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Highly promiscuous oxidases discovered by functional exploration of the bovine rumen microbiome
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Bovine rumen microbiota is a highly diverse and efficient ecosystem for the degradation of complex substrates, especially those issued from plant biomass. Predominantly composed of uncultivated microorganisms, it constitutes a rich reservoir of new enzymes of potential interest for industrial biotechnologies, especially biorefineries and bioremediation. As part of this thesis, we used the functional screening of the ruminal metagenome to increase the discovery of enzymes able to degrade lignocelluloses, as well as different synthetic pollutants. In particular, new esterases able to degrade a carbamate insecticide, fenoucarb, and a commercial polyurethane, Impranil DLN, have been identified. Moreover, the development of a new screening strategy for oxidoreductases allowed the isolation of three original bacterial enzymes that are very polyspecific, and do not need copper nor manganese to degrade different polycyclic substrates, like major pollutants of the textile industry, as well as lignin derivatives. Finally, the screening of two libraries from in vivo and in vitro enrichments of the ruminal microbiome on wheat straw allowed the isolation of lignocellulolytic enzymatic cocktails, with different functional profiles and taxonomical origins, comprising glycosidehydrolases, esterases and oxidoreductases. Fifteen novel CAZy modules, related to enzymatic families never characterized, were identified. All these results highlight the vast potential of microbial ecosystems, in particular the bovine rumen microbiota, for biotechnological innovation.

Le microbiote du rumen bovin est un écosystème très diversifié et efficace pour la dégradation de substrats complexes, notamment issus de la biomasse végétale. Composé majoritairement de microorganismes non cultivés, il constitue un réservoir très riche de nouvelles enzymes d'intérêt potentiel pour les biotechnologies industrielles, en particulier les bioraffineries et la bioremédiation. Dans le cadre de cette thèse, nous avons mis en oeuvre une approche de criblage fonctionnel du métagenome ruminal pour accélérer la découverte d'enzymes de dégradation des lignocelluloses, mais aussi de divers polluants synthétiques. En particulier, de nouvelles estérases capables de dégrader un insecticide de la famille des carbamates, le fenobucarb, ainsi qu'un polyuréthane commercial, l'Impranil DLN, ont pu être identifiées. De plus, le développement d'une nouvelle stratégie de criblage d'oxydoréductases nous a permis d'isoler trois enzymes bactériennes originales, très polyspécifiques, ne requérant ni cuivre ni manganèse pour dégrader différents substrats polycycliques tels que des polluants majeurs de l'industrie textile, mais aussi des dérivés de lignine. Enfin, le criblage de deux banques issues d'enrichissements in vivo et in vitro du microbiome du rumen sur paille de blé a permis d'isoler des cocktails d'enzymes lignocellulolytiques au profil fonctionnel et d'origine taxonomique différents, constitués de glycoside-hydrolases, estérases et oxydoréductases. Quinze nouveaux modules CAZy, correspondant à des familles enzymatiques jamais caractérisées, ont été identifiés. L'ensemble de ces résultats met en lumière l'immense potentiel d'innovation biotechnologique contenu dans les écosystèmes microbiens, en particulier dans le microbiote du rumen bovin. Après rédaction du manuscrit qui suit, je pense être maintenant à la partie la plus difficile de cette rédaction, les remerciements. Non pas parce que je n'ai personne à remercier, bien au contraire, mais surtout parce que rien de ce qui va suivre ne pourra vraiment exprimer toute la reconnaissance que j'ai envers ceux que j'ai côtoyé, que ce soit quelques mois ou quelques années, pendant cette expérience de maintenant trois ans et demie.
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« Never doubt that a small group of committed people can change the world; indeed, it's the only thing that ever has. »

Margaret Mead

« Take a method and try it. If it fails, admit it frankly, and try another.

But by all means, try something » Franklin D. Roosevelt The large majority of Earth's ecosystems is composed of uncultured microorganisms. In many of them, up to 99% of the microorganisms indeed cannot be cultured using standard laboratory techniques [START_REF] Kato | Time-series metagenomic analysis reveals robustness of soil microbiome against chemical disturbance[END_REF]. Because of this, culture-independent methods, like metagenomics, have become essential to assess the genomic information of an entire microbial community (also called the 'metagenome'), and to broaden our knowledge on the population structure, its functional diversity and ecological roles. This allowed the discovery of numerous useful molecules, among which are the enzymes, which are key tools for many biotechnological applications.

Enzymes are indeed the living world's major catalysts, and are essential for most biological processes. In industry, the exquisite properties of enzymes (catalytic efficiency, regio-and stereo selectivity) have been recognized and exploited in several manufacturing processes for many years (Li et al., 2012). However, the greening of conventional chemical processes, replacing unsustainable manufacturing processes by more sustainable enzymedriven methods is still challenging, together with industrial pollutant elimination, and continuously require more efficient, specific and stable enzymes. This is in particular the case for biorefineries that have been developed for many years in order to break down plant biomass and to convert it into biofuels and biosourced synthons and materials (Menon and Rao, 2012). But enzymatic degradation of lignocelluloses, which constitute the main renewable carbon source without being in competition with the food industry, is still a key issue. Disrupting the plant cell wall network to expose cellulose and hemicelluloses for enhanced saccharification and fermentation indeed requires a battery of synergistic carbohydrate active enzymes (glycoside-hydrolases and esterases) and efficient oxidoreductases to break lignin down. There is actually an urgent need to design efficient enzymatic cocktails, and to accelerate the discovery of oxidoreductases, of which the natural diversity is largely underexploited.

Oxidoreductases, with other enzymes like esterases, are also essential biocatalysts for the degradation of many industrial pollutants. Indeed, tons of synthetic polyaromatic compounds, polyesters and phytosanitary products, are leaked in the environment every year (Rieger et al., 2002). Most of their biodegradation routes are still unknown, and thus cannot be exploited at the industrial scale. Both for biorefineries and bioremediation, it is thus essential to expand the catalog of industrial enzymes. Microbial ecosystems are inexhaustible sources of novel biocatalysts that are still hidden in the uncultivated microbial fractions. In order to accelerate their discovery, the challenge is to develop fancy highthroughput screening strategies to explore the extraordinary large functional diversity of complex microbiomes.

The bovine rumen ecosystem is a goldmine to find such biocatalysts. It is indeed one of the most diverse gut microbiota, naturally geared towards the degradation of dietary lignocelluloses. This ecosystem has of course already been mined for cellulases and hemicellulases in the past few years (Morgavi et al., 2013). However, no novel carbohydrate active enzyme family was discovered until now by using metagenomics, and the discovered enzymes were never tested on real plant cell wall matrixes. In addition, ruminal enzymes have rarely been exploited for pollutant degradation, while enzyme promiscuity often allows them to act on their natural physiologic substrates, but also on synthetic structural analogues.

As such, in this thesis work, we used activity-based functional metagenomics to mine the ruminal microbiome to discover novel glycoside-hydrolases, esterases and oxidoreductases of biotechnological interest. The targeted microbiome was preliminary artificially enriched in such functions, by feeding the ecosystem in vitro, and in vivo, with wheat straw, an agricultural waste particularly rich in lignin.

The resulting bacterial consortia were then screened in order to:

-exploit their functional potential to find new carbohydrate active enzymes and oxidoreductases for biorefineries. To this aim, we had to develop a multi-steps screening strategy to isolate new bacterial oxidases, and to guide the design of synergistic lignocellulase cocktails active on crude plant biomass. -compare the effect of various enrichment methods on microbial diversity.

-evaluate the potential of the new oxidases for the degradation of polyaromatic pollutants found in industrial wastewater, especially textile dyes. -isolate new esterases able to degrade structurally different carbamates, which are major material pollutant and phytosanitary products.

This manuscript is organized in six chapters, the first three constituting a literature review:

The first chapter is a review published in 2015 in Frontiers in Microbiology, which gives an overview of the meta-omic strategies that have been developed in this last decade to discover new enzymes.

The second chapter is a review paper published in 2015 in Biotechnology Advances, which gives an overview of the enzyme families of interest for pollutant degradation, and their members discovered thanks to functional metagenomics. A list of the different studies, together with their methodological specificities, is presented in two synthetic tables.

The third chapter is an overview of the bovine rumen ecosystem, the microbiome targeted in this thesis. It deals in particular with the diet-microbiota relationships, with a specific focus on the different enzyme classes known to play a major role in the functional potential of this ecosystem.

The next three chapters relate to the results obtained during this thesis. They are presented as research articles that will be submitted in the next weeks:

The fourth chapter deals with the discovery of novel esterases from the bovine rumen microbiome, and with the characterization of their catalytic specificities towards two carbamate pollutants, namely Impranil DLN, a commercial polyurethane, and fenobucarb, a carbamate insecticide.

The fifth chapter describes the development of a functional metagenomic methodology to screen microbiomes for novel oxidases acting on natural and synthetic polyaromatic compounds. This approach, applied to the bovine rumen microbiome, allowed us to discover three metagenomic clones presenting large substrate flexibility. The bacterial enzymes produced, which present low homologies with already characterized enzymes, are indeed efficient for the discoloration of structurally different dyes, but also to degrade lignin derivatives obtained in the paper industries, like kraft lignin.

The sixth chapter compares two different strategies of microbiome enrichment in lignocellulotic activities. In particular, it deals with the functional potential of two bacterial consortia, and with the efficiency of their mining for the discovery of novel lignocellulases, including some belonging to novel enzymatic families, acting synergistically for crude plant biomass breakdown.

A general conclusion, focusing on the major progress obtained from this thesis work, along with the perspectives that can be inferred, concludes this manuscript.

Chapter I:

Discovery of new protein families and functions: new challenges in functional metagenomics for biotechnologies and microbial ecology

Lisa Ufarté 1,2,3 , Gabrielle Potocki-Veronese 1,2,3 and Élisabeth Laville 1,2,3* Frontiers in Microbiology (2015)

Introduction

The implications of the discovery of new protein functions are numerous, from both cognitive and applicative points of view. Firstly, it improves understanding of how microbial ecosystems function, in order to identify biomarkers and levers that will help optimize the services rendered, regardless of the field of application. Next, the discovery of new enzymes and transporters enables expansion of the catalog of functions available for metabolic pathway engineering and synthetic biology. Finally, the identification and characterization of new protein families, whose functions, three-dimensional structure and catalytic mechanism have never been described, furthers understanding of the protein structure/function relationship. This is an essential prerequisite if we are to draw full benefit from these proteins, both for medical applications (for example, designing specific inhibitors) and for relevant integration into biotechnological processes.

Many reviews have been published on functional metagenomics these last 10 years. Many of them focus on the strategies of library creation and on bio-informatic developments [START_REF] Di Bella | High throughput sequencing methods and analysis for microbiome research[END_REF][START_REF] Ladoukakis | Integrative workflows for metagenomic analysis[END_REF], while others describe the various approaches set up to discover novel targets [like therapeutic molecules [START_REF] Culligan | Metagenomics and novel gene discovery: Promise and potential for novel therapeutics[END_REF]] for a specific application. In particular several review papers have been written on the numerous activity-based metagenomics studies carried out to find new enzymes for biotechnological applications, without necessarily finding new functions or new protein families [START_REF] Ferrer | Metagenomics for Mining New Genetic Resources of Microbial Communities[END_REF][START_REF] Steele | Advances in Recovery of Novel Biocatalysts from Metagenomes[END_REF]. The present review focuses on all the functional metagenomics approaches, sequence-or activity-based, allowing the discovery of new functions and families from the uncultured fraction of microbial ecosystems, and makes a recent overview on the advances of microfluidics for ultra-fast microbial screening of metagenomes.

Sampling Strategies

The literature describes a wide variety of microbial environments sampled in the search for new enzymes. A large number of studies look at ecosystems with high taxonomic and functional diversity, such as soils or natural aquatic environments that are either undisturbed or exposed to various pollutants [START_REF] Gilbert | Detection of Large Numbers of Novel Sequences in the Metatranscriptomes of Complex Marine Microbial Communities[END_REF]Brennerova et al., 2009;[START_REF] Zanaroli | Characterization of the microbial community from the marine sediment of the Venice lagoon capable of reductive dechlorination of coplanar polychlorinated biphenyls (PCBs)[END_REF]. Extreme environments enable the discovery of enzymes that are naturally adapted to the constraints of certain industrial processes, such as glycoside hydrolases and halotolerant esterases (Ferrer et al., 2005;[START_REF] Lecleir | Comparison of chitinolytic enzymes from an alkaline, hypersaline lake and an estuary[END_REF], thermostable lipases (Tirawongsaroj et al., 2008), or even psychrophilic DNA-polymerases (Simon et al., 2009). Other microbial ecosystems, such as anaerobic digesters including both human and/or animal intestinal microbiota and industrial remediation reactors, are naturally specialized in metabolizing certain substrates. These are ideal targets for research into particular functions, such as the degrading activity of lignocellulosic plant biomass (Warnecke et al., 2007;Tasse et al., 2010;Hess et al., 2011;[START_REF] Bastien | Mining for hemicellulases in the fungus-growing termite Pseudacanthotermes militaris using functional metagenomics[END_REF] or dioxygenases for the degradation of aromatic compounds (Suenaga et al., 2007). Some studies refer to enrichment steps that occur before sampling, with the aim of increasing the relative abundance of micro-organisms that have the target function. This enrichment can be done by modifying the physical and chemical conditions of the natural environment [START_REF] Van Elsas | The metagenomics of disease-suppressive soils -experiences from the METACONTROL project[END_REF] or by incorporating the substrate to be metabolized in vivo (Hess et al., 2011) or in vitro, in reactors [START_REF] Deangelis | Strategies for Enhancing the Effectiveness of Metagenomic-based Enzyme Discovery in Lignocellulolytic Microbial Communities[END_REF] or mesocosms [START_REF] Jacquiod | Soil Bacterial Community Shifts after Chitin Enrichment: An Integrative Metagenomic Approach[END_REF]. Through stable isotopic probing and cloning of the DNA of microorganisms able to metabolize a specifically labeled substrate for the creation of metagenome libraries, it is possible to increase the frequency of positive clones by several orders of magnitude [START_REF] Chen | When metagenomics meets stable-isotope probing: progress and perspectives[END_REF]. These approaches require functional and taxonomic controls at the different stages of enrichment, which are often sequential, to prevent the proliferation of populations dependent on the activity of the populations preferred at the outset. These kinds of checks are difficult to do in vivo, where there would actually be an increased risk of selecting populations able to metabolize only the degradation products of the initial substrate, to the detriment of those able to attack the more resistant original substrate with its more complex structure.

Functional Screening: New Challenges for the Discovery of Functions

Two complementary approaches can be used to discover new functions and protein families within microbial communities. The first involves the analysis of nucleotide, ribonucleotide or protein sequences, and the other the direct screening of functions before sequencing (Figure 1).

The Sequence, Marker of Originality

There have been a number of large-scale random metagenome sequencing projects [START_REF] Yooseph | The Sorcerer II Global Ocean Sampling expedition: expanding the universe of protein families[END_REF][START_REF] Vogel | TerraGenome: a consortium for the sequencing of a soil metagenome[END_REF][START_REF] Gilbert | The Taxonomic and Functional Diversity of Microbes at a Temperate Coastal Site: A "Multi-Omic" Study of Seasonal and Diel Temporal Variation[END_REF]Bork et al., with Qin et al., MetaHIT Consortium, 2010;Hess et al., 2011) over the past few years, resulting in catalogs listing millions of genes from different ecosystems, the majority of which are recorded in the GOLD 1 (RRID: nif-0000-02918), MG-RAST2 (RRID: OMICS_01456) and EMBL-EBI 3 (RRID: nlx_72386) metagenomics databases. At the same time, the obstacles inherent to metatranscriptomic sampling (fragility of mRNA, difficulty with extraction from natural environments, separation of other types of RNA) have been removed, opening a window into the functional dynamics of ecosystems according to biotic or abiotic constraints [START_REF] Saleh-Lakha | Microbial gene expression in soil: methods, applications and challenges[END_REF][START_REF] Warnecke | A perspective: Metatranscriptomics as a tool for the discovery of novel biocatalysts[END_REF][START_REF] Schmieder | Identification and removal of ribosomal RNA sequences from metatranscriptomes[END_REF]. Metatranscriptomes sequencing has thus enabled the identification of new gene families, such as those found in microbial communities (prokaryotes and/or eukaryotes) expressed specifically in response to variations in the environment [START_REF] Bailly | Soil eukaryotic functional diversity, a metatranscriptomic approach[END_REF][START_REF] Frias-Lopez | Microbial community gene expression in ocean surface waters[END_REF][START_REF] Gilbert | Detection of Large Numbers of Novel Sequences in the Metatranscriptomes of Complex Marine Microbial Communities[END_REF] and new enzyme sequences belonging to known carbohydrate active enzymes families [START_REF] Poretsky | Analysis of Microbial Gene Transcripts in Environmental Samples[END_REF][START_REF] Tartar | Parallel metatranscriptome analyses of host and symbiont gene expression in the gut of the termite Reticulitermes flavipes[END_REF][START_REF] Damon | Metatranscriptomics Reveals the Diversity of Genes Expressed by Eukaryotes in Forest Soils[END_REF].

Regardless of the origin of the sequences (DNA or cDNA, with or without prior cloning in an expression host), the advances made with automatic annotation, most notably thanks to the IMG-M (RRID: nif-0000-03010) and MG-RAST (RRID: OMICS_01456) servers [START_REF] Markowitz | Isolation of a novel gene encoding a 3,5,6trichloro-2-pyridinol degrading enzyme from a cow rumen metagenomic library[END_REF]Meyer et al., 2008), now make it possible to quantify and compare the abundance of the main functional families in the target ecosystems [START_REF] Thomas | Metagenomics -a guide from sampling to data analysis[END_REF], identified through comparison of sequences with the general functional databases: KEGG (RRID: nif-0000-21234) (Kanehisa and Goto, 2000), eggNOG (RRID: nif-0000-02789) [START_REF] Muller | eggNOG v2.0: extending the evolutionary genealogy of genes with enhanced non-supervised orthologous groups, species and functional annotations[END_REF], and COG/KOG (RRID: nif-0000-21313) [START_REF] Tatusov | The COG database: an updated version includes eukaryotes[END_REF]. They also enable research into specific protein families, thanks to motif detection using Pfam (RRID: nlx_72111) [START_REF] Finn | The Pfam protein families database[END_REF], TIGRFAM (RRID: nif-0000-03560) [START_REF] Selengut | TIGRFAMs and Genome Properties: tools for the assignment of molecular function and biological process in prokaryotic genomes[END_REF], CDD (RRID: nif-0000-02647) [START_REF] Marchler-Bauer | Discovery of new protein families and functions: new challenges in functional metagenomics for biotechnologies and microbial ecology 49[END_REF], Prosite (RRID: nif-0000-03351) [START_REF] Sigrist | PROSITE, a protein domain database for functional characterization and annotation[END_REF], and HMM model construction (Hidden Markov Models;[START_REF] Soding | Protein homology detection by HMM-HMM comparison[END_REF].

Figure 1: Strategies for the functional exploration of metagenomes, metatranscriptomes and metaproteomics to discover new functions and protein families.

Discovery of new protein families and functions: new challenges in functional metagenomics for biotechnologies and microbial ecology 35 Other servers can be used to interrogate databases specialized in specific enzymatic families (Table 1). Finally, the performance of methods used to assemble next generation sequencing reads is set to open up access to a plethora of complete genes to feed expert databases, which currently only contain a tiny percentage of genes from uncultivated organisms-less than 1% for the CAZy database (RRID: OMICS_01677), for example-while the majority of metagenomic studies published target ecosystems with a high number of plant polysaccharide degradation activities by carbohydrate active enzymes (André et al., 2014). Even based on a large majority of truncated genes, metagenomes and metatranscriptomes functional annotation enables in silico estimations of the functional diversity of the ecosystem and identification of the most original sequences within a known protein family. It is then possible to use PCR (Polymerase Chain Reaction) to capture those sequences specifically, and test their function experimentally to assess their applicative value. In this way, the sequencing of the rumen metagenome (268 Gb) enabled identification of 27,755 coding genes for carbohydrate active enzymes, and isolation of 51 active enzymes belonging to known families specifically involved in lignocelluloses degradation (Hess et al., 2011). PCR, and more generally DNA/DNA or DNA/cDNA hybridization, also make it possible to directly capture coding genes for protein families that are abundant and/or expressed in the target ecosystem, but with no need for a priori large-scale sequencing. This strategy requires the conception of nucleic acid probes or PCR primers using consensus sequences specific to known protein families. There are plenty of examples of the discovery of enzymes in metagenomes using these approaches, for instance bacterial laccases (Ausec et al., 2011), dioxygenases (Zaprasis et al., 2009), nitrites reductases (Bartossek et al., 2010), hydrogenases [START_REF] Schmidt | Discovery of new protein families and functions: new challenges in functional metagenomics for biotechnologies and microbial ecology 51[END_REF], hydrazine oxidoreductases [START_REF] Li | A comparison of primer sets for detecting 16S rRNA and hydrazine oxidoreductase genes of anaerobic ammonium-oxidizing bacteria in marine sediments[END_REF], or chitinases [START_REF] Hjort | Chitinase genes revealed and compared in bacterial isolates, DNA extracts and a metagenomic library from a phytopathogen-suppressive soil[END_REF] from various ecosystems. The Gene-Targeted-metagenomics approach [START_REF] Iwai | Gene-targetedmetagenomics reveals extensive diversity of aromatic dioxygenase genes in the environment[END_REF] combines PCR screening and amplicon pyrosequencing to generate primers in an iterative manner and increase the structural diversity of the target protein families, for example the dioxygenases from the microbiota of contaminated soil. Elsewhere, the use of high-density functional microarrays considerably multiplies the number of probes and is therefore a low-cost way of obtaining a snapshot of the abundance and diversity of sequences within specific protein families and even, where the DNA or cDNA has been cloned [START_REF] He | Metatranscriptomic array analysis of "Candidatus Accumulibacter phosphatis"-enriched enhanced biological phosphorus removal sludge: Metatranscriptomic array analysis of EBPR sludge[END_REF][START_REF] Weckx | Community Dynamics of Bacteria in Sourdough Fermentations as Revealed by Their Metatranscriptome[END_REF], directly capturing targets of interest while rationalizing sequencing. Using a similar strategy, the solution hybrid selection method enables the selection of fragments of coding DNA for specific enzymatic families using 31mers capture probes. Applied to the capture of cDNA, this method provides access to entire genes which can be then cloned and their activity tested [START_REF] Bragalini | Solution Hybrid Selection Capture for the Recovery of Functional Full-Length Eukaryotic cDNAs From Complex Environmental Samples[END_REF]. Solution hybrid selection can therefore be used to explore the taxonomic and functional diversity of all protein families. More especially, this approach opens the way for the selection and characterization of families that are highly represented in a microbiome but whose function remains unknown, in order to further the understanding of ecosystemic functions and discover novel biocatalysts.

Metaproteomics has recently proved its worth in identifying new protein families and/or functions. Paired with genomic, metagenomic and metatranscriptomic data [START_REF] Erickson | Integrated Metagenomics/Metaproteomics Reveals Human Host-Microbiota Signatures of Crohn's Disease[END_REF], it provides access to excellent biomarkers of the functional state of the ecosystem. Recent developments, such as high-throughput electrospray ionization paired with mass spectrometry, enable full metaproteome analysis after separation of proteins by liquid chromatography. It is thus possible to highlight hundreds of proteins with no associated function and new enzyme families playing a key functional role in the ecosystem [START_REF] Ram | Community proteomics of a natural microbial biofilm[END_REF]. This latter example illustrates the need for research and/or experimental proof of function for proteins where the function remains unknown (products of orphan genes or, on the contrary, genes highly prevalent in the microbial realm but that have never been characterized) or poorly annotated. In fact, annotation errors, which are especially common for multi-modular proteins such as carbohydrate active enzymes, are spread at an increasing rate as a result of the explosion in the number of functional genomics and meta-genomic,transcriptomic and -proteomic projects. New annotation strategies, most notably based on the prediction of the three-dimensional structure of proteins, are also worth exploring [START_REF] Uchiyama | Functional metagenomics for enzyme discovery: challenges to efficient screening[END_REF]. However, at the present time, it is very difficult to predict the specificity of substrate and the mechanism of action (and therefore the function of the protein) on the basis of sequence or even structure, especially where there is no homologue characterized from a structural and functional point of view. Functional screening can address this challenge.

Activity Screening: Speeding up the Discovery of Biotechnology Tools

There are three prerequisites for this approach: (i) the cloning of DNA or cDNA in an expression vector for the creation of, respectively, metagenomic or metatranscriptomic libraries, (ii) heterologous expression of cloned genes in a microbial host, iii) the conception of efficient phenotypic screens to isolate the clones of interest that produce the target activity, also referred to as "hits."

Using this approach, the functions of a protein can be accessed without any prior information on its sequence. It is therefore the only way of identifying novel protein families that have known functions or previously unseen functions (as long as an adequate screen can be developed). Finally, it helps to rationalize sequencing efforts and focus them only on the hits: for example, those that are of biotechnological interest. The expression potential of the selected heterologous host, the size of the DNA inserts and the type of vectors all determine the success of functional screening. Short fragments of metagenomic DNA (smaller than 15 kb, and most often between 2 and 5 kb), or cDNA for the metatranscriptomic libraries, cloned in plasmids under the influence of a strong expression promoter, enable the overexpression of a single protein, and the easy recovery and sequencing of the hits' DNA [START_REF] Uchiyama | Functional metagenomics for enzyme discovery: challenges to efficient screening[END_REF]. On the other hand, fragments of bacterial DNA measuring between 15 and 40 kb, 25 and 45 kb or even 100 and 200 kb, cloned respectively in cosmids, fosmids or bacterial artificial chromosomes, can be used to explore a functional diversity of several Gb per library and, above all, provide access to operon-type multigene clusters, coding for complete catabolic or anabolic pathways. This is of major interest for the discovery of cocktails of synergistic activities that degrade complex substrates such as plant cell walls for biorefineries. This strategy also ensures high reliability for the taxonomic annotation of inserts, and can even be used to identify the mobile elements responsible for the plasticity of the bacterial metagenome, mediated by horizontal gene transfers (Tasse et al., 2010). However, it requires sensitive activity screens, since the target genes are only weakly expressed, controlled by their own native promoters.

Escherichia coli, whose transformation efficiency is exceptionally high, even for fosmids or bacterial artificial chromosomes, remains the host of choice in the immense majority of studies published. The first exhaustive functional screening study of a fosmid library revealed that E. coli can be used to express genes from bacteria that are very different from a taxonomical point of view, including a large number of Bacteroidetes and Gram-positive bacteria (Tasse et al., 2010), contrary to what had been predicted by in silico detection of expression signals compatible with E. coli (Gabor et al., 2004). However, the value of developing shuttle vectors to screen metagenomic libraries in hosts with different expression and secretion potentials, for example Bacillus, Sphingomonas, Streptomyces, Thermus, or the α-, β-and γ-proteobacteria (Taupp et al., 2011;[START_REF] Ekkers | The great screen anomaly--a new frontier in product discovery through functional metagenomics[END_REF] must not be underestimated, if we are to unlock the functional potential of varied taxons and increase the sensitivity of screens. Finally, it is still very difficult to get access to the uncultivated fraction of eukaryotic microorganisms, due to the lack of screening hosts with sufficient transformation efficiency for the creation of large clone libraries (and thus the exploration of a vast array of sequences) and compatible with the post-translational modifications required to obtain functional recombinant proteins from eukaryotes. Thus, at the present time, only a few studies have been published on the enzyme activity-based screening of metatranscriptomic libraries (making it possible to do away with introns) of eukaryotes from soil, rumen and the gut of the termite [START_REF] Bailly | Soil eukaryotic functional diversity, a metatranscriptomic approach[END_REF]Findley et al., 2011;[START_REF] Sethi | Lignin-associated metagene expression in a lignocellulose-digesting termite[END_REF].

Regardless of the type of library screened, the functional exploration of hundreds of thousands of clones is required, whereas the hit rate rarely exceeds 6‰ (Duan et al., 2009;[START_REF] Bastien | Mining for hemicellulases in the fungus-growing termite Pseudacanthotermes militaris using functional metagenomics[END_REF]. This requires very high throughput primary screens, in a solid medium before or after the automated organization of libraries in 96-or 384-well micro-plate format, in a liquid medium after enzymatic cell lysis and/or thawing and freezing (Bao et al., 2011), or using UV-inducible auto-lytic vectors [START_REF] Li | A set of UV-inducible autolytic vectors for high throughput screening[END_REF]. This stage is very often followed by medium or low throughput characterization of the properties of the hits obtained, particularly to assess their biotechnological interest (Tasse et al., 2010).

Two generic strategies, used at throughputs exceeding 400,000 tests per week, have been and continue to be applied widely. Positive selection on a medium containing, for example, substrates to be metabolized as the sole source of carbon, can be used to isolate enzymes [START_REF] Henne | Construction of environmental DNA libraries in Escherichia coli and screening for the presence of genes conferring utilization of 4-hydroxybutyrate[END_REF], complete catabolic pathways (Cecchini et al., 2013), or membrane transporters [START_REF] Majernik | Screening of Environmental DNA Libraries for the Presence of Genes Conferring Na+(Li+)/H+ Antiporter Activity on Escherichia coli: Characterization of the Recovered Genes and the Corresponding Gene Products[END_REF]. This approach also helps easily identify antibiotic resistant genes [START_REF] Diaz-Torres | Determining the antibiotic resistance potential of the indigenous oral microbiota of humans using a metagenomic approach[END_REF]. The use of chromogenic [START_REF] Beloqui | Novel Hybrid Esterase-Haloacid Dehalogenase Enzyme[END_REF][START_REF] Bastien | Mining for hemicellulases in the fungus-growing termite Pseudacanthotermes militaris using functional metagenomics[END_REF][START_REF] Nyyssönen | Coupled high-throughput functional screening and next generation sequencing for identification of plant polymer decomposing enzymes in metagenomic libraries[END_REF], fluorescent [START_REF] Lecleir | Comparison of chitinolytic enzymes from an alkaline, hypersaline lake and an estuary[END_REF], or opalescent substrates or reagents, such as insoluble polymers or proteins (Mayumi et al., 2008;[START_REF] Waschkowitz | Isolation and Characterization of Metalloproteases with a Novel Domain Structure by Construction and Screening of Metagenomic Libraries[END_REF], or simply the observation of an original clone phenotype, has already enabled the isolation of several 100 catabolic enzymes, like the numerous hydrolases of very varied taxonomic origin (Simon and Daniel, 2009), some of which were coded by genes that are very abundant in the target ecosystem [START_REF] Jones | Functional and comparative metagenomic analysis of bile salt hydrolase activity in the human gut microbiome[END_REF][START_REF] Gloux | A metagenomicglucuronidase uncovers a core adaptive function of the human intestinal microbiome[END_REF], but also, although much less frequently, new oxidoreductases [START_REF] Knietsch | Construction and screening of metagenomic libraries derived from enrichment cultures: generation of a gene bank for genes conferring alcohol oxidoreductase activity on Escherichia coli[END_REF]. Novel enzymes (laccases, esterases and oxygenases in particular) from microbial communities of very diverse origins (soil, water, activated sludge, digestive tracts) have been highlighted for their capacity to degrade pollutants such as nitriles [START_REF] Robertson | Recent progress in biocatalyst discovery and optimization[END_REF], lindane (Boubakri et al., 2006), styrene (van Hellemond et al., 2007), naphthalene (Ono et al., 2007), aliphatic and aromatic carbohydrates [START_REF] Uchiyama | Substrate-induced gene-expression screening of environmental metagenome libraries for isolation of catabolic genes[END_REF]Brennerova et al., 2009;Lu et al., 2012), organophosphorus (Kambiranda et al., 2009;Math et al., 2010), or plastic materials (Mayumi et al., 2008).

The discovery of proteins involved in prokaryote-eukaryote interactions [START_REF] Lakhdari | Functional Metagenomics: A High Throughput Screening Method to Decipher Microbiota-Driven NF-κB Modulation in the Human Gut[END_REF] or anabolic pathways is rarer, since it often requires the development of complex screens and lower throughputs. Nonetheless, a few examples of simple screens, based on the aptitude of metagenomic clones to inhibit the growth of a strain by producing antibacterial activity or to complement an auxotrophic strain for a specific compound, have enabled the identification of new pathways for the synthesis of antimicrobials [START_REF] Brady | Palmitoylputrescine, an antibiotic Isolated from the heterologous expression of DNA extracted from bromeliad tank water[END_REF] or biotin [START_REF] Entcheva | Direct Cloning from Enrichment Cultures, a Reliable Strategy for Isolation of Complete Operons and Genes from Microbial Consortia[END_REF]. Nano-technologies, and in particular the latest developments focused on the medium-throughput screening of libraries obtained by combinatorial protein engineering, enable the design of custom microarrays and covered with one to several 100 specific enzymatic substrates, the processing of which may be followed by fluorescence, chemiluminescence, immunodetection, surface plasmon resonance or mass spectrometry (André et al., 2014). Nanostructure-initiator mass spectrometry technology, combining fluorescence and mass spectrometry, is the first example of a functional metagenomic application for the discovery of anabolic enzymes, namely sialyltransferases [START_REF] Northen | A nanostructure-initiator mass spectrometry-based enzyme activity assay[END_REF].

The Immense Challenges of Ultra-fast Screening (Figure 2)

Microfluidic technologies are of undeniable interest when it comes to reaching screening rates of a million clones per day. The substrate induced gene-expression screening method has been developed to use fluorescence-activated cell sorting to isolate plasmidic clones containing genes (or fragments of genes) that induce the expression of a fluorescent marker in response to a specific substrate. However, this technique is only suited to small substrates that are non-lethal and internalizable for the host strain [START_REF] Uchiyama | Substrate-induced gene expression (SIGEX) screening of metagenome libraries[END_REF]. Finally, the advances made over the past few years in cellular compartmentalization [START_REF] Nawy | Lab-On-A-Chip: Receptive cells feel the squeeze[END_REF], selective sorting, based on sequence detection [START_REF] Pivetal | Selective isolation of bacterial cells within a microfluidic device using magnetic probe-based cell fishing[END_REF][START_REF] Lim | PCR-Activated Cell Sorting for Cultivation-Free Enrichment and Sequencing of Rare Microbes[END_REF] or specific metabolites [START_REF] Kürsten | Micro-segmented flow and multisensor-technology for microbial activity profiling[END_REF] and the control of reaction kinetics [START_REF] Mazutis | A fast and efficient microfluidic system for highly selective one-to-one droplet fusion[END_REF] in microfluidic circuits should allow for a huge acceleration in the discovery of new proteins and metabolic pathways expressed in prokaryotes and eukaryotes in an intercellular, membrane or extracellular manner.

The very first examples of metagenome functional exploration applications have already been used to establish the proof of concept regarding the effectiveness of microfluidics in the discovery of new bioactive molecules and new enzymes. For example, droplet-based microfluidics technology was recently used by the teams of A. Griffiths and A. Drevelle to isolate new strains producing cellobiohydrolase and cellulase activities at a rate of 300,000 cells sorted per hour, using just a few microliters of reagent, i.e., 250,000 times less than with the conventional technologies mentioned above [START_REF] Najah | Droplet-Based Microfluidics Platform for Ultra-High-Throughput Bioprospecting of Cellulolytic Microorganisms[END_REF]. Here, soil bacteria and a fluorescent substrate were co-encapsulated in micro-droplets in order to sort cells on the basis of the extracellular activity only. In fact, the strategy used, which requires the seeding of cells on a defined medium after sorting, is not compatible with the detection of intracellular enzymes, which require a lethal lysis step to convert the substrate. Applying a similar principle, the ultra-rapid sorting of eukaryote cells encapsulated with their substrate now also makes it possible to select yeast clones presenting extracellular enzymatic activities [START_REF] Sjostrom | High-throughput screening for industrial enzyme production hosts by droplet microfluidics[END_REF]. This technology should, in the short term, make it possible to explore the functional diversity of uncultivated eukaryotes at a very high throughput, by directly sorting fungal populations or libraries of metatranscriptomic clones. In the latter case, access to the sequence involved in the target activity will be easy, since the libraries are built using hosts whose culture is well managed, with insertion of the metatranscriptomic cDNA fragment into a specific region of the genome. Where sorting is done without cloning of the metagenome or metatranscriptome, only microorganisms capable of growth on a defined medium can be recovered, which hugely limits access to functional diversity.

To increase the proportion of cultivable organisms, Kim Lewis' team recently used the iChip to simultaneously isolate and cultivate soil bacteria thanks to the delivery of nutrients from the original medium, into which the iChip is introduced, via semi-permeable membranes. This method enables an increase in cultivable organisms ranging from 1 to 50%. Using colonies cultivated in the chip, the clones isolated in a Petri dish were screened for the production of antimicrobial compounds [START_REF] Ling | A new antibiotic kills pathogens without detectable resistance[END_REF]. A novel antibiotic was thus identified, together with its biosynthesis pathway, after sequencing and functional annotation of the complete genome.

It is quite another matter when it comes to selecting, on the basis of intracellular activity, completely uncultivable organisms or metagenomic clones containing DNA inserts of several dozen kbp, which are difficult to amplify using PCR. In this case, to liberate the enzymes in question, we are required to include a cellular lysis step, preventing seeding after sorting. On the other hand, this approach is compatible with the sorting of plasmid clone libraries, where the metagenomic or metatranscriptomic inserts can easily be amplified using PCR, on the basis of just a few dozen lysed cells. For libraries with large DNA inserts, the barriers are now being broken down, most notably thanks to the development of the SlipChips microfluidic approach (Ma et al., 2014), which uses two culture microcompartments, where the content of one can be lysed for the detection of enzymatic activities, for example, and the other is used as a backup replicate for the culture and recovery of subsequent DNA for sequencing. In spite of these recent, highly encouraging developments, the proof of concept has not yet been established for the identification of new functions and intracellular metabolic pathways. Both methods allow the recovery and sequencing of DNA. (B) Micro-magnet array: target cells are labeled with biotinylated RNA transcripts probes and injected inside the microchannel. Target cells are captured in the channel thanks to magnetic forces while nontargets cells pass through the device. (C) Chips: the chip wells are filled with a single cell. The iChip is covered by membranes, and reintroduced into original environment, where natural nutrients flow through membranes. Colonies are further isolated on Petri dishes to be screened for the activity of interest. The SlipChip is composed of two culture micro compartments which are further separated for destructive and non-destructive assays.

Discovery of new protein families and functions: new challenges in functional metagenomics for biotechnologies and microbial ecology 42

Conclusion

The rapid expansion of meta-omic technologies over the past decade has shed light on the functions of the uncultivated fraction of microbial ecosystems. A huge number of enzymes have been discovered, in particular through experimental approaches to functional metagenomes exploration. Where their performance can be rapidly assessed within the framework of a known process, or where they catalyze new, previously undescribed reactions, many of them have provided new tools for industrial biotechnologies. However, several challenges still need to be addressed to speed up the rate at which new functions are discovered and to make optimal use of the functional diversity that so far remains unexplored. Firstly, while the uncultivated prokaryote fraction of microbial communities is still extensively studied, the functions of the eukaryote fraction are relatively unexplored from an experimental angle, even though they play a fundamental role for numerous ecosystems. Secondly, in the majority of cases, the functions discovered using meta-omic approaches play a catabolic role, mainly involved in the deconstruction of plant biomass or in bioremediation. It is thus necessary to develop functional screens to access anabolic functions and enrich the catalog of reactions available for synthetic biology. Finally, there are very few studies aimed at identifying the role of protein families that are highly prevalent in the target ecosystem but that have not yet been characterized, even though some of them could be considered as biomarkers of the functional state of the microbial community. Indeed, sequence-based functional metagenomic projects continuously highlight many sequences annotated as domains of unknown function in the Pfam database (RRID: nlx_72111) [START_REF] Bateman | DUFs: families in search of function[END_REF][START_REF] Finn | Pfam: the protein families database[END_REF], some with 3D structures solved thanks to structural genomics initiatives, and available in the Protein Data Bank (RRID: nif-0000-00135). With the goal of characterizing these new protein families and identifying previously unseen functions from the selection the most prevalent protein families (those containing the highest number of homologous sequences without any associated function) in the target ecosystem, the integration of structural, biochemical, genomic and meta-omic data is now also possible [START_REF] Ladevèze | Role of glycoside phosphorylases in mannose foraging by human gut bacteria[END_REF]. It allows to benefit from the huge amount of long scaffolds now available in sequence databases, and to access the genomic context of the targeted genes in order to facilitate functional assignation. In the next few years, these strategies should enhance our understanding of how microbial ecosystems function and, at the same time, enable greater control over them. Large amounts of pollutants are released into the air, water and soil as a result of industrial, agricultural and domestic activities. Organic pollutants are synthetic compounds in the form of herbicides, dyes, pesticides, plastics and drugs (Rieger et al., 2002). Most are aromatic molecules, polymers of ring shaped molecules or planar molecules, and are therefore among the most stable and persistent molecules. Those that most frequently accumulate in natural environments are polycyclic aromatic hydrocarbons (PAH) especially chlorinated hydrocarbons, steroids (phenols, phthalates) and dyes, but also organocyanides including nitriles, long chain aliphatics found in numerous plastics and insulating materials like polyurethanes, or organophosphates and pyrethroid herbicides and pesticides.
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The toxicity of these compounds for the environment and for mammalian organisms results from their resistance to natural degradation, which is linked to their stable structures. They are grouped under the name of persistent organic pollutants (POP), some of them being potent carcinogens or mutagens, and/or having endocrine disrupting properties [START_REF] Ballschmiter | Man-made chemicals found in remote areas of the world: the experimental definition for POPs[END_REF].

Cleaning up contaminated soils, wastewater, groundwater and marine environments is a challenging task. Physical and chemical technologies (electrochemical treatments, oxidising agents, activation by ultraviolet rays, adsorption of pollutants, membrane filtration, ion exchange, electrokinetic coagulation, etc.) can be combined to reduce contamination to a safe and acceptable level. Many of these processes have drawbacks, such as formation of by-products, high sludge production, and high processing costs [START_REF] Riser-Roberts | Remediation of petroleum contaminated soils: biological, physical, and chemical processes[END_REF][START_REF] Robinson | Remediation of dyes in textile effluent: a critical review on current treatment technologies with a proposed alternative[END_REF].

In this context, recent decades have seen the development of biological processes based on the breakdown of pollutant organic compounds into stable, innocuous endproducts by bacteria [START_REF] Watanabe | Microorganisms relevant to bioremediation[END_REF][START_REF] Yam | Catabolism of Aromatic Compounds and Steroids by Rhodococcus[END_REF], fungi [START_REF] Cerniglia | Fungal metabolism of polycyclic aromatic hydrocarbons: past, present and future applications in bioremediation[END_REF][START_REF] Bertrand | Applied Microbial Ecology and Bioremediation[END_REF], algae or their enzymes [START_REF] Sutherland | ENZYMATIC BIOREMEDIATION: FROM ENZYME DISCOVERY TO APPLICATIONS[END_REF]. Since bioremediation may result in the complete metabolisation of pollutants, it is considered to be a highly effective and environmentally friendly strategy [START_REF] Colleran | Uses of Bacteria in Bioremediation[END_REF]. Microorganisms have indeed developed a wide range of aerobic and anaerobic catabolic strategies to degrade the huge range of organic compounds present in the ecosystems they colonise. Because pollutant molecules are often structurally similar to natural molecules, one can assume that there are always some organisms in contaminated ecosystems that are able to metabolise pollutants, which serve as their main carbon source.

During microbial degradation, all changes in the chemical structure of pollutants are due to the action of enzymes, whose specificity is often broad enough to accommodate several molecules of similar structures. Once identified and isolated, these enzymes can therefore be engineered by directed evolution to improve their stability or efficiency with respect to a particular compound (Festa et al., 2008;[START_REF] Theerachat | Engineering and production of laccase from Trametes versicolor in the yeast Yarrowia lipolytica[END_REF]. However, the greatest advances in recent decades have been made thanks to the development of next generation sequencing and other 'omics' technologies. These new technologies have enabled numerous insights into the genes and metabolic pathways involved in pollutant catabolism by bacteria and fungi, thereby improving our understanding of the genetic and molecular bases of the reactions involved in the degradation processes. Most knowledge has been obtained by functional genomics of pollutant-degrading microorganisms or model microbial communities. This allowed one, after genome sequencing and/or activity-based screening of genomic libraries, to identify genes encoding the enzymes that are directly involved in the breakdown of the targeted compound (Pieper et al., 2004). However, since more than 99% of the microbial species of the terrestrial [START_REF] Pham | Cultivation of unculturable soil bacteria[END_REF] and aqueous [START_REF] Zengler | Cultivating the uncultured[END_REF] ecosystems are uncultured, one can consider that most of the microorganisms that are capable of breaking down pollutants remain uncharacterised.

Functional metagenomics, which consists of assigning functions to proteins encoded by all genomes of a microbial community with no isolation and cultivation step, is a highly efficient way to boost the discovery of novel biocatalysts from the huge diversity of uncultured microbes. In this review, we present the various functional metagenomic approaches that require, or not, cloning of metagenomic fragments in an expression host in order to screen and experimentally validate gene functions, which have been used in recent years to identify enzymes and metabolic pathways involved in pollutant degradation.

Targeted metagenome sampling

Numerous microbial communities have the potential to degrade and metabolise most pollutants. This is even the case of those in natural, non-polluted ecosystems, as long as (i) their taxonomical and functional diversity is sufficient, and (ii) the structure of the targeted pollutant is similar to that of one of the natural substrates used as carbon source to support microbial growth. Therefore, several such natural microbiota that had never or only rarely been exposed to pollutants, were successfully mined for xenobiotic degrading enzymes. For example, as detailed later in subsections 3.2.2.1 and 3.2.2.2,organophosphate and 3,5, degrading enzymes (Math et al., 2010), chlorpyrifos insecticides degrading esterases (Kambiranda et al., 2009) were discovered in the cow rumen microbiome. Likewise, in the human gut metagenomic gene catalogue, 15% of genes have been annotated as being involved in the degradation and metabolism of xenobiotics, like halogenated aromatic compounds (Qin et al., 2010).

Nevertheless, since in polluted environments the microbial communities are enriched in microorganisms able to thrive by degrading pollutant compounds, most metagenomic studies have been conducted on polluted soils, activated sludge, sediment, or wastewater environments. To reduce the complexity of the sample, stable isotope probing (SIP) can be used to specifically label the genomes of pollutant metabolising species. For instance, [START_REF] Wang | A Culture-Independent Approach to Unravel Uncultured Bacteria and Functional Genes in a Complex Microbial Community[END_REF] amended microcosms from contaminated groundwater with 13C-labelled naphthalene. The 13C-labelled DNA was then easily separated from the unlabelled DNA, to be specifically sequenced and concurrently cloned before activity-based screening. This approach is suitable for focusing on active degraders, especially those which act on relatively simple pollutant structures. Indeed, when more complex compound structures are targeted, polyaromatics for instance, there is a risk of missing the first steps of degradation undertaken by microbes acting on the most recalcitrant molecules, with the simpler reaction products being metabolised and incorporated in the DNA of the end-user microbes.

Screening for pollutant degrading enzymes

Two complementary approaches can be used to identify pollutant degrading biocatalysts in microbial communities. One is guided by gene sequence analysis and functional annotation, based on the content of available sequence databases [START_REF] Cardenas | New tools for discovering and characterizing microbial diversity[END_REF]. The other is guided by the observation of pollutant degrading phenotypes, harboured by recombinant metagenomic clones (Fig. 3). In both cases, only the cloning of the targeted metagenomic sequences allows the gene function to be validated experimentally.

Sequence-based approaches to understand pollutant degradation mechanisms by microbial communities

Sequence-based metagenomics relies on whole-genome DNA extraction from microbial communities, shotgun sequencing, and read assembly (Fig. 3). The assembled sequences are subjected to bioinformatic analysis to assess the composition and functions of the microbial populations. Over the past 10 years many sequencing projects have targeted heavily polluted ecosystems to study the structure of microbial populations [START_REF] Chouari | Molecular Evidence for Novel Planctomycete Diversity in a Municipal Wastewater Treatment Plant[END_REF]Guermazi et al., 2008), species interactions, metabolic pathways, and the genes involved in species survival in such environments [START_REF] Yamada | Prediction and identification of sequences coding for orphan enzymes using genomic and metagenomic neighbours[END_REF]. Among these projects, we cite the culture-independent recovery of nearly complete genomes of five dominant members of an acid mine drainage (AMD), by in-depth metagenome sequencing [START_REF] Tyson | Community structure and metabolism through reconstruction of microbial genomes from the environment[END_REF]. Functional annotation has provided new insights into the ecological roles of individual members of this community, with ferrous iron oxidation playing a key role in the microbial and geochemical processes in AMD ecosystems. More recently, the metagenome of the activated biomass from a common effluent treatment plant was sequenced to retrieve novel oxygenase sequences (Jadeja et al., 2014). The sequences were compared to enzymes identified in previous metagenomes from different wastewater compositions and at different locations, including a sewage effluent treatment plant, an enhanced biological phosphorus treatment plant, and a tannery waste treatment plant [START_REF] Albertsen | A metagenome of a full-scale microbial community carrying out enhanced biological phosphorus removal[END_REF][START_REF] Yu | Metagenomic and Metatranscriptomic Analysis of Microbial Community Structure and Gene Expression of Activated Sludge[END_REF]Wang et al., 2013). In addition, samples of the activated biomass were assessed for the degradation of aromatic compounds like anthracene, biphenyl, naphthalene, phenol and o-toluidine. Reaction products were further analysed by gas chromatography-mass spectrometry (GC-MS). However, this study did not ascribe the degradation potential to specific bacteria and their enzymes. Another study succeeded in discovering a key functional operon for naphthalene degradation by using the SIP method coupled with shotgun sequencing targeted to the 13C-labelled DNA of metabolically active naphthalene degraders [START_REF] Wang | A Culture-Independent Approach to Unravel Uncultured Bacteria and Functional Genes in a Complex Microbial Community[END_REF]. Specific primers were therefore designed from the operon [13C]DNA sequence to clone it into a biosensor-based genetic transducer system activated by salicylate, an intermediate metabolite of naphthalene catabolism. The involvement of the labelled operon in the degradation of naphthalene was thus experimentally confirmed through the activation of the biosensor by salicylate. To our knowledge, this is the only study of massive metagenome sequencing that has resulted in the characterisation of enzymes for the degradation of pollutant molecules. The other sequencing projects resulted in the creation of catalogues of annotated genes, representing a considerable reservoir of potentially useful catalysts for bioremediation. This is the case in particular for the 1,200 bacterial laccase-like genes identified in several genomic and metagenomic datasets (Ausec et al., 2011), whose functions remain to be tested for the breakdown of polyaromatic pollutants. Metagenomes can also be specifically screened for known enzyme families via amplification by polymerase chain reaction (PCR) or DNA/ DNA or DNA/cDNA hybridisation, using conserved sequences as primers or probes. These strategies bypass massive and/or random sequencing, but as sequencing, they limit capture to genes with sufficient homology with previously characterised enzymes. For this reason, these approaches are not suitable for the discovery of new protein families whose sequences are not available, or not properly annotated in databases. The literature is rich in examples of such sequence-based metagenomic studies focused on xenobiotic degrading enzymes. Quantitative PCR assays were, for instance, developed to analyse the diversity and abundance of genes encoding 2,4-D/α-ketoglutarate and Fe 2+ -dependent dioxygenases that initiate the biotic degradation of phenoxyalkanoic acid herbicides (Zaprasis et al., 2009). In the same way, ammonia monooxygenases, the key enzymes of denitrification, have been amplified from different environmental samples (soils, the sea and microcosms) contaminated with nitrates [START_REF] Nogales | Detection and diversity of expressed denitrification genes in estuarine sediments after reverse transcription-PCR amplification from mRNA[END_REF][START_REF] Treusch | Novel genes for nitrite reductase and Amo-related proteins indicate a role of uncultivated mesophilic crenarchaeota in nitrogen cycling[END_REF]Bartossek et al., 2010).

The use of high density arrays designed to detect specific functions makes it possible to dramatically multiply the number of probes, thereby giving a glimpse of the abundance and diversity of sequences in specific protein families (Eyers et al., 2004). One example is the GeoChip 4.0, containing 83,992 50-mer oligonucleotide probes targeting 152,414 genes in 410 gene categories for different chemical processes used to detect functional genes specific to hydrocarbon (HC) degradation processes in a deep sea water sample contaminated by an oil spill, in comparison with a non-contaminated sample (Lu et al., 2012). This approach was particularly suited to investigate modifications in the functional structure of microbial communities and to quantify the number of genes involved in aerobic HC degradation. As is often the case with sequence-based approaches, in the last two examples, the main aim of the study was to investigate the diversity of the targeted genes and species involved in bioremediation, but was not dedicated to the capture of new catalysts. Indeed, only rare studies using the PCR-based approach have resulted in the identification of a full length gene sequence and the characterisation of its enzyme product. Among them, we cite the discovery of bacterial laccases by PCR-screening of a sea metagenomic library, of which the activity towards syringaldazine, azo-dyes, 2,2′-Azinobis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), 2,6-dimethoxyphenol and/or catechol was validated experimentally (Fang et al., 2010(Fang et al., , 2012)). Several other studies were targeted to ecosystems polluted by polychlorinated biphenyl (PCB). Indeed, PCBs were manufactured widely from 1929 to the 1970s and an estimated 1.5 million tons of them have been produced worldwide [START_REF] Aken | Phytoremediation of Polychlorinated Biphenyls: New Trends and Promises †[END_REF], which explains the importance of identifying new degradation mechanisms. Using the SIP approach, microcosms from polychlorinated biphenyl PCB-contaminated river sediments were amended with labelled 13Cbiphenyl (Sul et al., 2009). The labelled DNA was used to construct a cosmid library containing 30 to 40 kb DNA inserts, which was PCR screened using primers specific for aromatic dioxygenases. One cosmid clone was retrieved containing a biphenyl dioxygenase encoding gene, which was subsequently subcloned and expressed to confirm its biphenyl degrading function.

