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Résumé

Carnobacterium est un genre bactérien ubiquiste appartenant au groupe des bactéries lactiques (LAB). Les souches de Carnobacterium maltaromaticum sont présentes dans une grande diversité d'environnements et de produits alimentaires. Elles présentent de nombreuses propriétés, dont un effet positif en fabrication fromagère et des potentialités probiotiques qui en font un microorganisme à forte potentialité industrielle. L'objectif de ce travail de thèse est d'approfondir les connaissances sur C. maltaromaticum par une étude génomique. Neuf génomes de bactéries du genre Carnobacterium, dont 5 de C. maltaromaticum, disponibles sur la plateforme MicroScope ont été analysés et comparés. Carnobacterium maltaromaticum DSM20342 MX5 possède un génome de 3,85 Mbp, le plus grand génome parmi les LAB connus, de 1 Mbp de plus que celui des autres Carnobacterium n'appartenant pas à l'espèce C. maltaromaticum. L'analyse génomique détaillée indique la présence de quelques voies métaboliques spécifiques et suggère que les souches de C. maltaromaticum et C. divergens présenteraient une surface cellulaire caractérisée par une grande diversité moléculaire.Les trois autres souches de Carnobacterium présenteraient une surface fortement dépourvue en molécules de surfaces dont les protéines. Les propriétés de surface qui en découlent seraient à relier à la capacité de ces deux espèces à coloniser différents habitats. Par ailleurs, les souches de C. maltaromaticum isolées de différents produits laitiers se caractérisent par une grande diversité génomique. Afin de caractériser le niveau de diversité, les gènes impliqués dans les voies métaboliques d'utilisation du lactose (voie du Tagatose-6Phosphate, gènes lac) et du galactose (voie de Leloir, gènes gal) ont été caractérisés par analyse génomique au sein du genre Carnobacterium. De plus, ces gènes ont été recherchés par PCR chez 42 souches de C. maltaromaticum. Les deux voies sont présentes et organisées différemment chez les différentes souches de C. maltaromaticum d'origine laitière et non laitière L'analyse de ces gènes au niveau de la population révèle une dissémination des deux voies au sein des 4 lignées de cette population. La voie de Leloir est présente dans les lignées I, II et III et la voie du Tagatose-6Phosphate dans les lignées I, II et IV. Ces résultats suggèrent que les gènes lac et gal ont évolué selon un schéma complexe, qui est le reflet du haut niveau de diversité génétique de la population. La recherche de ces gènes au sein des 237 génomes de LAB disponibles sur la plateforme MicroScope Mage indique que les gènes lac et gal présentent un niveau de diversité élevé parmi les différents genres bactériens constituant le groupe des LAB, avec une dominance de la présence de la voie de Leloir. Ce niveau de diversité génétique n'est retrouvé qu'à l'échelle du genre chez les LAB et non de l'espèce, comme c'est le cas de C. maltaromaticum.

Mots-clés : Carnobacterium maltaromaticum, diversité, adaptation, comparaison génomique, lactose.

V Des systèmes glucidiques et protéiques sont conçus pour la stabilisation et/ou la vectorisation des composés actifs particuliers que sont les bactéries. Le choix du système matrice/composé actif intègre les interactions avec la matrice ainsi que l'impact que pourrait avoir la bactérie incorporée sur la structuration des communautés microbiennes de l'écosystème considéré.

List of Tables

List of Figures

Dans ce contexte, la matrice alimentaire et la bactérie lactique Carnobacterium maltaromaticum servent de modèle dans le cadre de cette étude.

Carnobacterium appartient au groupe des bactéries lactiques (LAB). Sur les onze espèces que contient le genre Carnobacterium, les plus fréquemment isolées des aliments sont C. mataromaticum et C. divergens [START_REF] Leisner | Carnobacterium: positive and negative effects in the environment and in foods[END_REF]. Carnobacterium maltaromaticum a été isolée d'une grande variété d'aliments dont des produits laitiers [START_REF] Afzal | Carnobacterium maltaromaticum: Identification, isolation tools, ecology and technological aspects in dairy products[END_REF]. En effet, les travaux réalisés au LIBio ont démontré que C. maltaromaticum fait partie de la microflore complexe des fromages [START_REF] Cailliez-Grimal | Short communication: Carnobacterium maltaromaticum: the only Carnobacterium species in French ripened soft cheeses as revealed by polymerase chain reaction detection[END_REF], 2005;[START_REF] Millière | Presence of Carnobacterium spp. in French surface mould-ripened soft-cheese[END_REF][START_REF] Milliere | Carnobacterium piscicola, a common species of French soft cheeses from cow's raw milk[END_REF]Rahman et al., 2014a). La présence de cette bactérie n'est pas négligeable car elle peut atteindre des concentrations élevées en fin d'affinage dans des fromages au lait de chèvre ou de vache (jusqu'à 10 9 UFC.g -1 ) [START_REF] Cailliez-Grimal | Short communication: Carnobacterium maltaromaticum: the only Carnobacterium species in French ripened soft cheeses as revealed by polymerase chain reaction detection[END_REF] où elle jouerait un rôle positif [START_REF] Afzal | Carnobacterium maltaromaticum: Identification, isolation tools, ecology and technological aspects in dairy products[END_REF]. C'est une bactérie lactique psychrotrophe, capable de se développer à des valeurs de pH alcalin et produisant un arome malté (Afzal et al., 2013b[START_REF] Afzal | Identification of metabolic pathways involved in the biosynthesis of flavor compound 3methylbutanal from leucine catabolism by Carnobacterium maltaromaticum LMA 28[END_REF]. De nombreuses souches de cette espèce sont connues pour la production d'une large gamme de bactériocines [START_REF] Afzal | Carnobacterium maltaromaticum: Identification, isolation tools, ecology and technological aspects in dairy products[END_REF]. Les derniers travaux réalisés au laboratoire ont mis en évidence des potentialités probiotiques de C. maltaromaticum LMA28 (Rahman et al., 2014b) ainsi qu'une grande diversité génétique au sein d'une collection de 42 souches de C. maltaromaticum d'origines diverses (Rahman et al., 2014a).

Le séquençage des génomes bactériens est de plus en plus rapide et accessible. Ceci ouvre la voie à de nouvelles possibilités d'analyse des propriétés des bactéries. Récemment, le génome de C. maltaromaticum LMA28 a été séquencé au laboratoire [START_REF] Cailliez-Grimal | Complete Chromosome Sequence of Carnobacterium maltaromaticum LMA 28[END_REF] Afin de répondre à ces interrogations, une revue bibliographique, rédigée en anglais, a été réalisée sur la génomique des bactéries lactiques, l'écologie des bactéries du genre Carnobacterium et les voies de métabolisation du lactose et du galactose. Les analyses de génomique comparée ont montré la particularité des bactéries du genre Carnobacterium vis-à-vis de leur surface cellulaire. Une partie de la bibliographie est relative à la structure des surfaces bactériennes des bactéries à Gram-positive.

Les résultats sont rédigés en anglais et présentés en deux chapitres :

Le premier chapitre est dédié à l'analyse génomique comparée des différentes bactéries du genre Carnobacterium.

Le deuxième chapitre est dédié à la caractérisation des gènes impliqués dans les voies de métabolisation du lactose et du galactose chez les bactéries du genre Carnobacterium, chez C. maltaromaticum plus spécifiquement et chez l'ensemble des LAB.

Les conclusions générales et les perspectives que laissent entrevoir ce travail sont rédigées en français et présentées dans le dernier chapitre de cette thèse.

Ce travail a fait l'objet :

- the "true lactic acid bacteria" form a natural group of Gram-positive, non sporulating rods or cocci that ferment carbohydrates and higher alcohols to form lactic acid [START_REF] Axelsson | Lactic acid bacteria: classification and physiology, in: Lactic Acid Bacteria: Microbiological and Functional Aspects[END_REF][START_REF] Stackebrandt | Molecular taxonomy and phylogenetic position of lactic acid bacteria[END_REF][START_REF] Stiles | Lactic acid bacteria of foods and their current taxonomy[END_REF].

The definition and classification of LAB change with the introduction of molecular biology and was the focus of intense taxonomic study with approaches involving both phenotypic and phylogenetic characterization of bacteria [START_REF] Axelsson | Lactic acid bacteria: classification and physiology, in: Lactic Acid Bacteria: Microbiological and Functional Aspects[END_REF][START_REF] Pot | The taxonomy of lactic acid bacteria[END_REF].

Actually, this term LAB relates to the metabolic capabilities of microorganisms to ferment various nutrients predominantly into lactic acid [START_REF] Klaenhammer | Genomic features of lactic acid bacteria effecting bioprocessing and health[END_REF][START_REF] Liu | Practical implications of lactate and pyruvate metabolism by lactic acid bacteria in food and beverage fermentations[END_REF].

The general characteristics of LAB are that they are Gram-positive, anaerobic, acid-tolerant and non-sporulating [START_REF] Klaenhammer | Genomic features of lactic acid bacteria effecting bioprocessing and health[END_REF], catalase negative, although some LAB strains have a catalase activity mediated by a non-heme "pseudocatalase" [START_REF] Engesser | Nonheme Catalase Activity of Lactic-Acid Bacteria[END_REF], microaerophilic, rods and cocci [START_REF] Axelsson | Lactic acid bacteria: classification and physiology, in: Lactic Acid Bacteria: Microbiological and Functional Aspects[END_REF].

LAB form a heterogeneous group of microorganisms, and the different genera included in the term LAB have been subject to several controversies. Historically, the four genera Lactobacillus, Leuconostoc, Pediococcus and Streptococcus form the core of the group, corresponding to the current genera Enterococcus, Carnobacterium, Lactobacillus, Lactococcus, Leuconostoc, Oenococcus, Pediococcus, Streptococcus, Vagococcus and Weissella [START_REF] Axelsson | Lactic acid bacteria: classification and physiology, in: Lactic Acid Bacteria: Microbiological and Functional Aspects[END_REF][START_REF] Pot | The taxonomy of lactic acid bacteria[END_REF][START_REF] Stackebrandt | Molecular taxonomy and phylogenetic position of lactic acid bacteria[END_REF][START_REF] Stiles | Lactic acid bacteria of foods and their current taxonomy[END_REF].

Several taxonomic revisions of these genera and the description of new genera lead to several change. Among domesticated bacteria studied and exploited, LAB are found in two distinct phyla, namely Firmicutes and Actinobacteria. LAB in Actinobacterium phylum include only Atopobium and Bifidobacterium genera (which produce lactic acid but always in combination with acetic acid), with a Guanine-Cytosine (GC) content of 36-46% and 58-61%, respectively [START_REF] De Vos | Systems solutions by lactic acid bacteria: from paradigms to practice[END_REF][START_REF] Horvath | Comparative analysis of CRISPR loci in lactic acid bacteria genomes[END_REF][START_REF] Makarova | Comparative genomics of the lactic acid bacteria[END_REF]. Within the Firmicutes phylum, LAB belong to order Lactobacillales and include the genera Aerococcus, Alliococcus, Carnobacterium, Enterococcus, Lactobacillus, Lactococcus, Leuconostoc, Oenococcus, Pediococcus, Streptococcus, Tetragenococcus, Vagococcus and Weissella which are all low GC content organisms (31-49%) [START_REF] De Vos | Systems solutions by lactic acid bacteria: from paradigms to practice[END_REF][START_REF] Pot | The taxonomy of lactic acid bacteria[END_REF]. In a phylogenetic tree of LAB published in 2004, Carnobacterium genus appeared to be more related to Vagococcus and Enterococcus than to any other LAB (Figure 1) [START_REF] Axelsson | Lactic acid bacteria: classification and physiology, in: Lactic Acid Bacteria: Microbiological and Functional Aspects[END_REF]. However, phylogenetic relationships among LAB are still the subject of many discussions [START_REF] Zhang | Phylogenomic reconstruction of lactic acid bacteria: an update[END_REF]. The first LAB that was completely sequenced, L. lactis subsp. lactis IL1403 came out in 2001 [START_REF] Bolotin | The Complete Genome Sequence of the Lactic Acid Bacterium Lactococcus lactis ssp. lactis IL1403[END_REF]. Then in 2003, Kleerebezem et al. sequenced the first and complete Lactobacillus strain genome, L. plantarum WCFS1 (Kleerebezem et al., 2003). In 2014, approximately 6,800 bacterial genome sequences are available of which 182 Lactobacillus genomes, 14 Lactococcus genomes, 113 Enterococcus genomes, and much more Streptococcus genomes [START_REF] Wassenaar | Comparative genomics of Lactobacillus and other LAB[END_REF].

Genome sequencing is a relatively new discipline allowing a rapid bacterial exploration. It offers a wealth of information to well-understand LAB when investigating their gene content, their properties and their role in human health and food fermentation [START_REF] Johnson | Impact of genomics on the field of probiotic research: historical perspectives to modern paradigms[END_REF]. The study of LAB sequenced bacteria showed that Lactobacillales present a diversity in genome size ranging from 1.8 Mbp for Streptococcus to 3.7 Mbp for Carnobacterium (Figure 2). It was hypothesized that Lactobacillales diverged from their common ancestor with Bacilli causing the loss of 600-1200 genes, some of them encoding biosynthesis enzymes [START_REF] Makarova | Evolutionary Genomics of Lactic Acid Bacteria[END_REF]. Genome size within a genus is homogenous in almost all LAB except in Lactobacillus [START_REF] Wassenaar | Comparative genomics of Lactobacillus and other LAB[END_REF] and Carnobacterium genera. Genome size of Lactobacillus range from 1.3 Mbp for L. iners AB-1 [START_REF] Macklaim | At the crossroads of vaginal health and disease, the genome sequence of Lactobacillus iners AB-1[END_REF] to 3.3 Mbp for L. plantarum WCFS1 (Kleerebezem et al., 2003).

The genome size of Carnobacterium species is estimated ranging from 1.9 (for C. alterfunditum) [START_REF] Pikuta | Carnobacterium pleistocenium sp nov., a novel psychrotolerant, facultative anaerobe isolated from permafrost of the Fox Tunnel in Alaska[END_REF] to 3.7 Mbp (for C. maltaromaticum) [START_REF] Cailliez-Grimal | Complete Chromosome Sequence of Carnobacterium maltaromaticum LMA 28[END_REF]. Carnobacterium maltaromaticum strains possess bigger genomes compared to other LAB [START_REF] Hols | New insights in the molecular biology and physiology of Streptococcus thermophilus revealed by comparative genomics[END_REF][START_REF] Kelly | Chromosomal Diversity in Lactococcus lactis and the Origin of Dairy Starter Cultures[END_REF][START_REF] Van De Guchte | The complete genome sequence of Lactobacillus bulgaricus reveals extensive and ongoing reductive evolution[END_REF]. It has been suggested that the large size of Carnobacterium genome may be the reason of its well adaptation to environmental challenges [START_REF] Leisner | Carnobacterium: positive and negative effects in the environment and in foods[END_REF]. Indeed, in order to survive and grow in a variety of environments, a bacterium will need a large number of encoded genes, and thus a larger genome. Therefore, the number of predicted protein genes strongly correlates with genome size; that means that a larger genome holds a larger number of CDS (Coding DNA Sequence) [START_REF] Wassenaar | Comparative genomics of Lactobacillus and other LAB[END_REF]. LAB are found naturally in a variety of environmental habitats, including plant (fruits, vegeTable, cereal), meat and milk environment, and are involved in a large number of industrial and spontaneous food fermentations, notably those based on raw materials derived from these natural habitats. The traditional roles for many LAB have been as starter cultures [START_REF] Klaenhammer | Genomic features of lactic acid bacteria effecting bioprocessing and health[END_REF], which lead to their widespread human consumption. Indeed, the LAB used in food are considered non-pathogenic and are awarded the qualification of Anglo- Saxon agencies Generally Regarded As Safe (GRAS) [START_REF] Aguirre | Lactic acid bacteria and human clinical infection[END_REF]. Their primary contribution is in rapid acid production and acidification of foods, but metabolic processes accompanying the growth of LAB impact also flavor, nutrition, and texture quality of a variety of fermented foods [START_REF] Axelsson | Lactic acid bacteria: classification and physiology, in: Lactic Acid Bacteria: Microbiological and Functional Aspects[END_REF][START_REF] Klaenhammer | Genomic features of lactic acid bacteria effecting bioprocessing and health[END_REF][START_REF] Kleerebezem | Metabolic pathway engineering in lactic acid bacteria[END_REF][START_REF] Pot | The taxonomy of lactic acid bacteria[END_REF]. The sequenced and annotated bacterial genomes permit the prediction of certain important characteristics researched by industrials. Thanks to comparative genomics, it became easy to search for metabolic pathways [START_REF] Cogan | Invited review: Advances in starter cultures and cultured foods[END_REF]. Indeed, Lactobacillus helveticus CNRZ32 had been discovered to possess homologs of genes involved in the proteolysis of casein found in milk [START_REF] Broadbent | Complete Genome Sequence for Lactobacillus helveticus CNRZ 32, an Industrial Cheese Starter and Cheese Flavor Adjunct[END_REF]. The research project consists in predicting the formation of metabolic compounds via the exploration of the genomic content of CDS in comparison to previously annotated genomes. This is the case also of the identification of flavor molecules (G. Smit et al., 2005), decarboxylation of branched-chain α-Keto acids in L. lactis (B. A. Smit et al., 2005). In addition, LAB have the ability to avoid the food product deterioration by inhibition of bacterial growth by the production of lactic acid and growth-inhibiting compounds such as acids, H2O2, CO2 and bacteriocins (Cotter et al.

2005).

Some LAB are also closely associated with the mucosal surfaces of animals and human environment, including the gastrointestinal tract, the oral, the respiratory and the vaginal cavities. Moreover, many species of LAB are considered to be important components of the normal intestinal microbiota, which contribute to a variety of functions including intestinal integrity, immunomodulation, and pathogen resistance. Selected groups of LAB are used as probiotics for human consumption [START_REF] Gilliland | Acidophilus Milk Products: A Review of Potential Benefits to Consumers[END_REF][START_REF] Klaenhammer | Genomic features of lactic acid bacteria effecting bioprocessing and health[END_REF][START_REF] Pot | The taxonomy of lactic acid bacteria[END_REF][START_REF] Stiles | Lactic acid bacteria of foods and their current taxonomy[END_REF].

LAB colonize a great diversity of habitats. Adaptation to a particular niche is allowed by genomic remodeling. Comparative genomics of LAB revealed that loss and gain of genes occurred during the evolution of these bacteria, and it is accepted that these events allowed to improve their ecological performance [START_REF] Makarova | Comparative genomics of the lactic acid bacteria[END_REF].

The more striking examples of evolution by gene loss are Streptococcus thermophilus [START_REF] Bolotin | Complete sequence and comparative genome analysis of the dairy bacterium Streptococcus thermophilus[END_REF], Lactobacillus bulgaricus [START_REF] Kafsi | Genome Sequence of Lactobacillus delbrueckii subsp. lactis CNRZ327, a Dairy Bacterium with Anti-Inflammatory Properties[END_REF][START_REF] Van De Guchte | The complete genome sequence of Lactobacillus bulgaricus reveals extensive and ongoing reductive evolution[END_REF], L. helveticus [START_REF] Callanan | Genome Sequence of Lactobacillus helveticus, an Organism Distinguished by Selective Gene Loss and Insertion Sequence Element Expansion[END_REF] and L. lactis subsp. cremoris UC509.9 [START_REF] Ainsworth | Complete Genome of Lactococcus lactis subsp. cremoris UC509.9, Host for a Model Lactococcal P335 Bacteriophage[END_REF]. The genome of these bacteria present many pseudogenes linked to amino acids biosynthesis and those of the fermentation of plant derived sugars [START_REF] Cavanagh | From field to fermentation: The origins of Lactococcus lactis and its domestication to the dairy environment[END_REF]. It was hypothesized that these lineages experienced a massive gene loss resulting in genome decay.

At another extent, the gene gain has been detected in several cases. For organisms mainly present in gastrointestinal tracts, such as L. acidophilus [START_REF] Altermann | Complete genome sequence of the probiotic lactic acid bacterium Lactobacillus acidophilus NCFM[END_REF], L. plantarum (Kleerebezem et al., 2003) and L. gasseri [START_REF] Azcarate-Peril | Analysis of the genome sequence of Lactobacillus gasseri ATCC 33323 reveals the molecular basis of an autochthonous intestinal organism[END_REF], many genes were suspected to be gained by Horizontal Gene Transfer (HGT) and contributed to the interaction of the bacterium with intestinal mucosa and its survival in gastric conditions. In this connection, many mucin-binding proteins and gene clusters for transport of a diverse group of carbohydrates are found in those genomes.

Gain of genes has been also well documented with the acquisition of plasmids holding metabolic pathways. This is the case of Lactococcus garvieae [START_REF] Collins | Streptococcus garvieae sp. nov. and Streptococcus plantarum sp[END_REF][START_REF] Vendrell | Lactococcus garvieae in fish: a review[END_REF][START_REF] Wyder | Streptococcus spp. and related bacteria: Their identification and their pathogenic potential for chronic mastitis -A molecular approach[END_REF], L. lactis [START_REF] Kelly | Chromosomal Diversity in Lactococcus lactis and the Origin of Dairy Starter Cultures[END_REF] and Streptococcus macedonicus [START_REF] Malkin | Identification of Streptococcus gallolyticus subsp. macedonicus as the etiological agent in a case of culture-negative multivalve infective endocarditis by 16S rDNA PCR analysis of resected valvular tissue[END_REF] isolated from different environments. They are known to possess plasmids containing genes responsible of the lactose and galactose utilization via the Tagatose-6Phosphate pathway [START_REF] Cavanagh | From field to fermentation: The origins of Lactococcus lactis and its domestication to the dairy environment[END_REF][START_REF] Flórez | The Plasmid Complement of the Cheese Isolate Lactococcus garvieae IPLA 31405 Revealed Adaptation to the Dairy Environment[END_REF][START_REF] Papadimitriou | Acquisition through Horizontal Gene Transfer of Plasmid pSMA198 by Streptococcus macedonicus ACA-DC 198 Points towards the Dairy Origin of the Species[END_REF][START_REF] Passerini | Genes but not genomes reveal bacterial domestication of Lactococcus lactis[END_REF].

The genus Carnobacterium

Taxonomy

The genus Carnobacterium was first proposed to clarify the taxonomic position of atypical heterofermentative Lactobacillus species (groupe III) isolated from chicken meat. They suggested classifying Lactobacillus divergens and Lactobacillus piscicola in a new genus, Carnobacterium, as Carnobacterium divergens and Carnobacteriun piscicola. Two new species, Carnobacterium gallinarum and Carnobacterium mobile were also added in this new genus [START_REF] Collins | Classification of Lactobacillus divergens, Lactobacillus piscicola , and Some Catalase-Negative, Asporogenous, Rod-Shaped Bacteria from Poultry in a New Genus, Carnobacterium[END_REF].

The first Carnobacterium strain was isolated in 1974 and designated as Lactobacillus maltaromicus by Miller [START_REF] Miller | Lactobacillus maltaromicus, a New Species Producing a Malty Aroma[END_REF]. Based on phenotypic and genotypic comparisons, this strain and C. piscicola described in 1987 were reclassified in 2003 as C. maltaromaticum [START_REF] Mora | Reclassification of Lactobacillus maltaromicus (Miller et al 1974) DSM 20342 (T) and DSM 20344 and Carnobacterium piscicola (Collins et al 1987) DSM 20730(T) and DSM 20722 as Carnobacterium maltaromaticum comb[END_REF].

The Carnobacterium genus forms a phylogenetically coherent group belonging to the LAB, which is quite distinct from other LAB, as shown by 16S rDNA sequencing [START_REF] Wallbanks | 16S rRNA Sequence Determination for Members of the Genus Carnobacterium and Related Lactic Acid Bacteria and Description of Vagococcus salmoninarum sp[END_REF]. It belongs to the phylum Firmicutes, Class Bacilli, order, Lactobacillales, family Carnobacteriaceae. This new family was created in 2009 [START_REF] Ludwig | Family III. Carnobacteriaceae fam. nov, in: Bergey's Manual of Systematic Bacteriology[END_REF] with Carnobacterium as genus type and was formed of two paraphyletic groups: the first one consisted of eleven genera, Alkalibacterium, Allofustis, Alloiococcus, Atopococcus, Atopostipes, Carnobacterium, Desemzia, Dolosigranulum, Isobaculum, Marinilactibacillus and Trichococcus, and the second one included Atopobacter and Granulicatella. The phylogenetic position of this second group is still under discussion [START_REF] Pikuta | The family Carnobacteriaceae[END_REF].

Strains of Carnobacterium are Gram-positive, non-spore-forming rods or coccobacilli, motile or not. These bacteria are catalase negative, but some species exhibit catalase activity in the presence of heme. Initially described as heterofermentative, carnobacteria could be considered to be homofermentative organisms that produce lactic acid from glucose (except for the species C. pleistocenium) or facultative heterofermentative. Some species could metabolize hexoses and pentoses to L(+)-lactic acid and, depending on the access of oxygen, may produce acetic acid, ethanol, CO2 and formic acid in varying amounts. Respiration might occur in the presence of hematin. They do not reduce nitrate to nitrite. Production of NH4 + from arginine is a result of its catabolism catalyzed by the arginine deaminase pathway. Some species possess the ability of converse tyrosine to tyramine. They are mesophilic and some species may be psychrotolerant and grow at 0 °C. NaCl is not required for growth. Some strains are halotolerant until 8% NaCl and alkaliphilic with growth until pH 9.5 [START_REF] Cailliez-Grimal | Carnobacterium[END_REF][START_REF] Pikuta | The family Carnobacteriaceae[END_REF][START_REF] Pikuta | The genus Carnobacterium[END_REF]. [START_REF] Nicholson | Proposal to rename Carnobacterium inhibens as Carnobacterium inhibens subsp inhibens subsp nov and description of Carnobacterium inhibens subsp gilichinskyi subsp nov., a psychrotolerant bacterium isolated from Siberian permafrost[END_REF].

Ecology

Carnobacteria are ubiquitous LAB which have been frequently isolated from cold and temperate environment and from animals and foods of animal origin such as seafood, meat and dairy products. The wide distribution in nature is due to their particular physiology. Moreover, these bacteria produce several bacteriocins, which allow them to compete with other bacteria for colonization of the environment.

A potential pathogenicity is associated with some Carnobacterium species. Ace Lake [START_REF] Franzmann | Psychrotrophic, lactic acid-producing bacteria from anoxic waters in Ace Lake, Antarctica; Carnobacterium funditum sp. nov. and </i>Carnobacterium alterfunditum</i> sp[END_REF]) MAP rough-head-grenadier [START_REF] Matamoros | Selection and evaluation of seafood-borne psychrotrophic lactic acid bacteria as inhibitors of pathogenic and spoilage bacteria[END_REF] C. funditum Ace Lake [START_REF] Franzmann | Psychrotrophic, lactic acid-producing bacteria from anoxic waters in Ace Lake, Antarctica; Carnobacterium funditum sp. nov. and </i>Carnobacterium alterfunditum</i> sp[END_REF]) Hindgut region of Artic charr [START_REF] Ringo | The effects of soybean, linseed and marine oils on aerobic gut microbiota of Arctic charr Salvelinus alpinus L. before and after challenge with Aeromonas salmonicida ssp salmonicida[END_REF]) Ice from a fjord in Norway [START_REF] Groudieva | Diversity and cold-active hydrolytic enzymes of culturable bacteria associated with Arctic sea ice, Spitzbergen[END_REF]) Cooked tropical shrimps [START_REF] Jaffres | Study of the bacterial ecosystem in tropical cooked and peeled shrimps using a polyphasic approach[END_REF][START_REF] Matamoros | Selection and evaluation of seafood-borne psychrotrophic lactic acid bacteria as inhibitors of pathogenic and spoilage bacteria[END_REF]) Marine sponge [START_REF] Li | Marine sponge Craniella austrialiensis-associated bacterial diversity revelation based on 16S rDNA library and biologically active Actinomycetes screening, phylogenetic analysis[END_REF]) Antartica [START_REF] Loperena | Extracellular enzymes produced by microorganisms isolated from maritime Antarctica[END_REF] C. gallinarum Chicken meat. [START_REF] Collins | Classification of Lactobacillus divergens, Lactobacillus piscicola , and Some Catalase-Negative, Asporogenous, Rod-Shaped Bacteria from Poultry in a New Genus, Carnobacterium[END_REF] C. iners Littoral zone of an Antarctic lake [START_REF] Snauwaert | Carnobacterium iners sp nov., a psychrophilic, lactic acid-producing bacterium from the littoral zone of an Antarctic pond[END_REF] C. inhibens subsp. inhibens Gastrointestinal tract of Atlantic salmon [START_REF] Joborn | Carnobacterium inhibens sp. nov., isolated from the intestine of Atlantic salmon (Salmo salar)[END_REF] Siberian permafrost [START_REF] Nicholson | Growth of Carnobacterium spp. from permafrost under low pressure, temperature, and anoxic atmosphere has implications for Earth microbes on Mars[END_REF] C. inhibens subsp. gilichinskyi

Siberian permafrost [START_REF] Nicholson | Growth of Carnobacterium spp. from permafrost under low pressure, temperature, and anoxic atmosphere has implications for Earth microbes on Mars[END_REF] C. jeotgali Traditional Korean fermented food (shrimp) [START_REF] Kim | Carnobacterium jeotgali sp nov., isolated from a Korean traditional fermented food[END_REF] C. mobile Chicken meat [START_REF] Collins | Classification of Lactobacillus divergens, Lactobacillus piscicola , and Some Catalase-Negative, Asporogenous, Rod-Shaped Bacteria from Poultry in a New Genus, Carnobacterium[END_REF]) Altered raw salmon [START_REF] Mace | Characterisation of the spoilage microbiota in raw salmon (Salmo salar) steaks stored under vacuum or modified atmosphere packaging combining conventional methods and PCR-TTGE[END_REF] C. pleistocenium Pleistocene ice from the permafrost tunnel [START_REF] Pikuta | Carnobacterium pleistocenium sp nov., a novel psychrotolerant, facultative anaerobe isolated from permafrost of the Fox Tunnel in Alaska[END_REF] C. viridans Siberian permafrost [START_REF] Nicholson | Growth of Carnobacterium spp. from permafrost under low pressure, temperature, and anoxic atmosphere has implications for Earth microbes on Mars[END_REF]) Spent mushroom compost [START_REF] Ntougias | Bacterial diversity in spent mushroom compost assessed by amplified rDNA restriction analysis and sequencing of cultivated isolates[END_REF]) Antic toundra soil [START_REF] Kim | Isolation of facultatively anaerobic soil bacteria from Ny-lesund, Svalbard[END_REF]) Refrigerated vacuum-packaged bologna [START_REF] Holley | Carnobacterium viridans sp. nov., an alkaliphilic, facultative anaerobe isolated from refrigerated, vacuum-packed bologna sausage[END_REF] [START_REF] Leroi | Study of the microbial ecology of coldsmoked salmon during storage at 8°C[END_REF]) Fish products [START_REF] Pilet | Evidence for two bacteriocins produced by Carnobacterium piscicola and Carnobacterium divergens isolated from fish and active against Listeria monocytogenes[END_REF]) Fresh cuts of suckling lamb [START_REF] Oses | Characterization by culture-dependent and culture-independent methods of the bacterial population of suckling-lamb packaged in different atmospheres[END_REF] 

Meat

Vacuum-packaged raw minced beef [START_REF] Holzapfel | Lactobacillus divergens sp. nov., a New Heterofermentative Lactobacillus Species Producing L(+)-Lactate[END_REF]) Ham [START_REF] Audenaert | Diversity of lactic acid bacteria from modified atmosphere packaged sliced cooked meat products at sell-by date assessed by PCR-denaturing gradient gel electrophoresis[END_REF]) Fresh pork sausage [START_REF] Benson | Microbial Successions Are Associated with Changes in Chemical Profiles of a Model Refrigerated Fresh Pork Sausage during an 80-Day Shelf Life Study[END_REF][START_REF] Curiel | Production of biogenic amines by lactic acid bacteria and enterobacteria isolated from fresh pork sausages packaged in different atmospheres and kept under refrigeration[END_REF]) Fresh beef [START_REF] Ercolini | Mesophilic and psychrotrophic bacteria from meat and their spoilage potential in vitro and in beef[END_REF]) Pork meat juice [START_REF] Rieder | Carnobacterium divergens -a dominating bacterium of pork meat juice[END_REF]) Marinated pork product [START_REF] Schirmer | Characterization of the bacterial spoilage flora in marinated pork products[END_REF] 

Poultry

Irradiated minced chicken [START_REF] Thornley | Observations on the microflora of minced chicken meat irradiated with 4MeV cathode rays[END_REF]) Chicken skin [START_REF] Vihavainen | Role of broiler carcasses and processing plant air in contamination of modifiedatmosphere-packaged broiler products with psychrotrophic lactic acid bacteria[END_REF] Coocked MAP refrigerated poultry meat [START_REF] Barakat | Isolation and characterization of Carnobacterium, Lactococcus, and Enterococcus spp. from cooked, modified atmosphere packaged, refrigerated, poultry meat[END_REF] MAP sliced chicken or turkey [START_REF] Audenaert | Diversity of lactic acid bacteria from modified atmosphere packaged sliced cooked meat products at sell-by date assessed by PCR-denaturing gradient gel electrophoresis[END_REF] 

Dairy

French surface mould-ripened cheese [START_REF] Millière | Presence of Carnobacterium spp. in French surface mould-ripened soft-cheese[END_REF]) Traditional Mozarella [START_REF] Morea | Molecular and physiological characterization of dominant bacterial populations in traditional mozzarella cheese processing[END_REF]) Alteration Vacuum-packaged beef [START_REF] Jones | Observations on the succession dynamics of lactic acid bacteria populations in chill-stored vacuum-packaged beef[END_REF][START_REF] Youssef | Unusual Compositions of Microflora of Vacuum-Packaged Beef Primal Cuts of Very Long Storage Life[END_REF]) MAP refrigerated broiler legs [START_REF] Bjorkroth | Enterococcus species dominating in fresh modified-atmosphere-packaged, marinated broiler legs are overgrown by Carnobacterium and Lactobacillus species during storage at 6 degrees C[END_REF]) Refrigerated cooked tropical shrimps [START_REF] Jaffres | Study of the bacterial ecosystem in tropical cooked and peeled shrimps using a polyphasic approach[END_REF]) Altered raw salmon [START_REF] Mace | Characterisation of the spoilage microbiota in raw salmon (Salmo salar) steaks stored under vacuum or modified atmosphere packaging combining conventional methods and PCR-TTGE[END_REF] 

C. maltaromaticum Environment

Soil after 48 freeze-thaw cycles [START_REF] Walker | Freeze-Thaw Tolerance and Clues to the Winter Survival of a Soil Community[END_REF]) Farm field treated with whey [START_REF] Coombs | Biochemical and phylogenetic analyses of a cold-active βgalactosidase from the lactic acid bacterium Carnobacterium piscicola BA[END_REF]) Japan lake water (Yanagida et al., 2007) Fish Rainbow trout intestine [START_REF] Kim | Characterization of probiotic carnobacteria isolated from rainbow trout (Oncorhynchus mykiss) intestine[END_REF]) Cold salmon [START_REF] Leroi | Study of the microbial ecology of coldsmoked salmon during storage at 8°C[END_REF]) Fish products [START_REF] Pilet | Evidence for two bacteriocins produced by Carnobacterium piscicola and Carnobacterium divergens isolated from fish and active against Listeria monocytogenes[END_REF]) Vacuum packaged cold smoked salmon [START_REF] Duffes | Inhibition of Listeria monocytogenes by Carnobacterium spp. strains in a simulated cold smoked fish system stored at 4 degrees C[END_REF] Meat Marinated pork product [START_REF] Schirmer | Characterization of the bacterial spoilage flora in marinated pork products[END_REF]) MAP meat [START_REF] Nieminen | Characterization of psychrotrophic bacterial communities in modified atmosphere-packed meat with terminal restriction fragment length polymorphism[END_REF]) Belgian artisan-type coocked ham [START_REF] Vasilopoulos | Technology-induced selection towards the spoilage microbiota of artisan-type cooked ham packed under modified atmosphere[END_REF] 

Poultry

Irradiated minced chicken [START_REF] Thornley | Observations on the microflora of minced chicken meat irradiated with 4MeV cathode rays[END_REF]) Chicken skin [START_REF] Vihavainen | Role of broiler carcasses and processing plant air in contamination of modifiedatmosphere-packaged broiler products with psychrotrophic lactic acid bacteria[END_REF] Coocked MAP refrigerated poultry meat [START_REF] Barakat | Isolation and characterization of Carnobacterium, Lactococcus, and Enterococcus spp. from cooked, modified atmosphere packaged, refrigerated, poultry meat[END_REF] Dairy Milk [START_REF] Miller | Lactobacillus maltaromicus, a New Species Producing a Malty Aroma[END_REF]) French surface mould-ripened soft cheese, [START_REF] Cailliez-Grimal | Short communication: Carnobacterium maltaromaticum: the only Carnobacterium species in French ripened soft cheeses as revealed by polymerase chain reaction detection[END_REF][START_REF] Edima | A selective enumeration medium for Carnobacterium maltaromaticum[END_REF][START_REF] Millière | Presence of Carnobacterium spp. in French surface mould-ripened soft-cheese[END_REF][START_REF] Milliere | Carnobacterium piscicola, a common species of French soft cheeses from cow's raw milk[END_REF]) Cheese of diverse origins (Rahman et al., 2014a) Taleggio cheese [START_REF] Feligini | Identification of Microbiota Present on the Surface of Taleggio Cheese Using PCR-DGGE and RAPD-PCR[END_REF]) Traditional Mozarella [START_REF] Morea | Molecular and physiological characterization of dominant bacterial populations in traditional mozzarella cheese processing[END_REF]) Alteration Spoilage of refrigerated beef [START_REF] Ercolini | Mesophilic and psychrotrophic bacteria from meat and their spoilage potential in vitro and in beef[END_REF][START_REF] Youssef | Unusual Compositions of Microflora of Vacuum-Packaged Beef Primal Cuts of Very Long Storage Life[END_REF]) MAP refrigerated broiler legs [START_REF] Bjorkroth | Enterococcus species dominating in fresh modified-atmosphere-packaged, marinated broiler legs are overgrown by Carnobacterium and Lactobacillus species during storage at 6 degrees C[END_REF]) Refrigerated MAP brined shrimp [START_REF] Mejlholm | Microbial changes and growth of Listeria monocytogenes during chilled storage of brined shrimp (Pandalus borealis)[END_REF]) Vacuum or MAP fresh salmon [START_REF] Emborg | Microbial spoilage and formation of biogenic amines in fresh and thawed modified atmosphere-packed salmon (Salmo salar) at 2 degrees C[END_REF][START_REF] Mace | Characterisation of the spoilage microbiota in raw salmon (Salmo salar) steaks stored under vacuum or modified atmosphere packaging combining conventional methods and PCR-TTGE[END_REF]) Smoked salmon [START_REF] Paludan-Muller | Evaluation of the role of Carnobacterium piscicola in spoilage of vacuum-and modified-atmosphere-packed coldsmoked salmon stored at 5 degrees C[END_REF]) Refrigerated cooked tropical shrimps [START_REF] Jaffres | Study of the bacterial ecosystem in tropical cooked and peeled shrimps using a polyphasic approach[END_REF] 

Environment

Cold environment

Carnobacteria are mesophilic psychotolerant species able to grow at 0-28°C and this psychrotolerance could explain their distribution in cold natural environments. Some Carnobacterium sp. are remarkably resistant to freezing. In fact, a Carnobacterium sp., closed to C. maltaromaticum, was isolated from soil after 48 freeze-thaw cycles [START_REF] Walker | Freeze-Thaw Tolerance and Clues to the Winter Survival of a Soil Community[END_REF].

