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Natural transformation is a mechanism of horizontal gene transfer allowing bacteria to capture, internalize and integrate exogenous DNA into their chromosome via homologous recombination. Despite the possible benefits of being transformable, always integrating random exogenous DNA can be deleterious. Therefore, natural transformation is a tightly regulated mechanism, only possible when bacteria enter a particular physiological state called competence.

Due to the strong conservation of the proteins involved in transformation in many unrelated species, three hypotheses on the evolutionary raison d'être of this mechanism had been proposed: "DNA for food", "DNA for repair", "DNA for evolution". Recently a fourth hypothesis emerged: natural transformation is a way for bacteria to remove parasitic MGEs (Mobile Genetic Elements) from their chromosome. This last hypothesis is supported by the fact that many MGEs impair transformation by diverse means. During my PhD, I participated in the study of the mechanism by which a MGE hijacks the competence regulatory system of Legionella pneumophila to repress natural transformation (Durieux, Ginevra et al., PNAS 2019).

Contrary to the well-conserved proteins required for natural transformation, competence regulation pathways are diverse and species-specific. L. pneumophila is particularly original: while all the other known competence regulatory mechanisms involve a central activator to up-regulate the transformation genes, L. pneumophila relies instead on the post-transcriptional repression system composed of RocR, a small noncoding trans-acting RNA and RocC, its cognate RNA chaperone.

During my PhD, I first tried to develop a biosynthetic tool based on this RocC/RocR system. The idea was to modify RocR to recognize the mRNA of any gene of interest in order to perform post-transcriptional repression. The results are presented in the form of an article that could potentially be published in the future (Kévin Picq et al., "Development of a biosynthetic tool for post-transcriptional repression in bacteria").

I also studied another protein involved in competence regulation: ComR. Using biochemistry and genetic approaches, we show that this protein is essential to the RocC/RocR system as it stabilizes RocR and potentially RocC. Then, using global transcriptomic and proteomic approaches, we show that ComR is a protein that regulates the expression of more than 150 genes, involved in multiple cellular functions. This suggests that competence has other function than just the regulation of natural transformation in L. pneumophila. These results are assembled in an article which is close to submission (Kévin Picq et al., "Regulation of competence in Legionella pneumophila").
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RÉSUMÉ LONG (FRANÇAIS)

La transformation naturelle est un processus de transfert horizontal de gène par lequel les bactéries peuvent capturer de l'ADN exogène dans leur environnement et l'internaliser dans leur cytoplasme, pour ensuite l'intégrer à leur chromosome par recombinaison homologue. Ce mécanisme est retrouvé chez de nombreuses bactéries et les protéines impliquées sont très conservées, suggérant fortement que la capacité à transformer a été sélectionnée au cours de l'évolution. À ce jour, quatre théories non mutuellement exclusives ont été proposées pour expliquer cette conservation. La première hypothèse, « l'ADN pour la nutrition » suggère que l'ADN internalisé servirait de source nutritive pour la bactérie. La seconde hypothèse, « l'ADN pour la réparation » propose que cet ADN permette de réparer le chromosome suite à des dommages à l'ADN. La troisième hypothèse, « l'ADN pour l'évolution », suggère que ce phénomène aurait été conservé parce qu'il promeut l'évolution des bactéries grâce à l'acquisition de nouveaux gènes. Ce n'est que récemment qu'une quatrième hypothèse a été proposée, à savoir que la transformation naturelle permettrait aux bactéries de nettoyer leur génome d'éléments parasites tel que les MGE (Eléments Génétiques Mobiles). Ces MGE se propagent très facilement entre les populations bactériennes, notamment par deux autres mécanismes de transfert horizontal de gène : la conjugaison et la transduction. Ces dernières années, de nombreux travaux ont mis en évidence l'existence de mécanismes encodés par des MGE qui bloquent la transformation naturelle. C'est le cas notamment d'un des MGE présents dans certaines souches de Legionella pneumophila. J'ai pu participé à l'étude de cet MGE qui détourne le mécanisme de régulation de la transformation naturelle afin de l'inhiber et les résultats sont présentés en annexe (Isabelle Durieux, Christophe Ginevra, Laetitia Attaiech, Kévin Picq, Pierre-Alexandre Juan, Sophie Jarraud, and Xavier Charpentier, Diverse conjugative elements silence natural transformation in Legionella species, PNAS, 2019).