In the last decade, metagenomic sequencing has revealed that enzyme sequence diversity is much broader than previously assumed on the basis of functional genomic data. Thus, many enzyme encoding genes cannot be captured with conventional primer sets. In addition, the metagenomic DNA fragments retrieved using PCR-based approaches are often only fragments of the targeted genes. The PCR based approach is thus coupled to other methods enabling the recovery of entire genes. Indeed, the gene targeted metagenomic approach [START_REF] Iwai | Gene-targetedmetagenomics reveals extensive diversity of aromatic dioxygenase genes in the environment[END_REF] combines PCR screening with pyrosequencing of amplicons to iteratively generate new primers which can be designed from other conserved regions, thus increasing the structural diversity of the targeted protein families. This approach has enabled the discovery of thousands of full length dioxygenase encoding genes, assigned to dozens of novel clusters containing still unknown sequences, from the metagenomes of soils contaminated by polychlorinated biphenyl [START_REF] Iwai | Gene-targetedmetagenomics reveals extensive diversity of aromatic dioxygenase genes in the environment[END_REF]) and 3-chlorobenzoate [START_REF] Morimoto | A new approach to retrieve full lengths of functional genes from soil by PCR-DGGE and metagenome walking[END_REF]. In these studies, the authors used two approaches: first the PCR denaturing gradient gel electrophoresis (DGGE) to demonstrate DNA bands becoming dominant after addition of the targeted pollutant to soil. Second, the dominant bands were used as target fragments for the PCR-metagenome walking approach to retrieve complete functional genes. To our knowledge, their functional characterisation has not yet been reported.

Another way to exploit the diversity of metagenomic sequences is metagenomic DNA shuffling. This method has been developed for the creation of novel genes by recombination of the DNA sequence of a gene of interest with metagenomic DNA fragments issued from highly complex microbial communities, for instance those of contaminated soils. Boubakri et al. used this approach to create a library of more than one thousand clones harbouring hybrid sequences that was screened on a solid medium containing lindane, an organochlorine pesticide. No less than 23 new genes encoding lindane degrading enzymes were obtained by using this smart technology (Boubakri et al., 2006).

In most of the studies cited above, proof of enzymatic function has not been established, even if these investigations enabled the capture of the sequences of interest. Their sub-cloning, expression and biochemical characterisation of the protein they encode are indeed needed for confirmation of the targeted activities. As illustration of such in-depth characterisation of enzyme properties, one could cite the work of [START_REF] Vergne-Vaxelaire | Nitrilase Activity Screening on Structurally Diverse Substrates: Providing Biocatalytic Tools for Organic Synthesis[END_REF], who selected thirty four sequences from experimentally confirmed nitrilases for use as reference set to choose 290 candidate nitrilase sequences from both genomes of their strain collection and metagenome of a wastewater treatment plant. These nitrilases, assumed to be representative of nitrilase diversity, were further cloned through a highthroughput cloning platform for overexpression in Escherichia coli and further characterisation, though not as pollutant degrading tools. Until now, there have been few published reports of the discovery and experimental proof of the function of pollutant degrading enzymes by sequence-based metagenomics (Table 2).

Activity based metagenomics for the discovery of new tools for bioremediation

Contrary to sequence-based approaches, activity-based metagenomics is highly efficient to simultaneously screen a microbiome for novel enzymes and acquire biochemical data regarding substrate specificity. This technology relies on the observation of a phenotype, linked to the reaction(s) involved in the breakdown of the targeted pollutant. It has three prerequisites: (i) cloning of DNA or cDNA fragments between 2 and 200 kbp in length into an expression vector (plasmids, cosmids, fosmids or even bacterial artificial chromosomes) for the creation of metagenomic or metatranscriptomic libraries, respectively; (ii) heterologous expression of cloned genes into a microbial host; (iii) design of sensitive phenotypic screens to isolate clones of interest with the targeted activity, also called screening 'hits'. Sequencing efforts are then concentrated on the hits and provide entire gene sequences coding for functional proteins. Because hit genes are not retrieved on the basis of sequence homology with already known genes, activity-based metagenomics is the only known way to identify new protein families or to attribute new functions to already known protein families.

Two generic high-throughput strategies are widely used for primary screening. One is based on direct detection of colouration or discolouration, when coloured substrates or chromogenic substrates are used, or of a reduction in opacity of the reaction medium when insoluble substrates are used [START_REF] Shah | Biological degradation of plastics: a comprehensive review[END_REF]. The other is based on heterologous complementation of an auxotrophic host by foreign genes, which allows microbial host growth on selective culture media [START_REF] Xing | Application of metagenomic techniques in mining enzymes from microbial communities for biofuel synthesis[END_REF] (Fig. 3). However, the design of screens with pollutant compounds as substrates can be challenging. Such compounds may indeed be toxic for the screening host, and even for the operator, depending on the amount of substrate used for screening. In this case, non-toxic structural analogues of pollutants are used for high-throughput screening, and the real toxic substrates are used only in confined media in secondary screening assays with lower throughput, often involving HPLC, GC and/or MS analysis of reaction substrates and products.

Many more activity-based metagenomic studies have provided evidence of function for pollutant degrading enzymes than sequence based metagenomic studies. Two main families of such enzymes have been unearthed from activity based screening: oxidoreductases and hydrolases. E. coli was the most frequently used expression host (Table 3), even if other bacterial hosts from the Bacillus, Sphingomonas, Streptomyces, Thermus, and Pseudomonas genera have been streamlined for constructing metagenomic libraries, that were exploited in other contexts (Taupp et al., 2011;[START_REF] Ekkers | The great screen anomaly--a new frontier in product discovery through functional metagenomics[END_REF]. The transformation efficiency of E. coli is indeed particularly high, even for vectors sizing several dozen kbp, and this host was showed to properly express genes from various taxonomically distant bacterial species (Tasse et al., 2010).

Oxidoreductases

Oxygenases.

Oxygenases are mostly sought after for the elimination of aromatic compounds. To break them down, bacteria use a typical aerobic degradation pathway, which can be broken down into two critical steps: ring hydroxylation of adjacent carbon atoms involving phenol hydroxylases (phenol 2-monooxygenases) and ring cleavage of the resulting catecholic intermediates involving catechol 1,2-or 2,3-dioxygenases (Silva et al., 2013).

In the works presented in this review, the libraries used to search for oxygenases were constructed from samples of environmental bacterial DNA ranging from 3 to 50 kb in size, expressed in E. coli strains, except in the studies by Ono et al. (2007) and [START_REF] Nagayama | Isolation of oxygenase genes for indigo-forming activity from an artificially polluted soil metagenome by functional screening using Pseudomonas putida strains as hosts[END_REF], in which the expression hosts was the naphthalene-degrading Pseudomonas putida strain specifically designed for heterologous complementation, in order to detect naphthalene dioxygenases and enzymes involved in phenol and catechol degradation (monooxygenases, multicomponent hydroxylase, and a reductase).

These new oxygenases were all retrieved from highly polluted environments, like activated sludge collected from wastewater treatment facilities belonging to the petroleum, coke and pharmaceutical industries (Suenaga et al., 2007;Sharma et al., 2012;Silva et al., 2013), or soils contaminated with PAH, PCBs, and oil (Ono et al., 2007;Brennerova et al., 2009;Lu et al., 2011). Artificial enrichment strategies in aromatic compound (phenol, biphenyl, phenanthrene, carbazole, and 3-chlorobenzoate) degrading bacteria were also used in several cases (Silva et al., 2013;[START_REF] Nagayama | Isolation of oxygenase genes for indigo-forming activity from an artificially polluted soil metagenome by functional screening using Pseudomonas putida strains as hosts[END_REF].

In these studies, two kinds of primary screening assays on solid medium were used to search for mono-or dioxygenases. In one case only, positive selection was used by spotting the metagenomic library on agar plates containing naphthalene as the sole carbon source (Ono et al., 2007). But this strategy is limited to compounds that are non-toxic for the cloning host, and that can be metabolised. Growing metagenomic clones on rich medium was thus used much more often, before detection of coloured halos around clones producing indigo or indirubin pigments by phenolic substrate cleavage. A substrate like indole can either be added to the medium or formed from tryptophan by the endogenous E. coli enzyme tryptophanase (van Hellemond et al., 2007;[START_REF] Nagayama | Isolation of oxygenase genes for indigo-forming activity from an artificially polluted soil metagenome by functional screening using Pseudomonas putida strains as hosts[END_REF]. But in most cases, after cell growth, agar plates are further sprayed with substrate solutions, like catechol (Brennerova et al., 2009), phenol (Sharma et al., 2012), 2,3-dihydroxybiphenyl (Wang et al., 2015), or 3,5-dichlorocatechol (a precursor of a widely used herbicide 2,4dichlorophenoxyacetic acid) (Lu et al., 2011).

Positive selection and screening can also be performed in liquid media, as done by Silva et al. (2013), who grew the clones in liquid medium containing phenol as sole carbon source. Cell growth was monitored using a chromogenic reagent [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2 H-tetrazolium bromide], to evaluate microbial respiration and subsequent phenol consumption.

To screen for extradiol dioxygenases, Suenaga et al. (2007) incubated metagenomic clone cellular extracts on catechol, ring cleavage being identified from the absorption coefficients of the ring cleavage products formed from catechol.

Using either solid or liquid assays, phenolic degrading hits were retrieved at a yield varying between 9.10 -4 and 1.6 per Mbp of screened metagenomic DNA, depending on the library tested and on the screening strategy (Table 3). In most studies, the activity of the hit clones was further estimated or quantified in liquid medium, using the same substrates as in the primary screens, or by testing structural analogues to evaluate enzyme promiscuity towards these complex compounds. Suenaga et al. thus tested all the hit clones on catechol derivatives (3-methylcatechol, 4-methylcatechol, 4-chlorocatechol and 2,3dihydroxybiphenyl), using the same strategy as in primary screening to monitor the appearance of ring cleavage products. Discrimination assays were also often based on substrate quantification by GC-MS, after incubation with the hit clones (Ono et al., 2007;van Hellemond et al., 2007;[START_REF] Kimura | Isolation and Characterization of a 4-Nitrotoluene-Oxidizing Enzyme from Activated Sludge by a Metagenomic Approach[END_REF][START_REF] Nagayama | Isolation of oxygenase genes for indigo-forming activity from an artificially polluted soil metagenome by functional screening using Pseudomonas putida strains as hosts[END_REF].

The sequences of the enzymes responsible for the screened activities were then retrieved by direct sequencing, sometimes after transposon mutagenesis [START_REF] Kimura | Isolation and Characterization of a 4-Nitrotoluene-Oxidizing Enzyme from Activated Sludge by a Metagenomic Approach[END_REF] in order to unambiguously identify the gene target when long metagenomic DNA inserts were used to create the libraries. PCR based screening can also be used to target specific enzyme families encoded by the hit from activity based screening to clone DNA inserts. Using a set of primers specific for eight groups of extradiol dioxygenases of different taxonomic origin, Brennerova et al. isolated and subcloned a particularly interesting enzyme presenting a broad specificity towards different catecholic substrates (3-methylcatechol, catechol, 2,3dihydroxybiphenyl and 1,2-dihydroxynaphthalene) (Brennerova et al., 2009).

Subcloning of the best gene targets and in depth enzyme characterisation is the last step required to evaluate the applicative potential of the newly discovered enzymes. For instance, Lu et al. (2011) identified a very promising enzyme for bioremediation of chlorophenol contaminated environments. The enzyme indeed exhibited monooxygenase activity, checked by monitoring the substrate dependent oxidation of NADPH towards all fifteen of the tested substrates which derived from the herbicide 2,4-dichlorophenoxyacetic acid. In very rare cases, real bioremediation trials have been performed using the best enzyme candidates extracted from metagenomes. We cite the pioneering study of [START_REF] Wang | Enhanced tolerance and remediation to mixed contaminates of PCBs and 2,4-DCP by transgenic alfalfa plants expressing the 2,3dihydroxybiphenyl-1,2-dioxygenase[END_REF], who created transgenic lines of alfalfa plants harbouring a 2,3-dihydroxybiphenyl-1,2dioxygenase acting on 2,3-dihydroxybiphenyl, 4-methylcatechol, 3-methylcatechol, 4chlorocatechol and catechol, used to remove PCBs from their culture medium.

Laccases.

Laccases are multi-copper oxidoreductases which oxidise a wide variety of phenolic and non-phenolic compounds, polycyclic aromatic hydrocarbons like industrial dyes, pesticide alkenes and recalcitrant biopolymers such as lignin (Beloqui et al., 2006). Due to their broad substrate specificity, they are good candidates for bioremediation (Ausec et al., 2011). Substrate oxidation by laccases (and subsequent reduction of molecular oxygen) creates reactive radicals which may be involved in (i) polymerisation (oxidative coupling of monomers), (ii) degradation of the covalent linkages between the monomers or (iii) phenol degradation by cleavage of aromatic rings. Substrate specificity is broadened by laccase mediators, which, once oxidised into radicals, can then oxidise a variety of other substrates (Ausec et al., 2011). So far, the majority of characterised laccases have been retrieved from fungi. However, laccase encoding genes are widely represented in bacterial genomes and metagenomes (Ausec et al., 2011), which has encouraged the functional exploration of prokaryotic microbial ecosystems for laccases, especially those acting on dyes. Indeed, more than 10,000 commercially available ones and about 7 × 10 5 metric tons of dyestuffs are produced annually by the textile, plastic, and tannery industries. Inefficient dyeing results in the direct loss of large amounts of dyestuff in wastewater, which ultimately finds its way into the environment, thereby disrupting aquatic ecosystems. These concerns have led to strict regulations for the discharge of coloured wastewater, obliging dye manufacturers and users to adopt "cleaner technology" approaches, based, for instance, on the use of oxidase type enzymes [START_REF] Vaghela | Laboratory Studies of Electrochemical Treatment of Industrial Azo Dye Effluent[END_REF][START_REF] Satar | Catalyzed degradation of disperse dyes by calcium alginate-pectin entrapped bitter gourd (Momordica charantia) peroxidase[END_REF]).

Ferrer's team was a pioneer in this field (Ferrer et al., 2005;Beloqui et al., 2006). As soon as 2005, they screened a phagemid E. coli library created from bovine rumen metagenome on agar plates containing syringaldazine as substrate. One phage conferring laccase activity was sequenced, and the laccase encoding gene was subcloned for further enzyme characterisation on syringaldazine, 2,6-dimethoxyphenol, veratryl alcohol, guaiacol, 4methoxybenzyl alcohol and ABTS. Phenol and 1-hydroxybenzotriazole were also oxidised despite being unusual substrates for laccase. This new enzyme was classified as a polyphenol oxidase with laccase activity, and it exhibited much higher catalytic efficiency than previously described for laccases. This enzyme is the first functionally characterised member of this new laccase family. Based on sequence homology, two other members of this family, from E. coli and Bacteroides thetaiotaomicron were subsequently functionally characterised (Beloqui et al., 2006). et al., 2014) The discovery of another bacterial laccase by activity-based metagenomics was reported by Ye et al. (2010). These authors constructed a plasmid E. coli library from environmental DNA isolated from mangrove soil. Laccase screening was performed in liquid medium, based on the detection of a brownish red colour resulting from the hydrolysis of guaiacol incubated with cellular extracts. The only positive clone obtained displayed laccase activity on α-naphthol and catechol (respectively insecticide and pesticide precursors) and other related substrates. The optimal pH of this polyspecific enzyme is highly alkaline, which is thus compatible with dyestuff processing, lignocellulose biorefinery and biobleaching of paper pulp.

More recently, a pseudolaccase owing to the requirement of exogenous Cu(II) for oxidase activity was discovered from coal bed metagenomes, screened for lignin catabolic activities. This pioneering work, which included development of a very original method of screening for polyaromatic degrading enzymes, highlighted the promiscuity of many biocatalysts towards this kind of substrates, and the metagenome flexibility in loci encoding polyaromatic degrading pathways (Strachan et al., 2014).

Alkane degrading enzymes.

Only a few studies have targeted alkane degrading enzymes. Vasconcellos et al. (2010) published a major one in this field. They constructed a metagenomic library from the pooled DNA of aerobic and anaerobic cultures in mineral medium supplemented with nhexadecane or with a non-biodegraded oil sample as carbon source, inoculated with an oil sample derived from a moderately biodegraded petroleum reservoir. The library was screened on minimum medium agar plates supplemented with hexadecane. In all, 72 clones were isolated, and their performance was then quantified using GC-MS. Five clones displayed exceptional hexadecane biodegradation ability (>70%). Further characterisation of these hits was presented in two subsequent publications [START_REF] Dellagnezze | Bioremediation potential of microorganisms derived from petroleum reservoirs[END_REF][START_REF] Sierra-García | New hydrocarbon degradation pathways in the microbial metagenome from Brazilian petroleum reservoirs[END_REF]. GC-MS and GC coupled with flame ionisation detection were used to test their biodegradation ability on n-alkanes (C14 to C33), different aromatic compounds (naphthalene, phenanthrene, methylphenanthrene) and isoprenoids (phytane and pristane). Two clones, harbouring inserts of 32 and 40 ORFs, were shown to be exceptionally efficient in degrading both linear and branched n-alkanes.

Hydrolases

Esterases.

Esterase is a generic term for a hydrolase that catalyses the cleavage of ester bonds. Esterases are of particular interest for detoxification of pesticides and herbicides. Indeed, organophosphorus, pyrethroids and carbamate pesticides and herbicides, which are known to affect the mammalian nervous system (Kuhr and Dorough, 1976;Sogorb and Vilanova, 2002;[START_REF] Singh | Microbial degradation of organophosphorus compounds[END_REF], can be hydrolysed and detoxified by these enzymes. The first organophosphorus insecticide was used in 1937 (Dragun et al., 1984), while the synthesis and sale of carbamate pesticides started in the 1950s. In 2007, organophosphates accounted for 10% and 36% of total insecticides used in Europe and the US, respectively, and carbamates accounted for about 1,500 tons of active ingredients used in the agriculture sector (data obtained from the Food and Agriculture Organization of the United Nations, FAOSTAT and from [START_REF] Grube | Pesticides Industry Sales and Usage 2006 and 2007 Market Estimates[END_REF].

The new esterases presented in this review were isolated from metagenomic libraries constructed in E. coli from highly complex prokaryotic ecosystems, most of which were exposed to the targeted pollutant (Table 3). Enzymes that are both stable and active in extreme conditions are of considerable interest for many industrial applications. For instance, in order to access thermostable enzymes, Fan et al. ( 2012) constructed a library from topsoil samples of 'the turban basin' in China where the surface temperature is more than 82 °C during a certain period of the year. [START_REF] Tchigvintsev | The environment shapes microbial enzymes: five cold-active and salt-resistant carboxylesterases from marine metagenomes[END_REF] searched for saltresistant esterases in a cold, salty oil contaminated marine metagenome, and in phenanthrene and pyrene amended water from the Mediterranean Sea.

Screening of enzymes that act on highly toxic compounds like pyrethroids requires assays in confined media. Primary screening is thus often performed using solid plate assays containing classical esterase substrates, like the chromogenic compound 5-bromo-4-chloro-3-indolyl-caprylate (X-caprylate) [START_REF] Li | Molecular cloning and characterization of a novel pyrethroidhydrolyzing esterase originating from the Metagenome[END_REF]Fan et al., 2012), or tributyrin, which degradation results in a clear halo around positive clones (Kambiranda et al., 2009;[START_REF] Kang | A novel family VII esterase with industrial potential from compost metagenomic library[END_REF][START_REF] Sulaiman | Isolation of a Novel Cutinase Homolog with Polyethylene Terephthalate-Degrading Activity from Leaf-Branch Compost by Using a Metagenomic Approach[END_REF]. To assess chain length specificity and enzyme stability in various temperatures, pH and salinity conditions, para-nitrophenyl esters of chain length ranging from C2 to C18 and alpha-naphthyl substrates of chain length ranging from C2 to C4, are commonly used in liquid medium containing cell lysates.

Enzymatic extracts of the hit clones are then incubated with the toxic compounds and analysed to quantify substrate consumption or product release. Several thermostable esterases expressed in E. coli and shown to be extremely efficient in breaking down pesticides such as malathion (an organophosphate analogous to pyrethroids) and other pyrethroids, were discovered using this approach [START_REF] Li | Molecular cloning and characterization of a novel pyrethroidhydrolyzing esterase originating from the Metagenome[END_REF]Fan et al., 2012). In contrast, after primary screening in E. coli, Kambiranda et al. (2009) chose to express the discovered esterase in Pichia pastoris, to overcome the drawbacks of antibacterial activities of the main transformation product of chlorpyrifos, the main insecticide targeted in the study. The specificity of the purified enzyme towards a wide panel of organophosphorus insecticides was then assessed by HPLC. This versatile enzyme was able to degrade them all, with varying degrees of efficiency, making it a very interesting candidate for the remediation of highly toxic organophosphorus nerve agents.

In addition, numerous synthetic materials which are widely used in the insulation and plastic industries, like polyurethanes and aliphatic or aromatic polyesters, can also be degraded by some esterases. The breakdown of these compounds can easily be assessed using agar plates containing emulsions of the targeted insoluble polymers, a transparent halo appearing around the hit clones. Using this approach, [START_REF] Kang | A novel family VII esterase with industrial potential from compost metagenomic library[END_REF] found a polyspecific enzyme acting both on polyurethane and diethylene glycol adipate. Many other studies have targeted polylactic acid (PLA) and other aliphatic polyester degrading activities. After primary screening on solid plates containing PLA emulsions, three new esterases identified by Mayumi et al. (2008) were tested positive in liquid media on other aliphatic polyesters (PLA of different molecular weights, poly-butylene succinate (PBS), poly-butylene succinate-co-adipate (PBSA), poly-ethylene succinate (PES), polycaprolactone (PCL), polyhydroxybutyrate (PHB)), by measuring changes in the emulsion turbidity. Using the same approach, [START_REF] Tchigvintsev | The environment shapes microbial enzymes: five cold-active and salt-resistant carboxylesterases from marine metagenomes[END_REF] found five new esterases that act on a large collection of monoester and polyester substrates, mixed as an emulsion in agarose plates. [START_REF] Sulaiman | Isolation of a Novel Cutinase Homolog with Polyethylene Terephthalate-Degrading Activity from Leaf-Branch Compost by Using a Metagenomic Approach[END_REF], determined the polyethylene terephthalate (PET) and the poly(ε-caprolactone)degrading activities by measuring the weight loss of PET and PCL films after incubation with the subcloned and purified new cutinase.

In the same field of application, other functional metagenomic studies allowed the discovery of enzymes acting on phthalate esters, components also commonly used in the plastics industry. Jiao et al. (2013) mined an E. coli metagenomic library obtained from biofilms of dibutyl phthalate (DBP) (and other phthalate esters) from a wastewater treatment plant, maintained at low temperature (10 °C), by screening the clones on DBP spread in LB agar plates. The enzyme retrieved using this strategy was further characterised in liquid medium by HPLC/MS quantification of residual phthalate esters. The enzyme, which is capable of hydrolysing dipropyl-and dipentyl phthalates at low temperatures, could be used for bioremediation processes in wastewater treatment and for in situ degradation in contaminated cold environments.

Amidohydrolases.

The biological breakdown of organophosphorus insecticides requires various enzymatic activities. As described earlier in subsection 3.2.2.1. Esterases., an esterase able to cleave the P-O bound of chlorpyrifos was isolated from cow rumen, leading to 3,5,. This primary degradation product is more polar and more water soluble, but still classified as persistent and mobile by the US Environmental Protection Agency. Math et al. (2010) screened a cow rumen metagenomic library cloned in E. coli using TCP as sole carbon source. Only one positive clone was evidenced. The activity of the target enzyme on TCP was checked using both thin layer chromatography and HPLC analysis of E. coli cell supernatants.

As sequence annotation revealed that the enzyme responsible for this activity showed significant homology with ureases and amidohydrolases, authors postulated that this enzyme attacked the terminal amide bond of TCP. Nevertheless, further investigation is needed to confirm that this enzyme is an amide-linkage hydrolase.

Nitrilases.

Nitriles are components of plastics, polymers and herbicides which can be hydrolysed to their corresponding carboxylic acids and ammonia by nitrilases in a one-step reaction [START_REF] Pace | The nitrilase superfamily: classification, structure and function[END_REF]. In this respect, mention should be made of two publications describing screening of metagenomic libraries to search for nitrilases. The libraries were constructed with bacterial DNA isolated from environmental samples collected from terrestrial and aquatic microenvironments worldwide (Robertson et al., 2004) or from oilcontaminated soil, wastewater treatment from a refinery and forest soils [START_REF] Bayer | A nitrilase from a metagenomic library acts regioselectively on aliphatic dinitriles[END_REF]. In both studies environmental DNA was cloned in E.coli and the libraries were screened using a liquid growth-dependent selection strategy with nitriles as sole nitrogen source (either adiponitrile or (R,S)-4-chloro-3-hydroxyglutaronitrile (Robertson et al., 2004) and 4-tolunitrile, 4-hydroxybenzonitrile, cinnamonitrile, or a mix of benzonitrile, glutaronitrile and α-methylbenzylcyanide [START_REF] Bayer | A nitrilase from a metagenomic library acts regioselectively on aliphatic dinitriles[END_REF]). After sequencing and subcloning, around 140 putative nitrilases were further characterised for their specificity, especially their regioselective and enantioselective conversion properties. Indeed, the conversion of (poly)nitriles produces synthons of interest for the production of fine chemicals and pharmaceuticals. That was the goal of both metagenomic studies, although the approach was also mentioned as being useful for the discovery of enzymes involved in the catabolism of xenobiotic derived nitriles.

Conclusion and future goals

The rise of meta-omic technologies in the last decade has enabled to unlock the functional potential of uncultivable microbial biodiversity. In particular, many enzymes, exclusively produced by bacteria, have been discovered thanks to the activity-based exploration of metagenomes, especially those originating from highly polluted environments, and sometimes also exposed to extreme physical conditions, all with the aim of finding biocatalysts that are naturally adapted to industrial constraints. However, this approach is still limited i) by the lack of the facilities required to screen hundreds of thousands of clones for the desired functions, ii) by the fact that novel screens have to be designed for each enzymatic reaction, and, iii) when xenobiotic degradation activities are sought, by the need to handle large amounts of toxic compounds. These limits are currently being overcome thanks to the development of the different multi-step activity-based screening strategies cited in this review, which are often based on the use of non-toxic structural analogues for primary screening. Many of the enzymes that have been discovered represent new tools for environmental biotechnology. Nevertheless, several challenges still have to be faced before we can accelerate the pace of the discovery of new functions by expanding the space of unexplored functional diversity. Firstly, although prokaryotic microbial communities are still the subject of numerous studies, the functions of uncultured eukaryotes are only rarely explored using activity-based metatranscriptomic approaches. However, eukaryotes play a fundamental role in many ecosystems, and some cultivable fungi are highly valuable bioremediation tools which have already been in use for a long time. New screening hosts are thus needed for expression of eukaryotic cDNA, to expand the panel of biocatalysts issued from the uncultivated fungal fraction. Secondly, the literature is very rich in functional metagenomics studies targeting oxidases and esterases with a wide range of specificities. But references to the discovery of proteases, which are likely to be effective for the hydrolysis of amide bonds (like those found for example in polyurethanes), are almost inexistent. In addition, too few studies aim to identify the role of uncharacterised protein families that are highly prevalent in polluted ecosystems, even though some of them could be considered as biomarkers of the functional status of the microbial community. Combining genomic and meta-omic data with data delivered by high-throughput activitybased screening approaches is now possible, and should accelerate the discovery of new functions and allow a better understanding and control of ecosystem functions. Finally, whatever their origin, using enzymes for bioremediation processes at low cost requires breaking the locks of enzyme expression in appropriate hosts, and, for some applications in open environments, taking legal regulations and ethical considerations into account. 
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Table 2: Discovery of pollutant degrading enzymes using sequence based metagenomics approaches. All the cited studies provided biochemical proof of function for the hits obtained. 68 Table 3: Discovery of pollutant degrading enzymes by activity-based metagenomics. All screening studies were performed by using E. coli as cloning host, except for the work of Ono et al. (2007) and [START_REF] Nagayama | Isolation of oxygenase genes for indigo-forming activity from an artificially polluted soil metagenome by functional screening using Pseudomonas putida strains as hosts[END_REF], performed in P. putida.

Physiological properties of the rumen

Grazing animals have a four-chambered stomach, rumen being the biggest part with an average volume corresponding to 80% of the total stomach. A highly complex microbial ecosystem develops and survives in this compartment by extracting nutrients coming mostly from dietary plant constituents. Since mammals do not produce the carbohydrate active enzymes (CAZymes (Lombard et al., 2014)) able to hydrolyse most of plant polysaccharides, it is this symbiotic microbial ecosystem, present in the digestive tract that do so, generating energy for themselves and their host: they produce volatile fatty acids which are directly absorbed through the rumen papillae to supply up to 80% of the energy needed by the ruminant (Hall and Silver, 2009).

According to a study of Hess et al. (2011), who sequenced 268 Gbp of bovine rumen metagenomic DNA, several dozen thousands CAZymes (around 100 putative CAZyme encoding genes per Gbp of sequence) are produced by the microbes adherent to plant fibre in cow rumen, since most of the glycoside hydrolysis occurs in the biofilm adhering to the ingested feed particles. These enzymes, which include glycoside hydrolases, carbohydrate esterases, polysaccharide lyases and, probably (as they still have not been searched in the ruminal microbiome to our knowledge), LPMOs (lytic polysaccharide monooxygenases (Levasseur et al., 2013;[START_REF] Agger | Discovery of LPMO activity on hemicelluloses shows the importance of oxidative processes in plant cell wall degradation[END_REF]), mostly catalyse the degradation of the plant cell wall lignocellulosic components, together with plant energy storage polysaccharides (resistant starch and inulin) and, in a minor extent, microbial glycans that are also present in fermented feeds. The Bovine Rumen Ecosystem 86 As mentioned before, the bovine digestive tract is made of different important parts: the mouth cavity, oesophagus, a complex stomach (made of the rumen, the reticulum, the omasum and the abomasum) and intestines (small intestine, including duodenum, and the large intestine, consisting of the caecum, colon and rectum) (Figure 4). Other glands are also important in digestion: pancreas, spleen, and liver.

In the first part of the digestive tract, the mouth and the teeth configuration allows for the chewing of large amount of fibrous feed. Inside the mouth, the feed particle size is thus reduced and some food components begin to be digested by the enzymes present in the saliva. Bovine lipase indeed hydrolyses short chain fatty acids, which are only a small fraction of food components. Saliva also helps to keep the rumen at the right neutral pH for the growth of bacteria. In the mouth, the digestion is thus mostly mechanical, while in the rumen, it is both mechanical and enzymatic [START_REF] Agarwal | Rumen Microbial ecosystem of domesticated ruminants[END_REF][START_REF] Krause | Board-invited review: Rumen microbiology: Leading the way in microbial ecology[END_REF].

Digestion by ruminants is mostly done in the rumen. Its capacity reaches up to 150 litres for adults, which allows storage of a large quantity of food ingested by the animal throughout the day, during 30 to 50 hours depending on the diet. The bovine rumen also contains billions of symbiotic microorganisms of which the functional diversity allows digestion of different feed (grass, hay, corn, silage…) by the ruminant. Most of the digestion is done by bacteria and protozoa (for more details, see part 3). They produce energy needed for the ruminant, vitamins (B, C and K) along with proteins, which provide essential amino acids and nitrogen. Lipolysis and biohydrogenation of dietary lipids also happen in the rumen, converting them in saturated fatty acids (palmitic, stearic acids). When animals are healthy, the rumen temperature oscillates between 38 and 41°C, while physiological pH, one of the most variable factors, varies from 5.5 to 6.9 [START_REF] Puniya | Rumen Microbiology: From Evolution to Revolution[END_REF].

During rumination, cows chew, swallow and regurgitate their food again and again, in order to cut it into small particles to digest the fibres more efficiently. Cows also eructate in order to release the carbon dioxide and methane produced during carbohydrate fermentation.

The next part of the digestive tract, the omasum, allows the filtering of large particles back into the rumino-reticulum, and the smaller particles to go on to the abomasum. The omasum also helps in water absorption.

The abomasum is known as the "true stomach", producing hydrochloric acid and digestive enzymes to start protein digestion. It is comparable to the stomach of nonruminants [START_REF] Agarwal | Rumen Microbial ecosystem of domesticated ruminants[END_REF]Hall and Silver, 2009).

The digestion rate changes depending on numerous factors, like the retention time of feeds in the rumino-reticulum, the mastication and the mixing of saliva along with its

The Bovine Rumen Ecosystem 87 buffering action, the flow rate of the digesta to the omasum and the lower part of the digestive tract, along with the continuous removal of some metabolites (volatile fatty acids, methane, carbon dioxide, ammonia) [START_REF] Agarwal | Rumen Microbial ecosystem of domesticated ruminants[END_REF].

Bovine nutrition

Polysaccharides are found in high quantity in the diet of bovines, being their first energy source. They mostly come from plant cell wall, of which structure is dynamic and complex. It allows cohesion of cells [START_REF] Burton | Heterogeneity in the chemistry, structure and function of plant cell walls[END_REF], and also has a protective role, by being the physical barrier against pathogens [START_REF] Underwood | The Plant Cell Wall: A Dynamic Barrier Against Pathogen Invasion[END_REF].

Plant cell wall is composed of a majority (up to 90%) of polysaccharides (cellulose, hemicelluloses, pectins) and of lipids, proteins and, lignin. It is made of many layers: the middle lamella, rich in pectins, is the first to be synthesised; the primary cell wall, made of cellulose fibres, hemicelluloses and pectins, linked by different kinds of links that can be covalent or not, are synthesised during cell growth (Figure 5); the secondary cell wall is synthesised after growth and is composed of a compact matrix of hemicellulose, crystalline microfibrils of cellulose, and lignin that gives the rigidity and a great mechanical and chemical resistance. The different components of plant cell walls are described below:

-Cellulose is a linear homopolymer of D-glucose with β-1,4 linkages. It is one of the most abundant polymers on Earth. Polymerisation degree varies between 250 and 15,000, depending on its origins. Inside plant cell wall, linear chains are organised in microfibrils thanks to intra and intermolecular hydrogen linkages, which guide their organisation: the non-organised amorphous zones and the crystalline ones, where the hydrogen linkages are more numerous, making the crystalline zones more resistant to enzymatic and chemical degradation. -Hemicelluloses are heteropolymers composed of pentoses (D-xylose and Larabinose), hexoses (D-glucose, D-galactose and D-mannose) and sugar acids (acetic acid, ferulic acid, 4-O-methylglucuronic acid…). Depending on their primary structure, they are classified in four categories, which proportion depends on their origin:

o Xylans: in this case, the backbone is made of β-1,4-linked xylosyl residues, most of the time acetylated, and which can be ramified. Presence of ramifications and their structure are the basis of another classification: glucuronoxylans are ramified with glucuronic acids and/or one of their reaction product, 4-O-methylglucuronic acid; arabinoxylans are substituted with L-arabinofuranosyl residues; glucuronoarabinoxylans or arabinoglucuronoxylans contain both previous substitutions, and named depending on the proportion of each one; heteroxylans are ramified with arabinosyl, xylosyl, galactosyl residues, and glucuronic acid in various amounts. The arabinosyl residues can also be substituted by phenolic acids (ferulic acid, p-coumaric acid), which allows the connexion of two free hemicellulose chains, which can then be covalently linked, by ether linkage, to lignin.

o Xyloglucans: the backbone is made of β-1,4-linked glucosyl residues, ramified with xylosyl units linked to the C6 position. Depending on the plant origin, xylosylation varies from 30 to 75%. Xylosyl residues can also be substituted by β-galactosyl or α-L-arabinofuranosyl residues.

o Mannans: they are classified in 2 sub categories depending on their backbone structure. Galactomannans have a backbone of β-1,4-linked mannosyl residues, with D-galactosyl ramifications on the C6 position; glucomannans have a backbone with both β-1,4-linked D-mannosyle and D-glucosyl residues, with D-galactosyl ramifications on the C6 position. Moreover, these different mannan chains, especially the most linear ones tend to self-associate, leading to insolubility and crystallinity. As the best example, even if it is not a bovine dietary constituent, let's cite the siphoneous green algae of the families Codiaceae and the Dasycladaceae, of which crystalline mannan microfibrils act as a functional replacement for cellulose [START_REF] Whitney | Structural aspects of the interaction of mannan-based polysaccharides with bacterial cellulose[END_REF] o (1,3)(1,4)-β-D-glucans or mixed-linkage glucans: it is a defining feature of grass cell wall. They are unsubstituted chains of β-glucopyranosyl monomers linked through (1,3) (around 30 % of the total linkages) and (1,4) linkages (around 70 %). In the aleurone and starchy endosperme of grains, including barley, wheat, and oat, mixed-linkage glucans are also found in high concentrations and are thought to act as storage carbohydrates [START_REF] Kiemle | Role of (1,3)(1,4)-β-Glucan in Cell Walls: Interaction with Cellulose[END_REF].

-Pectins: these polysaccharides are rich in galacturonic acids linked with β-1,4 linkages. They have an important role for hydration of cell wall and its wholeness, thanks to their gelification ability. They also enable an easier organisation of parietal components along with the diffusion of ions and small molecules. Depending on their composition, they are classified in different subcategories covalently associated to create the pectic matrix:

o Homogalacturonans: they are composed of a linear chain of galacturonic acids, which can be methylesterified or O-acetylated.

o Substituted galacturonans: while they have a similar backbone to homogalacturonans, the ramification is different: apiogalacturonans with Dapiofuranose; xylogalacturonan with xylose; rhamnogalacturonan II with up to 12 different sugars and 20 different linkages.

o Rhamnogalacturonans I: their backbone consists of repeats of the [α-D-Galacturonan-1,2-α-L-rhamnose-1,4-] disaccharide with ramified oligosaccharides that are specific to the kind of cell and their growth stage.

o Arabinan: they have a backbone of (1,5)-linked α-L-arabinofuranosyl units.

The neutral arabinans and arabinogalactans are linked to the acidic pectins. They would promote wall flexibility and would bind to the surface of cellulose [START_REF] Cosgrove | Growth of the plant cell wall[END_REF]) -Lignin: this complex polymer is specific to the secondary cell wall, and confers to it its hydrophobicity, while increasing its rigidity. Because it is difficult to degrade, it helps protecting the cells from pathogen microorganisms. It is an amorphous aromatic polymer predominantly composed of three hydroxycinnamoyl alcohols (conyferylic alcohol, sinapylic alcohol and p-coumarylic alcohol), of which the proportion depends on the cell type and plant species. Lignins are only a little depolymerised inside the rumen. The presence of high amounts of lignin in the cell walls of cow dietary compounds limits carbohydrate fermentation, volatile fatty acid and microbial biomass production, along with reducing feed intake and prolonging retention time, which induce low energy value for animal feeding [START_REF] Calabrò | Plant Secondary Metabolites[END_REF]. -Extensines: they act during growth and plant development, being involved in differentiation and morphogenesis control, along with cell-cell interactions. They can also, by auto-assembly, create a net able to strengthen and stabilise the cell wall. -Enzymatic and non-enzymatic proteins: respectively oxidative or hydrolytic and expansins which intervene in metabolism and remodelling of the cell wall. -Lipidic components: they can be found on the surface of secondary cell wall (suberin, cutin, wax) and create a protective layer against pathogens attacks and limit water loss.

Starch is also one of the main plant cell components, and thus an important constituent of the bovine diet. This energy storage polysaccharide is made of around 20-30% of amylose, a helical polymer made of α-1,4-linked D-glucosyl units, and of 70-80% of amylopectin, a
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Inulin is another storage polysaccharide, even much less abundant than starch. It is found in many kinds of plants, mostly commonly extracted from chicory, and is composed of a backbone of β-1,2-linked fructosyl residues , with a sucrose molecule at the reducing end. Its polymerisation degree ranges from 2 to 60.

Finally, phytic acid is also an important component of bovine diet, as it is the primary storage form of phosphorus and inositol in the majority of seeds. It is a complex of calcium or magnesium with myo-inositol. It is an anti-nutritional component of plant-derived feeds and it can form insoluble salts with different minerals (zinc, magnesium…) or complexes with proteins and proteolytic enzymes.

Microbial diversity in the bovine gastrointestinal tract

Since only around 11% of the rumen bacterial species seem to be culturable (Wu et al., 2012), monogenic (16S rRNA) metagenomics is the most appropriate method to evaluate the microbial diversity along the bovine gastrointestinal tract.

16S rDNA (or 18S for fungi and protozoa), which encodes part of the ribosome needed for protein synthesis, is indeed composed of highly conserved DNA motifs, interrupted by nine separate variable regions, that are specific to bacterial and archeal species. The development of next generation sequencing enabled the characterisation of complex communities based on 16S rDNA sequencing [START_REF] Fouts | Next Generation Sequencing to Define Prokaryotic and Fungal Diversity in the Bovine Rumen[END_REF][START_REF] Highlander | Encyclopedia of metagenomics: environmental metagenomics[END_REF]Jami and Mizrahi, 2012;[START_REF] Sadet | PCR-DGGE analysis reveals a distinct diversity in the bacterial population attached to the rumen epithelium[END_REF].

Since the rumen is predominantly a strict anaerobic environment, the natural rumen microbiota is composed of anaerobic microorganisms that can be divided in three main superkingdoms: Bacteria, Archaea containing the methanogens, and Eukaryota composed of protozoa and fungi. However, since the rumen is open to the external environment and because of the continual flow of materials going in and out of the rumen, aerobic microorganisms can be found, coming, for example from the food they ingest. The commensal microbial community must be at least facultative anaerobe, though the proportion of facultative/strict anaerobe is, to our knowledge, never explicitly mentioned [START_REF] Highlander | Encyclopedia of metagenomics: environmental metagenomics[END_REF].

At birth, the calf rumen microflora is considered sterile, rapidly colonized by aerobic and facultative anaerobic microbial strains, close to the birth, with a gradual decrease and replacement by anaerobic strains over time (Figure 6). Thanks to a pyrosequencing and quantitative real time PCR approach, the dominant phyla, no matter the age, were determined by Jami et al to be Bacteroidetes, Firmicutes and Proteobacteria. However, the difference is also in the composition of said phyla: for example Bacteroidetes, inside the rumen of newborns, are predominantly from the genus Bacteroides, while for older animal's rumen, they are almost exclusively from the genus Prevotella [START_REF] Jami | Exploring the bovine rumen bacterial community from birth to adulthood[END_REF].

In the study of Peng et al., the microbial community of the reticulum and the omasum of 3 adult cows, fed with dried distillers' grains containing soluble and corn silage, has been studied for the first time (Peng et al., 2015), along with the rumen. They were able to identify the seven most abundant phyla of the three chambers of a cow stomach, which correspond to more than 98% of the bacteria identified (Figure 7). Figure 6: Phylum level composition depending on the age of the animals (adapted from [START_REF] Jami | Exploring the bovine rumen bacterial community from birth to adulthood[END_REF] In the rumen of adult cows, as can also be seen in other studies [START_REF] Jami | Exploring the bovine rumen bacterial community from birth to adulthood[END_REF], the most abundant phylum is Bacteroidetes, which include Gram-negative bacteria known to be one of the main actors in the polysaccharide catabolism. The predominant genus is also, as previously seen, Prevotella, known for its importance in digestion, one of the most prevalent species, Prevotella ruminicola, being able to digest hemicelluloses, cellulose, pectin, and proteins. The second most abundant phylum is Firmicutes, with Succiniclasticum as the predominant genus. The latter is particularly specific, as it is unable to ferment amino acids, carbohydrates, mono-, di-, and tricarboxylic acids other than succinate (which is converted to propionate). Moreover, bacteria belonging to the Succiniclasticum genus are not proteolytic, do not produce a catalase or urease, nor reduced nitrate. Butyrivibrio is less prevalent in the rumen than in the other chambers, but it has been known to be very important for the degradation of proteins, urea, cellulose and hemicelluloses. Treponema, a genus from the Spirochaetes phylum, was found in the three chambers of the stomach, as part of the ten most abundant in all three. In the rumen, they are known to efficiently degrade plant polysaccharides (Peng et al., 2015).

The abomasal microbiota was studied in the study of [START_REF] Li | Metagenome Plasticity of the Bovine Abomasal Microbiota in Immune Animals in Response to Ostertagia Ostertagi Infection[END_REF]. As can be seen in Figure 8, the predominant phyla are the same as the ones found in the rumen: Bacteroidetes, Firmicutes and Proteobacteria. However, the Actinobacteria, Verrucomicrobia and Fusobacteria cannot be found in the abomasum. On the other hand, Fibrobacter and Spirochaetes were found in the abomasum and not notably in the rumen. These differences could be due to the pH differences between the rumen and the abomasum (pH around 6.0 for the rumen, around 2.0 for the abomasum).

Figure 8: Relative distribution of phyla of the cow abomasum (adapted from [START_REF] Li | Metagenome Plasticity of the Bovine Abomasal Microbiota in Immune Animals in Response to Ostertagia Ostertagi Infection[END_REF] Since most of the plant component degradation also happens in the rumen, the most effective enzymes for polysaccharide degradation should be found there, which explains why the ruminal ecosystem is the most studied for mining the gut microbiome for CAZymes [START_REF] Van Vliet | Effects of Cow Diet on the Microbial Community and Organic Matter and Nitrogen Content of Feces[END_REF].

If diversity of the bovine gut microbiota has been extensively studied these last years, some differences are frequently observed between the studies, at the phyla and genera levels. They are due to differences in the sampling and sequencing technologies, the samples themselves (liquid and solid fractions), or to the diet of the animals [START_REF] Ramirez | The effect of brown midrib corn silage and dried distillers' grains with solubles on milk production, nitrogen utilization and microbial community structure in dairy cows[END_REF]. The different microbial constituents of the ruminal ecosystem are presented below:

Bacteria

They are the most actively involved in plant fibre degradation. Bacteria represent 40 to 50 of the total microbial mass, or 10 10 -10 11 bacteria per gram of rumen content, and as such are the predominant microbes in the rumen. Among the cultivated ruminal species, Fibrobacter succinogenes, Ruminococcus albus, and Ruminococcus flavefaciens are known to degrade cellulose, while hemicelluloses are predominantly degraded by Butyrivibrio fibrisolvens, Prevotella ruminicola, Ruminococcus albus, and Ruminococcus flavefaciens, these two last species being important H 2 producers during plant cell wall degradation. Eubacterium ruminantium can also ferment extensively glucose, cellobiose and fructose. Major pectin fermenters are Butyrivibrio fibrisolvens, Prevotella ruminicola, Lachnospirosa multiparus. And known starch digesters are Butyrivibrio fibrisolvens, Prevotella ruminicola, Streptococcus bovis, Ruminobacter amylophilus, Succinimonas amylolytica, Selenomonas ruminantium, together with some Clostridium species and some strains of Fibrobacter succinogenes [START_REF] Zhou | Rumen Microbiology: From Evolution to Revolution[END_REF].

All these bacteria are present in the rumen, in different proportions depending, in particular, on diet (see part 3.6). These bacteria can either freely float in the liquid phase, be attached to the feed particles (like many fibrolytic bacteria), or to the rumen epithelium [START_REF] Choudhury | Rumen Microbiology: an overview[END_REF]. The ruminal epithelium is indeed covered with papillae that facilitate the absorption of fermentation products, like volatile fatty acids. Using culture based methods and microscopy [START_REF] Cheng | Adherent epithelial bacteria in ruminants and their roles in digestive tract function[END_REF][START_REF] Mccowan | Adhesion of bacteria to epithelial cell surfaces within the reticulo-rumen of cattle[END_REF], it was found that epimural bacteria (Micrococcus, Staphylococcus, Streptococcus, Corynebacterium, Lactobacillus, Fusobacterium, Propionibacterium species, along with other unidentified anaerobic species) are taxonomically different from those present in the rumen fluid and/or solid particles. Using recent molecular based technics (PCR-DGGE, 16S rRNA sequence analysis, qRT-PCR), the difference between microbial community inside the rumen and attached to the ruminal tissue has been confirmed (Li et al., 2012). However, although the bacterial diversity has been defined, it is not the case accurately for the bovine epimural bacterial population.
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Bacteriophages

They are the second most present components, in terms of number, of the rumen microbial ecosystem, since 10 8 -10 9 bacteriophages are counted per gram of ruminal content. They are considered as obligate pathogens for bacteria. Bacteriophages can help in bacterial mass turnover in the rumen that can happen after a radical change in diet, which makes available bacterial proteins to the host as an amino acid source. They are specific for some bacteria present in the rumen, and can be used to kill or remove unwanted bacterial strains, like Streptococcus bovis, and methanogens, to be used, for example, to lower the production of methane [START_REF] Ross | Metagenomics of rumen bacteriophage from thirteen lactating dairy cattle[END_REF]. Berg Miller et al. were able to identify the most abundant lytic phages in the rumen. They belong to the following families: Siphoviridae, Myoviridae, Podoviridae, Herpesviridae, Phycodnaviridae, along with many unclassified ones [START_REF] Berg Miller | Phage-bacteria relationships and CRISPR elements revealed by a metagenomic survey of the rumen microbiome: Rumen viral metagenome[END_REF][START_REF] Gilbert | Ruminal Viruses (Bacteriophages, Archaeaphages)[END_REF]. However, little information is currently available on the rumen virome and its interaction with ruminal microbiome.

Methanogens

Classified in the separate superkingdom of Archaea, they count for 10 7 -10 8 cells per grams of rumen content. In the majority of ruminants, Methanobacteriales (including Methanobrevibacter spp., Methanobacterium spp., Methanosphaera spp.) are the most prevalent, Methanomicrobiales (including Methanomicrobium spp.) being the second most important. The least in number are Methanosarcinales and Methanococcales. In bovine rumen, some methanogens are associated with protozoa, depending on the species. Using 16S rRNA analyses, Tymensen et al were able to find out that Methanobrevibacter are predominant in methanogens associated with protozoa, while Methanomicrobium can be found as free-living methanogens [START_REF] Agarwal | Rumen Microbial ecosystem of domesticated ruminants[END_REF][START_REF] Tymensen | Structures of free-living and protozoaassociated methanogen communities in the bovine rumen differ according to comparative analysis of 16S rRNA and mcrA genes[END_REF]. Methanogens can produce 100% of the rumen methane emissions. Methanogens thus became interesting targets in the context of global warming. The amount of methane produced by ruminants indeed represents about one-quarter of anthropogenic emission of methane. Many methods have been tried to lower methane emission by cattle [START_REF] Janssen | Structure of the Archaeal Community of the Rumen[END_REF]. For example, plants containing secondary metabolites which act as methane inhibitors can be used as feed additives. Another approach is based on the use of microbial feed additives, though it has not been as successful as the first one. Some of the strains used are: Saccharomyces cerevisiae, for which the results of methane emission decrease are quite chaotic (from 0 to 58% inhibition); Propionibacterium species producing propionate, since the production of propionate is inversely proportional to the amount of methane, both production pathway consuming hydrogen; acetogens, which uses hydrogen for the reduction of carbon dioxide to acetate and can bring 5 to 10% of energy intake by the animal back to the energy cycle of said animal instead of methanogenesis. The problem of the latter is that acetogen affinity to hydrogen is lower than the one for methanogens in the rumen. Defaunation, meaning the removal of protozoa in the rumen, is another method; however data compilation showed that more study is required to help fully explain the relationship between defaunation and methanogenesis [START_REF] Morgavi | Microbial ecosystem and methanogenesis in ruminants[END_REF]. As previously mentioned, increase of propionate concentration could be a way to lower methane production. Organic acids have thus been tested as propionate precursors. However, they are expensive, and the results obtained variable. Use of halogenated methane analogues is another approach, to block the terminal enzyme of methanogenesis, the methyl CoM reductase. The problem would be the possible short term effect of such a technique, the rumen treated being able to rapidly adapt to the inhibitory effect. The fact that they can be toxic to the host as well as Humans depending on the concentration is another drawback. Another method is the use of commercially available ionophores that would inhibit hydrogen producing bacteria. However, like halogenated methane analogues, the risk of the host's microbes adaptation to these compounds is too high, along with the possibility to recover residues in animal products. The last method would be to add inorganic salt to the diet, since nitrate and sulphate reducing bacteria already present in the rumen use hydrogen to reduce substrates to nitrite and H 2 S that become toxic at high concentration for animals. This means that this method would not be the optimal one either [START_REF] Kamra | Manipulation of Rumen Microbial Ecosystem for Reducing Enteric Methane Emission in Livestock[END_REF]. However, to find the optimal method to decrease methane emission, a more in depth understanding of the functional pattern of rumen methanogens is essential.