Some strains are able to grow under low temperature (0°C), low pressure (7 mbar) and anoxic CO2-dominated atmosphere [START_REF] Nicholson | Proposal to rename Carnobacterium inhibens as Carnobacterium inhibens subsp inhibens subsp nov and description of Carnobacterium inhibens subsp gilichinskyi subsp nov., a psychrotolerant bacterium isolated from Siberian permafrost[END_REF].

Three species were initially isolated from cold environment with low nutrients contents in Alaska. Carnobacterium funditum and C. alterfunditum were isolated from the water of Ace Lake [START_REF] Franzmann | Psychrotrophic, lactic acid-producing bacteria from anoxic waters in Ace Lake, Antarctica; Carnobacterium funditum sp. nov. and </i>Carnobacterium alterfunditum</i> sp[END_REF] and C. pleistocenium from Pleistocene ice from the permafrost tunnel [START_REF] Pikuta | Carnobacterium pleistocenium sp nov., a novel psychrotolerant, facultative anaerobe isolated from permafrost of the Fox Tunnel in Alaska[END_REF]. Carnobacterium funditum was also isolated from ice taken from a fjord in Norway [START_REF] Groudieva | Diversity and cold-active hydrolytic enzymes of culturable bacteria associated with Arctic sea ice, Spitzbergen[END_REF], in Antartica [START_REF] Loperena | Extracellular enzymes produced by microorganisms isolated from maritime Antarctica[END_REF], and six Carnobacterium strains were isolated from the Siberian permafrost. Five of these strains were closely related to C. inhibens and one isolate to C. viridans [START_REF] Nicholson | Growth of Carnobacterium spp. from permafrost under low pressure, temperature, and anoxic atmosphere has implications for Earth microbes on Mars[END_REF].

Carnobacterium iners was isolated from a microbial mat actively growing in the littoral zone of an Antarctic lake (Forlidas Pond) in the Pensacola mountain [START_REF] Snauwaert | Carnobacterium iners sp nov., a psychrophilic, lactic acid-producing bacterium from the littoral zone of an Antarctic pond[END_REF]. Carnobacterium sp. are present in Lake Vanda, a permanently ice-covered Antartic lake [START_REF] Bratina | Manganese reduction by microbes from oxic regions of the Lake Vanda (Antarctica) water column[END_REF], in deep surface sediments [START_REF] Newberry | Diversity of prokaryotes and methanogenesis in deep subsurface sediments from the Nankai Trough, Ocean Drilling Program Leg 190[END_REF]. Several new strains have been identified in cold-preserved tissue sample from a Siberian baby mammoth [START_REF] Pikuta | Anaerobic cultures from preserved tissues of baby mammoth[END_REF]. However, the culture origin is not clear and their presence could be due to contamination during transport [START_REF] Pikuta | The genus Carnobacterium[END_REF].

Terrestrial environment

Some Carnobacterium strains closed to C. maltaromaticum are present in terrestrial environment such as a farm field treated with whey [START_REF] Coombs | Biochemical and phylogenetic analyses of a cold-active βgalactosidase from the lactic acid bacterium Carnobacterium piscicola BA[END_REF].

Carnobacterium strains closed to C. viridans are part of the Anctic toundra soil [START_REF] Kim | Isolation of facultatively anaerobic soil bacteria from Ny-lesund, Svalbard[END_REF] and of Spent mushroom compost, composed of thermally treated cereal straw and animal manure mixture colonized by fungi [START_REF] Ntougias | Bacterial diversity in spent mushroom compost assessed by amplified rDNA restriction analysis and sequencing of cultivated isolates[END_REF]. Carnobacterium sp. are one of the dominant strains found in biogas slurry compost and cow manure compost [START_REF] Hong-Yan | Microbial Community Dynamics During Biogas Slurry and Cow Manure Compost[END_REF]. Carnobacterium is also present in freshwater habitats such as lake water in Japan [START_REF] Yanagida | Isolation and characterization of lactic acid bacteria from lakes[END_REF].

Vegetal

Carnobacterium divergens is part of LAB strains isolated from mixed pasture of timothy (Phleum pratense) and orchadgrass (Dactylis glomerata) and its badly preserved silages (Table 2) [START_REF] Tohno | Identification and characterization of lactic acid bacteria isolated from mixed pasture of timothy and orchardgrass, and its badly preserved silage[END_REF].

Carnobacterium funditum is present in the bacterial community of marine sponge, Craniella australiensis [START_REF] Li | Marine sponge Craniella austrialiensis-associated bacterial diversity revelation based on 16S rDNA library and biologically active Actinomycetes screening, phylogenetic analysis[END_REF]) and a Carnobacterium sp. was isolated from a Sphagnum pond [START_REF] Leisner | Carnobacterium: positive and negative effects in the environment and in foods[END_REF].

Recently, a rhizobacterial isolate, Carnobacterium sp. SJ-5 [START_REF] Jain | Induced defense-related proteins in soybean (Glycine max L. Merrill) plants by Carnobacterium sp. SJ-5 upon challenge inoculation of Fusarium oxysporum[END_REF] was characterized and it was demonstrated that it protected soybean against infection by Fusarium oxysporum.

Animals and products of animal origin

For years, the presence of Carnobacterium in foods was underreported due to the inability of these bacteria to grow in acetate containing media, such as Rogosa or MRS agar, usually used for LAB numeration and screening. Some modifications and adaptation of conventional microbial techniques [START_REF] Edima | A selective enumeration medium for Carnobacterium maltaromaticum[END_REF][START_REF] Holzapfel | Culture media for non-sporulating gram-positive food spoilage bacteria[END_REF][START_REF] Millière | Presence of Carnobacterium spp. in French surface mould-ripened soft-cheese[END_REF][START_REF] Wasney | Cresol red thallium acetate sucrose inulin (CTSI) agar for the selective recovery of Carnobacterium spp[END_REF] and development of molecular biology techniques adapted to detection of this genus [START_REF] Brooks | Use of the polymerase chain reaction and oligonucleotide probes for the rapid detection and identification of Carnobacterium species from meat[END_REF][START_REF] Cailliez-Grimal | Quantitative polymerase chain reaction used for the rapid detection of Carnobacterium species from French soft cheeses[END_REF][START_REF] Connil | Enumeration of Carnobacterium divergens V41, Carnobacterium piscicola V1 and Lactobacillus brevis LB62 by in situ hybridization-flow cytometry[END_REF][START_REF] Nissen | Identification of Carnobacterium spp. and Leuconostoc spp. in meat by genus-specific 16S rRNA probes[END_REF][START_REF] Rachman | Identification of Carnobacterium Species by Restriction Fragment Length Polymorphism of the 16S-23S rRNA Gene Intergenic Spacer Region and Species-Specific PCR[END_REF], led to the detection and isolation of these bacteria in a great variety of products.

Due to their ability to grow at refrigerated temperatures and survive at elevated levels of CO2 in the modified atmospheres, they can proliferate in multiple refrigerated food ecosystems and they frequently dominate in modified atmosphere-packed (MAP) products.

Their presence and roles have been extensively studied these last years.

Fish and seafood

Carnobacterium are present in sea and fresh water and are usually found in the normal intestinal microbiota of fish [START_REF] Pilet | Applications of protective cultures, bacteriocins and bacteriophages in fresh seafood and seafood products[END_REF]. Carnobacterium inhibens subsp. inhibens was first isolated from the gastrointestinal tract of Atlantic salmon [START_REF] Joborn | Carnobacterium inhibens sp. nov., isolated from the intestine of Atlantic salmon (Salmo salar)[END_REF].

Carnobacterium funditum-like species were isolated from the hindgut region of Artic charr Salvelinus alpinus L. [START_REF] Ringo | The effects of soybean, linseed and marine oils on aerobic gut microbiota of Arctic charr Salvelinus alpinus L. before and after challenge with Aeromonas salmonicida ssp salmonicida[END_REF] and C. maltaromaticum and C. divergens from the rainbow trout intestine [START_REF] Kim | Characterization of probiotic carnobacteria isolated from rainbow trout (Oncorhynchus mykiss) intestine[END_REF].

Carnobacterium funditum is present in the microbial ecosystem of cooked tropical shrimps [START_REF] Jaffres | Study of the bacterial ecosystem in tropical cooked and peeled shrimps using a polyphasic approach[END_REF][START_REF] Matamoros | Selection and evaluation of seafood-borne psychrotrophic lactic acid bacteria as inhibitors of pathogenic and spoilage bacteria[END_REF] and one C. alterfunditum strain was isolated in MAP rough-head-grenadier [START_REF] Matamoros | Selection and evaluation of seafood-borne psychrotrophic lactic acid bacteria as inhibitors of pathogenic and spoilage bacteria[END_REF].

Carnobacterium maltaromaticum and C. divergens are the predominant Carnobacterium species isolated from seafoods and eventually dominate the LAB in cold salmon [START_REF] Leroi | Study of the microbial ecology of coldsmoked salmon during storage at 8°C[END_REF]. Carnobacterium maltaromaticum was frequently isolated from different seafoods including fish products [START_REF] Pilet | Evidence for two bacteriocins produced by Carnobacterium piscicola and Carnobacterium divergens isolated from fish and active against Listeria monocytogenes[END_REF], vacuum packaged cold smoked salmon [START_REF] Duffes | Inhibition of Listeria monocytogenes by Carnobacterium spp. strains in a simulated cold smoked fish system stored at 4 degrees C[END_REF], and C. divergens was isolated from fish products [START_REF] Pilet | Evidence for two bacteriocins produced by Carnobacterium piscicola and Carnobacterium divergens isolated from fish and active against Listeria monocytogenes[END_REF] and fresh cuts of suckling lamb [START_REF] Oses | Characterization by culture-dependent and culture-independent methods of the bacterial population of suckling-lamb packaged in different atmospheres[END_REF].

Carnobacterium maltaromaticum is the only Carnobacterium species found in altered refrigerated MAP brined shrimp [START_REF] Mejlholm | Microbial changes and growth of Listeria monocytogenes during chilled storage of brined shrimp (Pandalus borealis)[END_REF], vacuum or MAP fresh [START_REF] Emborg | Microbial spoilage and formation of biogenic amines in fresh and thawed modified atmosphere-packed salmon (Salmo salar) at 2 degrees C[END_REF] or smoked salmon [START_REF] Paludan-Muller | Evaluation of the role of Carnobacterium piscicola in spoilage of vacuum-and modified-atmosphere-packed coldsmoked salmon stored at 5 degrees C[END_REF], and is present with C. divergens in altered refrigerated products such as cooked tropical shrimps [START_REF] Jaffres | Study of the bacterial ecosystem in tropical cooked and peeled shrimps using a polyphasic approach[END_REF] or altered raw salmon [START_REF] Mace | Characterisation of the spoilage microbiota in raw salmon (Salmo salar) steaks stored under vacuum or modified atmosphere packaging combining conventional methods and PCR-TTGE[END_REF].

Carnobacterium jeotgali was reported to be present in a traditional Korean fermented food, jeotgal, made with freshwater shrimp and salt [START_REF] Kim | Carnobacterium jeotgali sp nov., isolated from a Korean traditional fermented food[END_REF].

Meat and meat products

No scientific report indicates the presence of Carnobacterium species in the gastrointestinal or in the skin of animals. [START_REF] Leisner | Carnobacterium: positive and negative effects in the environment and in foods[END_REF] suggested that the source of carnobacteria in meat products is most probably the processing plant. However, DNA from C. maltaromaticum was found in the faeces of polar bears, cheetahs and humans and DNA from other Carnobacterium species, including C. divergens, was found in human infant faeces and in cow rumen [START_REF] Rahman | Étude de la diversité génétique chez la bactérie lactique Carnobacterium maltaromaticum et de son adaptation à l'environnement gastro-intestinal de mammifères[END_REF].

Meats, meat products and poultry are substrates rich in proteins with water activity and neutral pH favorable for the growth of carnobacteria, reaching high levels (10 6 -10 8 cfu.g 1 ). They are found in vacuum packaged meat and related products stored at low temperatures.

Carnobacterium viridans could be responsible of discoloration of refrigerated vacuum-packaged bologna upon opening the package [START_REF] Holley | Carnobacterium viridans sp. nov., an alkaliphilic, facultative anaerobe isolated from refrigerated, vacuum-packed bologna sausage[END_REF].

Carnobacterium divergens was initially isolated from vacuum-packaged raw minced beef [START_REF] Holzapfel | Lactobacillus divergens sp. nov., a New Heterofermentative Lactobacillus Species Producing L(+)-Lactate[END_REF] and was further detected in other meats such as ham [START_REF] Audenaert | Diversity of lactic acid bacteria from modified atmosphere packaged sliced cooked meat products at sell-by date assessed by PCR-denaturing gradient gel electrophoresis[END_REF], fresh pork sausage [START_REF] Benson | Microbial Successions Are Associated with Changes in Chemical Profiles of a Model Refrigerated Fresh Pork Sausage during an 80-Day Shelf Life Study[END_REF][START_REF] Curiel | Production of biogenic amines by lactic acid bacteria and enterobacteria isolated from fresh pork sausages packaged in different atmospheres and kept under refrigeration[END_REF], beef [START_REF] Ercolini | Monitoring of Microbial Metabolites and Bacterial Diversity in Beef Stored under Different Packaging Conditions[END_REF][START_REF] Ercolini | Mesophilic and psychrotrophic bacteria from meat and their spoilage potential in vitro and in beef[END_REF], pork meat juice [START_REF] Rieder | Carnobacterium divergens -a dominating bacterium of pork meat juice[END_REF], marinated pork product [START_REF] Schirmer | Characterization of the bacterial spoilage flora in marinated pork products[END_REF] and has been associated with alteration of vacuum-packaged beef [START_REF] Jones | Observations on the succession dynamics of lactic acid bacteria populations in chill-stored vacuum-packaged beef[END_REF][START_REF] Youssef | Unusual Compositions of Microflora of Vacuum-Packaged Beef Primal Cuts of Very Long Storage Life[END_REF]. Carnobacterium maltaromaticum is also associated with marinated pork product [START_REF] Schirmer | Characterization of the bacterial spoilage flora in marinated pork products[END_REF], MAP meat [START_REF] Nieminen | Characterization of psychrotrophic bacterial communities in modified atmosphere-packed meat with terminal restriction fragment length polymorphism[END_REF], spoilage microbiota of Belgian artisan-type cooked ham refrigerated at 7°C for four weeks [START_REF] Vasilopoulos | Technology-induced selection towards the spoilage microbiota of artisan-type cooked ham packed under modified atmosphere[END_REF] or refrigerated beef where it can contribute to meat spoilage [START_REF] Ercolini | Mesophilic and psychrotrophic bacteria from meat and their spoilage potential in vitro and in beef[END_REF][START_REF] Youssef | Unusual Compositions of Microflora of Vacuum-Packaged Beef Primal Cuts of Very Long Storage Life[END_REF]. These two strains dominate among the spoilage LAB of MAP refrigerated broiler legs [START_REF] Bjorkroth | Enterococcus species dominating in fresh modified-atmosphere-packaged, marinated broiler legs are overgrown by Carnobacterium and Lactobacillus species during storage at 6 degrees C[END_REF].

Poultry

Thornley in 1957 has isolated atypical Lactobacillus strains from irradiated minced chicken. These strains were identified as C. maltaromaticum and C. divergens in 1987 [START_REF] Collins | Classification of Lactobacillus divergens, Lactobacillus piscicola , and Some Catalase-Negative, Asporogenous, Rod-Shaped Bacteria from Poultry in a New Genus, Carnobacterium[END_REF].

Carnobacterium maltaromaticum and C. divergens are the two most abundant Carnobacterium species identified in poultry and in poultry foods. These two species are present in the chicken skin in three manufacturers [START_REF] Vihavainen | Role of broiler carcasses and processing plant air in contamination of modifiedatmosphere-packaged broiler products with psychrotrophic lactic acid bacteria[END_REF] or in coocked MAP refrigerated poultry meat [START_REF] Barakat | Isolation and characterization of Carnobacterium, Lactococcus, and Enterococcus spp. from cooked, modified atmosphere packaged, refrigerated, poultry meat[END_REF]. Carnobacterium maltaromaticum is also detected in the plant environment. This suggests that it was the origin of the chicken contamination. Carnobacterium divergens is detected in MAP sliced chicken or turkey [START_REF] Audenaert | Diversity of lactic acid bacteria from modified atmosphere packaged sliced cooked meat products at sell-by date assessed by PCR-denaturing gradient gel electrophoresis[END_REF].

Dairy product

Association of Carnobacterium with milk is very old. In 1974, the presence of C. maltaromaticum in milk is associated with a distinct malty or chocolate like flavor and aroma which correspond to the presence of aldehydes [START_REF] Miller | Lactobacillus maltaromicus, a New Species Producing a Malty Aroma[END_REF].

The presence of C. maltaromaticum in Brie cheeses, a variety of AOP (protected designation of origin) French surface mould-ripened soft cheese, was reported for the first time in 1994 [START_REF] Millière | Presence of Carnobacterium spp. in French surface mould-ripened soft-cheese[END_REF][START_REF] Milliere | Carnobacterium piscicola, a common species of French soft cheeses from cow's raw milk[END_REF]. Out of 30 French soft-ripened or red-smear cheeses made from cow's, ewe's or goat's milk (raw or pasteurized), 10 contains this species [START_REF] Edima | A selective enumeration medium for Carnobacterium maltaromaticum[END_REF]. This species was also isolated from cheese of diverse origins (Rahman et al., 2014a) and associated with Taleggio cheese [START_REF] Feligini | Identification of Microbiota Present on the Surface of Taleggio Cheese Using PCR-DGGE and RAPD-PCR[END_REF]. Two species, C. divergens and C. maltaromaticum is present in the dominant bacterial community of traditional Mozarella [START_REF] Morea | Molecular and physiological characterization of dominant bacterial populations in traditional mozzarella cheese processing[END_REF]. Carnobacterium divergens is also isolated in French surface mould-ripened cheese [START_REF] Millière | Presence of Carnobacterium spp. in French surface mould-ripened soft-cheese[END_REF]. Although Carnobacterium sp. can be isolated from diverse environments, little is known about their population structure. An MLST scheme based on the analysis of fragments of the genes dapE, ddlA, glpQ, ilvE, pyc, pyrE, and leuS was applied to a collection of 47 C. maltaromaticum strains of diverse origins (Figure 3) (Rahman et al., 2014a). The scheme allowed detecting 36 sequence types (STs) in the collection with eighty percent of the STs represented by a unique strain. Among the remaining STs, several are represented by strains from very diverse biotopes. Besides, eBURST analysis revealed 15 singletons and six clonal complexes. The two major clonal complexes CC1 and CC2 contained 11 and 7 strains, and connected 7 and 2 STs, respectively. The whole population is clustered in four deeply branched lineages, in which the dairy strains were spread.

Pathogenicity

There are some reports in the literature that consider Carnobacterium species as a fish pathogen, and C. maltaromaticum is usually associated with fish disease. In 1984, Hiu et al., [START_REF] Hiu | Lactobacillus piscicola, a New Species from Salmonid Fish[END_REF] proposed the name Lactobacillus piscicola for 17 strains isolated from diseased rainbow trout (Salmo gairdneri) and diseased cutthroat trout (Salmon clarki) [START_REF] Michel | Biochemical-Identification of Lactobacillus-Piscicola Strains from France and Belgium[END_REF]. Some C. maltaromaticum strains were associated with mortalities of cultured striped bass and channel catfish [START_REF] Baya | Biochemical and serological characterization of Carnobacterium spp. isolated from farmed and natural populations of striped bass and catfish[END_REF] and caused important mortalities in marketsize rainbow trout [START_REF] Toranzo | An Epizootic in Farmed, Market-Size Rainbow-Trout in Spain Caused by a Strain of Carnobacterium-Piscicola of Unusual Virulence[END_REF]. More recently, Carnobacterium sp. was isolated from Chinook salmon from Michigan Lake affected with bacterial infections [START_REF] Loch | Bacterial infections of Chinook salmon, Oncorhynchus tshawytscha (Walbaum), returning to gamete collecting weirs in Michigan[END_REF] and C. maltaromaticum seemed to be a significant cause of morbidity and mortality in juvenile salmon shark due to brain infection [START_REF] Schaffer | Meningoencephalitis Associated With Carnobacterium maltaromaticum -Like Bacteria in Stranded Juvenile Salmon Sharks (Lamna ditropis)[END_REF]. The virulence often appears to be low and stressed fish more susceptible [START_REF] Leisner | The genome sequence of the lactic acid bacterium, Carnobacterium maltaromaticum ATCC 35586 encodes potential virulence factors[END_REF]. Carnobacterium maltaromaticum seems to be a common opportunistic pathogen [START_REF] Michel | Biochemical-Identification of Lactobacillus-Piscicola Strains from France and Belgium[END_REF].

Carnobacterium maltaromaticum was isolated from a case of multi-bacterial synergistic gangrene [START_REF] Xu | Etiological study for a case of multi-bacterial synergistic gangrene[END_REF] and from the pus from traumatic amputation of the right hand [START_REF] Chmelar | Isolation of Carnobacterium piscicola from human pus -Case report[END_REF]. Carnobacterium sp. was also isolated from human blood culture [START_REF] Hoenigl | Isolation of Carnobacterium sp from a human blood culture[END_REF]. However, the causal association with the clinical symptoms remains uncertain. The patient might have become infected through a micro-lesion in his hand while consuming raw or cooked fish [START_REF] Hoenigl | Isolation of Carnobacterium sp from a human blood culture[END_REF].

No Carnobacterium species were direct human pathogen. Their optimal growth temperature below 36.6 °C and growth maxima within 28-40 °C suggest that these bacteria are not pathogenic for warm-blood animals and humans [START_REF] Pikuta | The genus Carnobacterium[END_REF].

The presence of virulence factors in carnobacteria is not well documented.

Carnobacterium viridans showed -haemolytic activity on sheep blood agar [START_REF] Holley | Carnobacterium viridans sp. nov., an alkaliphilic, facultative anaerobe isolated from refrigerated, vacuum-packed bologna sausage[END_REF]. The presence of putative virulence genes encoding products involved in adhesion, capsule synthesis, haemolysis invasion and resistance to toxic compounds were identified in the genome of C. maltaromaticum ATCC 35586, isolated from a disease salmon [START_REF] Leisner | The genome sequence of the lactic acid bacterium, Carnobacterium maltaromaticum ATCC 35586 encodes potential virulence factors[END_REF].

Carnobacterium : positive or negative flora ?

The presence of Carnobacterium in foods resulted in an increased number of scientific investigations to study their role and effect on these products. Among the 11 species of Carnobacterium genus, only C. maltaromaticum and C. divergens are frequently isolated from foods. They can be present as natural flora and/or as spoilers under specific storage conditions.

The question was asked by Laursen et al., [START_REF] Laursen | Carnobacterium divergens and Carnobacterium maltaromaticum as spoilers or protective cultures in meat and seafood: phenotypic and genotypic characterization[END_REF], C. divergens and C. maltaromaticum as spoilers or protective cultures in meat and seafood? [START_REF] Leisner | Carnobacterium: positive and negative effects in the environment and in foods[END_REF][START_REF] Leisner | Carnobacterium: positive and negative effects in the environment and in foods[END_REF] noted that Carnobacterium can have positive or negative effects in the environment and in foods. However, other authors underlined its positive technological role in cheese making [START_REF] Afzal | Carnobacterium maltaromaticum: Identification, isolation tools, ecology and technological aspects in dairy products[END_REF].

Spoilers in meat and seafood

Carnobacteria are frequently associated with food spoilage, but spoilage activity shows intraspecies and interspecies variation [START_REF] Leisner | Carnobacterium: positive and negative effects in the environment and in foods[END_REF], and depends on the product.

Carnobacterium divergens and C. maltaromaticum are involved in the spoilage of meat and seafoods products (Table 1 and2). They can dominate the spoilage microbiota, particularly in refrigerated food packaged under modified or vacuum atmosphere [START_REF] Remenant | wonder spores and diehard microorganisms: New insights to integrate these super foes in food spoilage risk management 45[END_REF]. These bacteria cause sensory spoilage due to the production of volatile compounds [START_REF] Laursen | Carnobacterium species: Effect of metabolic activity and interaction with Brochothrix thermosphacta on sensory characteristics of modified atmosphere packed shrimp[END_REF][START_REF] Leisner | Carnobacterium: positive and negative effects in the environment and in foods[END_REF]. In refrigerated meat, the alteration caused by C.

maltaromaticum is due to production of volatile organic compounds, aldehydes, lactones and sulfur compounds [START_REF] Ercolini | Mesophilic and psychrotrophic bacteria from meat and their spoilage potential in vitro and in beef[END_REF]. In cold-smoked salmon, C. maltaromaticum can also produce 2,3-butanedione and 2,3-pentanedione, substances which give off a strong butter odor and are not unpleasant [START_REF] Joffraud | Characterisation of volatile compounds produced by bacteria isolated from the spoilage flora of cold-smoked salmon[END_REF].

Some reports noticed the production of biogenic amine by Carnobacterium, but the level of tyramine produced varies depending on the food, the environmental conditions and the strains [START_REF] Leisner | Carnobacterium: positive and negative effects in the environment and in foods[END_REF][START_REF] Masson | Histamine and tyramine production by bacteria from meat products[END_REF]. Carnobacterium divergens strains are able to produce tyramine in meat [START_REF] Curiel | Production of biogenic amines by lactic acid bacteria and enterobacteria isolated from fresh pork sausages packaged in different atmospheres and kept under refrigeration[END_REF][START_REF] Masson | Tyramine production by a strain of Carnobacterium divergens inoculated in meat-fat mixture[END_REF] or seafood product [START_REF] Laursen | Carnobacterium species: Effect of metabolic activity and interaction with Brochothrix thermosphacta on sensory characteristics of modified atmosphere packed shrimp[END_REF]. Carnobacterium maltaromaticum produces tyramine, detected at the end of the shelf life, in fresh and MAP salmon [START_REF] Emborg | Microbial spoilage and formation of biogenic amines in fresh and thawed modified atmosphere-packed salmon (Salmo salar) at 2 degrees C[END_REF]. However, histamine or tyramine are not produced by C. alterfunditum in seafood products [START_REF] Matamoros | Selection and evaluation of seafood-borne psychrotrophic lactic acid bacteria as inhibitors of pathogenic and spoilage bacteria[END_REF] or in cheese artificially contaminated with C. maltaromaticum LMA28 [START_REF] Edima | A selective enumeration medium for Carnobacterium maltaromaticum[END_REF].

In conclusion, the presence of Carnobacterium strains can be sometimes associated with spoilage of seafood products, but in many cases they are not directly responsible for off-flavors [START_REF] Pilet | Applications of protective cultures, bacteriocins and bacteriophages in fresh seafood and seafood products[END_REF].

Positive role in dairy products

Carnobacterium maltaromaticum is the predominant Carnobacterium species isolated in dairy products, and has a positive role [START_REF] Afzal | Carnobacterium maltaromaticum: Identification, isolation tools, ecology and technological aspects in dairy products[END_REF]. This strain did not cause offflavours and could possibly even play a beneficial role in texture and taste during cheese ripening [START_REF] Afzal | Carnobacterium maltaromaticum: Identification, isolation tools, ecology and technological aspects in dairy products[END_REF][START_REF] Millière | Presence of Carnobacterium spp. in French surface mould-ripened soft-cheese[END_REF][START_REF] Milliere | Carnobacterium piscicola, a common species of French soft cheeses from cow's raw milk[END_REF]. In cheeses tested, C. maltaromaticum constituted the main psychrotrophic LAB flora. Its growth was able to continue even at an alkaline pH value, reaching high levels (10 8 -10 9 cfu.g -1 ) at the end of a further cold (4 °C) storage period [START_REF] Cailliez-Grimal | Short communication: Carnobacterium maltaromaticum: the only Carnobacterium species in French ripened soft cheeses as revealed by polymerase chain reaction detection[END_REF]. This species constitutes 70%

of the curd of Mozzarella cheese and is a citrate-fermenting member of the microflora involved in fermentation [START_REF] Morea | Molecular and physiological characterization of dominant bacterial populations in traditional mozzarella cheese processing[END_REF]. Carnobacterium maltaromaticum LMA28 is a slow acidifying species compared to commercial starter LAB, such as L. lactis or S. thermophilus [START_REF] Edima | Short communication: Impact of pH and temperature on the acidifying activity of Carnobacterium maltaromaticum[END_REF] but can sustain low pH values in co-culture with these starters [START_REF] Edima | Short communication: Impact of pH and temperature on the acidifying activity of Carnobacterium maltaromaticum[END_REF]. Because of their slow acidifying activity, Carnobacterium strains cannot be used as a starter and can therefore be considered as NS (Non Starter) LAB. Carnobacterium maltaromaticum produces α-ketoisocaproic acid, 3-methylbutanal and 3-methylbutanol from leucine, 3-methylbutanoic acid and 2-methylbutanal from isoleucine, and 2-methylbutanol, 2methylpropanal and 2-methylpropanol from valine (Afzal et al., 2013b[START_REF] Afzal | Identification of metabolic pathways involved in the biosynthesis of flavor compound 3methylbutanal from leucine catabolism by Carnobacterium maltaromaticum LMA 28[END_REF]. It has been suggested that these aldehydes convey the malty aroma that is the characteristic of C. maltaromaticum in milk.

Protectrice culture

The genus Carnobacterium is well known for its ability to produces bacteriocins. Several

Carnobacterium strains are known to produce anti-Listeria bacteriocins [START_REF] Drider | The continuing story of class IIa bacteriocins[END_REF].

Six bacteriocins belonging to class IIa, IIc and one cyclic, have been described for different C. maltaromaticum strains [START_REF] Afzal | Carnobacterium maltaromaticum: Identification, isolation tools, ecology and technological aspects in dairy products[END_REF].

Carnobacterium strains have been extensively studied for their role as protective flora against Listeria monocytogenes in dairy, meat or fish foods (reviewed by [START_REF] Leisner | Carnobacterium: positive and negative effects in the environment and in foods[END_REF])

and cold smoked salmon (review by [START_REF] Pilet | Applications of protective cultures, bacteriocins and bacteriophages in fresh seafood and seafood products[END_REF]).

Potential probiotic bacteria?

Carnobacterium maltaromaticum and C. divergens are well known as a normal flora of fish intestine and induce the expression of genes encoding IL-1b and TNF- of head kidney leucocytes of rainbow trout suggesting that these bacteria can stimulate the innate immunity of this fish species [START_REF] Kim | Characterization of probiotic carnobacteria isolated from rainbow trout (Oncorhynchus mykiss) intestine[END_REF]. In addition, feeding rainbow trout with these bacteria enhances the cellular and humoral immune response in rainbow trout [START_REF] Kim | Characterization of probiotic carnobacteria isolated from rainbow trout (Oncorhynchus mykiss) intestine[END_REF].

Carnobacterium maltaromaticum LMA28 was able to survive during the transit through the digestive tract in a murin model and to interact with the host in a cell line model (Rahman et al., 2014b) suggesting that the immunomodulatory properties of Carnobacterium are not restricted to interaction with fish and could be extended to mammals.

Carnobacteria, and notably C. maltaromaticum, show environmental diversity. Cell Wall Proteins (CWP) are well-known to be responsible of the bacterial interaction with its environment. They are involved in various important processes [START_REF] Bierne | Listeria monocytogenes Surface Proteins: from Genome Predictions to Function[END_REF]Burgain et al., 2014aBurgain et al., , 2014b)). Their characterization would permit to understand why Carnobacterium are able to colonize such different environments.

Bacterial Cell Wall Proteins

Gram-positive bacteria possess a cell wall composed of several components, i.e.

peptidoglycan polymer, teichoic acids, lipoteichoic acids and proteins.

Proteins are synthetized in the cytoplasm and possess a signal peptide (SP) on their Nterminal in order to be addressed to the membrane [START_REF] Blobel | Intracellular protein topogenesis[END_REF]. The secretion through the cytoplasmic membrane is possible via several pathways. They are conserved within bacteria:

secretion system (Sec), twin-arginine translocation (Tat), flagella export apparatus (FEA), frimbrilin-protein exporter (FPE), pore forming (holin), peptide-efflux ABC and WXG100

secretion system (Wss) (for reviews [START_REF] Desvaux | Secretion and subcellular localizations of bacterial proteins: a semantic awareness issue[END_REF][START_REF] Driessen | Protein Translocation Across the Bacterial Cytoplasmic Membrane[END_REF][START_REF] Lee | The Bacterial Twin-Arginine Translocation Pathway[END_REF][START_REF] Wely | Translocation of proteins across the cell envelope of Gram-positive bacteria[END_REF]).

The Sec system assures i) the secretion of unfolded proteins across the membrane and ii) the insertion of proteins into the cytoplasmic membrane [START_REF] Luirink | Biogenesis of Inner Membrane Proteins in Escherichia Coli[END_REF]. Proteins are synthetized as precursors containing the maturation protein with an N-terminal SP essential for the signature of protein secretion. The SP has a tripartite structure including a positively charged N-terminus, a hydrophobic core and a neutral or negatively charged C-terminus containing SP cleavage site [START_REF] Von Heijne | Signal Peptides[END_REF].

What differ the secreted proteins and the anchored proteins is the presence of a conserved domain on the C-terminal of the protein. This binding is possible through either the covalent or the non-covalent interactions with the peptidoglycan or secondary wall polymers such as teichoic acids. CWP display a variety of functions. Some are involved in structural support and movement, others in enzymatic activity, and others in interaction with the environment.

The different protein anchorage mechanisms and of their main functions are detailed.