Malgré tous les avantages possibles du phénomène de transformation, intégrer de l'ADN quelle que soit sa qualité peut être couteux énergétiquement pour la bactérie receveuse, voire toxique. Pour cette raison, la transformation naturelle est un phénomène hautement régulé, possible uniquement lorsque la bactérie entre dans un état physiologique particulier appelé « compétence ».

Bien que les protéines requises pour le processus de transformation naturelle soient très conservées, ce n'est absolument pas le cas des mécanismes de régulation de la compétence sous-jacent. Probablement en réponse aux pressions imposées aux différentes bactéries par leurs environnements naturels, on retrouve un éventail impressionnant de mécanismes qui contrôlent l'entrée en compétence. Les signaux inducteurs ne sont pas les mêmes : certaines espèces deviennent compétentes lorsqu'elles sont exposées à des antibiotiques, d'autres à des agents de dommage à l'ADN tels que les UV, d'autres lorsqu'elles sont dans un milieu pauvre en nutriments, ou encore parce que la température de croissance n'est pas optimale (et cette liste est non exhaustive). Le timing de développement de la compétence diffère également entre espèces bactériennes : certaines peuvent devenir compétente à n'importe quel stade de leur croissance, alors que d'autres vont privilégier un stade de croissance particulier. Les mécanismes moléculaires associés sont eux aussi extrêmement diversifiés, mais ils ont un point commun : l'expression d'un facteur de transcription central responsable de l'activation des gènes permettant de réaliser le processus de transformation naturelle. Cependant, chez mon modèle d'étude, L. pneumophila, aucun de ces activateurs transcriptionnels n'est présent. Chez cette bactérie, la compétence est en réalité régulée par un système de répression post-transcriptionnelle. Cette régulation repose sur un petit ARN non codant (ARNnc) appelé RocR et une chaperone à ARN appelée RocC. RocC stabilise RocR, et ensemble ils bloquent la traduction des ARN messagers des gènes essentiels pour la transformation naturelle.

Tout au long de ma thèse, j'ai réalisé une étude de ce système de régulation RocC/RocR. D'une part de manière fondamentale, pour mieux comprendre cette régulation, et d'autre part de manière appliquée pour développer un outil biosynthétique.

Le but de cet outil biosynthétique basé sur le système RocC/RocR est de pouvoir réaliser de la répression post-transcriptionnelle sur n'importe quel gène d'intérêt, dans n'importe quelle bactérie. Je n'ai malheureusement pas réussi à aboutir à un outil biosynthétique fonctionnel. Le système natif est fonctionnel, même lorsqu'il est exprimé dans un hôte hétérologue (dans notre cas, Escherichia coli), mais la version modifiée du système ne l'est pas. De nombreuses pistes pour améliorer le design de ce système ont été proposées tout au long du manuscrit, et le point majeur qui pourrait expliquer cette absence de fonctionnalité est un design non optimal des petits ARNnc dérivés de RocR. Néanmoins, ce système présente quand même un fort potentiel. Tous les autres systèmes développés, basés sur un petit ARNnc, dépendent de la présence de la protéine chaperonne très connue Hfq. Cela conduit donc à deux limitations majeures. La première est qu'Hfq est une très grosse protéine ne pouvant pas être facilement transformée dans la bactérie receveuse avec le petit ARN. Cela restreint donc l'utilisation de ces systèmes seulement aux bactéries exprimant nativement cette protéine. La seconde est que chez les bactéries exprimant Hfq, cette dernière joue déjà un rôle dans la physiologie de la cellule. L'ajout d'un petit ARN dépendant de cette protéine peut donc perturber sa fonction naturelle, limitant l'orthogonalité du système. RocC, de son côté, est une petite protéine chaperone, qui peut très facilement être transférée d'une bactérie à une autre avec RocR. Un outil biosynthétique dérivé du système RocC/RocR est donc d'une forte attractivité pour ce domaine de la biologie synthétique et son développement mérite donc d'être poursuivi. Tous les résultats concernant ce développement sont écrits sous la forme d'un article qui verra potentiellement le jour dans le futur (Kévin Picq, Chloé Vallantin, Xavier Charpentier, Laetitia Attaiech, Development of a biosynthetic tool for post-transcriptional repression in bacteria, non publié).

