur clusters[END_REF][START_REF] Meuer | Purification and catalytic properties of Ech hydrogenase from Methanosarcina barkeri[END_REF][START_REF] Meuer | Genetic analysis of the archaeon Methanosarcina barkeri Fusaro reveals a central role for Ech hydrogenase and ferredoxin in methanogenesis and carbon fixation[END_REF]. This enzyme is membrane-bound but has its active site on the inner face of the cytoplasmic membrane (Hedderich & Forzi, 2005). Its redox physiological partner is a lowpotential ferredoxin [START_REF] Meuer | Purification and catalytic properties of Ech hydrogenase from Methanosarcina barkeri[END_REF] and it has been shown to be an H + -translocating hydrogenase (Welte, Kratzer, & Deppenmeier, 2010) (Figure 5). In Methanosarcina, Ech is one of the key enzymes of the respiratory chain that contributes to electrochemical gradient which is the driving force for ATP-synthesis. In aceticlastic and methylotrophic methanogenesis, Ech couples the reduction of protons to H 2 by reduced ferredoxin to the generation of an electrochemical proton potential (Figure 5A). Under autotrophic growth conditions, Ech catalyzes the reverse reaction and reduces ferredoxin with H 2 , ferredoxin which is then used for CO 2 reduction or in biosynthetic reactions [START_REF] Grahame | Substrate and accessory protein requirements and thermodynamics of acetyl-CoA synthesis and cleavage in Methanosarcina barkeri[END_REF][START_REF] Meuer | Genetic analysis of the archaeon Methanosarcina barkeri Fusaro reveals a central role for Ech hydrogenase and ferredoxin in methanogenesis and carbon fixation[END_REF]. This endergonic reduction is

driven by the electrochemical proton potential [START_REF] Forzi | Assignment of the [4Fe-4S] clusters of Ech hydrogenase from Methanosarcina barkeri to individual subunits via the characterization of site-directed mutants[END_REF][START_REF] Hedderich | Energy-converting [NiFe] hydrogenases from archaea and extremophiles: ancestors of complex I[END_REF]) (Figure 5B). It has recently been demonstrated that Methanosarcina barkeri is capable of energy conservation via H 2 -cycling thanks to two H 2 -producing cytoplasmic hydrogenases, among them is Ech, and a H 2oxidizing periplasmic hydrogenase [START_REF] Kulkarni | Energy Conservation via Hydrogen Cycling in the Methanogenic Archaeon Methanosarcina barkeri[END_REF]. In Thermoanaerobacter tengcongensis (now Caldanaerobacter subterraneus subsp. tengcongensis), a 6-subunit ferredoxin-dependent Ech hydrogenase similar to the one from M. barkeri, has also been purified [START_REF] Soboh | A multisubunit membrane-bound [NiFe] hydrogenase and an NADH-dependent Fe-only hydrogenase in the fermenting bacterium Thermoanaerobacter tengcongensis[END_REF]. The presence of a Ech-type hydrogenase was reported in D. gigas [START_REF] Rodrigues | A novel membrane-bound Ech [NiFe] hydrogenase in Desulfovibrio gigas[END_REF].

As mentioned before, the gene cluster encoding a putative Ech-type hydrogenase in the genome of D. fructosovorans is composed of 6 genes. The amino acid sequence analysis of the six subunits showed that they share sequence identity with subunits of complex I (NADH:quinone oxidoreductase) and other Ech hydrogenases (Table S3). The 70-kDa protein encoded by echA is similar to EchA from T. tengcongensis, M. barkeri and D. gigas (Table S3). Sequence alignment of EchA from D. fructosovorans with the corresponding subunit of the Ech hydrogenase from D.

gigas, M. barkeri, and T. tengcongensis shows the presence of a short N-terminal extension of 11 amino acids in D. fructosovorans. The presence of this short extension only in EchA from D.

fructosovorans and the fact that the 12th amino acid is a methionine prompted us to propose a possible new start for the echA gene coding for a putative shorter 639-amino acid-containing protein with a theoretical molecular mass of 68.9 kDa. This subunit is predicted to contain 17 transmembrane helices. The following gene in the cluster, echB, codes for a putative membrane protein of 31 kDa, predicted to contain 6 transmembrane segments. The sequence of EchB shares between 44 and 67 % identity with the sequence of EchB from D. gigas, M. barkeri, and T. tengcongensis (Table S3). EchA and EchB are thought to be involved in proton transport (Hedderich & Forzi, 2005;[START_REF] Welte | Bioenergetics and anaerobic respiratory chains of aceticlastic methanogens[END_REF]. The echC gene encodes the conserved small [NiFe]-hydrogenase subunit EchC, a 15.5 kDa protein. As already pointed out by Hedderich and Forzi (Hedderich & Forzi, 2005), the small subunit of Ech hydrogenases is smaller than the corresponding subunits in standard [NiFe]-hydrogenases. The 4 cysteine residues possibly involved in the ligation of the only [4Fe4S] cluster are conserved [START_REF] Rodrigues | A novel membrane-bound Ech [NiFe] hydrogenase in Desulfovibrio gigas[END_REF]. The EchD subunit, encoded by the echD gene, is a 13.5 kDa protein with high identity to EchD from D. gigas (Table S3). Whereas in D. gigas EchD is proposed to contain a transmembranaire domain, in D.

fructosovorans, no transmembranaire domain was predicted [START_REF] Rodrigues | A novel membrane-bound Ech [NiFe] hydrogenase in Desulfovibrio gigas[END_REF].The echE gene encodes the large [NiFe]-hydrogenase subunit of 45.6 kDa, that shares between 48 to 66 % identity with EchE subunits from D. gigas, M. barkeri, and T. tengcongensis (Table S3). EchE from D. fructosovorans has an insertion of 50 amino acid residues as compared to EchE from D. gigas and M. barkeri (at the position 280). This insertion is predicted to be mainly in coil structure. The echF gene encodes a protein of 13.3 kDa. EchF shows two [4Fe4S]-cluster binding motifs and does not contain any transmembrane domain. The six-gene cluster has the same organization than the ech cluster in D. gigas, M. barkeri and T. tengcongensis (Figure 3B) [START_REF] Künkel | An Escherichia coli hydrogenase-3type hydrogenase in methanogenic archaea[END_REF][START_REF] Rodrigues | A novel membrane-bound Ech [NiFe] hydrogenase in Desulfovibrio gigas[END_REF][START_REF] Soboh | A multisubunit membrane-bound [NiFe] hydrogenase and an NADH-dependent Fe-only hydrogenase in the fermenting bacterium Thermoanaerobacter tengcongensis[END_REF].