Proteins anchorage to the Cell Surface

Several types of anchorage systems are used by Gram-positive bacteria for protein attachment to the cell surface. Each type is characterized by the presence of a conserved sequence. Some proteins are non-covalently associated with the cell wall containing GW modules, WxL or LysM domains. Others are designated to be covalently attached to the peptidoglycan layer by sortases via a sortase dependent motif, usually called the LPxTG motif [START_REF] Desvaux | Protein cell surface display in Grampositive bacteria: from single protein to macromolecular protein structure[END_REF][START_REF] Scott | Surface Proteins of Gram-Positive Bacteria and How They Get There[END_REF]. Several proteins are anchored to the membrane by a hydrophobic tail [START_REF] Sutcliffe | Pattern searches for the identification of putative lipoprotein genes in Gram-positive bacterial genomes[END_REF] and some are attached through unknown domains and believed to have cytoplasmic functions [START_REF] Doyle | Glycomicrobiology[END_REF][START_REF] Schaumburg | The cell wall subproteome of Listeria monocytogenes[END_REF][START_REF] Trost | Comparative proteome analysis of secretory proteins from pathogenic and nonpathogenic Listeria species[END_REF] (Figure 4). 

Proteins non-covalently associated to the cell wall

Proteins can be attached to the cell wall thanks to non-covalent interactions. They present in most cases repeated domains [START_REF] Bierne | Listeria monocytogenes Surface Proteins: from Genome Predictions to Function[END_REF].

Lysine motif (LysM) domains are found in many extracellular enzymes involved in bacterial cell wall degradation, and in proteins involved in bacterial cell wall metabolism or binding activities [START_REF] Bateman | The structure of a LysM domain from E. coli membrane-bound lytic murein transglycosylase D (MltD)[END_REF][START_REF] Buist | LysM, a widely distributed protein motif for binding to (peptido)glycans[END_REF]. Indeed, the C-terminal domain of the E. faecalis N-acetylglucosaminidase AtlA, which contains six LysM modules, bind to highly purified peptidoglycan [START_REF] Eckert | Functional analysis of AtlA, the major N-acetylglucosaminidase of Enterococcus faecalis[END_REF]. In L. monocytogenes, 6 proteins, including P60 and MurA are known to be holding a LysM domain [START_REF] Bierne | Listeria monocytogenes Surface Proteins: from Genome Predictions to Function[END_REF].

It is also mainly found in Lactobacillus sp. [START_REF] Kleerebezem | The extracellular biology of the Lactobacilli[END_REF], L. lactis [START_REF] Steen | AcmA of Lactococcus lactis is an N-acetylglucosaminidase with an optimal number of LysM domains for proper functioning[END_REF], S. thermophilus [START_REF] Borges | cse, a Chimeric and Variable Gene, Encodes an Extracellular Protein Involved in Cellular Segregation in Streptococcus thermophilus[END_REF], Staphylococcus strains [START_REF] Hirschhausen | Characterization of the Modular Design of the Autolysin/Adhesin Aaa from Staphylococcus aureus[END_REF] and Escherichia coli proteins [START_REF] Bateman | The structure of a LysM domain from E. coli membrane-bound lytic murein transglycosylase D (MltD)[END_REF].

WxL domain (where x can be any amino-acid) allows the protein non-covalent anchorage to the peptidoglycan [START_REF] Brinster | C-terminal WxL domain mediates cell wall binding in Enterococcus faecalis and other gram-positive bacteria[END_REF]. It is a type of cell wall association domain of 160 to 190 amino acids and it contains two conserved sequence motifs with the Trp-x-Leu signature. WxL proteins belong to the Csc family of surface proteins. csc gene clusters encode CscA, a protein with a domain of unknown function and a C-terminal transmembrane anchor, CscB and CscC, which display a C-terminal WxL domain and CscD, a small LPxTG protein [START_REF] Bierne | Listeria monocytogenes Surface Proteins: from Genome Predictions to Function[END_REF][START_REF] Siezen | Lactobacillus plantarum gene clusters encoding putative cell-surface protein complexes for carbohydrate utilization are conserved in specific gram-positive bacteria[END_REF]. WxL domains are found in many LAB such as Lactobacillus sp. (Boekhorst et al., 2006b;[START_REF] Chaillou | The complete genome sequence of the meat-borne lactic acid bacterium Lactobacillus sakei 23K[END_REF][START_REF] Siezen | Lactobacillus plantarum gene clusters encoding putative cell-surface protein complexes for carbohydrate utilization are conserved in specific gram-positive bacteria[END_REF], E. faecalis, L. lactis [START_REF] Brinster | C-terminal WxL domain mediates cell wall binding in Enterococcus faecalis and other gram-positive bacteria[END_REF] and L. monocytogenes [START_REF] Bierne | Listeria monocytogenes Surface Proteins: from Genome Predictions to Function[END_REF].

In addition of having a cell wall binding function, GW modules can exhibit an adhesion function to eukaryotic cells, as exemplified by the protein Ami of L. monocytogenes [START_REF] Milohanic | The autolysin Ami contributes to the adhesion of Listeria monocytogenes to eukaryotic cells via its cell wall anchor[END_REF]. It is found in many Gram-positive bacteria such as L. monocytogenes [START_REF] Bierne | Listeria monocytogenes Surface Proteins: from Genome Predictions to Function[END_REF], staphylococcal species [START_REF] Baba | Target cell specificity of a bacteriocin molecule: a C-terminal signal directs lysostaphin to the cell wall of Staphylococcus aureus[END_REF]. The strength of the association of the GW domain with cell wall increases with the number of GW modules [START_REF] Braun | InlB: an invasion protein of Listeria monocytogenes with a novel type of surface association[END_REF][START_REF] Jonquières | Interaction between the protein InlB of Listeria monocytogenes and lipoteichoic acid: a novel mechanism of protein association at the surface of gram-positive bacteria[END_REF]. Thus, the better binding of Ami compared to InlB is due to the presence of 8 GW modules in Ami while InlB possesses only 3 such modules [START_REF] Braun | InlB: an invasion protein of Listeria monocytogenes with a novel type of surface association[END_REF][START_REF] Doyle | Glycomicrobiology[END_REF].

Proteins covalently attached to the peptidoglycan via sortases

Surface proteins with LPxTG motif are covalently anchored to the peptidoglycan layer of the cell wall by the sortase family of transpeptidases [START_REF] Schneewind | Sec-secretion and sortase-mediated anchoring of proteins in Gram-positive bacteria[END_REF]). An hydrophobic domain and a tail of positively charged amino-acid generally follow the LPxTG motif [START_REF] Fischetti | Conservation of a hexapeptide sequence in the anchor region of surface proteins from Gram-positive cocci[END_REF][START_REF] Navarre | Surface Proteins of Gram-Positive Bacteria and Mechanisms of Their Targeting to the Cell Wall Envelope[END_REF].

Sortase catalyzes the formation of a covalent bond between these so called Sortase Dependant Proteins (SDPs) and the peptidoglycan, or between SDPs, depending on the type of sortase enzymes [START_REF] Maresso | Sortase as a Target of Anti-Infective Therapy[END_REF][START_REF] Rasinkangas | Genomic Characterization of Non-Mucus Adherent Derivatives of Lactobacillus rhamnosus GG Reveals Genes Affecting Pilus Biogenesis[END_REF][START_REF] Suree | Recent advances towards new anti-infective agents that inhibit cell surface protein anchoring in Staphylococcus aureus and other gram-positive pathogens[END_REF].

They are identified in most Gram-positive bacteria, but also in some Gram-negative bacteria [START_REF] Comfort | A Comparative Genome Analysis Identifies Distinct Sorting Pathways in Gram-Positive Bacteria[END_REF][START_REF] Pallen | An embarrassment of sortasesa richness of substrates?[END_REF]. They can be divided up based on their phylogeny into 6 classes, A to F [START_REF] Bradshaw | Molecular features of the sortase enzyme family[END_REF][START_REF] Dramsi | Sorting sortases: a nomenclature proposal for the various sortases of Gram-positive bacteria[END_REF][START_REF] Spirig | Sortase enzymes in Gram-positive bacteria[END_REF], the sortase A from S. aureus (Sa-SrtA) being the most studied.

Since the discovery of Sa-SrtA [START_REF] Mazmanian | Staphylococcus aureus sortase, an enzyme that anchors surface proteins to the cell wall[END_REF], more than 800 genes encoding related proteins have been identified in approximately 260 distinct bacterial species [START_REF] Finn | The Pfam protein families database[END_REF]. When the full-length precursor protein containing SP is exported through the Sec pathway [START_REF] Kline | Mechanism for Sortase Localization and the Role of Sortase Localization in Efficient Pilus Assembly in Enterococcus faecalis[END_REF], the C-terminal Cell Wall Signal Sequence (CWSS) is then handled by a sortase enzyme. The positively charged C-terminal extremity likely delays export, positioning the protein for processing by the extracellular membrane associated sortase enzyme.

The sortase catalyzes a transpeptidase reaction either between SDPs and peptidoglycan, or between SDPs depending on the type of sortase.

The different types of sortases differ by the type of CWSS motifs they recognize of their substrate that they involve in transpeptidation.

Sortase A: Sortase A exhibits a housekeeping function in the cell, because it can anchor a high number of functionally distinct proteins to the cell wall [START_REF] Marraffini | Sortases and the Art of Anchoring Proteins to the Envelopes of Gram-Positive Bacteria[END_REF].

Sortase A is thus predicted to display 43 distinct proteins in L. monocytogenes EGD-e, 22 in S. aureus subsp. aureus MSSA476, 12 in L. lactis IL1403 and 6 in S. mutans UA159 (Boekhorst et al., 2005). They are found in bacteria with low GC content such as Bacillus subtilis, L. monocytogenes and S. pneumoniae [START_REF] Dramsi | Sorting sortases: a nomenclature proposal for the various sortases of Gram-positive bacteria[END_REF][START_REF] Spirig | Sortase enzymes in Gram-positive bacteria[END_REF].

Sortase A recognizes the LPxTG motif within the CWSS [START_REF] Maresso | Sortase as a Target of Anti-Infective Therapy[END_REF].

Sortase B:

Sortases that belong to sortase B family have a reduced number of substrates compared to sortase A. They can be involved in the attachment of hemoproteins to the cell wall of certain pathogenic bacteria [START_REF] Maresso | Surface Protein IsdC and Sortase B Are Required for Heme-Iron Scavenging of Bacillus anthracis[END_REF][START_REF] Mazmanian | An iron-regulated sortase anchors a class of surface protein during Staphylococcus aureus pathogenesis[END_REF].

To a lesser extent they are also involved in pili assembly: only Spy0129 from S. pyogenes is described to be involved in pili assembly [START_REF] Kang | Crystal Structure of Spy0129, a Streptococcus pyogenes Class B Sortase Involved in Pilus Assembly[END_REF]. Pili are extracellular appendages made up of multiple subunits called pilin that promote microbial adhesion and biofilm formation. Pili formation is described below in more details. Sortases B are found in low GC content Gram-positive bacteria, such as B. cereus, B. anthracis, L. monocytogenes, S. pyogenes and Clostridium perfringens [START_REF] Bierne | Sortase B, a New Class of Sortase in Listeria monocytogenes[END_REF][START_REF] Dramsi | Sorting sortases: a nomenclature proposal for the various sortases of Gram-positive bacteria[END_REF][START_REF] Maresso | Surface Protein IsdC and Sortase B Are Required for Heme-Iron Scavenging of Bacillus anthracis[END_REF].

These enzymes recognize a different pentapeptide motif in the CWSS of target substrates, which varies slightly between bacterial species. Thus, sortase B recognizes the motif NPQTN instead of the LPxTG motif [START_REF] Comfort | A Comparative Genome Analysis Identifies Distinct Sorting Pathways in Gram-Positive Bacteria[END_REF][START_REF] Mazmanian | An iron-regulated sortase anchors a class of surface protein during Staphylococcus aureus pathogenesis[END_REF]. Unlike the gene srtA, the substrates of srtB are encoded by genes that localized in the vicinity of srtB.

Sortase C: Class C sortases are found in low GC content Gram-positive bacteria, such as bacilli, clostridia and streptococci, and in high GC content bacteria, such as Corynebacterium [START_REF] Dramsi | Sorting sortases: a nomenclature proposal for the various sortases of Gram-positive bacteria[END_REF]. There are 24 types of Sortase C enzymes. Sortases C are considered as pilus biogenesis dedicated sortases. These pilus-specific sortases mediate polymerization of pilin subunits via isopeptide bond formation between (i) the threonine and glycine of the cleaved LPxTG motif in one pilus subunit, and (ii) a conserved lysine present within the adjacent pilin subunit [START_REF] Kang | The Corynebacterium diphtheriae shaft pilin SpaA is built of tandem Ig-like modules with stabilizing isopeptide and disulfide bonds[END_REF][START_REF] Kang | Stabilizing isopeptide bonds revealed in gram-positive bacterial pilus structure[END_REF]. Genes encoding class C sortases are often clustered with their substrate encoding genes [START_REF] Hendrickx | Architects at the bacterial surface -sortases and the assembly of pili with isopeptide bonds[END_REF].

Sortase D:

The Class D sortases are found in many bacilli, clostridia, and actinomycetales [START_REF] Schneewind | Sec-secretion and sortase-mediated anchoring of proteins in Gram-positive bacteria[END_REF]. They are poorly investigated and are believed to play a role in bacteria exhibiting a complex morphological differentiation cycle [START_REF] Dramsi | Sorting sortases: a nomenclature proposal for the various sortases of Gram-positive bacteria[END_REF]. These sortases seem to recognize LPNTA sorting signals.

Sortase E -F:

The Class E and F sortases were recently defined. Sortase E enzymes are found in some high GC bacterial species instead of Sortase A (Ton-That and [START_REF] Ton-That | Assembly of pili on the surface of Corynebacterium diphtheriae[END_REF]. Genes encoding class A and E enzymes are never found in the same organism. In addition, srtE gene is not located in the same gene loci with its substrate. Sortase E recognizes and processes substrates containing a LAxTG motif [START_REF] Comfort | A Comparative Genome Analysis Identifies Distinct Sorting Pathways in Gram-Positive Bacteria[END_REF]. There is at least 57 Class F sortases identified in various Actinobacteria. The function of these Class F sortases remains to be determined, it is speculated that they play essential roles in sorting surface proteins [START_REF] Spirig | Sortase enzymes in Gram-positive bacteria[END_REF].

The function of Cell Wall Proteins

CWP display a variety of functions. Some functions which can be involved in environmental adaptation are described: heme uptake system, permitting the internalizing of iron molecules important for cell functions such as respiration, pili, important for adhesion, and the Cell Envelope associated Proteases (CEP) and thus the proteolytic system responsible of the utilization of milk casein.

Heme utilization

Iron is an essential nutrient for bacterial survival, normally found in the host cell in the form of a complex molecule formed of porphyrin ring that holds a central iron ion, called heme. It is a complex molecule holding the iron in the center. Gram-positive bacteria can sequester heme from host via cell wall embedded hemoprotein receptors. They hold an Iron Surface Determinant "Isd" specific for heme uptake. Isd proteins harbor one or more neartransporter (NEAT) domains. Despite low sequence identity, NEAT domains have similar immunoglobulin-like folds. Below, a description for heme uptake by Gram-positive bacteria is detailed.

Heme uptake system

The S. aureus heme uptake system has been extensively studied. Four heme-binding proteins (IsdA, IsdB, IsdH and IsdC) are anchored to the cell wall, and three other proteins (IsdD, IsdE and IsdF) are attached to the membrane (Figure 5).

IsdB and IsdH interact physically and capture heme from host Hemoglobin (Hb). The hemic compound is subsequently transferred to the cytoplasmic membrane via a heme transfer cascade to IsdC via IsdA. IsdC is considered to be involved in translocation of heme through the cell wall [START_REF] Mazmanian | An iron-regulated sortase anchors a class of surface protein during Staphylococcus aureus pathogenesis[END_REF][START_REF] Zapotoczna | Iron-Regulated Surface Determinant (Isd) Proteins of </i>Staphylococcus lugdunensis<[END_REF]. Heme is then internalized across the membrane by a membrane lipoprotein (IsdE) and an ABC transporter (IsdDF) [START_REF] Hammer | Molecular mechanisms of Staphylococcus aureus iron acquisition[END_REF]. In some cases, heme uptake is facilitated by the action of hemophores.

Hemophores, capture free heme or extract heme from hemoglobin in the external medium and present it to specific outer membrane receptors [START_REF] Ghigo | A new type of hemophore-dependent heme acquisition system of Serratia marcescens reconstituted in Escherichia coli[END_REF]. Indeed, B. anthracis secretes two hemophores IsdX1 and IsdX2 which acquire heme from MetHb [START_REF] Honsa | Mechanisms of iron import in anthrax[END_REF].

Once in the cytoplasm, heme complex is captured by Heme-degrading monooxygenase proteins IsdG and IsdI that dissociate Heme in order to release iron [START_REF] Haley | Staphylococcus lugdunensis IsdG Liberates Iron from Host Heme[END_REF] (Figure 5). 

Near-transport domains

The presence of NEAT domain characterizes Isd proteins. IsdB possesses two tandem NEAT domains (IsdBN1 and IsdBN2) [START_REF] Bowden | Hemoglobin binding and catalytic heme extraction by IsdB near iron transporter domains[END_REF] while IsdH possesses three (IsdHN1, IsdHN2 and IsdHN3) [START_REF] Pilpa | Functionally Distinct NEAT (NEAr Transporter) Domains within the Staphylococcus aureus IsdH/HarA Protein Extract Heme from Methemoglobin[END_REF]. Each NEAT domain confers to Isd protein a specific linkage with the hemoprotein. Thus, IsdBN1 binds Hb whereas IsdBN2 binds heme [START_REF] Gaudin | Unique Heme-Iron Coordination by the Hemoglobin Receptor IsdB of Staphylococcus aureus[END_REF][START_REF] Torres | Staphylococcus aureus IsdB Is a Hemoglobin Receptor Required for Heme Iron Utilization[END_REF]. IsdHN1 and IsdHN2 are found to bind Hb and/or Hp, whereas IsdHN3 binds heme [START_REF] Dryla | Identification of a novel iron regulated staphylococcal surface protein with haptoglobin-haemoglobin binding activity[END_REF][START_REF] Pilpa | Functionally Distinct NEAT (NEAr Transporter) Domains within the Staphylococcus aureus IsdH/HarA Protein Extract Heme from Methemoglobin[END_REF].

As for B. anthracis hemophores, IsdX1 contains one NEAT domain whereas IsdX2 has five tandem NEAT domains. The B. anthracis Isd system also has a membrane-associated heme-acquisition leucine rich repeat protein (Hal) [START_REF] Balderas | Hal Is a Bacillus anthracis heme acquisition protein[END_REF] that contains a NEAT domain capable of binding and acquiring heme from Hb.

Role of sortases in the heme uptake

SrtA recognizes and anchors the heme binding proteins IsdA, IsdB and IsdH, which have LPxTG motifs. SrtB recognizes and anchors only IsdC possessing an NPQTN motif [START_REF] Balderas | Hal Is a Bacillus anthracis heme acquisition protein[END_REF][START_REF] Dryla | Identification of a novel iron regulated staphylococcal surface protein with haptoglobin-haemoglobin binding activity[END_REF][START_REF] Malki | 1H, 13C and 15N resonance assignments of the periplasmic signalling domain of HasR, a TonB-dependent outer membrane heme transporter[END_REF][START_REF] Tiedemann | Heme binding to the IsdE(M78A; H229A) double mutant: challenging unidirectional heme transfer in the iron-regulated surface determinant protein heme transfer pathway of Staphylococcus aureus[END_REF].

SrtA promotes association of hemoproteins receptors to the lipid II, and SrtB buries IsdC deeper into the cell wall envelope to preassembled peptidoglycan instead of lipid II [START_REF] Schneewind | Sec-secretion and sortase-mediated anchoring of proteins in Gram-positive bacteria[END_REF].

Pili

Bacterial pili, also called fimbriae, are defined as non-flagellar, proteinaceous, multisubunit surface appendages involved in adhesion to other bacteria, host cells, or environmental surfaces [START_REF] Fronzes | Architectures and biogenesis of non-flagellar protein appendages in Gram-negative bacteria[END_REF][START_REF] Scott | Surface Proteins of Gram-Positive Bacteria and How They Get There[END_REF][START_REF] Telford | Pili in Gram-positive pathogens[END_REF]. Pili have been implicated in critical host-pathogen interactions, colonization, biofilm formation, invasion, and signaling events [START_REF] Kline | Mechanism for Sortase Localization and the Role of Sortase Localization in Efficient Pilus Assembly in Enterococcus faecalis[END_REF][START_REF] Proft | Pili in Gram-negative and Gram-positive bacteriastructure, assembly and their role in disease[END_REF]. Pili were first studied in Gramnegative bacteria, and they were recently discovered in Gram-positive bacteria.

Corynebacterium was the first Gram-positive bacterium to be described to have pili in 1968 [START_REF] Yanagawa | Electron microscopy of fine structure of Corynebacterium renale with special reference to pili[END_REF]. Then, shortly after, it was discovered in streptococci that inhabit the oral cavity [START_REF] Wu | Molecular Strategies for Fimbrial Expression and Assembly[END_REF]. Gram-negative bacteria may hold 4 types of pili: Type I also called "Chaperon-Usher", type IV pili similar to those of Gram-negative organisms, curli pili and "alternative Chaperon-Usher" pili [START_REF] Kline | A tale of two pili: assembly and function of pili in bacteria[END_REF][START_REF] Scott | Pili with strong attachments: Gram-positive bacteria do it differently[END_REF].

Gram-positive bacteria express pili assembled by sortase enzymes.

Pili structure and biogenesis

Pili in Gram-positive bacteria are composed of a single major subunit called pilin and usually 1-2 accessory subunits called minor pilin. The structure of pili varies between species.

Pili are all composed of major pilin subunits, which are polymerized to form the pilus backbone, and of minor pilins, which can be linked to backbone subunits (ie major pilins) along the pili. They can also be attached at the tip and/or the base of the pilus. In B. cereus, the minor pilin BcpB is localized at the tip of pili [START_REF] Budzik | Sortase D Forms the Covalent Bond That Links BcpB to the Tip of Bacillus cereus Pili[END_REF][START_REF] Budzik | Assembly of pili on the surface of Bacillus cereus vegetative cells[END_REF]. In S. pyogenes, pili contain two types of minor pilins : Cpa is on the tip and Spy0130 is at the base [START_REF] Quigley | Linkage of T3 and Cpa pilins in the Streptococcus pyogenes M3 pilus[END_REF]. In group B streptococci, the cap protein PilA, and the base protein PilC are also bound along the pili where they are linked to the major pilin subunits PilB [START_REF] Dramsi | Assembly and role of pili in group B streptococci[END_REF][START_REF] Konto-Ghiorghi | Dual Role for Pilus in Adherence to Epithelial Cells and Biofilm Formation in Streptococcus agalactiae[END_REF]. In C. diphtheriae, SpaC is only localized on the tip, and SpaB is found on the base and along the backbone formed by SpaA (Mandlik et al., 2008b;[START_REF] Ton-That | Assembly of pili on the surface of Corynebacterium diphtheriae[END_REF]. These differences in pili composition result in diverse assembly processes of pili.

Pilus biogenesis is divided into two steps: polymerization of the subunits and anchorage to the cell wall by covalent linkage (Figure 6). After export through the Sec pathway, pilin subunits are linked to each other by Class C sortases and subsequently, the whole pilus is linked to the peptidoglycan thanks to Sortase A [START_REF] Bradshaw | Molecular features of the sortase enzyme family[END_REF]. This anchorage model is typical for group B streptococci, where the mutation of the SrtA will lead to the secretion of the pilus instead of its anchorage [START_REF] Konto-Ghiorghi | Dual Role for Pilus in Adherence to Epithelial Cells and Biofilm Formation in Streptococcus agalactiae[END_REF][START_REF] Swaminathan | Housekeeping sortase facilitates the cell wall anchoring of pilus polymers in Corynebacterium diphtheriae[END_REF]. In some cases, like in S. pneumoniae, SrtC is responsible for the anchorage of the pilus instead of SrtA [START_REF] Lemieux | Roles of the Sortases of Streptococcus pneumoniae in Assembly of the RlrA Pilus[END_REF].

Gene clusters involved in pili biogenesis

The pilus genes are all clustered in genetic loci and always contain one or more sortase genes. Several Gram-positive organisms such as C. diphtheriae and E. faecium encode more than one pilin locus [START_REF] Hendrickx | Expression of two distinct types of pili by a hospitalacquired Enterococcus faecium isolate[END_REF][START_REF] Ton-That | Assembly of pili on the surface of Corynebacterium diphtheriae[END_REF], although genes of each locus encode components specific for the assembly of a unique pilus type [START_REF] Gaspar | Assembly of Distinct Pilus Structures on the Surface of Corynebacterium diphtheriae[END_REF].

Pilin-specific sortase can be present in one or more copies. In organisms holding only one pilin-specific sortase, the latter is essential for fiber formation and incorporation of all minor subunits [START_REF] Mora | Group A Streptococcus produce pilus-like structures containing protective antigens and Lancefield T antigens[END_REF][START_REF] Nallapareddy | Endocarditis and biofilm-associated pili of Enterococcus faecalis[END_REF]. As for organisms with pilus loci encoding more than one sortase, it was shown both functional specificity and redundancy among the enzymes. For instance, in a pilus locus of S. agalactiae (Group B Streptococcus) which contains two pilin sortases, each sortase was required for the incorporation of a single specific minor subunit [START_REF] Rosini | Identification of novel genomic islands coding for antigenic pilus-like structures in Streptococcus agalactiae[END_REF]. Streptococcus pneumoniae encodes three SrtC.

While deletion of any single SrtC does not abolish pilus formation [START_REF] Lemieux | Roles of the Sortases of Streptococcus pneumoniae in Assembly of the RlrA Pilus[END_REF][START_REF] Swaminathan | Housekeeping sortase facilitates the cell wall anchoring of pilus polymers in Corynebacterium diphtheriae[END_REF], the absence of both SrtC-1 and SrtC-2 eliminates piliation and indicates that SrtC-3 is not sufficient for pilus polymerization [START_REF] Fälker | Sortase-mediated assembly and surface topology of adhesive pneumococcal pili[END_REF].

Functions of pili

Pili contribute to the interaction of bacteria with their environment or between them.

They possess also a virulent characteristic.

Pili are involved in adhesion. When the bacterium produces a capsule, most CWP are hidden, except pili that can be long enough to cross the capsule [START_REF] Konto-Ghiorghi | Dual Role for Pilus in Adherence to Epithelial Cells and Biofilm Formation in Streptococcus agalactiae[END_REF][START_REF] Quigley | Linkage of T3 and Cpa pilins in the Streptococcus pyogenes M3 pilus[END_REF]. Adhesins present in pili interact with several surfaces such as epithelial cells [START_REF] Dramsi | Assembly and role of pili in group B streptococci[END_REF], keratinocyte [START_REF] Abbot | Pili mediate specific adhesion of Streptococcus pyogenes to human tonsil and skin[END_REF], mucin [START_REF] Kankainen | Comparative genomic analysis of Lactobacillus rhamnosus GG reveals pili containing a human-mucus binding protein[END_REF], collagen, milk proteins (Burgain et al., 2014b) and solid surfaces [START_REF] Konto-Ghiorghi | Dual Role for Pilus in Adherence to Epithelial Cells and Biofilm Formation in Streptococcus agalactiae[END_REF].

Pili also interact with each other and result in bacterial aggregation [START_REF] Edwards | Scavenger receptor gp340 aggregates group A streptococci by binding pili[END_REF][START_REF] Konto-Ghiorghi | Dual Role for Pilus in Adherence to Epithelial Cells and Biofilm Formation in Streptococcus agalactiae[END_REF][START_REF] Tripathi | Adhesion and nanomechanics of pili from the probiotic Lactobacillus rhamnosus GG[END_REF]. Lactococcus lactis had been shown to aggregate when it is present in saliva. It was demonstrated that saliva contain a protein rich in cysteine residues that promotes bacterial aggregation [START_REF] Edwards | Scavenger receptor gp340 aggregates group A streptococci by binding pili[END_REF].

Cell Envelope associated Proteases (CEP) and proteolytic system

CEP are responsible of the utilization of casein in order to assure the amino acid pool necessary for the bacterial growth. It permits to LAB to be independent in milk and thus it is a sign of adaptation to the dairy environment.

LAB are unable to synthetize many of the amino acids required for protein synthesis.

Therefore, they necessitate an exogenous source of amino acid and can have complex proteolytic system to liberate the amino acids from the proteins in their environment. The proteolytic system plays a key role in milk and in LAB auxotrophy, and is especially found after adaptation of the bacteria in milk. The same LAB strain found in other environment might be prototrophic for all the amino acids [START_REF] Georges | Bactéries lactiques[END_REF]. Proteolysis by LAB present several biotechnological benefits in textural and sensorial cheese properties, since amino acids are precursors of several flavor compounds (alcohols, aldehydes, acids, esters and sulfur compounds) and bacterial proteolysis is involved in bitterness reduction [START_REF] Mcsweeney | Biochemistry of cheese ripening[END_REF].

Three steps are involved in the proteolysis by LAB. First, in milk, LAB hydrolyze extracellular casein using CEP to form oligopeptides. Secondly, these oligopeptides are transferred to the cytoplasm via specific peptides transport systems. Thirdly, intracellular degradation into shorter peptides and amino acids occurs through numerous aminopeptidases (Figure 7) [START_REF] Christensen | Peptidases and amino acid catabolism in lactic acid bacteria[END_REF][START_REF] Doeven | Specificity and selectivity determinants of peptide transport in Lactococcus lactis and other microorganisms: Peptide transport in Lactococcus lactis[END_REF][START_REF] Kunji | The proteolytic systems of lactic acid bacteria[END_REF][START_REF] Savijoki | Proteolytic systems of lactic acid bacteria[END_REF]. Five different major types of CEP were well characterized at the genetic and biochemical levels in LAB [START_REF] Savijoki | Proteolytic systems of lactic acid bacteria[END_REF]: PrtP in L. lactis [START_REF] Kok | Nucleotide sequence of the cell wall proteinase gene of Streptococcus cremoris Wg2[END_REF], PrtH in L. helveticus [START_REF] Smeianov | Comparative high-density microarray analysis of gene expression during growth of Lactobacillus helveticus in milk versus rich culture medium[END_REF], PrtR in L. rhamnosus [START_REF] Pastar | Identification and genetic characterization of a novel proteinase, PrtR, from the human isolate Lactobacillus rhamnosus BGT10[END_REF], PrtS in S. thermophilus, PrtB in L. bulgaricus. Many LAB are known to hold only one Prt system except for L. helveticus that exhibit a great diversity of prtH genes with 4 paralogs (prtH, prtH2, prtH3 and prtH4) among strains [START_REF] Broadbent | Genetic diversity in proteolytic enzymes and amino acid metabolism among Lactobacillus helveticus strains1[END_REF][START_REF] Griffiths | Lactobacillus helveticus: the proteolytic system[END_REF][START_REF] Sadat-Mekmene | Original features of cellenvelope proteinases of Lactobacillus helveticus. A review[END_REF].

After protein hydrolysis, oligopeptides enter the cells via specific transport systems.

There are three functional peptide transport systems [START_REF] Doeven | Specificity and selectivity determinants of peptide transport in Lactococcus lactis and other microorganisms: Peptide transport in Lactococcus lactis[END_REF]. DtpT, a symport peptides/H + , is a secondary transporter belonging to the Peptide TRansport (PTR) family of peptide transporters [START_REF] Doeven | Specificity and selectivity determinants of peptide transport in Lactococcus lactis and other microorganisms: Peptide transport in Lactococcus lactis[END_REF]. It possesses specificity for di-(and tri) peptides [START_REF] Hagting | The di-and tripeptide transport protein of Lactococcus lactis. A new type of bacterial peptide transporter[END_REF]. The Opp system is an ABC transporter, which catalyses the uptake of oligopeptide containing 4 up to 35 amino acid residues [START_REF] Doeven | Specificity and selectivity determinants of peptide transport in Lactococcus lactis and other microorganisms: Peptide transport in Lactococcus lactis[END_REF]. An opp knockout strain was completely blocked in the uptake of oligopeptides, indicating that the opp system is essential for the organism to grow on milk [START_REF] Picon | Specificity Mutants of the Binding Protein of the Oligopeptide Transport System of Lactococcus lactis[END_REF][START_REF] Tynkkynen | Genetic and biochemical characterization of the oligopeptide transport system of Lactococcus lactis[END_REF]. Dpp peptide transport system prefers hydrophobic di-and tripeptides [START_REF] Foucaud | Specificity of peptide transport systems in Lactococcus lactis: evidence for a third system which transports hydrophobic di-and tripeptides[END_REF] and depend on ATP. Streptococcus thermophilus possesses an ABC transporter named Ami. It is characterized by the transport of oligo and tri peptides [START_REF] Garault | Three Oligopeptide-binding Proteins Are Involved in the Oligopeptide Transport of Streptococcus thermophilus[END_REF].

After internalization, LAB hydrolyze oligopeptides into free amino acids. Many different peptidases have been characterized biochemically and genetically from S. thermophillus, different Lactococcus and Lactobacillus strains [START_REF] Christensen | Peptidases and amino acid catabolism in lactic acid bacteria[END_REF]. Based on their substrate specificity and site of enzymatic action, peptidases are classified into different groups (Figure 7). Not all peptidases are present in all LAB strains, and a great substrate specificity and variability exists among these peptidases and the same type of peptidase [START_REF] Christensen | Peptidases and amino acid catabolism in lactic acid bacteria[END_REF][START_REF] Savijoki | Proteolytic systems of lactic acid bacteria[END_REF][START_REF] Upadhyay | Proteolysis in cheese during ripening[END_REF].

In L. lactis, proteolysis is controlled at the transcriptional level and includes a pleiotropic repressor CodY. In presence of a high content of intracellular branched amino acids (isoleucine, leucine, valine), codY binds to the codY-box [START_REF] Guédon | Transcriptional Pattern of Genes Coding for the Proteolytic System of Lactococcus lactis and Evidence for Coordinated Regulation of Key Enzymes by Peptide Supply[END_REF][START_REF] Hengst | The Lactococcus lactis CodY Regulon IDENTIFICATION OF A CONSERVED cis-REGULATORY ELEMENT[END_REF][START_REF] Petranovic | Intracellular effectors regulating the activity of the Lactococcus lactis CodY pleiotropic transcription regulator[END_REF]) located upstream of its target gene leading to a repression of several components of the proteolytic system. However, different mechanism(s) of regulation controlling proteolysis in certain lactobacilli may be present [START_REF] Azcarate-Peril | Microarray Analysis of a Two-Component Regulatory System Involved in Acid Resistance and Proteolytic Activity in Lactobacillus acidophilus[END_REF].

Degradation of proteins other than caseins has been characterized, and several studies have been made in order to characterize LAB species with proteolytic activities and their incidence on proteolysis of the derived product. Some Lactobacillus sp. strains, grown in specific medium, showed the ability to hydrolyze soy proteins. The degree of hydrolysis and the pattern of peptides produced varied among strains [START_REF] Aguirre | Proteolytic activity of Lactobacillus strains on soybean proteins[END_REF][START_REF] Pescuma | Diversity in proteinase specificity of thermophilic Lactobacilli as revealed by hydrolysis of dairy and vegeTable proteins[END_REF]. During dough fermentation, wheat proteins (glutenin and gliadins) are degraded by cereal and bacterial proteases, and several sourdough LAB strains with proteolytic activities were characterized and contribute to the degradation of proteins [START_REF] Gänzle | Carbohydrate, peptide and lipid metabolism of lactic acid bacteria in sourdough[END_REF]. The proteolysis that occurs during the ripening of meat products is due to the action of the two participants, meat enzymes such as cathepsins and bacterial proteases [START_REF] Díaz | Proteolysis in dry fermented sausages: The effect of selected exogenous proteases[END_REF][START_REF] Fadda | Effect of curing conditions and Lactobacillus casei CRL705 on the hydrolysis of meat proteins[END_REF].

Bacterial adaptation to dairy products: lactose and galactose metabolism

Introduction

Lactose is a disaccharide consisting of the combination of two simple sugars, α/β-Dglucose and β-D-galactose, linked by a β (1-4) glycosidic bond. It is the main carbon source of milk. Lactose is metabolized by LAB and fermented into lactic acid and/or other final products, mainly ethanol, CO2 and acetic acid using homofermentative or heterofermentative pathways [START_REF] Thompson | Métabolisme des sucres par les bactéries lactiques[END_REF]. Only C. divergens was found to produce formic acid from glucose [START_REF] De Bruyn | Glucose metabolism by Lactobacillus divergens[END_REF].

Because of its industrial relevance, lactose/galactose utilization by LAB has been studied intensively and is well documented [START_REF] Cocaign-Bousquet | Physiology of pyruvate metabolism in Lactococcus lactis[END_REF][START_REF] Kandler | Carbohydrate metabolism in lactic acid bacteria[END_REF][START_REF] Neves | Overview on sugar metabolism and its control in Lactococcus lactis -The input from in vivo NMR[END_REF][START_REF] Wu | Towards galactose accumulation in dairy foods fermented by conventional starter cultures: Challenges and strategies[END_REF]. The end products of the lactose fermentation confer to food products many properties such as preservation, development of flavors, texture and nutritional values [START_REF] Leroy | Lactic acid bacteria as functional starter cultures for the food fermentation industry[END_REF].