Par ailleurs, ces travaux m'ont amené à étudier une autre protéine impliquée dans la régulation de la compétence chez L. pneumophila : ComR. Au début de ma thèse, nos connaissances sur ComR étaient très limitées : il s'agit d'une petite protéine de fonction inconnue, spécifique de L. pneumophila, et présentant un domaine Hélice-Tour-Hélice. Des approches génétiques et biochimiques ont permis de montrer que ComR est essentielle au bon fonctionnement du système RocC/RocR, puisqu'elle favorise la stabilité de RocR, et potentiellement celle de RocC. Son étude reste cependant complexe. Il s'agit d'une petite protéine, peu exprimée, que nous n'avons pas réussi à purifier ou à tagger, empêchant donc sa détection in vivo. Pour pallier ce problème, nous avons réalisé des approches globales de transcriptomiques et protéomiques pour en apprendre plus sur sa fonction.

Les approches de transcriptomiques ont permis de mettre en évidence que ComR est un régulateur impactant l'expression de plus de 150 gènes. Il semble donc que ComR soit un régulateur beaucoup plus global que RocC et RocR, qui sont limités à la régulation des gènes essentiels pour la transformation naturelle. Notre hypothèse actuelle quant au lien entre ComR et le système RocC/RocR est qu'il existe au moins un autre acteur qui servirait d'intermédiaire entre les deux systèmes.

L'analyse globale du protéome de L. pneumophila tout au long de sa croissance a permis deux choses. D'une part, nous avons pu vérifier que les variations des niveaux d'ARN messagers (ARNm) observées grâce à la transcriptomique étaient retrouvées ou non au niveau protéique. D'autre part, cela a mis en évidence que les niveaux d'expression de ComR dans la cellule varient très peu, même si cette interprétation est une fois de plus biaisée par le fait que ComR est une protéine très peu exprimée.

Les modalités de régulation de l'expression de ComR sont toujours inconnues. Cependant, des approches bio-informatiques suggèrent qu'un petit ARNnc, Lppnc0639, pourrait former un duplex avec l'ARNm de ComR dans son 5'-UTR (région 5' non traduite). Cette interaction pourrait induire une régulation de la traduction de ComR et donc une étude de la fonction de Lppnc0639 dans la régulation de la compétence présente un fort intérêt.

Enfin, l'analyse fonctionnelle du régulon de ComR nous a montré que cette protéine régule des gènes appartenant à de nombreuses fonctions cellulaires chez L. pneumophila. Cela suggère donc que l'état de compétence est beaucoup plus complexe que la seule régulation de la transformation naturelle. C'est également le cas chez d'autres bactéries pour lesquelles le régulon compétence contient d'autres gènes que ceux nécessaire à la transformation naturelle. Par exemple, chez Streptococcus pneumoniae et Bacillus subtilis, la compétence est associée à une réponse au stress. Chez Staphylococcus aureus, il a été montré que l'état de compétence était essentiel pour induire un changement métabolique permettant à la bactérie d'être plus virulente.

Tous ces résultats concernant l'étude de la compétence chez L. pneumophila font l'objet d'un manuscrit qui devrait être soumis à publication prochainement (Kévin Picq, Marie Cariou, Adeline Page, Frederic Delolme, Christophe Ginevra, Marine Robert, Xavier Charpentier, Laetitia Attaiech, Regulation of competence in Legionella pneumophila).

Cette thèse (à l'exception de la majeur partie des remerciements) est rédigée en anglais. Deux raisons ont motivé ce choix : [START_REF] Johnston | Bacterial transformation: Distribution, shared mechanisms and divergent control[END_REF] faciliter la compréhension du manuscrit par mes deux rapporteurs étrangers et (2) la langue anglaise permettra une meilleure diffusion de mes travaux à l'échelle internationale.
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INTRODUCTION 1. A brief introduction on Legionella pneumophila

The first reported case of a Legionella pneumophila outbreak occurred in the 1970s. After attending the American Legion convention in Philadelphia in July 1976, multiple individuals started experiencing typical pneumonia symptoms. Overall, 182 cases were reported, with 81% of the patients needing hospitalization and 16% of them dying [START_REF] Fraser | Legionnaires' disease: description of an epidemic of pneumonia[END_REF]. Additional research allowed to isolate a gram-negative bacterium that did not have the characteristics of bacteria known to infect human [START_REF] Mcdade | Legionnaires' disease: isolation of a bacterium and demonstration of its role in other respiratory disease[END_REF].