D. gigas was considered to be an interesting model to study the physiological role of hydrogenases in Desulfovibrio because it contains only two hydrogenases, Ech and Hyn.

Construction of Δhyn and Δech mutant strains showed that neither of the two hydrogenases are essential for the bacterial growth on lactate or pyruvate under respiratory conditions and it was concluded that the mechanism of H 2 cycling does not seem to be strictly essential for the Desulfovibrio genus [START_REF] Morais-Silva | Roles of HynAB and Ech, the only two hydrogenases found in the model sulfate reducer Desulfovibrio gigas[END_REF]. The presence of a Ech hydrogenase was revealed in D. vulgaris by the sequence of the genome [START_REF] Heidelberg | The genome sequence of the anaerobic, sulfate-reducing bacterium Desulfovibrio vulgaris Hildenborough[END_REF]. This ferredoxin-specific hydrogenase is proposed to be bidirectional and may reduce ferredoxin for carbon fixation when D. vulgaris grows with H 2 as an electron source or be involved in H 2 formation during growth on pyruvate (I. A. [START_REF] Pereira | A comparative genomic analysis of energy metabolism in sulfate reducing bacteria and archaea[END_REF][START_REF] Pereira | Energy metabolism in Desulfovibrio vulgaris Hildenborough: insights from transcriptome analysis[END_REF]. In D. vulgaris, the expression of ech genes was found to be increased in biofilm cells as compared to planktonic cells [START_REF] Clark | Transcriptomic and proteomic analyses of Desulfovibrio vulgaris biofilms: carbon and energy flow contribute to the distinct biofilm growth state[END_REF].

The Coo hydrogenase

The Coo hydrogenase, encoded by the CooMKLXUH operon, is an ion-translocating complex closely related to the Ech hydrogenase belonging to the group of multisubunit membrane-bound [NiFe]-hydrogenases, called energy-converting [NiFe]-hydrogenases (Hedderich & Forzi, 2005). It uses reduced ferredoxin as electron donor. Whereas the genome of D. vulgaris encodes both a Ech and a Coo hydrogenase, cooMKLXUH genes are not found in the genome of D.

fructosovorans (Table 1). In D. vulgaris, Coo hydrogenase is involved in H 2 production from lactate during syntrophic growth whereas coo genes are down regulated during growth on H 2 (P. M.

Pereira, He, [START_REF] Pereira | Energy metabolism in Desulfovibrio vulgaris Hildenborough: insights from transcriptome analysis[END_REF][START_REF] Walker | The electron transfer system of syntrophically grown Desulfovibrio vulgaris[END_REF]. Results obtained by Keller and Wall suggest that the Coo hydrogenase is essential for growth on lactate-sulfate medium [START_REF] Keller | Genetics and molecular biology of the electron flow for sulfate respiration in Desulfovibrio[END_REF].

These authors proposed that, when concentration of H 2 is maintained low, Coo could be an electron-bifurcating enzyme catalyzing the exergonic reduction of protons to form H 2 from the reduced ferredoxin, coupled to the endergonic oxidation of menaquinol to produce H 2 .

Cytoplasmic hydrogenases

6.1. Multimeric electron-bifurcating hydrogenases

Electron-bifurcating hydrogenases

Flavin-based electron-bifurcation, which is a novel mechanism of energy conservation in anaerobic microorganisms discovered by Wolfgang Buckel and Rudolph Thauer, couples an endergonic redox reaction to an exergonic redox reaction [START_REF] Buckel | Energy conservation via electron bifurcating ferredoxin reduction and proton/Na(+) translocating ferredoxin oxidation[END_REF]. Electronbifurcating enzymes are as diverse as formate dehydrogenases, lactate dehydrogenases, transhydrogenases, heterodisulfide reductases or hydrogenases, to name a few. These enzymes have in common the presence of a flavin-harboring subunit that is thought to be the electronbifurcation site and they catalyze a ferredoxin/flavodoxin dependent reaction (for recent reviews see [START_REF] Baymann | On the Natural History of Flavin-Based Electron Bifurcation[END_REF]Buckel & Thauer, 2018a, 2018b;[START_REF] Poudel | Origin and Evolution of Flavin-Based Electron Bifurcating Enzymes[END_REF]. where Fd ox is an oxidized ferredoxin and Fd red is a reduced ferredoxin.

The presence of the two or three additional subunits in addition to the hydrogenase catalytic subunit is proposed to be needed to confer the electron-bifurcation capability of the enzyme [START_REF] Poudel | Unification of [FeFe]-hydrogenases into three structural and functional groups[END_REF]. However, as illustrated by the example of the Syntrophomonas wolfei hydrogenase, the presence of these additional subunits does not mean necessary that the enzyme catalyses the electron-bifurcation [START_REF] Losey | Syntrophomonas wolfei Uses an NADH-Dependent, Ferredoxin-Independent [FeFe]-Hydrogenase To Reoxidize NADH[END_REF]. The molecular mechanism of electron-bifurcation in still under debate. The most accepted hypothesis is that a flavin with crossed-redox potential is the site for electron-bifurcation [START_REF] Baymann | On the Natural History of Flavin-Based Electron Bifurcation[END_REF].

However, it was recently proposed that the H-cluster could be responsible for the electronbifurcation reaction [START_REF] Peters | A new era for electron bifurcation[END_REF][START_REF] Peters | On the nature of organic and inorganic centers that bifurcate electrons, coupling exergonic and endergonic oxidationreduction reactions[END_REF]. Further characterization, especially the resolution of the structure of multimeric hydrogenases, would help to decipher the electron-bifurcation mechanism of these enzymes.