Lactose/galactose metabolism occurs via two main pathways: Leloir and Tagatose-6phosphate (Tagatose-6P) [START_REF] Kandler | Carbohydrate metabolism in lactic acid bacteria[END_REF] (Figure 8; Table 3). Lactose and/or galactose enter the cell via two systems, permease or phosphoenolpyruvate system [START_REF] Thompson | Regulation of sugar transport and metabolism in lactic acid bacteria[END_REF][START_REF] Van Rooijen | Molecular cloning, characterization, and nucleotide sequence of the tagatose 6-phosphate pathway gene cluster of the lactose operon of Lactococcus lactis[END_REF]. Lactose is then hydrolyzed via a β-galactosidase or a P-β-galactosidase respectively. Glucose enters the glycolysis, galactose the Leloir pathway, and galactose-6P the Tagatose-6P pathway. This bibliographic synthesis reviews lactose and galactose metabolic pathways and focuses on the diversity within the LAB. 

Sugar uptake systems

There are several type of sugar transport systems, specific or unspecific, which have been extensively studied and documented [START_REF] Deutscher | How phosphotransferase system-related protein phosphorylation regulates carbohydrate metabolism in bacteria[END_REF].

The Tagatose-6P pathway involves a phoshoenolpyruvate (PEP): carbohydrate phosphotransferase system (PTS) which assure the transport and the phosphorylation of the molecule at the expense of PEP.

The PTS-PEP system consists of several membranous sub-units collaborating to transport and phosphorylate the incoming sugar. Indeed, there are three sub-units EFIIA (subunit A), EFIIB C (subunit B) and EFIIC (subunit C), each encoded by a specific gene.

Sugars are phosphorylated during transfer across the cell membrane via a chain of enzymatic reactions. Each sugar possesses a specific PTS-PEP system, but in some cases, one PTS system has the ability to transport another type of sugar but with lower affinity [START_REF] Solopova | A Specific Mutation in the Promoter Region of the Silent cel Cluster Accounts for the Appearance of Lactose-Utilizing Lactococcus lactis MG1363[END_REF].

In the Tagatose-6P pathway, lactose/galactose enter the cell via EIIABC Lac /EIIABC Gal , a transporter depending on the PTS system encoded by the genes lacFE [START_REF] Abranches | Galactose Metabolism by Streptococcus mutans[END_REF][START_REF] Zeng | Two Gene Clusters Coordinate Galactose and Lactose Metabolism in Streptococcus gordonii[END_REF][START_REF] Zeng | Utilization of Lactose and Galactose by Streptococcus mutans: Transport, Toxicity, and Carbon Catabolite Repression[END_REF].

The Leloir pathway uses an ion-linked sugar transport system. An ion gradient is necessary in order to internalize sugar into the cytoplasm [START_REF] Poolman | Energy transduction in lactic acid bacteria[END_REF]. The galactose can enter the cell via a permease encoded by galP, and the lactose via a permease encoded by galP or lacS. An ATP hydrolysis through membranous ATPase is coupled to the proton output. A proton force is created through the membrane which leads to the return of protons accompanied by lactose/galactose molecules through a symport specific H + /sugar [START_REF] Fortina | Unusual Organization for Lactose and Galactose Gene Clusters in Lactobacillus helveticus[END_REF][START_REF] Grossiord | Genetics of galactose utilisation via the Leloir pathway in lactic acid bacteria[END_REF][START_REF] Leong-Morgenthaler | Lactose Metabolism in Lactobacillus bulgaricus -Analysis of the Primary Structure and Expression of the Genes Involved[END_REF][START_REF] Maxwell | Enzymes of the Leloir Pathway[END_REF][START_REF] Thomas | Galactose fermentation by Streptococcus lactis and Streptococcus cremoris: pathways, products, and regulation[END_REF][START_REF] Thompson | Galactose transport systems in Streptococcus lactis[END_REF].

The choice of the sugar uptake system is not random. The PTS system may be more favorable than the permease system. It costs only one ATP (in the form of PEP) when transporting and phosphorylating the sugar molecule (two reactions in one single step). In comparison, the permease system consumes more than one ATP molecule [START_REF] Neves | Overview on sugar metabolism and its control in Lactococcus lactis -The input from in vivo NMR[END_REF].

Lactose molecule cleavage: beta-galactosidase

After entering the cell, lactose is cleaved by a hydrolase. The hydrolase type depends on the type of transport used. Phosphorylated lactose which entered via a PTS system is hydrolyzed by a phospho-β-galactosidase into glucose and galactose-6P encoded by the gene lacG. The symport permeases are associated to a ß-galactosidase responsible for the hydrolysis of lactose in LAB into glucose and ß-galactose [START_REF] Premi | Lactose-hydrolyzing enzymes of Lactobacillus species[END_REF]. This enzyme is encoded by lacZ or lacLM (Figure 8, Table 3).

Those two hydrolases involved in lactose hydrolysis are part of the glycosyl hydrolases families and are not the only enzymes responsible for sugar cleavage in nature. Fourty-five glycosyl hydrolases families with 52 E.C. (Enzyme Commission) entries, classified based on amino acid sequence comparison of 482 sequences, were identified [START_REF] Henrissat | A classification of glycosyl hydrolases based on amino acid sequence similarities[END_REF][START_REF] Henrissat | New families in the classification of glycosyl hydrolases based on amino acid sequence similarities[END_REF]. Four families (1, 2, 35 and 42) contain enzymes with β-galactosidase activities. The P-β-galactosidase enzyme encoded by lacG is a family 1 member, and the one encoded by lacZ is a family 2 member.

Lactose is mainly found in dairy products, but galactose can be present in several forms.

It can be found in the anomer form or associated to other compounds such as glucose to give the lactose molecules or to proteins and lipids to give glycoconjugates that are important to the bacterial cells [START_REF] Frey | The Leloir pathway: a mechanistic imperative for three enzymes to change the stereochemical configuration of a single carbon in galactose[END_REF]. Therefore, bacteria may contain several types of glycosyl hydrolases in order to utilize carbohydrates. Two surface β-galactosidase proteins, coded by bgaA (β1,4-galactosidase) and bgaC (β1,3-galactosidase), are present in S. pneumoniae [START_REF] Jeong | Characterization of the Streptococcus pneumoniae BgaC Protein as a Novel Surface -Galactosidase with Specific Hydrolysis Activity for the Gal 1-3GlcNAc Moiety of Oligosaccharides[END_REF][START_REF] Zähner | The Streptococcus pneumoniae Beta-Galactosidase Is a Surface Protein[END_REF]. They are not included in lactose metabolism but may be involved in interaction with other bacterial cells, by hydrolyzing the glycan. This may be a sign of pathogenicity. In C. maltaromaticum strain BA (Coombs andBrenchley, 2001, 1999) three hydrolyses, α-galactosidase coded by agaA (family 36) and two β-galactosidases, coded by bgaB (family 42) and bgaC (family35), were present and can degrade polysaccharides.

Lactose/ galactose metabolism pathways

In tagatose-6P pathway, lactose is absorbed by a specific PTS (lacFE) and the resulted lactose-6P is hydrolyzed by a phospho-β-galactosidase (lacG) into glucose and galactose-6P [START_REF] Morse | Metabolism of Lactose by Staphylococcus aureus and Its Genetic Basis[END_REF]). The latter is converted into tagatose-6P, tagatose-1,6 diP and then into glyceraldehyde-3P and dihydroxyacetone-P by galactose-6P isomerase (lacAB), tagatose-6P kinase (lacC) and tagatose-1,6 diP aldolase (lacD) respectively [START_REF] Abranches | Galactose Metabolism by Streptococcus mutans[END_REF][START_REF] Jagusztyn-Krynicka | Streptococcus mutans serotype c tagatose 6-phosphate pathway gene cluster[END_REF] (Figure 8, Table 3).

Leloir pathway is encoded by a gal operon consisting of four genes galMKTE. After entering through the permease, lactose is hydrolyzed by a ß-galactosidase (lacZ or lacLM) into glucose and galactose. Glucose enters the glycolysis while the galactose undergoes several reactions. First, ß-galactose is isomerized by a mutarotase (galM) to give α-galactose [START_REF] Bouffard | Dependence of Lactose Metabolism upon Mutarotase Encoded in the gal Operon in Escherichia coli[END_REF] which is phosphorylated through galactose-1P kinase (galK) to give galactose-1P.

The latter is transformed into glucose-1P through an uridyltransferase (galT) and UDP-glucose 4-epimerase (galE) and then into glucose-6P through phosphoglucomutase (pgm) to enter under this form the glycolytic pathway (Figure 8, Table 3) [START_REF] Maxwell | Enzymes of the Leloir Pathway[END_REF][START_REF] Poolman | Lactose transport system of Streptococcus thermophilus: a hybrid protein with homology to the melibiose carrier and enzyme III of phosphoenolpyruvate-dependent phosphotransferase systems[END_REF][START_REF] Van Rooijen | Molecular cloning, characterization, and nucleotide sequence of the tagatose 6-phosphate pathway gene cluster of the lactose operon of Lactococcus lactis[END_REF].

Regulation of the metabolic pathways

There are several genes regulating the metabolic pathways of lactose/galactose, which is subject to complex regulation systems.

In the Tagatose-6P pathway, lacR is one of the regulation systems. It is an auto regulation gene that binds to lacA promoter and represses its activity when tagatose-6P is absent (de Vos and [START_REF] De Vos | Genetics of lactose utilization in lactic acid bacteria[END_REF][START_REF] Van Rooijen | Molecular cloning, characterization, and nucleotide sequence of the tagatose 6-phosphate pathway gene cluster of the lactose operon of Lactococcus lactis[END_REF]. The molecules interfering in the lacR type regulation are mostly phosphorylated carbohydrates that are intermediates in the metabolic pathways controlled by regulator protein. In this case, galactose-6P and tagatose-6P have been suggested to bind each one of them to a homologous lacR to facilitate the dissociation of its binding site [START_REF] Zeng | Utilization of Lactose and Galactose by Streptococcus mutans: Transport, Toxicity, and Carbon Catabolite Repression[END_REF]. The gene lacT is a gene for a transcriptional anti-terminator protein present within the lac operon of many LAB, such as S. gordonii [START_REF] Zeng | Two Gene Clusters Coordinate Galactose and Lactose Metabolism in Streptococcus gordonii[END_REF].

The gene lacT is a member of the BglG/SacY family of proteins commonly associated with the regulation of carbohydrate metabolism [START_REF] Declerck | RNA recognition by transcriptional antiterminators of the BglG/SacY family: mapping of SacY RNA binding site[END_REF]. It prevents the formation of a terminator to allow RNA polymerase to continue the transcription of downstream genes [START_REF] Declerck | RNA recognition by transcriptional antiterminators of the BglG/SacY family: mapping of SacY RNA binding site[END_REF]. It also contains two PTS regulatory domains (PRDs) phosphorylated by components of the PTS (van Tilbeurgh and [START_REF] Van Tilbeurgh | Structural insights into the regulation of bacterial signalling proteins containing PRDs[END_REF]. When the PTS for lactose or galactose is engaged in sugar transport, the PRD in LacT would be dephosphorylated, allowing for the anti-termination of the lac operon genes [START_REF] Fujita | Carbon catabolite control of the metabolic network in Bacillus subtilis[END_REF].

In the Leloir pathway, the galR regulation gene is considered as an activator of the galKTE lacSZLM operons, but its product is a negative regulator of its own expression. [START_REF] Vaughan | Activation of silent gal genes in the lac-gal regulon of Streptococcus thermophilus[END_REF].

It is known that the intracellular levels of fructose-1,6 diP (FBP) and glucose-6P (G6P) are closely associated with the regulation of sugar transport and carbon-catabolite repression [START_REF] Postma | Phosphoenolpyruvate:carbohydrate phosphotransferase systems of bacteria[END_REF][START_REF] Vadeboncoeur | The phosphoenolpyruvate:sugar phosphotransferase system of oral streptococci and its role in the control of sugar metabolism[END_REF]. Catabolism of galactose through the Tagatose-6P pathway avoids the upper portion of the glycolytic pathway, and thus the levels of G6P and FBP should be lower than the lactose/galactose metabolism via the Leloir pathway exclusively. Thus, lactose/galactose catabolism may have a substantially different impact on physiology and gene expression of strains.

Genes mutation effects

In order to understand the importance of each gene involved in lactose/galactose metabolism, lac and gal genes were mutated and their effect on bacterium growth and sugar utilization were studied. Results show that some of the genes, when absent, cause damages to the bacterium.

Every sugar type possesses a specific transport system, but when absent, bacterium cell tries to modulate its genes in order to adapt. Lactococcus lactis MG1363 PTS lac deficient strain would utilize lactose through a PTS cel-lac (PTS system specific for cellulose) [START_REF] Solopova | A Specific Mutation in the Promoter Region of the Silent cel Cluster Accounts for the Appearance of Lactose-Utilizing Lactococcus lactis MG1363[END_REF], when a single point mutation is performed in the promoter region of the cel cluster [START_REF] Barabote | Comparative Genomic Analyses of the Bacterial Phosphotransferase System[END_REF]. Streptococcus gordonii PTS Lac mutant failed to grow on lactose, but in medium rich in galactose this strain grows normally with an optical density similar to the wild type [START_REF] Abranches | Galactose Metabolism by Streptococcus mutans[END_REF].

Permeases are known to be selective, and in L. lactis MG1363 galP deficient strain was not able to ferment galactose [START_REF] Grossiord | Characterization, expression, and mutation of the Lactococcus lactis galPMKTE genes, involved in galactose utilization via the Leloir pathway[END_REF].

Mutation of hydrolases inducts the inability of strain to use lactose. Streptococcus gordonii lacG deficient strain is impaired to grow on lactose but grew on galactose [START_REF] Zeng | Two Gene Clusters Coordinate Galactose and Lactose Metabolism in Streptococcus gordonii[END_REF]. Streptococcus salivarius lacZ deficient strain could not grow on lactose, indicating that intracellular β-galactosidase is essential for lactose metabolism [START_REF] Chen | Pathways for lactose/galactose catabolism by Streptococcus salivarius[END_REF].

In Tagatose-6P pathway, accumulation of galactose-6P in mutant lacking galactose-6P isomerase (lacAB), accumulation of tagatose-1,6-diP in absence of tagatose-1,6-diP aldolase (lacD), cause inhibition of growth on lactose/galactose medium. Contrariwise, lacC (Tagatose-6P kinase) mutant showed normal cells growing on medium containing lactose and/or galactose as a source of carbohydrate [START_REF] Abranches | Galactose Metabolism by Streptococcus mutans[END_REF][START_REF] Zeng | Two Gene Clusters Coordinate Galactose and Lactose Metabolism in Streptococcus gordonii[END_REF][START_REF] Zeng | Utilization of Lactose and Galactose by Streptococcus mutans: Transport, Toxicity, and Carbon Catabolite Repression[END_REF].

In Leloir pathway, the deletion of galK impairs severely the ability of S. mutans [START_REF] Abranches | Galactose Metabolism by Streptococcus mutans[END_REF], S. gordonii [START_REF] Zeng | Two Gene Clusters Coordinate Galactose and Lactose Metabolism in Streptococcus gordonii[END_REF] and S. salivarius [START_REF] Chen | Pathways for lactose/galactose catabolism by Streptococcus salivarius[END_REF] to grow on a medium containing galactose although the first two strains possess the two pathways and can metabolize galactose via the Tagatose-6P pathway. Lactococcus lactis galT deficient strain accumulate galactose-1P which leads to the inhibition of growth on lactose and galactose [START_REF] Vaughan | Transcriptional regulation and evolution of lactose genes in the galactose-lactose operon of Lactococcus lactis NCD02054[END_REF], but when galM is mutate, no difference in growth rate was observed, because the isomerization may be done spontaneously [START_REF] Neves | Towards Enhanced Galactose Utilization by Lactococcus lactis[END_REF].

Not all mutations cause damages to bacterium cells. In fact, some dairy strains are Gal negative phenotype due to the defect in the galK induction, which seems to be the rate-limiting enzyme of the Leloir pathway [START_REF]Metabolic engineering of sugar catabolism in lactic acid bacteria[END_REF][START_REF] Vaillancourt | Galactose and lactose genes from the galactose-positive bacterium Streptococcus salivarius and the phylogenetically related galactose-negative bacterium Streptococcus thermophilus: organization, sequence, transcription, and activity of the gal gene products[END_REF]. However, under appropriate selective conditions, such as limited lactose and excess of galactose concentrations, Gal positive derivatives can be obtained [START_REF] Hutkins | Galactokinase activity in Streptococcus thermophilus[END_REF][START_REF] Thomas | Selection of Galactose-Fermenting Streptococcus thermophilus in Lactose-Limited Chemostat Cultures[END_REF]. The differences between Gal + and Gal -strains are in the galR-galK promoter, and are due to deletion and substitution of some nucleotides [START_REF] Anbukkarasi | Assessment of expression of Leloir pathway genes in wild-type galactose-fermenting Streptococcus thermophilus by real-time PCR[END_REF].

Specificity and genes organization in LAB strains

Lactose and galactose utilization by LAB revealed various combinations of the gal and lac genes. While the gal genes are usually located in chromosome, lac genes of the Tagatose-6P pathway may be plasmid or chromosomal. Although genes present high homology between them, the co-localizations are not always the same (Table 4). [START_REF] Thompson | Galactose transport systems in Streptococcus lactis[END_REF] with mostly high synteny (Table 4) (example L. garviae ATCC49156, L. lactis MG1363) [START_REF] Fortina | A Study of Lactose Metabolism in Lactococcus garvieae Reveals a Genetic Marker for Distinguishing between Dairy and Fish Biotypes[END_REF]. This genetic organization reflects the order of the metabolic conversions during galactose utilization via the Leloir pathway [START_REF] Grossiord | Characterization, expression, and mutation of the Lactococcus lactis galPMKTE genes, involved in galactose utilization via the Leloir pathway[END_REF]. Some differences can occurs like in L. lactis ATCC7962 (also known as NCDO2054) or L. lactis KF147 which possess a gal operon where galT and galE are separated by lacAZ (Table 4) [START_REF] Vaughan | Transcriptional regulation and evolution of lactose genes in the galactose-lactose operon of Lactococcus lactis NCD02054[END_REF]. The authors pointed out the greater degree of similarity of the lacA and lacZ genes to homologs of Gram-negative organisms than to those of Gram-positive bacteria. These results suggest that the genes have been recently acquired within the gal operon of the strain L. lactis NCDO2054 rather than being lost via the generation of a lac gene-free gal operon as in the case of the strain L. lactis LM0230.

The procurement of these genes could be through Horizontal Gene Transfer (HTG) or insertion sequence-mediated events [START_REF] Vaughan | Transcriptional regulation and evolution of lactose genes in the galactose-lactose operon of Lactococcus lactis NCD02054[END_REF].

Among the Lactococcus genus, some strains of L. lactis subsp. cremoris, species found in various types of cheeses, may possess both pathways and metabolize lactose via a plasmidic lac operon specific for the Tagatose-6P pathway (de Vos and Hugenholtz, 2004; de Vos and [START_REF] De Vos | Genetics of lactose utilization in lactic acid bacteria[END_REF][START_REF] Gasson | Plasmid complements of Streptococcus lactis NCDO 712 and other lactic streptococci after protoplast-induced curing[END_REF][START_REF] Siezen | Complete Sequences of Four Plasmids of Lactococcus lactis subsp. cremoris SK11 Reveal Extensive Adaptation to the Dairy Environment[END_REF][START_REF] Wegmann | Molecular characterization and structural instability of the industrially important composite metabolic plasmid pLP712[END_REF]. Contrary to Leloir pathway, the latter is not fully distributed in this genus, probably due to the absence of plasmid in some strains. The large plasmids (47 kb for pSK11L [START_REF] Gasson | Plasmid complements of Streptococcus lactis NCDO 712 and other lactic streptococci after protoplast-induced curing[END_REF][START_REF] Siezen | Complete Sequences of Four Plasmids of Lactococcus lactis subsp. cremoris SK11 Reveal Extensive Adaptation to the Dairy Environment[END_REF], 55 kb for pPL712 [START_REF] Van Rooijen | Molecular cloning, characterization, and nucleotide sequence of the tagatose 6-phosphate pathway gene cluster of the lactose operon of Lactococcus lactis[END_REF]), encoding the lactose metabolism in Lactococcus strains have been shown to possess the same organization (Table 4). A great number of IS elements is also present in these plasmids that may add to the mobility of the plasmid-located genes via homologous or site-specific recombination [START_REF] Bachmann | Microbial domestication signatures of Lactococcus lactis can be reproduced by experimental evolution[END_REF][START_REF] Siezen | Complete Sequences of Four Plasmids of Lactococcus lactis subsp. cremoris SK11 Reveal Extensive Adaptation to the Dairy Environment[END_REF][START_REF] Wegmann | Molecular characterization and structural instability of the industrially important composite metabolic plasmid pLP712[END_REF].

In Tagatose-6P pathway, lactose enters the cell via a specific PTS Lac [START_REF] Crow | Plasmid linkage of the D-tagatose 6phosphate pathway in Streptococcus lactis: effect on lactose and galactose metabolism[END_REF].

As for galactose, it may enter via a plasmidic PTS Gal or a chromosomic galP which showed higher affinity for galactose than the PTS Gal [START_REF] Thompson | Galactose transport systems in Streptococcus lactis[END_REF]. In the absence of the lactose plasmid and when mutating galP, lactose and galactose may be internalized via other systems [START_REF] Neves | Towards Enhanced Galactose Utilization by Lactococcus lactis[END_REF]. The plasmid free strains L. lactis IL1403 [START_REF] Aleksandrzak-Piekarczyk | Alternative Lactose Catabolic Pathway in Lactococcus lactis IL1403[END_REF] and L. lactis MG1363 [START_REF] Solopova | A Specific Mutation in the Promoter Region of the Silent cel Cluster Accounts for the Appearance of Lactose-Utilizing Lactococcus lactis MG1363[END_REF], derived from the industrial dairy starter L. lactis NCDO712, are unable to grow in a medium rich in lactose. It is also noted that L. lactis strain devoid of its lactose plasmid may utilize lactose via alternative pathway.

The plasmid free strain MG1363 may utilize lactose via the PTS cel specific for cellobiose uptake in some conditions [START_REF] Solopova | A Specific Mutation in the Promoter Region of the Silent cel Cluster Accounts for the Appearance of Lactose-Utilizing Lactococcus lactis MG1363[END_REF]. As for galactose, it has been shown that it may enter the cell via a PTS, phosphorylated into galactose-6P, dephosphorylated in order to regenerate galactose that will be metabolized via the Leloir pathway [START_REF] Neves | Towards Enhanced Galactose Utilization by Lactococcus lactis[END_REF].

Lactobacillus genus

Among the Lactobacillus genus, the geography of the genes of the Leloir pathway shows high synteny for the galRTEK genes (example L. casei 64H -Table 4) [START_REF] Bettenbrock | The gal Genes for the Leloir Pathway of Lactobacillus casei 64H[END_REF][START_REF] Grossiord | Genetics of galactose utilisation via the Leloir pathway in lactic acid bacteria[END_REF][START_REF] Wu | Towards galactose accumulation in dairy foods fermented by conventional starter cultures: Challenges and strategies[END_REF].

For the thermophilic starter, L. helveticus, species of industrially importance for the fermentation of food products, lactose metabolism cluster showed an unusual organization with genes widespread in the genome in comparison to other LAB. galK and galT genes of the Leloir pathway are transcribed together [START_REF] Mollet | Galactose utilization in Lactobacillus helveticus: isolation and characterization of the galactokinase (galK) and galactose-1-phosphate uridyl transferase (galT) genes[END_REF] while galE, lacS and lacR are organized in one operon (L. helveticus ATCC 15009 T Table 4) [START_REF] Fortina | Unusual Organization for Lactose and Galactose Gene Clusters in Lactobacillus helveticus[END_REF]. The presence of putative inserted sequences may be the cause of the presence of galE outside the gal operon. β-galactosidase, that is 71% similar to that of L. acidophilus but only 30% similar to L. bulgaricus and S. thermophilus, is present [START_REF] Fortina | Unusual Organization for Lactose and Galactose Gene Clusters in Lactobacillus helveticus[END_REF]. galE shows high similarity to other LAB such as L. casei [START_REF] Bettenbrock | The gal Genes for the Leloir Pathway of Lactobacillus casei 64H[END_REF], S. thermophilus [START_REF] Vaillancourt | Galactose and lactose genes from the galactose-positive bacterium Streptococcus salivarius and the phylogenetically related galactose-negative bacterium Streptococcus thermophilus: organization, sequence, transcription, and activity of the gal gene products[END_REF] and L. lactis [START_REF] Vaughan | Transcriptional regulation and evolution of lactose genes in the galactose-lactose operon of Lactococcus lactis NCD02054[END_REF]. Downstream lacS, an inactivated lacS' is present due to a serie of mutations [START_REF] Fortina | Unusual Organization for Lactose and Galactose Gene Clusters in Lactobacillus helveticus[END_REF]. Additionally to the Leloir pathway, in Lactobacillus genus, the presence of the Tagatose-6P pathway seems to be species-specific in L. casei, L. paracasei and L. rhamnosus and strains specific in L. johnsonii FI9785 and L. gasseri ATCC 33323 [START_REF] Wu | Towards galactose accumulation in dairy foods fermented by conventional starter cultures: Challenges and strategies[END_REF].

For those species or strains, the organization of the two pathways are quite similar with genes lacT-lacE-lacG-lacF together, sometimes carry on plasmid [START_REF] Chassy | Evidence for plasmid-associated lactose metabolism in Lactobacillus casei subsp. casei[END_REF][START_REF] Chassy | Molecular characterization of the plasmid-encoded lactose-PTS of Lactobacillus casei[END_REF] or on the chromosome [START_REF] Gosalbes | Establishing a model to study the regulation of the lactose operon in Lactobacillus casei[END_REF], followed or not by the gal gene (galKETRM) [START_REF] Tsai | Sequence, organization, transcription and regulation of lactose and galactose operons in Lactobacillus rhamnosus TCELL-1[END_REF] upstream the lacC-lacD-lacB-lacA-lacR (Example L. rhamnosus GG Table 4).

Streptococcus genus

In Streptococcus genus, S. thermophilus is known for its ability to ferment lactose in order to produce lactic acid in yogurt, cheeses and other food products. Other strains, S. salivarius and S. gordonii, are considered as human oral bacteria that can colonize teeth and soft tissues of the mouth [START_REF] Bowden | The microbial ecology of dental caries[END_REF]. Streptococcus agalactiae is known to be a human and bovine pathogen [START_REF] Hamida Nouaili | Epidemiology of maternal-fetal group b streptococcal infections[END_REF][START_REF] Zadoks | Molecular epidemiology of mastitis pathogens of dairy cattle and comparative relevance to humans[END_REF] and S. mutans is considered the primary agent of dental caries.

Streptococcus thermophilus is generally found to have an incomplete fermentation of lactose, only glucose is metabolized and galactose is discharged in the medium through lacS which is responsible for the lactose/galactose exchange [START_REF] Crow | Properties of a Streptococcus lactis strain that ferments lactose slowly[END_REF][START_REF] Hutkins | Galactokinase activity in Streptococcus thermophilus[END_REF][START_REF] Poolman | Energy transduction in lactic acid bacteria[END_REF]. Several studies showed that S. thermophilus hold mostly the Leloir pathway even though P-β-galactosidase activity was found in some strains [START_REF] Anbukkarasi | Assessment of expression of Leloir pathway genes in wild-type galactose-fermenting Streptococcus thermophilus by real-time PCR[END_REF]. The gene organization and sequences of gal operon (galR-galK-galT-galE-galM-lacS-lacZ) are the same in 4 strains of S. thermophilus possessing for some Gal + phenotype and for others Gal -phenotype; (Table 4) [START_REF] Anbukkarasi | Assessment of expression of Leloir pathway genes in wild-type galactose-fermenting Streptococcus thermophilus by real-time PCR[END_REF][START_REF] Vaughan | Activation of silent gal genes in the lac-gal regulon of Streptococcus thermophilus[END_REF]. gal and lac genes are transcribed separately, and lacSZ form an independent operon, different from the gal operon [START_REF] Poolman | Carbohydrate utilization in Streptococcus thermophilus: characterization of the genes for aldose 1-epimerase (mutarotase) and UDPglucose 4-epimerase[END_REF].

The genome of S. gordonii contains 16 genes dedicated to the metabolism of lactose/galactose. Two operons, encoding the Tagatose-6P pathway, were identified, one for the lactose and the other for the galactose. These genes show a great similarity (more than 70% identity) between them [START_REF] Zeng | Utilization of Lactose and Galactose by Streptococcus mutans: Transport, Toxicity, and Carbon Catabolite Repression[END_REF]. It also holds galKTE that is not a significant contributor to the use of galactose. For regulation, S. gordonii possesses two genes: lacT within the lactose operon which possesses positive role in the Tagatose-6P pathway and a negative regulator lacR within the galactose operon [START_REF] Zeng | Two Gene Clusters Coordinate Galactose and Lactose Metabolism in Streptococcus gordonii[END_REF].

Streptococcus mutans can metabolize galactose via Leloir pathway (galKTE) [START_REF] Ajdic | Transcriptional regulation of the Streptococcus mutans gal operon by the GalR repressor[END_REF] and lactose via the Tagatose-6P pathway (lacABCDEFG) [START_REF] Jagusztyn-Krynicka | Streptococcus mutans serotype c tagatose 6-phosphate pathway gene cluster[END_REF]. galKTE operon is present upstream of the msm operon special for multiple sugar metabolism; the latter carries and metabolize melibiose and raffinose containing galactose residues [START_REF] Russell | A binding proteindependent transport system in Streptococcus mutans responsible for multiple sugar metabolism[END_REF]. A deletion of the msm operon and part of the gal operon inhibits the strain's growth on galactose [START_REF] Robinson | Chromosomal insertions and deletions in Streptococcus mutans[END_REF]. A study showed that msn operon is not implicated in the transport of galactose alone in S. mutans, and thus a true galactose permease remains to be characterized [START_REF] Abranches | Galactose Metabolism by Streptococcus mutans[END_REF]. Although S. mutans lacks a galP responsible of the galactose uptake [START_REF] Zeng | Utilization of Lactose and Galactose by Streptococcus mutans: Transport, Toxicity, and Carbon Catabolite Repression[END_REF] it possesses 14 putative PTS with one lactose specific PTS [START_REF] Ajdic | Transcriptional regulation of the Streptococcus mutans gal operon by the GalR repressor[END_REF]. Galactose is transported by other PTS specific for other sugar molecules but with lower affinity [START_REF] Abranches | Galactose Metabolism by Streptococcus mutans[END_REF][START_REF] Zeng | Utilization of Lactose and Galactose by Streptococcus mutans: Transport, Toxicity, and Carbon Catabolite Repression[END_REF].

Streptococcus mutans can effectively metabolize galactose in the form of monosaccharide only when both pathways, Leloir and Tagatose-6P, are functional. Tagatose-6P pathway is mainly responsible of the use of the galactose-6P moiety that comes from the hydrolysis of lactose-6P [START_REF] Abranches | Galactose Metabolism by Streptococcus mutans[END_REF].

Streptococcus salivarius metabolizes lactose and galatose via the Leloir pathway. It is not yet clear whether there are specific permeases for each type of sugar, or if both elements are transported by the same system [START_REF] Chen | Pathways for lactose/galactose catabolism by Streptococcus salivarius[END_REF][START_REF] Postma | Phosphoenolpyruvate:carbohydrate phosphotransferase systems of bacteria[END_REF][START_REF] Vadeboncoeur | The phosphoenolpyruvate:sugar phosphotransferase system of oral streptococci and its role in the control of sugar metabolism[END_REF]. Organization of the gal operon was found to be essentially identical to that of S. thermophilus [START_REF] Vaughan | Activation of silent gal genes in the lac-gal regulon of Streptococcus thermophilus[END_REF]. galK and lacZ showed 95% similarities with S. thermophilus. The galK-deficient strain was able to use only glucose and lactose as the sole carbohydrate source, and not galactose. The lacZ deficient strain was unable to utilize lactose which gives a justification of the role of β-galactosidase in hydrolyzing lactose into glucose and galactose [START_REF] Chen | Pathways for lactose/galactose catabolism by Streptococcus salivarius[END_REF].

In order to grow in bovine milk, S. agalactiae has been shown to possess 2 lac operons in the genome; lac.1 lacR-IIA-IIB-IIC-neuraminidase-ABCDX and lac.2 lacRABCDFEGX (in bovine isolate strains) lacRABCDTFEGX (in NEM316 strain) [START_REF] Richards | Transcriptomic and genomic evidence for Streptococcus agalactiae adaptation to the bovine environment[END_REF][START_REF] Richards | Comparative genomics and the role of lateral gene transfer in the evolution of bovine adapted Streptococcus agalactiae[END_REF].

Lac.1 has been suggested to be involved in virulent reactions due to the presence of neuraminidase in the operon [START_REF] Soong | Bacterial neuraminidase facilitates mucosal infection by participating in biofilm production[END_REF] and lac.2 is involved in lactose metabolism [START_REF] Richards | Transcriptomic and genomic evidence for Streptococcus agalactiae adaptation to the bovine environment[END_REF].

Lactose metabolism by none LAB bacteria

Lactose and galactose are found in animals and plants, and the metabolic pathways are required for their utilization and the production of metabolites essential for the glycoproteins, glycolipids and cell wall biosynthesis [START_REF] Frey | The Leloir pathway: a mechanistic imperative for three enzymes to change the stereochemical configuration of a single carbon in galactose[END_REF].

Lactose and galactose metabolism are not only found in LAB but also in other organisms such as E. coli. Escherichia coli is a well-known bacteria and many studies had been organized in order to describe its metabolic pathway. Escherichia coli showed the capacity of utilizing lactose and galactose via the Leloir pathway [START_REF] Bouffard | Dependence of Lactose Metabolism upon Mutarotase Encoded in the gal Operon in Escherichia coli[END_REF][START_REF] Buttin | Mécanismes régulateurs dans la biosynthèse des enzymes du métabolisme du galactose chez Escherichia coli K12: II. Le Déterminisme génétique de la régulation[END_REF][START_REF] Shapiro | The Galactose Operon of E. coli K-12. II. a Deletion Analysis of Operon Structure and Polarity[END_REF]. It consist of the galKTEM operon regulated by galR, with galP elsewhere.

Lactose and galactose metabolism is also well studied in some food pathogenic bacteria for several reasons: i) to understand the bacterium behavior when present in food products, ii)

to inhibit its growth by mutating gal or lac genes and then to produce vaccines.

Salmonella sp. has been demonstrated to be a pathogenic strains and especially a foodborne pathogen. It has been showed that Salmonella possesses a gal operon responsible for the galactose metabolism in the order galE, galT and galK [START_REF] Houng | Molecular cloning and physical and functional characterization of the Salmonella typhimurium and Salmonella typhi galactose utilization operons[END_REF]. Salmonella typhimirium gal genes had been intensively studied for medical reasons. A simple mutation of galE is efficient to obtain antiviral strains used as vaccines against typhoid [START_REF] Hone | A galE via (Vi antigen-negative) mutant of Salmonella typhi Ty2 retains virulence in humans[END_REF].

The presence of the lacABCDEFG operon that is capable of metabolizing lactose and galactose in S. aureus has been demonstrated [START_REF] Crow | Plasmid linkage of the D-tagatose 6phosphate pathway in Streptococcus lactis: effect on lactose and galactose metabolism[END_REF][START_REF] Rosey | Nucleotide and deduced amino acid sequences of the lacR, lacABCD, and lacFE genes encoding the repressor, tagatose 6-phosphate gene cluster, and sugar-specific phosphotransferase system components of the lactose operon of Streptococcus mutans[END_REF].

Staphylococcus aureus is known to be a pathogenic bacteria-contaminating milk. Lactose metabolism is necessary for the survival of S. aureus in medium such as milk, because the non-metabolized D-galactose inhibits bacterium growth [START_REF] Krispin | The Bacillus subtilis galE gene is essential in the presence of glucose and galactose[END_REF].

Objectives

Carnobacterium est un genre bactérien ubiquiste appartenant au groupe LAB.