This bacterium would later be named Legionella pneumophila and the disease caused by this bacterium legionellosis or Legionnaire's disease, in reference to the event (the American Legion convention) that led to its discovery.

Despite being discovered after the pneumonia outbreak in Philadelphia in 1976, L. pneumophila is actually an environmental bacterium first and foremost. Indeed, even though L. pneumophila serogroup 1 represents 95,4% of the clinical cases in France (84% worldwide [START_REF] Newton | Molecular pathogenesis of infections caused by Legionella pneumophila[END_REF]), it accounts for only 28% of the environmental species [START_REF] Doleans | Clinical and environmental distributions of Legionella strains in France are different[END_REF]. It was shown that L. pneumophila species are ubiquitous in natural aquatic environments [START_REF] Fliermans | Ecological distribution of Legionella pneumophila[END_REF], as parasites or commensals of free-living amoebas [START_REF] Newton | Molecular pathogenesis of infections caused by Legionella pneumophila[END_REF]. In order to resist amoebas' phagocytosis, L. pneumophila secretes numerous effectors via its type IV secretion system that allow the formation of a Legionella

Containing Vacuole (LCV), which is remodeled to avoid fusion with the lysosome [START_REF] Escoll | From amoeba to macrophages: exploring the molecular mechanisms of Legionella pneumophila infection in both hosts[END_REF]) [START_REF] Mondino | Legionnaires' Disease: State of the Art Knowledge of Pathogenesis Mechanisms of Legionella[END_REF]. Bacteria can then replicate within this LCV. Aside from natural aquatic environments, L. pneumophila can also be found in anthropogenic environments such as air-conditioning towers, fountains and even spas [START_REF] Newton | Molecular pathogenesis of infections caused by Legionella pneumophila[END_REF]. In these cases, it is mostly found in biofilms rather than intracellular [START_REF] Rogers | Influence of temperature and plumbing material selection on biofilm formation and growth of Legionella pneumophila in a model potable water system containing complex microbial flora[END_REF], and it can also be found in complex biofilm association with other protozoans [START_REF] Taylor | Legionella, protozoa, and biofilms: interactions within complex microbial systems[END_REF]. L. longbeachae is an original case and has been found in Australian's soils [START_REF] Steele | Distribution of Legionella longbeachae serogroup 1 and other legionellae in potting soils in Australia[END_REF].

L. pneumophila is also an opportunistic human pathogen. The contamination occurs almost exclusively through the inhalation of bacteria-containing droplets from aerosols. There is also at least one reported case of potential human-to-human transmission, although this mode of transmission is almost nonexistent [START_REF] Correia | Probable Personto-Person Transmission of Legionnaires' Disease[END_REF]. These aerosols are often coming from contaminated air-conditioning cooling towers [START_REF] Newton | Molecular pathogenesis of infections caused by Legionella pneumophila[END_REF]. There is also occurrence of contamination that happened in hot spring waters, which is considered one of the only potential natural source of contamination [START_REF] Mashiba | A case of Legionnaires' disease due to aspiration of hot spring water and isolation of Legionella pneumophila from hot spring water][END_REF]. Once inhaled, L. pneumophila can reach alveolar macrophages in the lungs. Usually, the macrophages phagocyte the bacteria, but L. pneumophila evade phagocytosis by a mechanism extremely similar to what is observed in amoebas [START_REF] Escoll | From amoeba to macrophages: exploring the molecular mechanisms of Legionella pneumophila infection in both hosts[END_REF]. However, as the human-to-human transmission is almost non-existent, infecting human macrophages is considered as an evolutionary impasse.

L. pneumophila's genome is more than 3 Mb long, with a low %GC (less than 38%). A comparative analysis between the strain Paris and Lens revealed that ~20% of the total genome of L. pneumophila encodes genus-specific genes [START_REF] Cazalet | Evidence in the Legionella pneumophila genome for exploitation of host cell functions and high genome plasticity[END_REF]. Of interest for my PhD project, it has been shown that L. pneumophila is able to undergo two of the three main mechanisms of horizontal gene transfer:

conjugation [START_REF] Dreyfus | Conjugation-mediated genetic exchange in Legionella pneumophila[END_REF] and natural transformation (Stone and Kwaik, 1999). To this day, no trace of transduction has been found in its genome, and there is no known phage of L. pneumophila.