The trimeric Hyd hydrogenase from T. maritima was the first flavin-based electronbifurcating hydrogenase to be characterized 10 years ago [START_REF] Schut | The iron-hydrogenase of Thermotoga maritima utilizes ferredoxin and NADH synergistically: a new perspective on anaerobic hydrogen production[END_REF][START_REF] Verhagen | The hyperthermophilic bacterium, Thermotoga maritima, contains an unusually complex iron-hydrogenase: amino acid sequence analyses versus biochemical characterization[END_REF]. Since then, four other hydrogenases of this type, trimeric or tetrameric, have been isolated and characterized in the anaerobic bacteria Acetobacterium woodii [START_REF] Schuchmann | A bacterial electron-bifurcating hydrogenase[END_REF], Moorella thermoacetica (Wang, Huang, Kahnt, & Thauer, 2013),

Ruminococcus albus (Y. [START_REF] Zheng | Hydrogen formation and its regulation in Ruminococcus albus: involvement of an electron-bifurcating [FeFe]hydrogenase, of a non-electron-bifurcating [FeFe]-hydrogenase, and of a putative hydrogen-sensing [FeFe]-hydrogenase[END_REF], and the fourth being the Hnd hydrogenase from D.

fructosovorans [START_REF] Kpebe | A new mechanistic model for an O 2 -protected electron-bifurcating hydrogenase, Hnd from Desulfovibrio fructosovorans[END_REF]. In Clostridium autoethanogenum, an NADP-specific electronbifurcating [FeFe]-hydrogenase forms an heptameric complex with a formate dehydrogenase [START_REF] Wang | NADP-specific electron-bifurcating [FeFe]-hydrogenase in a functional complex with formate dehydrogenase in Clostridium autoethanogenum grown on CO[END_REF]. Sequences of these hydrogenase subunits share between 28 % and 64 % sequence identity (Tables S2).

Figure 7 shows a comparison of gene clusters, subunit compositions and cofactor contents of electron-bifurcating hydrogenases that have been characterized to date including also the putative trimeric enzyme from D.

fructosovorans. Tetrameric hydrogenases contain an extra subunit, the counterpart of HndB from D. fructosovorans, that does not seem essential for electron-bifurcation and its role and prosthetic group content is unclear [START_REF] Poudel | Unification of [FeFe]-hydrogenases into three structural and functional groups[END_REF]) (Figure 7). Indeed, the characterization of electronbifurcating hydrogenases isolated up to this point, has not illuminated the impact of the subunit composition on the properties of the enzyme (reaction catalyzed, redox partner…).

Electron-bifurcating hydrogenases in Desulfovibrio species

Several but few Desulfovibrio species contain trimeric or tetrameric hydrogenases that are putative electron-bifurcating enzymes (Table 1). Only the tetrameric Hnd hydrogenase from D.

fructosovorans has been isolated and characterized [START_REF] Kpebe | A new mechanistic model for an O 2 -protected electron-bifurcating hydrogenase, Hnd from Desulfovibrio fructosovorans[END_REF]. Genes encoding such a tetrameric hydrogenase are not very widespread in Desulfovibrio and are found besides D. for multimeric [FeFe] hydrogenases: one for a putative trimeric enzyme and one for the tetrameric Hnd hydrogenase.

The tetrameric Hnd hydrogenase from D. fructosovorans

Hnd is a tetrameric cytoplasmic [FeFe]-hydrogenase (Figure 6A). The sequences of the four subunits HndA, B, C and D, encoded by the hnd operon (Figure 3B), have been known for more than 20 years and this enzyme has been previously described as an NADP-reducing enzyme [START_REF] Malki | Characterization of an operon encoding an NADP-reducing hydrogenase in Desulfovibrio fructosovorans[END_REF]. HndA (18.8 kDa) contains a [2Fe2S] cluster ligated by 4 conserved cysteine residues in its C-terminal thioredoxin-like domain and electron transfer between this cluster and the [2Fe2S]

cluster of the N-terminal domain of HndD has been demonstrated (de Luca, Asso, Belaich, & Dermoun, 1998;[START_REF] Dermoun | The NADP-reducing hydrogenase from Desulfovibrio fructosovorans: functional interaction between the C-terminal region of HndA and the N-terminal region of HndD subunits[END_REF][START_REF] Nouailler | Solution structure of HndAc: a thioredoxin-like domain involved in the NADP-reducing hydrogenase complex[END_REF]. HndB (13.8 kDa), whose function is still unknown, has been proposed to harbor a [2Fe2S]-cluster ligated by 3 cysteine and 1 serine residues [START_REF] Dermoun | The NADP-reducing hydrogenase from Desulfovibrio fructosovorans: functional interaction between the C-terminal region of HndA and the N-terminal region of HndD subunits[END_REF]. HndC, the NAD(P) + -reducing subunit, a 51.7 kDa-protein, is predicted to contain binding sites for a flavin and for NAD(P) and to coordinate three [4Fe4S] clusters [START_REF] Baymann | On the Natural History of Flavin-Based Electron Bifurcation[END_REF][START_REF] Kpebe | A new mechanistic model for an O 2 -protected electron-bifurcating hydrogenase, Hnd from Desulfovibrio fructosovorans[END_REF][START_REF] Malki | Characterization of an operon encoding an NADP-reducing hydrogenase in Desulfovibrio fructosovorans[END_REF]. The hydrogenase catalytic subunit HndD (63.6 kDa) is predicted to harbor one [2Fe2S]-and three [4Fe4S]-clusters in addition to the H-cluster (Figure 7). It shows 40% sequence identity with CpI, the well-characterized monomeric [FeFe]-hydrogenase from C. pasteurianum [START_REF] Kpebe | A new mechanistic model for an O 2 -protected electron-bifurcating hydrogenase, Hnd from Desulfovibrio fructosovorans[END_REF][START_REF] Malki | Characterization of an operon encoding an NADP-reducing hydrogenase in Desulfovibrio fructosovorans[END_REF]. It was recently shown that Hnd is an electron-bifurcating enzyme able to reduce simultaneously a ferredoxin and NAD + in the presence of H 2 [START_REF] Kpebe | A new mechanistic model for an O 2 -protected electron-bifurcating hydrogenase, Hnd from Desulfovibrio fructosovorans[END_REF]. From the data obtained, a new mechanism was proposed in which the ferredoxin is recycled.

Unlike the other characterized electron-bifurcating hydrogenases, Hnd remains active after purification in the presence of dioxygen. Indeed, Hnd is able to form the O 2 -protected Hox (inact) state of the active site, as the Hyd hydrogenase [START_REF] Kpebe | A new mechanistic model for an O 2 -protected electron-bifurcating hydrogenase, Hnd from Desulfovibrio fructosovorans[END_REF].

The trimeric Hnt hydrogenase from D. fructosovorans

The analysis of the draft genome of D. fructosovorans revealed the presence of a cluster of three genes encoding for a putative trimeric electron-bifurcating hydrogenase (Figure 3B), that we have named Hnt, which is highly similar to Hyd from T. maritima [START_REF] Schut | The iron-hydrogenase of Thermotoga maritima utilizes ferredoxin and NADH synergistically: a new perspective on anaerobic hydrogen production[END_REF][START_REF] Verhagen | The hyperthermophilic bacterium, Thermotoga maritima, contains an unusually complex iron-hydrogenase: amino acid sequence analyses versus biochemical characterization[END_REF] and to other characterized multimeric hydrogenases (Figures 6B and7, Tables 2).