Les [START_REF] Leisner | Carnobacterium: positive and negative effects in the environment and in foods[END_REF][START_REF] Wassenaar | Comparative genomics of Lactobacillus and other LAB[END_REF]. Le génome de C. maltaromaticum LMA28 possède des gènes évoquant une aptitude à interagir avec les surfaces du tractus gastro-intestinal [START_REF] Ainsworth | Complete Genome of Lactococcus lactis subsp. cremoris UC509.9, Host for a Model Lactococcal P335 Bacteriophage[END_REF][START_REF] Bolotin | Complete sequence and comparative genome analysis of the dairy bacterium Streptococcus thermophilus[END_REF][START_REF] Callanan | Genome Sequence of Lactobacillus helveticus, an Organism Distinguished by Selective Gene Loss and Insertion Sequence Element Expansion[END_REF]Rahman et al., 2014b;[START_REF] Van De Guchte | The complete genome sequence of Lactobacillus bulgaricus reveals extensive and ongoing reductive evolution[END_REF]. Les bactéries à Gram-positif sont connues pour posséder une grande variété de propriétés de surfaces, qui peuvent jouer un rôle clé dans les interactions avec l'environnement (Burgain et al., 2014a(Burgain et al., , 2014b 

CHAPTER II: RESULTS AND DISCUSSION

Introduction

The genus Carnobacterium belongs to the LAB, which are Gram-positive organisms with a low GC content that belong to the phylum Firmicutes. It is a member of the Clostridium-Bacillus subdivision of Gram-positive eubacteria [START_REF] Pot | Taxonomy of Lactic Acid Bacteria[END_REF]. When using sequence analysis of rRNA 16S genes, Wallbanks et al. [START_REF] Wallbanks | 16S rRNA Sequence Determination for Members of the Genus Carnobacterium and Related Lactic Acid Bacteria and Description of Vagococcus salmoninarum sp[END_REF] [START_REF] Snauwaert | Carnobacterium iners sp nov., a psychrophilic, lactic acid-producing bacterium from the littoral zone of an Antarctic pond[END_REF]. They are mesophilic and some species may be psychrotolerant and grow at 0 °C. Some strains are halotolerant until 8% NaCl and alkaliphilic with growth until pH 9.5 [START_REF] Cailliez-Grimal | Carnobacterium[END_REF][START_REF] Pikuta | The family Carnobacteriaceae[END_REF][START_REF] Pikuta | The genus Carnobacterium[END_REF]. Their particular physiology could explain their wide distribution in nature. They have frequently been isolated from cold and temperate environment and from animals and foods of animal origin such as seafood, meat and dairy products. They can be present as natural flora and/or as spoilers. Spoilage activity shows intraspecies and interspecies variations, depends on the product, occurs under specific storage conditions [START_REF] Leisner | Carnobacterium: positive and negative effects in the environment and in foods[END_REF] and in seafood products they are not directly responsible for off-flavors [START_REF] Pilet | Applications of protective cultures, bacteriocins and bacteriophages in fresh seafood and seafood products[END_REF]. However, C. maltaromaticum positive technological role in cheese making has been underlined [START_REF] Afzal | Carnobacterium maltaromaticum: Identification, isolation tools, ecology and technological aspects in dairy products[END_REF][START_REF] Millière | Presence of Carnobacterium spp. in French surface mould-ripened soft-cheese[END_REF][START_REF] Milliere | Carnobacterium piscicola, a common species of French soft cheeses from cow's raw milk[END_REF].

Two species, C. maltaromaticum and C. divergens seem to be particularly well adapted to food and digestive tract (Rahman et al., 2014b). The bacterial cell surface is decorated with a diverse array of proteins that contribute in several functions such as sensing and protecting from environmental stresses, adhesion, and interaction with the immune system [START_REF] Bierne | Listeria monocytogenes Surface Proteins: from Genome Predictions to Function[END_REF]. These proteins are synthetized in the cytoplasm [START_REF] Blobel | Intracellular protein topogenesis[END_REF] and their secretion through the cytoplasmic membrane is possible via several pathways. Secreted and anchored proteins differ by the presence or not of a conserved domain on the C-terminal of the protein [START_REF] Doyle | Glycomicrobiology[END_REF] and binding is possible through either covalent or non-covalent interactions with the cell wall. Some cell wall proteins enable each bacteria to interact with its environment and their characterization would permit to better understand the success of Carnobacterium in colonizing different environments. Moreover, it was already noted that C. maltaromaticum possesses larger genome compared to other LAB [START_REF] Hols | New insights in the molecular biology and physiology of Streptococcus thermophilus revealed by comparative genomics[END_REF][START_REF] Kelly | Chromosomal Diversity in Lactococcus lactis and the Origin of Dairy Starter Cultures[END_REF][START_REF] Van De Guchte | The complete genome sequence of Lactobacillus bulgaricus reveals extensive and ongoing reductive evolution[END_REF]. The genome size of Carnobacterium species is estimated ranging from 1.9 (for C. alterfunditum) [START_REF] Pikuta | Carnobacterium pleistocenium sp nov., a novel psychrotolerant, facultative anaerobe isolated from permafrost of the Fox Tunnel in Alaska[END_REF] to 3.7 Mb (for C. maltaromaticum) [START_REF] Cailliez-Grimal | Complete Chromosome Sequence of Carnobacterium maltaromaticum LMA 28[END_REF]. It has been suggested that the big C. maltaromaticum genome may be the reason of its well adaptation to environmental challenges [START_REF] Leisner | Carnobacterium: positive and negative effects in the environment and in foods[END_REF].

At present, the genomes of some Carnobacterium strains from different environment such as permanent cold seawater, Aleutian trench, and siberian permafrost, foods such as milk, soft cheese, pork, fish and diseased salmon have been sequenced. A genome-based comparison of different Carnobacterium species was made in order to analyze genomic specificity and diversity in relation with their adaptation to different environmental conditions. Cell-surface proteome, well known to be responsible of the bacterial interaction with its environment, was detailed.

Material and Methods

Carnobacterium strains

The current public database contains nine Carnobacterium genomes, with three complete genomes (C. maltaromaticum LMA28, Carnobacterium sp. 17.4 and C. inhibens subps. gilishinsky WN1359) including five strains of C. maltaromaticum. The genome sequenced were determined in strains from different origins, some from food such as C. maltaromaticum strains and C. divergens V41, and others from environment (Table 5). 

Genome analysis

The sequenced genomes were integrated in the MicroScope platform [START_REF] Vallenet | MicroScope--an integrated microbial resource for the curation and comparative analysis of genomic and metabolic data[END_REF] to perform automatic and expert annotation of the genes, as well as comparative analysis.

MicroScope thus hosts the genome of two Carnobacterium sp., one C. inhibens subsp.

gilichinskyi WN1359, one C. divergens V41 and five C. maltaromaticum strains (Table 5).

Gene phyloprofile Tool interface allows searching for common or specific genes/regions between a query genome and other genomes or replicons chosen from the ones available in Prokaryotic Genome DataBase (PkGDB) (i.e, (re)annotation of bacterial genomes) or complete proteome downloaded from the RefSeq/WGS sections.

Pan/core genome was calculated using two methods: Pan/core genone tool accessible in the comparative genomics section and using as MICFAM parameter 50 or 80% identity of the amino acid (aa) on 80% coverage and phyloprofile tool from MicroScope platform with a cut-off of 70% aa identity on 80% coverage with the best Bidirectional Best Hit (BBH).

Synteny, defined as orthologous gene set having the same local organization in species

A and in species B, was researched by sequence similarity by BlastP BBH with at least 30% identity on 80% of the shortest sequence (minLrap 0.8) analyses and co-localization.

Metabolic pathways were predicted using Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway and MicroCyc databases. A percentage of 70% minimum identity is used to recuperate the specific and common genes for C. maltaromaticum, excluding genes with 30% minimum identity with the four other Carnobacterium strains.

Neighbor-joining-based phylogenetic reconstruction was based on the aa sequence of ten essential genes (dnaK gyrA polA lepA dnaB gyrB secA ftsZ recG ileS) and was performed using MEGA6 by using the Kimura two-parameter model, including transitions and transversions. The candidate tree was tested with 1,000 bootstrap replications [START_REF] Tamura | MEGA6: Molecular Evolutionary Genetics Analysis Version 6.0[END_REF]. The Type (MLST) was updated using e-BURST analysis from Rahman et al., (Rahman et al., 2014a). the resulting tree was rooted using Enterococcus faecalis V583 as outgroup.

Prophages were searched using PHAST Search Tool [START_REF] Zhou | PHAST: A Fast Phage Search Tool[END_REF].

Data availability

The 9A).

The C. maltaromaticum strains LMA28 and ATCC35586 were previously described to exhibit MLST genotypes ST4 and ST36, respectively (Rahman et al., 2014a). Enquiry of the By contrast, the two strains C. maltaromaticum 3.18, and ML.1.97 exhibit previously undescribed genotypes: ST37 and ST39. eBURST analysis revealed that the genotypes ST37 and ST39 are closely related to the previously described genotypes ST22, and ST34, respectively, and thus form two new clonal complexes: CC7 and CC8 (Figure 9B). These results

show that strains C. maltaromaticum LMA28 and C. maltaromaticum DSM20342 MX5 are very closely related and that overall, the strains from this species, for which the genome is available, represent four different clonal complexes: CC1, CC4, CC7, and CC8 (Figure 9B).

1.3.1.2.General features

The general features of the nine genome sequences are compiled ( 6).

Accordingly, the number of predicted CDS in each genome ranged from 3,368 to 3,812 for C. maltaromaticum, and from 2,268 to 2,633 for the other Carnobacterium (Table 6).

In LAB, high genome size variations are also observed for Enterococcus and Lactobacillus for which the genomes range from 2.5 to 3.5 Mbp and from 1.3 to 3.4 Mbp, respectively [START_REF] Douillard | Functional genomics of lactic acid bacteria: from food to health[END_REF][START_REF] Wassenaar | Comparative genomics of Lactobacillus and other LAB[END_REF] 

Plasmids

The complete genome sequences of C. inhibens subsp. gilichinskyi WN1359 and Carnobacterium sp.17.4 are described to contain five and one plasmid(s), respectively. Overall, the amount of extrachromosomal DNA is of 148 kbp and 50 kbp for C. inhibens subsp.

gilichinskyi WN1359 and Carnobacterium sp.17.4, respectively [START_REF] Leonard | Complete Genome Sequence of Carnobacterium gilichinskyi Strain WN1359T (DSM 27470T)[END_REF][START_REF] Voget | Complete Genome Sequence of Carnobacterium sp 17-4[END_REF]. The genome of C. maltaromaticum LMA28 contains one megaplasmid of 97.3 kbp, and two plasmids of 58.9 kbp, and 12 kbp. Globally, this strain contains 168.2 kbp of extrachromomal DNA. The megaplasmid contains the lac genes, which encode the Tagatose-6P pathway allowing to metabolize lactose and galactose. Similarly to L. lactis, by carrying the lac genes, this megaplasmid could play a role in adaptation to the dairy environment.

Prophages

The Carnobacterium genomes of all strains contain one to four prophages and/or prophage remnants, ranging in size from 11.5 to 74.4 kbp (data not shown) expect for two strains C. inhibens subsp. gilichinskyi and Carnobacterium sp. 17.4. In dairy niches, phage predation is ubiquitous as shown in many studies of LAB. Indeed, prophages and phage remnants can make up a substantial fraction of novel sequences in the genome [START_REF] Pfeiler | The genomics of lactic acid bacteria[END_REF].

CRISPR-cas

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPRs) [START_REF] Barrangou | CRISPR Provides Acquired Resistance Against Viruses in Prokaryotes[END_REF], and the CRISPR associated (cas) genes confer resistance to phage infection. The role and mechanistic of the CRISPR-cas system in bacterial species have been extensively studied and indicate that the spacer sequences can be considered as a signature of past exposure to exogenous DNA. Among all Carnobacterium genomes, C. divergens V41 is the only strain having CRISPR-cas system. More precisely, two loci were predicted in the genome of this strain. The presence of these genes suggests that strain C. divergens V41 would have systems acting as barriers against HGT, thereby that would limit genome expansion in this taxon.

COG

More than 70% of the CDS encode proteins that can be classified in at least one Cluster of Orthologous Group (COG). All CDS are distributed into 21 different classes of COG. The distribution of the genes of each species of Carnobacterium in the different COG groups was performed and shows no significance differences between the strains (Figure 10). 

Pan/core genome

The pan/core genome analysis of the nine Carnobacterium (50% aa identity on 80 % coverage) shows that the core genome represents 1,130-1,215 (31-47%) of the predicted CDS (Table 7A). When comparison was made with C. inhibens subsp. gilichinskyi WN1359, Carnobacterium sp. 17-4, and Carnobacterium sp. AT7, the core genome increased up to 1,745-1,785 (67-73 %) of the predicted CDS (Table 7B). Similarly, when considering the five C. maltaromaticum strains and C. divergens V41, the core genome increased up to 1,723-1,825

(68-76%) of the predicted CDS (Table 7C). This result is in agreement with the phylogenetic tree showing close phylogenetic proximity of C. maltaromaticum and C. divergens on the one hand, and of C. inhibens subsp. gilichinskyi WN1359, Carnobacterium sp. 17.4, and Carnobacterium sp. AT7 on the other hand (Figure 9). To be more restrictive, the pan/core genome analysis was performed with a cut-off of 70% aa identity on 80% coverage. It revealed that the strains of C. maltaromaticum share 2,665 CDS, and each of the five strains possesses between 279 and 644 specific genes (Figure 11)

indicating substantial strain-to-strain variations. 

1.3.2.1.Intraspecific core genome

In order to identify the genes characterizing the difference between the species C. maltaromaticum and the other species, the set of genes commonly found in the strains of C. maltaromaticum without homologues in other Carnobacterium species was delineated.

To do so, homologues were identified by using a cut-off of 70% identity at the aa level between the C. maltaromaticum strains and among these homologues, the ones that are specifically found in C. maltaromaticum were predicted by excluding all Carnobacterium CDS showing more than 30% identity with those of C. maltaromaticum. This analysis allowed to delimit a set of 433 CDS defined as the C. maltaromaticum intraspecific core genome.

COG analysis of the intraspecific core genome

The COG comparison analysis between the C. maltaromaticum intraspecific core genome and the whole core genome of C. maltaromaticum was performed. The comparison revealed that several classes were over-represented in the intraspecific core genome: the class E, K, R, S and T (Figure 12). The more contrasting classes are class S and R, which represent together more than 50% of the CDS of the intraspecific core genome. These classes contain poorly characterized genes or genes with unknown functions, indicating that efforts have to be made in order to understand adaptation factors of C. maltaromaticum. The class E contains genes involved in the metabolism of amino acids. Classes K and class T are involved in transcription and signal transduction, which are functions allowing to adapt to variations of the environment. This suggests that C. maltaromaticum would have a higher ability to adapt to environment changes than other Carnobacterium. 

1.3.2.2.Metabolic pathways

The C. maltaromaticum intraspecific core genome contains CDS encoding pathways for tryptophan biosynthesis and ethanolamine degradation.

Tryptophan is one of the most expensive aa produced in the cell. To synthesize tryptophan, C. maltaromaticum involves five enzymes encodes by seven genes. Homologues of these genes are arranged as a single cluster trpEGDCFBA. The presence of these genes might Ethanolamine is a compound derived from the degradation of phosphatidylethanolamine, an abundant phospholipids in membranes, by the action of phosphodiesterases [START_REF] Randle | The phosphoglyceride composition of gramnegative bacteria and the changes in composition during growth[END_REF]. Ethanolamine is highly found in the intestine due to its presence in the cell membranes and in human diet [START_REF] Randle | The phosphoglyceride composition of gramnegative bacteria and the changes in composition during growth[END_REF][START_REF] Roof | Ethanolamine utilization in Salmonella typhimurium[END_REF]. Indeed, it is the result of the turnover and exfoliation of cells [START_REF] Cotton | Non-dietary lipid in the intestinal lumen[END_REF]. Bacteria that carry eut genes allowing degradation of ethanolamine are found mainly in the intestine.

The C. maltaromaticum intraspecific core genome contains the two central genes for ethanolamine utilization eutBC as well as 14 additional genes predicted to be involved in this metabolic pathway. These genes could be involved in adaptation of C. maltaromaticum to the intestinal medium.

Secretome

All genomes of Carnobacterium contain homologs of genes encoding a functional Sec pathway system, while no homologue of the Tat pathway was found (data not shown). The secretome was therefore predicted by identifying genes suspected to encode signal-peptide containing proteins. The comparison of the resulting secretome encoded by the Carnobacterium genomes revealed that strains could be divided into two groups on the size criterion. On one hand, the strains of the species C. maltaromaticum and C. divergens exhibit a large secretome by containing between 272 and 375 predicted proteins. On the other hand, the three strains Carnobacterium sp. AT7, Carnobacterium sp. 17.4, and C. inhibens ssp. gilichinsky WN1359, would have a smaller secretome with a number of proteins comprised between 131 and 141.

Compared to other LAB, the size of the secretome of C. maltaromaticum and C. divergens are among the biggest (Figure 13).

A COG analysis revealed that the number of secretome genes is in general higher in Therefore, the genes linked to the cell wall were analyzed in more details.

1.3.3.1.Cell wall proteins

Proteins designated to be attached to the cell wall should be equipped with specific domains on their C-terminal. A large set of non-covalently bound proteins were predicted for C. maltaromaticum and C. divergens V41 whereas a small number of proteins were predicted for the other Carnobacterium. These proteins contain at least one LysM domain or one WxL domain.

All Carnobacterium strains contain between four and six LysM proteins. Two of them are conserved in all strains, three are found only in C. maltaromaticum and C. divergens V41, and three are variable within Carnobacterium sp. strains (Annexe 2). LysM domain proteins are found in several copies in many Gram-positive bacteria such as E. faecalis [START_REF] Eckert | Functional analysis of AtlA, the major N-acetylglucosaminidase of Enterococcus faecalis[END_REF], L. monocytogenes [START_REF] Bierne | Listeria monocytogenes Surface Proteins: from Genome Predictions to Function[END_REF], Lactobacillus sp. [START_REF] Kleerebezem | The extracellular biology of the Lactobacilli[END_REF], L. lactis [START_REF] Steen | AcmA of Lactococcus lactis is an N-acetylglucosaminidase with an optimal number of LysM domains for proper functioning[END_REF], Staphylococcus strains [START_REF] Hirschhausen | Characterization of the Modular Design of the Autolysin/Adhesin Aaa from Staphylococcus aureus[END_REF] and [START_REF] Bateman | The structure of a LysM domain from E. coli membrane-bound lytic murein transglycosylase D (MltD)[END_REF].

E. coli
WxL domain anchors protein non-covalently to the cell wall [START_REF] Brinster | C-terminal WxL domain mediates cell wall binding in Enterococcus faecalis and other gram-positive bacteria[END_REF].

It was discovered rather lately; it is a domain of 160 to 190 amino acids and it contains two conserved sequence motifs with the Trp-x-Leu signature. Strikingly, the number of WxL containing proteins is comprised between 42 and 53 proteins distributed only in C. maltaromaticum and C. divergens V41 strains. No WxL motif proteins were found in the other genome of Carnobacterium. Few are specific for each genome of C. maltaromaticum strain (between one and seven genes) and 15 are specific for C. divergens V41. When 56 genes are variable within the strains, only three are conserved within the C. maltaromaticum (Annexe 3). Little is known about WxL containing proteins, however they are commonly present in several Gram-positive bacteria such as Lactobacillus sp. (Boekhorst et al., 2006b;[START_REF] Chaillou | The complete genome sequence of the meat-borne lactic acid bacterium Lactobacillus sakei 23K[END_REF][START_REF] Siezen | Lactobacillus plantarum gene clusters encoding putative cell-surface protein complexes for carbohydrate utilization are conserved in specific gram-positive bacteria[END_REF], E. faecalis, L. lactis [START_REF] Brinster | C-terminal WxL domain mediates cell wall binding in Enterococcus faecalis and other gram-positive bacteria[END_REF] and L. monocytogenes [START_REF] Bierne | Listeria monocytogenes Surface Proteins: from Genome Predictions to Function[END_REF]. It seems that C. maltaromaticum and C. divergens V41 genomes contain a high number of WxL proteins (Annexe 3). Some proteins are covalently anchored to the CW, and possess an LPxTG like motif at their C-terminal. They are called Sortase Dependent Proteins (SDP) due to the fact that they are attached to the peptidoglycan layer of the cell walls by the sortase family of transpeptidases [START_REF] Schneewind | Sec-secretion and sortase-mediated anchoring of proteins in Gram-positive bacteria[END_REF]. Those later are found in C. maltaromaticum and C. divergens V41; only one LPxTG domain protein is found in Carnobacterium sp. 17.4 and Carnobacterium sp. AT7. However, C. inhibens subsp. gilichinskyi WN1359 possesses no gene encoding a SDP (Annexes 2 and 3).

Sortase enzymes decorate the surfaces of Gram-positive bacteria with a diverse array of proteins that enable each microbe to interact with its environment. C. maltaromaticum strains and C. divergens V41 possess many putative sortase A and B genes. C. inhibens subsp. gilichinskyi WN1359 holds only one putative sortase encoding gene. Carnobacterium sp. AT7 and Carnobacterium sp 17.4 possess a putative sortase gene encoding a protein devoided of the SP (Annexe 2 and 3). When proteins are exported through the Sec pathway, sortase enzymes handle the C-terminal LPxTG-like domain [START_REF] Kline | Mechanism for Sortase Localization and the Role of Sortase Localization in Efficient Pilus Assembly in Enterococcus faecalis[END_REF]. Sortase-protein are then bond by transpeptidase reactions. The difference between the several sortases is the type of CWSS motifs and amino groups that will recognize and define the transpeptidase reactions [START_REF] Comfort | A Comparative Genome Analysis Identifies Distinct Sorting Pathways in Gram-Positive Bacteria[END_REF][START_REF] Maresso | Sortase as a Target of Anti-Infective Therapy[END_REF].

The genomes of C. maltaromaticum are predicted to encode between 22 and 35 SDP, and the genome of C. divergens V41 would encode 18 SDP. In C. maltaromaticum, 13 SDP proteins are conserved in all strains, of which seven are also conserved with C. divergens (Annexe 2).

In addition, in C. maltaromaticum, 24 SDP encoding genes are not conserved and can be found in at least one strain. The variability observed either resulted from the absence of homologues or the presence of genes fragments, likely pseudogenes. As for the three bacteria C. inhibens subsp. gilichinskyi WN1359, Carnobacterium sp. AT7 and Carnobacterium sp 17.4, those latters possess no SDP on their CW (Annexe 3).

1.3.3.2.Surface protein functions

An analysis of the CWP amino acid revealed the presence for some proteins of functional domains (Figure 14).

Enzymes

Several surface proteins are predicted to contain domains involved in peptidoglycan hydrolysis (Annexe 3 and Figure 14). Peptidoglycan hydrolases are involved in fundamental aspect of bacterial biology: peptidoglycan assembly and disassembly, thereby in growth, turnover and recycling of the peptidoglycan, cell division, cell shape determination, biofilm formation, bacterial cell lysis as autolysis or as weapon in interbacterial species competition [START_REF] Frirdich | Peptidoglycan hydrolases, bacterial shape, and pathogenesis[END_REF]. These proteins, likely anchored thanks to LysM domains, are predicted to contain domain with peptidoglycan hydrolase function such as glucosaminidase and autolysin domains. Two other LysM proteins, found in Carnobacterium sp. AT7 and Carnobacterium sp. 17.4 would contain a domain either with peptidase activity or with polysaccharide deacetylase activity.

Among the conserved proteins in C. maltaromaticum and C. divergens, there are homologues of nucleotidases/metallophosphatases and PrtB (Annexe 3 and Figure 14).

The nucleotidase/metallophosphatase proteins (BN424_190 and BN424_3529 in C. maltaromaticum LMA28 are predicted to be a multidomain protein. Extracellular 5'-nucleotidases domain catalyzes dephosphorylation of exogenous adenine 5'-nucleotides to adenosine and phosphate [START_REF] Bengis-Garber | Role of membrane-bound 5'-nucleotidase in nucleotide uptake by the moderate halophile Vibrio costicola[END_REF]. It is described in aquatic ecosystems as a key enzyme for phosphorous regeneration [START_REF] Ammerman | Bacterial 5-nucleotidase in aquatic ecosystems: a novel mechanism of phosphorus regeneration[END_REF].

The metallophosphatase domain superfamily is functionally diverse. The model protein of this family is YhcR from Bacillus subtilis, which is a cell-wall endonuclease [START_REF] Oussenko | Bacillus subtilis YhcR, a High-Molecular-Weight, Nonspecific Endonuclease with a Unique Domain Structure[END_REF].

PrtB is a Cell Envelope associated Protease (CEP) of Lactobacillus delbrueckii subsp.

bulgaricus allowing to degrade casein into peptides [START_REF] Siezen | Multi-domain, cell-envelope proteinases of lactic acid bacteria[END_REF]. These peptides are subsequently internalized in order to be hydrolyzed by intracellular peptidases into small peptides and free amino acids [START_REF] Savijoki | Proteolytic systems of lactic acid bacteria[END_REF]. The presence of a PrtB homologue in the cell wall of C. maltaromaticum and C. divergens (Annexe 3 and Figure 14), raise the question of the presence of an equipment allowing to exploit extracellular oligopeptides. The analysis of the genomes of C. maltaromaticum and C. divergens revealed the conserved presence of homologues of the oligopeptides transporter systems OppABCDF, DtpT, and permitted to predict the presence of a whole arsenal of intracellular peptidases (Annexe 3). All these data strongly suggest that C. maltaromaticum and C. divergens are able to exploit amino acids from proteins of their environments. Interestingly, homologues of the Opp system and of intracellular peptidases were also found in Carnobacterium sp. 17-4, Carnobacterium sp. AT7 and C. inhibens subsp. gilichinskyi WN1359. However, no CEP were predicted from the genome of these latter three Carnobacterium. Therefore, C. maltaromaticum and C. divergens, compared to the other three Carnobacterium, are characterized by their predicted ability to produce an extracellular CEP. In the dairy environment, CEP are believed to confer a selective advantage by allowing bacteria to exploit the amino acids from milk casein. Similarly, the presence of PrtB homologue in C. maltaromaticum and C. divergens would be a selective advantage in the dairy environment. 14). This multidomain protein would also contain a Fibronectin type III-like module of unknown function, which is usually associated with glycoside hydrolase domains [START_REF] Alahuhta | Structure of a fibronectin type III-like module from Clostridium thermocellum[END_REF]. Such enzymatic activity could allow C. maltaromaticum to exploit extracellular carbohydrate polymers.

Interestingly, this protein is also predicted to contain a mucin-binding domain. Mucin is the major component of the intestinal mucus. As a glycoprotein it is tempting to speculate that the putative mucin-binding glycoside hydrolase of C. maltaromaticum would hydrolyze mucin glycan moieties as was described for gut bacteria [START_REF] Tailford | Mucin glycan foraging in the human gut microbiome[END_REF].

Nutrient uptake: heme compounds

Two SDP, predicted as heme-binding proteins in C. maltaromaticum and C. divergens, are homologues of IsdA and IsdC (Annexe 3). In S. aureus, these two proteins are part of a heme uptake system composed of IsdABCDEFG where IsdA, IsdB, and IsdC are cell wall anchored heme-binding proteins, IsdD, IsdE, and IsdF form a membrane associated heme transporter, and IsdG is a heme degrading monooxygenase allowing to release iron in the cytoplasm [START_REF] Haley | Staphylococcus lugdunensis IsdG Liberates Iron from Host Heme[END_REF][START_REF] Schneewind | Sec-secretion and sortase-mediated anchoring of proteins in Gram-positive bacteria[END_REF]. In addition to IsdA and IsdC homologues, homologues of IsdE, IsdF, and IsdG were found in the genome of C. maltaromaticum and C. divergens.

Similarly to S. aureus, a gene putatively encoding a sortase B is predicted in the vicinity of the isd homologues in C. maltaromaticum. In S. aureus, the sortase B anchors IsdC to the cell wall, while IsdA and IsdB are anchored by sortase A [START_REF] Balderas | Hal Is a Bacillus anthracis heme acquisition protein[END_REF][START_REF] Tiedemann | Heme binding to the IsdE(M78A; H229A) double mutant: challenging unidirectional heme transfer in the iron-regulated surface determinant protein heme transfer pathway of Staphylococcus aureus[END_REF].

Although we have found an IsdA homologue in C. maltaromaticum it exhibits several differences.

In C. maltaromaticum, IsdA is longer than IsdA from S. aureus (713aa / 350 aa). The IsdA homologue in C. maltaromaticum is indeed predicted to contain 4 NEAT domains while IsdA from S. aureus contains 2. Neat domains bind heme compounds or proteins containing heme compound [START_REF] Balderas | Hal Is a Bacillus anthracis heme acquisition protein[END_REF][START_REF] Gaudin | Unique Heme-Iron Coordination by the Hemoglobin Receptor IsdB of Staphylococcus aureus[END_REF]. In addition, IsdA from C. maltaromaticum is not predicted to be anchored by sortase A since no LPxTG domain were found. This suggests that the IsdA homologue of C. maltaromaticum either could be secreted in the medium or could be anchored to the cell wall thanks to another mechanism. Although several Isd homologues where found in C. maltaromaticum, no homologue was found for IsdD and IsdB. Several differences were found between the heme-uptake system from S. aureus and C. maltaromaticum, suggesting that if C. maltaromaticum have a functional heme-uptake system, it is working differently from that of S. aureus.

In addition, it can be noticed that C. maltaromaticum is described to exhibit a better growth when the culture medium is supplemented with hematin. This suggests that heme is used by C. maltaromaticum to respire oxygen. Consistently, C. maltaromaticum (formerly Lactobacillus maltaromicus) is reported to produce cytochrome b and d types when grown aerobically in the presence of hematin [START_REF] Meisel | Heme-dependent cytochrome formation in Lactobacillus maltaromicus[END_REF]. The genome of C. maltaromaticum contain homologues suggesting the ability to produce a functional respiratory chain. Indeed, we found homologues of the electron-donors encoding genes noxB and ndh ; homologues of the genes yhdB, menE, menB, menD, menF, ispA, ispB and menA, which are required for the synthesis of the electron shuttle menaquinone. Homologues of cydABCD, which are required for the synthesis of cytochrome quinol oxidase, a heme-requiring protein that perform the final electron transfer to the acceptor oxygen, are also found [START_REF] Lechardeur | Using heme as an energy boost for lactic acid bacteria[END_REF]. Comparative genomic analysis revealed that homologues of these genes in the genomes of C. maltaromaticum and C. divergens, except strains C. maltaromaticum ML.1.97 for which the homologue of menF appears as a pseudogenes.

All these genomic data suggest that components of the cell wall proteome might be involved in extracellular heme utilization for oxygen respiration in C. maltaromaticum and C. divergens.

Microbial adhesion

The previous analysis of the genome of C. maltaromaticum LMA28 revealed the presence of putative cell surface adhesins (Rahman et al., 2014b). Analysis of the Carnobacterium genomes revealed that the strains of C. maltaromaticum and C. divergens produce on their surface several proteins predicted to contain domains reminiscent of adhesion function: collagen-binding surface protein Cna-like, mucBP, Leucin-Rich Repeat (LRR).

Ten LPxTG proteins (Annexe 3) are predicted to have a collagen binding domain (Figure 14). Functional domains are either annotated Collagen binding protein, Cna or bacterial adhesin.

Collagen binding proteins are found in S. aureus [START_REF] Elasri | Staphylococcus aureus collagen adhesin contributes to the pathogenesis of osteomyelitis[END_REF] and L. monocytogenes [START_REF] Bierne | Listeria monocytogenes Surface Proteins: from Genome Predictions to Function[END_REF], and are suggested to participate in their infectious process. However, the probiotic character of L. plantarumWCFS1 was examined by the miming of at least 12 proteins that are putatively involved in adherence to host components such as collagen and mucin (Boekhorst et al., 2006b).

Three LPxTG proteins (Annexe 3 and Figure 14) contain a MucBP (mucin binding protein) domain. MucBP domains allow adhesion to mucus material [START_REF] Lukić | Different Roles for Lactococcal Aggregation Factor and Mucin Binding Protein in Adhesion to Gastrointestinal Mucosa[END_REF]. Lactobacillales and Listeria bacterial species can have between 1 and 14 MucBP-containing proteins [START_REF] Bierne | Listeria monocytogenes Surface Proteins: from Genome Predictions to Function[END_REF]Boekhorst et al., 2006a).

Two LRR domain were found in some strains of C. maltaromaticum holding a WxL anchorage domain (Annexe 3 and Figure 14). In L. monocytogenes¸ LRR containing proteins are differently anchored to the cell wall, they are indeed SDPs. These domains are involved in proteinprotein interactions. They are described to be associated to domains exhibiting Ig-like (Immunoglobulin) fold, of which function is thought to facilitate the presentation of the adjacent LRR domain [START_REF] Bierne | Listeria monocytogenes Surface Proteins: from Genome Predictions to Function[END_REF]. Accordingly, next to the LRR domain of the putative C. maltaromaticum LMA28 surface proteins BN424_3043, an Ig-like domain was found at the C-terminal end of the LRR region (Annexe 3 and Figure 14). In L. monocytogenes strains, internalins are LRR containing proteins and are associated to virulence. LRR containing proteins are rather uncommon in Lactobacillus.

The presence of such putative adhesins suggests that strains of these two species exhibit adhesive ability to intestinal mucosa and extracellular matrices of animals. Overall, 19 putative adhesins were predicted from the genomes of C. maltaromaticum and C. divergens. All these proteins are SDP except two LRR-containing proteins exhibiting a WxL binding domain. Of these 19 proteins, two are conserved in all C. maltaromaticum strains: one putative collagen-binding SDP, and one mucin-binding protein.

Genes encoding the pili proteins previously described for C. maltaromaticum LMA28 (Rahman et al., 2014b), were found only in C. maltaromaticum DSM20342 MX5. Both strains belong to clonal complex CC1, which is suspected to be a lineage well-adapted to dairy environment. Pili were described as surface component promoting adhesion to dairy matrix in L. rhamnosus GG and thereby might contribute to bacterial fitness in dairy (Burgain et al., 2014b).

In general, two or three subunit genes encoding a Gram-positive pilus are organized into an operon, along with at least one sortase gene (Mandlik et al., 2008a;[START_REF] Proft | Pili in Gram-negative and Gram-positive bacteriastructure, assembly and their role in disease[END_REF]. The closest homologues were found in E. faecalis, for which the genetic organization of the pili encoding genes is highly similar to C. maltaromaticum. In E. faecalis V583, the major pilin PilB is homologous to BN424_3145 (Figure 15). Homologues for BN424_3146 and BN424_3147 can be also found in L. rhamnosus GG, however they were found in different pili loci; L. rhamnosus GG indeed exhibits two pili encoding loci [START_REF] Kankainen | Comparative genomic analysis of Lactobacillus rhamnosus GG reveals pili containing a human-mucus binding protein[END_REF]. More precisely, BN424_3146 is homologous to spaD, the major pilin encoded by one pili locus in L. rhamnosus GG, and BN424_3147 is homologous to adhesin encoding gene spaC, which is found in the other pili locus in L. rhamnosus GG and encodes a minor pilin. This suggests that the genetic structures of pili loci in C. maltaromaticum, E. faecalis V583, and L. rhamnosus GG are the result of gene rearrangements that occurred during evolution. In addition, these results suggest that the pili locus of C. maltaromaticum and E. faecalis V583 encodes two major pilins.

Overall, these comparative genomic analyses suggest that all strains from C. maltaromaticum and C. divergens would have adhesive properties and that strains might exhibit differences in this regard.

Conclusion

Comparative genomic analyses revealed striking differences between strains of C. maltaromaticum and C. divergens, and strains that belong to other species: Carnobacterium sp. AT7, Carnobacterium sp.17-4, and C. inhibens ssp. gilichinsky WN1359. The cell-surface of C. maltaromaticum and C. divergens V41 would be decorated with a large array of surface proteins that would contribute to their ability to adapt to food products and the intestinal tract. These surface components might also contribute to the virulence of these bacteria; they are indeed described as

Introduction

Lactic Acid Bacteria (LAB) are naturally found in a variety of environmental habitats, including plant (fruits, vegeTables, and cereals), meat and milk environments. They are involved in a large number of industrial food fermentations where they are used as processing aids [START_REF] Klaenhammer | Genomic features of lactic acid bacteria effecting bioprocessing and health[END_REF]. Whereas the selection of LAB starters and adjunct cultures allows to standardize industrial processes, it also induces a striking reduction of microbial biodiversity in the food product. This leads to the need for the design of new generations of processing aids allowing to reconcile industrial requirements and microbial diversity.