In the next section, I will describe these mechanisms of horizontal gene transfer to highlight how they can shape the genome of the bacteria.

Horizontal gene transfer and natural transformation

The different mechanisms of horizontal gene transfer

Horizontal Gene Transfer (HGT) is the acquisition of genetic material from another organism, as opposed to vertical transmission of DNA from parent to offspring [START_REF] Ravenhall | Inferring horizontal gene transfer[END_REF]. HGT has been first described in the late 1940s [START_REF] Tatum | Gene Recombination in the Bacterium Escherichia coli[END_REF] and is a very important factor for the evolution of prokaryotic organisms [START_REF] Garcia-Vallvé | Horizontal gene transfer in bacterial and archaeal complete genomes[END_REF].

There are three main HGT mechanisms in bacteria (Figure 1): conjugation, transduction and natural transformation [START_REF] Burmeister | Horizontal Gene Transfer[END_REF]. The first two mechanisms rely on external vehicles, respectively plasmids and phages. Conjugation is a process by which a conjugative plasmid transfers itself from a donor to a recipient bacterium. Conjugative plasmids bear the genes essential to the synthesis of a tube-like structure called the conjugation pilus, which forms a pond between the two bacteria. Plasmids can then be transferred from the donor to the recipient cells through this conjugation pilus (Figure 1C).

Transduction is a process by which a bacteriophage mistakenly transfers bacterial DNA from one cell to another (Figure 1B). Upon infection, the bacteriophage DNA is injected into the bacterium. After multiplication, the viruses assemble and can accidentally pick up part of the host chromosome with its own genetic material. Therefore, the phage becomes a vector of bacterial DNA as the next infected bacteria is injected by both the phage's DNA and bacterial DNA.

In these two mechanisms, the recipient bacterium is "passive" and does not encode any particular genes for these HGT events to occur. Extracted from [START_REF] Furuya | Antimicrobial-resistant bacteria in the community setting[END_REF].

On the other hand, natural transformation is an active mechanism that is entirely encoded by the recipient bacterium. Natural transformation can be described as a parasexual process, i.e. genetic recombination happens in the absence of meiosis (Johnston et al., 2014). This mechanism begins with the uptake of exogenous DNA from the bacterium's environment. If the taken up DNA presents homologous regions with the genome, it can be integrated through homologous recombination (Figure 1A). The molecular mechanisms involved will be covered in the following sections.

Natural transformation was discovered thanks to the work of Griffith on the bacteria Streptococcus pneumoniae in 1925 [START_REF] Griffith | The significance of pneumococcal types[END_REF](Figure 2). In this study, mice were injected with 2 types of S. pneumoniae strains, one called "R strain" (for "rough", a non-virulent strain) and the other called "S strain" (for "smooth", a virulent strain). Mice injected with the R strain survived the infection, while the ones infected with the S strain died. The S strain can be heat-inactivated, and mice injected by the heatinactivated S strain survived. However, mice injected with both the R strain and the heat-inactivated S strain died from the infection. By analyzing the bacteria present in the blood of the mice, Griffith found that the strains present were S strain, and concluded that there must have been some sort of "transforming principle" of the S strain to make the R strain virulent [START_REF] Griffith | The significance of pneumococcal types[END_REF]. This "transforming principle" was then identified in 1944 thanks to the work of Avery and colleagues [START_REF] Avery | Studies on the chemical nature of the substance inducing transformation of pneumococcal types. Induction of transformation by a desoxyribonucleic acid fraction isolated from Pneumococcus type III[END_REF]. They showed that this "transforming principle" was actually DNA from the virulent strain and that just giving this DNA to an avirulent strain could render it virulent. This process was then called "transformation".

These two experiments are still highly regarded today as they laid the foundations of the discovery of horizontal gene transfer, and more precisely the mechanism of natural transformation.

Mechanistic of the natural transformation process

The mechanistic of the natural transformation process is highly conserved in bacteria. In this section, I will describe the mechanistic behind natural transformation, highlighting the key differences known between Gram-and Gram+ bacteria.