Protozoa

Rumen protozoa represent only a small part of the microbial population in terms of number (10 4 -10 6 per gram of rumen content). In terms of total mass, however, it can account for up to 40-50% of the microbial mass. The two major groups of rumen Ciliates are: Entodiniomorphida (Entodinium simplex, Entodinium caudatum, Eudiplodinium maggii, Metadinium medium, Diploplastron affine, Polyplastron multivesiculatum and Epidinium ecaudatum) and Vestibuliferida, previously called Holotricha (Isotricha prostoma, Isotricha intestinalis and Dasytricha ruminantium) [START_REF] Agarwal | Rumen Microbial ecosystem of domesticated ruminants[END_REF][START_REF] Choudhury | Rumen Microbiology: an overview[END_REF][START_REF] Ricard | Horizontal gene transfer from Bacteria to rumen Ciliates indicates adaptation to their anaerobic, carbohydrates-rich environment[END_REF].

They play a very important role in rumen fermentation. They help ferment lignocellulosic parts of the food intake into volatile fatty acids. In their study, Ricard et al were able to identify many carbohydrate catabolic enzymes (like xylanases, cellulases, βhexosaminidases, pectate lyases, polygalacturonases, cellobiose phosphorylases, carbohydrate esterases, several glycosidases, fructokinases and aldose epimerase precursors) , of which the encoding genes were acquired by horizontal gene transfer between Bacteria and Ciliates [START_REF] Ricard | Horizontal gene transfer from Bacteria to rumen Ciliates indicates adaptation to their anaerobic, carbohydrates-rich environment[END_REF].

Most importantly, protozoa protect easily fermentable carbohydrates, including starch, from the bacteria that could use them, by being incorporated in protozoa biomass. Protozoa can indeed also engulf bacteria and feed particles, along with being able to degrade carbohydrates, lipids and proteins. As such, carbohydrates are released slowly over time to give the host a constant energy supply in the form of short chain volatile fatty acids, and avoid an overproduction of organic acids directly after feeding that could be detrimental to the host [START_REF] Williams | The Rumen Protozoa[END_REF].
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Anaerobic fungi

Anaerobic fungi are the smallest components (in number, 10 3 -10 5 per gram of rumen content) of the rumen microbial ecosystem, yet they are thought to be the most effective for the degradation of fibres. Indeed, because they are able to produce many different glycoside-hydrolases (cellulases, hemicellulases, amylases, glycosidases, glycoside esterases, pectinases), they are key degraders of plant components. Because they are anaerobic fungi, the energy they use comes from the fermentation of carbohydrates, by a mechanism where the energy source is both the electron acceptor and donor. They do not have mitochondria but hydrogenosomes which seems to be specialised or derived mitochondria that contain unusual enzymes like hydrogenases and pyruvate/ferredoxin oxidoreductases (not the usual mitochondrial pyruvate dehydrogenase). Because of their low number, they were not extensively studied for as long as other components of the ruminal ecosystem, though this has been changing for some years (Robert J. Gruninger et al., 2014). Up until now, only six genera have been described (Caecomyces, Piromyces, Neocallimastix, Anaeromyces, Orpinomyces, Cyllamyces) and some uncharacterised isolates have been mentioned. Even though fungi are located throughout the gastrointestinal tract, 90% are found in the reticulorumen, with 10% along the rest of the gastrointestinal tract [START_REF] Agarwal | Rumen Microbial ecosystem of domesticated ruminants[END_REF][START_REF] Choudhury | Rumen Microbiology: an overview[END_REF][START_REF] Davies | Distribution of anaerobic fungi in the digestive tract of cattle and their survival in faeces[END_REF].

Structural and functional modulation of the ruminal microbiota

Ruminal microbiota structure varies depending on many factors, linked to the animal (diet, feed intake, frequency of feeding, age of the animal, antibiotic use, health of the host, stress level, ...), or not (geographic location, season, photoperiod, environment...).

The most known way to affect ruminal microbiota is diet, which directly impacts the balance among species. For example, a high fibre diet increases the population of Ruminococcus albus, Ruminococcus flavefaciens and Fibrobacter succinogenes, even though if a cow is on an all straw diet, the fibre digesters still never account for more than 25% of the rumen bacterial population [START_REF] Choudhury | Rumen Microbiology: an overview[END_REF]. Works on rumen manipulation suggest that bacterial diversity is mostly dependant on diet or location rather than species of host [START_REF] Choudhury | Rumen Microbiology: an overview[END_REF][START_REF] Zhou | Rumen Microbiology: From Evolution to Revolution[END_REF]. Not many studies can be found where animals are fed predominantly on wheat straw, like in this PhD project. One of them, by Chaudhary et al, showed the difference in quantification of the major microbial species of the rumen of Indian cattle and buffalo, fed on wheat straw diet (concentrate: roughage ratio = 40:60), using real time PCR method. While no significant change in total bacterial and methanogens population could be seen, it is not the same for the other microbes. Indeed, the amount of fungi and protozoa seems to be higher in cattle than in buffalo. A significant difference could also be seen when focusing on cellulolytic bacteria: the copy number of Fibrobacter succinogenes and Ruminococcus albus was higher in buffalo than in cattle, while for Ruminococcus flavefaciens, the highest number could be found in cattle. While no explanation can be given for the moment, this shows that while most of the prevalent microbial species are found in all ruminants, their quantity differs depending on the species [START_REF] Chaudhary | Comparative quantification of major rumen microbial population in Indian Cattle and Buffalo fed on wheat straws based diet[END_REF].

In vitro enrichments are also informative to identify functional specificities of ruminal microbes. Lazuka et al indeed analysed diversity and function changes of the cow rumen microbiota, enriched in a bioreactor, with wheat straw as sole carbon source. The authors observed that the microbial diversity of the samples evolved towards a structure able to better degrade wheat straw and produce volatile fatty acids. After the enrichment, the dominant phyla were Bacteroidetes, Firmicutes and Proteobacteria, in this order, which corresponded to 85% of the total community. During the anaerobic enrichment, for the Bacteroidetes, the Bacteroidia class decreased in favor of an unclassified class. For the Firmicutes, the Clostridia class amount decreased by more than half after the first cycle of enrichment, though they were still well represented. This analysis highlighted the interest of non-sterile microbial enrichment to develop high performance biomass degrading consortia (Lazuka et al., 2015).

Enzymes from the rumen

Thanks to the huge diversity of ruminal microbial species, many different enzymes are produced in this ecosystem, allowing them to thrive by metabolising the different dietary components.

The rumen is considered as a specialised fermentation place, where the digestion of plant components is essential for the animals. This specificity makes it an ecosystem of choice to mine for novel enzymes, especially fibrolytic ones that can be used for the production of biofuels, and, more generally, for valorisation of lignocellulosic wastes (Goel et al., 2015). This topic will be further developed in part 5. Extensive functional analysis of the bovine ruminal microbiota would not be possible at such a high-throughput without genomics, transcriptomics and sequence-based metagenomics. All together, these approaches allowed, for the past years, a step increase in the identification of the most important classes of ruminal enzymes.

4.1.

Carbohydrate active enzymes

While many kinds of enzymes are present in the rumen, the most studied are the CAZymes (Brulc et al., 2009;Hess et al., 2011;Wang et al., 2013) because of their role in the plant biomass degradation, of interest for white biotechnologies, but also of course for maintaining host health and nutritional efficiency.
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CAZymes contain one or several catalytic domain, and most of the time one or several elements along the polypeptide chain, involved in i) addressing the protein to the correct cell compartment or outside the cell (signal peptides); ii) specific binding to carbohydrates (carbohydrate binding modules); iii) protein-protein interaction (dockerins). Catalytic domains and CBMs are defined as "modules" and are the base of the CAZy classification (Lombard et al., 2014). It allows the description of enzymes, even ones with multiple modules, which is highly relevant to interpret biochemical data, and, of course, genomic and metagenomic data. Each CAZy module has been classified in "classes" based on its catalytic or non-catalytic function:

-Glycoside hydrolases (GHs) were the first described in this classification. They contain catalytic modules able to i) hydrolyse glycosidic bonds, ii) perform transglycosylation reactions, or iii) break down glycosidic linkages by phosphorolysis, this particular reaction being performed by glycoside-phosphorylases, which can be classified in GH families because of their structural and mechanistic similarities with real glycoside hydrolases. These three reactions happen between two carbohydrate monomers or between a carbohydrate motif and another molecule (protein or lipid) [START_REF] Henrissat | Structural and sequence-based classification of glycoside hydrolases[END_REF]). -Glycosyl Transferases (GTs) are involved in the synthesis of glycosidic linkages. This needs a phosphor-activated sugar donor and an acceptor that can be a carbohydrate or another molecule containing a hydroxyl group [START_REF] Coutinho | An Evolving Hierarchical Family Classification for Glycosyltransferases[END_REF]. Some GT families also contain glycoside-phosphorylases for the same reasons as for GH families.

-Polysaccharide lyases (PLs) cleave glycosidic bonds in polysaccharides containing uronic acid. Instead of hydrolysis, the mechanism used is β-elimination, which does not need a water molecule, creating an unsaturated hexenuronic acid residue, along with a new reducing end [START_REF] Lombard | A hierarchical classification of polysaccharide lyases for glycogenomics[END_REF]. -Carbohydrate esterases (CEs) can O-or N-deacetylate esterified sugars. There are two classes of CEs, depending on the role of the sugar moiety in the ester formation: acid (uronic acid) or alcohol (neutral sugars esterified with short chain fatty acids) [START_REF] Jayani | Microbial pectinolytic enzymes: A review[END_REF]. -Auxiliary activities (AAs), which perform redox reactions. It is the newest class in the CAZy classification, containing two main classes of enzymes: the lignolytic enzymes, which, while they are not active on polysaccharides, help other CAZymes to access the carbohydrates hidden in the plant cell wall by oxidising the surrounding lignin; the lytic polysaccharide mono-oxygenases (LPMO), degrading polysaccharides using an oxidative mechanism (Levasseur et al., 2013). AA modules can also be associated on the same polypeptidic chain with other CAZy modules, in order to degrade recalcitrant substrates, like chitin [START_REF] Vaaje-Kolstad | An Oxidative Enzyme Boosting the Enzymatic Conversion of Recalcitrant Polysaccharides[END_REF]. Their presence and abundance in the ruminal microbiome has still not been studied, to our knowledge. -Carbohydrate binding modules (CBMs): they are non-catalytic modules, often associated with catalytic modules on a single polypeptidic chain. CBMs facilitate association of catalytic domains with the substrate through specific binding [START_REF] Boraston | Carbohydrate-binding modules: finetuning polysaccharide recognition[END_REF].

Depending on their catalytic mechanism, GHs and GTs can be divided in two different groups. During reaction, the asymmetric carbon C1 can undergo a conformational change, leading to a carbohydrate with the same anomery as the substrate, or a reversed one: the enzymes are classified as "retaining" enzymes or "inverting" enzymes, respectively [START_REF] Coutinho | An Evolving Hierarchical Family Classification for Glycosyltransferases[END_REF].

As previously mentioned, the CAZy classification is a sequence-based one, describing structural similarities in the fold and catalytic machinery between enzymes with related sequences [START_REF] Henrissat | Conserved catalytic machinery and the prediction of a common fold for several families of glycosyl hydrolases[END_REF]. As such, the probability of a catalytic mechanism being identical between two enzymes is higher the more their sequences are similar. Another advantage of the CAZy database is that it is manually-curated, meaning there is a much lesser probability of automatic assignation problems that can be found in other CAZy databases like CAT (Park et al., 2010), dbCAN [START_REF] Yin | dbCAN: a web resource for automated carbohydrate-active enzyme annotation[END_REF] and its derivative [START_REF] Ekstrom | PlantCAZyme: a database for plant carbohydrateactive enzymes[END_REF]. In the CAZy database, a new family is created only when at least one of its members has been functionally characterised. All of this represents a powerful tool to infer the activity of uncharacterised enzymes using their sequences. However, since the identity of two sequences may vary considerably in the same family, other subcategories have been created to strengthen the prediction power of the database, the more precise the subcategories are:

-Superfamily: contains families with a shared common fold, and indicates the basic features of the reactions performed by its members (for example, creating or cutting α or β glycosidic bonds). -Clan: contains families sharing sufficient common secondary structure elements to fold in the same way. The catalytic machinery can also be found on the same secondary structure elements. -Family: contains all enzyme sequences sharing the same catalytic mechanism due to a sufficient sequence identity, harbouring conserved catalytic amino acid(s) and functional residues, positioned in the same space location in the catalytic or binding site, which implies a conservation of the fold.

-Subfamily: used for poly-specific families, it is family specific, depending on the available chemical data, and, as such, not present for all CAZy families.

Another advantage of the CAZy database can be seen for the interpretation of genomic and metagenomic data in regard to ecology. Indeed, the analysis of the CAZyme contents (or CAZomes), of one particular organism, brings crucial information about its metabolic abilities, and allows one to explain changes in organism behaviour during different stages of its life [START_REF] Veneault-Fourrey | Genomic and transcriptomic analysis of Laccaria bicolor CAZome reveals insights into polysaccharides remodelling during symbiosis establishment[END_REF].

In October 2015, the CAZy database lists 133 GH families (246,906 entries), 97 GT families (200,750 entries), 23 PL families (5,887 entries),16 CE families (27,306 entries), 71 CBM families (56,890 families) and 13 AA families (10,106 entries), a number that continuously grows over time, with an increasing speed (André et al., 2014).

Bacteria, to more efficiently sequester, depolymerise and metabolise polysaccharides, have evolved two main specific strategies. The first one involves carbohydrate transporters and synergistic CAZymes, encoded by multigenic clusters specifically regulated, the polysaccharide utilisation loci (PUL) [START_REF] Larsbrink | A discrete genetic locus confers xyloglucan metabolism in select human gut Bacteroidetes[END_REF] (Figure 9). Since they have been predominantly studied in Bacteroidetes species [START_REF] Bjursell | Functional Genomic and Metabolic Studies of the Adaptations of a Prominent Adult Human Gut Symbiont, Bacteroides thetaiotaomicron, to the Suckling Period[END_REF], the PUL denomination is specific to this phylum (Terrapon and Henrissat, 2014). It does not mean, however, that PUL-like systems have never been observed elsewhere: metagenomic studies, for example targeting gut bacteria, generated enough data to identify this kind of multigenic clusters (Cecchini et al., 2013;Tasse et al., 2010;Wang et al., 2013) in other genera, even if there is still no proof of simultaneous expression of the gene identified in these loci. The prototype of all PUL-like systems is the starch utilisation system or Sus, which is used to sense, bind and depolymerise complex carbohydrates.

The Bovine Rumen Ecosystem 101 In Firmicutes, the degradation of plant polysaccharides and notably cellulose [START_REF] Bayer | The Cellulosomes: Multienzyme Machines for Degradation of Plant Cell Wall Polysaccharides[END_REF]White et al., 2014) and starch (Ze et al., 2015) is accomplished by a multifunctional complex consisting of the self-assembly of enzymatic and structural components named respectively the cellulosome (Figure 10), or amylosome. Signatures of cellulosome-like assemblies were identified in several studies targeting highly prevalent bacterial species in the rumen, like Ruminococcus flavefaciens FD-1 [START_REF] Berg Miller | Diversity and Strain Specificity of Plant Cell Wall Degrading Enzymes Revealed by the Draft Genome of Ruminococcus flavefaciens FD-1[END_REF][START_REF] Rincon | Abundance and Diversity of Dockerin-Containing Proteins in the Fiber-Degrading Rumen Bacterium, Ruminococcus flavefaciens FD-1[END_REF], and the overall ruminal microbiome (Brulc et al., 2009). The high number of dockerin sequences in the genome of Ruminococcus flavefaciens FD-1 (225) highlighted the possibility of the cellulosome-like structures to assume different configurations depending on the targeted substrates [START_REF] Berg Miller | Diversity and Strain Specificity of Plant Cell Wall Degrading Enzymes Revealed by the Draft Genome of Ruminococcus flavefaciens FD-1[END_REF]Brulc et al., 2009). Furthermore, the cellulosome components of other ruminococcal strains were deeply analyzed [START_REF] Purushe | Comparative Genome Analysis of Prevotella ruminicola and Prevotella bryantii: Insights into Their Environmental Niche[END_REF][START_REF] Dassa | Rumen Cellulosomics: Divergent Fiber-Degrading Strategies Revealed by Comparative Genome-Wide Analysis of Six Ruminococcal Strains[END_REF].

As early as 2009, comparative metagenomics was used to analyse the ruminal metagenomic CAZome, and to compare its diversity in the fibre adherent and liquid microbiomes. In the pioneering study, the authors were able to identify 35 GH and 3 CBM families (Brulc et al., 2009). Hess et al further found 56 GH and 20 CBM families, using massive metagenome sequencing (Hess et al., 2011). Wang et al further studied the microbiome of biofilms adherent to fibre in the cow rumen, finding CAZy belonging to 42 different GH families, along with CBM, carbohydrate esterase and polysaccharide lyase

The Bovine Rumen Ecosystem 103 families (Wang et al., 2013). A comparison of these studies, performed by Wang et al, showed, for example, that between the studies of Hess and Wang, only 129 ORFs were identical, including 12 GH and 14 other CAZy encoding genes (Wang et al., 2013). This is attributed to the differences in host species, diet, and/or sampling and analysis methods. In any case, all these studies show the amazing CAZyme diversity in this ecosystem.

A comparison of the major GH families identified in some herbivores, ruminant or not, can be found in Table 4. It is clear, from these studies, that herbivore CAZymes are geared towards the degradation of oligosaccharides, since more than 50% of the GH encoding genes belong to families mostly containing glycosidases. The GH3 family is indeed the most represented. Endo-hemicellulases are by far second, not even reaching half the number of oligosaccharide degrading enzymes (15 to 24%). Cellulases and debranching enzymes follow (6 to 15%). Indeed, a large number of oligosaccharides are freed as byproducts after initial breakdown of complex polymers. Also, the high proportion of oligosaccharide degrading enzymes results in rapid formation of simple fermentable carbohydrates. This is a necessary trait for a large amount of microbes which have to feed on carbohydrates, and is also an advantage for the host, as fiber fermentation leads to the production of volatile fatty acids which supply energy to the animal. The key ruminal enzymes will be described in the following paragraphs.

Table 4: Comparison of the abundance of major GH families in the gut metagenomes of herbivores, ruminant or not (adapted from Wang et al. 2013). The number of putative enzymes is followed by the percentages, in brackets, of each group relative to the total number of GHs identified in each metagenomic dataset.

GH family

Major activity Wallaby 1 Reindeer 2 Yak rumen These enzymes are able to hydrolyse 1,4-β-D-glucosidic bonds in cellulose, to release cello-oligosaccharides. There are three major subcategories, depending on the structure and function of cellulases (Figure 11):

-Endo-β-1,4-glucanases : they randomly cleave internal bonds, and can be processive or not. GH9 is the most represented family in the bovine rumen. -Exo-β-1,4-glucanases: they cleave the reducing or non-reducing end of cellulose, including crystalline cellulose. Cellobiohydrolases are processive exo-β-1,4glucanases. GH48 is the most represented family. -Cellobiases, also called β-D-glucosidases: they hydrolyse cellobiose, the major product of the endo-and exo-glucanase mixture, into glucose [START_REF] Horn | Novel enzymes for the degradation of cellulose[END_REF][START_REF] Liu | Cellobiohydrolase Hydrolyzes Crystalline Cellulose on Hydrophobic Faces[END_REF]. GH5 and GH3 are the most represented families.

Figure 11: The three types of reactions catalyzed by cellulases on cellulose [START_REF] Pradhan | Novel compositions for biobleaching coupled with stone washing of indigo dyed denims and process thereof[END_REF] Depending on the microbe producing them, cellulases can be free enzymes or included into cellulosomes, as previously explained. Cellulolytic activity has been found in rumen bacteria and also in rumen protozoa [START_REF] Dassa | Rumen Cellulosomics: Divergent Fiber-Degrading Strategies Revealed by Comparative Genome-Wide Analysis of Six Ruminococcal Strains[END_REF].

Hemicellulases

This family includes many kinds of enzymes (Figure 12) acting on the hemicellulosic components surrounding cellulose, rendering it more accessible to cellulolytic enzymes:

-Mannanases: β-mannanases degrade mannan, an important part of hemicelluloses, to β-1,4-manno-oligomers, which are then reduced to mannose by β-mannosidases [START_REF] Patel | Isolation and characterization of novel multifunctional recombinant family 26 glycoside hydrolase from mehsani buffalo rumen metagenome[END_REF]. GH26 is the most represented family. -Arabinofuranosidases: bonded to xylan, arabinose is part of hemicelluloses. They are linked together on position α 2,1,3 or 1,5, or can be linked to arabinoxylan on its C2 or C3. Arabinofuranosidases are able to hydrolyse the non-reducing terminal arabinofuranosyl residues [START_REF] Ferrer | Functional Metagenomics Unveils a Multifunctional Glycosyl Hydrolase from the Family 43 Catalysing the Breakdown of Plant Polymers in the Calf Rumen[END_REF]. GH51 is the most represented family. -Xylanases: they are able to hydrolyse xylan, and belong to two categories:

o Endoxylanases: they randomly cleave internal bonds. GH8 is the most represented family. Different pectinolytic activities can be found in the ruminal microbiome (Figure 13):

-Pectin lyases: they cleave 1,4-α-D-galacturonan methyl esters into oligosaccharides with 4-deoxy-6-O-methyl-α-D-galactosyl-4-enuronosyl groups at their non-reducing ends. PL1 is the most represented family. -Polygalacturonases: they hydrolyse α-1,4 glycosidic links between galacturonic acid residues. GH28 is the most represented family. -Pectin methylesterases: they de-esterify pectin by ester bond hydrolysis of methylated α-1,4-linked D-galacturonosyl units, producing a negatively charged polymer and methanol [START_REF] Sharma | Microbial pectinase: sources, characterization and applications[END_REF]. CE8 is the most represented family.

Pectinases in the rumen are produced by protozoa, fungi and bacteria [START_REF] Murad | Microbial Pectinases and Ruminant Nutrition[END_REF][START_REF] Yuan | Abundance and Genetic Diversity of Microbial Polygalacturonase and Pectate Lyase in the Sheep Rumen Ecosystem[END_REF]. For example, one of the major pectinolytic bacterial species from the rumen is Lachnospira multiparus, which expresses a pectin lyase and a pectin methylesterase [START_REF] Silley | A note on the pectinolytic enzymes of Lachnospira multiparus[END_REF]. CAZymes with auxiliary activities are also involved in the degradation of plant cell wall. AA members are redox enzymes acting on poly-and oligo-saccharides (cellulose and cellobiose, starch and glucooligosaccharides, chitin and chitooligosaccharides), but also on lignin, like laccases and lignin peroxidases. While these families have the potential to help processing plant cell wall, there is still no data regarding their presence and abundance in the bovine ruminal microbiome. This is due to the novelty of AA classification that has still to be exploited for mining metagenomes for such enzymes.

Amylases

Thanks to α-amylases (GH13, 57), starch degrading organisms degrade starch to glucose, which is then fermented in short chain fatty acids for the host [START_REF] Zhao | Novel Glycoside Hydrolases Identified by Screening a Chinese Holstein Dairy Cow Rumen-Derived Metagenome Library[END_REF]. Starch digestion is important for the health of bovine: if starch digestion is incomplete, the nutritional efficiency may be low, while a starch digestion that is too fast may lead to subacute ruminal acidosis because of the overproduction of volatile fatty acids. In the rumen, both protozoa and bacteria are known to degrade starch. Protozoa, like Entodinium spp., Eremoplastron bovis…, can ingest starch and soluble carbohydrates to digest them internally, or can ingest bacteria, including amylolytic ones, which would influence starch degradation in the rumen. Some bacteria, like Streptococcus bovis, Butyrivibrio spp. …, are known to ferment starch, and some can produce extracellular or cell surface associated amylase activity. Unfortunately, the composition of active starch hydrolyzing bacteria and their enzymes in the rumen is still mostly unknown [START_REF] Xia | In situ identification and quantification of starch-hydrolyzing bacteria attached to barley and corn grain in the rumen of cows fed barley-based diets[END_REF].

4.2.

Oxidoreductases (not referenced in the CAZy database)

Lignin is not easily fermented by rumen bacteria, but is partly degraded by rumen anaerobic fungi (Ruiz-Dueñas and Martínez, 2009). One of the reasons could be that lignin degradation is an oxidative process, which has been described mostly in aerobic ecosystems where di-oxygen can act as electron acceptor. Regarding the rumen microbiota, exogenous fungal oxidoreductases can be used to supplement animal diet, or to pretreat wheat straw, in order to increase nutritional efficiency [START_REF] Shrivastava | White-rot fungal conversion of wheat straw to energy rich cattle feed[END_REF]. But not many oxidoreductases have been isolated from the bovine gastrointestinal tract itself, despite its high ability to degrade plant cell wall. In their study, Virkel et al showed that the bovine intestinal mucosa produces such enzymes (cytochrome P450, flavine containing monooxygenase) which can be involved in the oxidative transformation of xenobiotics, [START_REF] Virkel | Characterization of xenobiotic metabolizing enzymes in bovine small intestinal mucosa: Xenobiotic metabolizing enzymes in bovine intestinal mucosa[END_REF], without implying an activity on lignin. Regarding bacterial enzymes, the only known, to our knowledge, oxidoreductases discovered from the bovine rumen microbiota by activity-based metagenomics is a bacterial laccase, a copper-containing oxidase enzyme (Beloqui et al., 2006), which was not tested on lignin. One has to mention that by using sequence-based metagenomics on anaerobic ecosystems, including cow rumen microbiota, only few bacterial laccases were discovered, with a very low hit yield. None of these sequences covered any of the copper-binding regions within laccase sequence (Ausec et al., 2011). Further research is thus needed to deepen our understanding of the different lignin degradation mechanisms that occur in the bovine gastrointestinal tract.

Phytases

These enzymes are able to hydrolyse phytic acid in order to release inorganic phosphorus to be later used by the host and the ruminal microbes (Figure 14) [START_REF] Huang | Diversity, abundance and characterization of ruminal cysteine phytases suggest their important role in phytate degradation: Diversity and abundance of ruminal cysteine phytases[END_REF]. In their study, Huang et al were able to amplify dozens of sequences encoding cysteine phytases, highlighting the importance of this phytase family in the ruminal ecosystem.

Figure 14: Mechanism of phytate hydrolysis by phytases [START_REF] Mittal | Isolation and biochemical characterization of acido-thermophilic extracellular phytase producing bacterial strain for potential application in poultry feed[END_REF] 

Tannases

Tannins are natural polyphenolic compounds present in vascular plants. They are the second most abundant group of phenols in nature. Tannins are known as antinutritional components of ruminant diet, since they can bind to polysaccharides, epithelial proteins, and digestive enzymes inside the rumen, which leads to inhibition of rumen microbial growth and activity, and finally, to nutrient uptake. Tannins are thus able to inhibit the growth and productivity of grazing animals. But tannins are also believed to act with a defensive role of plant proteins against ruminal digestion. This leads to an increased influx of essential amino acids into the small intestine, which results in an increase in microbial protein synthesis, in the use of endogenous nitrogen in the rumen and in the secretion of salivary glycoproteins. All of this leads to a decrease of parasite infestation and, as such, is important to prevent infection in livestock.

Parts of the tannin acyl hydrolases family, tannases (EC 3.1.1.20) hydrolyse the central ester bond between the two aromatic rings of substrates that contain at least two phenolic hydroxyl groups in the acid components (Figure 15). They have been found in the ruminal species Selenomonas spp. and Streptococcus spp. [START_REF] Goel | Interaction of gut microflora with tannins in feeds[END_REF][START_REF] Singh | Biodegradation of tannic acid in an in vitro ruminal system[END_REF].

The multiple aromatic cycles that can be found in tannin structures, especially in their condensed form, and their ability to bind different minerals and macromolecules, such as

The Bovine Rumen Ecosystem 112 proteins, cellulose, starch, among others, reminds one of the complex lignin structure and its interactions with the different parts of the plant cell wall [START_REF] Chávez-González | Biotechnological Advances and Challenges of Tannase: An Overview[END_REF]. Furthermore, one of the tannin degradation products, digallic acid (Figure 15), contains both an ester bond and aromatic cycles, reminding one of some of our carbamate targets, later described in this study. Tannins could thus be considered as structural analogs of the compounds targeted in this thesis project. 

p-coumaric acid esterases

In order to efficiently degrade lignocellulosic biomass, p-coumaric acid esterase is very important. Its role is to help breaking ester links connecting lignin to hemicelluloses, simultaneously releasing p-coumaric acid. Until now, this enzyme has been proven to be produced only by anaerobic fungi, explaining their importance in the rumen microbial ecosystem [START_REF] Borneman | Isolation and characterization of pcoumaroyl esterase from the anaerobic fungus Neocallimastix strain MC-2[END_REF].

Lipases

After feeding, dietary esterified lipids are hydrolysed by microbial lipases to free fatty acids and glycerol, along with a small amount of mono and diglycerides [START_REF] Jenkins | Lipid Metabolism in the Rumen[END_REF]. Ruminal microbial lipases are extra cellular enzymes assembled in small beads, produced by a low number of microorganisms, and, as all enzymes, are highly specific to their physiologic substrates [START_REF] Fay | Esterase activity of pure cultures of rumen bacteria as expressed by the hydrolysis of p -nitrophenylpalmitate[END_REF][START_REF] Henderson | A Study of the Lipase Produced by Anaerovibrio lipolytica, a Rumen Bacterium[END_REF]. For example, while the Butyrivibrio fibrisolvens lipase hydrolyses phospholipids, that of Anaerovibrio lipolytica hydrolyses only di and triglycerides. While lipase activity is predominant in ruminal bacteria, it is also possible at a lesser level by ciliate protozoa, but not by ruminal fungi. Free fatty acids can also be produced by some bacterial rumen galactosidases and phospholipases, after hydrolysis of plant galactolipids and phospholipids [START_REF] Jenkins | Lipid Metabolism in the Rumen[END_REF]. Lipolysis, by producing free fatty acids, enables their biohydrogenation, explained in more details in the next paragraph.

Enzymes involved in polyunsaturated fatty acids biohydrogenation

Because of the toxic effect of the unsaturated fatty acids coming from the dietary compounds, ruminal microbes developed a defence mechanism based on the production of many different enzymes to hydrolyse and hydrogenate these compounds.

In the rumen, biohydrogenation is predominantly assured by bacteria (Butyrivibrio fibrisolvens, Clostridium proteoclasticum…), using a two-step process, involving isomerases and reductases (Figure 16). For example, the first step of biohydrogenation of linoleic acid is isomerisation, where the cis-12 bond is converted to a trans-11 bond. The second step is hydrogenation of cis-9, trans-11-conjugated linoleic acid to trans-11-18:1.

Apart from bacteria, anaerobic fungi have been showed to have some very slow (compared to bacteria) biohydrogenation activity. Protozoa, however, do not seem to be involved in biohydrogenation [START_REF] Jenkins | Board-invited review: Recent advances in biohydrogenation of unsaturated fatty acids within the rumen microbial ecosystem[END_REF].

Figure 16: Predominant pathways of biohydrogenation of dietary linoleic and linolenic acids in the rumen [START_REF] Khanal | Biosynthesis of conjugated Linoleic Acid (CLA): A review[END_REF].

Application of rumen enzymes

Many of the different microbial enzymes present in the rumen are of interest for biotechnologies. Ruminal enzymes can be implemented in industrial processes either in vivo, by using directly the microbial strains that produce them, or in vitro, in enzymatic reactors or to supplement feeds.

5.1.

Feed additives:

Because of the complexity of plant-based dietary compounds, and the lack of proper degradation pathway by non-ruminant hosts, which do not possess any complex stomach microbiota to assure this function, , addition of exogenous plant cell wall degrading enzymes (cellulases, pectinases, hemicellulases) to their feed improves digestion of the dietary raw materials [START_REF] Cheng | Industrial Applications of Rumen Microbes -Review[END_REF]. This enables the decrease of anti-nutritional factors, high fibre content being the main one, which then help nutrient absorption and avoid intestinal disturbance by pathogenic microorganisms. These exogenous enzymes have to be very stable since they are, most of the time, added as granules. The coating is thus very important to protect the enzymes from heat treatment and from their deactivation by other food additives, like choline chloride [START_REF] Bansal | Commercial application of rumen microbial enzymes[END_REF].

Another key element for animal health is the phosphorous content of their diet, which is important for the formation and upkeep of the skeletal structure. Addition of exogenous phytases to feeds, allows the release of inorganic phosphorous from the diet, and, as such, lowers the need of added orthophosphate. It also makes for less phosphorous manure that is detrimental to the environment. The presence of phytases in feeds also lowers the chelation properties of phytic acid which releases the different metals needed as nutrients by the animals [START_REF] Cheng | Industrial Applications of Rumen Microbes -Review[END_REF]. For the same reasons, such plant cell wall degrading enzymes and phytases can also be used to supplement ruminant feeds [START_REF] Murad | Microbial Pectinases and Ruminant Nutrition[END_REF].

Biorefineries:

Because of the depletion of non-renewable fossil fuel and the ever growing population on Earth, the need of alternatives to reach the necessary energy for all sectors implies the development of new sustainable processes of plant biomass bioconversion into biofuels, chemicals and other by-products. However, while their growth is exponential, the biorefinery industries are not yet economically competitive, since the raw materials used are costly, and the amounts of enzymes required to break down plant biomass too high. The use of highly efficient and stable enzymes and/or microbial strains, as well as agro-industrial byproducts, like wheat straw (which is a lignocellulosic substrate that is not in competition with food industries), as substrates, already allows one to alleviate these barriers. With its exceptional functional diversity and its efficiency to break down plant materials, the rumen microbiome constitutes a goldmine to search for robust enzymes that are naturally well adapted to industrial processes, as they act on crude materials in low water content conditions. This is of course the case for plant cell wall degrading enzymes, that are of particular interest for second generation biofuel production, but also for lipases for biodiesel synthesis [START_REF] Bansal | Commercial application of rumen microbial enzymes[END_REF]. However, their industrial uses are still limited because of the production of reaction by-products (glycerol for lipases, lignin derived aromatic compounds for cellulases and hemicellulases) that retro-inhibit the enzymes. As such, these processes are still being developed or, in the best cases, optimised to make the production of biofuels more efficient and cost-effective [START_REF] Del Pozo | Microbial β-glucosidases from cow rumen metagenome enhance the saccharification of lignocellulose in combination with commercial cellulase cocktail[END_REF][START_REF] Moon | Biochemical Analyses of Multiple Endoxylanases from the Rumen Bacterium Ruminococcus albus 8 and Their Synergistic Activities with Accessory Hemicellulose-Degrading Enzymes[END_REF].

5.3.

Bio-based organic acids production:

Many organic acids and chemicals are used as synthons for the production of food additives, fragrances... Demands for these kinds of molecules, especially for biosourced ones, continuously increases. Thankfully, some processes have been developed to produce few of them from renewable resources, like for example, the production of succinic acid from different plant materials, depending on the geographical location (grass, maize...), through their fermentation by ruminal bacteria. As of now, to our knowledge, no individual enzymes are used, but strains like Actinobacillus succinogenes [START_REF] Guettler | Actinobacillus succinogenes sp. nov., a novel succinicacid-producing strain from the bovine rumen[END_REF], Mannheimia succiniciproducens [START_REF] Kim | Batch and continuous fermentation of succinic acid from wood hydrolysate by Mannheimia succiniciproducens MBEL55E[END_REF], Anaerobiospirillum succiniciproducens [START_REF] Nghiem | Production of succinic acid by anaerobiospirillum succiniciproducens[END_REF] can be used to produce succinic acid [START_REF] Sauer | From rumen to industry[END_REF].

6.

Meta-omic analyses of the rumen microbiota:

6.1.

Metagenomics:

In order to explore the functional potential of complex ecosystems, high-throughput culture-independent genomic analyses of their microbial communities have been developed in the last decades. As mentioned in more details in the previous chapter (Ufarté et al., 2015), there are two different strategies for mining microbial ecosystems for novel enzymes and metabolic pathways: functional sequence-based and activity-based metagenomics, which have both been extensively used to study the bovine rumen microbiota (Morgavi et al., 2013).

Sequence-based metagenomics:

Sequence-based metagenomics is the analysis of the whole microbial genomes of an ecosystem, using large scale random sequencing of functional genes (in particular those encoding enzymes), or even using DNA/DNA or DNA/cDNA hybridisation (Ufarté et al., 2015).
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There have been several large-scale metagenome sequencing projects targeting the rumen microbiome over the past few years. These studies were initiated in 2009, by Brulc et al., who revealed the diversity of CAZyme encoding genes (Brulc et al. 2009). However, not many of them also contain an experimental validation of enzymatic functions. Let's cite the study of Hess et al., which enabled identification of 27,755 CAZy encoding genes from 268 Gb of rumen metagenome. Fifty one CAZymes were isolated, belonging to known families specifically involved in lignocellulose degradation (Hess et al., 2011) after identification of the most original sequences within the known protein families, followed by PCR amplification and cloning of the gene targets. Other approaches, along with their advantages and disadvantages are detailed in a previous chapter (Gene-Targeted-metagenomics, microarrays, solution hybrid selection…) (Ufarté et al., 2015). In Table 5 are listed all the examples of sequence-based functional metagenomics studies which allowed PCR amplification of enzyme targets, which were further expressed in Escherichia coli, or in the case of Hou et al., in Saccharomyces cerevisae, a strain of interest for bioethanol production. In this latter case, the recombinant strain contains a new xylose isomerase which renders it able to ferment xylose, and to benefit from the complete conversion of pentoses and hexoses in lignocellulosic feedstocks [START_REF] Hou | Characterization and evolution of xylose isomerase screened from the bovine rumen metagenome in Saccharomyces cerevisiae[END_REF].

Activity-based metagenomics:

Activity-based metagenomics is the analysis of the whole microbial genome of an ecosystem, expressed in heterologous host. Briefly, total microbial DNA is extracted and fragmented, then cloned in a vector (plasmid, cosmid, fosmid, or bacterial artificial chromosome) for expression in a heterologous host (Escherichia coli, Bacillus subtilis...). These metagenomics libraries are then screened for various enzyme activities. Further details on the method can be found in a previous chapter (Ufarté et al., 2015).

The bovine rumen microbiome has been the target of many activity-based metagenomic studies targeting the discovery of new enzymes of biotechnological interest, especially plant cell wall degrading enzymes (Morgavi et al., 2013). The first study was published by Ferrer et al., a pioneering team in activity-based metagenomics, who found 11 esterases, one cyclodextrinase and 7 β-1,4-glucanases from a dairy cow rumen metagenomic library (Ferrer et al., 2005). Many other studies, found in Table 6, where published, mostly focused on CAZymes (glycoside hydrolases, carbohydrate esterases…). Only a handful of publications deals with the discovery of other kind of enzymes, like lipases (K. Liu et al.;[START_REF] Zhao | Screening and characterization of lipase from a metagenome library of dairy rumen microflora[END_REF][START_REF] Zhao | Screening and characterization of lipase from a metagenome library of dairy rumen microflora[END_REF]Privé et al., 2015), a 3,5,6-trichloro-2-pyridinol degrading enzyme, targeting chlorpyrifos, an organophosphorous insecticide (Math et al., 2010), and a polyphenol oxidase with laccase activity (Beloqui et al., 2006).

Metatranscriptomics:

This method allows the measurement of the abundance of mRNA transcripts from the microbial ecosystem, along with their dynamic and regulation under different environmental stresses or different ages of the animals. In their study, Dai et al. gave a metatranscriptomic insight in the plant cell wall polysaccharide degradation in the cow rumen. The authors determined if and how actively the CAZy encoding genes are expressed and how the expression of these genes is coordinated in an efficient manner. Actively transcribed genes encoding putative glycoside hydrolases involved in cellulose, hemicellulose, and oligosaccharide degradation were identified, along with the rumen microorganisms responsible for their expression. They discovered that genes encoding GH48 proteins and cellulosome components were transcribed in a relatively high abundance [START_REF] Dai | Metatranscriptomic Analyses of Plant Cell Wall Polysaccharide The Bovine Rumen Ecosystem 126 Degradation by Microorganisms in the Cow Rumen[END_REF]. Metatranscriptomic studies of rumen samples are few, the only other found to our knowledge being the one of Qi and al, reporting fungal gene expression in the rumen of muskoxen (Ovibos moschatus) [START_REF] Qi | Snapshot of the Eukaryotic Gene Expression in Muskoxen Rumen-A Metatranscriptomic Approach[END_REF].

Metaproteomics:

This method is used to characterise the proteins encoded by the metagenome of the animals, along with their post-translational modifications and turnover. However, today only a small part of the proteins produced by an ecosystem as complex as the cow rumen can be characterised. Indeed, for complex microbial samples like rumen, the coverage of metaproteomic is low. Because of the high species diversity and cell density of the samples, only predominant proteins are identified while rarer species, which might produce highly efficient and/or unstable enzymes that assure key (but transient) metabolic functions, stay unseen (Deusch et al., 2015;Deusch and Seifert, 2015).

Metabolomics and meta-metabolomics:

Metabolomics and meta-metabolomics have been used these last years to get information on the relations between specific microbial strains (metabolomics), or the entire microbiota (meta-metabolomics), the proteins they produce, and the metabolites produced in the ecosystem [START_REF] Saleem | The Bovine Ruminal Fluid Metabolome[END_REF]. For example, Zhao et al. analysed the ruminal metabolite profile of cows fed different types of roughage. They highlighted that the type of roughage can influence the ruminal microbial metabolome, especially regarding the metabolism of organic acids, amines and amino acids, which can affect health of the animals [START_REF] Zhao | Metabolomics analysis reveals large effect of roughage types on rumen microbial metabolic profile in dairy cows[END_REF].
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Conclusion:

Meta-omics are very powerful tools to analyse complex ecosystems like bovine rumen. However, while they have improved much since their creation, the understanding of the functional traits of such microbiota at the ecosystem level, implies continuous amelioration of said tools to expand the coverage of functional diversity (at the gene, transcript, protein and metabolite levels), and to integrate meta-data. While powerful tools by themselves, metagenomics, metatranscriptomics, metaproteomics and metametabolomics allow a much better understanding of an ecosystem when being used together on the same sample. This is one of the reasons why, in the present study, a chapter will be devoted to metagenomic analyses of cow rumen libraries, at the functional and taxonomic levels, and to a comparison of different methods of enrichment for the same ecosystem. Indeed, while some studies describe a comparison of ruminal ecosystem with very different diets, the comparison of an in vivo and in vitro enrichment has never been done to our knowledge. The interest of such a comparison is quite high for industrial purposes: in vitro enrichment allows the use of substrates without the health requirement for the animal. Up until now, as seen in part 6.4., plant cell wall polysaccharide degrading enzymes are the most targeted with metagenomics studies, even though other enzymes of interest (oxidoreductases, xenobiotic degrading enzymes…) were discovered. As such, while many advances have been done thanks to meta-omics analyses, much more could be found by enlarging the scope of the studies, bringing hope for many new discoveries of unexpected, rare, and yet no less effective enzymes, of which biochemical properties have to be deeply characterized for the evaluation of their application potential. As introduced in the previous chapters, the bovine rumen is a highly diverse ecosystem, able to degrade a large number of complex substrates, which has not been sufficiently explored up to now. Until now, the search for new enzymes was indeed mostly focused on the discovery of plant cell wall degrading enzymes, and more specifically glycoside-hydrolases. Nevertheless, if sequence-based and activity-based meta-omic approaches were indeed quite often used for hemicellulase and cellulase discovery, no novel CAZy family was discovered up to now from the ruminal microbiome, and the potential of the most original glycoside-hydrolases for crude plant cell wall breakdown was never investigated, because of the lack of high-throughput functional assays. Moreover, lignocelluloses, which constitute one of the main source of carbon for ruminal microbes, contain, in addition to plant cell wall polysaccharides, between 10 and 30 % of polyaromatic compounds, in the form of lignin, of which the metabolization by ruminal microbes has been only rarely described. In particular, the role of ruminal bacteria in lignin degradation has, to our knowledge, never been investigated. More generally, the discovery of the potential of lignin degradation by bacteria is very recent, and is mostly documented for aerobic ecosystems. Besides, esterases are known to play a critical role in metabolization of both fatty acids and esterified chains of lignocelluloses. Nevertheless, only few of them were characterized. Finally, while CAZymes are, of course, still enzymes of interest for biorefineries, other kind of enzymes (like bacterial oxidoreductases and esterases) are also of high interest both for green chemistry and for bioremediation.
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In this context, the main goal of my thesis was to explore the functional diversity of the ruminal bacteriome, in order to find new enzymes able to degrade complex polymer structures, natural or synthetic ones.

Moreover, while some sequence-based analyses can be found regarding the effect of diet on the functional profile of the rumen microbiome, activity-based metagenomics was never applied on libraries constructed after two kinds of enrichments of the same ruminal microbiome. The comparison of the effects of two different enrichment methods (in vivo, by using diet shift, and in vitro, in bioreactors) was thus also part of the thesis. This study was performed in collaboration with Diego Morgavi (INRA Theix) for rumen microbiome sampling, Guillermina Hernandez-Raquet and Adèle Lazuka (LISBP) to conduct bioreactor enrichment, and Patrick Robe (Libragen SA) for metagenomic library construction.

At the beginning of this project, several questions arose, to which we were committed to answer during this thesis, along with several technological challenges that had to be taken up:

-Could the functional diversity of the bovine ruminal microbiome be exploited to find novel enzymes for pollutant bioremediation?

Thesis goals 138 -How to rapidly investigate the substrate specificity of enzymes discovered by activitybased metagenomics towards pollutants of various structures, in order to rapidly evaluate their applicative potential? -What could be the physiological role of these new enzymes in the rumen? -Would there be major differences in the functional profile and taxonomic diversity between the consortia obtained after in vivo and in vitro enrichments on crude lignocellulosic biomass? -How to boost the discovery of lignocellulases to alleviate the biomass pre-treatment bottlenecks, especially i) oxidoreductases capable of degrading lignin, and ii) enzymes acting synergistically to break down crude plant cell wall extracts?

The workflow of the general strategy and organization of the work conducted during this thesis is given below: The work carried out for three years to answer these questions is presented in the three following chapters, and in the methodological paper published in Springer methods (2016, annex I).

Initial diet
Functional metagenomics is a powerful tool to explore the functional diversity of microbial ecosystems. As described in Chapter 1, the activity-based screening approach is the only one which enables the discovery of new enzyme families and new functions that would not be predictable by sequence analysis. There is indeed a drastic lack of biochemical data in sequence databases, functional characterization of enzymes requiring much more efforts than (meta)genome sequencing. While many kinds of ecosystems have been mined up to now (deep seas, human gut, insect gut, soil…) for novel enzymes through sequence or activity-based metagenomics, it was the cow rumen ecosystem and its possibilities that appealed to us.

The bovine ruminal metagenome has been mined mostly for glycoside-hydrolases involved in plant cell wall degradation. However, considering its high functional and taxonomical diversity, the potential of such an ecosystem has a much broader impact. A major concern that is found all around the world is the bioremediation of pollutants, such as plastics and phytosanitary compounds. Many of them, in particular carbamates, can be degraded by esterases. We decided to mine the ruminal bacteriome for such activities, in order to isolate a battery of novel esterases of biotechnological interest, with physiologic functions that can be diverted to break down unnatural substrates, like carbamates, thanks to their flexible substrate specificity. This work, which enabled the discovery of novel esterases acting on a major pollutant of coating industries (polyurethane) and on a widely used insecticide (fenobucarb), is described in the fourth chapter. This paper will be submitted in the next few weeks.

In addition of the team members, this part of the work was performed in collaboration with D. Morgavi (INRA Theix, rumen content sampling), P. Robe (Libragen SA, library construction), and C. Klopp (INRA Toulouse, read assembly).

Abstract:

Bioremediation of pollutants is a major concern worldwide, leading to the research of new processes to break down and recycle xenobiotics and environmental contaminating polymers. Among them, carbamates have a very broad spectrum of uses: insecticides, herbicides, elastomers… In this study, we mined the bovine rumen microbiome for enzymes capable of degrading different structures of carbamates. A fosmid E. coli metagenomic library, corresponding to 700 Mbp of bacterial DNA, was screened for esterase and protease activities that are known to be responsible for carbamate hydrolysis. Secondary screening was performed on Impranil DLN, a commercial polyurethane, and insecticide carbamates (fenobucarb, fenoxycarb, prosulfocarb), enabling the isolation of 57 clones of interest, exhibiting esterase/lipase activity, and able to degrade at least one of these compounds. Two clones were more deeply characterized. They indeed harbor very original carboxyl-ester hydrolase sequences, named CE1_Ubrb and CE2_Ubrb, belonging respectively to the lipolytic families V and IV. Both clones are able to grow using Impranil DLN as sole carbon source, and to affect polymer chain organization and/or structure. CE2_Ubrb, in particular, would be a highly polyspecific esterase of high interest for carbamate bioremediation. The metagenomic clone producing it is indeed active, in addition to Impranil, on Tween 20, pNPacetate, butyrate and palmitate, and on the insecticide fenobucarb. This study highlights the potential of highly diverse microbiota such as the ruminal one to discover promiscuous enzymes, whose substrate flexibility could be exploited for industrial uses.

Introduction:

Carbamates are N-substituted esters of carbamic acid. They are organic compounds with general formula R 1 -NR 2 -(C=O)O-R 3 , used in agriculture as insecticides, fungicides or herbicides (where R 1 is a methyl, benzimidazole and aromatic moiety, respectively). The synthesis and commercialisation of carbamate pesticides have been in progress since the 1950's. Nowadays, the most employed insecticides are organophosphorus compounds, carbamates and pyrethroids (Sogorb and Vilanova, 2002).

The carbamate pesticides have been in use in different kinds of crops all over the world. Their uses increased along with organophosphorus, to replace organochlorine pesticides. However, some carbamate compounds and derivatives have an acute toxicity for mammals and aquatic organisms. Carbamates, just like the well-known toxic organophosphorus compounds, are inhibitors of acetylcholinesterase and therefore cause very similar symptoms. Some of them, containing aromatic moieties, are also suspected carcinogens and mutagens since they break down to aniline based derivatives, which were shown to be carcinogenic for humans [START_REF] Nunes | Analysis of carbamate insecticides in foodstuffs using chromatography and immunoassay techniques[END_REF][START_REF] Wang | Competitive Degradation and Detoxification of Carbamate Insecticides by Membrane Anodic Fenton Treatment[END_REF].

For example, methyl carbamates are considered non genotoxic because of the inability of the methyl group to undergo metabolic degradation to an epoxide, while ethyl carbamates are considered as multispecies carcinogens causing malignancies in different tissues (lung, hematopoietic system, liver…) [START_REF] Bemis | Rat Pig-a mutation assay responds to the genotoxic carcinogen ethyl carbamate but not the non-genotoxic carcinogen methyl carbamate[END_REF]. As such, environmental cleanup and wastewater treatment became a high priority, more than 10,000 tons of carbamates being used per year worldwide in the agriculture sector (data obtained from the Food and Agriculture Organization of the United Nations, http://faostat3.fao.org/ and from [START_REF] Grube | Pesticides Industry Sales and Usage 2006 and 2007 Market Estimates[END_REF]).

The elimination of many lipophilic environmental pollutants is based on their conversion to water soluble compounds and further microbial metabolisation. The first step in the metabolic degradation of pesticide/herbicide carbamates is hydrolysis (Sogorb and Vilanova, 2002;[START_REF] Smith | Tools to study the degradation and loss of the N-phenyl carbamate chlorpropham -A comprehensive review[END_REF] catalysed by carboxyl ester hydrolases (EC 3.1.1). These enzymes are part of the wide group of ester hydrolases (EC 3.1) catalysing the hydrolysis of carboxylesters, thioesters (EC 3.1.2), phosphoric (EC 3.1.4/5/7/8) and sulfuric esters (EC 3.1.6). Carboxylesterases from various bacteria were reported to hydrolyse carbamates: Blastobacter [START_REF] Hayatsu | Purification and Characterization of Carbaryl Hydrolase from Blastobacter sp. Strain M501[END_REF], Arthrobacter [START_REF] Pohlenz | Purification and properties of an Arthrobacter oxydans P52 carbamate hydrolase specific for the herbicide phenmedipham and nucleotide sequence of the corresponding gene[END_REF], Pseudomonas [START_REF] Mulbry | Purification and characterization of the N-methylcarbamate hydrolase from Pseudomonas strain CRL-OK[END_REF], Achromobacter [START_REF] Karns | Carbofuran hydrolase -purification and properties[END_REF] and Micrococcus genera [START_REF] Doddamani | Biodegradation of Carbaryl by a Micrococcus Species[END_REF]. Some of them display important homologies with eukaryotic carboxylesterases also reported to degrade carbamates [START_REF] Pohlenz | Purification and properties of an Arthrobacter oxydans P52 carbamate hydrolase specific for the herbicide phenmedipham and nucleotide sequence of the corresponding gene[END_REF][START_REF] Russell | The evolution of new enzyme function: lessons from xenobiotic metabolizing bacteria versus insecticide-resistant insects: Evolution of new enzyme function[END_REF].