Carnobacterium maltaromaticum is a promising candidate for culture innovation. This LAB could be used as ripening flora since it is able to produce malty flavors in cheeses (Afzal et al., 2013a), and as a bioprotective culture by inhibiting Listeria monocytogenes [START_REF] Leroi | Effect of inoculation with lactic acid bacteria on extending the shelf-life of vacuum-packed cold smoked salmon[END_REF][START_REF] Mathieu | Effect of the bacteriocin carnocin CP5 and of the producing strain Carnobacterium piscicola CP5 on the viability of Listeria monocytogenes ATCC 15313 in salt solution, broth and skimmed milk, at various incubation temperatures[END_REF][START_REF] Wan | Inhibition of Listeria monocytogenes by piscicolin 126 in milk and Camembert cheese manufactured with a thermophilic starter[END_REF]. It can reach high concentrations in different cheeses manufactured with ewe, cow or goat raw milk [START_REF] Cailliez-Grimal | Short communication: Carnobacterium maltaromaticum: the only Carnobacterium species in French ripened soft cheeses as revealed by polymerase chain reaction detection[END_REF], and does not interfere with the acidification process involving the starters Lactococcus lactis or Streptococcus thermophilus [START_REF] Edima | Short communication: Impact of pH and temperature on the acidifying activity of Carnobacterium maltaromaticum[END_REF]. It is an atypical LAB displaying valuable properties such as growth at low temperatures (psychrotrophy) and at alkaline pH values (up to 9.6), which allow this bacterium to grow mainly during ripening. Unlike well-established starter cultures such as L. lactis or S. thermophilus [START_REF] Delorme | Emergence of a Cell Wall Protease in the Streptococcus thermophilus Population[END_REF][START_REF] Passerini | Genes but not genomes reveal bacterial domestication of Lactococcus lactis[END_REF], C. maltaromaticum dairy strains exhibit a high diversity. Indeed, the population structure of the species, determined by MultiLocus Sequence Typing (MLST), revealed that dairy strains are spread into four deeply branched lineages (I, II, III and IV). Consistently, the genetic diversity of the dairy population is as high as the diversity of the non-dairy population (Rahman et al., 2014a). The high genetic diversity of C. maltaromaticum suggests that this species is characterized by a high diversity of properties of technological interest, such as the ability to metabolize lactose.

Lactose is the main carbon source found in milk. The ability of starter cultures to metabolize lactose and the resulting galactose, which is massively released in the curd when LAB such as S. thermophilus are used for acidification, is therefore a major aspect of starter selection.

Lactose is a disaccharide consisting of the combination of two simple sugars, α/β-D-glucose and β-D-galactose, linked by a β (1-4) glycosidic bond. Lactose and its galactose moiety can be metabolized via two main pathways: the Tagatose-6P (lac genes) and the Leloir (gal genes) pathways [START_REF] Kandler | Carbohydrate metabolism in lactic acid bacteria[END_REF]) (Figure 8). In the Tagatose-6P pathway, lactose/galactose enter the cell via EIIABC Lac /EIIABC Gal , a transporter depending on the phosphoenol pyruvate phosphotransferase system (PTS) encoded by the genes lacEF [START_REF] Abranches | Galactose Metabolism by Streptococcus mutans[END_REF][START_REF] Zeng | Two Gene Clusters Coordinate Galactose and Lactose Metabolism in Streptococcus gordonii[END_REF][START_REF] Zeng | Utilization of Lactose and Galactose by Streptococcus mutans: Transport, Toxicity, and Carbon Catabolite Repression[END_REF]. Galactose is phosphorylated into galactose-6P by the EII PTS component. As well, lactose is phosphorylated through the PTS into lactose-6P, which is then hydrolyzed by a phosphoβ-galactosidase (encoded by lacG) into glucose and galactose-6P. This latter is then transformed into 2 trioses via a series of 3 reactions encoded by lacAB (galactose-6-phosphate isomerase), lacC (tagatose-6-phosphate kinase) and lacD (tagatose-1,6-diphosphate aldolase). For the Leloir pathway, the galactose can enter the cell via a permease encoded by galP, and the lactose can enter the cell via a permease encoded by galP or lacS [START_REF] Fortina | Unusual Organization for Lactose and Galactose Gene Clusters in Lactobacillus helveticus[END_REF][START_REF] Leong-Morgenthaler | Lactose Metabolism in Lactobacillus bulgaricus -Analysis of the Primary Structure and Expression of the Genes Involved[END_REF][START_REF] Neves | Towards Enhanced Galactose Utilization by Lactococcus lactis[END_REF]. Lactose is then hydrolyzed via a β-galactosidase (lacZ or lacLM) into glucose and galactose. Galactose is subsequently converted into glucose-6-phosphate within 4 reactions. First, it is isomerized from β-galactose to α-galactose via a galactose mutarotase (galM).

Then, a galactose kinase encoded by galK phosphorylates α-galactose. The resulting galactose-1phosphate is converted into glucose-1-phosphate via a galactose-1-phosphate uridyltransferase (galT) / UDP-glucose-4-epimerase (galE) system. Glucose-1-phosphate is finally converted into glucose-6-phosphate via a phosphoglucomutase [START_REF] Maxwell | Enzymes of the Leloir Pathway[END_REF][START_REF] Poolman | Lactose transport system of Streptococcus thermophilus: a hybrid protein with homology to the melibiose carrier and enzyme III of phosphoenolpyruvate-dependent phosphotransferase systems[END_REF][START_REF] Van Rooijen | Molecular cloning, characterization, and nucleotide sequence of the tagatose 6-phosphate pathway gene cluster of the lactose operon of Lactococcus lactis[END_REF]. While lactose and galactose metabolism in typical cheese starters is well documented [START_REF] Wu | Towards galactose accumulation in dairy foods fermented by conventional starter cultures: Challenges and strategies[END_REF], very little is known in LAB such as C. maltaromaticum.

The aim of this study was to investigate at the genome level the metabolism of lactose and galactose in C. maltaromaticum. To do so, the genome sequence of two strains of C. maltaromaticum, and the sequence of three C. maltaromaticum LMA28 plasmids were determined. Genome data mining, including genome comparisons, were performed at the intraspecific and interspecific levels. In addition, the lac and gal genes were searched in a collection of 42 strains of C. maltaromaticum of diverse origins in order to characterize the genetic diversity of the genes associated to lactose and galactose metabolism in this LAB species.

Results

Analysis of lac/gal genes by comparative genome analysis

Tagatose-6P pathway

The strains C. maltaromaticum LMA28, DSM20342 MX5 and ATCC35586 exhibit orthologs of the Tagatose-6P pathway genes (Table 9), named lacA1B1C1D1F1E1G1. In the public databases, the closest homologues are the genes lacABCDFEG encoding the Tagatose-6P pathway in Staphylococcus aureus and Streptococcus mutans, with which they share an overall 73% of aa identity. The similarity with the lac genes of S. aureus and S. mutans is unexpectedly high since housekeeping genes share on average 64% and 57% aa identity with Streptococcus and Staphylococcus species, respectively. These lac1 genes are localized in a locus of 20 kbp highly conserved between the strains C. maltaromaticum LMA28, DSM20342 MX5 and ATCC35586 (Figure 16). This locus comprises other genes predicted to be involved in carbohydrate metabolism. Among them paralogs of the lac1 genes with approximately 50% identity were found upstream and downstream of the lac1 cluster (Figure 16, Annexe 4). More precisely, upstream and downstream of the lac1 cluster of C. maltaromaticum LMA28 and DSM20342 MX5, the paralogs lacA2B2, and lacF2E2C2 were identified, respectively. In the strain C. maltaromaticum ATCC35586, instead of an additional copy of lacC, a lacG homologue was identified (called lacG2, 86% aa identity with lacG1) downstream of lacE2. In addition, downstream of lacG2, a potential mutarotase encoding gene (lacX2) was predicted. In the vicinity of lacF2E2 paralogs, the three strains C. maltaromaticum LMA28, DSM20342 MX5 and ATCC35586, possess a putative bglH gene encoding a cytoplasmic hydrolase targeting carbohydrate polymer substrates other than lactose and galactose such as arylphospho-β-D-glucosides. BglH contributes to the intracellular release of glucose and glucose-6P [START_REF] Setlow | Identification of aryl-phospho-beta-D-glucosidases in Bacillus subtilis[END_REF]. The presence of multiple copies of the lac genes, and of genes involved in the metabolism of other carbohydrates (i.e. bglH and lacX), may suggest that the genetic evolution of this locus ended to carbohydrate metabolism diversification in C. maltaromaticum with the second lac cluster involved in PEP-dependent transport and catabolism of sugars different than lactose.

Genomic comparison revealed that those lac genes are localized in different position in the genome of the strain C. maltaromaticum ATCC35586 compared to the strains C. maltaromaticum LMA28 and DSM20342 MX5. In C. maltaromaticum LMA28, for which the whole genome sequence is available, this carbohydrate gene cluster is localized on a megaplasmid of 97.2 kbp. This megaplasmid contains other genes putatively involved in carbohydrate metabolism, mainly transporters (Annexe 5). In C. maltaromaticum ATCC35586, which does not contain the aforementioned megaplasmid, the lac gene cluster is surrounded by genes likely involved in other cellular functions than carbohydrate metabolism.

Even though C. maltaromaticum 3.18 contains genes homologous to lacA, lacB, lacC, lacD, lacE, lacF, and lacG (Table 9), these homologs are not co-localized in the genome. Thus, the lacB homologous gene is linked to genes putatively involved in ribose metabolism and the lacCD homologous genes are surrounded by genes predicted to be involved in Nacetylglucosamine degradation. It is indeed known that lacCD belong to a gene family involved in multiple carbohydrate pathways [START_REF] Bissett | Lactose and D-galactose metabolism in Staphylococcus aureus . III. Purification and properties of D-tagatose-6-phosphate kinase[END_REF][START_REF] Bork | Convergent evolution of similar enzymatic function on different protein folds: the hexokinase, ribokinase, and galactokinase families of sugar kinases[END_REF]. Similarly, the genomes of C. maltaromaticum ML.1.97, Carnobacterium sp. 17.4, and Carnobacterium sp. AT7, contain one or several lacCD homologs but do not have the other genes known to be required for an active Tagatose-6P pathway (Table 9).

The Leloir pathway

Interestingly, in the genome of C. maltaromaticum 3.18, genes similar to lacEF are in the vicinity of genes expected to encode the Leloir pathway, i.e. galMKTER (Figure 18). In addition, three putative genes encoding hydrolases -agaR, encoding an α-galactosidase (family 36), bgaB and bgaC both encoding β-galactosidases (family 42, family 35, respectively)-are localized downstream of the lacEF paralogs (Figure 18). They are described to be responsible of the hydrolysis of carbohydrate polymers other than lactose, and containing galactose monomers (Coombs andBrenchley, 2001, 1999). However, lactose could be used by these strains thanks to a β-galactosidase of the lacZ/lacLM family (Table 9). Genes similar to those encoding the Leloir pathway, with an organization similar to that of the galMKTER cluster, were also found in the genome of Carnobacterium sp. 17.4, Carnobacterium sp. AT7 and Carnobacterium inhibens subsp. gilichinskyi WN1359 suggesting that this pathway is not specifically found in the species C. maltaromaticum (Table 9, Figure 17).

In Carnobacterium sp., only the strain Carnobacterium sp. 17.4 possesses a galP paralog (Table 9), with 20 to 25% aa id. with those of other LAB species (data not shown). This suggests that galactose or galactose containing carbohydrates polymers would be internalized by other transporters. Indeed, the genomes of Carnobacterium are predicted to encode between 35 and 80 sugar transport systems such as PTS cellobiose, mannose, glucose and other sugar types, sugar ABC transporters (Annexe 6).

From the Leloir pathway's encoding genes, the strains C. maltaromaticum ATCC35586, and C. maltaromaticum ML.1.97 seem to contain only one homologue of galE suggesting that these strains does not have this pathway. This galE homologue could be involved in other general function reactions such as the cell wall biosynthesis [START_REF] Grossiord | Characterization, expression, and mutation of the Lactococcus lactis galPMKTE genes, involved in galactose utilization via the Leloir pathway[END_REF].

Presence of lac and gal genes in C. maltaromaticum of diverse origins

The genes lac1 (lacA1B1C1D1F1E1G1) and lac2 (lacA2B2F2E2C2) were searched by PCR in 42 C. maltaromaticum strains isolated from different ecological origins (Table 10). The collection contains 29 dairy strains and 13 non-dairy strains.

Genes of the lac1 cluster were detected in 10 C. maltaromaticum dairy strains (F43, CP23, F86, CP5, L1, F33, F7, F44, LMA28, and DSM20342; Table 10) and one non-dairy strain (ATCC35586, Table 10). Among those strains, six strains also contain lacA2B2F2E2C2 (CP23, CP5, F33, F44, LMA28, DSM20342 T ), and five strains lack lacA2, lacF2, lacE2 and/or lacC2 genes (F43, F86, L1, F7, ATCC355896). In addition, two dairy strains (DSM20344 and CIP102035, Table 10), were found to contain only the lac2 genes but no lac1 genes (Table 7). For 17 strains, only lacE2 and/or lacC2 were detected, suggesting they do not possess the entire Tagatose-6P pathway. The gal cluster was detected in 13 C. maltaromaticum strains: seven from dairy products (F43, F42, F4, F84, F87, CP7, and L11; Table 10), six from non-dairy environments (9.4, 5.27, N15, CIP100481, CIP101254 and 3BO4; Table 10). One out of the seven dairy strains (F43) also contains the lac1 genes. Overall, these results suggest that 25 strains possess genes encoding the Tagatose-6P pathway and/or the Leloir pathway, and that 17 strains (10 dairy strains and 7 nondairy strains) do not possess these pathways (Table 10).

The population structure of C. maltaromaticum is divided in four main lineages (Rahman et al., 2014a). The lac genes are present in strains that belong to lineages I, II, and III. More precisely, lac genes were detected in strains belonging to the clonal complex CC1, except for the strain CP32 (ST17/CC1) and the non-dairy strain F29-1 (ST4/CC1). The lac genes were also found in the dairy strains CIP102035 (ST21/CC4) and DSM20344 (ST12/CC5), and the only non-dairy strain ATCC 35586 (ST36/CC4) (Table 10).

The gal genes were detected in strains that belong to lineages I, III, and IV. More precisely, they were detected in dairy and non-dairy strains belonging to CC2 and CC3, except for the dairy strain CP14 (ST3/CC2) and the non-dairy strain 710 (ST35/CC3).

Discussion

The detailed genomic investigation of the lactose and galactose utilization in C. maltaromaticum revealed that strains could exhibit genes related to the Leloir pathway, while others contain genes related to the Tagatose-6P pathway, and some strains apparently do not harbor any. Two strains (C. maltaromaticum 3.18 and F43) possess both lac and gal related genes. A similar genetic variability was also reported for other dairy LAB species [START_REF]Metabolic engineering of sugar catabolism in lactic acid bacteria[END_REF][START_REF] De Vos | Genetics of lactose utilization in lactic acid bacteria[END_REF][START_REF] Grossiord | Genetics of galactose utilisation via the Leloir pathway in lactic acid bacteria[END_REF]. Lactococcus lactis is able to metabolize lactose via the lac operon (de Vos and [START_REF] De Vos | Genetics of lactose utilization in lactic acid bacteria[END_REF] and galactose thanks to galPMKTER [START_REF] Thompson | Galactose transport systems in Streptococcus lactis[END_REF]. Lactobacillus helveticus metabolizes lactose via the Leloir pathway [START_REF] Fortina | Unusual Organization for Lactose and Galactose Gene Clusters in Lactobacillus helveticus[END_REF] whereas L. casei exhibits genes encoding both the Tagatose-6P and the Leloir pathways [START_REF] Chassy | Evidence for plasmid-associated lactose metabolism in Lactobacillus casei subsp. casei[END_REF][START_REF] Chassy | Molecular characterization of the plasmid-encoded lactose-PTS of Lactobacillus casei[END_REF][START_REF] Gosalbes | Establishing a model to study the regulation of the lactose operon in Lactobacillus casei[END_REF]. Among streptococci, the dairy starter species S. thermophilus [START_REF] Anbukkarasi | Assessment of expression of Leloir pathway genes in wild-type galactose-fermenting Streptococcus thermophilus by real-time PCR[END_REF] as well as S. salivarius [START_REF] Chen | Pathways for lactose/galactose catabolism by Streptococcus salivarius[END_REF] hold the Leloir pathway genes, whereas S. gordonii [START_REF] Zeng | Two Gene Clusters Coordinate Galactose and Lactose Metabolism in Streptococcus gordonii[END_REF][START_REF] Zeng | Utilization of Lactose and Galactose by Streptococcus mutans: Transport, Toxicity, and Carbon Catabolite Repression[END_REF] and S. mutans [START_REF] Abranches | Galactose Metabolism by Streptococcus mutans[END_REF] possess the genes encoding the two pathways. Thus, regarding the presence of the Tagatose-6P and Leloir pathways, C. maltaromaticum seems to be a typical LAB.

In S. mutans, the lac cluster allows to metabolize lactose and galactose [START_REF] Zeng | Utilization of Lactose and Galactose by Streptococcus mutans: Transport, Toxicity, and Carbon Catabolite Repression[END_REF].

Similarly, the lac1 genes of the three C. maltaromaticum strains could be involved in lactose and galactose metabolism.

The strain C. maltaromaticum 3.18 contains lacA, lacB, lacC, lacD, lacE, lacF, and lacG genes. However, in this strain, they are not organized in a cluster and synteny differs with that of other strains. This suggests that these genes are not involved in the same cellular process and that this strain does not have a functional Tagatose-6P pathway. The strains C. maltaromaticum ML.1.97, Carnobacterium sp. 17.4, and Carnobacterium sp. AT7, contain one or several lacCD homologous genes but would miss the other genes of the Tagatose-6P pathway, suggesting that a functional Tagatose-6P pathway is missing.

The lac genes are localized in a megaplasmid in C. maltaromaticum LMA28. The presence of lactose metabolism genes on plasmids is also described in the other LAB L. lactis [START_REF] De Vos | Genetics of lactose utilization in lactic acid bacteria[END_REF], Lactococcus garvieae IPLA 31405 [START_REF] Flórez | The Plasmid Complement of the Cheese Isolate Lactococcus garvieae IPLA 31405 Revealed Adaptation to the Dairy Environment[END_REF], or Streptococcus macedonicus ACA-DC 198 [START_REF] Papadimitriou | Acquisition through Horizontal Gene Transfer of Plasmid pSMA198 by Streptococcus macedonicus ACA-DC 198 Points towards the Dairy Origin of the Species[END_REF].

The highest identity with the Carnobacterium lac1 genes was found in Streptococcus and Staphylococcus which suggest that these genes evolved by horizontal transfer as it was previously suggested for other LAB [START_REF] Cavanagh | From field to fermentation: The origins of Lactococcus lactis and its domestication to the dairy environment[END_REF][START_REF] Flórez | The Plasmid Complement of the Cheese Isolate Lactococcus garvieae IPLA 31405 Revealed Adaptation to the Dairy Environment[END_REF][START_REF] Papadimitriou | Acquisition through Horizontal Gene Transfer of Plasmid pSMA198 by Streptococcus macedonicus ACA-DC 198 Points towards the Dairy Origin of the Species[END_REF]. Our results suggest that, in addition to horizontal transfer, the lac genes were subjected to translocation genetic event in the ancestor of C. maltaromaticum LMA28, DSM20342 MX5, and ATCC35586.

Multiple lac genes are present in two copies in C. maltaromaticum. Thus, in addition to the lac1 locus whose organization is similar to that of other LAB and Staphylococcus, lacA2B2F2E2C2 paralogs were found in their vicinity in strains C. maltaromaticum LMA28 and C. maltaromaticum DSM20342 MX5. The presence of such paralogs for the lac genes suggests that a duplication genetic event took place in the ancestor to C. maltaromaticum. Following duplication, the copies could have had different fates. One copy could have kept the same function, related to lactose transport and catabolism, and the other could either have retained the same function, could have been inactivated by mutation, or could have gained another function [START_REF] Zhang | Evolution by gene duplication: an update[END_REF]. The analysis of the vicinity of lacF2E2 revealed the presence of other genes predicted to be involved in carbohydrate metabolism. Thus, in the three strains C. maltaromaticum LMA28, DSM20342 MX5 and ATCC35586, several putative carbohydrate polymer hydrolases were predicted. This suggests that the lac2 genes are not involved in the lactose and galactose metabolism and could be involved in the metabolism of complex carbohydrate polymers. In this scenario, the duplication of lac genes would have been conducted to carbohydrate metabolism diversification. This metabolic diversification could contribute to the particularly high adaptation ability of C. maltaromaticum, which is one of the two most frequently isolated species of the genus Carnobacterium [START_REF] Leisner | Carnobacterium: positive and negative effects in the environment and in foods[END_REF]. In the strain C. maltaromaticum ATCC35586, a second copy of lacG was found instead of a second copy of lacC. This suggests that this diversification process would have undergone in the evolutionary history of the species C. maltaromaticum and could explain the observed carbohydrate intraspecific variability described in the literature [START_REF] Laursen | Carnobacterium divergens and Carnobacterium maltaromaticum as spoilers or protective cultures in meat and seafood: phenotypic and genotypic characterization[END_REF].

In the genome of the strain C. maltaromaticum 3.18, the genes galMKTER are in the vicinity of the three genes predicted to encode galactosidases described to be involved in the hydrolysis of carbohydrate polymers other than lactose, and containing galactose monomers (Coombs andBrenchley, 2001, 1999). This suggests that C. maltaromaticum 3.18 is able to hydrolyze diverse carbohydrate polymers containing galactose and that the resulting galactose monomers could be subsequently metabolized through the Leloir pathway.

At the population scale of the species C. maltaromaticum, the results revealed that homologues related to the Tagatose-6P and the Leloir pathways are disseminated in multiple lineages: Tagatose-6P is present in the lineages I, II and III, and the Leloir pathway in the lineages I, III and IV. It can therefore be speculated that the evolution of the lac and gal genes involved multiple genetic events.

The population of C. maltaromaticum is characterized by the major clonal complex CC1 (Rahman et al., 2014a). Genotypes that belong to a clonal complex suggest that they evolve by clonal expansion [START_REF] Feil | eBURST: inferring patterns of evolutionary descent among clusters of related bacterial genotypes from multilocus sequence typing data[END_REF]. Almost all strains of this clonal complex were isolated from dairy products, suggesting that clonal expansion of lineage CC1 took place in the dairy environment. The presence of the genes related to the Tagatose-6P pathway in almost all strains of CC1 suggests that these genes significantly contribute to the fitness of this lineage in the dairy environment as suggested for other LAB [START_REF] Cavanagh | From field to fermentation: The origins of Lactococcus lactis and its domestication to the dairy environment[END_REF][START_REF] Flórez | The Plasmid Complement of the Cheese Isolate Lactococcus garvieae IPLA 31405 Revealed Adaptation to the Dairy Environment[END_REF][START_REF] Papadimitriou | Acquisition through Horizontal Gene Transfer of Plasmid pSMA198 by Streptococcus macedonicus ACA-DC 198 Points towards the Dairy Origin of the Species[END_REF].

Conclusion

In conclusion, we hypothesize that the lac and gal genes evolved in C. maltaromaticum according to a complex scenario of multiple genetic events including horizontal transfer, duplication and translocation. It can be speculated that these events shaped the genome of this LAB and contributed to the ability of C. maltaromaticum to adapt to a wide range of environments and to the variability of properties of technological interest.

Genome comparisons were performed in 237 accessible genomes (complete or draft) of LAB and some Gram-positive bacteria of the low GC subdivision, like Bacillus, Listeria and Staphylococcus [START_REF] Axelsson | Lactic acid bacteria: classification and physiology, in: Lactic Acid Bacteria: Microbiological and Functional Aspects[END_REF] and results were discussed in terms of genetic diversity at the genus and species level.

Material and methods

Genome analysis

The sequenced genomes were integrated in the MicroScope platform (www.genoscope.cns.fr) [START_REF] Vallenet | MicroScope--an integrated microbial resource for the curation and comparative analysis of genomic and metabolic data[END_REF] to perform automatic and expert annotation of the genes, as well as comparative analysis. From the current database, the genome of 2 Aerococcus, 1 Bacillus subtilis, 8 Carnobacterium, 44 Enterococcus, 36 Lactobacillus, 7 Lactococcus, 7

Leuconostoc, 51 Listeria, 3 Oenococcus, 2 Pediococcus, 18 Staphylococcus aureus, 52

Streptococcus and 6 Weissella were explored (Table 11). Sequence similarity analyses were performed by using 30% of identity and 80% of coverage as thresholds at the amino acid level.

Results and discussion

2.2.3.1.In silico analysis of lac/gal genes

The analysis of presence and number of putative genes from Leloir (gal genes) or Tagatose-6P (lac genes) pathways indicated that, among the 237 strains, 4 different groups can be defined (Table 11): strains holding only the Leloir pathway genes (31%), strains holding only Tagatose-6P pathway genes (14%), strains holding both pathways genes (31%) and strains holding no pathway (24%).

A great genetic profile diversity exists inside the same group and 83 different profiles were identified among the 237 strains analyzed. Presence and/or duplication of some essential genes can led to additional functions, whereas other ones are not essentials. 

0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 Carnobacterium gilichinskyi WN1359 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 Carnobacterium maltaromaticum 3.18 1 2 0 1 2 1 1 1 0 0 0 1 1 1 1 Carnobacterium sp. 17-4 0 0 0 2 1 0 0 0 0 1 0 1 1 1 1 Carnobacterium sp. AT7 0 0 0 0 1 0 0 0 0 0 0 1 1 1 1 Enterococcus durans ATCC6056 0 0 0 1 1 0 0 0 0 1 0 1 1 1 1
Enterococcus faecium D344SRF, DO NZ_AAAK, TX0133a04, TX0133B, TX0082, E1071, E1636, U0317, E1679, DO NZ_ACIY, TX0133a01, TX0133A, TX0133C, E1162, E1039,

0 0 0 0 0 1 1 1 0 1 0 1 1 1 1 Enterococcus hirae ATCC9790 0 0 0 1 1 0 0 0 0 1 0 1 1 1 1 Enterococcus mundtii QU25 0 0 0 0 2 1 1 1 0 1 0 1 1 1 1 Lactobacillus acidophilus NCFM 0 0 0 0 0 0 0 0 0 1 2 1 1 1 1 Lactobacillus brevis ATCC27305 0 0 0 0 0 0 0 0 0 2 1 1 1 1 1 Lactobacillus brevis ATCC14869, KB290 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 Lactobacillus brevis ATCC367 0 0 0 0 0 0 0 0 0 1 0 1 1 1 1 Lactobacillus fermentum IFO3956 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 Lactobacillus helveticus DPC4571 0 0 0 0 0 0 0 0 0 1 2 1 1 1 1 Lactobacillus johnsonii NCC533 0 0 0 0 0 0 0 0 0 1 0 1 1 1 1 Lactobacillus plantarum ATCC14917 0 0 0 0 0 0 0 0 0 2 1 1 1 1 1 Lactobacillus plantarum JDM1, ST-III 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 Lactobacillus plantarum WCFS 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 Lactobacillus rhamnosus ATCC5462 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 Lactobacillus sakei 23K 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 Lactobacillus salivarius ATCC11741, GJ-24, NIAS840 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 Lactobacillus salivarius SMXD51, UCC118 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 Lactobacillus sp. ASF360 0 0 0 0 0 0 0 0 0 2 1 1 1 1 1 Lactococcus garvieae ATCC49156 0 0 0 0 0 0 0 0 0 1 0 1 1 1 1 Lactococcus lactis KF147 0 0 0 0 0 0 0 0 0 1 1 1 1 2 2 Lactococcus lactis MG1363, IL403 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 Lactococcus piscium MKFS47 0 0 0 0 0 1 1 0 0 0 1 1 1 1 1 Leuconostoc citreum KM20 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 Leuconostoc gasicomitatum LMG18811 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 91 Leuconostoc gelidum JB7 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 Leuconostoc kimchii IMSNU11154 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 Leuconostoc mesenteroides J18 0 0 0 0 0 0 0 0 0 3 1 1 1 2 1 Leuconostoc mesenteroides ATCC8293 0 0 0 0 0 0 0 0 0 3 1 1 1 3 2 Listeria grayi DSM20601 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 Oenococcus oeni AWRIB429, ATCC BAA- 1163, PSU-1 0 0 0 0 0 0 0 0 0 1 0 1 1 1 1 Pediococcus pentosaceus ATCC25745 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 Streptococcus salivarius CCHSS3 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 Streptococcus salivarius SK126 0 0 0 0 0 0 0 0 0 0 0 1 0 1 1 Streptococcus sanguinis SK353 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 Streptococcus thermophilus CNRZ1066, LMG18311, LMD-9 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 Weissella cibaria KACC11862 0 0 0 0 0 0 0 0 0 1 0 1 1 1 1 Weissella confusa LBAE C39-2 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 Weissella koreensis KCTC3621, KACC15510 0 0 0 0 0 0 0 0 0 1 0 1 1 1 1 Weissella paramesenteroides ATCC33313 0 0 0 0 0 0 0 0 0 1 0 1 1 1 1 Enterococcus avium ATCC14025 1 1 1 2 2 2 2 2 0 1 0 1 1 1 1 Enterococcus casseliflavus ATCC12755 1 1 1 1 1 1 1 1 0 1 0 1 1 1 1
Enterococcus faecalis V583, TX0635, TX0411, HH22, DAPTO 512, DAPTO 516, R712, S613, TX0104, TX4248, TX1322, TX2134, TX0855, TX0860, TUSoD Ef11, TX0470, PC1.1, ATCC29200, TX0109, TX0102

1 1 1 1 1 1 1 1 0 1 0 1 1 1 1 Enterococcus faecium E980, PC4.1 1 1 1 1 1 1 1 1 0 1 0 1 1 1 1 Enterococcus faecium TX1330 2 2 2 2 2 2 2 2 0 1 0 1 1 1 1 Enterococcus italicus DSM15952 1 1 1 1 1 1 1 1 0 1 0 1 1 1 1 Lactobacillus curvatus CRL705 1 2 2 1 2 1 1 1 0 0 0 1 1 1 1 Lactobacillus johnsonii FI 9785 1 1 1 0 1 1 1 1 1 0 0 1 1 1 1 lactobacillus murinus ASF361 1 1 1 0 2 1 1 1 1 1 1 1 1 1 1 Lactobacillus paracasei 8700:2 1 1 1 2 2 2 1 1 0 1 0 1 1 1 1 Lactobacillus rhamnosus CASL, HN001, R0011, LMS2_1, ATCC21052, LC705 1 1 1 1 1 2 2 2 2 0 0 1 1 1 1 Lactobacillus rhamnosus GG ATCC53103 1 1 1 1 2 1 1 1 1 0 0 1 1 1 1 Lactocbacillus casei ATCC334 1 1 1 1 1 1 1 1 1 0 0 1 1 1 1 Lactocbacillus casei BL23 1 1 1 1 2 1 1 1 1 0 0 1 1 1 1 Lactococcus lactis SK11 1 1 1 1 1 1 1 1 0 0 0 1 1 1 1 Pediococcus acidilactici DSM20284 1 1 1 0 1 0 0 0 0 1 1 1 1 1 1 Streptococcus agalactiae A909 1 1 1 1 1 0 0 0 0 0 0 1 1 1 1 Streptococcus gordonii CH1 1 2 2 2 3 2 2 1 1 0 0 0 0 1 1 Streptococcus infantarius ATCC-BA-102 1 1 1 1 1 1 1 1 1 0 0 1 1 1 1 Streptococcus mutans UA159 1 1 1 1 1 1 1 1 0 0 0 1 1 1 1 Streptococcus pneumoniae D39 1 1 1 1 1 2 2 2 1 0 0 1 1 1 2 Streptococcus pneumoniae R6, TIGR4 1 1 1 1 1 1 1 1 1 0 0 1 1 1 2
Streptococcus sanguinis ATCC29667, ATCC49296, 2908, SK36, SK335, SK678, SK1087, SK1057

1 1 1 1 1 1 1 1 1 0 0 1 1 1 1
Streptococcus sanguinis SK1, SK1056, SK1058, SK1059, SK115, SK160, SK340, SK405, SK408, SK49, SK72, SK150, SK330

1 1 1 1 1 1 1 1 1 0 0 1 1 1 1 Streptococcus sanguinis VMC 66 1 1 1 1 1 1 1 1 0 0 0 1 1 1 1 92 Streptococcus suis 05ZYH33, ST3, ST1, SS12, JS14, 98HAH33 1 1 1 1 1 1 1 1 1 0 0 1 1 1 1 Aerococcus viridans ATCC11563 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 Carnobacterium maltaromaticum ATCC35586 1 2 2 2 3 2 2 1 0 0 0 0 0 0 0 Carnobacterium maltaromaticum LMA28, DSM20342 MX5 1 2 2 2 1 2 2 2 0 0 0 0 0 0 0 Lactococcus raffinolactis 4877 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0
Staphylococcus aureus 16K, JKD6008, MRSA252, TW20, Z172, T0131, S0385, COL, N315, USA300-TSACH1516, CA-347, USA300-FPR3757, Mu50, MW2, 08BA02176, JH1, 11819-97, Newman NCTC8325 11). Some strains holding only Leloir pathway possess also some lac genes conferring or not supplementary functions. In the genus Carnobacterium, C. maltaromaticum 3.18 strain possesses gal and lac genes (except lacB).

1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 Streptococcus agalactiae 2603 V/R 1 1 1 1 1 0 0 0 0 0 0 1 0 0 0 Streptococcus agalactiae NEM 316 2 2 2 2 2 1 1 1 1 0 0 0 0 0 0 Streptococcus pyogenes Manfredo, SSI-1, SF370, MGAS9429, MGAS8232, MGAS6180, MGAS10750, MGAS10394 2 2 2 2 2 1 1 1 0 0 0 0 0 0 0 Aerococcus urinae ACS-120-V-Col10a 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Carnobacterium maltaromaticum ML.1.97 1 0 0 2 2 0 0 0 0 0 0 0 0 0 0 Lactobacillus delbruckii ATCC11842, ATCC BAA-365 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 Leuconostoc carnosum JB16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Listeria innocua FSL S4-378, ATCC33091, FSL S1-023, Clip11262 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 Listeria ivanovii FSL F6-596 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 Listeria marthii FSL S4-120 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 Listeria monocytogenes FSL F2-
lac genes are dispersed in the genome and are implicated in other clusters than lactose metabolism (data not shown).

Putative lactose/galactose permease galP gene is not always present in all genome possessing the Leloir pathway and never found in genome holding only Tagatose-6P pathway.

Among genome holding no pathway, only Lactobacillus delbruckii strains possess a putative galP gene (Table 11). Few studies describe the permeases [START_REF] Forrest | The structural basis of secondary active transport mechanisms[END_REF][START_REF] Yan | Structural advances for the major facilitator superfamily (MFS) transporters[END_REF], but the absence of galP gene does not necessarily imply a deficiency in lactose/galactose use. Indeed, in Lactococcus lactis NZ9000, galP mutating strain may internalize the galactose molecules via PTS system. Galactose-6P will then be dephosphorylated to join the Leloir pathway [START_REF] Neves | Towards Enhanced Galactose Utilization by Lactococcus lactis[END_REF]. Streptococcus mutans (holding Leloir and Tagatose-6P pathways) lacks a galP responsible for the galactose uptake [START_REF] Zeng | Utilization of Lactose and Galactose by Streptococcus mutans: Transport, Toxicity, and Carbon Catabolite Repression[END_REF]. It possesses 14 putative PTS with one lactose specific PTS [START_REF] Ajdic | Transcriptional regulation of the Streptococcus mutans gal operon by the GalR repressor[END_REF]. Galactose is then transported by other PTS specific for other sugar molecules but with lower affinity [START_REF] Abranches | Galactose Metabolism by Streptococcus mutans[END_REF][START_REF] Zeng | Utilization of Lactose and Galactose by Streptococcus mutans: Transport, Toxicity, and Carbon Catabolite Repression[END_REF]. In general, permeases are non-specific transport systems [START_REF] Forrest | The structural basis of secondary active transport mechanisms[END_REF][START_REF] Yan | Structural advances for the major facilitator superfamily (MFS) transporters[END_REF] except for lacS (lactose permease) and galP (galactose permease) found in Streptococcus thermophilus. Indeed, S. thermophilus strains have only Leloir pathway. This species is generally found to have a partial fermentation of lactose, with the metabolization of glucose moiety, and excretion of galactose in the medium through lacS, responsible for the lactose/galactose exchange [START_REF] Hutkins | Galactokinase activity in Streptococcus thermophilus[END_REF][START_REF] Poolman | Energy transduction in lactic acid bacteria[END_REF].

The role of β-galactosidase encoded by lacZ/lacLM consists of the cleavage of lactose molecules into glucose and -galactose. Putative lacZ/lacLM genes are not always found in all genomes possessing Leloir pathway suggesting the use of this pathway for metabolizing galactose (Table 11). In Streptococcus salivarius 57.I lacZ/lacLM mutation inducts the inability of the strain to use lactose and in those strains, only galactose may be metabolized. lacZ deficient strain could not grow on lactose, indicating that intracellular β-galactosidase is essential for lactose metabolism [START_REF] Chen | Pathways for lactose/galactose catabolism by Streptococcus salivarius[END_REF]. Among the 146 strains holding putative Leloir pathway genes alone or with the tagatose pathway, less than 40 strains exhibit synteny with homologue of lacZ/LM of S. thermophilus. In some strains, like C. maltaromaticum 3.18, Carnobacterium sp.17.4, Carnobacterium sp. AT7 and E. casseliflavus ATCC12755 putative genes encoding β-galactosidase (bgaB and bgaC) are in the vicinity of the Leloir pathway genes. The presence of these genes encoding enzymes responsible to the hydrolysis of carbohydrate polymers containing galactose monomers (combeys and Brenchley, 2001), suggests a possible degradation of diverse polysaccharides with subsequently metabolization of galactose.