Capture and internalization of the transforming DNA

The first step of the natural transformation process is the capture of exogenous double stranded DNA (dsDNA). The mechanism is represented in Figure 3. With the exception of Helicobacter pylori that relies on its Type 4 Secretion System, the capture step is achieved through the Type IV pilus (T4P) in Gram-, and through the pseudopilus (or competence pilus) in Gram+ (Johnston et al., 2014). It is to be noted that one difference between the T4P and pseudopilus is that the latter is only required for natural transformation, while the T4P is also implicated in other cellular function, like adhesion [START_REF] Raynaud | PilB from Streptococcus sanguinis is a bimodular type IV pilin with a direct role in adhesion[END_REF] or the formation of biofilms [START_REF] Maldarelli | Type IV pili promote early biofilm formation by Clostridium difficile[END_REF]. However, they have a conserved architecture that leads to the process of natural transformation. They result from the assembly of subunits called pilins [START_REF] Giltner | Type IV pilin proteins: versatile molecular modules[END_REF]. These pilins can be divided into two types: the major pilins (PilA for the T4P, ComGC for the pseudopilus) and the minor pilins. In addition to the pilins, the formation of the pilus requires the presence of ATPases. For the T4P, two ATPases are required: PilB, which produce energy essential for the assembly [START_REF] Sukmana | The type IV pilus assembly motor PilB is a robust hexameric ATPase with complex kinetics[END_REF], and PilT, which is the ATPase essential for the retraction of the pilus [START_REF] Ellison | Retraction of DNA-bound type IV competence pili initiates DNA uptake during natural transformation in Vibrio cholerae[END_REF]. In Gram+, the ATPase required for the assembly process is called ComGA [START_REF] Briley | The secretion ATPase ComGA is required for the binding and transport of transforming DNA[END_REF], although no homologs to PilT (the retraction ATPase of Gram-) have been found, despite the fact that it was showed that there is also a phenomenon of retraction [START_REF] Lam | Competence pili in Streptococcus pneumoniae are highly dynamic structures that retract to promote DNA uptake[END_REF]. The ATPase ComGA has been hypothesized to also catalyze the reaction of pilus retractation [START_REF] Lam | Competence pili in Streptococcus pneumoniae are highly dynamic structures that retract to promote DNA uptake[END_REF]. Recently, the process of assembly, DNA capture and retraction of the pilus has been visualized in V. cholerae [START_REF] Ellison | Retraction of DNA-bound type IV competence pili initiates DNA uptake during natural transformation in Vibrio cholerae[END_REF] and in S. pneumoniae [START_REF] Lam | Competence pili in Streptococcus pneumoniae are highly dynamic structures that retract to promote DNA uptake[END_REF]. After the capture of the exogenous DNA and retraction of the pilus, the dsDNA is then processed in the periplasm. It is first recognized by ComEA [START_REF] Seitz | ComEA Is Essential for the Transfer of External DNA into the Periplasm in Naturally Transformable Vibrio cholerae Cells[END_REF]. ComEA contains two Helix-Turn-Helix (HTH) domains, which are known to be implicated in DNAbinding [START_REF] Doherty | The helix-hairpin-helix DNA-binding motif: a structural basis for non-sequence-specific recognition of DNA[END_REF], although it has to be kept in mind that these structures also have a multitude of other functions (Aravind et al., 2005). It is thought however that in at least a few bacteria, another protein could have a redundant role with ComEA. This is because a comEA mutant is still partially transformable, like for example in my model organism: L. pneumophila (Charpentier et al., 2008).

The next step of the natural transformation process is the degradation of the dsDNA into a single stranded DNA (ssDNA) (Figure 3). This means that one of the strands has to be degraded in the periplasm by a nuclease. This nuclease has been discovered in S. pneumoniae (called Diplococcus pneumoniae at the time) and is called EndA [START_REF] Lacks | Membrane location of a deoxyribonuclease implicated in the genetic transformation of Diplococcus pneumoniae[END_REF]. However, no EndA homolog have been found in other species. One hypothesis is that this nuclease function is taken care of by the protein ComEC. ComEC was initially shown to be the protein allowing the transport of the ssDNA from the periplasm to the cytoplasm [START_REF] Draskovic | Biogenesis of a putative channel protein, ComEC, required for DNA uptake: membrane topology, oligomerization and formation of disulphide bonds[END_REF](see below). Recently, it has been shown that the C-terminal domain also has a nuclease function, which is responsible for the degradation of the dsDNA into ssDNA in B. subtilis [START_REF] Silale | The DNA transporter ComEC has metal-dependent nuclease activity that is important for natural transformation[END_REF]. In other species, the nuclease responsible for this degradation remains to be found.