Besides phytosanitary products, another type of carbamates, namely polyurethanes (PUs), causes huge environmental problems. These polymers are found in many industrial products: coatings, furniture, paints, synthetic skin, constructional materials, elastomers, and even implantable biomedical devices … [START_REF] Rahimi | Review on rubbers in medicine: natural, silicone and polyurethane rubbers[END_REF][START_REF] Biffinger | The applicability of Impranil®DLN for gauging the biodegradation of polyurethanes[END_REF]. Step by step, they have replaced other polymers for many reasons: chlorinated rubber because of safety reasons; latex rubber because of the lower density and higher flexibility of PUs; plastics (such as PVC for automotive application for example) because of their resistance to water, oils and solvents… [START_REF] Howard | Biodegradation of polyurethane: a review[END_REF]. PUs accounts for 6 to 7% of the total mass of plastic generated worldwide, with over half of the total global market for coating applications [START_REF] Biffinger | The applicability of Impranil®DLN for gauging the biodegradation of polyurethanes[END_REF]. PU worldwide production thus represents 15 Mtonnes per year. The major use of PUs in Europe is packaging, and while recycling has increased these last years, the first way to take care of the waste for most countries is still to use landfilling (PlasticsEurope, 2015). In particular, Impranil®DLN, the specific PU used in the current study, is a protected anionic aliphatic polyester-PU produced by Bayer Corporation for use in textile, leather and aircraft fabric coating [START_REF] Biffinger | The applicability of Impranil®DLN for gauging the biodegradation of polyurethanes[END_REF].

PU biodegradation results from the activity of two main classes of enzymes [START_REF] Howard | Biodegradation of polyurethane: a review[END_REF][START_REF] Loredo-Treviño | Microbial Enzymes Involved in Polyurethane Biodegradation: A Review[END_REF]: esterases (such as cholesterol esterases) and proteases (such as papain) that were shown to hydrolyse carbaryl and 4-nitrophenyl N-methyl-carbamates (Kuhr and Dorough, 1976;[START_REF] Howard | Growth of Pseudomonas fluorescens on a polyester-polyurethane and the purification and characterization of a polyurethanase-protease enzyme[END_REF][START_REF] Cregut | New insights into polyurethane biodegradation and realistic prospects for the development of a sustainable waste recycling process[END_REF]. Other kinds of enzymes such as ureases [START_REF] Phua | Biodegradation of a polyurethanein vitro[END_REF][START_REF] Nakajima-Kambe | Isolation and characterization of a bacterium which utilizes polyester polyurethane as a sole carbon and nitrogen source[END_REF] along with enzymes named impranilases, were shown to degrade PUs. Moreover, if their enzymes have not all been identified to date, PU bacterial degraders are numerous, mostly from the phyla Firmicutes, Actinobacteria, and Proteobacteria [START_REF] Cregut | New insights into polyurethane biodegradation and realistic prospects for the development of a sustainable waste recycling process[END_REF]. It was shown, however, that PUs are barely used as carbon or nitrogen sources for microorganisms in strict anaerobic conditions (Urgun- [START_REF] Demirtas | Laboratory investigation of biodegradability of a polyurethane foam under anaerobic conditions[END_REF]. On the other hand, in aerobic conditions, only one bacterial strain, assigned to the Comamonas genus, has been shown to use polyester PU as carbon and nitrogen source [START_REF] Nakajima-Kambe | Isolation and characterization of a bacterium which utilizes polyester polyurethane as a sole carbon and nitrogen source[END_REF]. Despite these advances in the understanding of carbamate enzymatic degradation, there are still very few biological routes identified for the breakdown and recycling of carbamate-based xenobiotics and polymers. In particular, the carbamate degrading potential of the uncultivated bacterial fraction, which represents between 70 and 99 % of most microbial ecosystems, is underexplored. Only one study indeed allowed the discovery of a polyurethane (poly(diethylene glycol adipate)) degrading esterase from an uncultivated soil bacteria [START_REF] Kang | A novel family VII esterase with industrial potential from compost metagenomic library[END_REF], while, to our knowledge, no metagenome was mined for activities of cleavage of the carbamate linkage of insecticides or pesticides (Ufarté et al., 2015).

The bovine rumen metagenome was chosen for this study because of its huge functional and microbial diversity (Wang et al., 2013), and because of its richness in esterases, including carbohydrate-esterases (Brulc et al., 2009;Wang et al., 2013) and lipases (Liu et al., 2009;Privé et al., 2015). In this dense ecosystem, these enzymes are involved both in metabolisation of lipids and of plant cell wall components, since carbohydrateesterases catalyze the de-O or -N-acylation of substituted hemicelulloses and pectins [START_REF] Faulds | What can feruloyl esterases do for us?[END_REF].

Here we report the discovery, by using a multi-step activity-based metagenomics strategy targeting the bovine rumen microbiome, of new esterases capable of hydrolysing two different structures of carbamates, more specifically Impranil and fenobucarb.

2.

Results and discussion:

2.1.

Screening of the bovine rumen metagenomic library

The metagenomic library was obtained from the rumen of two cows fed with wheat straw enriched food. It consisted of 19,968 Escherichia coli fosmid clones, each clone comprising a 30-40 kb DNA insert. The library covers around 700 Mbp of metagenomic DNA, which corresponds to the equivalent of more than one hundred bacterial genomes.

The library was first screened for the presence of chosen enzymatic activities: both esterases and proteases were searched for, since they were previously reported to cleave the carbamate linkage. The clone ability to degrade Tween 20 (polyethylene glycol sorbitan monolaurate, an ester with C12 chain length), would reveal the presence of esterases and lipases (Kulkarni et al., 2013), also renamed non lipolytic esterases and lipolytic esterases, respectively, according to their classification by Ben [START_REF] Ali | Lipases or Esterases: Does It Really Matter? Toward a New Bio-Physico-Chemical Classification[END_REF]. AZCLcasein was also used as primary screening substrate to search for proteases.

The screen on Tween 20 resulted in 26 positive clones, corresponding to a hit yield of 0.13%. This value is in the same range of those obtained from other activity-based metagenomics studies targeted on the bovine rumen microbiome. Indeed, from the rumen metagenome of New Zealand dairy cows fed on a forage-based diet, Ferrer et al. (2005) found 11 esterases (hit yield 0.08%) by using α-naphtyl acetate, a very small substrate, as the screening substrate. In another study, (Privé et al., 2015) found 9 positive clones (hit yield 0.04%) on tributyrin, a bigger substrate than α-naphtyl acetate, yet smaller than Tween 20, from the rumen microbiome of cows from Wales, fed with a mixture of grass silage, straw and sugar beet nuts. The high hit yield obtained in the present study indicates that Tween20 is an appropriate substrate to explore the functional diversity of bacterial carboxylesterases.

Another primary screen was used to explore the functional diversity of esterases from the ruminal microbiota, in order to specifically find those that, in vivo, are involved in plant cell wall breakdown. We based this screening approach on the fact that lignocellulose deconstruction requires a very diverse battery of enzymes, including carbohydrateesterases, working in synergy to face the plant cell wall structural complexity. Many genomic (Terrapon and Henrissat, 2014) and metagenomic (Tasse et al., 2010) studies revealed that in bacteria, these enzymatic cocktails are encoded by multigenic clusters that can easily be fished in 30-40 kbp DNA fragments. We thus screened our library for plant cell wall polysaccharide (cellulose, barley β-glucan, xylan, carob galactomannan…) degradation activities. In total, 62 polysaccharide degrading clones were obtained (0.31% yield).

The screen on AZCL-casein did not allow the detection of positive clone, contrarily to what we previously observed in the same screening conditions with other metagenomic libraries issued from various composts (unpublished results). We cannot exclude that this could be due i) to differences in taxonomical diversity between compost and rumen samples, and thus to differences in the heterologous expression bias imposed by the activity-based metagenomic approach, and/or ii) to differences in specific requirements to screen for ruminal proteases, such as metalloproteases. Nevertheless, our result reflects the paucity of the rumen microbiome in proteases. Indeed, no activity-based metagenomic study having resulted in finding protease activity in the bovine rumen has been published. In addition, the sequence-based metagenomics studies targeting this ecosystem have been mostly focused on carbohydrate active enzymes (Brulc et al., 2009;Hess et al., 2011;Wang et al., 2013) and do not give an estimation of the content in proteolytic enzymes. The sole knowledge of the proteolytic activities in the rumen come from activity assays on microbial consortia. These studies showed that protease activity is much lower than polysaccharide degrading activities [START_REF] Rey | Establishment of ruminal enzyme activities and fermentation capacity in dairy calves from birth through weaning[END_REF], part of the initial protease activity being suspected to come from the plant residues present in the rumen [START_REF] Zhu | Bioinformatic analysis reveals high diversity of bacterial genes for laccase-like enzymes[END_REF].

A secondary screening of the 85 clone hits was performed on two different kinds of substrate in parallel: Impranil, a commercial polyester polyurethane, and pNP chromogenic esters of various chain lengths (C2, C4 and C16) to discriminate and quantify lipolytic versus non lipolytic carboxylesterase activities.

Impranil degradation was screened by using both positive selection and by searching for clones, grown on rich medium, showing a polymer degradation halo [START_REF] Howard | Growth of Pseudomonas fluorescens on a polyester-polyurethane and the purification and characterization of a polyurethanase-protease enzyme[END_REF]. Among the 85 clones obtained in total after primary screening, three being positive on both Tween 20 and polysaccharides, 47 positive clones were obtained on mineral medium containing Impranil as sole carbon source, and 55 on the rich medium supplemented with polyurethane, for a total of 57 different clones. Forty five clones were positive on both Impranil-based assays (0.23% yield). They corresponded to those harbouring the largest halo, witness of high recombinant gene expression and/or enzyme efficiency and/or even secretion which may happen, even rarely, in E. coli. Thirteen and 35 out of the 45 of them were issued from primary screens on Tween 20 and polysaccharides, respectively. Furthermore, of the 57 clones active on both Impranil-based assays, 28 were active on pNPA, 22 on pNPB and 4 on pNPP, the latter substrate being specific to lipolytic carboxylesterases [START_REF] Kim | Screening and characterization of a novel esterase from a metagenomic library[END_REF] (Figure 17). These results highlight the diversity of substrate specificity of ruminal bacterial esterases, but also the interest of screening fosmid libraries for plant cell wall degrading activities in order to find these esterases. Discrimination screening results allowed for clusterisation of the hit clones, based on their functional diversity (Figure 17). From the 45 clones highly active on Impranil, 21 were chosen for further sequencing in order to identify the novel enzymes active on carbamates. These hits were chosen belonging to various functional clusters, in order to explore the largest sequence and functional diversity as possible. Among these 21 clones, 2 clones, issued from each primary screen (Tween 20 / polysaccharides), which were among the most efficient to break down Impranil on both screening media (as they produced the largest degradation halos) and which harboured quantifiable activity on 3 and 1 of the tested pNP-fatty acids, respectively, were selected for in depth characterization of their activity on carbamates of various structures (Table 7). Clone 44I12 is indeed active on the three tested pNP-substrates, and also on Impranil with both assays. Clone 12F23 is weakly active on pNPB (Table 8), along with being able to degrade Impranil with both assays. This last characteristic is especially important since it shows the ability of the clone to use Impranil as a carbon source, since recent studies have spread some doubts on the specificity of the screening methods based on the observation of a degradation halo on solid media for the discovery of Impranil degrading enzymes and strains [START_REF] Biffinger | The applicability of Impranil®DLN for gauging the biodegradation of polyurethanes[END_REF]. 

Polyurethane degradation

In order to investigate deeper the action of clones 12F23 and 44I12 onto polyurethanes, concentrated cytoplasmic extracts of the clones were incubated in the presence of Impranil. After two days of reaction at 30°C and pH 7.0, the 12F23 reaction medium became limpid, and a small aggregate could be seen at the bottom of the tube. The opposite was observed for 44I12: the medium became more compact and more viscous (Figure 18). We compared these observations with those of [START_REF] Biffinger | The applicability of Impranil®DLN for gauging the biodegradation of polyurethanes[END_REF], who used various commercial enzymes to degrade Impranil: an esterase from Pseudomonas fluorescens with a broad substrate specificity (from lysophospholipase to amidase activity), Savinase™, a commercial serine-type protease originally produced by Bacillus sp., and a triacylglycerol lipase from Pseudomonas sp.. They observed that 2 days incubation at 30°C of Impranil with esterase and lipase resulted in a decrease of the reaction medium opacity without aggregate formation, while Impranil aggregated when incubated with protease. Here, we checked that none of the ORFs of 12F23 was annotated as protease, using the RAST annotation server. In addition, no protease activity, which could have been due to an ORF annotated as hypothetical protein, was observed when tested on Hide Remazol Blue, AZO-and AZCL-casein (data not shown).

From these results, we deduce that the Impranil structural modifications induced by clones 12F23 and 44I12 are different, due to differences in substrate specificity of the enzymes encoded by the two metagenomic inserts.

Clones

Before reaction After reaction negative control (empty fosmid) 12F23 44I12 Figure 18: Reaction media of 12F23 and 44I12 cytoplasmic extracts incubated with Impranil at 30°C during 48 h. For 44I12 after 48 h reaction, the reaction medium, in and out of the tube, is showed, as a solid aggregate could be obtained.

HPSEC analyses

In order to check that Impranil was depolymerized, 44I12 and 12F23 reaction media were analysed by HPSEC, after lyophilisation of the whole media and dissolution in THF. Dilution in PBS buffer, lyophilisation and dissolution in pure THF strongly impacted polymer chain organization, as a precipitated fraction appeared in the samples, both with the clones and the Impranil controls (Figure S1). This phenomenon did not occur when the Impranil standard solution was only diluted twice in THF before injection. As such, only the soluble fraction of the reaction media could be analysed. The analyses are thus more qualitative than quantitative. Nevertheless, we noticed that after reaction, the HPSEC recovery yields decreased by 58, 37 and 12% respectively for clones 12F23, 44I12 and negative control, compared to the samples at initial reaction times (Figure 19). In addition, the molecular mass profiles were significantly modified, especially for clone 12F23, for which the peak eluted after around 13 min and corresponding to high molecular masses, disappeared, while a third peak eluted around 17.5 min on the profile corresponding to smaller molecular masses. [START_REF] Biffinger | The applicability of Impranil®DLN for gauging the biodegradation of polyurethanes[END_REF] also used HPSEC to analyse degradation products of Impranil by commercial enzymes. With the three tested enzymes, some large oligomers were still observable on the chromatograms, along with a change of profile in the degradation products for the reaction with the esterase from Pseudomonas fluorescens, just as the one we observed here.

Even if we cannot conclude to Impranil depolymerisation by clones 12F23 and 44I12, since, because of the insolubilty of the aggregates produced during reaction we did not analyse all reaction products, these results confirm that the metagenomic clones drastically 

Insecticide/herbicide carbamate degradation

Clones 12F23 and 44I12 were then tested on smaller carbamate pollutants of known structures (Table 7).

An example of carbamate insecticide, mentioned in the current study, is fenobucarb, a synthetic insecticide with a high potential for bio-concentration, acting as an acetylcholinesterase inhibitor. Fenoxycarb is also a synthetic insecticide, acting by mimicking a juvenile hormone from the insects to keep them in an immature state, of which the bioaccumulation potential is moderate. Prosulfocarb, however, is a synthetic thiocarbamate herbicide which acts as a lipid synthesis inhibitor. It is very persistent in water and sediments (University of Hertfordshire ( 2013)). While fenoxycarb and prosulfocarb have been and still are authorised in many European countries, including France, it is not the case for fenobucarb. The latter is used mainly in paddy fields, in order to control rice thrips, leafhoppers and plant hoppers, in many rice growing countries worldwide. However, the biodegradation of fenobucarb is not well known. Indeed, to our knowledge, isolation of fenobucarb-degrading bacteria is described in only one recent study [START_REF] Kim | Isolation and characterization of fenobucarb-degrading bacteria from rice paddy soils[END_REF].

The cytoplasmic extracts of clones 12F23 and 44I12 were incubated during three days at 30°C with these 3 compounds independently, and reaction media were analysed by LC-MS. Nothing significant was observed for the reactions on fenoxycarb and prosulfocarb, while the UV profile of the reaction medium with fenobucarb was significantly changed after reaction with clone 44I12 (Figure 21). The fenobucarb peak at retention time 6.4 min decreased by 33 ± 4 % after reaction, to the profit of a second peak at retention time 7.7 minutes. This peak, which is present in very little amount on the commercial fenobucarb UV profile, corresponds to the degradation product 2-sec-butylphenol [START_REF] Kim | Isolation and characterization of fenobucarb-degrading bacteria from rice paddy soils[END_REF], which was checked with a commercial standard. Moreover, mass spectrum analysis allowed us to confirm that peak at 6.4 min corresponds to fenobucarb (m/z 207) while peak at 7.7 min presents MS peaks at masses (m/z 150 and 121) that correspond to 2-sec-butylphenol. Reference masses were taken from the work of [START_REF] Wang | Competitive Degradation and Detoxification of Carbamate Insecticides by Membrane Anodic Fenton Treatment[END_REF], who studied fenobucarb degradation using membrane anodic Fenton treatment. These results demonstrate that clone 44I12 is able to degrade fenobucarb by cutting the ester link, releasing a product (2-sec-butylphenol) which is less toxic than fenobucarb itself (U.S. National Library of Medicine, 2014). Nevertheless, clone 44I12 is unable to degrade fenoxycarb and prosulfocarb. This trend was already observed by [START_REF] Kim | Isolation and characterization of fenobucarb-degrading bacteria from rice paddy soils[END_REF], who discovered bacterial strains from the genera Sphingobium and Novosphingobium, which are able to degrade fenobucarb and carbaryl, but not other carbamates like fenoxycarb.

Sequence analysis

The metagenomic DNA inserts of the 21 hit clones chosen as previously described in this paper were sequenced. For each clone, a random selection of reads was performed to obtain a mean depth coverage of 40 x. For each clone, the largest contig, sizing between 21 and 26 kbp, was also chosen for ORF detection and annotation. They contain 14 to 31 predicted ORFs, depending on the clone.

The contig taxonomic annotation, based on ORF Megan analysis, is presented in table 2. All sequences came from bacteria of which the genome has not been sequenced yet. No contig was assignable to a particular phylum, since all of them contain ORFs which are not all assigned to the same phylum. This highlights the originality of these sequences, which are all issued from bacteria i) that are probably very distant from those of which the genome has already been sequenced, and/or ii) of which the genome evolved via the frequent horizontal gene transfers occurring between mammal gut bacteria (Tasse et al., 2010).

All ORFs were assigned to bacteria, except one in contigs 49M8 and 37F15, which were misassigned to an eukaryotic organism, and ten in contig 33M21 which were unassignable. Many ORFs were assigned to bacteria from environmental samples without more taxonomic information. This is explained by the strong enrichment of databases through massive metagenome sequencing projects of the last decade and by the lack of knowledge on organisms that colonize these ecosystems. When ORFs were assigned to bacterial organisms, it was only at the phylum level and for the great majority to Firmicutes, which are known to be the major phylum in the bovine rumen microbiota (Peng et al., 2015). Few ORFs were however assigned to Proteobacteria (clones 45P14, 42M18, 33M21, 32D12, 21K7), Actinobacteria (33M21), and Spirochaete (33M21). Regarding the two clones that caught our attention for further characterization, clone 44I12 had a typical Firmicute profile, since 20 out of the 27 ORFs were assigned to this phylum, 10 being further assigned to the Clostridia class and one to the Thermobacillus composti species [START_REF] Watanabe | Thermobacillus composti sp. nov., a moderately thermophilic bacterium isolated from a composting reactor[END_REF]. Conversely, sequences from clone 12F23 are highly distant to those of sequenced cultured bacteria and only matches to sequences retrieved from bacterial ecosystems, even if three ORFs were assigned to the Clostridia class of the Firmicute phylum.

ORFs were then functionally annotated by using the RAST software, and the results were confronted to those of BLASTP analysis against the NCBI NR database, and of the CAZy mining. Three clones present a high redundancy (45P14, 25I16 and 50E19), their sequence overlapping, thus creating one bigger contig. Such sequence redundancy frequently occurs between sequences issued from activity-based screening approaches due to the high selection pressure imposed by this strategy (Tasse et al., 2010;Cecchini et al., 2013). All the hit clone sequences contain at least one gene encoding putative esterases, ureases or proteases. Among the 21 sequenced hit clones, 10 contain at least two putative enzyme encoding genes that may act synergistically on the targeted substrates. In total, 26 putative esterases, 11 putative proteases and 3 putative ureases encoding ORFs were found (Table 8). The fact that no protease hit clone was found after primary and secondary screening, indicates either that the putative protease encoding genes were not properly expressed in E. coli, or, if well expressed, that these enzymes are unable to break down the particular structure of the substrates used in this study.

According to Gabor et al. (2004), E. coli is predicted to readily express around 40% of environmental genes, with strong variations depending on the group of organisms. One example of this variation is the work of [START_REF] Mcmahon | Metagenomic Analysis of Streptomyces lividans Reveals Host-Dependent Functional Expression[END_REF], who screened a metagenomic library created in Streptomyces lividans, where they found many hits that were not bioactive in E. coli, known to express no more than around 7% of the high GC% Actinomycete DNA. Here, our activity-based screening approach allowed to select sequences mainly derived from Firmicutes or uncultured bacteria from environmental samples, highlighting the potential of E. coli to express genes issued from bacteria that are very distant from Proteobacteria.

Sequences of clones 12F23 and 44I12 were further analysed. Each of these metagenomic inserts encodes one putative esterase, considered as the best candidate genes to be responsible for the screened activities.

The best BLAST hit of the 12F23 putative esterase, which presents 52% identity (98% sequence coverage) with its protein sequence, is the lysophospholipase L2 from Clostridium sp. CAG: 678. That of the 44I12 putative esterase target (46% identity, 95% coverage) is a hypothetical protein from Clostridium stercorarium. These results highlight the originality of our hit sequences, which are very distant from any characterized enzymes. Further analyses of these interesting sequences were thus performed to get information on the protein families and subfamilies they belong to.

The best characterised homolog of the esterase from clone 12F23, that we named carboxyl-esterase 1 from unknown bovine ruminal bacterium (CE1_Ubrb), is the PLAdepolymerase of an uncultured bacterium issued from the adherent soil of PLA disks buried in compost (Mayumi et al., 2008), with which it shares 39 % identity for 92 % sequence coverage. This enzyme is able to degrade different kinds of polyesters but it was never tested on carbamates, to our knowledge. It is more active on pNPB compared to pNPA, which is also the case for the 12F23 enzymatic extract. Four other characterised enzymes were found among the 6,127 sequences of the NCBI nr database presenting more than 25 % identity with CE1_Ubrb, on more than 50 % of sequence length and with an e-value inferior to 0.001. These other characterised enzymes are annotated as monoglyceride lipase or as their larger appellation acylglycerol lipase. They are part of the glycerolipid metabolism, since they hydrolyse the triglycerides stored in adipocytes or other cells to fatty acid and glycerol. They are members of the serine hydrolase family, and all contain the GXSXG consensus sequence. The phylogenetic tree (Figure S2), made from the first 250 best BLAST hits against the nr NCBI database and the sequence of characterised enzymes, highlights the great distance between these four other sequences, and that of the PLA depolymerase. Moreover, the branch containing CE1_Ubrb and 34 other sequences is a furnished one. It contains sequences annotated as uncharacterised proteins, putative lysophospholipases, and putative hydrolases with alpha/beta fold (or domain). It is interesting to note that they predominantly belong to the Firmicute phylum (Clostridium, Eubacterium, Anaerobacter, Subdoligranulum genera), the second most abundant phylum in the rumen of adult cow and also a phylum known to contain polyurethane degrading bacteria [START_REF] Cregut | New insights into polyurethane biodegradation and realistic prospects for the development of a sustainable waste recycling process[END_REF]. This is in accordance with the taxonomical annotation profile of the 12F23 contig, which harbours three genes assigned to the Clostridia class of the Firmicute phylum.

According to [START_REF] Arpigny | Bacterial lipolytic enzymes: classification and properties[END_REF] bacterial lipolytic enzymes can be classified in eight families, depending on the conserved sequence motif and their biological properties. According to a multiple sequences alignment performed using Clustal Omega, CE1_Ubrb would belong to family V (Figure 22) (Tirawongsaroj et al., 2008;[START_REF] Hu | Novel lipolytic genes from the microbial metagenomic library of the South China Sea marine sediment[END_REF]. This alignment shows a conservation of the GXSXG consensus sequence containing the catalytic serine, along with the two other catalytic amino acids, an aspartic acid and a histidine, and with many other conserved amino acids. Lipolytic family V is supposed to contain enzymes from mesophilic bacteria or from cold-adapted or heat-adapted organisms. Our target probably belongs to a mesophilic organism, considering the cow rumen normal temperature varies between 38 and 41°C. Enzymes from family V also share significant homology with other bacterial enzymes like epoxide hydrolases, dehalogenases, and haloperoxidases that also possess the typical α/β hydrolase fold. To our knowledge, no enzymes from this lipolytic family has been found active on carbamates, family VII being the one mostly known for this ability [START_REF] Hausmann | Lipolytic Enzymes from Bacteria[END_REF]. The best BLAST hit found against the ESTHER database presents 43% of identity with CE1_Ubrb. It corresponds to Janibacter sp. Lysophospholipase L2, a member of the Monoglyceridelipase_lysophospholip family, and part of the X block. In this block, tannases (enzymes also present in the rumen), PLA depolymerases and other enzymatic families can be found. InterProScan also predicts an α/β hydrolase fold for CE1_Ubrb, and a domain (residues 18 to 278 or 292) related to phospholipases, monoglyceride lipases or serine aminopeptidases. This is not surprising, as lysophospholipases and monoacylglycerol lipases (also known as monoglyceride lipases) are part of the glycerophospholipid and glycerolipid metabolism pathways, respectively, of bovine ruminal bacteria, for instance belonging to the Clostridia class of the Firmicute phylum [START_REF] Shingfield | CHAPTER 1. Synthesis of Conjugated Linoleic Acid in Ruminants and Humans[END_REF]. CE1_Ubrb might thus originally be involved in the lipolysis happening in the rumen. Lipolysis leads to biohydrogenation, the conversion of dietary fats to saturated fatty acids, which consumes a small part (1 to 2%) of the H 2 produced by complex carbohydrate fermentation. Microorganisms involved in such mechanism very often carry out other functions [START_REF] Lourenço | The role of microbes in rumen lipolysis and biohydrogenation and their manipulation[END_REF], which might explain the presence in the 12F23 metagenomic insert of genes encoding enzymes belonging to families 10 and 13 of glycoside-hydrolases, that would be involved in the degradation of plant polysaccharides. The presence of these CAZymes gives credence to the choice of the primary screening strategy, especially for this clone. 12F23 was indeed isolated from screening on AZCL-xylan, but was inactive on Tween 20, even being able to degrade Impranil. ) .The red boxes are catalytic amino acids, and the blue box the GXSXG consensus sequence. "*" is for fully conserved residue, ":" shows the conservation between groups of residues with strongly similar properties, and "." between groups with weakly similar properties.

The best characterized homolog of the carboxyl-esterase from clone 44I12, that we named CE2_Ubrb, is the esterase LC-Est2 from an uncultured bacterium, discovered from a leaf-branch compost metagenome [START_REF] Okano | Structural and biochemical characterization of a metagenome-derived esterase with a long N-terminal extension: Characterization of Metagenome-Derived Esterase[END_REF]. LC-Est2 shares 32 % identity on 94 % of sequence length with CE2_Ubrb, and is active on tributyrin, a substrate specific to esterases and lipases. This is in accordance with CE2_Ubrb being active on all pNP esters tested. LC-Est2 has never been tested on carbamates, to our knowledge.

Seven other characterised enzymes were found among the 5,662 sequences of the NCBI nr database presenting more than 25 % identity with CE2_Ubrb, on more than 50 % of sequence length and an e-value inferior to 0.001. The characterised enzymes are annotated as lipases/esterases, or lipolytic enzymes. All of them are part of the serine hydrolase family, containing the GXSXG consensus sequence, and take part in prokaryotic and eukaryotic lipolysis.

The phylogenetic tree (Figure S3), made from the first 250 best BLAST hit against the nr database of NCBI, along with the sequence of characterised enzymes, highlights the distance between CE2_Ubrb sequence and those of the other characterized enzymes. The branch closest to the CE2_Ubrb's one with a characterised enzyme contains EstJ, an alkaliphilic and moderately thermophilic esterase from the lipolytic family IV, identified from a soil metagenome. The CE2_Ubrb branch also contains many sequences from Firmicutes, especially from the Lactobacillus genus, which is in agreement with the taxonomic assignation of the 44I12 metagenomic insert. According to MEGAN analysis, one ORF of the 44I12 contig was indeed assigned to the Bacilli class of the Firmicute phylum, while ten were assigned to the Clostridia class of the same phylum. According to a multiple sequences alignment performed using Clustal Omega (Figure 23), CE2_Ubrb would belong to the lipolytic family IV, composed of many esterases from distantly related prokaryotes [START_REF] Jeon | Identification of a new subfamily of salt-tolerant esterases from a metagenomic library of tidal flat sediment[END_REF]Li et al., 2014). The enzymes of this family are remarkably similar to the family of mammalian hormone-sensitive lipases (HSL), containing the S, D, H catalytic residues, along with a G that is involved in hydrogen bonding interaction, stabilizing an oxyanion hole formed during enzymatic reaction and promoting the catalysis [START_REF] Hausmann | Lipolytic Enzymes from Bacteria[END_REF]. The alignment shows conservation in the CE2_Ubrb sequence of the GXSXG consensus motif and of the three catalytic amino acids, along with the amino acids that are part of the oxyanion hole. Bacterial HSL supposedly show activity only towards short fatty acid chain length substrates (tributyrin, vinyl propionate) [START_REF] Chahinian | Substrate specificity and kinetic properties of enzymes belonging to the hormone-sensitive lipase family: Comparison with non-lipolytic and lipolytic carboxylesterases[END_REF] compared to mammalian HSL that have a broad substrate specificity (olive oil, short chain esters, trioctanoin…). The CE2_Ubrb activity profile shows a closer similarity to mammalian HSL than to bacterial ones, our target being active on short chain esters but also on Impranil and its long motif. 2014): a lipolytic enzyme precursor from uncultured marine bacterium (ADA70028.2), a putative esterase from uncultured bacterium (ACZ16565.1), an esterase from uncultured bacterium (ACB11219.1) and a lipolytic enzyme from uncultured bacterium (ACL67837.1). The red boxes are catalytic amino acids, the green box the oxyanion hole and the blue box the GXSXG consensus sequence. "*" is for single, fully conserved residue, ":" shows the conservation between groups of residues bearing strongly similar properties, and "." between groups of weakly similar properties.

Against the ESTHER database, the best BLAST hit was indeed found to be Lactobacillus reuteri 100-23 HSL, sharing 43% of identity. This enzyme is a member of the HSL-like family, which according to the ESTHER database, corresponds to family IV of the classification of lipolytic enzymes from [START_REF] Arpigny | Bacterial lipolytic enzymes: classification and properties[END_REF] for bacterial enzymes. This concurs with the results of alignment analysis previously described. The ESTHER database also mentions the affiliation of these HSL-like family to the block H, containing, among others, plant carboxylesterases and bacterial tannases, the first possibly being present in the rumen through food components, the second being produced by ruminal bacteria. It also contains kynurenine-formamidases, a pattern found in the sequence of CE2_Ubrb using the InterProScan software, lending credence to the possible affiliation of this enzyme to the group IV of lipolytic enzymes. As a possible HSL-like enzyme, it could potentially hydrolyse all acylglycerols (triacylglycerol, diacylglycerol and monoacylglycerol) as well as cholesteryl esters, steroid fatty acid esters, retinyl esters and p-nitrophenyl esters.

3.

Material and methods: Lysonase™ Bioprocessing Reagent was purchased from Novagen.

Metagenomic DNA sampling and library construction

Before enrichment, the non-producing Holstein dairy cows used in this study were reared according to the national standards fixed by the legislation on animal care (Certificate of Authorization to Experiment on Living Animals, No. 004495, Ministry of Agricultures, France). In particular, the cows were fed a standard dairy cow ration composed of corn silage (64% DM), hay (6% DM) and concentrate (30% DM). They were fed ad libitum once a day in the morning. The two cows received during 7 weeks a diet of 80% wheat straw, 12% concentrate and 8% beetroot molasses before sampling of their rumen content. Rumen contents were taken from various parts of the rumen and manually homogenized.

The metagenomic library was constructed in Escherichia coli strain from the mix of rumen bacterial DNAs extracted from both cows. Briefly, total metagenomic DNA was extracted and fragmented by using a linear sucrose gradient. Fragments sizing between 30 and 40 kb were isolated as previously described (Tasse et al., 2010) and cloned into pCC1FOS fosmid (Epicentre Technologies). EPI100 E. coli cells were then transfected to obtain a library of 19,968 clones from the rumen samples. Recombinant clones were transferred to 52 384-well microtiter plates containing Luria Bertani (LB) medium, supplemented with 12.5 mg/L chloramphenicol and 8% glycerol. After 22 hours of growth at 37°C without shaking, the plates were long-time stored at -80°C.

Primary high-throughput screening of the metagenomic library

The resulting library was gridded on 22 cm x 22 cm trays containing solid agar medium supplemented with 12.5 mg/L chloramphenicol, using an automated microplate gridder (K2, KBiosystem, Basildon, UK), which allowed to perform 140,000 assays in 2 days. Carboxylesterase screening medium was constituted by LB medium supplemented with 1% (w/v) final concentration of Tween 20. The assay plates were incubated during 3 days at 37°C until apparition of a powdery halo, signifying the presence of a positive clone. Protease activity screening medium was LB medium, supplemented with 0.2% (w/v) final concentration of AZCL-casein. Protease screening plates were incubated during 3 weeks at 37°C.

Polysaccharide degrading activity screening media were LB media, supplemented with chromogenic substrates (AZCL-xylan, AZCL-Barley β-glucan, AZO-CM Cellulose, AZO-Carob Galactomannan) at final concentration of 0.2% (w/v). Plates were incubated at 37°C for 1 to 10 days. For plates containing AZCL-substrates, positive clones were visually detected by the presence of a blue halo resulting from the production of coloured oligosaccharides of which colour diffused around the bacterial colonies. For AZOpolysaccharides, clear halos were observed around the positive clones.

Each positive clone was picked, and streaked on Petri dishes containing solid agar medium supplemented with 12.5 mg/L chloramphenicol. Three isolated colonies were picked and grown in liquid LB medium and stored in microplates containing LB medium with 8% of glycerol, to be used for the validation process.

Discrimination screening

Validated hit clones obtained after primary screening were grown in microplates containing 200µL of LB medium for pre-culture, at 37°C overnight. These pre-cultures were used to sow deep well micro-plates containing 1.6 mL of LB liquid medium supplemented with 12.5 mg/L chloramphenicol, which were subsequently incubated overnight at 37°C. Cells were pelleted by centrifugation for 30 minutes at 4°C and 1,760 x g. Each pellet was resuspended in 250 µL of lysis buffer (100 mM HEPES pH 7.5, 1 mM pefabloc and 666.7 µl/L lysonase), and incubated for one hour at 37°C and 600 rpm (shaking throw 25 mm) in a Multitron Pro shaker (INFORS HT) with a freeze/unfreeze cycle at -80°C in order to perform cell lysis. Cellular extracts were isolated by centrifugation for 30 minutes at 4°C and 1,760 x g, and stored at 4°C for less than 24 h before use.

Carboxylesterase activity of the cytoplasmic extracts was estimated by monitoring the hydrolysis of pNP esters into the corresponding acid and p-nitrophenol. Assays were performed in 96-well microtiter plates on pNPA, pNPB and pNPP at 1 mM final concentration. pNP was used for standard curve. For pNPA and pNPB, 195 µL of cellular extract were mixed with 5µL of substrate dissolved at 40 mM in 2-methyl-2-butanol (2M2B). For pNPP, 175µL of cellular extract were mixed with 25µL of substrate dissolved at 8 mM in isopropanol. Enzymatic activity was determined by following the absorbance increase at 405 nm during 30 min at 30°C, in a microplate spectrophotometer (BioTek™ Eon™ Microplate Spectrophotometers, Colmar, France).

Sequencing and data analysis

Fosmid DNA of the positive clones was extracted with the NucleoBond Xtra Midi kit from Macherey-Nagel (France) following supplier recommendations. Fosmids were then individually labelled to avoid any further miscontigation [START_REF] Lam | Evaluation of a Pooled Strategy for High-Throughput Sequencing of Cosmid Clones from Metagenomic Libraries[END_REF], and sequenced with the MiSeq technology, at the Genotoul platform (http://get.genotoul.fr/). Read assembly was carried out using Masurca (http://www.genome.umd.edu/masurca.html). Contigs were cleaned from the vector pCC1FOS sequence using Crossmatch (http://bozeman.mbt.washington.edu/phredphrapconsed.html). ORF detection and functional annotation was performed using RAST software (Aziz et al., 2008).

Carboxylesterase encoding genes, as annotated by RAST, were confirmed by BLASTP analysis of the predicted ORFs against the NCBI non-redundant protein sequences database (E-value ≤10 -8 , identity ≥35%, query length coverage ≥50%). Further sequence analysis was performed with other BLASTP analysis against the ESTerases and alpha/beta-Hydrolase Enzymes and Relatives (ESTHER) [START_REF] Lenfant | ESTHER, the database of the α/β-hydrolase fold superfamily of proteins: tools to explore diversity of functions[END_REF]. The protein signature was detected using the InterProscan software (Jones et al., 2014). Sequence alignments and phylogenetic trees were designed using the MEGA6 software [START_REF] Tamura | MEGA6: Molecular Evolutionary Genetics Analysis version 6.0[END_REF]. The first 250 sequences from the BLASTP results as well as homologs (E-value ≤10 -3 , identity ≥25%, query length coverage ≥50%) experimentally characterised were aligned with ClustalW from the MEGA6 software. A distance matrix was generated from the multiple sequence alignment using the BLOSUM62 amino acid residue substitution matrix. The output result file was subjected to hierarchical clustering using Ward's method, and the resulting tree was visualized using DENDROSCOPE 3 [START_REF] Huson | Dendroscope 3: An Interactive Tool for Rooted Phylogenetic Trees and Networks[END_REF].

Sequence alignments using Clustal Omega were performed between CE1_Ubrb and CE2_Ubrb gene sequences and sequences known to be part of lipolytic families.

The most probable common ancestor of the organism from which the metagenomic DNA insert came from was retrieved using MEGAN v5.10.6 (Huson et al., 2007), based on BLASTX analysis against the non-redundant NCBI database (min score = 35, min support = 1).

Functional characterisation of enzymatic activities

Carbamate and polyurethane degradation reactions

The positive clones were grown in tubes containing 3 mL of LB medium for preliminary culture, at 37°C overnight. These cultures were used to sow 20 mL cultures grown in LB medium at 37°C, with orbital shaking at 120 rpm (shaking throw 25 mm). After 24 h, cells were harvested by centrifuging for 5 min at 12,857 x g, and re-suspended in activity buffer (PBS pH 7.0) to obtain a final OD 600nm of 80. Cell lysis was done using sonication. Cell debris were centrifuged at 12,857 x g for 10 min and the cytoplasmic extracts were filtered with a 0.20 μm Minisart RC4 syringe filter.

Enzymatic reactions were carried out at 30°C in hemolysis tubes, containing 500 µL of cytoplasmic extract, mixed with 500 µL of the substrate solubilised in the activity buffer (PBS pH 7.0) to obtain a final concentration of 6 g/L for the Impranil dispersion, or 2 g/L fenoxycarb, fenobucarb or prosulfocarb (for structures see Table 7).

The progress of the reaction was followed by taking samples at initial time and after 24h reaction for HPLC analysis. Samples were incubated at 95°C for 5 minutes to stop the reaction for the small carbamates. Impranil reactions were directly frozen at -80°C to stop the reaction.

High pressure size exclusion chromatography (HP-SEC): polyurethane characterisation

Samples were lyophilised before being re-suspended in 400 µL of HPSEC mobile phase (THF). The SEC experiments were performed at the Toulouse White Biotechnology analytical platform (Toulouse, France) on an HPLC system connected to a RI detector (Wyatt), with inline degasser (Shimadzu). Size-exclusion chromatography of polyurethane samples was performed on two PLgel 5 µm MIXED-C columns (300 x 7.5 mm) with THF as the mobile phase, pumped at a flow rate of 1 mL/min. Samples were observed with RI detector. Data were recorded and chromatographic peaks were treated using ASTRA software.

Matrix assisted laser desorption/ionization -time-of-flight (MALDI-TOF) mass spectrometry

Samples were lyophilised before being re-suspended in 400 µL of THF. Samples were then analyzed onto a commercial MALDI-TOF mass spectrometer MALDI-TOF Micro Mx (Waters), Laser N2 (337 nm), acceleration voltage 12 kV, reflectron mode, dithranol matrix and NaI salts, in the linear and positive mode for a range of m/z 200-1,200. Spectra were acquired automatically using a standard procedure at the Service Commun de Spectrométrie de Masse at Université Paul Sabatier in Toulouse, France.

High performance liquid chromatography -mass spectrometry

Samples were dissolved in 1.5 volumes of acetonitrile, in order to recover a ratio of 60% acetonitrile, 40% water. Analyses were performed on an HPLC system (Ultimate 3000, Dionex) with in line degasser. LC of small carbamate samples was performed on a SUPELCOSIL™ LC-18 HPLC Column 5 μm particle size (250× 4.6 mm) equipped with a SUPELCOSIL™ LC-18 Supelguard™ Cartridge 5 μm particle size (20 × 4.0 mm) pre-column. The mobile phase (60% acetonitrile-40% water) was pumped at a flow rate of 1 mL/min, and UV detection was carried out at 205 nm, 210 nm and 235 nm for fenobucarb, prosulfocarb and fenoxycarb, respectively.

The LC system was hyphenated with a mass spectrophotometer (MSQ PLUS, Thermo Scientific) operated in positive mode and equipped with an electrospray ionisation (ESI) source for 30 min with a scan time of 0.10 seconds over the range m/z 100-1,500 with nitrogen (N2) as drying gas. A cone of 60 V was used, and the probe temperature was set at 450°C. 40% of the sample goes through the RI detector, 60% to the mass spectrometer. Chromeleon software was used for data acquisition and analysis.

Conclusion

In this study, functional metagenomics was used to discover new enzymes from the bovine rumen microbiota, that are able to degrade various carbamate structures, including polyurethane and insecticide ones.

Two of the isolated enzymes were more deeply studied. They present very original sequences, and belong to the lipolytic families IV and V, respectively. They are the first members of these families that act on carbamates, since all the other known carbamate degrading enzymes belong to family VII. The substrate specificity of CE2_Ubrb enzyme is highly flexible, this enzyme being able to degrade many substrates (namely Tween 20, Impranil, pNPA, B and P, and fenobucarb), while CE1_Ubrb specificity was restricted, among the tested esterase substrates, to Impranil and pNPB.

This work is the first metagenomic study that enabled the discovery of fenobucarb and Impranil degrading enzymes. The diversity of esterase sequences retrieved in this study from the bovine rumen metagenome highlights again the interest of this complex microbiome for the mining of promiscuous enzymes of biotechnological interest, of which the physiologic functions can be diverted to break down unnatural substrates, thanks to their flexible substrate specificity. Further works will be focused on the in depth investigation of the relationships between CE1_ and CE2_Ubrb structure and functional flexibility. This will allow us to estimate their potential for bioremediation of polyurethanes and carbamate insecticides, in terms of efficiency, stability, yield of recombinant expression, and toxicity/recovery facility/biodegradability and recyclability of the released products.

The high throughput screening work was carried out at the Laboratory for BioSystems & Process Engineering (Toulouse, France) with the equipments of the ICEO facility, dedicated to the screening and the discovery of new and original enzymes. ICEO is supported by grants from the Région Midi-Pyrénées, the European Regional Development Fund and the Institut National de la Recherche Agronomique (INRA). As shown in the previous chapter, enzymes naturally present in the ruminal ecosystem have the ability to degrade various structures of synthetic molecules, in particular pollutant ones.
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To further explore the high functional diversity of the rumen ecosystem, and to increase the potential of the activity-based functional metagenomic approach for enzyme discovery, we decided to look for red-ox enzymes acting on polycyclic compounds. The bacterial diversity of such enzymes, especially those acting on lignin, a major component of plant cell wall, is at the moment largely underexplored. In particular, the existence and potential of bacterial ligninases in the rumen has never been studied to our knowledge, lignin degradation being attributed to fungal red-ox enzymes.

In addition to being key tools for biorefineries, the potential of such enzymes for bioremediation is also important, since they may be able to degrade different polyaromatic substrates issued, for example, from textile industries.

The following paper, which will be submitted later on, first describes the methodological developments we had to do in order to mine large metagenomic sequence space for oxidoreductases. This approach, applied to the bovine ruminal microbiome, allowed us to isolate original promiscuous red-ox enzymes, capable of acting on lignin derivatives and on synthetic dyes. 

Introduction

With the carbohydrates, the aromatic compounds are the most widely distributed class of organic compounds in natural environments. In nature, aromatic compounds are mainly present into lignin, aromatic amino acids and fossil hydrocarbons. There are polymers of ring shaped benzene molecules and because of inertness of C-H and C-C bonds, they are among the most stable and persistent molecules. Cleaning up contaminated soils, wastewater, groundwater and marine environments from these aromatic compounds is thus a challenging task. In addition, lignin being one of the major components of plant biomass, understanding how microbes degrade it is indispensable to green the industrial processes of biorefinery and for lignin conversion into biosourced synthons. Microbial degradation represents the major route for bioremediation of aromatic contaminated sites and lignin degradation. Fungi have long been known for their ability to initiate lignin depolymerisation [START_REF] Kirk | Enzymatic "Combustion": The Microbial Degradation of Lignin[END_REF]. This capability has extended their use to a series of biotechnological applications, all of them related to the degradation of structurally diverse aromatic compounds [START_REF] Field | Screening for ligninolytic fungi applicable to the biodegradation of xenobiotics[END_REF]. In natural environments, bacteria are in contact with these compounds and have evolved to develop a wide diversity of aerobic and anaerobic catabolic strategies to degrade the huge range of organic compounds present in the ecosystems they colonize. Like fungi, many bacterial strains degrade aromatic compounds including lignin [START_REF] Vicuña | Bacterial degradation of lignin[END_REF][START_REF] Zimmermann | Degradation of lignin by bacteria[END_REF][START_REF] Masai | Genetic and Biochemical Investigations on Bacterial Catabolic Pathways for Lignin-Derived Aromatic Compounds[END_REF].

Highly promiscuous oxidases discovered by functional exploration of the bovine rumen microbiome.

183 However, compared to fungi, bacteria are much less well characterized with respect to their lignin metabolism. Even if the bacterial systems are reported to be less oxidatively powerful compared to fungal ones, [START_REF] Brown | Exploring bacterial lignin degradation[END_REF] suggested that bacteria may be a rich source to recover new accessory enzymes that could act synergistically with the major oxidative enzymes to activate and uncap various sites of the substrates. This statement is based on the fact that bacteria metabolism interacts with lignin as a substrate for use as an aromatic carbon source rather than carry out its rapid degradation to access the sugar-based cellulose and hemicellulose substrates as is believed to be the case in many fungal systems.

According to environmental conditions, aromatic compounds can be degraded by different ways depending on the presence or absence of oxygen, given that many bacteria are not strict aerobics or anaerobics. In aerobic conditions, oxygen is the final electron acceptor and also a co-substrate for two key processes. Phenolic hydroxyl groups are introduced by oxygenases to activate the aromatic ring. The subsequent cleavage of aromatic carbon-carbon bonds also requires oxygen. The phenolic compounds generated by ring hydroxylation of aromatic hydrocarbons are then direct precursors for the oxygenolytic ring cleavage. These reactions are done by monooxygenases and dioxygenases [START_REF] Dagley | Catabolism of aromatic compounds by micro-organisms[END_REF]. In aerobic conditions, another class of enzymes, the laccases (p-diphenol: dioxygen oxidoreductases) are copper-containing oxidase enzymes acting on phenols and similar molecules by removing hydrogen from the OH group of the C molecules involved in the cycle and directly reducing dioxygen to water. Because of steric hindrance, enzymes might not come directly into contact with the polymers. Instead, small organic compounds or metals that can also be oxidized and activated by laccases, mediate the radical-catalysed depolymerization. Moreover, peroxydase act on aromatic compounds through the formation of radicals which participate in reactions where polymers and oligomers are produced. These last two classes of enzymes have been explored specifically for their involvement in the degradation of lignin, particularly heme peroxidases.

In addition to Mn-and Cu-containing oxidases, bacteria are also reported to produce enzymes that could break down lignin through hydroxylation or demethylation, such as cytochrome P450s, or non-heme iron enzymes [START_REF] Brown | Exploring bacterial lignin degradation[END_REF]. Other classes of proteins were found to be involved in aromatic compound metabolization. Strachan et al. (2014) identified in bacteria from coal beds, six functional classes of genes mediating lignin transformation clustered on the DNA strand. The genes were predicted to encode oxidoreductase activity (associated with lignin transformation), co-substrate generation (hydrogen peroxide formation), protein secretion (secretion apparatus or signal peptide), small molecule transport (multidrug efflux superfamily), motility (methyl accepting chemotaxis proteins), and signal transduction (PAS domain-containing sensors). Nevertheless, in bacteria, ligninase encoding genes do not seem to be associated in a same genomic loci to genes encoding carbohydrate active enzymes active on plant cell wall polysaccharides.

In contrast, in anaerobic conditions, the aromatic ring is destabilized via a reductive attack and the ring is subsequently opened hydrolytically by a series of conventional hydration and dehydrogenation reactions [START_REF] Harwood | Anaerobic metabolism of aromatic compounds via the benzoyl-CoA pathway[END_REF][START_REF] Carmona | Iron-reducing bacteria unravel novel strategies for the anaerobic catabolism of aromatic compounds: Anaerobic benzoate degradation[END_REF]. The bacteria use various strategies based on reductive reactions including carboxylation of phenolic compounds, reductive elimination of ring substituents like hydroxyl or amino groups, oxidation of methyl substituents to carboxyl groups, O-demethylation reactions and shortening of aliphatic side chains [START_REF] Harwood | Anaerobic metabolism of aromatic compounds via the benzoyl-CoA pathway[END_REF]. The mineralization of aromatic compounds by facultative or obligate anaerobic bacteria is coupled to anaerobic respiration using locally available electron donors and acceptors like nitrate, sulfate, iron(III), manganese(II), selenite, ferredoxin, NAD(P)H. Aromatic compounds can participate in anaerobic metabolism by serving either as electron acceptors or electron donors [START_REF] Carmona | Anaerobic catabolism of aromatic Highly promiscuous oxidases discovered by functional exploration of the bovine rumen microbiome. 211 compounds: a genetic and genomic view[END_REF]. The complete degradation of aromatic compounds in anaerobic bacteria requires the complementary activity of diverse enzymes (reductases, dehydrogenases, methyltransferases, decarboxylases, hydratases, phosphatases, hydrolases) whose genes are often grouped in clusters [START_REF] Harwood | Anaerobic metabolism of aromatic compounds via the benzoyl-CoA pathway[END_REF][START_REF] Carmona | Iron-reducing bacteria unravel novel strategies for the anaerobic catabolism of aromatic compounds: Anaerobic benzoate degradation[END_REF]. If lignin can be degraded only at a slow rate by anaerobic bacteria, they play a can major role in the mineralization of large amounts of lignin-derived low-molecular-weight compounds. [START_REF] Masai | Genetic and Biochemical Investigations on Bacterial Catabolic Pathways for Lignin-Derived Aromatic Compounds[END_REF] indeed described catabolic pathways of lignin-derived aromatic compounds by the proteobacteria Sphingomonas paucimobilis of which more than 20 genes involved in the catabolism of lignin have been characterized [START_REF] Li | Bacteria and lignin degradation[END_REF]. Colberg and Young also confirmed that the intermediate metabolic products produced by aerobic degradation of lignin, were partially degraded by anaerobic bacteria [START_REF] Colberg | Biodegradation of lignin-derived molecules under anaerobic conditions[END_REF].

The greatest advances in the identification of the genetic and molecular bases of aromatic compound catabolism have been made in recent decades thanks to the development of next generation sequencing and other 'omic' technologies. Most knowledge has been obtained by functional genomics of aromatic compound-degrading microorganisms or model microbial communities (Pieper et al., 2004). However, the quasi-totality of the microorganisms constituting the complex ecosystems that are the most powerful in breaking down aromatic compounds remains uncharacterised, due to our inability to isolate and culture them.