Amino-acid sequence analysis of HntA shows that this 24 kDa-subunit contains one [2Fe2S]

cluster. HntC, a 67.4 kDa protein, is highly similar to the subunit HydB of the T. maritima enzyme, and harbors sequence motifs for coordination of NAD, flavin, one [2Fe2S]-clusters and three maritima, is predicted to have a molecular weight of 73.9 kDa and to contain the H-cluster, three

[4Fe4S]-clusters and two [2Fe2S]-clusters (Figure 6B). This subunit is highly similar to HndD (44 % of similarity) and possesses a 90-amino acid C-terminal extension as compared to HndD from D.

fructosovorans. This putative trimeric hydrogenase Hnt has never been purified and biochemically characterized in any Desulfovibrio species and no evidence concerning its possible physiological role is available. As it was already mentioned for Hnd, putative Hnt-type hydrogenases are not widespread in the Desulfovibrio genus since the presence of genes encoding this enzyme are limited to only six species (Table 1). Moreover, hnt genes are only present in Desulfovibrio genomes that contain further hnd genes meaning that Hnt hydrogenase is exclusively found in Hnd-containing species. Because of its high similarity to trimeric electron-bifurcating hydrogenases characterized so far (Tables S2), it is likely that D. fructosovorans Hnt hydrogenase catalyzes the coupled reduction of ferredoxin and NAD(P) + by the oxidation of H 2 and/or the reverse reaction, the coupled reduction of protons to H 2 with reduced ferredoxin and NAD(P)H (equation 2). In C.

autoethanogenum, the electron-bifurcating hydrogenase uses NADP instead of NAD [START_REF] Wang | NADP-specific electron-bifurcating [FeFe]-hydrogenase in a functional complex with formate dehydrogenase in Clostridium autoethanogenum grown on CO[END_REF]. In D. fructosovorans, NADP instead of NAD could be the substrate of Hnt.

The physiological role of electron-bifurcating hydrogenases in Desulfovibrio

The role of these multimeric electron-bifurcating hydrogenases in Desulfovibrio metabolism is unknown. In Clostridia, their implication in the energy metabolism has already been discussed [START_REF] Schuchmann | Complex Multimeric [FeFe] Hydrogenases: Biochemistry, Physiology and New Opportunities for the Hydrogen Economy[END_REF]). In T. maritima, R. albus and M. thermoacetica, during growth on glucose containing-medium, both a ferredoxin and NAD + are reduced and H 2 is produced using these reductants by the trimeric hydrogenase, in a concomitant and energetically coupled way by electron confurcation [START_REF] Schut | The iron-hydrogenase of Thermotoga maritima utilizes ferredoxin and NADH synergistically: a new perspective on anaerobic hydrogen production[END_REF]Wang, Huang, Kahnt, & Thauer, 2013;[START_REF] Zheng | Hydrogen formation and its regulation in Ruminococcus albus: involvement of an electron-bifurcating [FeFe]hydrogenase, of a non-electron-bifurcating [FeFe]-hydrogenase, and of a putative hydrogen-sensing [FeFe]-hydrogenase[END_REF]. In M. thermoacetica, during growth on H 2 and CO 2 , the trimeric hydrogenase possibly oxidizes H 2 and produces reduced ferredoxin, which is then used for the CO 2 reduction to CO [START_REF] Huang | Electron bifurcation involved in the energy metabolism of the acetogenic bacterium Moorella thermoacetica growing on glucose or H 2 plus CO 2[END_REF]Wang, Huang, Kahnt, & Thauer, 2013). In A. woodii, the tetrameric hydrogenase produces NADH and a reduced ferredoxin from H 2 in an electron-bifurcating process, which are used as reducing equivalents in the Wood-Ljungdahl pathway for the CO 2 fixation [START_REF] Schuchmann | A bacterial electron-bifurcating hydrogenase[END_REF]. The reduced ferredoxin fuels also the membrane Rnf complex allowing the re-oxidation of NADH and the generation of a transmembrane electrochemical gradient. The hydrogenase from C. autoethanogenum forms an heptameric complex with a formate dehydrogenase. This very complex enzyme containing putatively 19 iron-sulfur clusters catalyzes the reversible coupled reduction of ferredoxin and NADP + with H 2 or formate and the reversible formation of H 2 and CO 2 from formate. It is still unclear which reaction is catalyzed in vivo (electron-bifurcation or confurcation). It was also proposed that the hydrogenase function is to protect the cells from over-reduction when NADP + and ferredoxin get too reduced during growth on CO [START_REF] Schuchmann | Complex Multimeric [FeFe] Hydrogenases: Biochemistry, Physiology and New Opportunities for the Hydrogen Economy[END_REF][START_REF] Wang | NADP-specific electron-bifurcating [FeFe]-hydrogenase in a functional complex with formate dehydrogenase in Clostridium autoethanogenum grown on CO[END_REF]. In T. tengcongensis and in Thermoanaerobacterium saccharolyticum, an heterotetrameric hydrogenase closely related to Hnd from D. fructosovorans is proposed to be involved in the release of excess reducing equivalents generated during fermentation. Indeed, this hydrogenase is involved in H 2 -production during glucose fermentation [START_REF] Shaw | Identification of the [FeFe]-hydrogenase responsible for hydrogen generation in Thermoanaerobacterium saccharolyticum and demonstration of increased ethanol yield via hydrogenase knockout[END_REF][START_REF] Soboh | A multisubunit membrane-bound [NiFe] hydrogenase and an NADH-dependent Fe-only hydrogenase in the fermenting bacterium Thermoanaerobacter tengcongensis[END_REF].

Deletion of D. fructosovorans hnd genes encoding the hydrogenase subunit or the NADHdehydrogenase subunit (∆hndD or ∆hndC) is not lethal for the cells and D. fructosovorans can still grow using hydrogen as the sole energy source. During growth on fructose, pyruvate or lactate, the growth yield relative to sulfate is unchanged compared to the wild-type but the growth rates were affected, especially on pyruvate medium (by a factor of 3) (de Luca, [START_REF] De Luca | The NADP-reducing hydrogenase of Desulfovibrio fructosovorans: evidence for a native complex with hydrogen-dependent methyl-viologen-reducing activity[END_REF][START_REF] Malki | Physiological characteristics and growth behavior of single and double hydrogenase mutants of Desulfovibrio fructosovorans[END_REF]. Both the growth yield and growth rates are affected in the double mutant strain deleted from hnd and hyn genes. These studies have failed to establish the physiological role of Hnd due to a probable compensation mechanism between hydrogenases. However, the fact that the hnd deletion mutant produces more hydrogen than the wild-type strain when grown on a pyruvate medium containing a limiting amount of sulfate led us to propose that in these conditions, the Hnd hydrogenase could possibly be involved in H 2 consumption (A. Kpebe and M.