As previously mentioned, once the dsDNA has been degraded into ssDNA, it is internalized into the cytoplasm via the ComEC protein (Figure 3). The N-terminal domain of ComEC is a large transmembrane protein that serves as a channel for the ssDNA [START_REF] Draskovic | Biogenesis of a putative channel protein, ComEC, required for DNA uptake: membrane topology, oligomerization and formation of disulphide bonds[END_REF]. In the Gram+ S. pneumoniae and B. subtilis, it was shown that this transport is an active mechanism and relies on the ATPase activity of ComFA [START_REF] Diallo | Bacterial transformation: ComFA is a DNA-dependent ATPase that forms complexes with ComFC and DprA[END_REF]. To this day, no homologs to ComFA have been found in Gram-, even though the transport is also thought to be active.

Finally, upon reaching the cytoplasm, the ssDNA is taken up by ComF (in Gram-) or ComFC (in Gram+), which is proposed to act has an intermediate between ComEC and the recombination machinery [START_REF] Damke | ComF is a key mediator in single-stranded DNA transport and handling during natural transformation[END_REF]. 

2.2.2.Processing of the internalized single stranded DNA

After its internalization into the cytoplasm via ComEC and ComF/ComFC, the ssDNA is then loaded with DprA/SSB (Single Strand Binding protein). These proteins protect the transforming DNA from nucleases and recruit RecA [START_REF] Mortier-Barrière | A key presynaptic role in transformation for a widespread bacterial protein: DprA conveys incoming ssDNA to RecA[END_REF]. RecA then starts searching for homology sequences between the transforming DNA and the chromosome (Figure 4). Once homology is found, RecA catalyze the invasion of the transforming DNA in the chromosome via the formation of a D-loop (for displacement loop) structure, leading to the formation of 3J junction (i.e. a three-strand junction). ComM in Gram- [START_REF] Nero | ComM is a hexameric helicase that promotes branch migration during natural transformation in diverse Gramnegative species[END_REF], and RadA in Gram+ [START_REF] Marie | Bacterial RadA is a DnaB-type helicase interacting with RecA to promote bidirectional D-loop extension[END_REF], are then recruited at the 3J junctions and open the double helix via their helicase activity, leading to D-loop extension. The junctions of the newly formed heteroduplex are then resolved by a mechanism that is poorly explained (Figure 5). Recently, it has been shown that in Gram-another protein, YraN, is recruited at the 3J junction and is responsible for the cleavage of the displaced strand thanks to its nuclease activity (unpublished manuscript from Léo Hardy's PhD, [START_REF] Hardy | Analyse génétique exhaustive du mécanisme de transformation naturelle chez Legionella pneumophila et caractérisation d'un nouvel acteur conservé chez les bactéries Gram-négative[END_REF]. Extracted and adapted from (Attaiech et al., 2016). While the ability to undergo natural transformation can be beneficial for the bacteria, thanks to the acquisition of antibiotic resistance genes for example, the chances to get detrimental DNA are just as important. Therefore, natural transformation is a tightly regulated process that is only possible when the bacteria enter a particular physiological state called competence.

The various mechanisms of competence regulation

The original model for the study of competence:

Streptococcus pneumoniae and definition of the X-state S. pneumoniae is an opportunistic human pathogen and is one of the main causes of acute pneumonia in the world [START_REF] O'brien | Burden of disease caused by Streptococcus pneumoniae in children younger than 5 years: global estimates[END_REF]. It is the first organism in which natural transformation was demonstrated and became the most extensively studied model for competence (Claverys et al., 2006). In the beginning, quorum sensing was thought to be the induction signal for the development of competence. Later on, it was found that this mechanism does not rely on quorum sensing but rather on the presence of a specific pheromone (Claverys et al., 2006).

The mechanism of competence regulation in S. pneumoniae is represented in Figure 6. The competence genes in this species can be divided into the "early" competence genes and the "late" competence genes (Claverys et al., 2006). The "early" genes are typically all the genes that lead to the production of the central regulator of competence in S. pneumoniae: ComX, and the "late" genes are those that are controlled by ComX (among which are the genes encoding the DNA uptake machinery).