Functional metagenomics, which consists of assigning functions to proteins encoded by all genomes of a microbial community with no isolation and cultivation step, is a highly efficient way to boost the discovery of novel biocatalysts from the huge diversity of uncultured microbes. Diverse polluted environments, like, for example, activated sludge collected from wastewater treatment facilities belonging to the petroleum, coke and pharmaceutical industries (Suenaga et al., 2007;Sharma et al., 2012;Silva et al., 2013), or Highly promiscuous oxidases discovered by functional exploration of the bovine rumen microbiome.

185 contaminated soils (Ono et al., 2007;Brennerova et al., 2009;Lu et al., 2011) have been screened to retrieve new oxygenases for the degradation of aromatic compounds with potential applications in the development of bioremediation processes (for a review see Ufarté et al., 2015). But examples of ecosystems screened to find enzymes involved in the degradation of lignin or lignin-derived products are very scarce. A bacterial laccase acting on guaiacol, a product of lignin combustion, was first discovered by activity-based screening of mangrove soil metagenome (Ye et al., 2010). And more recently, a pseudo-laccase owing to the requirement of exogenous Cu(II) for oxidase activity was retrieved from a coal bed metagenome, screened for lignin catabolic activities (Strachan et al., 2014). This pioneering work, which included development of a very original screening method for polyaromatic degrading enzymes, highlighted the promiscuity of many biocatalysts towards this kind of substrates, and the metagenome flexibility in loci encoding polyaromatic degrading pathways. Lastly, lets mention the activity-based metagenomic study performed by Ferrer et al., who discovered from the bovine rumen metagenome a polyphenol oxidase with laccase activity, which was the first functionally characterised member of this new enzyme family (Ferrer et al., 2005;Beloqui et al., 2006). If this study proved that redox enzymes acting on polyaromatic compounds can be retrieved from uncultured ruminal bacteria, this enzyme and its homologs were nevertheless never tested on lignin or its derivatives. In addition, such enzymes are probably very rare in this ecosystem, since no laccase sequence could be found in the cow rumen metagenome (Ausec et al., 2011). The structural and functional diversity of bacterial ligninases is thus today still underexplored. This is especially the case for those acting in anaerobic or microaerobic conditions, which were never searched for by using activity-based approaches [START_REF] Brown | Exploring bacterial lignin degradation[END_REF]. The major bottleneck to their discovery and characterization is indeed the lack of experimental screens of red-ox enzymes allowing the exploration of sufficiently large sequence space to identify such rare enzymes.

In this study, we used an activity-based metagenomic approach to identify novel redox enzymes and metabolic pathways involved in aromatic compound catabolism, including lignin derivatives, by ruminal bacteria. In rumen, lignin is indeed highly present, under the form of dietary plant cell wall constituents. It is known to be partly degraded by anaerobic fungi. However the eventual role of ruminal bacteria in the metabolization of lignin-derived compounds remains to be elucidated (Ruiz-Dueñas and Martínez, 2009).

2.

Material and methods: 186 hydroxybenzaldehyde (syringaldehyde) were purchased from Sigma-Aldrich (France). The dyes: Acid fuschin (AF), amaranth (A), and tropaeolin O (TO) were purchased from Fisher Scientific (France) and the reactive orange 16 (RO16), indigo carmine (IC), malachite green (MG), cibracon brillant red 3BA (CBR3BA), reactive black 5 (RB5), remazol brillant blue R (RBBR) were purchased from Sigma-Aldrich (France). For dyes structure, see Table 9.

Table 9: Structures of the tested dyes (type I, indigo dye; AZO, azo dye; A, anthraquinonic dye; T, triarylmethane dye), and their maximal wavelength of absorbance.

(I) Indigo Carmine, 610 nm : (AZO) Reactive Orange 16, 385 nm-495 nm :

(AZO) Cibracon Brillant Red 3BA, 525 nm : (AZO) Reactive Black 5, 600 nm :

(AZO) Tropaeolin O, 390 nm : (AZO) Amaranth, 520 nm :

(T) Acid fucshin, 545 nm : (T) Malachite Green, 425 nm-620 nm (A) Remazol Brillant Blue R, 595 nm :
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The MF resin (Madurit 75%, MW 112) was kindly supplied from INEOS Melamines GmbH (Frankfurt, Germany) and lignosulfonate comes from Tembec (Montréal, Canada). Xyloglucan (XG) from Tamarindus indica was provided by Megazyme (Bray, County Wicklow, Ireland) (M w = 202 kD; viscosity: 6.5 dL/g; sugar composition: xylose = 38%, glucose = 42%, galactose = 16%, arabinose = 4%). Poly(allylamine hydrochloride) (PAH; M w =120,000-200,000 g mol -1 ) was provided by PolySciences (Germany).

Metagenomic DNA sampling and library construction

The two non-producing Holstein dairy cows used in this study were reared according to the national standards fixed by the legislation on animal care (Certificate of Authorization to Experiment on Living Animals, No. 004495, Ministry of Agricultures, France). In particular, the cows were fed a standard dairy cow ration composed of corn silage (64% DM), hay (6% DM) and concentrate (30% DM). They were fed ad libitum once a day in the morning. In order to enrich the rumen microbiome in lignolytic activities, before sampling the two cows received during 7 weeks a diet supplemented in wheat straw (a highly lignified plant material). The diet consisted of 80% wheat straw, 12% concentrate and 8% beetroot molasses. Rumen contents were taken from various parts of the rumen and manually homogenized. Both samples were mixed before metagenomics DNA extraction.

Metagenomic DNA was extracted, and fragments ranging in size from 30 to 40 kb DNA were isolated as previously described (Tasse et al., 2010) and cloned into pCC1FOS fosmid (Epicentre Technologies) as recommended by the manufacturer.. EPI100 E. Coli cells were then transfected to obtain a 20,000 clone library from the rumen samples. Recombinant clones were transferred to 384-well microtiter plates containing Luria Bertani medium, supplemented with 12.5 mg/L chloramphenicol and 8% glycerol. After 22 hours of growth at 37°C without any shaking, the plates were stored at -80°C.

All other culture media mentioned in this study contained 12.5 mg/L chloramphenicol.

Metagenomic library screening

The 19,968 clones of the library were gridded on 22 cm x 22 cm trays containing solid agar medium, using an automated microplate gridder (K2, KBiosystem, Basildon, UK). Agar minimum solid medium containing 1% filter sterilized lignin alkali (w/v) as sole carbon source was used. Minimal medium was composed of salts (3.6 O), leucine 0.04 g/L and thiamine hypochloride 0.1 g/L. The assay plates were incubated at 37°C between 1 and 3 weeks, depending on the time necessary to visualize the growth of hit clones.
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Functional characterization of the hit clones

The hit clones isolated from primary screening for their growth on lignin alkali as sole carbon source were then assayed to determine the optimal conditions of ABTS oxidation and were further examined for their activities on different aromatic compounds: (1) sulfonated lignin films, ( 2) mediators which are model substrates usually used to assess oxidoreductase activities and, (3) dyes. Due to the ability of E. coli to degrade some aromatic compounds [START_REF] Diaz | Biodegradation of Aromatic Compounds by Escherichia coli[END_REF][START_REF] Solís | Microbial decolouration of azo dyes: A review[END_REF], an E. coli EPI100 clone containing the pCC1FOS fosmid without metagenomic DNA fragment was used as controle.

Each experiment was carried out at least twice and means were reported in figures and tables. Results were presented as percentages of the highest value taken as a reference.

Determination of optimal reaction conditions

The clones were grown at 37°C in 20 mL LB medium, with orbital shaking at 120 r.p.m.. After 16 h, cells were harvested by centrifugation for 5 min at 5,000 r.p.m., re-suspended and concentrated in activity buffer to obtain a final OD at 600 nm of 80. Cell lysis was done using sonication. Cell debris were centrifuged at 13,000 r.p.m. for 10 min and the cytoplasmic extracts were filtered with a 0.20 μm Minisart RC4 syringe filter. Enzymatic reactions were carried out in 96 wells microtiter plate assays using ABTS as reductive chromogenic substrate. Each well contained 20 µl of cytoplasmic extract and 5 mM ABTS. Optimal pH was determined at 30°C in 100 mM sodium citrate buffer for pH 4.0, 4.5, 5.0, 5.5 and 6.0. At optimal pH, optimal CuSO 4 concentration was determined at 30°C with 0, 0.1, 1 or 10 mM CuSO 4 . Optimal temperature was then determined at optimal pH and CuSO 4 concentration by quantifying ABTS oxidation at 22, 30, 37, 40, 50 and 60°C, during 30 minutes and 17h, in order to assess enzyme stability. Peroxidase activity was also tested at optimal pH, temperature and CuSO 4 concentration, by adding 3% (v/v) of H 2 O 2 to the reaction medium.

Enzymatic activity was determined by monitoring absorbance at 420 nm during 30 min, and at endpoint after 17 hours incubation (long-term reaction) using a microplate spectrophotometer (BioTek™ Eon™ Microplate Spectrophotometers, Colmar, France). The activitty of ABTS oxidation was expressed in µmol/min/Lculture, using an extinction coefficient value of εABTS, 420 nm = 36,000 M -1 .cm -1 .

Enzymatic activity on mediators

Optimal conditions determined after 17 hours of reaction on ABTS were used to measure in microtiter plates the activity of the three clones on different mediators. Final concentrations of substrates in 100 mM sodium citrate buffer were the following: 18 mM of 1-HBT, 2 mM of acetosyringone, TEMPO, and syringaldehyde. For easier comparison between substrates, activity was expressed, after spectrophotometric observation at 408 nm, 528 nm, 300 nm and 370 nm respectively, as UOD/min/Lculture.

Degradation of semi-relective layers of sulfonated lignin

An anchoring solution of 4 g/L poly(allylamine hydrochloride) (PAH) was deposited on the silicium wafer, allowed to adsorb for 5 minutes and the support was spin-coated at 3,500 r.p.m. for 1 minute with an acceleration of 1,400 r.p.m./s 2 . The mix resin MF (10% stock solution) along with lignosulfonate (100 g/L lignin stock solution, 75 g/L final) or Tamarind xyloglucan (20 g/L stock solution, 10 g/L final) was deposited on the wafer and spin-coated at 1,500 r.p.m. for 3 minutes with an acceleration of 100 r.p.m.. The films were put in an oven for 35 minutes at 135°C, then left to drop back to an ambient temperature. The films were washed in ultra-pure water for 2 hours to shake off unfixed residues. Two microliters of cellular extracts were deposited on the film, and incubated at optimal temperature for 3 hours in a saturated humidity atmosphere. Films were then washed with ultra-pure water and dried before use. Two microliters of cellular extracts were deposited on the films, and incubated at optimal temperature for 3 hours in a saturated humidity atmosphere. Films were then washed with ultra-pure water and dried before observation.

Dye discolouration assays

Selective growth on solid media with dyes as sole carbon source

The dye decolorizing activity of clones was first screened on agar plates containing agar with minimal medium (composition above), 1 mM CuSO 4 , and 70 ppm of dyes as sole carbon source (except agar itself) in sodium citrate buffer (100 mM final concentration) at the optimal pHs determined for the 3 clones. The plates were inoculated with the hit clones as well as the E. coli Epi100 control and incubated at 37°C during 5 days.

Discolouration halos on solid media

On the plates containing agar (15 g/L), 10 mM CuSO 4 , 70ppm dyes, buffered at optimal pHs in sodium citrate buffer (100 mM final concentration) were deposited 30 µl of cellular extracts, and incubated at 30°C, a temperature with all the clones active, and without potential problems with the medium, until a discolouration halo formed around positive extracts (1 to 2 days).

Discolouration of liquid reaction media

Optimal conditions determined for long-term reactions were used to quantify dye discolouration in liquid media. The experiment was carried out during 72 hours, in 96 well microtiter plates containing a final concentration of 70 ppm of dye dissolved of 100 mM Highly promiscuous oxidases discovered by functional exploration of the bovine rumen microbiome.

190 sodium citrate buffered at the optimal pHs, and 20 µl of cellular extract, for a final volume of 200 µL. The reaction media were centrifuged at 3,700 rpm for 10 minutes. An absorbance spectrum of each supernatant was registered using a microplate spectrophotometer (BioTek™ Eon™ Microplate Spectrophotometers, Colmar, France) at initial and final reaction times. The dye discoloration yield was calculated as follows by using the decrease of the absorbance at the wavelegenth of maximal absorbance determined for each dyebetween initial and final reaction times : discolouration (%) = [(A 0 -A 72 )/A 72 ] × 100, where, A 0 : initial absorbance of the dye/cellular extract at initial reaction time, A 72 : absorbance of the dye/cellular extract after 72 hours of incubation [START_REF] Phugare | Ecofriendly degradation, decolorization and detoxification of textile effluent by a developed bacterial consortium[END_REF].

Metagenomic sequence Analysis

Fosmid DNA of the clone hits was extracted with the NucleoBond Xtra Midi kit from Macherey-Nagel (France) following supplier recommendation. Fosmids were then sequenced using the MiSeq System (Illumina), at the Genomic Platform GeT-PlaGe (Auzeville, France). Read assembly was performed using Masurca (http://www.genome.umd.edu/masurca.html). The contigs were cleaned from the vector pCC1FOS sequence using Crossmatch (http://bozeman.mbt.washington.edu/phredphrapconsed.html). Open reading frames (ORF) of at least 20 amino acids were predicted using MetaGene [START_REF] Noguchi | MetaGene: prokaryotic gene finding from environmental genome shotgun sequences[END_REF]. Functions of the ORFs were inferred and manually annotated, based on BLASTX analysis against the NCBI non redundant and environmental databases (e-value < 10 -8 , identity > 35%, and query length coverage ≥ 50%). ORFs were assigned to clusters of orthologous groups of proteins (COGs) using RPS-BLAST analysis against the COG database (e-values ≤ 10 -8 ). A comparison was performed using BLASTP analysis against the Laccase and multicopper oxidase engineering database (LccED) (e-value = 1, identity ≥ 20%, and query length coverage ≥ 20%) (Sirim et al., 2011). The protein signatures was detected using the InterProScan software (Jones et al., 2014).

Contig taxonomic assignment was carried out using MEGAN v5.10.6 [START_REF] Huson | Integrative analysis of environmental sequences using MEGAN4[END_REF], based on BLASTX analysis against the non-redundant NCBI data base (min score = 35, min support = 1). .

3.

Results & discussion

Metagenomic library screening

The library consisted of 19,968 Escherichia coli fosmid clones, covering in total 0.7Gb of metagenomic DNA from rumen bacteria, each clone comprising a 30-40 kb DNA insert. The library was first screened for the ability to metabolize a depolymerised product of native lignin, namely lignin-alkali, used as sole carbon source for metagenomic clone growth. Lignin Highly promiscuous oxidases discovered by functional exploration of the bovine rumen microbiome.

191 alkali, or Kraft lignin, is the major by-product of alkaline sulfide treatment of lignocelluloses in the pulp and paper industry. Such minimal medium with Kraft lignin has already been used for the isolation of strains able to degrade this substrate (for exemple, [START_REF] Raj | Biodegradation of kraftlignin by Bacillus sp. isolated from sludge of pulp and paper mill[END_REF]. But this kind of screen was never tested before to screen metagenomic clones, which contains each only a small fraction of the genome issued from the native bacterium, limiting the substrate harvesting and metabolic potential of the recombinant clones. However, here, this functional assay allowed the detection of 3 clones (of which one presented an orange phenotype) able to grow in mineral medium with Kraft lignin as a sole carbon source. Hit frequency was 0.015%. This is a value comparable to the hit yield obtained for oxidases screening (even not specific for the degradation of lignin-related products) in the rumen ecosystem (0.007 % in Beloqui et al., 2006), even being much lower than those obtained from environments contaminated with polyaromatic compounds, such as activated sludge (0.09% in Suenaga et al., 2007) and oil contaminated waters (0.2% in Vasconcellos et al., 2010 and3% in Silva et al., 2013).

Red-ox activity characterisation

Determination of optimal reaction conditions

The enzymatic characterization of the metagenomic clones allowed to assess their enzyme stability as well as their versatility and efficiency towards structurally different types of substrates, i.e. mediators and dyes. All the assays were performed on cell extracts, which contained both E. coli and the recombinant enzymes, plus the molecules from the cell metabolism, like ions and cofactors. Therefore, the observed activities were interpreted as the result of synergic activities of these enzymes.

To characterize substrate specificity of the three clones, optimal conditions of activity were determined by monitoring the oxidation of ABTS at various pH and temperatures (Table 10). All clones displayed optimal activity at acidic pH (optimal pH being 4.5 for clones 1 and 3, and 5.0 for clone 2) (Figure 24). The oxidative activity was totally lost for a pH value higher than 6.0 (clones 1 and 3) and even 5.5 for the clone 2.
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Figure 24: Determination of optimal pH of ABTS oxidation by the metagenomic clones.at 30°C.Data represent means from duplicates, and are expressed in percent of the highest value for each clone. Blue: clone 1; red: clone 2; green: clone 3.

The optimal temperature for oxidative activity was determined at pH 4.5 for the clones 1, 3 and at the pH 5 for the clone 2 (Figure 25). The clones displayed enzymes functioning optimally at 60°C (clones 1 and 3) and 50°C (clone 2). However, after 30 minutes at the optimal temperatures, only 12.5, 10.8 and 31.0 % of activity remained respectively for clones 1, 2 and 3, indicating a moderate enzymatic extract thermal stability. Because the functional characterisation of clones on mediators and on dyes needed to be performed with longer incubation times, the optimal temperature was determined according to the stability of the extract for 17 hours of incubation. These temperatures were 50°c for clones 1 and 3, and 30°C for clone 2 (Figure 26). In order to keep the extract as unaltered as possible, it was decided to forgo adding protease inhibitors, which means that the decrease in stability might come from the degradation of the enzyme by the proteases present in the extract. Further analyses are underway to purify and characterise the enzyme of interest. Figure 26 Determination of the optimal temperature of ABTS oxidation by the metagenomic clones at optimal pH, after 17 hours of incubation at each temperature. Data represent means from duplicates, and are expressed in percent of the highest value for each clone. Blue: clone 1; red: clone 2; green: clone 3.

To determine if oxidative enzymes might be laccases, metal ion effect on activity was assessed by adding copper to the reaction medium. Addition of copper was not required for Highly promiscuous oxidases discovered by functional exploration of the bovine rumen microbiome.

194 oxidative activity of clones 1 and 3, and had no significant effects on their reaction rate. In contrast, clone 2 had a low activity on ABTS in absence or with low quantities of Cu 2+ . A summary of the optimal reaction conditions can be found in Table 10.

To determine if oxidative enzymes might be peroxidases, hydrogen peroxide was added to the reaction medium. No effect on the oxidative activity of the metagenomic clones was observed (data not shown).

Enzymatic activity on model substrates

Using optimal reaction conditions (Table 10), substrate specificity was characterized by measuring activity of the cell extracts on four others mediators of known structures and redox potential: TEMPO, HBT, acetosyringone and syringaldehyde. Syringaldehyde and acetosyringone are phenolic compounds, among the main products from the degradation of syringyl-rich lignins. They are characterized by the presence of two methoxy substituents, in ortho positions of the phenol, which lowers their redox potential. They have more stable radicals since the substitutions impose steric hindrance for the polymerization via radical fusion. The TEMPO molecule is a stable radical characterized by a nitroxyl group that benefits from the steric protection provided by the four methyl groups adjacent to the nitroxyl group N-O 2 . The methyl groups prevent a double bond occurring between either carbons adjacent to nitrogen. The stability of the radical is also indicated by the weakness of the O-H bond in the hydrogenated derivative TEMPO-H. ABTS contains two sulfonate groups that can be deprotonated. The HBT substrate is characterized by N-OH group of which enzymatic oxidation is mediated by the formation of highly active nitroxyl radical >N-O • owing to the removal of an electron followed by release of a proton [START_REF] Camarero | Lignin-Derived Compounds as Efficient Laccase Mediators for Decolorization of Different Types of Recalcitrant Dyes[END_REF][START_REF] Morozova | Laccase-mediator systems and their applications: A review[END_REF][START_REF] Tavares | Optimisation of reactive textile dyes degradation by laccase-mediator system[END_REF][START_REF] Torres-Duarte | Halogenated pesticide transformation by a laccase-mediator system[END_REF][START_REF] Pardo | New colorimetric screening assays for the directed evolution of fungal laccases to improve the conversion of plant biomass[END_REF].

Clone 1 was active on all the substrates and displayed the highest activity compared to the other two clones (Figure 27). The clone 2 was poorly active on syringaldehyde, acetosyringone and HBT, while the clone 2 was not clearly active on HBT. Globally the three clones had a high flexibility towards structurally different substrates, with a highest efficiency for clone 1 and 3.
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Figure 27: Effect of the mediator type on oxidative activity of the metagenomic clones after 17 hours of incubation, at optimal pH and temperature. Data are means from duplicates, and are expressed in percent of the highest value for each substrate. The part of the activity due to the E. coli enzymes is shown as hatching. Blue: clone 1; red: clone 2; green: clone 3.

Lignin-derivative depolymerization

The results of the primary screening indicated the presence of ruminal bacterial oxidoreductases, which may be involved in lignin degradation. Nevertheless, at this stage, we did not evidence their ability to break down polymeric lignin. We thus developed a depolymerization screening strategy, using coloured semi-reflective films of polymeric sulfonated lignin, which is a by-product of wood chemical pulping [START_REF] Lebo | Lignin[END_REF]. Like butterfly wings, the principle is based on modulation of the colour of the semi-reflective nano-layers of polymer, which depends on the film thickness. The incident light reaches an air-film interface, where part of it is reflected back while the rest is transmitted into the film. The second reflection occurs at the film-substrate interface. The net reflected light intensity depends on the combination of reflected light waves from both interfaces. This principle was previously exploited for detection of polysaccharide degrading enzymatic activities [START_REF] Cerclier | Coloured Semi-reflective Thin Films for Biomass-hydrolyzing Enzyme Detection[END_REF]. Nevertheless, the construction of such semi-reflective nano-layers of soluble lignin derivatives, or of polysaccharide/lignin mixes mimicking simplified plant cell wall polymer assemblies, were never attempted. In the present study, cell extracts of the three hit clones were tested for their ability to degrade two types of films: one was composed of a Highly promiscuous oxidases discovered by functional exploration of the bovine rumen microbiome.

196 mix of resin and xyloglucan, the other contained mix of resin and sulfonated lignin. Because the resin used to polymerise the substrate onto the layers contains aromatic molecules likely to be attacked by oxidative enzymes, we used the xyloglycan layer as a control to indicate that the resin was not attacked. The results are presented into Figure 28. When cell extracts were deposited on the sulfonated lignin/resin film, its colour slightly changed, for the 3 hit clones and the E. coli control, indicating that the films were a bit attacked. Clone 2 was the most effective to degrade the sulfonated lignin/resin layer. The control clone had a low effect, which may be due to the effect of the E. coli oxidative activity observed on ABTS. The control xyloglucan/resin layer was also at least slightly degraded by all clones, including the E. coli control. This indicates that the E. coli enzymes are responsible for the slight destructuration of both the xyloglucan/resin and the sulfonated lignin/resin layers, through their action on the resin. The deposit mark was indeed not so visible when only reaction buffer was deposited on both films. In addition, the xyloglucan/resin layer was completely degraded by clone 1, indicating that it probably produces a xyloglucanase activity (which will be further discussed in the sequence analysis section).

This new screening approach thus allowed to demonstrate that the enzymes produced by clone 2 are able to depolymerize sulfonated lignin. Once this method will be optimized and automatized for production in micro-plate format with stable sulfonated lignin layers of homogeneous thickness, it will allow to screen large libraries for lignindepolymerization activities, at a throughput of hundreds thousands assays per week. This should allow to massively increase the rate of discovery and engineering of microbial ligninases, issued from cultivated and not cultivated bacteria and fungi. Highly promiscuous oxidases discovered by functional exploration of the bovine rumen microbiome.
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Application for dye elimination

Since the metagenomic clones displayed highly flexible specificity towards aromatic substrates, they were tested for their ability to degrade a panel of nine polycyclic aromatic dyes of diverse structures (Table 9), in order to evaluate the potential of the produced enzymes for industrial dye elimination. Five type of AZO dyes, one indigo, one anthraquinonic and two triphenylmethane dyes were tested. They all possess aromatic rings that may be fused, and diverse types of functional groups linked to the aromatic ring (-OH, -CH 3 , -NCH 3 , -SO 3 H, -SO 3 Na and -NH 2 ), which are reported to favour the extent of dye mineralization [START_REF] Spadaro | Degradation of azo dyes by the lignindegrading fungus Phanerochaete chrysosporium[END_REF].

Three types of experiments were performed, i.e., assessment of the ability of metagenomic clones to metabolize the targeted dyes (by following their growth on minimal medium with the dye as sole carbon source), and to discolour dyes in solid and liquid media.

Only clone 3 was able to grow on selective medium with Tropaeolin O as sole carbon source and presented a degradation halo (Figure 29). Tropaeolin O being the less structurally complex dye molecule of our dye list, we suppose that the complementarity between E. coli and recombinant enzymes was sufficient to metabolize the substrate. On rich solid medium, clone 1 formed a 1 cm diameter discolouration halo for each dye after 2 days of incubation, while at the same time, clones 2 and 3 formed halos only on azo-dyes. Less visible small white halos were observed after 9 days on MG and RBBR dyes. The control clone also formed small and pale halos on three substrates: TO, CBR3BA and MG. However, these halos were always less visible than those obtained with other clones.

Figure 29 : Dye degradation by the hit clones, in solid and liquid media: quantification of the yields of liquid medium discoloration after reaction; Growth: dark square corresponds to the clone capable of growing and forming halos on solid minimum medium supplemented with dye; halo: dark cases correspond to the clones capable of forming halos on solid rich medium supplemented with dye. IC: Indigo Carmine, TO: Tropaeolin O, A: Amaranth, RO16: Reactive Orange 16, CBR3BA: Cibracon Brillant Red 3BA, RB5: Reactive Black 5, RBBR: Remazol Brillant Blue R, AF: Acid Fuschin, MG: Malachite Green Cytoplasmic extracts of the three clones were then incubated during 72 hours in liquid media containing the dyes (Figure 29). After 72 hours of incubation in liquid medium, the formation of more or less significant solid precipitates at the bottom of wells, associated with a discolouration of the supernatant, was observed, even in wells corresponding to the control clone. After centrifugation, the spectral analysis of supernatants was performed before and after enzymatic reactions (Figure 30). On spectra collected at initial reaction times were determined the wavelength of maximal absorbance (λmax) of each dye (Figure 29). The spectra from RO and MG dyes presented two λmax values, both being reported in Figure 29. On the spectra corresponding to the final reaction time, we observed in any case a decrease of absorbance at λmax (both values in the case of RO16 and MG dyes), which was more or less important according to the clones/dye couple. The differences of absorbance between initial and final reaction times were used to calculate the yield of dye discolouration, due to the removal of dyes from the aqueous phase by precipitation of the reaction products. Clone 1 was able to discolour all the dye solutions. Clone 2 discoloured most of the solutions except IC and AF, and clone 3 did not discolour IC, AF and A solutions. Quantification of discolouration is very frequently performed in the studies dedicated to the research and assessment of biocatalysts for dye bioremediation. Most of the time, microbial consortia or individual strains are cultured in a medium containing the dye in solution and the disappearance of the colour is directly measured from these media using UV-Vis spectroscopy. In such conditions the authors did not mention precipitate formation. In many cases they observed a decrease of the absorbance at the dye λmax and a concomitant increase of absorbance at a new λmax corresponding to soluble degradation products which may also be toxic, even more so than the original dye. When the objective is to evaluate the potential of discolouration of a simple enzyme in a reaction mixture containing the dye in solution, the authors, like us, often report the formation of solid dye precipitates associated to the disappearance of the colour from the reaction medium. Several investigators have shown earlier that the aromatic compounds were either degraded or precipitated by the action of peroxidases/polyphenol oxidases. Some of them attributed the precipitation to phenoxy radicals formation followed by their spontaneous polymerization [START_REF] Cooper | Removal of phenols from a foundry wastewater using horseradish peroxidase[END_REF][START_REF] Durán | Potential applications of oxidative enzymes and phenoloxidaselike compounds in wastewater and soil treatment: a review[END_REF][START_REF] Mielgo | A packed-bed fungal bioreactor for the continuous decolourisation of azo-dyes (Orange II)[END_REF][START_REF] Mohan | Acid azo dye degradation by free and immobilized horseradish peroxidase (HRP) catalyzed process[END_REF]. It was the case in the study of [START_REF] Khan | Potential of plant polyphenol oxidases in the decolorization and removal of textile and non-textile dyes[END_REF], who monitored dye discolouration by potato and brinjal polyphenol oxidases. Dye treatment resulted in the formation of insoluble precipitates that the authors attributed to the formation of quinonederivatives, which mediate the aggregation of aromatic pollutants. These precipitates can be easily removed from the reaction mixture by simple centrifugation, sedimentation or filtration.
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Laccases also decolorize azo dyes through a highly nonspecific free radical mechanism forming phenolic compounds. Their relatively low substrate specificity is associated to the use of intermediate substrates (i.e. chemical mediators) assisting in the oxidation of different substrates by facilitating electron transfer from O 2 to laccase substrate (Forootanfar et al., 2012;[START_REF] Si | Purification, biochemical characterization and dye decolorization capacity of an alkali-resistant and metal-tolerant laccase from Trametes pubescens[END_REF]. They have the advantage of not requiring H 2 O 2 for oxidation reaction, which is an expensive co-substrate (and a potential pollutant) considered to be responsible for dye precipitation, possibly involving free-radical formation followed by polymerization of many aromatic compounds [START_REF] Bhunia | Biochemistry, evolution and physiological function of the Rnf complex, a novel ion-motive electron transport complex in prokaryotes[END_REF]. In many studies involving laccases, no mention was made of such by-products except in the study of [START_REF] Zille | Degradation of Azo Dyes by Trametes villosa Laccase over Long Periods of Oxidative Conditions[END_REF], which reported the production by polymerization of a large amount of coupled products leading to a darkening of the solution. Despite their interest for such depollution processes, laccases present bottlenecks for biorefinery of plant lignocelluloses, since they are inhibited by copper chelation by lignin, and also because of their double ability to depolymerize and repolymerize lignin, blocking the access of cellulose and hemicellulose degrading enzymes to their substrates (Ruiz-Dueñas and Martínez, 2009).

In our assay conditions, the enzymes discovered from the present study do not need any mediator, nor addition of copper or H 2 O 2 to be active beyond the usual quantity in the culture medium. This is thus of particular interest for their industrial use, both for biorefinery and bioremediation.

Sequence analysis

In order to identify the genes encoding the proteins responsible for oxidative activities, the three metagenomic DNA inserts were individually sequenced. The DNA from clones 1, 2 and 3 were each assembled into a single contig, their respective sizes being 40.6, 22.5 and 35 kb. The high sequencing depth (100X) allowed accurate gene prediction. The number of predicted genes was 28, 11 and 31 for clones 1, 2 and 3, respectively.

Functional annotation

Results of the BLASTP comparison with the NCBI_NR and Swissprot protein databases and of protein signature detection using InterProscan are given on Table S1. Mining our metagenomic sequences for laccase encoding genes by comparison with the LccED database did not give significant results. The genes responsible for clone growth using lignin alkali as sole carbon source thus do not belong to known laccase families. This result is in accordance with the fact that copper is not required for activity, except for the clone 2, whose activity increased with copper concentration.

Functional annotations allowed the designation of at least one gene for each clone that might be responsible for the detected activities.
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In contig 1, ORF 15, annotated as D-3-phosphoglycerate dehydrogenase (PGDH), was the most probable target (Table S1). The best BLASTP hit with a proven activity was a distant D-lactate dehydrogenase from Lactobacillus pentosus (from the Firmicute phylum) [START_REF] Taguchi | D-lactate dehydrogenase is a member of the D-isomer-specific 2hydroxyacid dehydrogenase family. Cloning, sequencing, and expression in Escherichia coli of the D-lactate dehydrogenase gene of Lactobacillus plantarum[END_REF], which shares 29% identity on 65 % of the sequence length. Dehydrogenases are oxidoreductases catalysing a redox reaction in which a -OH group acts as a hydrogen or electron donor and reduces NAD + or NADP. The results of InterProScan confirms this annotation, showing a D-isomer specific 2-hydroxyacid dehydrogenase catalytic and NAD binding domain, along with an ACT domain which can be, for example, found in 3phosphoglycerate dehydrogenases as a C-terminal regulatory domain. We found no report on dehydrogenase involvement in dye discolouration. However, some dehydrogenases, particularly cellobiose dehydrogenases (EC 1.1.99.18) belonging to auxiliary redox enzymes of the CAZy database, have been proposed to be involved in cellulose, hemicellulose and lignin degradation (Levasseur et al., 2013). In the present contig, the putative PGDH coding gene (ORF 15) is flanked with a gene encoding a putative phosphoserine aminotransferase (ORF 14), which are both involved in the L-serine biosynthesis pathway, previously described in Dey et al., (2005). In this pathway, the PGDH substrate, 3-D-phosphoglycerate, is an intermediate product of glycolysis, released through the Embden-Meyerhof pathway. These two genes are surrounded by other genes likely to constitute a functional cluster (ORFs 2, 3,4,8,9,10,11,[START_REF]LB + 8% glycerol: Autoclave separately 500 mL 2X LB and 500 mL glycerol at 16% (w/v) in deionized water, cool to room temperature, mix and add 1 mL/L Cm stock solution[END_REF]13) involved in the transport and degradation of polysaccharides from the plant cell wall (GH10 and GH94). Within the nearby genomic environment of PGDH, the gene coding for a methyltransferase (ORF 13) might be involved in oxidative processes through methyl group removal. Indeed, like the dehydrogenase activities, methyltransferase activities are reported to be involved in some of the lignin derivatives degradation steps in fungi and bacteria [START_REF] Jeffers | Identification of a phenolic 3-Omethyltransferase in the lignin-degrading fungus Phanerochaete chrysosporium[END_REF][START_REF] Masai | Genetic and Biochemical Investigations on Bacterial Catabolic Pathways for Lignin-Derived Aromatic Compounds[END_REF]. Finally, CAZy mining in the clone 1 sequence confirmed the presence of genes encoding hemicellulases belonging to the GH10 and GH94 families, which, individually or synergistically, would be responsible for the degradation of the xyloglucan films.

In contig 2, the gene most probably responsible for the detected activities was ORF 3, in the sequence of which a cupin 2 domain was detected using InterProScan. The two known motifs were present: 43-G(ASVGL)H(T)H(QGDC)E(MLLVLS)G-62 and 79-G(QAHYC)P(Q)G(HT)H(TVM)N-94. No proximity of our cupin sequence to a characterised enzyme has been found with an e-value higher than 0.001 (Table S1). The cupin structure is described as a six-stranded β-barrel fold at the centre of which is a metal ion, most commonly ferrous iron (Fe(II)) but other forms are known, including copper or nickel. The cupin family is one of most functionally diverse of any described protein family. The largest subset of the cupin superfamily is the 2-oxyglutarate Fe 2+ dependent dioxygenases. They use a single catalytic iron molecule to incorporate either one or both atoms of oxygen into a substrate. The metal ion is presumed to act as an electron conduit for single electron Highly promiscuous oxidases discovered by functional exploration of the bovine rumen microbiome.

202 transfer from the metal-bound substrate anion to O 2 , resulting in activation of both substrates to radical species. During the reaction, a Fe(IV)-oxo (ferryl) intermediate is formed. This powerful oxidant is then used to carry out various reactions, including hydroxylation, halogenation, and demethylation [START_REF] Dunwell | Cupins: the most functionally diverse protein superfamily?[END_REF]. In hydroxylation reaction, an hydrogen atom is abstracted from the substrate, yielding a substrate radical and a ferrous hydroxide (Fe(III)-OH). This radical then couples to the hydroxide ligand, producing the hydroxylated product and the Fe(II) resting state of the enzyme. Ferrous hydroxide itself is practically white, but even traces of oxygen impart it with a greenish colour that can vary to reddish brown. This property may explain the orange phenotype of clone 2. The oxidative activities of this clone were enhanced in presence of copper, we thus may hypothesize that this cupin-folded protein used copper ions instead of/or in addition to iron. In its review, [START_REF] Fetzner | Ring-Cleaving Dioxygenases with a Cupin Fold[END_REF] stated that some cupins are cambialistic enzymes, capable of using several divalent metal ions as cofactors.

Cupins from the subfamily dioxygenase have shown ability to degrade aromatic substrates [START_REF] Dunwell | Cupins: the most functionally diverse protein superfamily?[END_REF][START_REF] Fetzner | Ring-Cleaving Dioxygenases with a Cupin Fold[END_REF]. However, we did not find any biochemical evidence of cupin involvement in lignin degradation and dye discolouration, except the report of [START_REF] Schluter | IncP-1 Plasmid pGNB1 Isolated from a Bacterial Community from a Wastewater Treatment Plant Mediates Decolorization of Triphenylmethane Dyes[END_REF]. These authors indeed isolated a plasmid from bacteria residing in the activated sludge compartment of a wastewater treatment plant coding for a cupin 2 conserved barrel protein with an unknown function and a triphenylmethane reductase gene, which was shown to mediate discolouration of the triphenylmethane dyes.

In clone 2 sequence, the cupin encoding gene is flanked by a chelatase coding one (ORF 4). Chelatase function is insertion of divalent metal ions into tetrapyrroles to generate hemes, like cobalamin. This gene probably belongs to a cluster that continues, beyond the seven genes of the opposite strand, by five other genes (ORF 13 to 18). These last five include three genes (methionine synthase; methyltransferase, amidohydrolase) that are known to be involved in reactions using cobalamin and methylcobalamin as a cofactor in a variety of transmethylation and rearrangement reactions for amino acid transport and metabolism, especially methionine [START_REF] Rodionov | Comparative Genomics of the Vitamin B12 Metabolism and Regulation in Prokaryotes[END_REF]. The L-methionine is an essential amino acid and is required for a number of important cellular functions, including the aromatic compound methylation by methyltransferase [START_REF] Jeffers | Identification of a phenolic 3-Omethyltransferase in the lignin-degrading fungus Phanerochaete chrysosporium[END_REF][START_REF] Rodionov | Comparative genomics of the methionine metabolism in Grampositive bacteria: a variety of regulatory systems[END_REF][START_REF] Masai | Genetic and Biochemical Investigations on Bacterial Catabolic Pathways for Lignin-Derived Aromatic Compounds[END_REF]. Here, we suggest that the ORFs 15, 16 and 17 might be involved in the degradation of Kraft lignin, sulfonated lignin and dyes through transmethylation reactions complementary to the dioxygenation ones catalysed by the cupin protein.

Contig 3 contains a cluster of genes with an organization previously described in catabolism of phenolic compounds in few facultative anaerobe bacteria [START_REF] Carmona | Iron-reducing bacteria unravel novel strategies for the anaerobic catabolism of aromatic compounds: Anaerobic benzoate degradation[END_REF]. In these bacteria, degradation is due to the phenolic substrate reduction to a nonaromatic compound, carried out by a multimeric reductase. In contig 3, the reductase Highly promiscuous oxidases discovered by functional exploration of the bovine rumen microbiome.

203 encoding genes correspond to ORFs 6, 7, 8 and 9, annotated as the δαβγ subunits of a 2oxoglutarate ferredoxin oxidoreductase. The β and δ subunits were in particular annotated as 4Fe4S ferredoxin binding sites, and the α and γ ones as the reductase module. The best BLASTP hit of these subunits with a proven activity is a distant 2-oxoisovalerate oxidoreductase (VOR, Heider et al., 1996;[START_REF] Tersteegen | Structures and functions of four anabolic 2-oxoacid oxidoreductases in Methanobacterium thermoautotrophicum[END_REF] (Table S1) and the predicted domains obtained with InterProScan imply the same with an added 4Fe4S ferredoxin ironsulfur binding domain. The complex belongs to iron dependent metabolism where, in anoxic condition, it allows bacteria to gain energy through reduction/oxidation of iron minerals. This complex acts on aldehyde or oxo group of donors with ferredoxin as acceptor and a coenzyme A. The reaction that generates reduced ferredoxin was shown to accomplish the reduction of aromatic rings [START_REF] Boll | Anaerobic oxidation of aromatic compounds and hydrocarbons[END_REF][START_REF] Dorner | Properties of 2-Oxoglutarate:Ferredoxin Oxidoreductase from Thauera aromatica and Its Role in Enzymatic Reduction of the Aromatic Ring[END_REF]. In oxic conditions, 2-oxoglutarate ferredoxin oxidoreductase is responsible for the oxidative decarboxylation of 2-oxo acids such as pyruvate and 2-oxoglutarate, to their acyl coenzyme A derivatives. According to the COGs database, two components of the oxidoreductase were annotated as encoding proteins involved in energy metabolism and electron transport. On the same strand in the contig 3, the oxidoreductase encoding gene was close to two genes encoding putative transporters (ORFs 2 and 3) specific to redox compounds i.e. riboflavin and iron. These genes, probably involved in the redox activity of clone 3, are located adjacent, in the opposite direction, to a cluster of 9 genes (ORFs 10 to 19), including the ferredoxin:NAD + oxidoreductase (Rnf complex) corresponding to ORFs 14-19. A structurally equivalent complex was originally described in Rhodobacter capsulatus [START_REF] Jouanneau | Overexpression in Escherichia coli of the rnf genes from Rhodobacter capsulatus--characterization of two membrane-bound iron-sulfur proteins[END_REF], as the first enzyme in the mitochondrial respiratory chain. It is suggested to be a membrane bound electron/ion transport complex, which might have roles in nitrogen fixation. The complex contains a FeS centre, flavin-and NADH-binding sites. The enzyme catalyses the reversible electron transfer between NADH and ferredoxin using flavin directly as a redox cofactor [START_REF] Bhunia | Biochemistry, evolution and physiological function of the Rnf complex, a novel ion-motive electron transport complex in prokaryotes[END_REF].

2-oxoglutarate ferredoxin oxidoreductase and ferredoxin:NAD + oxidoreductase are both electron-generating enzymes for ring reduction [START_REF] Ebenau-Jehle | 2-Oxoglutarate:NADP+ Oxidoreductase in Azoarcus evansii: Properties and Function in Electron Transfer Reactions in Aromatic Ring Reduction[END_REF][START_REF] Barragan | The bzd Gene Cluster, Coding for Anaerobic Benzoate Catabolism, in Azoarcus sp[END_REF]. Both clusters of the contig might be involved in redox activities of the metagenomic clone observed on lignin and dyes. In addition, interestingly, the Rnf complex is concomitant to 4 genes (ORFs 11-13 and 25) related to cytochrome C, the terminal enzyme of the respiratory chain. In particular, ORF25 encode a putative cytochrome C peroxidase, a water-soluble heme-containing enzyme that reduces hydrogen peroxide to water, taking reducing equivalents from cytochrome C, though small molecules can also serve as substrate [START_REF] Welinder | Superfamily of plant, fungal and bacterial peroxidases[END_REF]. The cytochrome C association to Rnf complex and its cotranscription has previously been described in two methanogenic archea Methanosarcina acetivorans and Methanococcoides burtonii [START_REF] Bhunia | Biochemistry, evolution and physiological function of the Rnf complex, a novel ion-motive electron transport complex in prokaryotes[END_REF]. Finally, another point that should be noted is that in the same metagenomic locus, 3 genes encode CAZymes, of which one is a putative plant cell wall polysaccharide degrading enzyme (CBM22-GH10).
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Taxonomic assignation and sequence prevalence in the bovine ruminal microbiome

Metagenomic inserts of the three clones were impossible to assign accurately from a taxonomical point of view, as their sequences were too distant from any available sequenced genome. The Megan analysis using low stringent criteria revealed that the sequences were probably issued from Firmicute bacteria. Respectively, 6/28, 5/31 and 9/18 ORFs from clone 1, 3 and 2 sequences were indeed assigned to the Firmicute phylum. Let's note that the large majority of ORFs of the sequences of clone 1 and 3 (22 and 23, respectively) were assigned to bacteria from environmental samples without more taxonomic information, except that they were similar to sequences retrieved in cow rumen. Six out of 28 ORFs of contig1 and 17 out of 31 ORFs of contig3 were indeed similar to segments of the fosmid sequences from the ruminal metagenome of two Jersey cows evidenced by functional screening of polysaccharide degrading activity in the study of Wang et al. (2013). This result is explained by the strong enrichment of databases through massive metagenome sequencing projects of the last decades and the lack of knowledge of organisms that colonize these ecosystems. This observation indicate that clones 1 and 3 sequences probably come from prevalent ruminal bacteria composing the core ruminal microbiota evidenced in previous studies (Jami and Mizrahi, 2012;Wu et al., 2012). Otherwise, it is interesting to note that the gene clusters of contigs 1 and 2 were retrieved both from screening of polysaccharide degrading enzymes (Wang et al. (2013)) and in the present study, of red-ox enzymes acting on lignin derivatives. This constitutes the first evidence that bacterial ligninases and CAZymes are sometimes encoded by the same genomic loci, dedicated to degradation of plant cell wall.

Conclusion

In this study, functional metagenomics was used to discover new red-ox enzymes and metabolic pathways from the bovine rumen bacteriome, active on various aromatic substrates derived from chemical treatment of lignocelluloses in the pulp and paper industries, and from textile dyeing. None of these enzymes require addition of metals or mediators to the reaction media, conferring to them a particular interest compared to the laccases and peroxydases that are mostly used for biorefinery or dye bioremediation. Sequence analysis revealed the presence of several red-ox enzymes of different functional and structural families, which probably work in synergy to degrade and metabolize the targeted substrates. It also suggests that the identified red-ox enzymes produced by clones 1 and 3 would not require oxygen supplying their electron acceptors/ donors would rather be ions or NAD(P), for instance, that are present in the bacterial cytoplasm. Microbial processes Highly promiscuous oxidases discovered by functional exploration of the bovine rumen microbiome.

205 using recombinant bacteria producing the entire pathways discovered here would thus be more appropriate than enzyme-based processes, which would require supplementation in cofactors. Conversely, the cupin enzyme identified in clone 2 would require oxygen. This sequence could thus be issued from an aerobic or micro-aerobic bacteria, issued from soil or from dietary compounds, rather than from the native rumen itself. In addition, two of the genomic loci discovered here harbour genes encoding both red-ox enzymes capable of acting on lignin derivatives and hemicellulases, suggesting, contrarily to what was deduced until now from functional genomics studies that these bacterial enzymes could act synergistically to break down the plant cell wall network. Nevertheless, the exact identification of functions of the different enzymes encoded on these loci will require transcriptomic analysis and rational truncature of the fosmid inserts, and in structural characterization of the products released from a simple model substrate. Finally, their potential for biorefineries will have to be estimated by testing these clones on native lignin matrixes, and their mechanism on this kind of substrate elucidated. 
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Table S1: Functional and taxonomical assignation of the hit metagenomic clones. Column 1: Clone number and Megan-based taxonomic assignment by BLASTX analysis against the non redundant NCBI database. Contigs were assigned to a class, genus or species only if at least 50% of the ORFs were assigned to the same organism. Column 5: ORFs were inferred and manually annotated, based on BLASTX analysis against the NCBI non redundant and environmental database (E-value < 10 -8 , identity > 35%, query length coverage ≥50%), and BLASTP analysis against the CAZy data base. In bold, proteins most probably involved in aromatic metabolisation Column 6: ORF assignment to Cluster of Orthologous Groups using RPS-BLAST analysis against the COG database (E-values ≤ 10 -8 ).

Highly promiscuous oxidases discovered by functional exploration of the bovine rumen microbiome. To better understand the natural functioning of the ruminal ecosystem, especially catabolism of dietary fiber, and to obtain highly efficient lignocellulolytic consortia, we developed an original approach of bacteriome enrichment on wheat straw, both in vivo and in controlled reactors. After enrichment, the consortia were then used to construct two metagenomic libraries that were screened for glycoside-hydrolases, carbohydrate esterases and redox-enzymes that act synergistically to break down the plant cell wall network.

As such, the next paper, which will be submitted later on, gives a broader description of the functional capacity of the bacterial fraction of the cow rumen ecosystem, using activity-based metagenomics. For the first time, metagenomic clones were characterized on a real, highly lignified, industrial substrate, namely wheat straw. Their functional profiling allowed us to select some of the hit clones to design lignocellulolytic cocktails, and to study the effects of supplementation by esterases and red-ox enzymes on straw degradation efficiency. Sequence analysis revealed numerous novel CAZy module families, and metagenomic loci encoding batteries of synergistic lignocellulases, mostly issued from Firmicutes and unknown bacterial genera. Further data integration will be performed before submission of this article, in particular to discuss the taxonomic shift observed between the two enriched microbiomes and the native one, and to analyse the prevalence and abundance of the genes identified here in the bovine ruminal metagenome.

In addition of the team members, this part of the work was performed in collaboration with D. Morgavi (INRA Theix, in 

Introduction

The bovine ruminal microbiota is a highly complex ecosystem constituted mainly by bacteria, which represent 10 10 -10 11 cells per gram of rumen content, and by bacteriophages, archae, protozoa and fungi. Due to the paucity in their genome of genes coding for polysaccharide-degrading enzymes (the so-called Carbohydrate Active enZymes, or CAZymes (Lombard et al., 2014)), ruminants, like other mammals, depend on these symbiotic microorganisms within their digestive tract to break down most of dietary constituents, in particular plant cell wall (PCW). This complex polymeric assembly consists of a cellulose scaffold cross-linked with hemicelluloses, pectins, lignins and some proteins. The structural complexity of these biopolymers and their distribution, which varies for each plant type and growth stage, makes the complete degradation of PCW a complex issue.

Within the rumen, bacteria are the main actors of PCW degradation and fermentation, producing volatile fatty acids which are directly absorbed through the stomach wall to supply 60 to 80% of the energy requirements of the animal (Hall and Silver, 2009). Ruminal bacteria have evolved sophisticated machineries to bind, transport and degrade PCW and energy storage polysaccharides, like those encoded by the Bacteroidetes Functional exploration of naturally and artificially enriched rumen microbiomes reveals novel enzymatic synergies involved in polysaccharide breakdown
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Polysaccharide Utilization Loci (PULs, Terrapon and Henrissat, 2014), or the cellulosome-like structures described in cultivated Firmicutes (White et al., 2014;Ze et al., 2015).

Since only a minor fraction of the ruminal bacterial species is culturable (Wu et al., 2012), their sequence-based metagenomics has been largely used in the past decade to study their plant biomass degradation potential (Brulc et al., 2009;Hess et al., 2011;Wang et al., 2013;[START_REF] Patel | Microbial and Carbohydrate Active Enzyme profile of buffalo rumen metagenome and their alteration in response to variation in the diet[END_REF]. These studies revealed that the ruminal bacteriome is one of the richest and the most diverse one in terms of CAZy encoding genes. This specificity has been exploited many times to mine it for novel PCW polysaccharide degrading enzymes, by using activity-based metagenomics. This approach indeed provides a direct link between DNA and the encoded protein function, allowing one to discover novel enzyme families and/or novel functions. In total, 131 novel glycoside-hydrolases were identified by applying this approach to the ruminal bacteriome (Morgavi et al., 2013). Nevertheless, no novel GH family was still discovered from this ecosystem (André et al., 2014), and none of these enzymes was tested for efficiency of crude plant biomass degradation. However, these last two points are crucial for developing novel processes of lignocellulose bioconversion into second generation biofuels and biosourced synthons, which is still a scientific and economic challenge in the context of rarefaction of fossil resources and global warming (Menon and Rao, 2012). To be the most efficient as possible, glycoside-hydrolases and auxiliary enzymes like esterases and oxidoreductases have indeed to be used in cocktails, to take advantage of their various substrate specificities for disrupting the PCW network.

The efficiency of the bovine ruminal bacteria in degrading plant cell wall has also been exploited by engineered mixed cultures inoculated by rumen content. Such in vitro microbiome enrichment strategy, using lignocellulosic waste like wheat straw as sole carbon source, recently allowed obtaining stable hyper-hydrolytic mixed cultures (Lazuka et al., 2015). The microbial diversity, together with cellulase, cellobiohydrolase and xylanase activities, were significantly affected during enrichment. Nevertheless, the enzymes that are finally responsible for lignocellulose degradation in this enriched microbiota have still not been identified. Several metaomic approaches could be used to access them. Metatranscriptomics and metaproteomics would indeed be highly informative to identify the most expressed functional genes and the most produced proteins. However, these methods will not provide any experimental proof of their function.

In the study described here, we thus used activity-based metagenomics in order to identify key enzymes of lignocellulose degradation by two hyper-lignocellulolytic bacterial consortia issued from the bovine rumen. These microbiomes were obtained after in vitro and in vivo enrichments on wheat straw, an agricultural waste which tends to be used in European biorefineries to produce second generation biofuels (Menon and Rao, 2012). A multi-step high-throughput screening strategy was first set up to meet the three following challenges: i) accessing not only glycoside-hydrolases, but also esterases and Functional exploration of naturally and artificially enriched rumen microbiomes reveals novel enzymatic synergies involved in polysaccharide breakdown 222 oxidoreductases, that are all necessary to completely break down PCW; ii) quantifying their efficiency to degrade wheat straw; iii) designing synergistic enzyme cocktails to increase the performances of crude plant biomass degradation. The taxonomic and functional profiles of the two enriched microbiomes has then been compared, in the light of the biochemical and metagenomic data today available regarding these semi-natural and artificial ruminal ecosystems.