Brugna, unpublished results).

Nothing is yet known on Hnt metabolic role in Desulfovibrio species. Because it is always present in organisms in which Hnd is also present, it makes sense to hypothesize that these two enzymes are expressed in different culture conditions or that they are involved in different energy pathway with different redox partners (NAD + vs NADP).

H 2 -sensing [FeFe]-hydrogenase

The presence of hydrogen can trigger the expression of some hydrogenase genes through a hydrogen sensing regulatory hydrogenase and two component signal transduction system. The well-known hydrogenase sensor of [NiFe]-type is that of Ralstonia eutropha. This sensor forms a complex with a histidine protein kinase, detects the H 2 level in the cellular environment and transmits the signal to a response regulator, which controls transcription of the hydrogenase genes [START_REF] Friedrich | A hydrogen-sensing multiprotein complex controls aerobic hydrogen metabolism in Ralstonia eutropha[END_REF]. This kind of [NiFe]-regulatory hydrogenase is not present in Desulfovibrio genomes that we have analyzed. However, among [FeFe]hydrogenases, putative sensory type hydrogenases, called HydS (S for signaling) or Hfs, appear to have a regulatory role. In this type of hydrogenase, the hydrogenase domain containing a noncanonical H-cluster [START_REF] Chongdar | Unique Spectroscopic Properties of the H-Cluster in a Putative Sensory [FeFe] Hydrogenase[END_REF] is fused to a C-terminal PAS domain. This particular domain is the basis by which the sensory function was predicted [START_REF] Greening | Genomic and metagenomic surveys of hydrogenase distribution indicate H 2 is a widely utilised energy source for microbial growth and survival[END_REF]. PAS domains are widely utilized for various signal transduction and sensory functions [START_REF] Henry | Ligand-binding PAS domains in a genomic, cellular, and structural context[END_REF].

In D. fructosovorans, we identified a three-gene cluster that contains a gene encoding a putative H 2 -sensing hydrogenase of [FeFe]-type (Figure 3B and Figure 7). The first gene hfsA is predicted to contain a [2Fe2S]-cluster. The 8.9 kDa-HfsA protein is 20 % identical to HfsA from T.

saccharolyticum. hfsB encodes the monomeric putative sensing hydrogenase. The 63.8 kDaprotein HfsB shows 26 % identity with HydS from T. maritima and with HfsB from T.

saccharolyticum. It has also 30% identity with the CpI hydrogenase from C. pasteurianum, 24% identity with the Chlamydomonas reinhardtii HydA1 hydrogenase and 26% with HndD subunit. A PAS sensory domain is present at the C-terminal end of the protein. However, in HfsB a conserved cysteine residue in typical [FeFe]-hydrogenases (cysteine 299 in CpI), essential for the activity which is supposed to be the first proton relay close to the active site, is replaced by an alanine at position 169 as it is the case in many HydS enzymes [START_REF] Chongdar | Unique Spectroscopic Properties of the H-Cluster in a Putative Sensory [FeFe] Hydrogenase[END_REF][START_REF] Cornish | Mechanism of proton transfer in [FeFe]-hydrogenase from Clostridium pasteurianum[END_REF]. HfsB is also predicted to contain three additional [4Fe4S]-clusters. The hfsC gene is annotated as a protein serine/threonine phosphatase. HfsC, a protein of 43.2 kDa, shows 31 % identity to T. saccharolyticum HfsC.

The HydS hydrogenase from T. maritima was the only putative H 2 -sensing [FeFe]hydrogenase to be purified and characterized [START_REF] Chongdar | Unique Spectroscopic Properties of the H-Cluster in a Putative Sensory [FeFe] Hydrogenase[END_REF]. It was produced in E. coli, purified in an apo-form and then artificially maturated. It shows a low catalytic activity, both for H 2 oxidation and H 2 production. The reduction of the H-cluster is not associated with protonation of the azathiolate bridge, unlike for typical [FeFe]-hydrogenases. The results are consistent with the absence of the cysteine residue constituting the first proton relay during catalysis [START_REF] Chongdar | Unique Spectroscopic Properties of the H-Cluster in a Putative Sensory [FeFe] Hydrogenase[END_REF]. The molecular basis of H 2 sensing by these enzymes and the way the signal is transferred need to be deciphered.

Eight Desulfovibrio species possess the gene cluster encoding a putative sensor 1). It is worth noting that the presence of the putative sensor hydrogenase is always correlated with the presence of Hnd hydrogenase genes. In addition, Desulfovibrio species that contain genes encoding a trimeric [FeFe]-hydrogenase have also hfs genes (Table 1). It is thus likely that these hydrogenases are linked in some way. The coexistence of Hfs and multimeric [FeFe]-hydrogenases is also found in other bacteria such as in T.

saccharolyticum, T. tengcongensis, T. maritima and Ruminococcus albus [START_REF] Chongdar | Unique Spectroscopic Properties of the H-Cluster in a Putative Sensory [FeFe] Hydrogenase[END_REF][START_REF] Pan | Characterization of a [2Fe-2S] protein encoded in the iron-hydrogenase operon of Thermotoga maritima[END_REF][START_REF] Shaw | Identification of the [FeFe]-hydrogenase responsible for hydrogen generation in Thermoanaerobacterium saccharolyticum and demonstration of increased ethanol yield via hydrogenase knockout[END_REF][START_REF] Soboh | A multisubunit membrane-bound [NiFe] hydrogenase and an NADH-dependent Fe-only hydrogenase in the fermenting bacterium Thermoanaerobacter tengcongensis[END_REF][START_REF] Zheng | Hydrogen formation and its regulation in Ruminococcus albus: involvement of an electron-bifurcating [FeFe]hydrogenase, of a non-electron-bifurcating [FeFe]-hydrogenase, and of a putative hydrogen-sensing [FeFe]-hydrogenase[END_REF].