Lactobacillus delbruckii ATCC 11482 and L. delbruckii BAA-365 strains holding a putative galP gene possess also lacLM putative genes (Table 11). This may lead to the hypothesis that these strains are capable of internalizing and hydrolyzing the lactose molecules, but only glucose can be metabolized and, due to the absence of complete Leloir and Tagose-6P pathway, the galactose is exported to the extracellular medium, like in S. thermophilus strains [START_REF] Crow | Properties of a Streptococcus lactis strain that ferments lactose slowly[END_REF][START_REF] Kafsi | Genome Sequence of Lactobacillus delbrueckii subsp. lactis CNRZ327, a Dairy Bacterium with Anti-Inflammatory Properties[END_REF][START_REF] Leong-Morgenthaler | Lactose Metabolism in Lactobacillus bulgaricus -Analysis of the Primary Structure and Expression of the Genes Involved[END_REF].

Almost all the genomes studied, possessing the Leloir pathway alone or with Tagatose-6P pathway, hold one putative galM gene (Table 11). galM incoding a galactose mutarotase is not an essential enzyme because its mutation inducts no differences in growth rate.

It promotes the isomerization of β-galactose into α-galactose and the isomerization may be done spontaneously [START_REF] Neves | Towards Enhanced Galactose Utilization by Lactococcus lactis[END_REF]. It can be noted that galM is present in strains without gal and lac genes but does not confer new function.

In the next step of the Leloir pathway, the galactokinase (galK) phosphorylates α-D-galactose and then galactose-1-phosphate uridylyltransferase (galT) transforms galactose-1P into glucose-1P. Putative galK and galT genes are essentials and are found in all genomes holding the Leloir pathway, and not present in all genomes without this pathway (table 11). In fact, the deletion of galK impairs severely the ability of the strain S. mutans UA159 to metabolize lactose and galactose [START_REF] Abranches | Galactose Metabolism by Streptococcus mutans[END_REF]. In the same way, L. lactis NCD02054 galT deficient strain accumulates galactose-1P, which leads to the inhibition of growth on lactose and galactose [START_REF] Vaughan | Transcriptional regulation and evolution of lactose genes in the galactose-lactose operon of Lactococcus lactis NCD02054[END_REF].

UDP-galactose 4-epimerase (galE) plays a role in the last step of the Leloir pathway. It is an essential enzyme and putative genes are present in all genomes holding or not the Leloir pathway (Table 11). It should be noted that this enzyme activity also acts in other general metabolic functions such as the cell wall formation [START_REF] Grossiord | Characterization, expression, and mutation of the Lactococcus lactis galPMKTE genes, involved in galactose utilization via the Leloir pathway[END_REF] and this fact can explain its presence in some strains without the Leloir pathway.

The galR regulation gene is considered as an activator of the galKTE lacSZLM operons, and its product is a negative regulator of its own expression. When a strain is deficient in galR gene, no expression of genes is observed in media containing lactose and/or galactose [START_REF] Vaughan | Activation of silent gal genes in the lac-gal regulon of Streptococcus thermophilus[END_REF]. Thus, it is present in genomes holding this pathway (Table 11), except for B. subtilis 168 and Streptococcus. gordonii CH1. Indeed, the former is known to be unable to use lactose.

For the latter, the contribution of the Leloir pathway to galactose [START_REF] Krispin | The Bacillus subtilis galE gene is essential in the presence of glucose and galactose[END_REF] or lactose catabolism appears to be not sufficiently active [START_REF] Zeng | Two Gene Clusters Coordinate Galactose and Lactose Metabolism in Streptococcus gordonii[END_REF].

Tagatose-6P pathway

Tagatose-6P pathway is present alone in 33 strains and in 74 strains holding also the Leloir pathway. Putative galE gene and putative galR are also found in few strains conferring no supplementary functions as described above (Table 11).

Putative genes encoding PTS (lacFE) are found, duplicated in some cases, in all genomes possessing this pathway, except in Pediococcus acidilactici DSM20284, S. agalactiae A909 and S. agalactiae 2603 V/R (Table 11). In general, PTS seems to be specific for each type of sugar.

Streptococcus gordonii DL1 dedicates one PTS for lactose and another one for galactose. Strain deficient in PTS lac would not internalize lactose and the one deficient in PTS Gal grows slowly in medium containing galactose as a carbon source [START_REF] Zeng | Two Gene Clusters Coordinate Galactose and Lactose Metabolism in Streptococcus gordonii[END_REF]. In some cases, one PTS system has the ability to transport another type of sugar but with lower affinity [START_REF] Solopova | A Specific Mutation in the Promoter Region of the Silent cel Cluster Accounts for the Appearance of Lactose-Utilizing Lactococcus lactis MG1363[END_REF]. In S. gordonii DL1, galactose may enter the cell via PTS Lac , PTS Man or via PTS Gal [START_REF] Zeng | Two Gene Clusters Coordinate Galactose and Lactose Metabolism in Streptococcus gordonii[END_REF].

For the three strains lacking PTS system, lactose or galactose molecules may enter the cell via other PTS systems.

When the phosphorylated lactose entered via a PTS system, it is hydrolyzed by a 6P-β-galactosidase into glucose and galactose-6P. This essential enzyme is encoded by the gene lacG and the mutation of lacG gene inducts the inability of the strain to use lactose: S. gordonii DL1 lacG deficient strain impaired to grow on lactose but grew on galactose [START_REF] Zeng | Two Gene Clusters Coordinate Galactose and Lactose Metabolism in Streptococcus gordonii[END_REF].

In fact, putative lacG genes were found in all genomes possessing Tagatose-6P pathway and in some cases this gene is duplicated (Table 11).

The putative lacFE and/or lacG genes were also detected in 18 genomes holding a cluster responsible of the Leloir pathway. lacFE putative genes are present in C. maltaromaticum 3.18

and Lactococcus piscium MKFS47, and lacFEG putative genes in 15 Enterococcus faecium strains and Enterococcus mundtii QU25 (Table 11). Those strains may then be capable of internalizing and phosphorylating lactose or galactose molecules. Lactose-6P is then cleaved via 6P-β-galactosidase encoded by lacG if present. A preliminary dephosphorylation of the resulting galactose-6P is necessary in order to be metabolized by the Leloir pathway as described previously [START_REF] Neves | Towards Enhanced Galactose Utilization by Lactococcus lactis[END_REF].

Galactose-6P isomerase encoded by lacAB transforms galactose-6P into tagatose-6P, essential for galactose utilization. Consequently, putative lacAB genes presence is essential and found in all genomes holding this pathway. No lacAB were found in the other genomes (Table 11).

In fact, accumulation of galactose-6P in mutant lacking galactose-6P isomerase (lacAB) causes inhibition of growth on lactose/galactose medium [START_REF] Abranches | Galactose Metabolism by Streptococcus mutans[END_REF][START_REF] Zeng | Two Gene Clusters Coordinate Galactose and Lactose Metabolism in Streptococcus gordonii[END_REF][START_REF] Zeng | Utilization of Lactose and Galactose by Streptococcus mutans: Transport, Toxicity, and Carbon Catabolite Repression[END_REF].

Enzyme encoded by lacC phosphorylates tagatose-6P in order to form tagatose-1,6diP.

It is present in all genomes possessing the Tagatose-6P pathway except in Lactobacillus johnsonii FI9785, Lactobacillus murinus ASF361 and P. acidilactici DSM20284 (Table 11). Contrary to lacAB mutant, lacC mutant showed normal cells growing on medium containing lactose and/or galactose as a source of carbohydrate [START_REF] Abranches | Galactose Metabolism by Streptococcus mutans[END_REF][START_REF] Zeng | Two Gene Clusters Coordinate Galactose and Lactose Metabolism in Streptococcus gordonii[END_REF][START_REF] Zeng | Utilization of Lactose and Galactose by Streptococcus mutans: Transport, Toxicity, and Carbon Catabolite Repression[END_REF]. LacC belongs to the pfkB family of carbohydrate kinases, which include ribokinase (RbsK) and 1-phosphofructokinase (FruK) [START_REF] Bork | Convergent evolution of similar enzymatic function on different protein folds: the hexokinase, ribokinase, and galactokinase families of sugar kinases[END_REF]. It may present an enzymatic activity on fructose-6P [START_REF] Bissett | Lactose and D-galactose metabolism in Staphylococcus aureus . III. Purification and properties of D-tagatose-6-phosphate kinase[END_REF]. This might explain the presence of lacC in several copies and in five other genomes holding no Tagatose-6P pathway.

Enzyme encoded by lacD is indispensable and promotes the cleavage of Tagatose-1,6 diP into 2 trioses. The lacD mutation causes the accumulation of Tagatose-1,6diP in the medium which leads to the inhibition of growth of the cells [START_REF] Abranches | Galactose Metabolism by Streptococcus mutans[END_REF][START_REF] Zeng | Two Gene Clusters Coordinate Galactose and Lactose Metabolism in Streptococcus gordonii[END_REF][START_REF] Zeng | Utilization of Lactose and Galactose by Streptococcus mutans: Transport, Toxicity, and Carbon Catabolite Repression[END_REF].

In other ways, Tagatose 1,6 diP aldolase may play a role in the cleavage of fructose-1,6diP [START_REF] Bissett | Lactose and D-galactose metabolism in Staphylococcus aureus . III. Purification and properties of D-tagatose-6-phosphate kinase[END_REF] and lacD can be found in genomes even in the absence of the Tagatose-6P pathway (Table 11).

lacT is a gene encoding a transcriptional antiterminator protein present within the lac operon of many LAB, that may play a role in the regulation down-stream lacFEG expression A.

B. This analysis permits to highlight the variation level of the presence of the pathways. It is clear that the lactose and galactose metabolic pathway diversity is interspecific, except for C. maltaromaticum for which an intraspecific variability was observed. Two hypothesis can explain the dominant presence of the Leloir pathway over the Tagatose-6P pathway.

Diversity within genomes can be relied to the functionality of each pathway in the cell.

These two pathways play different roles in metabolism of lactose and galactose.

The Tagatose-6P pathway is mainly dedicated to galactose-6P metabolism. Tagatose-6P pathway transforms galactose-6P into triose-diP that will be implicated in the glycolysis. Strains like L. casei [START_REF] Bettenbrock | Lactobacillus casei 64H Contains a Phosphoenolpyruvate-Dependent Phosphotransferase System for Uptake of Galactose, as Confirmed by Analysis of ptsH and Differentgal Mutants[END_REF], L. rhamnosus [START_REF] Tsai | Sequence, organization, transcription and regulation of lactose and galactose operons in Lactobacillus rhamnosus TCELL-1[END_REF], L. lactis [START_REF] Siezen | Complete Sequences of Four Plasmids of Lactococcus lactis subsp. cremoris SK11 Reveal Extensive Adaptation to the Dairy Environment[END_REF], S. mutans [START_REF] Jagusztyn-Krynicka | Streptococcus mutans serotype c tagatose 6-phosphate pathway gene cluster[END_REF] (Table 11) utilize the Tagatose-6P pathway for lactose and galactose metabolism. Streptococcus gordonii CH1 presents duplicated lac cluster.

Paralogs have become more specific; one cluster is implicated in the lactose utilization and the other in the galactose metabolism [START_REF] Zeng | Utilization of Lactose and Galactose by Streptococcus mutans: Transport, Toxicity, and Carbon Catabolite Repression[END_REF]. The Tagatose-6P pathway is also found to contribute to the pathogenicity of some strains. It either contributes to the adaptation of the pathogenic strain in dairy environment, like in S. aureus [START_REF] Rosey | Lactose metabolism by Staphylococcus aureus: characterization of lacABCD, the structural genes of the tagatose 6-phosphate pathway[END_REF] or is directly involved in pathogenic reactions like in S. agalactiae NEM316 and S. pyogenes strains possessing a duplicated lac cluster. Streptococcus agalactiae NEM316 has been demonstrated to possess one lac cluster involved in virulent reactions due to the presence of putative genes encoding a neuraminidase in the operon and the other cluster conserves its function in the lactose metabolism [START_REF] Richards | Transcriptomic and genomic evidence for Streptococcus agalactiae adaptation to the bovine environment[END_REF]. Streptococcus pyogenes strains possess one cluster with truncated lacC preceding a lacD involved in the regulation of the expression of virulent genes [START_REF] Loughman | Comparative functional analysis of the lac operons in Streptococcus pyogenes[END_REF]. Leloir pathway is implicated in galactose metabolism and in UDP-glucose and UDP-galactose synthesis, which are precursors of glucose-and galactose-containing exopolysaccharides biosynthesis [START_REF] Boels | Increased Exopolysaccharide Production in Lactococcus lactis due to Increased Levels of Expression of the NIZO B40 eps Gene Cluster[END_REF][START_REF] Welman | Exopolysaccharides from lactic acid bacteria: perspectives and challenges[END_REF]. Thus, galactose will not be imperatively redirected to the central metabolism of sugars. EPS play important role in adhesion to solid surfaces, biofilm formation, cellular recognition and pathogenicity. In addition to that, they play vital role in protection of the microbes from adverse conditions as desiccation, nutrient shortage, toxic compounds, bacteriophages, osmotic stress and antagonists [START_REF] Looijesteijn | Physiological function of exopolysaccharides produced by Lactococcus lactis[END_REF]. In fact, the strain S. gordonii CH1 possesses Leloir and Tagatose-6P pathways (Table 11). In addition to the diversification in functionality of the two lac clusters as described before, the gal genes forming the Leloir pathway have been demonstrated not to be involved in the galactose metabolism, i.e. mutation of all lac genes does not imply the activation of the Leloir pathway for lactose or galactose metabolism [START_REF] Zeng | Utilization of Lactose and Galactose by Streptococcus mutans: Transport, Toxicity, and Carbon Catabolite Repression[END_REF]. On the other hand, Leloir pathway of L. lactis SK11 [START_REF] Thompson | Galactose transport systems in Streptococcus lactis[END_REF] and S. mutans UA159 [START_REF] Ajdic | Transcriptional regulation of the Streptococcus mutans gal operon by the GalR repressor[END_REF] has been demonstrated to be involved in the galactose metabolism.

The origin of lactose and galactose molecules may be involved in the diversity of the presence of one or another metabolic pathway. While lactose is only found in the dairy environment, plants associated media can be rich in galactose and galactose-containing molecules.

Notably, the intestinal tract of mammals can contain, next to a variety of diet-derived carbohydrates, substantial quantities of galactose which can be hydrolyze by different galactosidases [START_REF] Flint | Microbial degradation of complex carbohydrates in the gut[END_REF].

Lactose molecules, in order to be metabolized via the Leloir or the Tagatose-6P pathway, should be hydrolyzed by the action of two enzyme encoded by lacZ/lacLM and lacG respectively [START_REF] Premi | Lactose-hydrolyzing enzymes of Lactobacillus species[END_REF]. Those two hydrolases are part of the glycosyl hydrolases families and are not the only enzymes responsible for sugar cleavage in nature. Fourty-five glycosyl hydrolases families with 52 E.C. entries, classification based on amino acid sequence comparison of 482 sequences, were identified [START_REF] Henrissat | A classification of glycosyl hydrolases based on amino acid sequence similarities[END_REF][START_REF] Henrissat | New families in the classification of glycosyl hydrolases based on amino acid sequence similarities[END_REF]. Four families (1, 2, 35 and 42) contains enzymes with β-galactosidase activities. The P-β-galactosidase lacG is a family 1 member, and lacZ is a family 2 member. Bacteria may contain several type of glycosyl hydrolases in order to utilize carbohydrates from nature. Two surface proteins β-galactosidase -BgaA (β1,4-galactosidase) and BgaC (β1,3-galactosidase) -are present in S. pneumoniae [START_REF] Jeong | Characterization of the Streptococcus pneumoniae BgaC Protein as a Novel Surface -Galactosidase with Specific Hydrolysis Activity for the Gal 1-3GlcNAc Moiety of Oligosaccharides[END_REF][START_REF] Zähner | The Streptococcus pneumoniae Beta-Galactosidase Is a Surface Protein[END_REF]. They are not included in lactose metabolism but may be involved in interaction with other bacterial cells, by hydrolyzing the glycan. In C. maltaromaticum strain BA (piscicola) (Coombs andBrenchley, 2001, 1999) three hydrolyses, α-galactosidase AgaA (family 36) and two β-galactosidase BgaB (family 42) and bgaC (family 35), not involved in lactose utilization, were present. Galactose-containing substrates will then be hydrolyzed in the extracellular medium and galactose molecules enter the cell in order to be metabolized via the Leloir pathway. Indeed, Leloir pathway supports the highest galactose consumption rate [START_REF] Neves | Towards Enhanced Galactose Utilization by Lactococcus lactis[END_REF]. Therefore, it is not surprising to find that the Leloir pathway is more dispersed in all genera and is present in the majority of strains, whereas the Tagatose-6P pathway is less disseminated within the order Lactobacillales.

2.2.3.3.Conclusion

Comparative genome analysis of gal and lac genes of the Leloir and Tagatose-6P pathways permits to highlight the variation level in gene presence among the LAB genus studied. Leloir pathway is present in 63% of the 237 strains analyzed whereas Tagatose-6P pathway in only 13%.

The lactose and galactose metabolic pathway diversity remains genus dependent, except for Carnobacterium genus for which it is also species dependent. Between all the species studied, C. maltaromaticum is the only one to possess such a diversity in the metabolic profiles, which can be related to its high genetic diversity, visualized in an MLST scheme (Rahman et al., 2014a). 

CHAPTER III: CONCLUSIONS AND PERSPECTIVES

Carnobacterium maltaromaticum, espèce pathogène ?

Carnobacterium maltaromaticum a été classée en 1986 en tant que pathogène opportuniste [START_REF] Michel | Biochemical-Identification of Lactobacillus-Piscicola Strains from France and Belgium[END_REF]. Des gènes de virulences putatifs ont été identifiés chez C. maltaromaticum ATCC35586 isolée d'un poisson malade [START_REF] Leisner | The genome sequence of the lactic acid bacterium, Carnobacterium maltaromaticum ATCC 35586 encodes potential virulence factors[END_REF]. Il serait alors intéressant de séquencer le génome d'autres C. maltaromaticum isolées de poissons malades. Une analyse génomique comparée pourrait permettre de mettre en évidence des gènes potentiels de virulence et d'établir les relations phylogénétiques entre ces souches et les autres. Ceci permettra de déterminer si ces souches isolées de poissons malades forment une lignée distincte.

Carnobacterium maltaromaticum, espèce du microbiote intestinal ?

Des travaux antérieurs ont démontré la capacité de C. maltaromaticum LMA28 à survivre durant le transit gastro-intestinal de souris (Rahman et al., 2014b). Les résultats de cette thèse CH1 40,95 50,35 67,68 72,34 84,8 59,68 72,98 73,73 79,41 84,12 47,06 53,16 
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Figure 1 :

 1 Figure 1: Schematic phylogenetic tree of some lactic acid bacteria, including some Gram-positive bacteria of the low GC subdivision, Bacillus, Listeria and Staphylococcus (Axelsson, 2004).

Figure 2 :

 2 Figure 2: Genome size of some LAB genera. according to (Cailliez-Grimal et al., 2013; Douillard and de Vos, 2014; Leisner et al., 2012; Leonard et al., 2013; Voget et al., 2011; Wassenaar and Lukjancenko, 2014). n = number of strains

Figure 3 :

 3 Figure 3: eBURST analysis of 47 C. maltaromaticum strains (Rahman et al., 2014). Each sequence type ST is represented by a circle, the size of the circle is proportional to the number of strains belonging to a given ST. The number of strains is also indicated in brackets when the ST is represented by more than one strain. Dairy and non-dairy strains are represented by dark grey and white circles, respectively. Solid lines connect SLVs (Single Locus Variants) and broken lines connect DLVs (Double Locus Variants). Clonal Complexes (CC) are indicated in light grey.

Figure 4 :

 4 Figure 4 : Cell envelope of lactobacilli with a schematic representation of cell wall and membrane-associated proteins. The Figure was adapted from (Kleerebezem et al., 2010; Sengupta et al., 2013). The cell membrane (CM) with embedded proteins is covered by a multilayered peptidoglycan (PG) decorated with lipoteichoic acids (LTA), wall teichoic acids (WTA), pili, proteins, and lipoproteins. Exopolysaccharides (EPS) form a thick covering closely associated with PG and are surrounded by an outer envelope of S-layer proteins. The proteins are attached to the cell wall either covalently (LPxTG proteins) or noncovalently (exhibiting LysM, SH3, or WXL domains), lipid are anchored to the CM (lipoproteins) or attached to the CM via N-or C-terminal transmembrane helix. M: N-acetyl-muramic acid; G: N-acetyl-glucosamine.

Figure 5 :

 5 Figure 5 : Isd-mediated heme-iron uptake across the cell wall of Staphylococcus aureus. IsdA, IsdB and receptors for hemoprotein ligands, such as hemoglobin (Hb). IsdC heme receptor, IsdDEF membrane transport system, IsdG and IsdI heme oxygenases (Schneewind and Missiakas, 2014).

Figure 6 :

 6 Figure 6 : Model of pilus biogenesis (Bradshaw et al., 2015). SpaA backbone pillin, SpaC tip pillin, SpaB base pillin, srtA sortase A, srtC sortase C, srtE sortase E, LPLTG and LAFT anchorage domains of pillins.

Figure 7 :

 7 Figure 7 : Proteolysis pathway by LAB, adapted from Doeven (Doeven et al., 2005), Christensen (Christensen et al., 1999) and Savijoki (Savijoki et al., 2006) with schematic representation of the action of peptidases found in lactic acid bacteria. Amino acids are symbolized by a circle and the arrow indicates the cleavage site. P: proline; *, unclassified Endopeptidases.

Figure 8 :

 8 Figure 8: Schematic representation of the lactose and galactose catabolic pathways. (according to (Neves et al., 2010; Price et al., 2012; Zeng et al., 2010)) (for abbreviations seeTable 3) The dotted line symbolizes several reactions.

Figure 10 :

 10 Figure 10: COG distribution in the different classes for 5 strains of Carnobacterium. C. maltaromaticum LMA28 (dark bleu), C. divergens V41 (red), Carnobacterium sp. 17.4 (green), C. inhibens subsp. gilichinskyi WN1359 (light bleu). C Energy production and conversion; D Cell cycle control, cell division, chromosome partitioning; M Cell wall/membrane/envelope biogenesis; N Cell motility; T Signal transduction mechanisms; U Intracellular trafficking, secretion, and vesicular transport; V Defense mechanisms; W Extracellular structures; J Translation, ribosomal structure and biogenesis; K Transcription; L Replication, recombination and repair; C Energy production and conversion. E Amino acid transport and metabolism; F Nucleotide transport and metabolism; G Carbohydrate transport and metabolism; H Coenzyme transport and metabolism; I Lipid transport and metabolism; P Inorganic ion transport and metabolism; Q Secondary metabolites biosynthesis, transport and catabolism; R General function prediction only; S Function unknown.

Figure 11 :

 11 Figure 11: Pan/Core genome analysis of Carnobacterium maltaromaticum strains with a cut-off of 70% amino-acid identity on 80% coverage.

Figure 12 :

 12 Figure 12: Comparison of the distribution of the Core genome (bleu) and the intraspecific Core genome (red) in the different COG classes.

  to C. maltaromaticum a selective advantage over other Carnobacterium in environments depleted in amino acid and amino acid-containing nutrients.

C

  . maltaromaticum and C. divergens compared to other Carnobacterium. More specifically, COG families E, G, M, P, R, S, and T are highly represented in C. maltaromaticum and C. divergens compared to the other Carnobacterium. This suggests that extracellular functions are more diversified in C. maltaromaticum and C. divergens than the other Carnobacterium. For instance, C. maltaromaticum and C. divergens exhibit between 22 and 35 genes in COG R, i.e. general function prediction, while the three other strains Carnobacterium sp. AT7, Carnobacterium sp. 17.4, and C. inhibens ssp. gilichinsky WN1359, would have less than 10 genes encoding a SP within this COG subclass (Annexe 1).

Figure 13 :

 13 Figure 13: Secretome size in the different Carnobacterium genomes, LAB genomes and other Gram-positive bacteria.

Figure 14 :

 14 Figure 14: Putative surface proteins containing predicted functional domains.
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Figure 15 :

 15 Figure 15: Gene cluster organization and synteny between C. maltaromaticum LMA28, L. rhamnosus GG and E. faecalis V583.

Figure 16 :

 16 Figure 16: Organization and synteny between lac genes among Carnobacterium maltaromaticum LMA28, DSM20342-MX5, ATCC35586, Streptococcus mutans, and Staphylococcus aureus. The arrows symbolize the coding sequences; homologous genes between strains are connected with grey bars. lacAB, galactose isomerase; lacC, tagatose-6-phosphate kinase; lacD, tagatose-1,6-diphosphate aldolase; lacFE, EIIABClac/Gal; lacG, phospho-β-galactosidase; lacR, transcriptional regulator; lacX, putative mutarotase; bglH, glucosidase, bn424_v2_mp0090, transcriptional regulator; agnsv1_320049, transcriptional regulator. gene of unknown function transposase.

Figure 17 :

 17 Figure 17: Organization and synteny between gal genes in Carnobacterium maltaromaticum 3.18, C. inhibens subsp. gilichinskyi WN1359, Carnobacterium sp. 17.4 and Carnobacterium sp. AT7. Arrows represent the coding sequences. galK, galactose kinase; galM, galactose mutarotase; galT, galactose-1-phospohate uridyltransferase; galE, UDP-glucose-4-epimerase; lacZ, β-galactosidase; lacLM, β-galactosidase; bgaB, β-galactosidase; bgaC, β-galactosidase; lacS, lactose permease; agaR, alpha-galactosidase; araC, transcriptional regulator, HK putative histidine kinase.

  515, FSL F2-208, FSL N1-017, FSL R2-503, FSL J1-194, HCC23, L99, M7, serotype 4b, 08-5923, 10403S, 08-5578, FSL R2-561, SLCC2372, HPB2262, Finland 1988, EGD-e, FSL J1-175, SLCC2479, SLCC5850, FSL J2-003, SLCC179, 07PF0776, FSL N3-165, F6900, J0161, J2818, J1816, serotype 1-2a, FSL J2-071, L312, J1-220, SLCC2540, SLCC540, SLCC2376, SLCC2378, SLCC2755, serotype 7, ScottA, ATCC19117, L028, FSL J2-064.Putative gal genes are presents in 72 strains holding the Leloir pathway alone and in 74 strains possessing Leloir and Tagatose-6P pathways (Table

Figure 18 :

 18 Figure 18: Diversity of the lactose and galactose metabolic pathways within A. genus and B. species of the different genus analyzed. Carnobacterium maltaromaticum strains hold the 5 strains of the MicroScope platform and 42 strains tested by PCR in a previous study.
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  'objectif des travaux réalisés était d'approfondir les connaissances sur C. maltaromaticum par des études d'analyse génomique comparée et de répondre à différentes questions : -Quels sont les gènes impliqués dans l'adaptation au contexte alimentaire et digestif ? -La diversité des souches de C. maltaromaticum présentes dans l'environnement laitier peut-elle se retrouver au niveau des voies métaboliques d'utilisation du lactose ? Caractéristique du génome La taille des génomes des différentes espèces de C. maltaromaticum est de 1,45 Mbp supérieure à celles des autres espèces de Carnobacterium. Deux hypothèses peuvent expliquer ces différences de tailles. Soit un gain massif de gènes aurait eu lieu chez l'ancêtre de C. maltaromaticum, soit deux pertes massives de gènes auraient eu lieu : une chez l'ancêtre de C. divergens et une autre chez l'ancêtre commun de Carnobacterium sp. AT7, Carnobacterium sp. 17.4, et C. inhibens subsp. gilichinskyi WN1359. L'hypothèse la plus parcimonieuse est en faveur d'un gain massif chez l'ancêtre de C. maltaromaticum. Par ailleurs, il est attendu qu'une évolution par perte de gènes se traduise par la présence d'une proportion importante de pseudogènes. Or, l'analyse des génomes de ces carnobactéries a révélé une faible proportion de pseudogènes, renforçant ainsi l'hypothèse d'un gain massif de gènes. La distribution des CDS dans les différents groupes de COG n'est pas différente entre les souches de C. maltaromaticum. Ces génomes renferment des voies métaboliques spécifiques, absentes chez les autres espèces de Carnobacterium. Par ailleurs, une majorité des gènes spécifiques mis en évidence est de fonctions inconnues. Il serait intéressant de déterminer la fonction de ces gènes, afin de mettre en évidence la particularité de C. maltaromaticum et leur implication dans l'adaptation à différents environnements. Une première étape pour caractériser ces gènes de fonction inconnue pourrait consister à déterminer si ces gènes sont exprimés et dans quelles conditions. Cela pourrait permettre de déterminer dans quel habitat ces gènes sont utiles pour la bactérie. Ainsi, des analyses de transcriptomes pourraient être réalisées à partir de carnobactéries cultivées dans différents aliments ainsi que dans des conditions mimant celles du tube digestif. L'étude des protéines de surface de C. maltaromaticum et de C. divergens V41 a mis en évidence un sécrétome de taille importante. Le sécrétome de C. maltaromaticum serait le plus grand jamais identifié chez les bactéries lactiques. En revanche, les analyses de génome de Carnobacterium sp. AT7, Carnobacterium sp. 17.4, et C. inhibens subsp. gilichinskyi WN1359 ont révélé un sécrétome de très petite taille. De plus, les génomes de C. maltaromaticum et de C. divergens présentent de multiples homologues de sortases et une grande diversité de protéines ancrées de façon covalente à la paroi. La surface cellulaire de ces carnobactéries présenterait également une grande diversité de protéines ancrées de façon non covalente à la paroi et notamment de nombreuses protéines présentant des domaines d'attachement WxL. En revanche, des trois autres carnobactéries, seule Carnobacterium sp. 17.4 présenterait un homologue de sortase et une protéine ancrée de façon covalente à la paroi. Ainsi, Carnobacterium sp. 17.4, Carnobacterium sp. AT7 et C. inhibens subsp. gilichinskyi WN1359 présenteraient des surfaces cellulaires très faiblement diversifiées en protéines de surface. Une situation similaire a été décrite dans le genre Streptococcus dans lequel une grande diversité de protéines de surface est décrite pour les espèces du genre, excepté pour S. thermophilus dont la surface présenterait très peu de protéines de surface différentes. S. thermophilus est une espèce dont le seul habitat connu est l'environnement laitier. Le génome de cette bactérie a évolué par réduction, il est en effet riche en pseudogènes. Il est supposé que ces caractéristiques sont la conséquence d'un confinement écologique à l'environnement laitier. A l'opposé, C. maltaromaticum est une espèce ubiquiste qui présenterait une surface cellulaire très diversifiée. Cette surface diversifiée pourrait lui permettre d'établir une grande diversité d'interactions avec son environnement et ainsi de coloniser une grande diversité d'habitats. Les études de comparaison génomique ont été faites sur une collection de 5 souches de C. maltaromaticum et une souche de C. divergens V41. Ces deux bactéries présentent des propriétés de surfaces proches. Il serait intéressant d'élargir l'étude de comparaison génomique à un plus grand nombre de souches de C. divergens et d'autres espèces de Carnobacterium. Métabolisme du lactose L'analyse génomique comparée réalisée sur l'ensemble des Carnobacterium a montré que les gènes de la voie du Tagatose-6P et de la voie de Leloir sont présents avec un haut niveau de diversité. En effet, les génomes des différentes souches peuvent contenir les gènes impliqués uniquement dans une des deux voies, dans les deux voies ou bien ne pas posséder ces gènes. Par ailleurs, la voie du Tagatose-6P renferme des gènes homologues au sein d'un même génome, avec cependant une organisation spécifique des gènes. L'organisation des gènes de la voie de Leloir est similaire dans les différents génomes. L'analyse de la présence des gènes de la voie du Tagatose-6P et de la voie de Leloir au sein de la population de 42 souches de C. maltaromaticum indique que la voie du Tagatose-6P est présente dans les lignées I, II et III et la voie de Leloir dans les lignées I, II et IV. Par ailleurs la majorité des souches du complexe clonal 1 (CC1) issues de l'environnement laitier possède les gènes de la voie du Tagatose-6P, qui peuvent être transmis d'une bactérie à une autre via des HTG. Ceci suggère que l'expansion de la lignée II et spécialement du CC1, peut être due à la présence de ces gènes. Il est à noter que cette voie est présente sur le mégaplasmide de C. maltaromaticum LMA28. Il serait intéressant de rechercher le caractère plasmidique de ces gènes lac chez les autres souches du CC1. Les études de génomique comparée réalisées sur les 237 génomes disponibles sur la plateforme MicroScope ont mis en évidence un niveau de variation élevé dans les gènes impliqués dans la voie du Tagatose-6P et de la voie de Leloir. La voie de Leloir est présente chez 63% des souches analysées alors que la voie du Tagatose-6P n'est présente que dans 45% des souches. Cette voie n'est présente seule que chez 14% des souches, comparativement à 31% pour la voie de Leloir. Par ailleurs une grande variabilité dans la présence des gènes est constatée au sein des différentes voies mises en évidence. Cette prépondérance de la présence de la voie de Leloir peut s'expliquer de différentes façons : le devenir des métabolites issus de chacune des voies et la disponibilité en substrat lactose ou galactose. La diversité de la répartition des voies du Tagatose-6P et de la voie de Leloir est constatée au niveau des genres bactériens alors qu'elle est observée au niveau de l'espèce chez C. maltaromaticum. À l'échelle de la population de C. maltaromaticum, les résultats ont révélé que les homologues liés aux gènes des voies du Tagatose-6P et de Leloir sont diffusés dans de multiples lignées. En conclusion, ces résultats indiquent que la capacité à métaboliser le lactose est génétiquement diversifiée au sein de l'espèce C. maltaromaticum et suggèrent que l'histoire évolutive ayant conduit à la capacité à métaboliser le lactose chez C. maltaromaticum est le résultat d'événements génétiques multiples. Ces évènements auraient contribué à moduler le génome de cette bactérie et son aptitude à s'adapter à une large gamme d'environnements. Il serait intéressant de déterminer le rôle effectif des gènes dans le métabolisme du lactose et du galactose. Pour cela deux approches pourraient être envisagées : soit une approche par inactivation de gènes, soit par expression hétérologue des gènes d'intérêt chez un hôte ne métabolisant ni le lactose ni le galactose.

  semblent indiquer que d'autres souches de C. maltaromaticum présenteraient des composants de surface cellulaire d'adaptation au tube digestif. Notamment, de nombreuses adhésines ont été mises en évidence, suggérant que la bactérie pourrait non seulement survivre dans le tube digestif mais pourrait également persister en adhérant à la muqueuse intestinale. Il serait intéressant de déterminer la présence de C. maltaromaticum et des carnobactéries en général, en analysant le métagénome du microbiote intestinal.
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  . Les génomes C. maltaromaticum 3.18 et ML.1.97 ainsi que celui de C. divergens ont été mis à notre disposition grâce à des collaborations respectivement avec J. Leisner (University of Copenhagen, Denmark) et H. Prévost (ONIRIS, Nantes). Ceux de deux autres souches de Carnobacterium sp. AT7 et 17.4, de C. maltaromaticum DSM20342 MX5 et ATCC35586, ainsi que celui de C. inhibens subsp. gilichinsky WN1359 sont en accès libre.

C'est dans ce contexte que s'est déroulé ce travail de thèse, dont l'objectif est d'approfondir les connaissances sur C. maltaromaticum par une étude génomique. Cette étude devrait permettre de répondre à différentes questions : -Carnobacterium maltaromaticum est isolée d'une grande diversité d'environnement et la population présente une grande diversité. Une analyse a montré que les génomes des souches de C. maltaromaticum sont de plus grande taille que ceux des autres bactéries du même genre. Que renferme cet ADN ? Quelle est la fonction des gènes spécifiquement présents chez C. maltaromaticum ? -Carnobacterium maltaromaticum est très représentée dans l'environnement laitier, avec une grande diversité de souches. Cette diversité peut-elle se retrouver au niveau des propriétés physiologiques, et notamment au niveau des voies métaboliques d'utilisation du lactose, composé clé en technologie fromagère ?

  The genus Carnobacterium included 11 species: Carnobacterium alterfunditum, C. divergens, C. funditum, C. gallinarum, C. iners, C. inhibens, C. jeotgali, C. maltaromaticum, C. mobile, C. pleistocenium, and C. viridans. Recently, C. gilichinskyi was reclassified as C. inhibens subsp. gilichinskyi, and the subspecies C. inhibens subsp. inhibens was created automatically for C. inhibens

  Table 1 lists the carnobacteria species and Table 2 focuses on ecology of the two species C. divergens and C. maltaromaticum.