Results and discussion

Primary high-throughput screening of the metagenomic libraries

The 'in vivo enriched' (IVVE) rumen metagenomic library was constructed from a mix of the ruminal contents of two cows fed with a diet enriched in wheat straw. It consisted of 19,968 Escherichia coli fosmid clones, each clone comprising a 30-40 kb DNA insert. The 'in vitro enriched' (IVTE) library was obtained from the ruminal contents of the same cows before dietary enrichment, but was enriched in vitro in a bioreactor, following the method described by Lazuka et al. (2015). This library consisted of 20,352 Escherichia coli fosmid clones.

Each library thus covers around 700 Mbp of metagenomic DNA, which corresponds to the equivalent of more than one hundred bacterial genomes. After primary screening, 172 hits were isolated on both libraries, some of them being active on more than one substrate. Chromogenic substrates were used for CAZy mining. Endo-acting hemicellulases were screened by using AZCL-xylan and AZO-Carob Galactomannan. From the IVVE library, 30 hits (yield 0.15%) were active on the first, while 9 hits (yield 0.04%) were found on the latter. Very surprisingly at this stage, the results were completely different for the IVTE library, since 4 (yield 0.02%) and 53 hits (yield 0.26%) were found, respectively, on these substrates.

Endo-β-glucanase activities, including endo-(1,4)-β-D-glucanase (cellulase) and endo-1,4-1,3-β-D-glucanase (lichenase) activities, were screened by using the AZO-CarboxyMethyl-Cellulose (Azo-CMC) and AZCL-Barley β-glucan substrates. Here again, the primary screening results were different with the two libraries. From the IVVE library, 8 hits (yield 0.04%) were active on AZCL-Barley β-glucan, while none was found on Azo-CMC. For the IVTE library, 19 hits (yield 0.09%) and 44 hits (yield 0.22%) were found, respectively, on these substrates. Only eight of these clones were positive on both substrates, highlighting the interest to screen for endo-β-glucanase activities by using substrates with various structures (for instance polymers constituted by β-(1-4)/(1-3)-linked D-glucose residues like in barley βglucan, or only by β-(1-4) linked D-glucose residues like in cellulose) and chromogenic groups, to sort out enzymes depending on their specificities.
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In addition, the libraries were screened for esterase activities, since carbohydrate-esterases are also key enzymes to break down hemicellulosic components. Esterases were first screened by using Tween 20 (Polyethylene glycol sorbitan monolaurate, an ester with C12 chain length), a substrate known to be easily degraded by esterases (Kulkarni et al., 2013), including carbohydrate-esterases (Ufarté et al., 2016a). After this primary screening, 26 hits (yield 0.13%) were isolated from the IVVE library, while only 3 (yield 0.01%) were found for the IVTE one (Table 11). Finally, screening for bacterial oxidoreductases, which might be involved in ruminal lignin degradation, was also performed on both libraries, using lignin alkali, a degradation product of lignin, and ABTS, a chromogenic substrate usually used for characterizing oxidases acting on polyaromatics, especially laccases. ABTS-based assays were previously set up in liquid medium, allowing activity detection of either extracellular fungal oxidases [START_REF] Regalado | Activated oxygen species and two extracellular enzymes: laccase and aryl-alcohol oxidase, novel for the lignin-degrading fungus Fusarium proliferatum[END_REF] or intracellular recombinant enzymes expressed in E. coli [START_REF] Boonen | Identification and characterization of a novel multicopper oxidase from Acidomyces acidophilus with ferroxidase activity[END_REF]. However, to our knowledge, no screen was previously described for screening oxidases on Functional exploration of naturally and artificially enriched rumen microbiomes reveals novel enzymatic synergies involved in polysaccharide breakdown 224 solid medium using this specific substrate. Here, we developed a very-high throughput method to screen oxidase activity on solid plates. We transferred the recombinant clones from the culture medium to the screening medium, which is lethal to E. coli cells because of the presence of high amounts of Cu and Mn, by using a PVDF membrane. Like other solid medium assays, this method allows one to screen enzyme libraries at a throughput of 400,000 assays per week, by using a simple colony picker automate.

From the IVVE library, only 3 clones (0.02%) were found active on lignin alkali (LA), and none reacted on ABTS. For the bioreactor enrichment, 3 hits (0.01%) were found on lignin alkali, and 2 (0.01%) on ABTS (Table 11). None of these clones was found positive on the two screening media. These low oxidase hit yields are in accordance with the few data available in the literature regarding bacterial rumen oxidases acting on cyclic compounds, which are likely not abundant in this ecosystem, although poorly characterized. Our results are also consistent with the data of Lazuka et al. (2015), which show that lignin is not degraded by the rumen-wheat straw-derived consortium corresponding to the IVTE one. Finally, the anaerobic conditions of plant biomass degradation by the IVVE and IVTE consortia do not favor oxidative reactions, although all oxidoreductases do not need oxygen [START_REF] Ufarté | Highly promiscuous oxidases discovered by functional exploration of the bovine rumen microbiome. to be submitted. Functional exploration of naturally and artificially enriched rumen microbiomes reveals novel enzymatic synergies involved in polysaccharide breakdown 300[END_REF], even if some digestive reactions may partially occur in aerobic conditions when ruminal content is regurgitated during rumination.

A much lower yield of hit clones active on Tween20 and AZCL-xylan has been observed, along with a higher hit yield on AZCL-galactomannan, AZCL-β-glucan and Azo-CMC, by comparing the results obtained from the IVTE library with those from the IVVE one. Duration and efficiency of substrate degradation in both ecosystems might explain these differences. In the bovine rumen, the transit time is indeed between 20 to 48h, while each step of the in vitro enrichment on wheat straw lasted 7 days for each of the 10 cycles that were necessary for stabilization of the ecosystem. In both ecosystems, the plant biomass that is degraded first is the readily-accessible one, like soluble hemicelluloses. The crystalline parts of semi-crystalline polymers, like mannans and cellulose, are probably further degraded only if needed, once they become accessible to some specific enzymes that are able to act on semi-crystalline polymer structures. Endo-and exo-hemicellulases and, in minor extend, cellulases acting on soluble polysaccharides are thus probably predominant in the natural ruminal ecosystem, even when the sampled cows were predominantly fed with wheat straw. This is in accordance both with the high xylanase and esterase hit yields in our screening data, and with the sequence-based metagenomic data analyzed by Wang et al. (2013), who compared the abundance of CAZy families, and their main related activities, in diverse ruminal microbiomes. According to these authors, in the cow rumen, the sequences of the major enzyme families responsible for hemicellulose (except mannans) and oligosaccharide degradation indeed represent 85% of the ruminal CAZome. In contrast, the families which mostly represent cellulases and mannanases only represent 15 %.
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The fact that no hit active on Azo-CMC was found from the IVVE library is probably due to the three following reasons: i) the quite low yield of β-glucanase encoding genes in the native cow rumen microbiome: from the data of Hess et al. (2011), we calculated that GH5, GH6, GH7, GH9, GH44, GH45 encoding genes would be present at a frequency of only 1 hit every 109 Mb, a number particularly close to the hit frequency obtained after screening on AZCL-β-glucan (1 hit every 100 Mb); ii) the possible differential heterologous expression of genes encoding enzymes that might be active on this screening substrate, depending on their taxonomical origin.

As mentioned before, we obtained much more β-glucanase active clones from the IVTE library, but less xylanase and esterase active ones. Again, this might be due to the duration of substrate degradation in the bioreactor, which is much longer than in vivo, and to the stringency of the microbial culture conditions which is much more higher in vitro, with wheat straw constituting the sole carbon source. These two factors explain why a large part of the readily accessible biomass was degraded at the sampling time. Lazuka et al. (2015) indeed measured that around 60% of the initial cellulose and hemicelluloses were metabolized after 15 days incubation using the rumen-wheat straw derived consortium at the end of the last enrichment step, and that the ratio between crystalline and amorphous cellulose significantly increased. This IVTE consortium is thus particularly efficient to break down hemicelluloses and amorphous cellulose, which is consistent with the high xylanase and CMCase activities quantified at the end of enrichment. These data explain why we found much more hit clones on Azo-CMC, AZCL-Barley β-glucan (representing 9 β-glucanase hits every 100 Mb of screened metagenomics DNA) and AZO-Carob Galactomannan from the IVTE library, compared to the IVVE one, which was issued from a much more natural microbiome. This highlights strong differences in communities composition between the two enriched microbiota, those producing CMCases that can be expressed in E.coli, being probably not present in the same amounts.

On the contrary, the data from Lazuka et al. do not explain why we obtained low yields of xylanase and esterase hit clones from the IVTE library. The fact that the IVTE consortium produces a high xylanase activity does not necessarily mean that the corresponding metagenome is enriched in xylanase encoding genes that, in addition, are compatible with heterologous expression in E. coli. The high xylanase activity detected in the IVTE consortium might indeed be due i) to a high abundancy of only some xylanase encoding genes (which would not be properly expressed in E. coli), because of a specific enrichment in the strains which produce them; and/or ii) to a strong expression of some xylanase encoding genes in these specific enrichment conditions; and/or iii) to a particularly high catalytic efficiency of the enzymes that are specifically expressed at the end of the enrichment step.
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Discrimination screening

To determine the substrate specificities of the encoded enzymes, and to select clones that harbor multigenic clusters encoding various synergistic activities, all the clones selected after primary screening were then tested on other chromogenic hemicellulosic (AZCLarabinoxylan, AZCL-arabinan, AZCL-xyloglucan) and cellulosic substrates (AZCL-hydroxyethyl-cellulose (AZCL-HEC), AZO-α cellulose and AZO-Avicel).

Among the 172 hits from the primary screening, 68 were active on more than one polysaccharidic substrate (Table 12, Figure 31 and Figure 32). In particular, 32 of the 34 clones active on AZCL-xylan were also active on AZCL-arabinoxylan. 
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Functional exploration of naturally and artificially enriched rumen microbiomes reveals novel enzymatic synergies involved in polysaccharide breakdown Regarding endo-β-glucanase activities, most of those selected on Azo-CMC were also positive on AZCL-HEC, another chemically modified amorphous and soluble cellulose. But unfortunately, no clone was found active on the chromogenic substrates representing the most resistant fractions of cellulose, namely AZO-α cellulose (the insoluble amorphous alkali resistant cellulose fraction, with a very high polymerization degree) and AZO-Avicel (a highly crystalline cellulose fraction). The amorphous parts of cellulose are indeed the easiest to degrade, and this fraction was the first to be degraded by the IVTE consortium. However, αcrystalline, as well as crystalline parts of cellulose, are known to be highly resistant to most of endo-enzymes [START_REF] Schwarz | The cellulosome and cellulose degradation by anaerobic bacteria[END_REF][START_REF] Lynd | Microbial Cellulose Utilization: Fundamentals and Biotechnology[END_REF][START_REF] Wilson | Microbial diversity of cellulose hydrolysis[END_REF]. To our knowledge, there is still no cellulase found active on Avicel or α-cellulose, discovered by activity-based metagenomics, whatever is the mined ecosystem.

In addition, 10 of the 44 clones obtained from the IVTE library on CMC are also active on AZCL-xyloglucan, a hemicellulosic component. At this stage, one can think that most of the endo-cellulases retrieved here thus present a high flexibility towards amorphous substrates (CMC,HEC,xyloglucan,3) 
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Functional exploration of naturally and artificially enriched rumen microbiomes reveals novel enzymatic synergies involved in polysaccharide breakdown 229 xyloglucanases / endo-cellulases, is a trait that has already been observed for many enzymes, like those belonging to family GH5, GH8 and GH44 [START_REF] Ko | A novel bifunctional endo-/exo-type cellulase from an anaerobic ruminal bacterium[END_REF][START_REF] Warner | Kinetic characterization of a glycoside hydrolase family 44 xyloglucanase/endoglucanase from Ruminococcus flavefaciens FD-1[END_REF][START_REF] Bhat | Isolation of coldactive, acidic endocellulase from Ladakh soil by functional metagenomics[END_REF]. Nevertheless, the ability of these clones to degrade both cellulosic substrates and xyloglucan might also be due to the expression of various GH encoding genes present on the same metagenomic DNA insert. This will be further analyzed in this paper, in the light of sequence analysis results.

All the primary screening hits were also tested on para-nitrophenyl acetate (pNPA), para-nitrophenyl butyrate (pNPB), para-nitrophenyl palmitate (pNPP). The activity levels were low (between 0.4 and 2x10 -4 U/ml of extract), since in fosmids, the metagenomic gene expression is not under the control of strong promotors, but rather under the control of sequences randomly scattered on the metagenomic DNA insert, which are recognized as promotors by E. coli (Tauzin et al. 2015., In prep.). However, these activity levels allowed us to discriminate clones in function of their substrate specificity. 47 clones were active only on pNPA and/or pNPB, confirming the presence of esterases, some of them being carbohydrate-esterases involved in hemicellulose breakdown, as explained below. Only 9 clones were also active on pNPP, a substrate specific to lipases, acting on long fatty acid chains, concomitantly or not with pNPA and/or pNPB. These enzymes might be involved in the still not well known microbial lipolysis mechanisms in the cow rumen.

Regarding clones unearthed by the oxidoreductase screening, discrimination screening was performed using concentrated enzymatic extracts on the chromogenic polycyclic compound, ABTS. Unsurprisingly, again the measured activities were low (between 0.1 and 0.8 U/L of culture). However, activity displayed by these 8 clones was at least 3 times higher than that of the negative control (an E. coli clone containing an empty fosmid), which is itself able to slightly break down ABTS, thanks to any of the E. coli oxidoreductase activities. Among the 8 hit clones, seven showed activity on ABTS without any copper added to the reaction medium, indicating that they are not laccases. The last one, issued from the IVTE library, did not require any copper, but H 2 O 2. , This clone thus probably harbors a peroxidase (data not shown).

It is difficult to know what the role played by these oxidoreductases is in their natural habitat, and thus, what is their physiologic substrate. While cows fed predominantly on wheat straw might be better equipped to degrade lignin, it is known that fungi have a specific activity towards it along with an ability to produce esterases to hydrolyse ester linkages between lignin and hemicelluloses or cellulose (Goel et al., 2015). Nevertheless, it is possible that the presence, abundance and functional importance of bacterial ligninases in the rumen would be underestimated, as it was the case until recently in various microbial ecosystems (Ausec et al., 2011;Strachan et al., 2014). It is also possible that lignin degradation in the rumen has been overestimated. Further biochemical and sequence analyses are now necessary to estimate the applicative potential of the oxidases retrieved here, and to investigate their role in vivo.
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Synergic activities of PCW degradation

All the hit clones were tested for their ability to degrade wheat straw. Screening of polysaccharide hydrolysis performances was performed in micro-plates by quantifying the reducing sugars released after incubation of clone cytoplasmic extracts with a fixed amount of milled straw. To render it compatible with the low levels of activity produced by fosmid clones, we had to adapt the method previously described by [START_REF] Song | A high-throughput screening system for the evaluation of biomass-hydrolyzing glycoside hydrolases[END_REF] who used plasmid clones expressing heterologous enzymes under the control of strong inducible promoters (Figure 31 and Figure 32). Because the DNS method was not sufficiently sensitive, we thus used the Nelson-Somogyi method [START_REF] Nelson | Functional exploration of naturally and artificially enriched rumen microbiomes reveals novel enzymatic synergies involved in polysaccharide breakdown 299[END_REF], which allows the quantification of reducing sugars down to 250 mg/L, which is 10 times more sensitive. In addition, in order to eliminate bias due to differences of cell growth and protein production between the metagenomic clones, we normalized the data with the amount of total proteins in the cellular extracts.

Clear differences between IVVE and IVTE clones were observed. Indeed, 23 % of the IVVE clones presenting activity on any of the primary or secondary screening polysaccharide substrates produced at least 1.5 times more reducing sugars than the negative control. This value reached 52 % for the IVTE clones, highlighting the efficiency of bioreactor enrichment for mining crude plant biomass degrading enzymes. In addition, surprisingly the most efficient clones on wheat straw (which produced up to 100 µg of reducing sugars per mg of total proteins, a value corresponding to 110 µg of reducing sugars per ml of culture) were not necessarily those producing complementary activities of PCW degradation, like for instance cellulases and xylanases. Nevertheless, since we did not screen for exo-acting CAZymes, at this stage, it is difficult to know if this result is due to a particularly high expression and/or activity of the endo-acting enzymes produced by the most efficient clones. It might also be due to the presence of several glycosidases which could massively contribute to the release of reducing sugars, by cleaving hemicellulosic side chains. This will be discussed below, in the light of the sequence annotation data.

The primary and secondary screening data, as well as those of wheat straw degradation efficiency by individual clones were used to select clones to be mixed in PCW degrading cocktails. The potential synergistic effects of the various activities produced by the metagenomic clones for crude plant biomass breakdown were tested on wheat straw, by using the same method as the one described above. Several clones were chosen to be mixed in enzymatic cocktails, according to 2 criteria: i) the production of several complementary activities required for PCW degradation, due to multi-genic clusters encoding a battery of CAZymes, and potentially also of oxidases; ii) the clone efficiency of straw degradation, which had to correspond at least to 1.5 times more released reducing sugars than with the negative control, at least for the 'polysaccharidases', exceptwhen only one clone shows a specific activity (Figure 31 and Figure 32).
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From the IVVE clones, 5 clones were selected to constitute a 'polysaccharidasesesterases' mix, since the several of the most efficient clones on wheat straw displayed both activities. This 'polysaccharidases-esterases' mix is constituted by enzymes acting on xylan, arabinoxylan, debranched arabinan, barley β-glucan, xyloglucan, galactomannan, HEC and pNP-substrates. A second IVVE mix was created, named 'polysaccharidases-esterasesoxidases', containing the 5 clones of the 'polysaccharidases-esterases', supplemented with the three clones harbouring an oxidoreductase activity.

Four different mixes were created from the IVTE clones. The 'polysaccharidases' one was constituted by 4 clones, producing enzymes active on xylan, arabinoxylan, barley βglucan, xyloglucan, galactomannan, debranched arabinan , CMC, and/or HEC. The 'polysaccharidases-esterases' mix was supplemented by 3 clones with esterase activities. A third mix, named 'polysaccharidases-oxidases', was created by adding to the 'polysaccharidases' mix the 5 clones with oxidoreductase activity. The fourth and last IVTE mix, named 'polysaccharidases-esterases-oxidases', contains the 12 different clones (Table 13).

Table 13: List of the clones included in the lignocellulase cocktails, their functional properties and CAZome, deduced from sequence analysis. CE* corresponds to a sequence that is very distantly related to a CE family First, a synergistic effect of the various activities present in the cocktails was observed, since the efficiency of straw degradation was between 1.2 and 2.5 times higher than the theoretical value corresponding to the mean of the degradation efficiencies of all the clones constituting the cocktails (Figure 33). The highest synergistic effect was observed for the IVTE 'polysaccharidases-esterases' mix, of which the straw degradation efficiency is 2.5 folds higher than the theoretical value. The IVTE esterases (which are classified in carbohydrate-esterase families, as further explained) clearly positively affect straw degradation efficiency, by facilitating glycoside-hydrolase access to hemicellulose main chains.

Mix
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Figure 33: Activity of the different lignocellulolytic mixes on wheat straw.

Effect of oxidoreductases was different. The efficiency of the two IVVE cocktails was indeed equivale nt, indicating that addition of IVVE oxidoreductases to the 'polysaccharidases-esterases' mix did not impact to the efficiency of straw degradation. On the other hand, the effect of the IVTE oxidoreductases on the IVTE 'polysaccharidases' and 'polysaccharidases-esterases' mixes was rather negative, indicating that at least one of these particular oxidases might have released lignin-degradation products that inhibit CAZymes, or reorganized lignin, even through depolymerization/repolymerization, limiting accessibility to the polysaccharidic network [START_REF] Jørgensen | Enzymatic conversion of lignocellulose into fermentable sugars: challenges and opportunities[END_REF].

These results highlight the interest of such a screening strategy to select metagenomic clones which, alone or acting in synergy, are the most efficient to break down crude plant biomass. This is crucial, since activity-based metagenomics, which is frequently used to mine microbial ecosystems for novel CAZymes, often generates hundreds of hit clones per study, which, until now, were difficult to sort out based on non-quantitative assays performed on chromogenic substrates, which are far from mimicking the complexity of real PCW matrixes.

Sequencing and data analysis

Screening results, particularly ability to break down several PCW constituants, as well as efficiency of straw degradation allowed us to select 32 IVVE and 27 IVTE clones for Functional exploration of naturally and artificially enriched rumen microbiomes reveals novel enzymatic synergies involved in polysaccharide breakdown 235 sequencing of the metagenomic DNA inserts (Table S1). In total, 2 Mb of metagenomic DNA was sequenced, with an average coverage of 40 x. One or two contigs sizing more than 30 kp were obtained for each clone. No sequence redundancy was observed between IVVE and IVTE clones. Nevertheless, several cases of total and partial sequence redundancy were observed, between clones from the same library, especially the IVTE one. Two loci, sizing between 9 and 35 kb, were indeed found in 3 (clones 15F15, 44C18 and 44C20) and 7 IVTE clones (clones 15K21, 20G16, 28D5, 38A17, 44D8, 44F17 and 46A3), respectively. This phenomenon might be due to a lowest microbial diversity in the IVTE sample, compared to the IVVE one. The Simpson index of the IVTE sample was indeed of only 11.7 (Lazuka et al., 2015), against 36.8 in the non-enriched ruminal microbiota of the sampled cows. The determination of the IVVE Simpson index will allow us soon to confirm this hypothesis. Nevertheless, the high sequence redundancy between IVTE clones might also be due to the difficulties encountered to discriminate them based on the screening results. Most of the clones harboring these redundant sequences indeed present the same activity profile.

In contrast, only 2 IVVE clones (44C17 and 43J15) harbor identical sequences, 3 share highly similar sequences (> 98% identity and > 70% contig coverage) (clones 12F23, 32D12 and 38D22), and 3 others (clones 50E19, 45P14 and 25I16) contain sequences presenting redundancies at their extremities, allowing one to artificially contigate them to obtain a 52 kb metagenomic sequence probably issued from one unique species.

Taxonomic assignation

Firstly, BLASTn analysis against the non redundant database of the NCBI revealed that 2 IVVE clone sequences (50E19 and 45P14) present high homology (> 80 % sequence identity >50% coverage) with metagenomic contigs obtained from ruminal samples issued from Chinese Holstein cattle (Cheng et al., 2012) and 5 others (16B10, 25I16, 42N18, 45P14 and 50E19) from Jersey cows (Wang et al., 2013).These sequences, which belong to xylanase active clones, are thus issued from highly prevalent xylanolytic ruminal bacteria, that have been assigned to the Firmicute phylum (Cheng et al., 2012;Wang et al., 2013). Surprisingly, significant homology (> 99 % sequence identity, >90% coverage) was also found between IVTE contigs and genomic loci of the human bacterium Enterococcus faecium T110 (clone 45H9), or human gut metagenomic sequences (clone 10D6, corresponding to the sequence GU942953.1, of a metagenomic clone active on AZCL-βglucan and Yeast β-glucan) assigned to the Bacteroides genus (Tasse et al., 2010), indicating that the function-targeted strategy allowed us to discover major fibrolytic pathways of gut microbiomes.

Secondly, Megan sequence analysis revealed that the most probable common ancestors to which belong the sequences of the IVVE library were mostly bacteria from the Functional exploration of naturally and artificially enriched rumen microbiomes reveals novel enzymatic synergies involved in polysaccharide breakdown 236 Firmicute phylum (19 of the 32 clones of the IVVE library). Sequences were too distant from those of sequenced genomes, to annotate them below the phylum rank, except for two clones which were assigned to Clostridiales. However, in many cases, a few of the ORFs from these Firmicutes were assigned to Faecalibacterium prausnitzii, which is one of the most prevalent species of the rumen community [START_REF] Ross | High throughput whole rumen metagenome profiling using untargeted massively parallel sequencing[END_REF]. Regarding the other clones of this library, the assignments matched to Bacteria from environmental samples, without more taxonomic information, apart from their similarity to sequences retrieved from cow ruminal metagenome (Wang et al., 2013) and other environments. It means that our sequences, while similar to known sequences from different ecosystems do not belong to known organisms.

The assignment of the 27 IVTE clones showed a radical shift in bacterial population. Most of the clones (17 out of 27) were assigned to the Bacteroidetes phylum. In this population, it was possible to assign the sequences more precisely. Some clones were indeed assigned to the Prevotella or Bacteroides genus and even at the species rank to Bacteroides graminisolvens and Bacteroides uniformis, which are common anaerobic commensal and dominant strains of the rumen microbiome, known for their ability to degrade plant cell wall. Only two clones were assigned to the Firmicute phylum and one clone was assigned at species level to Paenirhodobacter enshiensis from the Proteobacteria phylum. In addition, two clones were assigned to bacteria whose sequences have similarities with bacterial sequences from environmental samples. Moreover, among the clones with sequences assembled in two contigs, six present a very different assignments for each contig: one being related to Firmicutes and the other to Bacteroidetes (clones 14J10, 15F15, 41J20, 44C18, 44C20), or one assigned to Clostridiales and the other to Enterococcus faecium (Lactobacillales) (clone 45H9). We did not observe this feature into the IVVE rumen library where only two clone sequences were assembled in two contigs, assigned to the same taxonomic group. The assignment of the two contigs to different taxonomic groups might indicate the mix of two fosmids in the same clone, each containing a metagenomic insert from different organisms. However, this hypothesis seems unlikely since fosmidic DNA extraction was performed from a culture of a single colony, and since such phenomenon was never observed for the hundreds of metagenomic clones sequenced by ourselves and others, which were obtained by using the same cloning strategy. In addition, this phenomenon cannot be due to miscontigation between DNA from different clones, since DNA samples were individually labeled for sequencing and read assembly. Another hypothesis that appears more likely, since among both contigs, one was very short, would be recombination events between DNAs from distant organisms, through horizontal gene transfers. However, we did not find insertion elements like transposases in the outcome of functional annotation, contrarily to what we previously observed in the human gut metagenome (Tasse et al., 2010;Cecchini et al., 2013).
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We compared our taxonomic results to those of Lazuka et al. (2015), who, while working on the same IVTE metagenomic sample, studied the microbial diversity evolution before and after in-vitro enrichment by using 16S rDNA sequencing. In agreement with the previous findings of [START_REF] Ross | High throughput whole rumen metagenome profiling using untargeted massively parallel sequencing[END_REF], they found that Bacteroidetes, Firmicutes and to a lesser extent Proteobacteria, were the predominant phyla of the bovine ruminal community, even after artificial enrichment (these phyla represent 85 % of the total bacterial community in the IVTE sample). This is globally in accordance with our results since our sequences were assigned to the most represented phyla, Firmicutes and Bacteroidetes only one clone being assigned to Proteobacteria. Regarding the relative distribution of the main classes into the IVTE community, Lazuka et al. described an equal repartition of bacteria between Clostridia, Bacteroidia (a class of Bacteroidetes) and an unclassified class of Bacteroidetes. Our results did not reflect these findings since we found that most of our IVTE library sequences belonged to Bacteroidia.

As for the IVVE community, the equivalent microbial diversity analysis is still not available. In this library, we found that annotated sequences belonged exclusively to Firmicutes or to non-assigned bacteria. The absence of Bacteroidia in assignation of the IVVE clone hits was unexpected since bacteria from this class are known for their involvement in plant cell wall degradation. It is also well established and demonstrated in previous studies (Tasse et al., 2010) that E. coli, as an expression host, is capable of expressing genes from a great diversity of bacterial classes including Clostridia, Bacteroidia, Lactobaccillia… The coming results of 16S rDNA analysis of the IVVE community will help us, hopefully, to clarify this point.

Functional annotation

ORFs were then functionally annotated by using the RAST annotation server, and the results were confronted to those of BLASTP analysis against the Uniprot/Swissprot database, and of the CAZy mining. For nearly all hit clones, we found at least one ORF coding for an enzyme likely responsible for the evidenced clone activities i.e., carbohydrate hydrolysis, hydrolysis of ester bounds or oxidoreduction. In many cases these genes were organized into functional clusters, and surrounded by other genes having complementary and accessory functions for plant cell wall harvesting, degradation and metabolisation: complementary GHs (endo-and exo-enzymes, that were found in particular in the most active clones on wheat straw, like 12F23, 28D5, 30D14, 6F24), and CEs, but also carbohydrate transporters, isomerases, kinases, epimerases, sortases (a transpeptidase that attaches surface proteins to the cell wall) and signal peptidases.

In five cases (IVTE clones 10N13, 26I17, 42A14 and the IVVE clones 51I19, 43C17 and its redundant 43J15) the metagenomic clones degraded wheat straw, though no glycoside hydrolase sequence was found in their contigs. The three IVTE clones were also active on Functional exploration of naturally and artificially enriched rumen microbiomes reveals novel enzymatic synergies involved in polysaccharide breakdown 238 ABTS or lignin alkali for which we found genes likely to be responsible of the activity (oxidoreductases, dehydrogenases, methyltransferases, acetylases). The IVVE clone 51I19 was not active on lignin alkali, nor on ABTS though it harbored in its sequence at least one oxidoreductase which has not been evidenced by the screening. Finally, redundant sequences of the IVVE clones 43C17 and 43J15 contain only a GH32 encoding gene, which make no sense with the lignocellulosic activities of these clones.

Regarding the absence of CAZy encoding genes (or of families that have no characterized member acting on the same substrate that the hit clone, like 43C17 and its redundant 43J15) from the contigs associated with GH activities, we suggest that a CAZy encoding gene exists into the target sequence but was too original to be identified by sequence comparison. In particular, even if sequence analysis did not reveal any known lytic polysaccharide mono-oxygenase, it is not impossible that the red-ox enzymes we isolated may act on polysaccharides and release both oxidized and non-oxidized oligosaccharides. Very original GHs may also be produced by these clones. This is the case in particular for clone 10N13, for which RAST annotation suggests that it contains a probable β-1,4-exoglucanase (even not retrieved by BLAST analysis against the CAZy database), and for clone 51I19, which is highly active on AZO-galactomannan. Rational truncature, or transposition mutagenesis of these metagenomic inserts will allow us to identify which gene is responsible for carbohydrate degradation, and thus, to identify completely novel CAZy families.

For all other clones active on polysaccharides, 132 putative CAZyme sequences were identified in total. All are original compared to biochemically characterized, since they present less than 50% identity for less than 95% coverage with the best BLAST hits of the Swissprot database. Among them, several sequences are very distantly related to known GH or CE sequences, and appear as GH* or CE*. Some of them seem to be related to an already known CAZy family, but cannot be classified in them, because specific features of enzymes from this family (like for example one of the catalytic residues) are missing in the target sequence. Five GH* (2 related to GH63, and 2 to GH39) and one CE* were found from the IVVE library, and only one GH* (related to GH9) and one CE* (related to CE1) from the IVTE library. This is coherent with the higher diversity found in IVVE. Furthermore, X modules were also annotated, corresponding to a group of sequences forming a family, without any member characterized to date. Four X modules were found in the sequences from both enrichments. Two X91, one X19 and one X103 were found in IVVE, and one X238, one X153 and two X modules, distantly related to CBM4 in IVTE. Another point, observed only for the IVVE enrichment, is the presence of unknown modules of more than 50 amino acids that could correspond, depending on their size, to small non-catalytic modules (dockerin), CBMs, or even still uncharacterized catalytic modules for the longest ones. Ten were annotated as 'unknown' in the IVVE, with 4 sizing between 50 and 100 amino acids (1 being homologous to a dockerin, and the other to the C-terminal domain of a GH2 enzyme, according to Interproscan annotation), 4 between 100 and 200 amino acids (3 being homologous to the C-terminal domain of GHs), and 2 with more than 250 amino acids (one being annotated as a mutarotase-like domain, and the other only as an uncharacterized conserved protein). These original sequences, in particular the GH*, CE* and X catalytic modules, along with the CAZy sequences we will further identify from the clones active on polysaccharides, for which none was found by the present analysis, constitute highly interesting targets for creation and characterization of novel CAZy families. Let's note that the number of still uncharacterized CAZy modules per Mb is more than 10 times higher than that retrieved from the human gut metagenome (Tasse et al. 2010, Cecchini et al., 2013) by using the same approach, highlighting the fascinating discovery potential of the bovine rumen microbiome.

3.

Materials and methods

Chemicals

Tween 20, Pefabloc, para-nitrophenyl acetate (pNPA), para-nitrophenyl butyrate (pNPB), para-nitrophenyl palmytate (pNPP), para-nitrophenol (pNP), 2,2′-Azino-bis(3ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), lignin alkali, bovine serum albumin (BSA) were purchased from Sigma Aldrich (France). AZCL-xylan (birchwood), AZCL-xyloglucan (tamarind), AZCL-HE Cellulose, AZCL-arabinoxylan (wheat), AZCL-debranched arabinan, AZCL-Barley β-glucan, AZO-CM Cellulose, AZO-Avicel, AZO-α cellulose, AZO-Carob Galactomannan were purchased from Megazyme (Ireland). Lysonase™ Bioprocessing Reagent was purchased from Novagen. Protein Assay Dye Reagent concentrate 5X was purchased from Bio-Rad.

Biomass preparation

Wheat straw (Apache variety), harvested in 2007 in southern France, was obtained from ARD (Pomacle, France). Subsequently, the straw was milled to powder form (0.5 mm) using a blade grinder and washed with distilled water at 4 °C (>10 volumes). Straw powder was recovered by filtration using a Büchner funnel with Whatman® No.4 filter paper (pore size: 20-25 μm), then dried in a dry oven. The dried powder was then sterilized by autoclaving.

Metagenomic DNA sampling and library construction

The non-producing Holstein dairy cows used in this study were reared according to the national standards fixed by the legislation on animal care (Certificate of Authorization to Experiment on Living Animals, No. 004495, Ministry of Agricultures, France). In particular, before enrichment, the cows were fed a standard dairy cow ration composed of corn silage (64% DM), hay (6% DM) and concentrate (30% DM). They were fed ad libitum once a day in the morning. The two cows received during 7 weeks a diet of 80% wheat straw, 12% concentrate and 8% beetroot molasses before sampling of their rumen content. For Functional exploration of naturally and artificially enriched rumen microbiomes reveals novel enzymatic synergies involved in polysaccharide breakdown 240 sampling, the whole rumen content was collected from two individuals fitted with rumen cannula. Rumen contents were taken from various parts of the rumen and manually homogenized. Subsamples (30 g) were immediately frozen in liquid nitrogen before storage at -80 °C. For constructing the IVTE library, the two cows were sampled before following a particular diet. This sample was used to inoculate the bioreactors fed only by wheat straw, as described by Lazuka et al., (2015). For IVVE, the same two cows were fed for seven weeks with wheat straw enriched food before sampling and library construction.

The metagenomic libraries were constructed in Escherichia coli strain by Libragen from the mix of rumen bacterial DNAs extracted from the bioreactor (IVTE library) or directly from both cows (IVVE library). Briefly, total metagenomic DNA was extracted and fragmented. Fragments sizing between 30 and 40 kb were isolated as previously described (Tasse et al., 2010) and cloned into pCC1FOS fosmid (Epicentre Technologies). EPI100 E. coli cells were then transfected to obtain a library of 20,352 and 19,968 clones from the rumen samples of the bioreactor and rumen enrichment respectively. Recombinant clones were transferred to 53 or 52 384-well microtiter plates containing Luria Bertani (LB) medium, supplemented with 12.5 mg/L chloramphenicol and 8% glycerol. After 22 hours of growth at 37°C without shaking, the plates were long-time stored at -80°C.

Primary high-throughput screening of the metagenomic libraries

The resulting libraries were gridded on 22 cm x 22 cm trays containing solid agar medium, using an automated microplate gridder (K2, KBiosystem, Basildon, UK), which allows to perform 140,000 assays in 2 days. Three major activities were screened:

Esterase/lipase activity

Esterase/lipase screening medium was constituted by solid LB medium supplemented with 12.5 mg/L chloramphenicol and 1% (w/v) final concentration of Tween 20. The assay plates were incubated during 3 days at 37°C until apparition of a powdery halo, signifying the presence of a positive clone.

Carbohydrate degrading activity

Polysaccharide degrading activity screening media were LB media, supplemented with 12.5 mg/L chloramphenicol and with chromogenic substrates (AZCL-xylan, AZCL-Barley β-glucan, AZO-CM Cellulose, AZO-Carob Galactomannan) at final concentration of 0.2% (w/v). After incubation of plates at 37°C, for plates containing AZCL-substrates, positive clones were visually detected after 1 to 10 days of incubation by the presence of a blue halo resulting from the production of colored oligosaccharides of which color diffused around the bacterial colonies. For AZO-polysaccharides, clear halos were observed around the positive clones.
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Oxidoreductase activity

Oxidoreductase activity screening was done on two different substrates. The first medium was a minimal medium supplemented with 12.5 mg/L chloramphenicol, 15 g/L agar and 1% (w/v) filter sterilized lignin alkali as sole carbon source (except agar itself). Minimal medium was composed of a final concentration of salts (3.6 O), 0.04 g/L leucine and 0.1 g/L thiamine hypochloride. The assay plates were incubated at 37°C until visualization of the growth of hit clones.

The other screening method used ABTS as the substrate. A first layer was composed of solid LB medium with 12.5 mg/L chloramphenicol. , on which was deposited a durapore PVDF membrane of 0.22 µM (Millipore) that was preliminary autoclaved. The clones were gridded and grown on the membrane. After growth, the membrane was moved to another medium, containing 15 g/L agar, 12.5 mg/L chloramphenicol, 0.1M sodium citrate pH 4.5 , 1 mM CuSO 4 5H 2 O, 1 mM MnCl 2 4H 2 O and 1mM ABTS. Positive hits became green or grey, along with the presence of halos sometimes.

Each positive clone was picked, and streaked on Petri dishes containing solid LB medium supplemented with 12.5 mg/L chloramphenicol. Three colonies were picked, grown in liquid LB medium and stored in microplates containing LB medium with 8% of glycerol, to be used for the validation process. Omnytrays containing media which allowed the discovery of positive clones during primary screening were made. Gridding was made manually using the microplates containing the three copies of each positive hit. Only the most active clone was kept for further analyses.

Discrimination screening

Esterase/lipase activity

Validated hit clones obtained after primary screening for the esterase activity were grown in microplates containing 200µL of LB medium for pre-culture, at 37°C overnight. These pre-cultures were used to sow deep well micro-plates containing 1.6 mL of LB liquid medium supplemented with 12.5 mg/L chloramphenicol, which were subsequently incubated overnight at 37°C. Cells were pelleted by centrifugation for 30 minutes at 4°C and 1,760 x g. Each pellet was re-suspended in 250 µL of lysis buffer (100 mM HEPES pH 7.5, 1 mM pefabloc and 666.7 µl/L lysonase), and incubated for one hour at 37°C and 600 rpm (shaking throw 25 mm) in a Multitron Pro shaker (INFORS HT) with a freeze/unfreeze cycle at -80°C in order to perform cell lysis. Cellular extracts were isolated by centrifugation for 30 minutes at 4°C and 1,760 x g, and stored at 4°C for less than 24 h before use.

Functional exploration of naturally and artificially enriched rumen microbiomes reveals novel enzymatic synergies involved in polysaccharide breakdown 242 Esterase/lipase activity of the cytoplasmic extracts was estimated by monitoring the hydrolysis of pNP esters into the corresponding acid and p-nitrophenol. Assays were performed in 96-well microtiter plates on pNPA, pNPB and pNPP at 1 mM final concentration. pNP was used for standard curve. For pNPA and pNPB, 195 µL of cellular extract were mixed with 5µL of substrate dissolved at 40 mM in 2-methyl-2-butanol (2M2B). For pNPP, 175µL of cellular extract were mixed with 25µL of substrate dissolved at 8 mM in isopropanol. Enzymatic activity was determined by following the absorbance increase at 405 nm during 30 min at 30°C, in a microplate spectrophotometer (BioTek™ Eon™ Microplate Spectrophotometers, Colmar, France).

Polysaccharide degrading activity

Validated hit clones obtained after primary screening for the carbohydrate degrading activity were further characterized using chromogenic substrates in solid medium (AZO-Avicel, AZO HE cellulose, AZO-α cellulose, AZCL arabinoxylan, AZCL-xyloglucan, AZCL debranched arabinan) at final concentration of 0.2% (w/v). After incubation of plates at 37°C, for plates containing AZCL-substrates, positive clones were visually detected after 1 to 10 days of incubation by the presence of a blue halo resulting from the production of coloured oligosaccharides of which colour diffused around the bacterial colonies. For AZOpolysaccharides, clear halos were observed around the positive clones.

Further characterization was done using wheat straw as substrate. Validated hit clones were grown in microplates containing 200µL of LB medium for pre-culture, at 37°C overnight. These pre-cultures were used to sow deep well micro-plates containing 600 µL of LB liquid medium supplemented with 12.5 mg/L chloramphenicol, which were subsequently incubated overnight at 37°C. 400 µL of each well were used to create a new deep-well, and 40µL of 5g/L lysozyme in PBS pH 7.0 were added to each well, and the deep-well was incubated for one hour at 37°C and 600 rpm (shaking throw 25 mm) in a Multitron Pro shaker (INFORS HT) with a freeze/unfreeze cycle at -80°C in order to perform cell lysis. The reaction mixture was composed of 250 µL of cellular extract, 250 µL of PBS pH 7.0 and the equivalence of 90µL of wheat straw. To do so, a transfer device (45 μl capacity Multiscreen® column loader, Millipore Inc., USA) compatible with 96-well microtiter plate format was employed to deliver a fixed amount of wheat straw to all individual wells in polypropylene microtiter plates [START_REF] Song | A high-throughput screening system for the evaluation of biomass-hydrolyzing glycoside hydrolases[END_REF]. The deep-well was incubated at 37°C and 600 rpm (shaking throw 25 mm) in a Multitron Pro shaker (INFORS HT). One hundred µL samples were extracted after centrifugation at 2,250 x g for 30 minutes. Free reduced sugar was quantified using the Nelson-Somogyi method, and the activity was measured in µg of free reduced sugar / mg protein.

In the Nelson-Somogyi method [START_REF] Nelson | Functional exploration of naturally and artificially enriched rumen microbiomes reveals novel enzymatic synergies involved in polysaccharide breakdown 299[END_REF], solution A is composed of 200 g/L of anhydrous Na 2 SO 4 , 25 g/L anhydrous Na 2 CO 3 , 25g/L of potassium sodium tartrate, 20 g/L Functional exploration of naturally and artificially enriched rumen microbiomes reveals novel enzymatic synergies involved in polysaccharide breakdown 243 anhydrous NaHCO 3 . All these powders must then be sprinkled on 800 mL of warm ultrapure water, before adjusting to 1 liter. The solution is then filtered and stocked at 30-35°C in order to avoid crystallization. Solution B is composed of 150 g/L of CuSO 4 , 5H 2 O, and 20 drops of concentrated H 2 SO 4 , before adjusting to 1 liter. Solution C is a mix of 25 mL of solution A and 1 mL of solution B. Solution D is composed of 50 g/L of (NH 4 ) 6 Mo 7 O 24 , 4 H 2 O, dissolved in 800 mL of ultrapure water, 42 mL/L of concentrated H 2 SO 4 , quickly poured, 6 g/L of Na 2 HAsO 4 , 7 H 2 O dissolve in a small volume of water, before adjusting to 1 liter. Solution D is then put in an opaque bottle, and heated up for 3 hours at 55°C.

The sample was put in a deep-well, to which was added 100 µL of a solution C. The deep-well was then heated up to 95°C in a water bath for 15 minutes. After cooling down the deep-well, 100µL of solution D was added. After shaking for 10 minutes, 1 mL of ultrapure water was added. Take 250 µL to put in a microplate and read the OD 600 nm. The standard used was xylose, at concentration 0 to 250 µg/mL. Quantification of total proteins present in the samples was carried out using the Bradford method [START_REF] Kruger | The Bradford Method for Protein Quantitation, in: Basic Protein and Peptide Protocols[END_REF]. The samples were diluted by five, and 20µL of these dilutions were mixed with 200 µL of Bradford reagent. After 20 minutes, the OD was measured at 595 nm. The standard used was BSA.

Enzymatic cocktails were prepared by mixing 250µL of enzymatic extract from each selected clone. The enzymatic reaction medium contained 250 µL of PBS pH 7.0 and 250 µL of the mix, along with the equivalent of 90 µl of wheat straw, as for activity measurement of individual clones. The theoretical activity of the enzymatic cocktails was calculated as follows: mean of the sum of activities of all the clones included in the mix (µg free sugar carbohydrates/ml of reaction) divided by the mean of the amount of proteins in the mix (mg proteins / mL reaction).

The real synergy activity was calculated as follows: activity of the mix (µg free sugar carbohydrates/ml of reaction) divided by the mean of the amount of total proteins in the mix (mg proteins / mL reaction).

Oxidoreductase activity

The clones were grown at 37°C in 20 mL LB medium, with orbital shaking at 120 r.p.m.. After 16 h, cells were harvested by centrifuging for 5 min at 5,000 r.p.m., and resuspended in activity buffer to obtain a final OD 600nm of 80. Cell lysis was done using sonication. Cell debris were centrifuged at 13,000 r.p.m. for 10 min and the cytoplasmic extracts were filtered with a 0.20 μm Minisart RC4 syringe filter. Enzymatic reactions were carried out at 30°C, by adding 5mM ABTS as a colored substrate, in 96 wells microtiter plate assays. Each well contained 20 µl of concentrated cytoplasmic extract, 5 mM ABTS, 0, 10 mM Functional exploration of naturally and artificially enriched rumen microbiomes reveals novel enzymatic synergies involved in polysaccharide breakdown 244 CuSO 4 , 0 or 3% H 2 O 2 and 100 mM sodium citrate buffer pH 4.5. Enzymatic activity was determined by following absorbance increase at 420 nm during 30 min, measured using a microplate spectrophotometer (BioTek™ Eon™ Microplate Spectrophotometers, Colmar, France). ABTS oxidizing activity was expressed as µmol/min/L culture , using an ABTS extinction coefficient value of ε ABTS, 420nm = 36,000 M -1 .cm -1 .

Sequencing and data analysis

Fosmid DNA of the positive clones was extracted with the NucleoBond Xtra Midi kit from Macherey-Nagel (France) following supplier recommendations. Fosmids were then sequenced with the MiSeq technology, at the Genotoul platform (http://get.genotoul.fr/). Read assembly was performed using Masurca (http://www.genome.umd.edu/masurca.html). The contigs were cleaned from the vector pCC1FOS sequence using Crossmatch (http://bozeman.mbt.washington.edu/phredphrapconsed.html). ORF detection and functional annotation was performed using the RAST software (Aziz et al., 2008).

CAZyme encoding genes were identified by BLAST analysis of the predicted ORFs against the sequences included in the CAZy database (http://www.cazy.org) using a cut-off E-value of 7.10 -6 followed by visual inspection and alignment with known CAZy families.

The annotation of ORFs corresponding to target functions (CAZymes, esterases, oxidoreductases) were manually verified, based on BLASTP analysis against the NCBI UniProtKBSwiss-Prot database.

The protein signatures were detected using the InterProScan software (Jones et al., 2014).

The most probable taxonomical origin of the contigs was retrieved using MEGAN v3.2.1 (Huson et al., 2007), based on ORF BLASTX analysis against the non-redundant NCBI protein database (E-value ≤10 -8 , identity ≥90%, query length coverage ≥50%). Contigs were assigned to a phylum, order, class, genus or species only if at least 50% of their ORFs were assigned to the same level.

Conclusion:

In the present work, activity-based metagenomics was used to explore the functional potential of the bacterial consortia issued from the bovine ruminal ecosystem enriched in vivo and in vitro on wheat straw. A multi-step high-throughput screening strategy was developed to sort out metagenomic clones that are able to break down polysaccharidic and Functional exploration of naturally and artificially enriched rumen microbiomes reveals novel enzymatic synergies involved in polysaccharide breakdown 245 polyaromatic PCW components, and to select those that are the most efficient to degrade crude plant biomass, like wheat straw particles. This generic approach, which is applicable to any natural or artificial microbiome, allowed us to highlight novel multigenic clusters involved in PCW degradation, issued from highly prevalent uncultivated ruminal bacteria that are specialized in the breakdown of hemicelluloses, cellulose, and maybe also lignin.

The structure-function relationships of the most original glycoside-hydrolases, carbohydrate esterases and oxidases encoded by these loci, in particular those containing still uncharacterized structural modules, will be further studied in order to unravel their specific role in PCW catabolism. In the introduction section, we have seen that the bovine rumen ecosystem is a highly diverse microbiota, producing a large range of enzymes, able to act on many different kinds of polymeric structures issued from dietary constituents. Up to now, this ecosystem, especially its bacterial fraction, has been mostly studied to understand better its ability to degrade plant cell wall polysaccharides, in particular cellulose and hemicelluloses. However, none of the numerous ruminal CAZymes that were discovered these last years through culture-independent methods like metagenomics, were tested on crude plant cell wall extracts representing industrial substrates for biorefineries. In addition, the structural originality of the newly discovered enzymes is relative, since none of them belong to a real new enzyme family and/or display new functions of carbohydrate modification. Furthermore, the potential role of ruminal bacterial oxidoreductases in lignin degradation has never been investigated, while this polymer is an important plant cell wall constituent, which negatively impacts nutritional efficiency. Finally, the substrate flexibility of the main classes of ruminal enzymes (glycoside-hydrolases, esterases, oxidoreductases, proteases, phytases…) has rarely been exploited for degradation of unnatural substrates, such as pollutants.

In this context, this thesis work aimed at several objectives, among which are:

 The discovery of novel pollutant degrading activities from metagenomic clones.  Enrichment of the bovine ruminal microbiome in lignocellulosic functions in order to boost the discovery of original enzymes working synergistically to break down an industrial lignocellulosic substrate  The exploitation of the functional diversity of this complex ecosystem to isolate novel enzymes of interest for depollution Before concluding on the major results obtained from this thesis project, it is important to mention how enrichment of the ruminal microbiome was performed. Wheat straw was chosen as enrichment substrate because of its industrial interest, several European biorefineries using this agricultural waste, which is not in competition with food or feed applications, as raw material. It is a substrate particularly rich in cellulose, hemicelluloses and lignin that can be used to supplement cow's diet without causing too much digestive troubles. Because of its composition, it was chosen to enrich the native bovine microbiome in several activities of interest for this project, namely glycoside-hydrolases, esterases, and potentially also, bacterial oxidases. The metagenome of the consortium obtained by in vivo enrichment was thus the most studied in the frame of this thesis. The in vivo enrichment duration was only of seven weeks, and the library was immediately constructed and available at the beginning of my project. The optimization of the in vitro enrichment, which was conducted under the responsibility of Dr G. Hernandez-Raquet, lasted one year to obtain a stable lignocellulolytic consortium, which was subsequently used for the second library construction. As soon as the second library was available, the same primary screening strategy was applied to it, allowing comparison of the functional profiles of the in vitro and in vivo enriched libraries. The taxonomical analysis of both libraries by 16S rDNA analysis is underway, together with that of the initial metagenomics sample before any enrichment.

To find enzymes of interest for bioremediation, it might have been easier to enrich the ecosystem with target pollutants, the native microbes and their enzymes not being naturally adapted to such synthetic compounds. Nevertheless, the in vivo enrichment approach would not have been possible because of the toxicity of the targeted compounds for mammals. In addition, conducting several in vitro enrichments on various pollutants would have taken too much time to allow result exploitation in only three years, and would have been too expensive. Moreover, toxicity for humans of most of the compounds targeted in this study (dyes and phytosanitary products) would have rendered much more difficult the steps of enrichment, DNA recovery, and library construction. We thus decided to abandon this option and to exploit a more 'natural' functional diversity. The multi-steps screening strategy we used allowed us to first isolate batteries of glycoside-hydrolases, esterases and oxidoreductases, of which the specificity towards structurally different substrates, including toxic ones, was screened in a second step, allowing us to select the most interesting clones for in-depth functional characterization.

In this context, we will conclude on the main results, discuss the advances, along with providing the perspectives of these works.

Discovery of new bacterial oxidoreductases

As described in the introduction section and in chapter V, bacterial ligninases were only recently discovered and very few of them have been isolated. Because lignin is a major plant constituent, it represents a significant part of a bovine's diet. However, at the beginning of this thesis, nothing was known on the potential ability of bacterial ruminal oxidoreductases to break down lignin.

Set up of novel screening assays

In order to investigate this question, we had to design novel protocols for screening this activity on solid media. Automated screening in solid format indeed allows a 500 to 1,000 times higher screening throughput (up to 400,000 assays per week) than screening in liquid format, as described in two of our papers published in 2015 (Ufarté et al. annex 1 and chapter 1).