Moreover, genes for a multimeric [FeFe]-hydrogenase or/and for a ferredoxin-dependent [FeFe]hydrogenase and hfs genes can be part of the same gene cluster such as in T. maritima or in R. albus (Y. [START_REF] Zheng | Hydrogen formation and its regulation in Ruminococcus albus: involvement of an electron-bifurcating [FeFe]hydrogenase, of a non-electron-bifurcating [FeFe]-hydrogenase, and of a putative hydrogen-sensing [FeFe]-hydrogenase[END_REF] (Figure 7). The Hfs/HydS hydrogenase could be involved in the regulation of the expression of the [FeFe]-hydrogenase genes. Zheng et al. have proposed that HydS/Hfs could sense the H 2 partial pressure via its hydrogenase domain, and transfer the signal via its PAS domain. The signal transduction cascade could involve the Ser/Thr protein kinase and phosphatase (Y. [START_REF] Zheng | Hydrogen formation and its regulation in Ruminococcus albus: involvement of an electron-bifurcating [FeFe]hydrogenase, of a non-electron-bifurcating [FeFe]-hydrogenase, and of a putative hydrogen-sensing [FeFe]-hydrogenase[END_REF]. Strain with a deletion of hfs genes in T. saccharolyticum exhibited a 95% reduction in H 2 production [START_REF] Eminoglu | Deletion of the hfsB gene increases ethanol production in Thermoanaerobacterium saccharolyticum and several other thermophilic anaerobic bacteria[END_REF][START_REF] Shaw | Identification of the [FeFe]-hydrogenase responsible for hydrogen generation in Thermoanaerobacterium saccharolyticum and demonstration of increased ethanol yield via hydrogenase knockout[END_REF].

Regulation of hydrogenase genes in Desulfovibrio

Hydrogenase expression underlies specific regulation depending on their physiological role and growth conditions (reviews: [START_REF] Greening | Integration of hydrogenase expression and hydrogen sensing in bacterial cell physiology[END_REF][START_REF] Kovacs | Anaerobic regulation of hydrogenase transcription in different bacteria[END_REF]. Desulfovibrio species contain at least two hydrogenases with different composition, localization and possible functions. A complex regulation must occur to coordinate the expression of these enzymes and the rapid response to environmental changes. Little is known about hydrogenase regulation in Desulfovibrio species. In bacteria, the presence of hydrogen can trigger the expression of some hydrogenases through a hydrogen sensing regulatory hydrogenase and two component signal transduction system. As it was already mentioned (section 6.2), some Desulfovibrio species harbor a gene cluster for a putative H 2 -sensing [FeFe]-hydrogenase whose mechanism has to be elucidated.

The hydrogenase gene expression is also regulated by the level of O 2 present in the cell environment. The expression of hydrogenase genes was investigated in D. vulgaris and was found to be dependent on the presence of O 2 or oxidative stress. The production of the periplasmic

[FeFe]-hydrogenase was found to be up regulated in response to oxidative stress, oxygen exposed cells or increase of redox potential by chromate addition and a new function of the [FeFe]hydrogenase in the protection against oxidative stress was proposed [START_REF] Fournier | A new function of the Desulfovibrio vulgaris Hildenborough [Fe] hydrogenase in the protection against oxidative stress[END_REF]. In Pereira, He, Xavier, et al., 2008). These results indicate that O 2 is involved in one way or another in the regulation of hydrogenases by a mechanism that has to be determined. Two transcription regulation factors have been shown to sense and respond to redox status of the cell and presence of oxygen, the Rex transcription factor [START_REF] Ravcheev | Transcriptional regulation of central carbon and energy metabolism in bacteria by redoxresponsive repressor Rex[END_REF] and the Fnr anaerobic regulator [START_REF] Kovacs | Anaerobic regulation of hydrogenase transcription in different bacteria[END_REF].

Rex is a global transcription factor that senses and responds to the intra cellular ratio of

[NADH]/[NAD + ] to regulate many genes involved in central metabolism and anaerobic fermentation. Rex orthologues were identified in proteobacteria in the delta subdivision, the desulfovibrionales species [START_REF] Ravcheev | Transcriptional regulation of central carbon and energy metabolism in bacteria by redoxresponsive repressor Rex[END_REF]. In D. fructosovorans, a rex gene (locus-tag DesfrDRAFT_2623) encodes a 24.8 kDa protein that shows 47 % identity with the Rex repressor from T. maritima whose crystallographic structure has been recently solved [START_REF] Park | Structural Analysis of Redox-sensing Transcriptional Repressor Rex from Thermotoga maritima[END_REF]). In T. saccharolyticum, a Rex putative binding site in genes coding for the Ech and Hfs hydrogenases was identified suggesting that Rex may play an important role in T. saccharolyticum H 2 metabolism (T. [START_REF] Zheng | The redox-sensing protein Rex modulates ethanol production in Thermoanaerobacterium saccharolyticum[END_REF]. rex gene was also commonly found in the vicinity of [FeFe]-hydrogenase genes and thus may be involved in the regulation of [FeFe]-hydrogenases in bacteria as a function of cellular redox status [START_REF] Poudel | Unification of [FeFe]-hydrogenases into three structural and functional groups[END_REF]. A comparative genomics approach in 11 taxonomic group of bacteria, identified hydrogenase genes as members of the Rex regulon with Rex-binding DNA motifs present in three groups of bacteria (Thermotogales, Clostridiaceae and Thermoanaerobacterales). However, hydrogenase genes of the 10 Desulfovibrio genomes analyzed do not belong to the Rex regulon [START_REF] Ravcheev | Transcriptional regulation of central carbon and energy metabolism in bacteria by redoxresponsive repressor Rex[END_REF].

Rex homologue in D. vulgaris was hypothesized to be involved in sulfate reduction [START_REF] Christensen | Rex (encoded by DVU_0916) in Desulfovibrio vulgaris Hildenborough is a repressor of sulfate adenylyl transferase and is regulated by NADH[END_REF].

The anaerobic regulator Fnr (fumarate and nitrate reductase regulatory protein) is a member of the Crp/Fnr family of transcriptional regulators containing an N-terminal domain involved in triggering and a C-terminal DNA binding domain with a Helix-turn-Helix motif. The sensing region is adapted to respond to different effectors. Fnr and Fnr-like proteins commonly activate anaerobic expression of genes including the structural and/or maturation genes of hydrogenases in bacteria such as in Thiocapsa roseopersicina, Rhizobium leguminosarum or E. coli [START_REF] Kovacs | Anaerobic regulation of hydrogenase transcription in different bacteria[END_REF].