Table 1 : Ecology of eight Carnobacterium sp.

 1 

	Species	Ecology	References
	C. alterfunditum		

Table 2 : Ecology of Carnobacterium divergens and Carnobacterium maltaromaticum.

 2 

	Species	Ecology

Table 3 : Genes implicated in lactose and galactose transportation systems, Tagatose-6P and Leloir pathways. (E. C.: Enzyme Commission; P: phosphate)

 3 

	Genes	Associated enzyme	E.C.	References
	(synonyms)		number	
	lacAB	Galactose-6P isomerase	5.3.1.26	(Zeng et al., 2010)
	lacC	Tagatose-6P kinase	2.7.1.144 (Zeng et al., 2010)
	lacD	Tagatose-1,6 diP aldolase	4.1.2.40	(Zeng et al., 2010)
	lacFE	Enzyme II lactose-PTS	2.7.1.69	(Grossiord et al., 1998; Zeng et al., 2010)
	lacZ lacLM ß-galactosidase	3.2.1.23	(Leong-Morgenthaler et al., 1991)
	lacA	Galactoside Acetyltransferase	2.3.1.18	(Griffin and Gasson, 1994)
	lacG	Intracellular	3.2.1.85	(Abranches et al., 2004; Zeng et al.,
		phospho-ß-galactosidase		2010)
	galP (galA) Galactose permease		(Grossiord et al., 1998; Neves et al.,
				2010)
	lacS	Lactose permease		(Poolman et al., 1989; Schmidt et al.,
				1989; Vaughan et al., 1996)
	galM	Galactose mutarotase	5.1.3.3	(Grossiord et al., 1998; Neves et al.,
				2010)
	galK	Galactokinase	2.7.1.6	(Neves et al., 2010)
	galT	Galactose-1P uridyltransferase	2.7.7.12	

[START_REF] Neves | Towards Enhanced Galactose Utilization by Lactococcus lactis[END_REF]

) galE UDP-glucose4-epimerase 5.1.3.2 (Neves et al., 2010) galR lacR Promoteur regulator (Grossiord et al., 1998) Pgm Phospho-gluco-mutase (Neves et al., 2010)

Table 4 : lac/gal genes organization in some LAB strains. For abbreviations, see Table 3 lacR

 4 lacA lacB lacC lacD lacF lacE lacG lacX galK galE galT galR galM Lactobacillus casei 64H (Bettenbrock and Alpert, 1998) Like mentioned above, in the Lactococcus genus, the galPMKTE operon of the Leloir pathway is fully distributed on chromosome

	Strains (references)			Gene organization
	Lactococcus garvieae DSM 20684	T (Fortina et al, 2009)	galE galT	galK galM galP galR
	Lactococcus lactis MG1363 (Grossiord et al, 2003)			
	L. lactis plasmid pSK11 (Siezen et al, 2005) pLP712 (Wegmann et al, 2012) L. lactis (de Vos and Hugenholtz, 2004)			D	E
	Lactobacillus helveticus ATCC 15009			
			galR galK galT galE galM	lacS	lacZ
			galK	galT galE
			lacR lacA lacB lacC	lacD	PTS PTS PTS
			lacA lacB lacC	lacD lacT	lacF lacE	lacG	lacX

T

[START_REF] Mollet | Galactose utilization in Lactobacillus helveticus: isolation and characterization of the galactokinase (galK) and galactose-1-phosphate uridyl transferase (galT) genes[END_REF][START_REF] Fortina | Unusual Organization for Lactose and Galactose Gene Clusters in Lactobacillus helveticus[END_REF] 

lacS lacS' lacR lacLM galE galK galT galM Streptococcus thermophilus CNRZ 302 (Vaughan et al, 2001) Streptococcus gordonii DL1 (Zeng et al, 2012) L. lactis ATCC 7962 (NCOD 2054) (Vaughan et al, 1998) lacT lacE lacF lacG galK galE galT galR galM lacC lacD lacB lacA lacR

Lactobacillus rhamnosus GG

[START_REF] Tsai | Sequence, organization, transcription and regulation of lactose and galactose operons in Lactobacillus rhamnosus TCELL-1[END_REF] 

lacZ lacA lacR lacA lacB lacC lacD lacF lacE lacG

Streptococcus mutans UA159

[START_REF] Zeng | Two Gene Clusters Coordinate Galactose and Lactose Metabolism in Streptococcus gordonii[END_REF] 

  souches de C. maltaromaticum sont présentes dans une grande diversité d'environnements et sont, avec C. divergens, les plus fréquemment isolées de produits alimentaires (Tableaux 1, 2). Ceci laisse supposer une plus grande capacité d'adaptation pour cette espèce comparativement aux autres espèces du genre Carnobacterium.Il a été noté que C. maltaromaticum possède un génome plus grand que celui des autres LAB[START_REF] Hols | New insights in the molecular biology and physiology of Streptococcus thermophilus revealed by comparative genomics[END_REF][START_REF] Kelly | Chromosomal Diversity in Lactococcus lactis and the Origin of Dairy Starter Cultures[END_REF][START_REF] Van De Guchte | The complete genome sequence of Lactobacillus bulgaricus reveals extensive and ongoing reductive evolution[END_REF]. La taille des génomes est estimée comme variant de 1,9 Mbp pour C. alterfunditum[START_REF] Pikuta | Carnobacterium pleistocenium sp nov., a novel psychrotolerant, facultative anaerobe isolated from permafrost of the Fox Tunnel in Alaska[END_REF] à 3,3 Mbp pour C. maltaromaticum[START_REF] Cailliez-Grimal | Complete Chromosome Sequence of Carnobacterium maltaromaticum LMA 28[END_REF]. Celle des souches appartenant à d'autres espèces, telles que Carnobacterium sp. 17-4[START_REF] Voget | Complete Genome Sequence of Carnobacterium sp 17-4[END_REF] et AT7, serait respectivement de 2,6 Mbp et 2,4 Mbp. Ainsi, il y aurait environ 1,4 Mbp de différence entre le plus petit et le

plus grand génome connu de différentes espèces de Carnobacterium. Il a été émis l'hypothèse que ceci expliquerait l'adaptation des bactéries à une grande diversité d'environnements

  ATCC35586, isolée de truite malade. Les génomes de C. maltaromaticum 3.18, isolée de produit à base de porc, C. maltaromaticum ML.1.97, isolée de poisson frais, et de C. divergens V41 ont été mis à notre disposition. Les génomes de Carnobacterium sp. AT7 et 17.4, souches isolées respectivement des fosses Aléoutiennes et d'eau de mer et celui de C. inhibens subsp. gilichinskyi WN1359, souche isolée du permafrost, sont en accès libre. Des analyses et comparaisons de génomes ont été réalisées sur les neufs génomes de Carnobacterium afin (i) d'évaluer la spécificité ainsi que la diversité des génomes des différentes espèces de Carnobacterium et (ii) d'examiner la variabilité existante au sein des génomes afin de déterminer les implications éventuelles dans le succès évolutif de l'espèce C. maltaromaticum. Les résultats de ces travaux sont présentés dans le premier chapitre intitulé « Comparative genomic analysis reveals contrasting differences between Carnobacterium species». Les bactéries lactiques jouent un rôle majeur dans les fermentations alimentaires et notamment dans les fermentations des produits laitiers. L'acidification liée à l'utilisation du lactose y est particulièrement importante et la capacité à utiliser le lactose et le galactose est un critère majeur de sélection des bactéries lactiques. Ainsi, les gènes constitutifs des voies du Tagatose-6P et de la voie de Leloir ont été caractérisés chez différentes espèces appartenant au groupe des bactéries lactiques. Les études réalisées indiquent un grand niveau de diversité d'organisation génétique. Cependant, peu d'études ont exploré la diversité de la répartition des gènes des voies du Tagatose-6P et de la voie de Leloir au sein des différents genres de bactéries lactiques.

	Les résultats de ces travaux sont présentés dans deux sous-chapitres, intitulés « Genes
	associated to lactose metabolism illustrate the high diversity of Carnobacterium
	maltaromaticum » et «Diversity of lactose/galactose metabolic pathways within Lactic Acid
	Bacteria».
	Le dernier chapitre indique les grandes conclusions de ce travail et souligne quelques
	perspectives.

). Actuellement les génomes de trois souches de C. maltaromaticum isolés de divers environnements sont disponibles sur la plateforme MicroScope : C. maltaromaticum LMA28, isolée de fromage, C. maltaromaticum DSM20342 MX5, isolée de lait, C. maltaromaticum La population de souches laitières de C. maltaromaticum est caractérisée par un très haut niveau de diversité génétique, comme l'a montré une étude MLST réalisée au laboratoire (Rahman et al., 2014a). Les souches laitières sont dispersées au sein des quatre lignées distinctes (I, II, III et IV) mises en évidence par MLST. Cette diversité observée dans l'environnement laitier pourrait se traduire par une diversité des propriétés technologiques des souches dans le contexte fromager. L'objectif des travaux présentés dans le chapitre 2 est d'analyser si cette diversité se retrouve au niveau d'autres caractéristiques et notamment au niveau des gènes impliqués dans le métabolisme du lactose, les gènes lac (voie du Tagatose-6P) et gal (voie de Leloir).

Table 5 : Origins of Carnobacterium sp.
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	Strains	Code	Origins	References
	C. divergens	V41	Fish	(Pilet et al., 1994)
	C. inhibens subsp.	WN1359	Siberian permafrost	(Leonard et al., 2013)
	gilichinskyi			
	C. maltaromaticum ATCC35586	Diseased trout	(Leisner et al., 2012)
		LMA28	Soft ripened cheese	(Millière et al., 1994)
		DSM20342 MX5 Milk with malty flavour (Miller et al., 1974)
		3.18	Porc products	(Leisner et al., 2007)
		ML.1.97	Fresh salmon	(Leisner et al., 2007)
	Carnobacterium sp. AT7	Aleutian trench	(Lauro et al., 2007)
		17.4	Cold seawater	(Voget et al., 2011)

3. Results and discussion 1.3.1. Comparative genome analysis of Carnobacterium strains

  

	1.3.1.1. Phylogeny
	A phylogenetic tree shows that C. maltaromaticum and C. divergens on one hand, and
	Carnobacterium sp. 17.4, Carnobacterium ps. AT7 and C. inhibens subps. gilichinskyi
	WN1359 on the other hand, are closely related. They form two monophyletic taxons sharing a
	common ancestor, as shown by the outgroup E. faecalis V583 (Figure

annotations were deposited at DDBJ/EMBL/GenBank under the following references: PRJEB9002 for C. maltaromaticum ML.1.97, and PRJEB8756 for C. maltaromaticum 3.18. The annotations are publicly available for consultation in MicroScope (http://www.genoscope.cns.fr/agc/microscope/home/) 1.

Table 6
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). The genomes of the three strains C. maltaromaticum LMA28, C. inhibens subsp. gilichinskyi WN1359 and Carnobacterium sp. 17.4 are complete. The draft genome sequence of the other strains C. maltaromaticum DSM20342 MX5, C. maltaromaticum ATCC35586, C. maltaromaticum ML.1.97, C. maltaromaticum 3.18 and Carnobacterium sp. AT7 have a number of contigs comprised between 5 to 229 (Table

6

).

Table 6 : General features of Carnobacterium genomes. * intact and **region incomplete
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	Organisms		C. maltaromaticum			C. divergens C. inhibens subsp. gilichinskyi	Carnobacterium sp.
		LMA28 DSM20342 ATCC35586 ML.1.97 3.18	V41	WN1359	AT7	17.4
	Sequence length (Mbp)	3.65	3.877	3.54	3.33	3.57	2.74	2.35	2.45	2.63
	GC content (%)	34.5	34.4	34.5	34.4	34.4	35.3	35.2	35.2	35.2
	Number of plasmids	3	ND	ND	ND	ND	ND	5	ND	1
	Number of CDS	3,687	3,812	3,448	3,368	3,465	2,633	2,268	2,431	2,584
	Number of COG	2,671	2,800	2,636	2,639	2,672	2,089	2,257	1,986	2,155
	fCDS	48	12	12	49	8	15	69	12	25
	Number of tRNA	59	64	61	37	59	8	75	71	67
	Number of 16S-RNA	6	6	1	1	3	1	8	7	8
	Prophage clusters	2* (3**)	2 (2)	1 (4)	1	1 (5)	0 (3)	0	0 (3)	0
	CRISPR	0	0	0	0	0	8	0	0	0
	Scaffolds	1	5	74	229	160	32	1	69	1
	Contigs	1	5	74	229	160	32	1	69	1
	The genome of C. maltaromaticum strains ranges from 3.33 to 3.87 Mbp. By contrast,
	the genome size of the other Carnobacterium ranges from 2.35-2.74 Mbp, with the smallest

being the genome of C. inhibens subsp. gilichinskyi WN1359. The genome of C. maltaromaticum strains is 0.8-1.52 Mbp larger than the genome of other Carnobacterium strains (Table

  . Compared to other LAB genomes accessible in public databases, the genome of C. maltaromaticum and more specifically of C. maltaromaticum DSM20342 MX5 is the largest. The genome size differences between C. maltaromaticum and the other Carnobacterium species suggest massive gene gains in the ancestor of C. maltaromaticum or massive gene losses, both in the ancestor of C. divergens V41 and in the ancestor of Carnobacterium sp. 17.4, Carnobacterium sp. AT7,

and C. inhibens subsp. gilichinskyi WN1359. The most parsimonious hypothesis would be a massive gain of genes.

Table 7 : Comparative analysis of the Pan/Core genome (50-80) between A: all the Carnobacterium genomes, B: Carnobacterium sp. and C. inhibens subsp. gilichisnkyi WN1359 genomes and C: Carnobacterium divergens and C. maltaromaticum genomes.
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		Organism	Pan	Core Variable Strain specific Core (%) Variable (%) Strain specific (%)
	A C. maltaromaticum DSM20342 MX5	3822 1215	2607	447	31.79	68.21	11.695
		C. maltaromaticum LMA28	3883 1205	2678	508	31.033	68.967	13.083
		C. maltaromaticum ATCC35586	3447 1195	2252	450	34.668	65.332	13.055
		C. maltaromaticum ML.1.97	3367 1200	2167	506	35.64	64.36	15.028
		C. maltaromaticum 3.18	3462 1209	2253	223	34.922	65.078	6.441
		C. divergens V41	2618 1139	1479	727	43.506	56.494	27.769
		C. inhibens subsp. gilichisnkyi WN1359	2427 1164	1263	346	47.96	52.04	14.256
		Carnobacterium sp. AT7	2418 1130	1288	390	46.733	53.267	16.129
		Carnobacterium sp. 17.4	2626 1162	1464	455	44.25	55.75	17.327
	B	C. inhibens subsp. gilichisnkyi WN1359	2427 1782	645	372	73.424	26.576	15.328
		Carnobacterium sp. AT7	2418 1745	673	410	72.167	27.833	16.956
		Carnobacterium sp. 17.4	2626 1785	841	532	67.974	32.026	20.259
	C C. maltaromaticum DSM20342 MX5	3822 1825	1997	460	47.75	52.25	12.036
		C. maltaromaticum LMA28	3883 1811	2072	537	46.639	53.361	13.83
		C. maltaromaticum ATCC35586	3447 1792	1655	455	51.987	48.013	13.2
		C. maltaromaticum ML.1.97	3367 1801	1566	514	53.49	46.51	15.266
		C. maltaromaticum 3.18	3462 1825	1637	231	52.715	47.285	6.672
		C. divergens V41	2618 1723	895	762	65.814	34.186	29.106

Table 9 : Lactose/galactose metabolism putative genes in Carnobacterium sp. Light grey indicates that one copy of the gene is present and the dark grey means that more than one copy are present. White boxes indicates that no homologue was found. lacAB, galactose isomerase; lacC, tagatose6-phosphate kinase; lacD, tagatose-1,6-diphosphate aldolase; lacEF, PTS system; lacG, phospho-β-galactosidase; lacR, regulation genes; lacS, lactose permease; lacLM, β-galactosidase; lacZ, β-galactosidase; galP, galactose permease; galM, galactose epimerase; galK, galactose kinase; galT, galactose-1-phosphate-uridyltransferase; galE, UDP-glucose-4-epimerase; Mpl, megaplasmid.
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	Species		C. maltaromaticum		Carnobacterium sp.	C. inhibens subsp. gilichinskyi
	Strain code	LMA28 Mpl	DSM20342 MX5	ATCC 35586	ML.1.97 3.18	17.4	AT7	WN1359
	Ecology	Soft ripened cheese	Milk with malty flavor	Diseased trout	Fresh salmon	Pork products	Cold seawater	Aleutian trench	Siberian permafrost
	References	(Millière et al., 1994)	(Miller et al., 1974)	(Leisner et al., 2012)	(Leisner et al., 2007)	(Leisner et al., 2007)	(Voget et al., 2011)	(Lauro et al., 2007)	(Leonard et al., 2013)
	Tagatose-	lacA							
	6P pathway	lacB							
	genes	lacC							
		lacD							
		lacE							
		lacF							
		lacG							
		lacR							
		lacT							
		galR							
	Leloir	lacZ/							
	pathway	lacLM							
	genes	galP/							
		lacS/lacY							
		galM							
		galK							
		galT							
		galE							

Table 11 : Lactose/galactose metabolism genes present in LAB and non-LAB strains (MicroScope platform). The colored cases represent the presence of the genes, light gray indicates that only one copy of the gene is present and the dark gray means that more than one copy are present. The numbers indicate the number of gene replication. lacAB (galactose isomerase), lacC (tagatose-6P kinase), lacD (tagatose-1,6P aldolase), lacFE (PTS system), lacG (P-β galactosidase), lacR (regulation genes), lacS (lactose permease), lacLMZ (β-galactosidase), galP (galactose permease), galM (galactose epimerase), galK (galactose kinase), galT (galactose-1P-uridyltransferase), galE (UDP-glucose-4-epimerase).
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	Tagatose-6Phosphate pathway			Leloir pathway
	lacR lacA lacB lacC lacD lacE lacF lacG lacT	galP lacS lacY	lacZ lacLM	galR	galM galK galT galE
	Bacillus subtilis 168				

Percentage of identity between lac and gal genes within LAB. * % of identity between the duplicates of the same strain. ** % of identity between the genome and LMA28

  

		C. maltaromaticum Annexe 4: lacR lacA2 lacB2 lacA1 lacB1 lacC1 lacD1 lacE1 lacF1 lacG1 lacF2 lacE2 lacC2 C. divergens C. inhibens ssp. gilichinskyi Carnobacterium sp.	galK	galE	galT	galM	galR
	LMA28 DSM20342 MX5 6 5 Carnobacterium LysM maltaromaticum LMA 28 100	ATCC35586 3.18 5 5 100 100 100	ML.1.97 V41 5 6 100 100 100	WN1359 4 100 100	AT7 5 100	17.4 5 100	100	100
	WxL	48	49 *		37 54,61 67,68 54,61 67,68 44,91 53 42	46	0 58,35 45,1	0	0 45,1 58,35 44,91
	SDP	35	35 DSM		28	29	26		26	0		1	1
	Sortase	6	8 20342	6 98,77 100 97,98 100 6	6 100	100	5	100	1 100	100	0 100	0 100	100	100
	Total	95	97 MX5		76	93	79		83	5		6	6
			*		54,61 62,43 54,61 62,43 44,91			57,2 45,1		45,1 57,2	44,91
			ATCC 35586	98,77 99,3 97,98 100	100	100		100	100	100	100	100 96,45 44,91
			*		C. maltaromaticum 55,32 62,43 55,32 62,43			C. divergens 45,1 60,18 86,05 C. inhibens subdp. 45,1 60,18 Carnobacterium sp.
		ML-1-97										gilichinskyi
			3-18	LMA28 DSM20342 ATCC35586 3.18 ML.1.97	V41	WN1359	AT7	17.4	100	100	100	100	100
	Sortase A Carnobacterium Total Conserved between C. maltaromaticum 17-4 sp. AT 7	4 4	6 5	5 5		5 5		5 5	4 4			1	67,96 71,32	75,84 74,77	61,51 61,02	51,11 48,27	68,39 68,09
	and C. divergens C. gilichinskyi WN 1359 V41 Specific str. Duplicated Challis Streptococcus gordonii substr.			1 1	1		1		1				1	67,18	75,23	61,1	50,87	69,6
	Sortase	Total			2	2	1		1		1	1		
	B													
		Conserved between	1	1	1		1		1	1		
		C. maltaromaticum										
		and C. divergens											
		V41												
		conserved		1	1								
		LMA28+DSM											
		Fragments						1		1			
	SDP	Total			35	35	28		29		26	26			1
		Specific			2	2	0		0		1	10			1
		duplicated						2			2		
		Fragments		1	2	4		2		3	1		
	WxL	Total			48	49	37		53		42	46		
		Specific			1	1	5		7		4	15		
		duplicated			2	2		1		2			
	LysM	Total			6	5	5		5		5	6		4	5	5
		Specific			1							1		
		Fragments						1		1	1		

--------------
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C. maltaromaticum MLST database revealed the strain C. maltaromaticum DSM20342 MX5 exhibits the genoype ST4 as the strain C. maltaromaticum LMA28 (Figure 9B). 
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MATERIALS AND METHODS

Cultivation of strains

Carnobacterium maltaromaticum strains used in this study are listed in Table 1. They were stored in 20% glycerol at -80°C and were isolated by surface plating on Trypticase Soja (TS) Agar (Biomérieux, France), inoculated in TS Broth and incubated at 30 °C for 24 h before use.

Sequencing and annotation

The genome sequence of C. maltaromaticum 3.18 and ML.1.97 were determined by using the 454 pyrosequencing GS-FLX system (Roche 454 Life Sciences, Mannheim, Germany) as described by [START_REF] Leisner | The genome sequence of the lactic acid bacterium, Carnobacterium maltaromaticum ATCC 35586 encodes potential virulence factors[END_REF]. The three plasmids of C. maltaromaticum LMA28 were sequenced as previously described [START_REF] Cailliez-Grimal | Complete Chromosome Sequence of Carnobacterium maltaromaticum LMA 28[END_REF].

Genome analysis

The newly sequenced genomes were integrated in the MicroScope platform [START_REF] Vallenet | MicroScope--an integrated microbial resource for the curation and comparative analysis of genomic and metabolic data[END_REF] to perform automatic and expert annotation of the genes, as well as comparative analysis.

MicroScope thus hosts the genome of three Carnobacterium sp. and five C. maltaromaticum strains (Table 2). Synteny analyses were performed by using 30% of identity and 80% of coverage as thresholds at the amino acid level.

PCR analysis

DNA was extracted from C. maltaromaticum as previously described (Rahman et al., 2014a). PCR reactions were performed in a volume of 50 µL containing: 23.5 µl of Emerald Amp GT PCR master mix (Takara), 0.4 µM of each primer (Table 8), and 3 to 5 ng of the genomic DNA. The PCR conditions were 5 min at 94°C, followed by 35 cycles of 30 sec at 94°C, 30 sec at the adapted hybridization temperature and 45 sec at 72°C and the final extension for 5 min at 72°C. The PCR products were subsequently analyzed by agarose gel electrophoresis. 
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Diversity of lactose/galactose metabolic pathways within Lactic Acid Bacteria

Abstract

LAB are naturally found in a variety of habitats including milk environments, and the ability of starter cultures to metabolize lactose is a major aspect of LAB selection. Comparative genomic analysis of genes related to the Leloir and Tagatose-6P pathways was performed in 237

LAB and other related Gram-positive genomes with low GC content available in the MicroScope platform. All the genes involved in the Leloir (gal genes) and Tagatose-6P (lac genes) pathways have been investigated and have highlighted the great diversity of lac and gal presence and profiles among the 237 different LAB genomes investigated. Leloir pathway, present in 63% of the strains analyzed, is more commonly found within the LAB than the Tagatose-6P pathway, present in 45%

of the strains analyzed. The genetic diversity of the lactose metabolic pathways remains at the genus level, except for Carnobacterium maltaromaticum, for which diversity is also present at the species level. This diversity may be then explained by the presence of many genetic events that conducted to the transfer of genes from one organism to another, the presence of galactose in other products than milk and the metabolic impact of galactose.
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Introduction

The term LAB (Lactic Acid Bacteria) relates to the metabolic capabilities of microorganisms to ferment various carbohydrates predominantly into lactic acid (Klaenhammer et al., 2005;[START_REF] Liu | Practical implications of lactate and pyruvate metabolism by lactic acid bacteria in food and beverage fermentations[END_REF]. LAB form a heterogeneous group of microorganisms and historically, the four genera Lactobacillus, Leuconostoc, Pediococcus and Streptococcus form the core of the group, corresponding to the current genera Carnobacterium, Enterococcus, Lactobacillus, Lactococcus, Leuconostoc, Oenococcus, Pediococcus, Streptococcus, Vagococcus and Weissella [START_REF] Axelsson | Lactic acid bacteria: classification and physiology, in: Lactic Acid Bacteria: Microbiological and Functional Aspects[END_REF][START_REF] Pot | The taxonomy of lactic acid bacteria[END_REF][START_REF] Stackebrandt | Molecular taxonomy and phylogenetic position of lactic acid bacteria[END_REF][START_REF] Stiles | Lactic acid bacteria of foods and their current taxonomy[END_REF]. LAB are naturally found in a variety of natural habitats, including plants, meat and milk environment, and are involved in a large number of industrial and spontaneous food fermentations, notably those based on milk. The function of LAB is particularly important in dairy products, where their primary contribution is mainly in the rapid production of acid, which led to the acidification of milk products [START_REF] Klaenhammer | Genomic features of lactic acid bacteria effecting bioprocessing and health[END_REF]. Lactose is the main carbon source in milk and the ability of starter cultures to metabolize lactose and the resulting galactose is therefore a major aspect of LAB selection. Because of this industrial relevance, lactose/galactose utilization by LAB has been well studied and documented [START_REF] Cocaign-Bousquet | Physiology of pyruvate metabolism in Lactococcus lactis[END_REF][START_REF] Kandler | Carbohydrate metabolism in lactic acid bacteria[END_REF][START_REF] Leroy | Lactic acid bacteria as functional starter cultures for the food fermentation industry[END_REF][START_REF] Neves | Overview on sugar metabolism and its control in Lactococcus lactis -The input from in vivo NMR[END_REF][START_REF] Wu | Towards galactose accumulation in dairy foods fermented by conventional starter cultures: Challenges and strategies[END_REF].

Lactose/galactose metabolism occurs via two main pathways, Leloir (gal genes) and Tagatose-6P (lac genes) [START_REF] Kandler | Carbohydrate metabolism in lactic acid bacteria[END_REF]) (Table 3).

In the Leloir pathway, the galactose can enter the cell via a permease encoded by galP, and the lactose via a permease encoded by galP or lacS [START_REF] Fortina | Unusual Organization for Lactose and Galactose Gene Clusters in Lactobacillus helveticus[END_REF][START_REF] Leong-Morgenthaler | Lactose Metabolism in Lactobacillus bulgaricus -Analysis of the Primary Structure and Expression of the Genes Involved[END_REF][START_REF] Neves | Towards Enhanced Galactose Utilization by Lactococcus lactis[END_REF]. Lactose is then hydrolyzed via a β-galactosidase (lacZ or lacLM)

into glucose and -galactose [START_REF] Maxwell | Enzymes of the Leloir Pathway[END_REF][START_REF] Poolman | Lactose transport system of Streptococcus thermophilus: a hybrid protein with homology to the melibiose carrier and enzyme III of phosphoenolpyruvate-dependent phosphotransferase systems[END_REF][START_REF] Van Rooijen | Molecular cloning, characterization, and nucleotide sequence of the tagatose 6-phosphate pathway gene cluster of the lactose operon of Lactococcus lactis[END_REF].

In the Tagatose-6P pathway, a phoshoenolpyruvate (PEP): carbohydrate phosphotransferase system (PTS) encoded by the genes lacFE assures the transport and the phosphorylation of lactose and galactose at the expense of PEP [START_REF] Abranches | Galactose Metabolism by Streptococcus mutans[END_REF][START_REF] Zeng | Two Gene Clusters Coordinate Galactose and Lactose Metabolism in Streptococcus gordonii[END_REF][START_REF] Zeng | Utilization of Lactose and Galactose by Streptococcus mutans: Transport, Toxicity, and Carbon Catabolite Repression[END_REF]. Lactose-6P

is then hydrolyzed by a phospho-β-galactosidase (encoded by lacG) into glucose and galactose-6P. This latter is then transformed into 2 trioses via a series of 3 reactions encoded by lacAB (galactose-6-phosphate isomerase), lacC (tagatose-6-phosphate kinase) and lacD (tagatose-1,6-diphosphate aldolase).

Various combinations of the gal and lac genes had been revealed in lactose and galactose utilization by LAB [START_REF] Breidt | Identification of the genes for the lactose-specific components of the phosphotransferase system in the lac operon of Staphylococcus aureus[END_REF][START_REF] Chassy | Regulation and characterization of the galactosephosphoenolpyruvate-dependent phosphotransferase system in Lactobacillus casei[END_REF][START_REF] Loughman | Comparative functional analysis of the lac operons in Streptococcus pyogenes[END_REF][START_REF] Rosey | Nucleotide and deduced amino acid sequences of the lacR, lacABCD, and lacFE genes encoding the repressor, tagatose 6-phosphate gene cluster, and sugar-specific phosphotransferase system components of the lactose operon of Streptococcus mutans[END_REF] and, although individually genes present a high synteny level, each bacterium assembles them differently [START_REF] Grossiord | Genetics of galactose utilisation via the Leloir pathway in lactic acid bacteria[END_REF]. However, studies were performed during the two last decades and lactose and galactose metabolic pathways diversity and variability between the different LAB genus and species is largely unexplored today.

Genome sequencing and the use of microbial genomic tools creates a number of new possibilities for strain characterization with a high level of resolution as well as for understanding the physiological properties of bacteria [START_REF] Kankainen | Comparative genomic analysis of Lactobacillus rhamnosus GG reveals pili containing a human-mucus binding protein[END_REF]. Actually, approximately 240

LAB genomes are available in the MicroScope platform [START_REF] Vallenet | MicroScope--an integrated microbial resource for the curation and comparative analysis of genomic and metabolic data[END_REF] to perform automatic and expert annotation of the genes. The aim of this paper is to use genome comparaisons to actualize the analysis of gal and lac genes of the Leloir and Tagatose-6P pathways. [START_REF] Richards | Transcriptomic and genomic evidence for Streptococcus agalactiae adaptation to the bovine environment[END_REF][START_REF] Zeng | Two Gene Clusters Coordinate Galactose and Lactose Metabolism in Streptococcus gordonii[END_REF]. LacT is a member of the BglG/SacY family of proteins commonly associated with the regulation of carbohydrate metabolism [START_REF] Declerck | RNA recognition by transcriptional antiterminators of the BglG/SacY family: mapping of SacY RNA binding site[END_REF]. LacT is present in some strains holding the Tagatose-6P pathway, but lacR is present in all genomes possessing the Tagatose-6P pathway (Table 11). lacR is one component of the regulation system.

In the Tagatose-6P pathway, it is an auto regulation gene that binds to lacA promoter and represses its activity when tagatose-6P is absent (de Vos and [START_REF] De Vos | Genetics of lactose utilization in lactic acid bacteria[END_REF][START_REF] Van Rooijen | Molecular cloning, characterization, and nucleotide sequence of the tagatose 6-phosphate pathway gene cluster of the lactose operon of Lactococcus lactis[END_REF].

2.2.3.2.Diversity of the lactose and galactose metabolic pathways

Leloir and Tagatose-6P pathways contribute differently to lactose and galactose metabolism depending on genus and species. Repartition of these two pathways between the different genus and species is analyzed (Table 11, Figure 18 A-B). Only genus containing more than three species and species containing more than eight strains are taking into consideration. In the different genus studied, the Leloir pathway is always present and can be found in 60% or more of species in each genus, except for Listeria, where the absence of lac and gal genes is observed Carnobacterium sp.17.4

Carnobacterium sp. AT7 

Résumé

Analyse par génomique comparée de Carnobacterium maltaromaticum : Etude de la diversité et de l'adaptation à différents environnements Carnobacterium est un genre bactérien ubiquiste appartenant au groupe des bactéries lactiques (LAB). Les souches de Carnobacterium maltaromaticum sont présentes dans une grande diversité d'environnements et de produits alimentaires. Elles présentent de nombreuses propriétés, dont un effet positif en fabrication fromagère et des potentialités probiotiques qui en font un microorganisme à forte potentialité industrielle. L'objectif de ce travail de thèse est d'approfondir les connaissances sur C. maltaromaticum par une étude génomique. Neuf génomes de bactéries du genre Carnobacterium, dont 5 de C. maltaromaticum, disponibles sur la plateforme MicroScope ont été analysés et comparés. Carnobacterium maltaromaticum DSM20342 MX5 possède un génome de 3,85 Mbp, le plus grand génome parmi les LAB connus, de 1 Mbp de plus que celui des autres Carnobacterium n'appartenant pas à l'espèce C. maltaromaticum. L'analyse génomique détaillée indique la présence de quelques voies métaboliques spécifiques et suggère que les souches de C. maltaromaticum et C. divergens présenteraient une surface cellulaire caractérisée par une grande diversité moléculaire.Les trois autres souches de Carnobacterium présenteraient une surface fortement dépourvue en molécules de surfaces dont les protéines. Les propriétés de surface qui en découlent seraient à relier à la capacité de ces deux espèces à coloniser différents habitats. Par ailleurs, les souches de C. maltaromaticum isolées de différents produits laitiers se caractérisent par une grande diversité génomique. Afin de caractériser le niveau de diversité, les gènes impliqués dans les voies métaboliques d'utilisation du lactose (voie du Tagatose-6Phosphate, gènes lac) et du galactose (voie de Leloir, gènes gal) ont été caractérisés par analyse génomique au sein du genre Carnobacterium. De plus, ces gènes ont été recherchés par PCR chez 42 souches de C. maltaromaticum. Les deux voies sont présentes et organisées différemment chez les différentes souches de C. maltaromaticum d'origine laitière et non laitière L'analyse de ces gènes au niveau de la population révèle une dissémination des deux voies au sein des 4 lignées de cette population. La voie de Leloir est présente dans les lignées I, II et III et la voie du Tagatose-6Phosphate dans les lignées I, II et IV. Ces résultats suggèrent que les gènes lac et gal ont évolué selon un schéma complexe, qui est le reflet du haut niveau de diversité génétique de la population. La recherche de ces gènes au sein des 237 génomes de LAB disponibles sur la plateforme MicroScope Mage indique que les gènes lac et gal présentent un niveau de diversité élevé parmi les différents genres bactériens constituant le groupe des LAB, avec une dominance de la présence de la voie de Leloir. Ce niveau de diversité génétique n'est retrouvé qu'à l'échelle du genre chez les LAB et non de l'espèce, comme c'est le cas de C. maltaromaticum.
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Summary Comparative genomic analysis of Carnobacterium maltaromaticum:

Study of diversity and adaptation to different environments Carnobacterium bacteria belong to the lactic acid bacteria (LAB) and are ubiquitous. Carnobacterium maltaromaticum strains are present in a wide variety of environments and foods. They have many positive properties in cheese manufacturing that make them microorganisms of industrial interest. The objective of this thesis is to deepen the knowledge on C. maltaromaticum by a comparative genomic approach. Nine Carnobacterium genomes, including 5 C. maltaromaticum, available on the platform MicroScope were analyzed and compared. Carnobacterium maltaromaticum DSM20342 MX5 is the largest genome among LAB, 1Mbp more than other Carnobacterium species. Detailed analysis indicates the presence of some specific metabolic pathways, and the presence of a high molecular diversity of cell surface proteins in C. maltaromaticum and C. divergens, while the three other Carnobacterium species present only few proteins on their surfaces. This can be related to the ability of these two species to colonize different habitats. Furthermore, C. maltaromaticum strains isolated from various dairy products are characterized by a large genomic diversity. In order to characterize this diversity, genes involved in lactose (Tagatose-6Phosphate pathway, lac genes) and galactose (Leloir pathway, gal genes) metabolic pathways were identified by genomic analysis within Carnobacterium genus and detected by PCR in 42 C. maltaromaticum strains. Both pathways are present and organized differently in the C. maltaromaticum strains. The analysis of these genes at the population level shows a spread of the two pathways within the 4 lineages of this population. The Leloir pathway is present in the lineages I, II and III and the Tagatose-6Phosphate in the lineages I, II and IV. These results suggest that the lac and gal genes have evolved in a complex pattern, which reflects the high level of genetic diversity of the population. These genes were characterized in 237 LAB genome and exhibit a high degree of diversity among the different bacterial genera of the LAB group, with a dominance of the presence of the Leloir pathway. This level of genetic diversity is found at the genus level in LAB and not at the species level, as for C. maltaromaticum. Keywords: Carnobacterium maltaromaticum, diversity, adaptation, comparison genomics, lactose.