First, we tested lignin alkali, otherwise known as kraft lignin (depolymerized lignin), as a substrate to look for enzymes involved in lignin metabolization. Counting on the fact that a battery of catabolic enzymes could be encoded by the same multi-genic cluster, then compatible with our fosmid clone libraries which harbor metagenomics inserts sizing several dozen kb, the screening was performed in minimal medium, allowing growth of the sole clones that were able to use lignin alkali as carbon source. This positive selection strategy, which gave positive results, would probably not be successful with native, insoluble lignin, of which particles would not be sufficiently accessible to the heterologous enzymes mostly produced intracellularly by E. coli.

In order to increase our chances of finding ruminal oxidoreductases, we also adapted a classical protocol used for screening in micro-plate format libraries of laccases variants obtained by combinatorial protein engineering. In order to perform this screen in solid medium, we indeed had to first grow the E. coli clones on a membrane deposited on a rich culture medium, and to transfer them onto screening agar plates containing the ABTS chromogenic substrate and high amounts of copper, which are lethal for E. coli. This protocol also gave positive clones, at a yield comparable with that obtained from compost microbiomes in the frame of another team project. By optimizing this screening protocol and by increasing by 1,000 times its throughput, we rendered it highly generic and compatible with the functional exploration of very large sequence spaces, issued from metagenomes or directed evolution.

The results of the primary screening performed here on the bovine rumen indicated the presence of ruminal bacterial oxidoreductases, which may be involved in lignin degradation. Nevertheless, at this stage, we did not find evidence of their ability to break down polymeric lignin.

With this aim, we took advantage of the collaboration between the 'Discomics' group ('Metaomics for Enzyme Discovery') of the LISBP, in which this thesis work was done, and B. Cathala and C. Moreau (BIA, INRA Nantes, France), experts in polymer sciences and nanotechnologies. They indeed developed an innovative technology for the construction of nano-layers of polysaccharides, of which the color change depended on the layer thickness. In the frame of the ANR project 'REFLEX', the Discomics group set up an automated screening approach, based on the use of these polymer layers, for CAZymes discovery in metagenomes for instance. In the frame of my thesis, we thus asked our partners to create nano-layers of polymeric lignin, in order to test our metagenomic clones displaying oxidoreductase activities. Sulfonated lignin was used to create the films, in order to obtain stable polymer chain assemblies, which would not have been possible with insoluble native lignin particles. The positive results, presented in chapter V, establish the proof of concept of this screening methodology. Once optimized (as it was done recently for polysaccharide layers in the frame of the REFLEX project) for a better control of homogeneity and stability of the films, this technology will offer a very robust, sensitive, and quantitative method for high-throughput screening of lignin-degrading enzymes. With the other screening methods developed in this thesis project, it would in particular be highly interesting to explore the lignolytic potential of uncultivated ruminal fungi, thanks to activity-based

Conclusion and perspectives

306 metatranscriptomic approaches, such as those recently developed by the Discomic group (paper in preparation).

Properties of the new ruminal oxidoreductases

In order to characterize substrate specificity of the newly discovered enzymes, optimization of the reaction conditions was performed by using ABTS as substrate. Experiments with or without copper, and with or without hydrogen peroxide, showed that none of the eight hits absolutely needed copper to be active, indicating that they do not belong to laccase families. While none exhibited higher activity with hydrogen peroxide from the in vivo enrichment, one enzyme from the in vitro enrichment was active in the presence of H 2 O 2 , indicating the possibility of it being a peroxidase. Further characterization of the temperature and pH profiles of activity was necessary, to find the optimal conditions of use on the substrates of interest (dyes and lignin). This showed that these enzymes are thermoactive, being still active at 50°C, and also active in acidic conditions (pH 4.5-5.0). In their respective optimal conditions of use, the three clones selected for in-depth characterization were able to discolor structurally different dyes, especially AZO dyes. Further experiments are nevertheless necessary to conclude on the exact activity of each hit enzyme. Structural characterization of the reaction products (the soluble and insoluble ones) by NMR and MS should allow us to determine the substrate modification sites. This step will need purification of the targeted enzymes, in order to eliminate the E. coli oxidoreductase background activity that we detected in the metagenomic clones. In order to identify the genes responsible for the detected activities, there are three different approaches.

The first one, which is a random one, is transposition mutagenesis. It consists of disrupting genes by randomly inserting a transposon sequence in the fosmid insert, and in screening again the transformants to identify those which lost the activity. The Discomics group used this approach many times in other studies. However, the results were often disappointing, since activity is sometimes abolished because of the insertion of the transposon in sequence regions that act as transcription regulators for E. coli. A recent transcriptomic study of the team, performed on E. coli metagenomic clones indeed allowed us to demonstrate that heterologous gene expression is due to the random presence of those sequences in the metagenomic inserts, and not to the native promotors (paper in preparation).

The second approach consists of rational truncation of the fosmid inserts around the genes that have been identified by sequence analysis to be the most probable targets. This strategy is especially powerful, even though time consuming, if several genes encode enzymes that are involved in the screened activity. Nevertheless, it does not allow one to produce high yields of heterologous proteins, and to tag them for further purification.

The last approach consists of sub-cloning only the best gene targets in overexpression vectors. In our case, functional annotation allowed identification, for each hit clone, of genes encoding oxidoreductases, along with a genomic context that seems to imply a synergic activity of different enzymes. Two of the targets did not correspond to any known genes involved in polyaromatic compound degradation, highlighting the originality of these new sequences, but unfortunately, the impossibility of determining the exact enzyme family. The presence in the third clone (clone 32D12) of genes encoding putative red-ox enzyme with four subunits will make the over-production of this target a crucial step, especially during the protein folding phase in the cytoplasm. Different vectors and strains would be necessary to test in order to find the best production conditions. For the monomeric and homo-multimeric enzymes, usual overexpression vectors, containing the tags of interest for purification would be the first to test, while for the four sub-units enzyme, a special cloning system, used to produce the whole enzyme in one step would be necessary. A strain designed to help folding the protein it produces might be necessary, like the ArcticExpress competent cells (Agilent) that produce cold-adapted chaperonin to help in the folding of expressed enzymes for example. Of course, a large number of experiments and multiple combinations would be necessary to find the best cloning and expression conditions. Once purified, these enzymes will be further characterized to investigate their role in the structural modification of the polyaromatic substrates, to investigate their structure/function relationships, and to quantify their potential for dye bioremediation and the valorization of lignin derivatives from different industries (in terms of efficiency, stability, yield of recombinant expression, and toxicity/recovery facility/biodegradability and recyclability of the released products).

Dye discoloration is indeed of interest, especially for the textile industry, considering the amount of dyes leaking into the environment. The formation of colored precipitates could be used to remove this part of waste by centrifugation, filtration or sedimentation for example. Enzyme immobilization could be envisaged to eventually stabilize the biocatalysts, to recycle them and decrease their production costs. Dye discoloration would in this case be performed in batch enzyme reactors only, precipitation of the reaction products preventing the use of fixed-bed reactors. Microbial reactors based on enzyme production in heterologous strains performing efficient enzyme secretion, if possible GRAS (Generally Recognized as Safe) ones like Bacillus subtilis, could also be envisaged to circumvent the economic bottleneck due to enzyme production and purification.

The same could be said for lignin alkali, a waste produced in paper industries. The creation of new processes to degrade it that could be used in small or medium sized paper plant would be of high interest, considering that they cannot afford the usual expensive treatment of wastewater. The positive impact on the environment could be quite high, considering that Kraft process is predominant in the pulping industry. The fact that these enzymes are also able to degrade sulfonated lignin, a byproduct of the sulfite pulping method is also of high interest. Indeed, while the process has been mostly replaced by Kraft process, it is still used nowadays. Further analyses are needed to determine the yield of substrate depolymerisation and the structure of the degradation products. The ability of our new red-ox enzymes to degrade lignin extracts from various botanical origins, as well as lignin wastes that are recalcitrant to plant biomass pretreatment processes, will also have to be tested. These last aspects require complementary expertise in lignin structural characterization. Collaboration has been initiated with L. Eltis (University of British Columbia), to this aim.

Finally, if we discovered several new red-ox bacterial enzymes that are able to break down various polyaromatic substrates, including lignin derivatives, their physiologic role in the rumen is still unclear. We indeed have no experimental proof of action of these enzymes on native lignin, even if at least two (produced by clones 10N15 and 32D12) are encoded by multigenic systems, encoding also hemicellulase involved in the breakdown of the plant cell wall polysaccharidic network. The characterization of native lignin structure before and after incubation with those enzymatic extracts should soon allow us to confirm or not this hypothesis.

Ruminal esterases as bioremediation tools

A large diversity of esterases, active on many different substrates, was also discovered thanks to the multi-step screening strategy we used in this study.

More in depth characterization was performed after primary and secondary screening on chromogenic esters, in order to study their potential for carbamate pollutant degradation. Two classes of substrates were selected: Impranil DLN, a commercial polyurethane, two insecticides carbamates (fenoxycarb and fenobucarb) and one herbicide thiocarbamate (prosulfocarb). Screening in solid minimal and rich media on Impranil DLN allowed the isolation of 57 clones from the 85 primary hits. Two clones were chosen for their efficiency to form a degradation halo on rich medium, and to grow on minimal medium supplemented with Impranil DLN as sole carbon source. Clone 44I12 is also active on the three tested pNP-substrates, while 12F23 is only weakly active on pNPB only. Efficiency of polyurethane degradation and these differences in substrate specificities guided our choice, in order to avoid sequence redundancy, which often occurs after activity-based screening of metagenomics libraries.

HPSEC and MALDI-TOF results confirmed that Impranil DLN structural modifications occured during hydrolysis. However, since the exact structure of the lateral chains of this commercial polymer is not available (even though a potential structure has been recently proposed) [START_REF] Biffinger | The applicability of Impranil®DLN for gauging the biodegradation of polyurethanes[END_REF], it is impossible at this stage to identify the exact cleavage sites of this substrate. Reaction buffer and conditions of HPSEC analysis will have to be optimized, in order to avoid aggregation (due to lyophilisation in PBS buffer), and to increase product recovery yields. Then, NMR and MS analysis of the reaction products should allow us to decipher the mechanism of action of these new esterases on Impranil DLN.

Reactions on smaller carbamates showed that only clone 44I12 is able to convert the tested phytosanitary compounds, in particular fenobucarb, into 2-sec-butylphenol. This highlights the large substrate flexibility of CE2_Ubrb, which can degrade the three tested pNP-substrates, Tween20, and two structurally different carbamate pollutants, compared to CE1_Ubrb that can only degrade one pNP-substrate and Impranil DLN. Sequence analysis indicated that CE1 and CE2_Ubrb belong to lipolytic family V and IV respectively. These two enzymes are today the only members of these families presenting carbamate degrading activities. Indeed, until the present study, only family VII was known to possess carbamate degrading members. Let's notice that CE1_Ubrb best characterized homolog is a PLA degrading enzyme. Preliminary assays did not allow us to detect any PLA degrading activity for the CE1 and CE2_Ubrb producing clone. Nevertheless, degradation of PLA and structurally homologous plastics will have to be re-tested soon by using recently optimized methods, plastic degradation being a very important research field for plastic recycling.

In any case, like the red-ox enzymes described before, the next step will be to subclone the CE1 and CE2_Ubrb encoding genes in an over-expression vector in order to purify and crystallize them to identify the structural determinants of substrate flexibility. This will also allow us to determine their catalytic efficiency and stability, which are two important parameters for enzyme industrialization. Indeed, polyurethanes are a non-negligible part (6-7%) of the total mass of plastics produced worldwide, and cover more than half of the automotive and commercial coating application market. Among these, Impranil DLN is used for textile, leather, and aircraft fabric coatings. As such, the degradation of such a dispersed pollutant is of high interest. The fact that the clones are able to grow on Impranil DLN selective medium shows their ability to completely metabolize the substrate, which is very interesting for microbial bioremediation processes. The same can be said for fenobucarb. Indeed, fenobucarb is an insecticide carbamate, used predominantly in paddy fields to control rice thrips, leafhoppers and plant hoppers in many rice growing countries worldwide. Unfortunately, it has been demonstrated that a part of the insecticides used move from the rice paddy effluent to receiving water bodies, among which can be found surface water and more dangerously ground water. The degradation of fenobucarb has then become a serious environmental need. Bioremediation of fenobucarb thanks to CE2_Ubrb-based enzymatic or microbial process is thus of particular interest, especially because this enzyme is the first member of the lipolytic family IV to catalyze this reaction, which would allow one to circumvent intellectual property covering carbamate degrading enzymes belonging to family VII.

Effect of enrichment on the functional profile of the rumen microbiome

The two metagenomic libraries obtained after in vivo and in vitro enrichment on wheat straw were screened for polysaccharide degrading enzymes, esterases and oxidoreductases. The results highlighted drastically different functional profiles expressed in these libraries. A much lower yield of hit clones active on Tween 20 and AZCL-xylan was observed, along with a higher hit yield on AZCL-galactomannan, AZCL-β-glucan and AZO-CMCellulose, by comparing the results obtained from the IVTE library with those from the IVVE one. This trend could be explained by the duration and the efficiency of substrate degradation. While in vitro, the reaction lasts seven days before a new inoculation is made, in vivo, the transit time varies from 20 to 48h. As such, the hypothesis is that in the rumen, the readily accessible biomass is degraded first, and then, hemicelluloses are being degraded, with a little of amorphous cellulose, which might explain the higher number of hits on hemicellulolytic substrates, and the low number of hits on cellulases. On the other hand, for the in vitro enrichment, the degradation lasts longer, and the amorphous cellulose might be the one that is being degraded at the sampling time, along hemicelluloses, which would explain the higher number of cellulases.

Degradation assays on different kinds of chromogenic celluloses show that no matter the enrichment, the more crystalline cellulose was not degraded, while the more amorphous ones gave a higher number of hits from the IVTE, validating the hypothesis on cellulose degradation. This result is not surprising, since to our knowledge, no enzyme able to degrade crystalline cellulose has been isolated from mammal or insect gut microbiomes by using activity-based metagenomics. This is probably due to the fact that although crystalline cellulose is chemically homogeneous, no single enzyme is able to hydrolyze it, whereas soluble cellulose derivatives can easily be degraded by a single endo-β-1,4-glucanase. The crystalline cellulose is only hydrolyzed by a cluster of interacting enzymes or by multienzyme complex like cellulosomes. In the present study, the strategy of metagenomic library construction allowed the cloning of entire multigenic clusters, but concomitant expression in E. coli of all genes from a same gene cluster is highly improbable. Even if some of our CAZy sequences seem to harbor dockerin modules, that are the witnesses of the presence of cellulosome-like structures (like in clone 49M8), it is not sure at all that the enzymatic complex targets cellulose in the native bacterium, since cellulosome-like assemblies are not specific to cellulose degradation. In addition, chromogenic substrates and chemically treated ones (like Avicel) are not structurally identical to native semi-crystalline cellulose, which might induce a bias in substrate specificity characterization. Testing our clones on native crystalline cellulose, like cotton fibers for instance, would allow us to definitively assess the potential of these enzymes for degradation of crystalline materials.

Another point of interest is that from the 172 hits from the primary screening, 68 were active on more than one polysaccharidic substrate. This trait has already been observed several times for fosmid clones expressing CAZyme activities, whatever the gut ecosystem screened was. In bacteria, synergistic systems of transport and degradation of complex carbohydrate structures, like plant cell wall polysaccharides and eukaryotic glycans, are indeed encoded by multigenic systems, like the Polysaccharide Utilization Loci (PULs) described for bacteria from the Bacteroidetes phylum. In the present study, many CAZyme encoding multigenic clusters have been identified, most of them being issued from uncultivated Firmicutes. It would thus be false to name them real PULs, since PUL description is specific for Bacteroidetes, and since we won't be able to prove that in the native strain, all genes of a genomic locus involved in polysaccharide harvesting are cotranscribed. However, our data, together with the ones previously published by the Discomics group and others, indicates that (meta)genomic loci involved in the degradation of complex polysaccharide structures are not at all specific for Bacteroidetes. Only transcriptomic studies performed on native culturable strain harboring similar loci would allow one to definitively prove it. In addition, some of the multigenic clusters involved in plant cell wall degradation discovered in the present study also contain red-ox enzymes that are probably able to act on lignin. This is very unusual, since bacterial CAzymes and ligninases, like laccases, are not known to be encoded on the same loci. Synthenic analyses of the metagenomic loci discovered here, together with transcriptomic studies performed both on the metagenomic clones and on cultivated strains harboring homolog genomic structures would allow us to support this hypothesis, and to revisit the concept of coexpression of bacterial ligninase and CAZyme encoding genes.

As it is the case for other gut microbiomes, more than one hundred hit clones producing CAZyme activities were identified, from only few Gb of metagenome cDNA. Even if secondary screening allowed us to discriminate the clones depending on their functional profile, and thus to avoid too much sequence redundancy, it was still difficult to identify those that present the highest potential for degradation of plant biomass. For this purpose, we quantified the efficiency of lignocellulose degradation for each of the hit clones, by measuring the amount of reducing sugars released from the crude plant biomass substrate used for enrichment, wheat straw. We had to optimize the method previously described by Song et al. to screen in micro-plate format activity of hemicellulase mutants over-expressed in plasmid under the control of a strong promoter. In contrast, in fosmids and Epi100 E. coli host, recombinant gene expression is much lower, requiring highly sensitive screening methods. Here, by modifying the method of reducing sugar quantification, we increased the sensitivity of the assay by 10 times. This allowed us to detect very low activities of degradation of real plant cell wall matrixes. It is the first time that metagenomic clones have been tested on such crude lignocellulosic biomass used in biorefineries. The straw degradation efficiency of the best clones obtained from both libraries was similar. In addition, their efficiency was not correlated to polyspecificity of the enzymatic extracts, the most active clones being active on only one or two polysaccharide structures. In these metagenomic clones, efficiency of plant cell wall degradation is thus rather due to a highest expression level and/or activity of one particular cellulase or hemicellulase, rather than to synergistic CAzyme activities. Of course, this experiment is not representative of the functioning of lignocellulolytic microbial consortia, which simultaneously produce a large battery of lignocellulases to tackle the complexity of plant cell wall structure.

We thus tried to reproduce the effects of such synergistic enzyme actions, in order to exploit the diversity of activities we discovered for designing lignocellulolytic cocktails, and to study the specific role of esterases and red-ox enzymes in straw degradation efficiency. Several hit clones were chosen to create lignocellulase mixtures, according to two criteria: the production of several complementary activities required for plant cell wall degradation, due to multi-genic clusters encoding a battery of CAZymes, and potentially also of oxidases; and the clone efficiency of wheat straw degradation, which had to correspond at least to 1.5 times more released reducing sugars than with the negative control. Different mixes were created, adding separately the oxidoreductases and, if possible, the esterase clones.

This study allowed the conception of enzymatic cocktails with real synergic effects, since at least one mix from each library was able to free around twice the amount of reduced sugars as a theoretical amount calculated from the sum of individual clone activities. While esterases positively impacted the efficiency of straw degradation, the red-ox enzymes surprisingly tended to inhibit the CAZymes. This might be due to modification of the lignin network, and eventually to its depolymerization/repolymerization, which would affect the binding and accessibility of cellulases and hemicellulases. Nevertheless, this hypothesis is still highly speculative, the mode of action of the newly identified red-ox enzymes being not identified at this stage. The performances of our cocktails are of course limited compared to those of commercial lignocellulolytic cocktails and of microbial consortia, because of the very low expression level of the heterologous enzymes. Most of the proteins produced by these hit clones are indeed those of E. coli itself. In addition, the entire combinations of the hit clones isolated in this study was far from having been exploited, since we selected only a few clones for the design of the mixes. Nevertheless, here we established the proof of concept of the strategy, which could be applied to the hundreds of lignocellulase hit clones issued from this thesis work, but also from previous studies targeted on other microbiomes. Once the best cocktails of hit clones are identified, the lignocellulase encoding genes they harbor will have to be sub-cloned in over-expression vectors in order to produce and purify them for in-depth characterization of their catalytic efficiency, individually and with their plant cell wall degrading partners.

In addition, at this stage of the study, we do not know if the lignocellulases identified after activity-based screening are the same as those that are produced in the best lignocellulolytic consortia, designed by A. lazuka and G. Hernandez-Raquet (Lazuka et al., 2015). Metaproteomic analysis of the artificial consortia should allow us to compare the hit sequences, and to precisely evaluate the bias of the activity-based metagenomic strategy. In addition, analysis of the CAZome of the ruminal bacteriome before and after the two enrichments should be possible soon, thanks to the development of a functional chip harboring all the known CAzy sequences available in genomic databases. Even biased by the content of the public databases, which is far from representing the CAZy diversity of all cultivated and uncultivated bacteria, this approach should allow one to contribute to the understanding of the effect of enrichments on the functional profile of the ruminal ecosystem. These data will be integrated to the coming 16S rDNA analysis ones, to also investigate the effect of enrichments on the consortia taxonomical diversity.

More generally, the enzymes identified here seem to be the key actors of lignocelluloses degradation in the rumen, since several of our CAZy encoding genes, even entire gene clusters, were already found in other metagenomic studies targeting other cow cohort worldwide. The analysis of prevalence and of abundance of our hit sequence by mapping the data on catalogs of genes obtained by massive random sequencing of the bovine rumen metagenome should allow us to highlight those of our enzymes that are the most important for the ecosystem soon. These results will guide the selection of the most pertinent targets for further in depth functional and structural investigations, together with sequence originality.

The number of unknown CAZy modules found from both libraries is indeed particularly high, opening very interesting perspectives for characterization of new enzyme families and possibly new functions. We also identified some clones harboring activities that are not related to any of the known CAZy families annotated in these sequences. We will thus have to rapidly identify these genes which are responsible for these functions, in order to enlarge the panel of functions of carbohydrate modification of already characterized or not enzyme families. The analysis of the genomic context of these targets is underway, to guide the in-depth characterization of their substrate specificity.

To conclude, our work has highlighted the interest of the cow rumen microbiota as a source of very original bacterial enzymes that are key actors of dietary constituent catabolism, and of which the promiscuity can be exploited for remediation. Several of these enzymes present a particular interest for improving the understanding of the relationships between enzyme structure and substrate specificity, along with being targets of high potential for biorefineries and bioremediation. Moreover, while bringing hope for a better understanding of the cow rumen ecosystem functioning from the molecular to the ecosystem scales, the approach developed here could be applied to other substrates and ecosystems, particularly in order to decipher the mechanisms of xenobiotic degradation in mammal guts, soil or wastewater. plusieurs types de structures polymériques issues de constituants alimentaires. Jusqu'à maintenant, cet écosystème, et plus particulièrement sa fraction bactérienne, a été étudié majoritairement pour mieux comprendre sa capacité à dégrader les polysaccharides de la paroi cellulaire des végétaux, en particulier la cellulose et les hémicelluloses. Cependant, aucune des nombreuses CAZymes issues du rumen qui furent découvertes ces dernières années par des méthodes ne nécessitant pas la culture directe du microbiote, comme la métagénomique, n'ont été testées sur des extraits bruts de la paroi végétale représentatifs des substrats industriels utilisés en bioraffinerie. De plus, l'originalité structurale des enzymes nouvellement découvertes est relative, puisque aucune d'entre elles n'appartient à de réelles nouvelles familles d'enzymes et/ou ne montrent de nouvelles fonctions de modification des sucres. En outre, le rôle potentiel des oxydoréductases bactériennes du rumen dans la dégradation de la lignine n'a jamais été investiguée, bien que ce polymère soit un important constituant de la paroi végétale, qui impacte négativement sur l'efficacité nutritionnelle. Enfin, la flexibilité de substrats des classes majeures des enzymes du rumen (glycoside-hydrolases, estérases, oxydoréductases, protéases, phytases…) n'a été exploitée que rarement pour la dégradation de substrats non-naturels, comme les polluants.
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Dans ce contexte, ce travail de thèse a eu pour objectif de :  La découverte de nouvelles activités de dégradation de polluants issues de clones métagénomiques.

 L'enrichissement du microbiome du rumen bovin en fonctions lignocellulosiques pour augmenter la découverte d'enzymes originales travaillant en synergie pour dégrader un substrat lignocellulosique industriel.

 L'exploitation de la diversité fonctionnelle de cet écosystème complexe pour isoler de nouvelles enzymes d'intérêt pour la dépollution.

Il est important aussi de mentionner comment l'enrichissement a été réalisé. La paille de blé a été choisie comme substrat d'enrichissement grâce à son intérêt industriel, plusieurs bioraffineries européennes utilisant ce déchet issu de l'agriculture, qui n'entre pas en compétition avec les applications alimentaires, en tant que matériel brut. C'est un substrat particulièrement riche en cellulose, hémicelluloses et lignine qui peuvent complémenter le régime des vaches sans causer trop de problèmes digestifs. Du fait de cette composition, nous l'avons choisie pour enrichir le microbiome natif en activités d'intérêts pour ce projet, notamment les glycoside-hydrolases, estérases, et aussi potentiellement, les oxydases bactériennes. Le métagénome du consortium obtenu par enrichissement in vivo a ainsi été le plus étudié dans le cadre de cette thèse. La durée de l'enrichissement in vivo a seulement été de deux semaines, et la banque a été immédiatement construite et disponible au début de mon projet. L'optimisation de l'enrichissement in vitro, qui a été réalisé sous la responsabilité du Dr. G. Hernandez-Raquet, a duré un an pour obtenir un consortium lignocellulolytique stable, qui a par la suite été utilisé pour la construction de la seconde banque. Dès que celle-ci a été disponible, la même stratégie de criblage primaire a été utilisée, permettant la comparaison des profils fonctionnels des banques enrichies in vivo et in vitro. L'analyse taxonomique des deux banques par analyse des ADNr 16S est en cours, ainsi que celle de l'échantillon initial avant enrichissement.

Pour trouver des enzymes d'intérêt pour la bioremédiation, il aurait pu être plus simple d'enrichir l'écosystème avec les polluants ciblés, les microbes natifs et leurs enzymes n'étant pas naturellement adaptés à de tels composés synthétiques. Cependant, la méthode d'enrichissement in vivo n'aurait pas été possible à cause de la toxicité des composés ciblés pour les mammifères. De plus, réaliser plusieurs enrichissements in vitro sur différents polluants aurait pris trop de temps pour permettre l'exploitation des résultats en seulement trois ans, et aurait été trop onéreux. En outre, la toxicité pour les humains de la plupart des composés ciblés par cette étude (colorants, produits phytosanitaires) aurait rendu les étapes d'enrichissement, de récupération d'ADN et de construction de banque plus difficiles. Nous avons donc décidé d'abandonner cette option et d'exploiter une diversité fonctionnelle plus « naturelle ». La stratégie de criblage multi-étapes que nous avons utilisé a permis d'isoler des batteries de glycoside-hydrolases, estérases et oxydoréductases, desquelles la spécificité envers des substrats structuralement différents, y compris des substrats toxiques, a été criblée dans une seconde étape, nous permettant de sélectionner les clones les plus intéressants pour une caractérisation fonctionnelle approfondie.

Découverte de nouvelles oxydoréductases bactériennes

Les ligninases bactériennes n'ont été mises en évidence que récemment, et seul un faible nombre ont été isolées. Comme la lignine est un constituant majeur des plantes, elle représente une part non négligeable du régime bovin. Cependant, au début de cette thèse, rien n'était connu sur les capacités potentielles des oxydoréductases bactériennes du rumen pour dégrader la lignine.

Mise en place d'un nouveau test de criblage

Afin d'investiguer cette question, nous avons dû concevoir de nouveaux protocoles de criblages de cette activité sur milieu solide. En effet, le criblage automatique en format solide permet un débit de criblage 500 à 1000 fois plus élevé (jusqu'à 400000 tests par semaine) que le criblage en format liquide, comme décrit dans deux de nos papiers publiés en 2015 (Ufarté et al., 2015 annexe 1 et chapitre I).

En premier lieu, nous avons testé la lignine alkali, aussi appelée kraft lignine (lignine dépolymérisée), comme substrat pour trouver des enzymes impliquées dans la métabolisation de la lignine. En comptant sur le fait qu'une batterie d'enzymes cataboliques peut être encodée par le même groupe multigénique, et compatible avec les clones de notre banque fosmidique, contenant des inserts métagénomiques de plusieurs dizaines de kb, le criblage a été réalisé en milieu minimum, permettant la seule croissance de clones capables d'utiliser la lignine alkali comme source de carbone. Cette stratégie de sélection positive, qui a donné des résultats positifs, n'aurait certainement pas réussi avec la lignine insoluble native, dont les particules ne seraient pas suffisamment accessibles aux enzymes hétérologues majoritairement produites sous forme intracellulaires chez E. coli.

Afin d'augmenter nos chances de trouver des oxydoréductases du rumen, nous avons aussi adapté un protocole classique utilisé pour le criblage en format microplaques de banques de mutants de laccases obtenus par ingénierie combinatoire des protéines. Afin de réaliser ce criblage en milieu solide, nous avons en effet d'abord dû faire croitre les clones E. coli sur des membranes déposées sur milieu riche, et de les transférer sur un criblage en boites agar contenant de l'ABTS, substrat chromogénique, et de grandes quantités de cuivre, qui sont létales pour E. coli. Ce protocole a aussi donné des clones positifs, à un rendement comparable avec celui obtenu à partir des microbiomes de compost dans le cadre d'un autre projet de l'équipe. En optimisant ce protocole, et en augmentant par 1000 son débit, nous l'avons rendu hautement générique et compatible avec l'exploration fonctionnelle de très larges espaces de séquences, issues des métagénomes ou de l'évolution dirigée.

Les résultats du criblage primaire réalisés sur le rumen bovin indiquent la présence d'oxydoréductases bactériennes du rumen, qui pourraient être impliquées dans la dégradation de la lignine. Toutefois, à cette étape, nous n'avons pas mis en évidence la dégradation de la lignine polymérique.

Dans ce but, nous avons tiré profit de la collaboration entre le groupe « Discomics » (« Métaomiques pour la Découverte d'Enzymes ») du LISBP, dans lequel ce travail de thèse a été effectué, et B. Cathala et C. Moreau (BIA, INRA Nantes), experts en science des polymères et nanotechnologies. En effet, ils ont développé une technologie innovante de construction de nano-couches de polysaccharides, dont la couleur dépend de l'épaisseur de la couche. Dans le cadre d'un projet ANR « REFLEX », le groupe Discomics a mis en place une approche de criblage automatisée, basée sur l'utilisation de ces couches de polymères, pour la découverte de CAZymes dans les métagénomes par exemple. Dans le cadre de ma thèse, nous avons donc demandé à nos collaborateurs de créer des nano-couches de lignine polymérique, afin de tester nos clones métagénomiques produisant une activité oxydoréductase. La lignine sulfonée a été utilisée pour créer ces films, afin d'obtenir des assemblages stables de chaines de polymères, ce qui n'aurait pas été possible avec des particules de lignine native, insoluble. Les résultats positifs, présentés dans le chapitre V, établissent la preuve de concept de cette méthode de criblage. Une fois optimisée (comme cela fut le cas récemment pour les couches de polysaccharides dans le cadre du projet REFLEX), pour un meilleur contrôle de l'homogénéité et de la stabilité des films, cette technologie offrira une méthode très robuste, sensible, et quantitative, pour le criblage haut débit d'enzymes capables de dégrader la lignine. Avec les autres méthodes de criblages développées dans ce projet de thèse, il serait très intéressant, en particulier, d'explorer le potentiel lignolytique des champignons du rumen non cultivables, grâce à des approches de métatranscriptomique basée sur l'activité, comme celles développée récemment par le groupe Discomics (papier en préparation).

Propriétés des nouvelles oxydoréductases du rumen

Afin de caractériser la spécificité de substrat de ces enzymes nouvellement découvertes, l'optimisation des conditions réactionnelles a été réalisée en utilisant l'ABTS comme substrat. Des expériences avec ou sans cuivre, et avec ou sans peroxyde d'hydrogène, ont montré qu'aucun des huit clones positifs n'a besoin de cuivre pour être actifs, indiquant qu'elles n'appartiennent pas à la famille des laccases. Bien qu'aucun des clones de l'enrichissement in vivo ne montrait d'activité plus importante en présence de peroxyde d'hydrogène, une enzyme de l'enrichissement in vitro était active en présence d'H 2 O 2 , ce qui indique qu'elle pourrait être une peroxydase. Une caractérisation plus approfondie des profils de température et pH d'activité a été nécessaires pour trouver les conditions optimales d'utilisation avec les substrats d'intérêt (colorants et lignine).
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328 Cela a permis de montrer que ces enzymes sont thermoactives, étant toujours actives à 50°C, et aussi actives en conditions acides (pH 4,5-5,0). Dans leurs conditions optimales d'utilisation respectives, les trois clones choisis pour être caractérisés de façon plus approfondie étaient capables de décolorer des colorants structuralement différents, en particulier des colorants AZO. D'autres expériences sont néanmoins nécessaires pour conclure sur l'activité exacte de chaque enzyme cible. La caractérisation structurale des produits de réaction (solubles et insolubles) par RMN et spectrométrie de masse devrait nous permettre de déterminer les sites de modification du substrat. Cette étape nécessite la purification des enzymes cibles, afin d'éliminer le bruit de fond de l'activité des oxydoréductases d'E. coli qui a été détecté dans les clones métagénomiques. Afin d'identifier les gènes responsables des activités détectées, il existe trois approches différentes.

La première, qui est aléatoire, est la mutagénèse de transposition. Elle consiste à insérer aléatoirement des transposons dans les inserts fosmidiques, et à cribler une nouvelle fois les transformants pour identifier ceux qui ont perdu l'activité. Le groupe Discomics a utilisé cette approche de nombreuses fois dans d'autres études. Cependant, les résultats ont souvent été décevants, puisque l'activité est souvent abolie à cause de l'insertion du transposon dans des régions de la séquence qui code pour des régulateurs de transcription pour E. coli. Une étude de transcriptomique récente de l'équipe, réalisée sur des clones métagénomiques E. coli, a en effet permis de démontrer que l'expression hétérologue de gènes est due à la présence aléatoire de ces séquences dans les inserts métagénomiques, et pas aux promoteurs natifs (papier en préparation).

La seconde approche consiste à tronquer de façon rationnelle des inserts fosmidiques autour des gènes qui ont été identifiés par analyse de séquence comme les cibles les plus probables. Cette stratégie est particulièrement puissante, même si ardue, si plusieurs gènes encodent des enzymes qui sont impliquées dans l'activité criblée. Néanmoins, elle ne permet pas de produire les protéines hétérologues avec un haut rendement, ni de les taguer pour leur future purification.

La dernière approche consiste à sous-cloner uniquement les meilleurs gènes cibles dans des vecteurs de surexpression. Dans notre cas, l'annotation fonctionnelle a permis d'identifier, pour chaque clone positif, des gènes codant pour des oxydoréductases ainsi qu'un contexte génomique qui semble impliquer une activité synergique des différentes enzymes. Deux des cibles ne présentent pas d'homologie significative avec des enzymes de dégradation des composés polyaromatiques, soulignant l'originalité de ces nouvelles séquences, mais malheureusement aussi, l'impossibilité de déterminer exactement leur famille protéique. La présence dans le troisième clone (32D12) de gènes codant pour une enzyme redox putative de quatre sous-unités fera de l'étape de surproduction de cette cible une étape clé, notamment durant la phase de repliement de la protéine dans le cytoplasme.

Différents vecteurs et souches devraient être testés afin de trouver les meilleures conditions de production. Pour les enzymes monomériques et homo-multimériques, les vecteurs habituels de surexpression, contenant des tags d'intérêt pour la purification seraient les premiers à tester, alors que pour l'enzyme avec quatre sous-unités, un système spécial de clonage, utilisé pour produire l'enzyme entière en une seule étape, serait nécessaire. Une souche conçue pour aider au repliement des protéines qu'elle produit pourrait être utilisée, comme les cellules compétentes ArcticExpress (Agilent), qui produisent des protéines chaperonnes adaptées au froid pour aider au repliement des protéines exprimées, par exemple. Bien sûr, un grand nombre d'expériences et de multiples combinaisons seraient nécessaires pour trouver les meilleures conditions de clonage et d'expression. Une fois purifiées, ces enzymes seront caractérisées plus profondément afin de chercher à comprendre leurs relations structure/fonction et de quantifier leur potentiel de bioremédiation des colorants et de valorisation des dérivés lignineux issus de différentes industries (en terme d'efficacité, stabilité, rendement d'expression de protéines recombinantes, et toxicité/facilités de récupération/biodégradabilité et recyclage des produits réactionnels).

La décoloration des colorants est en effet particulièrement intéressante pour l'industrie textile, considérant la quantité de colorant qu'elle libère dans l'environnement. La formation de précipités colorés pourrait être utilisée pour éliminer cette partie des déchets par centrifugation, filtration ou sédimentation par exemple. L'immobilisation d'enzymes pourrait aussi être envisagée pour stabiliser les biocatalyseurs, les recycler et diminuer leurs coûts de production. La décoloration des colorants serait, dans ce cas, réalisée en réacteur à fonctionnement discontinu seulement, la précipitation des produits de réaction empêchant l'utilisation de réacteurs à lit fixe. Les réacteurs microbiens basés sur la production d'enzymes dans des souches hétérologues permettant une sécrétion efficace des enzymes, si possible des souches GRAS (Generally Recognized As Safe), comme Bacillus subtilis, pourraient aussi être envisagés pour contourner les obstacles économiques dus à la production et purification des enzymes.

Il en va de même pour la lignine alkali, un déchet produit dans l'industrie papetière. L'impact positif sur l'environnement pourrait être très élevé, puisque le procédé Kraft est prédominant dans l'industrie papetière. Le fait que ces enzymes soient aussi capables de dégrader la lignine sulfonée, un sous-produit de la méthode de fabrication de pâtes au bisulfite est aussi très intéressant. En effet, bien que ce procédé ait été majoritairement remplacé par le procédé Kraft, il est tout de même encore utilisé de nos jours. Il sera nécessaire de déterminer le rendement de dépolymérisation du substrat et la structure des produits de dégradation. La capacité de nos nouvelles enzymes redox à dégrader les extraits de lignines issues de différentes sources végétales, ainsi que les déchets de lignine récalcitrants aux procédés de prétraitement de la biomasse végétale, devra aussi être testée. Ces derniers aspects nécessitent une expertise supplémentaire en caractérisation structurale Résumé en français 330 de la lignine. Dans ce but, une collaboration avec L. Eltis (Université de Vancouver), a été initiée.

Enfin, si nous avons découvert plusieurs nouvelles enzymes redox bactériennes capables de dégrader différents substrats polyaromatiques, y compris des dérivés de la lignine, leur rôle physiologique dans le rumen est toujours obscur. Nous n'avons en effet aucune preuve expérimentale de l'action de ces enzymes sur la lignine native, même si deux d'entre elles (produites par les clones 10N15 et 32D12) sont codées par des systèmes multigéniques codant aussi pour des hémicellulases impliquées dans la dégradation du réseau polysaccharidique de la paroi végétale. La caractérisation de la structure de lignines natives, avant et après incubation avec ces extraits enzymatiques, devrait permettre de confirmer ou non cette hypothèse rapidement.

Des estérases issues du rumen comme outils de bioremédiation

Une grande diversité d'estérases, actives sur plusieurs substrats différents, a aussi été découverte grâce à la stratégie de criblage multi-étapes utilisée dans cette étude.

Une caractérisation plus en profondeur a été réalisée après les criblages primaires et secondaires sur des esters chromogéniques, afin d'étudier leur potentiel de dégradation des polluants de la famille des carbamates. Deux classes de substrats ont été choisies : l'Impranil DLN, un polyuréthane commercial, deux insecticides de la famille des carbamates (fenoxycarb et fenobucarb), et un herbicide de la famille des thiocarbamates (prosulfocarb). Le criblage sur Impranil DLN en milieu minimum solide et milieu riche solide a permis l'isolation de 57 clones issus des 85 du criblage primaire. Deux clones ont été choisis pour leur efficacité à former un halo de dégradation sur milieu riche et à croitre sur milieu minimum avec Impranil DLN comme seule source de carbone. Le clone 44I12 est aussi actif sur les trois substrats pNP, alors que 12F23 est seulement faiblement actif sur pNPB. L'efficacité de dégradation du polyuréthane, et ces différences de spécificité de substrats ont guidé notre choix, afin d'éviter d'obtenir des séquences redondantes, ce qui arrive souvent après criblage de banques métagénomiques.

Les résultats HPSEC et MALDI-TOF ont confirmé que des modifications structurales de l'Impranil DLN se sont produites pendant l'hydrolyse. Cependant, puisque la structure exacte des chaines latérales de ce polymère commercial ne sont pas accessibles (malgré une structure potentielle qui a récemment été proposée), il est impossible, à cette étape, d'identifier les sites de coupure exacts de ce substrat. Le tampon réactionnel, ainsi que les conditions d'analyses HPSEC vont devoir être optimisés, afin d'éviter l'agrégation du polymère (liée à la lyophilisation dans le tampon PBS), et d'augmenter les rendements d'élution. Ensuite, des analyses RMN et de spectrométrie de masse des produits réactionnels devraient permettre de déchiffrer le mécanisme d'action de ces nouvelles estérases sur Impranil DLN.

Les réactions sur de plus petits carbamates montrent que seul le clone 44I12 est capable de convertir les composés phytosanitaires testés, en particulier le fenobucarb, en 2sec-butylphénol. Cela souligne la grande flexibilité de substrats de CE2_Ubrb, qui peut dégrader les trois substrats pNP testés, le Tween 20, et deux polluants de la famille des carbamates structuralement différents. CE1_Ubrb, quant à elle, ne peut dégrader qu'un substrat pNP et Impranil DLN. Les analyses de séquences ont montré que CE1 et CE2_Ubrb appartiennent aux familles lipolytiques V et IV respectivement. Ces deux enzymes sont, aujourd'hui, les seuls membres de ces familles à présenter une activité de dégradation des carbamates. En effet, jusqu'à ce travail de thèse, seule la famille VII était connue pour avoir des membres capables de dégrader les carbamates. Il faut aussi noter que le meilleur homologue caractérisé de CE1_Ubrb est une enzyme capable de dégrader le PLA. Des tests préliminaires ne nous ont pas permis de détecter une activité de dégradation du PLA par les clones produisant CE1 et CE2_Ubrb. Néanmoins, la dégradation du PLA et d'autres plastiques avec des structures homologues seront re-testées en utilisant des méthodes récemment optimisées, la dégradation de plastiques étant un domaine de recherche capital pour leur recyclage.

Comme les enzymes redox décrites précédemment, l'étape suivante sera de souscloner les gènes codant pour CE1 et CE2_Ubrb dans un vecteur de surexpression, afin de les purifier et les cristalliser pour identifier les facteurs structuraux liés à la flexibilité de substrat. Cela permettra aussi de déterminer leur efficacité catalytique et leur stabilité, qui sont deux paramètres cruciaux pour l'industrialisation des enzymes. En effet, les polyuréthanes constituent une part non-négligeable (6-7%) de la masse totale de plastiques produite à travers le monde, et couvre plus de la moitié du marché des revêtements automobiles. Parmi eux, l'Impranil DNL est utilisé dans les textiles, le cuir et les revêtements d'avion. C'est pourquoi la dégradation d'un polluant à utilisations aussi diverses est d'un grand intérêt. Le fait que les clones soient capables de pousser sur un milieu sélectif avec l'Impranil DLN comme seule source de carbone montre leur capacité à métaboliser complètement ce substrat, ce qui est très intéressant pour des procédés de bioremédiation microbienne. Il en va de même pour le fenobucarb. En effet, cet insecticide de la famille des carbamates est utilisé dans plusieurs pays producteurs de riz comme élément de contrôle de la population de thrips, cicadelles et autres sauterelles. Malheureusement, il a été démontré qu'une large part des insecticides est transférée des effluents des sols aux eaux souterraines et aux nappes phréatiques. La dégradation du fenobucarb est donc devenue capitale pour l'environnement. Sa bioremédiation grâce à des procédés microbiens ou enzymatiques basés sur l'utilisation de CE2_Ubrb est donc d'un intérêt particulier, notamment puisque cette enzyme est le premier membre de la famille lipolytique IV à catalyser cette réaction, ce qui permettrait de contourner la propriété intellectuelle qui couvre les enzymes appartenant à la famille VII capables de dégrader les carbamates.

3.

Effet de l'enrichissement sur le profil fonctionnel du microbiome du rumen Les deux banques métagénomiques obtenues après enrichissement in vivo (IVVE) et in vitro (IVTE) sur paille de blé ont été criblées pour rechercher des enzymes dégradant des polysaccharides, des estérases et des oxydoréductases. Les résultats soulignent l'importante différence des profils exprimés dans ces banques. Un rendement bien plus faible de clones actifs sur Tween 20 et AZCL-xylane a été observé, ainsi qu'un rendement plus élevé sur AZOgalactomannane, AZCL-β-glucane et AZO-CMCellulose, en comparant les résultats obtenus sur la banque IVTE par rapport à IVVE. Cette tendance peut être expliquée par la durée et l'efficacité de la dégradation du substrat. Alors qu'in vitro, la réaction dure sept jours, avant une nouvelle inoculation, in vivo, le temps de passage varie entre 20 et 48h. Ainsi, dans le rumen, la biomasse facilement accessible pourrait être dégradée en premier, suivie des hémicelluloses, et d'une faible fraction de cellulose amorphe, ce qui pourrait expliquer le nombre plus important de clones positifs obtenus sur les substrats hémicellulolytiques, et le faible nombre de cellulases. D'un autre côté, pour l'enrichissement in vitro, la dégradation du substrat durant plus longtemps, le réseau lignocellulolytique pourrait être plus largement attaqué, rendant la cellulose plus accessible aux cellulases, alors très actives au moment de l'échantillonnage.

Les tests de dégradation de différentes celluloses chromogéniques ont montré que quelle que soit la méthode d'enrichissement, la cellulose cristalline n'est pas dégradée par les clones isolés. Ce résultat, bien que décevant, n'est pas surprenant, puisqu'à notre connaissance, aucune enzyme capable de dégrader la cellulose cristalline n'a été isolée de microbiomes digestifs de mammifères ou d'insectes, en utilisant des approches similaires. C'est probablement dû au fait que bien que la cellulose cristalline est chimiquement homogène, aucune enzyme n'est capable de l'hydrolyser seule, alors que les dérivés solubles de la cellulose peuvent l'être facilement sous l'action d'endo-β-1,4-glucanases. La cellulose cristalline peut être hydrolysée par un groupe d'enzymes synergiques ou des complexes multi-enzymatiques comme les cellulosomes. Dans notre étude, la stratégie de construction de la banque métagénomique a permis le clonage de groupes multigéniques entiers, mais l'expression concomitante chez E. coli de tous les gènes d'un même locus est hautement improbable. De plus, même si certaines des séquences CAZy semblent contenir des modules dockérine, qui témoignent de la présence de structures semblables aux cellulosomes (comme dans le clone 49M8), il n'est pas certain que ces complexes enzymatiques ciblent la cellulose dans la bactérie native, puisque les structures semblables aux cellulosomes ne sont pas spécifiques de la dégradation de la cellulose. De plus, les substrats chromogéniques et ceux traités chimiquement (comme Avicel) ne sont pas structuralement identiques à la cellulose semi-cristalline native, ce qui pourrait induire un biais dans la caractérisation de la spécificité de substrat. Tester nos clones sur de la cellulose semi-cristalline native, comme les fibres de coton par exemple, nous permettrait d'évaluer le potentiel de ces enzymes pour la dégradation de matériaux hautement cristallins.

De plus, à partir des 172 clones positifs issus du criblage primaire, 68 sont actifs sur plus d'un substrat polysaccharidique. Cette caractéristique a déjà été observée plusieurs fois pour des clones fosmidiques exprimant des activités CAZymes, quel que soit l'écosystème digestif criblé. Dans les bactéries, les systèmes synergiques de transport et de dégradation de structures glucidiques complexes, comme celles de la paroi végétale et des glycanes eucaryotes, sont en effet codés par des systèmes multigéniques, comme les Polysaccharide Utilization Loci (PULs) décrits pour les bactéries du phylum Bacteroidetes. Dans notre étude, beaucoup de groupes multigéniques codant pour des CAZymes ont été identifiés, la plupart d'entre eux issus de Firmicutes non cultivés. Cela serait donc faux de les nommer PULs, puisque la description des PUL est spécifique des Bacteroidetes, et que nous ne pouvons pas prouver que dans la souche native, tous les gènes d'un locus impliqué dans ces activités sont co-transcrits. Cependant, nos données, avec celles publiées précédemment par plusieurs groupes dont le groupe Discomics, indiquent que les loci (méta)génomiques impliqués dans la dégradation de structures polysaccharidiques complexes ne sont pas spécifiques aux Bacteroidetes. Seules des études transcriptomiques, réalisées sur des souches cultivables natives contenant des loci similaires nous permettraient de le prouver. De plus, certains groupes multigéniques impliqués dans la dégradation de la paroi végétale découverts dans cette étude codent aussi pour des enzymes redox qui sont probablement capables d'agir sur la lignine. Ceci est très original, puisque les CAZymes et ligninases bactériennes, comme les laccases, ne sont pas connues pour être codées par les mêmes loci. Des analyses de synthénie des loci métagénomiques découvert dans le cadre de cette étude, ainsi que des études transcriptomiques réalisées sur les clones métagénomiques et sur des souches cultivables contenant des structures génomiques homologues, nous permettraient de soutenir cette hypothèse, et de revisiter le concept de co-expression de gènes codant pour des ligninases et CAZymes bactériennes.

Comme c'est le cas pour d'autres microbiomes digestifs, plus de cent clones positifs produisant des activités CAZymes ont été identifiés, à partir de quelques Gb d'ADNc métagénomique seulement. Même si le criblage secondaire nous a permis de discriminer les clones selon leur profil fonctionnel, et ainsi d'éviter trop de redondance au niveau des séquences, il restait difficile d'identifier ceux qui présentaient le plus fort potentiel de dégradation de la biomasse végétale. Pour cela, nous avons quantifié l'efficacité de la dégradation de la lignocellulose pour chaque clone positif, en mesurant la quantité de sucres réducteurs libérés à partir du substrat végétal brut utilisé pour l'enrichissement, la paille de blé. Nous avons dû optimiser une méthode décrite précédemment par Song et al. pour cribler an format microplaque l'activité de mutants d'hémicellulases surexprimés dans un plasmide sous contrôle d'un promoteur fort. En revanche, dans les fosmides et l'hôte Epi100 (E. coli), l'expression de gènes recombinants est beaucoup plus faible, ce qui nécessite une grande sensibilité des méthodes de criblage. Dans notre cas, en modifiant la méthode de quantification des sucres réducteurs, nous avons augmenté la sensibilité de notre crible par dix. Cela a permis de détecter de très faibles activités de dégradation de matrices végétales réelles. C'est la première fois que des clones métagénomiques ont été testés sur ce type de biomasse lignocellulosique brute, utilisée en bioraffinerie. L'efficacité de dégradation de la paille des meilleurs clones obtenus à partir des deux banques est similaire. De plus, leur efficacité n'est pas corrélée à la polyspécificité des extraits enzymatiques, les clones les plus actifs n'étant actifs que sur une ou deux structures polysaccharidiques. Pour ces clones métagénomiques, l'efficacité de dégradation de la paroi végétale est donc due plutôt à un niveau d'expression et/ou d'activité plus élevé, plutôt qu'à une activité synergique de CAZymes. Il est évident que cette expérience n'est pas représentative du fonctionnement de consortia microbien lignocellulolytiques, qui produisent simultanément une batterie de lignocellulases pour s'attaquer à la complexité de la structure de la paroi végétale.

Nous avons donc essayé de reproduire ces effets synergiques, afin d'exploiter la diversité des activités que nous avons découvertes pour créer des cocktails lignocellulolytiques, et étudier le rôle spécifique des estérases et enzymes redox dans l'efficacité de dégradation de la paille.

Plusieurs clones positifs ont été choisis pour créer des mélanges de lignocellulases selon deux critères : la production de plusieurs activités complémentaires nécessaires pour la dégradation de la paroi végétale, due aux clusters multigéniques codant pour des batteries de CAZymes, et potentiellement aussi d'oxydases, et l'efficacité des clones pour dégrader la paille de blé. Différents mélanges ont été créés, en ajoutant séparément les oxydoréductases et, si possible, les clones estérases.

Cette étude a permis de concevoir des cocktails d'enzymes aux réels effets synergiques, puisqu'au moins un cocktail issu de chaque banque est capable de libérer autour de deux fois plus de sucres réducteurs que la quantité théorique calculée à partir la somme des activités de chaque clone, individuellement. Bien que les estérases impactent positivement l'efficacité de dégradation de la paille, les enzymes redox, étrangement, ont tendance à inhiber les CAZymes. Cela peut être dû à la modification du réseau de lignine, et éventuellement à sa depolymérisation /repolymérisation, ce qui affecterait l'accessibilité des cellulases et hémicellulases au réseau polysaccharidique. Néanmoins, cette hypothèse est hautement spéculative, le mode d'action des nouvelles enzymes redox n'étant pas encore identifié à ce stade. Les performances de nos cocktails sont bien sûr limitées en comparaison des cocktails lignocellulosiques commerciaux et des consortia microbiens, à cause du très faible niveau d'expression des enzymes hétérologues. La plupart des protéines produites par ces clones positifs sont en effet celles d'E. coli elle-même. De plus, la combinatoire totale des clones positifs isolés lors de cette étude est loin d'avoir été exploitée, puisque nous avons choisi seulement quelques clones pour la création de ces cocktails. Néanmoins, nous avons établi la preuve de concept de cette stratégie, qui pourrait être mise en place pour exploiter les centaines de clones lignocellulolytiques issus de ce travail de thèse, mais aussi de travaux précédents ciblant d'autres microbiomes. Une fois que les meilleurs cocktails de clones positifs auront été identifiés, les gènes codant pour les lignocellulases qu'ils contiennent seront sous-clonés dans des vecteurs de surexpression afin de les produire et les purifier pour pouvoir caractériser en profondeur leur efficacité catalytique, seuls ou avec leurs partenaires de dégradation de la paroi végétale.