Several Crp/Fnr homologues have been identified in Desulfovibrio species, such as HcpR which has been proposed to have a protective role against nitrosative stress in D. gigas [START_REF] Da Silva | An HcpR paralog of Desulfovibrio gigas provides protection against nitrosative stress[END_REF][START_REF] Rodionov | Reconstruction of regulatory and metabolic pathways in metal-reducing delta-proteobacteria[END_REF] In addition to regulation at the gene level, the fact that genes coding for Histidine kinaselike proteins, Serine/Threonine kinases and Serine phophatases are found in the vicinity of genes for electron-bifurcating hydrogenases strongly suggests that the activity of these hydrogenases can be regulated by post-translational modifications. The tetrameric [FeFe]-hydrogenase from

Caldicellulosiruptor bescii was shown, using mass spectrometry, to exist in two different forms, phosphorylated or dephosphorylated [START_REF] Poudel | Unification of [FeFe]-hydrogenases into three structural and functional groups[END_REF].

Concluding remarks

Tables 1 andS1 [START_REF] Keller | Genetics and molecular biology of the electron flow for sulfate respiration in Desulfovibrio[END_REF]. Genes encoding a complex I homolog (NADH:quinone oxidoreductase) have been found in the genome of some Desulfovibrio species (I. A. [START_REF] Pereira | A comparative genomic analysis of energy metabolism in sulfate reducing bacteria and archaea[END_REF] and we found that a complex I homologue is always present in species encoding a tetrameric [FeFe]-hydrogenase.

However, complex I homologue could also be present in organisms that do not have multimeric hydrogenase. In D. fructosovorans, a complex I homologue is encoded by a twelve-gene cluster (locus tags DesfrDRAFT_3136 to 3147). In mitochondria and bacteria, this complex catalyzes oxidation of NADH and reduction of quinone or the reverse reaction. Coo hydrogenase could catalyze, based on the hypothesis that it could be capable of electron-bifurcation, the reversible reaction:

2H 2 + 2 Fd ox + Q ⇄ 2 Fd red + QH 2 + 2H + (equation 3)
where Q is a quinone, QH 2 a quinol, Fd ox an oxidized ferredoxin and Fd red a reduced ferredoxin.

This reaction could also be catalyzed by a system combining a multimeric electron-bifurcating hydrogenase and a complex I homologue with the NAD + /NADH couple as an intermediate (Figure 8). Mutually exclusive occurrence of coo genes and those for the electron-bifurcating hydrogenase/complex I system suggests that Desulfovibrio species might have developed two different strategies to take advantage of electron-bifurcation (Figure 8). This putative model has to be experimentally validated.

Although electron-bifurcation is possibly an important mechanism for hydrogen metabolism in Desulfovibrio, it is not essential, because more than one third of the analyzed species do not possess neither a multimeric [FeFe]-hydrogenase, nor a Coo hydrogenase (Table 1). Interestingly, the hydrogen-cycling mechanism has a non-essential character as well in Desulfovibrio since D.

alaskensis G20 and D. aminophilus do not contain a cytoplasmic or cytoplasmically-oriented membrane-bound hydrogenase needed for this mechanism.
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Legends: [START_REF] Keller | Genetics and molecular biology of the electron flow for sulfate respiration in Desulfovibrio[END_REF][START_REF] Sim | Fractionation of sulfur isotopes by Desulfovibrio vulgaris mutants lacking hydrogenases or type I tetraheme cytochrome c 3[END_REF]. [START_REF] Baffert | L'électrochimie, un outil pour étudier les mécanismes enzymatiques[END_REF]). Right panel: electron transfer chain with the rate constants that determined the global kinetic of electron transfer. The P238 and H184 residues were mutated to modified the electron transfer kinetics. Abbreviations: AS, active site; medial, medial cluster of the electron-transfer chain. (From [START_REF] Dementin | Rates of intra-and intermolecular electron transfers in hydrogenase deduced from steady-state activity measurements[END_REF]). 

H 2

 2 production when the bacterium ferments pyruvate[START_REF] Morais-Silva | Roles of HynAB and Ech, the only two hydrogenases found in the model sulfate reducer Desulfovibrio gigas[END_REF]. It is worth noting that D. gigas contains only two hydrogenases, a periplasmic Hyn and a membrane-bound cytoplasmically oriented Ech[START_REF] Morais-Silva | Genome sequence of the model sulfate reducer Desulfovibrio gigas: a comparative analysis within the Desulfovibrio genus[END_REF]. Due to this unusually low number of hydrogenases for a Desulfovibrio species, it has been proposed that the hydrogen cycling contributes less to the energy yield in D. gigas as compared to other Desulfovibrio species[START_REF] Morais-Silva | Roles of HynAB and Ech, the only two hydrogenases found in the model sulfate reducer Desulfovibrio gigas[END_REF].

  Flavin-based electron-bifurcating hydrogenases are trimeric or tetrameric cytoplasmic enzymes, of [FeFe]-type and harbor, in addition to the hydrogenase catalytic subunit, a [2Fe2S]-cluster subunit and a flavin-and FeS-containing NAD(P) + -reducing subunit homologous to NuoF, a subunit of the complex I (Poudel et al., 2016) (Figure 6). They have been reported to bifurcate electrons derived from H 2 oxidation towards reduction of NAD(P) + and a ferredoxin (equation 2). Some of them have been shown to perform the reverse reaction and confurcate electron to produce H 2 (backward reaction of equation 2).2 Fd ox + NAD + + 2H 2 ⇄ 2 Fd red + NADH + 3H + (equation 2)

  fructosovorans, only in seven Desulfovibrio species (D. carbinolicus, D. magneticus, D. sp. FW1012B, D. sp. DV, D. alcoholivorans, D. sp. TomC, D. sp. U5L) (Kpebe et al., 2018). Concerning the trimeric hydrogenase, only six Desulfovibrio species contain this type of enzyme (D. carbinolicus, D. magneticus RS-1, D. DV, D. alcoholivorans, D. sp. TomC and D. fructosovorans). It is worth noting that the six Desulfovibrio species that contain genes for a trimeric hydrogenase contain also genes for the tetrameric hydrogenase. In D. fructosovorans, two gene clusters code

[

  4Fe4S]-clusters. It shares 49 % of identity with the HndC subunit from D. fructosovorans and a 120-amino acid N-terminal extension is present in the trimeric enzyme as compared to the tetrameric enzyme. HntD the hydrogenase catalytic subunit, the counterpart of HydA from T.