De plus, à cette étape de l'étude, nous ne savons pas si les lignocellulases identifiées sont les mêmes que celles produites dans le meilleur consortia lignocellulolytique créé par A. Lazuka et G. Hernandez-Raquet. Des analyses de métaprotéomique sur les consortia artificiels devraient nous permettre de comparer les séquences des clones positifs et d'évaluer précisément le biais de la stratégie de métagénomique basée sur la détection de l'activité. De plus, des analyses du CAZome du bactériome du rumen avant et après les deux enrichissements devraient être possibles rapidement grâce au développement d'une puce fonctionnelle contenant toutes les séquences CAZy disponibles dans les bases de données génomiques. Même biaisée par le contenu des bases de données publiques, qui est loin de représenter la diversité des CAZy chez les bactéries cultivables et non-cultivables, cette approche devrait permettre de contribuer à la compréhension de l'effet des enrichissements sur le profil fonctionnel de l'écosystème du rumen. Ces données seront intégrées dans les futures analyses d'ADNr 16S, pour chercher à comprendre les effets des enrichissements sur la diversité taxonomique des consortia.

Plus généralement, les enzymes identifiées ici semblent être les facteurs clé de la dégradation de la lignocellulose dans le rumen, puisque plusieurs de nos séquences CAZy, et même des clusters de gènes entiers, ont déjà été isolés à partir d'autres études métagénomiques ciblant d'autres cohortes de vaches dans le monde entier. L'analyse de la prévalence et de l'abondance de nos séquences dans les catalogues de gènes obtenus par séquençage massif aléatoire du métagénome du rumen bovin devrait bientôt nous permettre de mettre en évidence les enzymes qui jouent un rôle clef pour l'écosystème. Ces résultats, ainsi que l'originalité des séquences, vont guider la sélection des cibles les plus pertinentes pour les analyses structurales et fonctionnelles ultérieures.

Le nombre de modules CAZy inconnus, trouvés dans les deux banques, est en effet particulièrement élevé, ouvrant des perspectives très intéressantes pour la caractérisation de nouvelles familles d'enzymes et éventuellement de nouvelles fonctions. Nous avons aussi identifié des clones contenant des activités qui ne sont liées à aucune des familles CAZy connues annotées dans ces séquences. Nous allons donc devoir rapidement identifier les gènes responsables de ces fonctions, afin d'élargir le panel de fonctions de modification des glucides de familles d'enzymes déjà caractérisées ou non. L'analyse du contexte génomique de ces cibles est en cours, afin de guider la caractérisation approfondie de leur spécificité de substrat.

Pour conclure, notre travail a mis en lumière l'intérêt du microbiote du rumen bovin comme source d'enzymes bactériennes très originales, qui constituent des acteurs clés du catabolisme des constituants alimentaires, et dont la promiscuité peut être exploitée pour la dépollution. Plusieurs de ces enzymes sont des cibles particulièrement pertinentes pour améliorer la compréhension des relations entre structure enzymatique et spécificité de substrats, tout en présentant à un potentiel élevé pour les bioraffineries et la bioremédiation. De plus, tout en permettant de mieux comprendre le fonctionnement de l'écosystème du rumen bovin, des échelles moléculaires à écosystémiques, l'approche développée ici pourrait être utilisée pour cibler d'autres substrats et microbiotes, en particulier pour déchiffrer les mécanismes de dégradation de xénobiotiques dans l'intestin des mammifères, les sols ou les eaux usées. Introduction Early metagenomic studies focused on exploring microbial diversity through sequencing of ribosomal RNA sequences and later, with the emergence of powerful sequencing technologies, of functional DNA recovered from environmental samples. Generated data usually cover several gigabases of sequence information in the form of short sequences, which need to undergo an assembly pipeline in order to extract useful gene information. However, gene annotation provides only a functional potential to the annotated genes, according to their sequence homology, the real activity requiring an experimental demonstration.

Activity-based metagenomics allows to by-pass these challenges, as proven by numerous studies dedicated to the discovery of novel enzymes, in particular Carbohydrate-Active-Enzymes or CAZymes (1). Indeed, carbohydrates, in particular glycans, assure key and highly versatile functions in the living world, for energy storage, cell signaling, recognition or shape maintain. Carbohydrate metabolism is thus crucial for all organisms, and requires a large panel of CAZymes to cleave, modify or create osidic As a result, in the last years, numerous studies have been published, exploiting the immense potential of functional metagenomics to explore various bacterial ecosystems. Indeed, many ecosystems like mammal and insect guts, soil and composts, are more or less specialized in polysaccharide breakdown, enabling the discovery of carbohydrate catabolism related enzymes, like glycoside hydrolases.

Functional metagenomics consists in i) constructing large libraries of thousands to several hundred thousands of recombinant clones, carrying metagenomic DNA fragments sizing between 2 to 200 kbp, cloned into plasmids, cosmids, fosmids or even bacterial artificial chromosomes, ii) screening them for the targeted activities, and iii) sequencing the screening hits in order to identify the genes that are responsible for the observed phenotypes (Fig. 1). By using this approach, several hundreds of novel CAZymes were retrieved from metagenomes these last few years (2,3), most of them presenting very original sequences (4), sometimes belonging to novel protein families (5) and/or displaying inedited key functions of carbohydrate foraging (6) which would not have been predicted by genomic or metagenomic sequence analysis.
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In this chapter, we describe a robust and inexpensive procedure of high-throughput functional exploration of bacterial ecosystems (soil being used as an example), to drive in-depth metagenome sequencing and focus on genes encoding catabolic CAZymes. Even if alternative strains with different expression and secretion capabilities can be used (7,8), we detail the construction of E. coli fosmidic metagenomic libraries, as it allows to easily and rapidly explore extremely large sequence spaces, covering several Gbp of metagenomic DNA. Search for functional CAZyme encoding genes consists here in applying a multi-step screening approach to 1) isolate clones producing catalysts with the desired specificity towards polysaccharidic and oligosaccharidic substrates, 2) discriminate endo-and exo-hydrolytic activities (Fig. 2A,B) and even discover enzyme cocktails, encoded by multigenic clusters that are frequently found on large metagenomic fosmidic inserts (sizing between 30 and 50 kbp) that are involved in the breakdown of plant cell wall. If the automated solid plate assays used in the Functional metagenomics: construction and high-throughput screening of fosmid libraries for discovery of novel carbohydrate-active enzymes 342 primary screens can be easily carried out by only one person at a throughput of 240,000 assays per week (corresponding to the screening of 20,000 clones for 12 different activities) for only few k€, the discriminating assays in liquid media are used with a lower throughput of around 500 assays per week.

However, they are highly recommended in order to avoid total or partial sequence redundancy between the hit presenting the same activities. Sequence redundancy can also be avoided by choosing to screen several little libraries (of few dozens of thousands clones) constructed from different samples rather than only a large one (of hundred thousand clones) issued from one unique sample.

This highly generic approach is applicable to mine all complex bacterial communities for novel catabolic

CAZymes. Depending on their ability to face the structural complexity of plant cell wall, and to use it as the main carbon source for growing and maintaining themselves in their habitat, the hit rates will vary from less than 0.2 ‰ (for example for soil communities) to more than 4 ‰ (for highly specialized ecosystems like termite guts ( 9)). In any case, in order to increase hit yield, we recommend i) increasing the number of primary screens by using a large diversity of polysaccharidic and oligosaccharidic substrates, varying in nature of glycosidic residues, type of osidic linkages, polymerisation degree and ramification content; ii) increasing the library size, preferably constructed from several metagenomic DNA samples, in order to minimize sequence redundancy.

After hit recovery, fosmid sequencing with high coverage (more than 10x) allows to easily identify the genes, or the gene clusters, that are responsible for the screened activity, and their taxonomic origin, sometimes up to species level. As the functional and taxonomical annotation procedures do not differ from those developed for sequenced-based metagenomics and genomics, they will not be detailed in this chapter.

Materials

All plastics used are certified free of DNAse and DNA. All tools and materials used should be washed and cleaned with 70% ethanol solution (see Note 1). Glass or metal materials, as well as solutions when specified, are sterilized before use (121°C, 20 min). Prepare all solutions using ultrapure water (18 M Ω cm at 25°C) and analytical grade reagents. Follow all waste disposal regulations when disposing waste materials.

DNA sampling

1. 4-mm sterilized glass beads. 7. Duplicate the library and store in two -80°C different freezers for safety reasons.

Replication of the metagenomic library prior to functional screening

1. The day before replication, place the metagenomic library at 4°C to allow gentle thawing from -80°C storage.

2. New 384-well microtiter plates are filled with LB + 8% Glycerol solution, 70 µL per well, using an automated liquid handling station.

3. The metagenomic library is replicated, using a QPixII colony picker (3 hours for 54 microplates, totalizing 20,736 clones).

4. The mother plates are stored back at -80°C, covered with microplate aluminium sealing tapes.

The copy plates are incubated overnight (about 16h) at 37°C, covered by porous adhesive membranes. 
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Figure 2 :

 2 Figure 2 : Microfluidic strategies for new enzyme screening. (A) Droplet based microfluidics: single cells are encapsulated with probes or fluorogenic substrates to create microdroplets, where reactions happen (substrate degradation, PCR). The hits are sorted using fluorescence detection. Non-lysed cells are cultured and DNA fragments from lysed cells are amplified. Both methods allow the recovery and sequencing of DNA. (B) Micro-magnet array: target cells are labeled with biotinylated RNA transcripts probes and injected inside the microchannel. Target cells are captured in the channel thanks to magnetic forces while nontargets cells pass through the device. (C) Chips: the chip wells are filled with a single cell. The iChip is covered by membranes, and reintroduced into original environment, where natural nutrients flow through membranes. Colonies are further isolated on Petri dishes to be screened for the activity of interest. The SlipChip is composed of two culture micro compartments which are further separated for destructive and non-destructive assays.
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 12 Figure 1: Strategies for the functional exploration of metagenomes, metatranscriptomes and metaproteomics to discover new functions and protein families. 34 Figure 2 : Microfluidic strategies for new enzyme screening. 41

Fig. 3 .

 3 Fig. 3. Schematic representation of sequence-based and activity-based functional metagenomics approaches.
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 3 Fig. 3. Schematic representation of sequence-based and activity-based functional metagenomics approaches. 61

Figure 4 :

 4 Figure 4: Schematic representation of the bovine digestive tract

Figure 5 :

 5 Figure 5: Composition and organisation of primary cell wall (from http://micro.magnet.fsu.edu/cells/plants/cellwall.html)

Figure 7 :

 7 Figure 7: relative distribution of the most abundant phyla in three chambers of cow stomach (adapted from Peng et al (2015))

Figure 9 :

 9 Figure 9: Bacteroidetes polysaccharide utilisation system: example of the xyloglucan degradation pathway of Bacteroidetes ovatus ATCC 8483 (adapted from[START_REF] Larsbrink | A discrete genetic locus confers xyloglucan metabolism in select human gut Bacteroidetes[END_REF]. The xyloglucan oligosaccharide is made of a main chain composed of β-1,4-linked glucose units (blue spheres), extensively ramified with α-1,6-linked xylosyl units (red stars), β-1,2-galactosyl (yellow spheres) and α-1,2-L-fucosyl units (pale blue pentagons). Binding of the raw substrate and initial degradation steps are insured by the membrane enchored Bacova_02650, GH5A, GH9A, SusC and SusD-like proteins, allowing translocation into the periplasmic space of shorter xylo-glucooligosaccharides. The final deconstruction is ensured by the synergetic action of additional GH43A/B, GH31, GH2A and GH3A/B. Monosaccharides are then translocated to the cytosol through a final transporter. Regulation of the expression on the enzymes involved in this complex multi-enzymatic system is ensured by a hybrid two component system (HTCS)-like regulatory transmembrane protein.

Figure 10 :

 10 Figure 10: Schematic representation of the C. thermocellum cellulosome. The cellulosome is an extracellular multienzyme assembly attached to the cell wall via a surface layer homology (SLH)-like module of an anchoring scaffoldin. An assortment of the 70 possible glycoside hydrolases (GHs) can be incorporated into the cellulosome by binding to only nine available type I cohesin modules through the cohesin-dockerin interaction. The enzyme-borne dockerin (Doc) modules essentially exhibit the same specificity and can bind to any of the nine homologous cohesins (Coh).The cellulose-binding module (CBM3a) of the primary scaffoldin binds the cellulosome complex and the attached cell to the cellulosic substrate (from[START_REF] Yaniv | Fine-structural variance of family 3 carbohydrate-binding modules as extracellular biomass-sensing components of Clostridium thermocellum anti-σ I factors[END_REF] 

  o β-xylosidases: they hydrolyse 1,4-β-D-xylans, to remove successive D-xylosyl residues from the non-reducing end of the xylan chain[START_REF] Ferrer | Functional Metagenomics Unveils a Multifunctional Glycosyl Hydrolase from the Family 43 Catalysing the Breakdown of Plant Polymers in the Calf Rumen[END_REF]. GH52 is the most represented family. -Ferulic acid esterases: they are a subclass of carboxylic ester hydrolases. They can produce ferulic acid by hydrolysing the link between hydroxycinnamates and carbohydrates(Cheng et al., 2012a). CE1 is the most represented family. -Acetyl xylan esterases: they are able to deacetylate xylans and xylo-oligosaccharides[START_REF] Cybinski | An acetylxylan esterase and a xylanase expressed from genes cloned from the ruminal fungus Neocallimastix patriciarum act synergistically to degrade acetylated xylans[END_REF]. CE6 is the most represented family. -α-glucuronidases: they cleave glucuronic acid side groups that protect β-1,4-linkages of the xylan backbone from degradation by xylan degrading enzymes. GH67 is the most represented family.

Figure 12 :

 12 Figure 12: Schematic representation of plant xylan structure, with its different substituent groups, showing sites of attack by microbial xylanolytic enzymes. Ac: acetyl group; R -H: pcoumaric acid; R -OCH 3 : ferrulic acid.[START_REF] Beg | Microbial xylanases and their industrial applications: a review[END_REF] 

Figure 13 :

 13 Figure 13: Pectinolytic activities. (a) polygaracturonase activity; (b) pectin methylesterase activity; (c) pectin lyase activity. Adapted from Jayani et al. 2005.

Figure 15 :

 15 Figure15: Hydrolytic reaction by tannase[START_REF] Rodríguez-Durán | Novel Strategies for Upstream and Downstream Processing of Tannin Acyl Hydrolase[END_REF] 
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Figure 17 :

 17 Figure17: Functional profiles of the hit metagenomic clones, assayed on polysaccharides (dark blue), Tween 20 (green), Impranil (brown: minimal medium; orange: rich medium), pNPA (purple), pNPB (red), pNPP (bright blue). The clones mentioned in brackets are sequenced ones.
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Figure 20 :

 20 Figure 20: MALDI-TOF spectra of reaction media (A) before and (B) after 24h reaction with clone 44I12. The red rectangle shows the new peaks observed after reaction

Figure 21 :

 21 Figure 21: HPLC analysis from the reaction of fenobucarb with 44I12 enzymatic extract at the beginning of the reaction (blue) and after 90 hours reaction (red)

Figure 22 :

 22 Figure 22: Sequence alignment between CE1_Ubrb and enzymes from the lipolytic family V, chosen from the studies of Hu et al. (2010) and Tirawongsaroj et al. (2008): a lipolytic enzyme from Sulfolobus acidocaldarius (AAC67392.1), a triacylglycerol lipase from Psychrobacter immobilis (CAA47949.1) and a triacylglycerol lipase Moraxella sp (CAA37863.1) .The red boxes are catalytic amino acids, and the blue box the GXSXG consensus sequence. "*" is for fully conserved residue, ":" shows the conservation between groups of residues with strongly similar properties, and "." between groups with weakly similar properties.

Figure 23 :

 23 Figure 23: Sequence alignment between CE2_Ubrb and enzymes from the lipolytic family IV chosen from the studies of Jeon et al. (2011) and Li et al. (2014): a lipolytic enzyme precursor from uncultured marine bacterium (ADA70028.2), a putative esterase from uncultured bacterium (ACZ16565.1), an esterase from uncultured bacterium (ACB11219.1) and a lipolytic enzyme from uncultured bacterium (ACL67837.1). The red boxes are catalytic amino acids, the green box the oxyanion hole and the blue box the GXSXG consensus sequence. "*" is for single, fully conserved residue, ":" shows the conservation between groups of residues bearing strongly similar properties, and "." between groups of weakly similar properties.
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Figure S2 :

 S2 Figure S2: Phylogenetic tree of the 250 best blast hits against the nr database of NCBI of CE1_Ubrb, along with the blast hits biochemically characterized, with an e-value < 0.001.

Figure S3 :

 S3 Figure S3: Phylogenetic tree of the 250 best blast hits against the nr database of NCBI of CE2_Ubrb, along with the blast hits biochemically characterized, with an e-value < 0.001.

  In addition of the team members, this part of the work was performed in collaboration with D. Morgavi (INRA Theix, rumen content sampling), P. Robe (Libragen SA, library construction), C. Klopp (INRA Toulouse, read assembly), B. Cathala, C. Moreau and N. Beury (INRA Nantes, construction of lignin films).
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 1 Chemicals2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), 1hydroxybenzotriazole (1-HBT), 2,2,6,6-Tetramethyl-1-piperidinyloxy, free radical (TEMPO), 3′,5′-Dimethoxy-4′-hydroxyacetophenone (acetosyringone), 3,5-Dimethoxy-4-Highly promiscuous oxidases discovered by functional exploration of the bovine rumen microbiome.

Figure 25 :

 25 Figure25: Determination of optimal temperature of ABTS oxidation by the metagenomic clones, at optimal pH. Activity was measured during 30 minutes. Data are expressed in percent of the highest value of each clone. Blue: clone 1; red: clone 2; green: clone 3.

Figure 28 :

 28 Figure 28 : Degradation of semi-reflective layers of xyloglucan and sulfonated lignin by the hit metagenomics clones.

Figure 30 :

 30 Figure 30 : Dye discoloration by the hit metagenomic clones. The pictures show the supernatants of the reaction media after 72h of reaction with enzymatic extracts. 1: Malachite Green; 2: Reactive Black 5; 3: Tropaeolin O; 4: Amaranth; 5: Acid Fuchsin; 6: Cibracon Brillant Red 3BA; 7: Remazol Brillant Blue R; 8: Indigo Carmin; 9: Reactive Orange 16
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  vivo enrichment and rumen content sampling), G. Hernandez-Raquet and A. Lazuka (LISBP, bioreactor enrichment), P. Robe (Libragen SA, library construction), C. Klopp (INRA Toulouse, read assembly), B. Henrissat and E. Drula (AFMB Marseilles, CAZy annotation).

Figure 32 :

 32 Figure 32: Activity of the IVTE hit clones on wheat straw. The stars show the clones included in the enzymatic cocktails. Purple star: clones with polysaccharidase and/or esterase activity; gold star: clones with oxidase activity. The table shows the substrates on which the clones are active.

  -(1,4)-glucans). The double specificity endo-
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  Functional metagenomics: construction and high-throughput screening of fosmid libraries for discovery of novel carbohydrate-active enzymes 340 linkages. Moreover, as plant polysaccharides constitute the main source of renewable carbon, the extraordinary diversity and natural efficiency of microbial CAZymes can be exploited to develop green processes of plant biomass conversion into biofuels or sugar-based materials including surfactants, finechemicals, secondary metabolites, drugs, vaccines, among others.

Functional

  metagenomics: construction and high-throughput screening of fosmid libraries for discovery of novel carbohydrate-active enzymes 343

2. 0 .

 0 2% Sodium hexametaphosphate (HMP): Add about 400 mL water to a 500-mL measuring tube. Weight 1.0 g HMP and transfer to the cylinder. Add water to a volume of 500 mL. Mix and transfer to a 1-L glass bottle. Sterilize and store at room temperature.3. Two 250-mL sterilized polypropylene Nalgene tubes.

Functional 4 . 5 .

 45 metagenomics: construction and high-throughput screening of fosmid libraries for discovery of novel carbohydrate-active enzymes 351 After electrophoresis, stain the gel in a solution of ethidium bromide for 30 minutes at room temperature. Cut DNA fragments between 30 and 50 kbp and recover DNA with GELase following Clone the extracted metagenomic DNA into fosmid and transform in the E. coli strain EPI100 as recommended by the manufacturer.6. Using a colony picker, select transformants grown on plate supplemented with 12.5 µg/mL chloramphenicol and transfer them to 384 multiwell plates containing 70 µL freezing medium per well and incubate at 37°C for 22h (see Note 20)

  

  

  

  

  

  

  

Table of content

 of 

	PES: poly-ethylene succinate
	PET: polyethylene terephthalate
	Pfam: Protein families
	PHB: polyhydroxybutyrate
	PLA: polylactic acid
	POP: persistent organic pollutant
	PU: polyurethane
	PUL: Polysaccharide Utilization Loci
	RB5: reactive black 5
	RBBR: remazol brillant blue R
	RO16: reactive orange 16
	RPS BLAST : Reversed Position Specific BLAST
	SIP: stable isotope probing
	TCP: 3,5,6-trichloro-2-pyridinol
	ThYme : Thioester-active enzYme
	TIGRFAM: The Institute for Genomic Research's database of protein families
	TO: tropaeolin O

Table 1 :

 1 Examples of databases specialized in enzymatic functions of biotechnological interest.

	Databases	Enzymes	References
	MetaBioME	Enzymes of industrial interest	Sharma et al., 2010
		carbohydrate active enzymes	Cantarel et al., 2012
	CAZy (RRID:OMICS_01677)	Auxiliary redox enzymes for lignocellulose degradation	Levasseur et al., 2013
	CAT (RRID:OMICS_01676)	carbohydrate active enzymes	Park et al., 2010
	LccED	Laccases	Sirim et al., 2011
	LED (RRID:nif-0000-03084)	Lipases	Pleiss et al., 2000
	MEROPS (RRID:nif-0000-03112)	Proteases	Rawlings et al., 2012
	ThYme	Thioesterases	Cantu et al., 2011

Table content Table 1 :
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Table 2 :

 2 Discovery of pollutant degrading enzymes using sequence based metagenomics approaches. All the cited studies provided biochemical proof of function for the hits obtained.

	Ecosystem	Pollutant	Category	Method	Sequenced DNA size	Hits	Reference
						3 multigenic systems	
	Groundwater Naphthalene/PAH Mothball, fumigant	PCR amplification and functional annotation	~ 431 Mb	encoding 1,2-dihydroxynaphthalene	(Wang et al., 2012)
						degrading enzymes	
	Wastewater Azo-dyes	Dyes	PCR amplification	1.4 Gb	1 laccase	(Fang et al., 2010)
	Wastewater	Catechol; Azo-dyes	Pesticide precursor; Dyes	PCR amplification	1.4 Gb	1 laccase	(Fang et al., 2012)
		Naphthalene,	PAH;			191 oxygenases	
	Wastewater	Anthracene; Biphenyl; Phenol;	Precursor to PCBs; Toxic effect on neurosystem; Dye	Functional annotation and comparative metagenomics	~ 30 Mb	annotated, around 50% involved in metabolism of aromatic compound	(Jadeja et al., 2014)
		o-toluidine	precursor			degradation	
	River sediments	Polychlorinated biphenyl	Dielectric, coolant fluid; POP	PCR amplification	~ 55 Mb	1 dioxygenase fragment	(Sul et al., 2009)
	Soil	Lindane	Insecticide	DNA shuffling	Unspecified size 23 DNA hybrids	(Boubakri et al., 2006)
	Soil	3-chlorobenzoate Pesticide precursor	PCR and metagenome walking	PCR product: 3,649 bp	2 dioxygenases	(Morimoto and Fujii, 2009)
	Soil	Phenoxyalkanoic acid	Herbicide	Degenerated PCR primers	PCR products: 260, 360 and 815 bp	11 multigenic clusters encoding dioxygenase	(Zaprasis et al., 2009)
	Soil	Polychlorinated biphenyl	Dielectric, coolant fluid; POP	Pyrosequencing/functional annotation	524 bp region	1 biphenyl dioxygenase	(Iwai et al., 2009)

Table 3 :

 3 Discovery of pollutant degrading enzymes by activity-based metagenomics. All screening studies were performed by using E. coli as cloning host, except for the work ofOno et al. (2007) and[START_REF] Nagayama | Isolation of oxygenase genes for indigo-forming activity from an artificially polluted soil metagenome by functional screening using Pseudomonas putida strains as hosts[END_REF], performed in P. putida.

	Ecosystem	Screening Substrate	Pollutant family	Category	Activity screened	Screened library size (sequence coverage)	Number of hit clones	Reference
	Activated sludge Catechol	Aromatic hydrocarbon	Pesticide (precursor)	Extradiol dioxygenase	96,000 fosmid clones (3.2 Gb)	91	(Suenaga et al., 2007)
	Activated sludge 4-nitrotoluene	Aromatic compound	Dye precursor	Monooxygenase	40,000 fosmid clones (1.6 Gb)	6	(Kimura et al., 2010)
						40,000 BAC clones		
	Industrial effluent	Catechol	Aromatic hydrocarbon	Pesticide (precursor)	Dioxygenase and monooxygenase	(440 Mb) + 32,000 plasmid	4	(Sharma et al., 2012)
						clones (192 Mb)		
	Loam Soil	Styrene, o-chlorostyrene, m-chlorostyrene, p-chlorostyrene	Plastics	Suspected human carcinogen	Styrene monooxygenase	65,000 plasmid clones (357.5 Mb)	2 (identical)	(van Hellemond et al., 2007)
	Loam Soil	Naphthalene	PAH	Fumigant, precursor	Naphthalene dioxygenase	24,000 cosmid clones (600 Mb)	2 clones	(Ono et al., 2007)
	Soil	Catechol	Aromatic hydrocarbon	Pesticide (precursor)	Extradiol dioxygenase	87,000 + 300,000 fosmid clones (2.6 + 10.5 Gb)	254	(Brennerova et al., 2009)
				2,4-				
	Soil	3,5-dichlorocatechol	Phenoxy acid herbicide	Dichloropheno-xyacetic acid (herbicide)	Chlorocatechol 1,2-dioxygenase	Plasmid clones, size unspecified	1	(Lu et al., 2011)
				precursor				
		Catechol;	Aromatic hydrocarbon;	Pesticide				
	Soil	α-naphthol	Carbaryl (carbamate)/naphthale	(precursor) Insecticide	Laccase	8,000 plasmid clones (44 Mb)	1	(Ye et al., 2010)
			-ne (PAH)	(precursor)				

3 Angus cows - pooled liquid 4 Angus cows - fibre adherent 4

  

				The Bovine Rumen Ecosystem			
	Debranching								
	enzymes Other domains								
	GH51 associated with GHs	α-L-arabinofuranosidases	12	488	0	73	61	1,249	1
	GH54 Cohesion	α-L-arabinofuranosidases	0 0	23 52	111 51	0 0	1	76 80	0
	GH62 Dockerin GH67 SusC GH78 SusD Cellulases GH5 GH6 GH7 GH9 GH44 GH45 GH48 Total GH8 GH10 GH11 GH12 GH26 GH28 GH53 Total GH16 Total Xyloglucanases GH77 GH13 enzymes Starch degrading Total GH52 GH43 GH42 GH39 Endo-hemicellulases GH38 GH35 GH29 GH3 GH2 GH1 degrading enzymes Oligosaccharide Total Metagenomic size	α-L-arabinofuranosidases α-glucuronidases α-L-rhamnosidases Cellulases Endoglucanase Endoglucanase Endoglucanase Endoglucanase Endoglucanase Cellobiohydrolases Endoxylanase Endo-1,4-β-xylanases Xylanases Xyloglucanases Β-mannanases & Galacturonases Endo-1,4-β-galactanases Xyloglucanases Amylomaltase α-Amylase xylanases β-xylosidases Arabino/xylosidases β-galactosidases β-xylosidases α-mannosidases β-galactosidases α-L-fucosidases β-glucosidases β-glucosidases β-glucosidases	0 41 5 36 25 42 10 0 0 0 0 0 0 10 (4%) 1 11 0 0 2 9 28 (11%) 631 (12%) 0 92 74 1,122 313 685 287 0 0 109 5 0 5 406 (8%) 35 190 8 0 120 125 4 116 3 (1%) 0 NR 3 NR 5 153 184 (68%) (60%) 3,065 0 2 10 787 8 95 1 76 3 116 3 39 2 268 72 844 24 716 61 122 42 (15%) 898 (17%) 0.054 Gb 0.030 Gb	0 516 1,090 NR 426 NR 1,302 0 0 767 0 13 32 2,114 174 2,664 244 0 244 1,066 4,929 563 4,688 1739 2949 537 10,857 0 2,313 207 159 90 468 899 5,448 942 331 1,627 9.4 Gb	NR 8 NR 9 41 11 7 NR NR 7 0 NR 0 8 10 2 NR 9 15 0 47 0 47 2 0 68 10 2 22 21 31 207 218 7 0.024 Gb	NR NR 31 7 NR NR 6 0 NR 1 2 5 1 NR 3 17 1 38 1 37 5 0 59 12 2 15 9 26 166 176 10 0.027 Gb	Guernsey cows 5 1 188 120 3,110 1,260 1,889 1,451 2,464 (11%) 1,025 483 2,843 (12%) 483 4,385 (19%) 943 3442 472 369 9,524 (42%) (51%) 0 Jersey 0 cows 6 (7%) 2 55 (22%) 18 0 1 0 165 2,932 35 374 0 329 315 272 1 33 (13%) 158 2 3 939 3 115 2,844 99 1,436 795 253 1 0 24 2,706 (12%) (6%) 268 Gb 0.28 Gb
	GH74	Xyloglucanases	1	44	0	0	0	385	
	Total		5 (2%)	160 (3%)	563			868 (4%)	

107 4.1.1. Cellulases

Table 5 :

 5 List of studies mentioning the discovery of enzymes from the cow rumen through sequence-based metagenomics, including an experimental proof of function

				Number of		
	Ecosystem	Method	Library size	positive	Activity validated Reference
				sequences		
	Mehsani buffalo rumen	Shotgun sequencing	Unspecified	1 GH26	locust bean gum, beech wood xylan, CMCellulase,	(Patel et al., 2015)
					pectin	
	Swamp					
	buffalo rumen	PCR amplification	Unspecified	1 further analysed	Cellulase	(Cheema et al., 2012)
	Cow rumen (microbes adherent to plant fiber)	Shotgun sequencing	268 Gbp	51/90 tested, some multiactivities 34 14 17 19 18 11	Enzymes degrading: CMcellulase Xylan Lichenan Avicel Miscanthus Switchgrass	(Hess et al., 2011)
	Cow rumen	PCR amplification	Unspecified	1	Xylose isomerase	(Hou et al., 2015)
	Cow rumen	PCR amplification	Unspecified	49 clones, 9 distinct sequences	Cysteine phytase	(Huang et al., 2011)

Table 6 :

 6 List of studies mentioning the discovery of enzymes from the cow rumen through activity-based metagenomics.

	Ecosystem	Vector	Library size	Activity observed screening) (primary	Number of clones positive	Reference
	Cow rumen Fosmid	Unspecified size	Esterase	1	(Kambiranda et al., 2009)
	Korean cow rumen	Fosmid	Unspecified size	Esterase	1	(Kim, 2012)
	Cow rumen Fosmid	27,500 clones (1.2Gb)	Esterase	3	(Rodríguez et al., 2015)

Table 4 :

 4 Comparison of the abundancy of major GH families in the gut metagenomes of herbivores, ruminant or not. .......................................................................................... 104

Table 5 :

 5 List of studies mentioning the discovery of enzymes from the cow rumen through sequence-based metagenomics, including an experimental proof of function ............. 119

Table 6 :

 6 List of studies mentioning the discovery of enzymes from the cow rumen through

activity-based metagenomics. ........................................................................................ 119

of the cows:

  Standard dairy cow ration of corn silage, hay and concentrate

		Initial sampling of the rumen content
		Mix of ruminal samples from 2 animals
			In vitro enrichment (IVTE):
	In vivo enrichment (IVVE):	Rumen sample (mix from 2 animals) with
	Same 2 cows fed predominantly on	wheat straw as sole carbon source in a
	wheat straw for seven weeks	bioreactor
			(10 cycles of 7 days)
		DNA extraction for metagenomic library creation
	IVVE library	IVTE library
		Primary screening
	Esterases/lipases:	Oxidoreductases:	Carbohydrate Active Enzymes (CAZymes):
	Tween 20	Lignin alkali	Chromogenic polysaccharides
		Secondary screening
	Esterases/lipases:		CAZymes:
	pNP-acetate, pNP-	Oxidoreductases:	6 chromogenic polysaccharides of related
	butyrate, pNP-	ABTS	structures (chemically modified celluloses,
	palmitate		ramified or linear hemicelluloses)

Characterization of substrate specificity and activity quantification

  

			Thesis goals
	IVVE library	IVVE and IVTE libraries
	Esterases/lipases: carbamate polymers and monomers	Oxidoreductases: Synthetic dyes, lignin derivatives	Wheat straw, Design of enzymatic cocktails
	Sequencing,	Sequencing,	Sequencing, functional and taxonomical
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Table 7 :

 7 Structures of Tween 20 and of the carbamates used in this study

	Fenoxycarb	Fenobucarb	Prosulfocarb
	Tween 20	Impranil (deduced structure (Biffinger et al., 2015))

Table 8 :

 8 ORFs of interest from the sequenced clones active on Tween 20, Impranil and/or pNPA/B/P, annotated as putative esterases, ureases or proteases. Taxonomic annotation according to MEGAN analysis: number of ORFs assigned to F, Firmicutes; P, Proteobacteria; A, Actinobateria; ESB, bacteria from environmental samples.

	Clone ID and ORF number	Degraded Substrates	RAST annotation	Best BLAST hit against the nr NCBI database (accession number) Sequence coverage, sequence identity	NCBI best BLAST hit with the annotated activity of interest	Taxonomic annotation
	7D9 32	GM, Impranil (both media), pNPA (9.4x10 -2 U/mLextract), pNPB mLextract) (3.5x10 -3 U/	Hypothetical protein	putative uncharacterized protein [Clostridium sp. CAG:510] (CDA68954.1) Cov. 97%, Id. 60%	gluconolactonase Cov. 96%, Id. 60% [Lachnoclostridium phytofermentans] (WP_051650879.1)	24F 1ESB
	10N15 28	XYL, Impranil (both media)	Hypothetical protein	NHL repeat-containing protein [uncultured bacterium Contig33] (AHF25005.1) Cov. 100%, Id. 90%	gluconolactonase [Paenibacillus sp. VT-400] (WP_047842212.1) Cov. 89%, Id. 37%	6F 22ESB
	12F23 20	XYL, Impranil (both media),pNPB (3.3x10 -2 U/ mLextract)	Lysophospholi pase ; Monoglyceride lipase	lysophospholipase L2 [Clostridium sp. CAG:678] (CCY68436.1) Cov. 98%, Id. 52%	lysophospholipase L2 [Clostridium sp. CAG:678] (CCY68436.1) Cov. 98%, Id. 52%	3F 1P 13ESB
			Hypothetical protein	hypothetical protein [Ruminococcus callidus] (WP_021683508.1) Cov. 99%, Id. 53%	metallopeptidase [Anaerostipes hadrus] (WP_044924108.1) Cov. 98%, Id. 52%	
	13M17 25	Tween 20, Impranil (both media)	Esterase/lipas e	hypothetical protein [Butyrivibrio fibrisolvens] (WP_051216853.1) Cov. 100%, Id. 73%	esterase [Clostridiales bacterium S7-1-4] (WP_034547640.1) Cov. 99%, Id. 39%	20F
			Hypothetical protein	hypothetical protein [Intestinimonas butyriciproducens] (WP_052082726.1) Cov. 85%, Id. 52%	PREDICTED: mucin-22-like [Bactrocera dorsalis] (XP_011198142.1) Cov. 68%, Id. 28%	
	14O19 26	GM, Impranil (both media)	Lipolytic enzyme, G-D-S-L precursor	lipase [Sphingomonas taxi] (WP_043059301.1) Cov. 99%, Id. 85%	lipase [Sphingomonas taxi] (WP_043059301.1) Cov. 99%, Id. 85%	22F 1P 2ESB
					hydrolase, carbon-	
	21K7 33	XYL, Impranil (both media), pNPA (3.7x10 -1 U/ mLextract)	Hypothetical protein	hydrolase, carbon-nitrogen family [Parvimonas sp. oral taxon 110] (WP_009355038.1) Cov. 97%, Id. 44%	nitrogen family [Parvimonas sp. oral taxon 110] (WP_009355038.1) Cov.	10F 4P 13ESB
					97%, Id. 44%	
					putative	
			Hypothetical protein	putative transglutaminase/protease [uncultured bacterium Contig1767] (AHF23837.1) Cov. 100%, Id. 100%	transglutaminase/proteas e [uncultured bacterium Contig1767] (AHF23837.1) Cov.	
		XYL, Tween 20,			100%, Id. 100%	
		Impranil (both			putative esterase	
	25I16 29	media), pNPA (3.0x10 -2 U/ mLextract), pNPB (3.3x10 -2 U/	Putative esterase	putative esterase [uncultured bacterium Contig1767] (AHF23826.1) Cov. 100%, Id. 99%	[uncultured bacterium Contig1767] (AHF23826.1) Cov. 100%, Id. 99%	1F 27ESB
		mLextract)			diguanylate	
			Hypothetical protein	hypothetical protein [Lachnospiraceae bacterium C6A11] (WP_035628054.1) Cov. 99%, Id. 46%	phosphodiesterase [Butyrivibrio proteoclasticus] (WP_013280495.1) Cov.	
					99%, Id. 28%	
					esterase [Lactobacillus	
		Tween 20,	Esterase/lipas	esterase [Lactobacillus reuteri]	reuteri]	
		Impranil (both	e	(WP_003670556.1) Cov. 97%, Id. 50%	(WP_003670556.1) Cov.	
	29D17 29	media), pNPA (7.6x10 -3 U/ mLextract), pNPB (9.2x10 -3 U/ mLextract)	Hypothetical protein	hypothetical protein [Erysipelotrichaceae bacterium NK3D112] (WP_051665678.1) Cov. 97%, Id. 52%	97%, Id. 50% peptidase family M20/M25/M40 [Firmicutes bacterium CAG:129] (CCZ45637.1) Cov. 96%, Id. 49%	20F
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Table 10 :

 10 Optimal conditions for ABTS oxidation by the hit metagenomic clones.

	Optimal Conditions	Clone 1	Clone 2	Clone 3
	pH	4.5	5.0	4.5
	CuSO 4 concentration	10 mM	10 mM	10 mM
	Temperature	60°C	50°C	60°C
	Temperature for long-term reactions	50°C	30°C	50°C

Table 9 :

 9 Structures of the tested dyes and their maximal wavelength of absorbance. ....... 186

Table 10 :
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  Highly promiscuous oxidases discovered by functional exploration of the bovine rumen microbiome.Highly promiscuous oxidases discovered by functional exploration of the bovine rumen microbiome.

			6		+		2-oxoglutarate oxidoreductase, delta subunit, putative		oxidoreductase subunit VorC; VOR; / 2-oxoisovalerate ferredoxin reductase subunit gamma / 2-oxoisovalerate oxidoreductase
									gamma chain / 2-oxoisovalerate oxidoreductase, subunit gamma
									[Methanothermobacter marburgensis str. Marburg] 88% 2e-04
									37%
	Clone number and taxonomic annotation	Contig size(bp)	ORF	Strand -+ +	ORF functionnal assignement ABC transporter ATPbinding protein hypothetical protein cupin 2 conserved barrel domain protein	GOGs assignment E na G/R	Best BLASTP characterized homolog (% coverage, e. value, % identity). E-value stringincy : > 0.001
				1 2	+ +	+ +	Phenylalanyl-tRNA synthetase beta chain N-Acetyl-D-glucosamine ABC transport system, sugar-binding protein MG(2+) CHELATASE FAMILY PROTEIN / ComM-related protein Basic prolinerich protein precursor	J G O na	Ketoisovalerate oxidoreductase subunit VorB; VOR / 2-oxoisovalerate ferredoxin reductase subunit beta / 2-
			7	3	-+	+	binding-protein-dependent transport systems inner membrane component GNAT family acetyltransferase 2-oxoglutarate oxidoreductase, alpha subunit	G C J	oxoisovalerate oxidoreductase beta chain
				4	-	+	binding-protein-dependent transport systems inner membrane component prolipoprotein diacylglyceryl transferase	G na	[Methanothermobacter thermautotrophicus str. Delta H] 97% 3e-
	clone 2 31D12	5 Exopolysaccharide biosynthesis protein related to N-acetylglucosamine-1-phosphodiester alpha-N-acetylglucosaminidase G/R + hypothetical protein R -	115 50%
	9/18 ORFs assigned to	23,332 bp	10	6 7	--	+ +	NHL repeat containing protein hypothetical protein Ribosomal RNA small subunit methyltransferase C Histone acetyltransferase HPA2 and related acetyltransferases	J J/O
	Firmicute		11	8	-	+	sugar ABC transporter permease Beta-galactosidase GH2_6	G G
			12	9	-	+	putative sugar uptake ABC transporter permease protein Ribulose-phosphate 3-epimerase	G
	clone 3 32D12 Firmicute 5/31 ORFS assigned to	35,084 bp	13 14 15 16 8		+ + + + +	+ + + +	sugar ABC transporter substratebinding protein Endo-1,4-beta-xylanase CBM22-GH10 Chitobiose phosphorylase GH94 methyltransferase YaeB family multidrug ABC transporter ATPase multidrug ABC transporter ATPase vitamin B12 dependent methionine synthase activation domain protein 5-methyltetrahydrofolate--homocysteine methyltransferase 2-oxoglutarate oxidoreductase, beta subunit	G G G V V E E C	Ketoisovalerate oxidoreductase subunit VorA; VOR / 2-oxoisovalerate oxidoreductase alpha chain / 2-oxoisovalerate-marburgensis str. Marburg] 95% 3e-84 54% ferredoxin oxidoreductase subunit alpha [Methanothermobacter
			17		+	+	Phosphoserine aminotransferase amidohydrolase	Q
	clone 1 10N15 6/28 ORFS assigned to Firmicute	40,622 bp	18 9		+ + + + + ---	+	D-3-phosphoglycerate dehydrogenase Putative Holliday junction resolvase YggF Endo-1,4-beta-glucanase CE2 fragt N-term Substrate-specific component RibU of riboflavin ECF transporter 2-oxoglutarate oxidoreductase, gamma subunit ferrous iron transporter A aminoacyltRNA synthetase (ligase) Phosphoglycolate phosphatase acylCoA thioesterase (acyl hydrolase)	H/E K E	D-lactate dehydrogenase / D-LDH / D-specific 2-hydroxyacid Ketoisovalerate oxidoreductase subunit VorA; VOR / 2-oxoisovalerate oxidoreductase alpha chain / 2-oxoisovalerate-ferredoxin oxidoreductase subunit alpha [Methanothermobacter marburgensis str. Marburg] 97% 1e-31 42% dehydrogenase [Lactobacillus pentosus] 65% ; 4e-23 ; 29%
					-		Cytochrome c-type biogenesis protein CcsA/ResC	
					-		Cytochrome c-type biogenesis protein Ccs1/ResB		2-oxoisovalerate oxidoreductase, subunit gamma
					-		Fumarate reductase flavoprotein subunit (EC 1.3.99.1):dehydrogenase		[Methanothermobacter marburgensis str. Marburg] /
					+ -------+ -	--+ + + +	DNA-directed RNA polymerase beta&#39; subunit DNA-directed RNA polymerase beta subunit 2-oxoglutarate oxidoreductase, delta subunit, putative Electron transport complex protein RnfG Electron transport complex protein RnfB Electron transport complex protein RnfA Electron transport complex protein RnfE Electron transport complex protein RnfD DNA internalization-related competence protein ComEC/Rec2/ Firmicutes ribosomal L7Ae family protein SSU ribosomal protein S12p (S23e) SSU ribosomal protein S7p (S5e) Electron transport complex protein RnfC Sensory box/GGDEF family protein Putative surface protein bspAlike Lysophospholipase	F C C C	ketoisovalerate oxidoreductase subunit vorC [Methanothermobacter marburgensis] / Ketoisovalerate oxidoreductase subunit VorC; VOR; / 2-oxoisovalerate ferredoxin reductase subunit gamma / 2-oxoisovalerate oxidoreductase gamma chain / 2-oxoisovalerate oxidoreductase, subunit gamma [Methanothermobacter marburgensis str. Marburg] 88% 2e-04 37%
					+ + --	+ + +	hypothetical protein Translation elongation factor G Malate permease Translation elongation factor Tu transcription antitermination protein nusG cytochrome-c peroxidase hypothetical protein	J
					-	+	Preprotein translocase subunit SecE Amylopullulanase GH13	
					-	+	Transcription antitermination protein NusG Beta-1,3-glucosyltransferase GT2	
					-+ -	+ +	LSU ribosomal protein L11p (L12e) Endo-1,4-beta-xylanase CBM22-GH10 LSU ribosomal protein L1p (L10Ae) hypothetical protein Collagen-binding A protein-like	K J	Ketoisovalerate oxidoreductase subunit VorB; VOR / 2-oxoisovalerate ferredoxin reductase subunit beta / 2-
					+		2-oxoglutarate oxidoreductase, alpha subunit	C	207 208 oxoisovalerate oxidoreductase beta chain [Methanothermobacter thermautotrophicus str. Delta H] 97% 3e-209
									115 50%

Table 11 :

 11 Number of hits obtained from the primary screening of both metagenomic libraries. The percentage in brackets corresponds to the hit yield

			IVVE library	IVTE library
	Activity	Substrate	(rumen	(bioreactor
			enrichment)	enrichment)
	esterase	Tween 20	26 (0.13%)	3 (0.01%)
	endo-1,4-β-D-xylanase	AZCL-xylan (birchwood)	30 (0.15%)	4 (0.02%)
	endo-1,4-β-D-mannanase	AZO-Carob galactomannan	8 (0.04%)	53 (0.26%)
	β-glucanase,			
	including endo-			
	1,4-β-D-			
	glucanase (cellulase) and endo-(1,4)-(1,3)-	AZCL-Barley β-glucan	8 (0.04%)	19 (0.09%)
	β-D-glucanase			
	(lichenase)			
	activities			
	endo-1,4-β-D-glucanase (cellulase)	AZO-CM-cellulose	0 (0%)	44 (0.22%)
	oxidoreductase	Lignin alkali	3 (0.02%)	3 (0.01%)
	oxidoreductase	ABTS	0 (0%)	2 (0.01%)

Table 12 :

 12 Number of hits obtained from secondary screening.

		Functional activity	Substrate	IVVE clones IVTE clones
		esterase	para-nitrophenyl acetate	16	3
	esterases	esterase	para-nitrophenyl butyrate	20	3
		lipase	para-nitrophenyl palmytate	3	3
		endo-1,4-β-D-arabino-xylanase	AZCL-arabinoxylan (wheat)	30	8
		endo-1,5-α-L-arabinanase	AZCL-debranched arabinan	1	1
	polysaccharidases	endo-cellulase	AZCL-xyloglucan (tamarind)	2	10
		endo-cellulase	AZCL-HE Cellulose	3	10
		endo-cellulase	AZO-Avicel	0	0
		endo-cellulase	AZO-α cellulose	0	0
	oxidoreductases	oxidoreductase	ABTS	3	5
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Figure

31

: Activity of the IVVE hit clones on wheat straw. The stars show the clones included in the enzymatic cocktails. Purple star: clones with polysaccharidase and/or esterase activity; gold star: clones with oxidase activity. The table shows the substrates on which the clones are active.
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2010) sequencing of activity-screened fosmids using 454 GS FLX 2[START_REF] Pope | Metagenomics of the Svalbard Reindeer Rumen Microbiome Reveals Abundance of Polysaccharide Utilization Loci[END_REF] shotgun metagenomic sequencing 3[START_REF] Dai | Metagenomic Insights into the Fibrolytic Microbiome in Yak Rumen[END_REF] sequencing of activity screened BAC clones using 454 GS FLX Titanium 4(Brulc et al., 2009) the number of fibre adherent samples was the average of three fibre adherent samples (shotgun metagenomic sequencing using 454 GS20) 5(Hess et al., 2011) shotgun metagenomic sequencing using Illumina GAII and HiSeq2000 6(Wang et al., 2013) pyrosequencing using Roche GS FLX Titanium

Proteins in the Rumen of Grazing Cattle. Journal of Dairy Science 82, 2651-2658. doi:10.3168/jds.S0022-0302(99)75522-0

ORFs in orange are the one identified for the activity; putative clusters are highlighted in grey and brown.
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Chapter III:

The bovine rumen ecosystem impact the polymer chain structure and/or organisation, which explains reaction media clarification and gelification, respectively. 

MALDI-TOF analyses

In order to analyse the molecular mass distribution of the Impranil substrate and reaction products, MALDI-TOF analyses were performed on reaction media before and after reaction. Only the spectra obtained with clone 44I12 presented a significant difference before and after reaction. A different molar mass distribution was observed, with the apparition of peaks at m/z 682. 4, 683.4, 763.4 and 782.4 after reaction (Figure 20). Unfortunately, there is no known structure of Impranil [START_REF] Howard | Growth of Pseudomonas fluorescens on a polyester-polyurethane and the purification and characterization of a polyurethanase-protease enzyme[END_REF], even if a hypothetical one has been proposed by [START_REF] Biffinger | The applicability of Impranil®DLN for gauging the biodegradation of polyurethanes[END_REF]. According to this hypothetical structure, the predominant new peaks could correspond to the following degradation products: the one at m/z 682.4-is the closest in size to C 36 H 68 O 8 N 2 with an atom of Na; the one at 782 could be the motif C 36 H 66 O 8 N 2 with an atom of I but nothing seems to match with only additions of Na + or I -. Other peaks, present for both reaction times, may correspond to the polymerized Impranil motives with low polymerization degrees. These results constitute a definite proof, along with primary screening and HPSEC analysis, that the enzymes produced by clones 12F23 and 44I12 impact the structure of the commercial polyurethane Impranil.

Supplementary information

Figure S1: HPSEC chromatogram of the standard Impranil at 3 g/L. In black is the standard without lyophilisation, in grey the one after lyophilisation and resuspension in THF.

Chapter V:

Highly promiscuous oxidases discovered by functional exploration of the bovine rumen microbiome

Ufarté L. 1,2,3 , Potocki-Veronese G. 1,2,3 , Cecchini D. 1,2,3 , Rizzo A. 1,2,3 , Morgavi D. 4 , Cathala B. 5 , Moreau C. 5 , Cleret M. 1,2,3 , Robe P. 6 , Klopp C. 7 , Bozonnet S. 1,2,3 , Laville E. To be submitted (2016) Chapter VI:

Functional exploration of naturally and artificially enriched rumen microbiomes reveals novel enzymatic synergies involved in polysaccharide breakdown

Ufarté L. 1,2,3 , Laville E. 1,2,3 , Cecchini D. 1,2,3 , Rizzo A. 1,2,3 , Amblard E. 1,2,3 , Drula E. 4,5,6,7,8 , Henrissat B. 7,8,9 , Cleret M. 1,2,3 , Lazuka A. 1,2,3 , Hernandez G. 1,2,3 , Morgavi D. 10 , Dumon C. 1,2,3 , Robe P. 11 , Klopp C., Bozonnet S. 1,2,3 , Potocki-Veronese G. To be submitted (2016) 

Table content

Supplementary data

Table S1: Functional and taxonomical assignation of the sequenced metagenomic clones. In the 1 st column, contig number in red are the ones used in cocktails; in the 3 rd column, in dark pink, are the taxonomic problems between two contigs of the same clone; in the 4 th column, substrates in red are the ones without ORFs corresponding to the activity; in the 6 th column, (TC 3.A.1.5.2) 28062 29012 + Dipeptide transport system permease protein DppC (TC 3.A.1.5.2) 29005 29868 + Oligopeptide transport ATP-binding protein OppD (TC 3.A.1.5 Annex I:

Functional metagenomics: construction and high-throughput screening of fosmid libraries for discovery of novel carbohydrate-active enzymes

Lisa Ufarté 1,2,3 , Sophie Bozonnet 1,2,3 , Elisabeth Laville 1,2,3 , Davide A. Cecchini 1,2,3 , Sandra Pizzut-Serin 1,2,3 , Samuel Jacquiod