  2008,Pereira et al. identified periplasmic [NiFeSe]-hydrogenase genes as up regulated and [NiFe]hydrogenase genes (DVU2525 and DVU2526) as down regulated after oxygen exposure (P. M.
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 1 Figure 1 : The three types of Desulfovibrio hydrogenases: [FeFe], [NiFe] and [NiFeSe]. Top panel:
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 2 Figure 2: Schematic representation of the two electron-transfer pathways during growth of
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 3 Figure 3: Hydrogenase system of D. fructosovorans composed of six different enzymes. A:
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 4 Figure 4: Illustration of the molecular characterization of the HynAB [NiFe]-hydrogenase from D.
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 5 Figure 5: Schematic representation of Ech hydrogenase subunits and prosthetic groups. A:
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 6 Figure 6: Schematic representation of the subunit compositions and prosthetic groups, predicted
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 7 Figure 7: Gene clusters encoding the cytoplasmic trimeric or tetrameric electron-bifurcating

Figure 8 :

 8 Figure 8: Simplified hydrogen metabolism model in Desulfovibrio, showing the hydrogen cycling
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  . In 2012, Zhou et al. investigated the role of four different transcriptional regulators of the Crp/Fnr family in D. vulgaris. By analyzing knockout mutants, the authors suggested that the 4 global regulators play distinct roles in stress responses[START_REF] Zhou | Functional characterization of Crp/Fnr-type global transcriptional regulators in Desulfovibrio vulgaris Hildenborough[END_REF]. In D. vulgaris, a gene encoding CooA, a CO-sensing transcriptional activator of the Crp/Fnr family is present in the genome. Induction of the carbon monoxide dehydrogenase (CODH) gene is dependent on CO and on CooA, but the genes encoding the Coo hydrogenase are not under the control of this transcriptional regulator[START_REF] Rajeev | Deletion of the Desulfovibrio vulgaris carbon monoxide sensor invokes global changes in transcription[END_REF]. In D. fructosovorans, neither genes for a Coo hydrogenase, nor for a complete CODH are present in the genome, whereas a gene whose function is not known encodes a protein showing high similarity with CooA from D. vulgaris (locus tag DesfrDRAFT_3232).

  Solublecytoplasmic hydrogenases are all of [FeFe]-type and are present only in less than one third of the analyzed Desulfovibrio genomes. Two Desulfovibrio species encode for a further [FeFe]hydrogenase that is monomeric (D. alaskensis G20 and D. piger) (Table1). This hydrogenase is predicted to contain two [4Fe4S]-clusters in addition to the H-cluster. None of these hydrogenases have been isolated so far. The hydrogenase combination found in our model bacterium D.We recently characterized the first electron-bifurcating hydrogenase from a Desulfovibrio species[START_REF] Kpebe | A new mechanistic model for an O 2 -protected electron-bifurcating hydrogenase, Hnd from Desulfovibrio fructosovorans[END_REF]. Flavin-based electron-bifurcation could be more important than previously thought in Desulfovibrio energy conserving mechanisms. Enzymes which could possibly catalyze flavin-based electron-bifurcation are largely represented in Desulfovibrio including hydrogenases, Nfn, Rnf,Hdr-flx, Qmo, just to name a few. Electron-bifurcation couples an endergonic to an exergonic redox reaction, allowing a non-thermodynamically favorable reaction to occur such as, for example, the reduction of a ferredoxin from H 2 or the oxidation of a quinol to produce H 2 . Tri or tetrameric [FeFe]-hydrogenases, that are potentially electron-bifurcating enzymes, are found in only 9 over the 37 analyzed Desulfovibrio genomes. It is striking that,

	Desulfovibrio

summarize the hydrogenase content of 35 Desulfovibrio species. The number of hydrogenases varies from two to six per species. The periplasmic dimeric [NiFe]hydrogenase is always present and membrane-bound [NiFe] Ech hydrogenase is present in almost 90 % of the Desulfovibrio genomes that we have analyzed. Only two strains do not contain any membrane-bound hydrogenases (Ech or Coo), D. alaskensis G20 and D. aminophilus. fructosovorans is also found in D. alcoholivorans, D. carbinolicus, D. magneticus RS-1 and D. sp.

DV. It is also important to note the co-occurrence of tetrameric [FeFe]-hydrogenases with putative H 2 -sensing hydrogenases. species that contain the Coo hydrogenase do not contain a multimeric [FeFe]hydrogenase and species that contain multimeric [FeFe]-hydrogenase(s) do not contain a Coo hydrogenase (Table

1

). It was proposed that the Coo hydrogenase, which is a flavoenzyme, could potentially confurcate electrons from a reduced ferredoxin and a quinol to produce H 2

Table : Table 1 :

 :1 Hydrogenase distribution in the Desulfovibrio genus. 37 genomes available on the National Center for Biotechnology Information (NCBI) site have been analyzed. Genes for formate hydrogen lyases have not been included in this study.

Table S3 :

 S3 Amino acid sequence identity of subunits of Ech hydrogenase from D. fructosovorans (df) with Ech hydrogenases from T. tengcongensis (tt) (now Caldanaerobacter subterraneus subsp. tengcongensis), M. barkeri (mb) and D. gigas (dg), using ClustalW software. dfEch locus tag:

	Table S2B :							
		dfHndB awHydD					
	dfHndB	100						
	awHydD	28	100				
	Table S2C :							
		dfHndC dfHntC	tmHydB	awHydB	mtHydB	caHytB	raHydB
	dfHndC	100						
	dfHntC	41	100					
	tmHydB	43	51	100				
	awHydB	53	48	51	100			
	mtHydB	52	46	48	60	100		
	caHytB	41	47	45	54	46	100
	raHydB	49	47	48	64	58	50	100
	Table S2D :							
		dfHndD dfHntD tmHydA	awHydA	mtHydA caHytA	raHydA
	dfHndD	100						
	dfHntD	36	100					
	tmHydA	35	40	100				
	awHydA	50	36	35	100			
	mtHydA	55	39	35	55	100		
	caHytA	37	30	28	38	38	100	
	raHydA	46	36	33	54	54	33		100
	DesfrDRAFT_2899-2904; ttEch locus tag: TTE0123-0128; mbEch locus tag: Mbar_A0147-0152;
	dgEch locus tag: DGI_0034-9.					
		dfEchA	dfEchB	dfEchC	dfEchD	dfEchE	dfEchF
	ttEch	45	51	65	33	56		47
	mbEch	38	44	55	29	48		36
	dgEch	50	67	70	44	66		52
	Table S2A :							
		dfHndA dfHntA	tmHydC	awHydC	mtHydC	caHytC	raHydC
	dfHndA	100						
	dfHntA	29	100					
	tmHydC	32	44	100				
	awHndB	33	36	38	100			
	mtHydC	42	38	36.	39	100		
	caHytC	30	33	41	35	35	100
	raHydC	45	40	38	45	44	37	100