In S. pneumoniae, competence is induced by a pheromone called CSP (for Competence-Stimulating Peptide) [START_REF] Håvarstein | An unmodified heptadecapeptide pheromone induces competence for genetic transformation in Streptococcus pneumoniae[END_REF]. The CSP is encoded within the comCDE operon. ComC is the precursor of the CSP. It is only upon its secretion that ComC is matured into CSP by the ComA-ComB transporter (encoded on the comAB operon) [START_REF] Hui | Competence for genetic transformation in Streptococcus pneumoniae: organization of a regulatory locus with homology to two lactococcin A secretion genes[END_REF]. It is then detected by the ComDE two-component system (TCS). The CSP binds to ComD, which then phosphorylates ComE in response (ComE~P) [START_REF] Pestova | Regulation of competence for genetic transformation in Streptococcus pneumoniae by an auto-induced peptide pheromone and a twocomponent regulatory system[END_REF]. ComE~P is the transcriptional regulator of the "early" competence genes, and positively regulates both the comCDE and comAB operons. This creates a positive regulatory loop that leads to the accumulation of the CSP and therefore ComE~P. ComE~P then activates the expression of comX. ComX is a sigma factor ( X) and is considered to be the central regulator of competence in S. pneumoniae [START_REF] Lee | Identification of a new regulator in Streptococcus pneumoniae linking quorum sensing to competence for genetic transformation[END_REF]. Sigma factors are essential for transcription regulation. They recognize specific sequences on the promoter of their target genes, favoring transcription initiation by positioning RNA polymerase on said genes [START_REF] Davis | The essential activities of the bacterial sigma factor[END_REF]. ComX then activates the transcription of the "late" competence genes by recognizing a conserved sequence called "cinbox" or "combox" [START_REF] Peterson | Gene expression analysis of the Streptococcus pneumoniae competence regulons by use of DNA microarrays[END_REF]. Among these are the genes encoding the DNA uptake machinery and the proteins essential for the internalized DNA processing (Figure 6). DprA, a gene essential for the natural transformation process, is also regulated by ComX. Apart from its role in natural transformation, it was also shown that DprA interact with ComE~P, which in turn prevents ComE~P to activate gene transcription. This creates a negative regulatory loop that results in the shutdown of competence [START_REF] Mirouze | Direct involvement of DprA, the transformation-dedicated RecA loader, in the shut-off of pneumococcal competence[END_REF].

It has to be noted that a lot of the genes that are regulated via ComX are not essential for the natural transformation process. Therefore, the competence state of S. pneumoniae was renamed the "X-State", as the term competence is often mistakenly understood as only referring to the ability to undergo natural transformation. It was shown that some of these other genes were involved in the response to stress, which suggested that competence is actually a global response to stress in S. pneumoniae (Claverys et al., 2006). This is not something exclusive to S. pneumoniae. The term X-state was actually coined from the term Kstate that had previously been used to rename the competence state of Bacillus subtilis (Berka et al., 2002). In this species, ComK-based regulation of competence (see 3.2.3.1) activates the genes essential for natural transformation, but also genes that are required for sporulation, cell division or metabolism (Berka et al., 2002). Data on the various cellular functions that are impacted during competence keep on emerging, like in Staphylococcus aureus in which competence induce variations in the metabolism in order to improve virulence (Cordero et al., 2022). This clearly indicates that competence is a global response that regulates more than just natural transformation. During my PhD, I showed that competence in L. pneumophila is a complex metabolic shift that include much more than just the natural transformation genes (see II. REGULATION OF COMPETENCE IN LEGIONELLA PNEUMOPHILA).

Competence regulatory mechanisms are very diverse

The more we learn about competence regulatory systems in bacteria, the more complex and diverse they appear to be. They can differ in induction signals, in competence kinetics (i.e. the growth phase during which bacteria become competent) and obviously on the molecular mechanisms involved. In this section, I will highlight this diversity at the different level of regulation.

Multiplicity of the environmental triggers

First, the types of induction signal that are necessary to activate competence can be very diverse. In S. pneumoniae competence can be induced upon DNA damage (Claverys et al., 2006). DNA damage is actually quite a widespread competence inducer, as this also induces competence in H. pylori (Dorer et al., 2010) and L. pneumophila (Charpentier et al., 2011) for example. Interestingly, these three bacteria all lack the classic SOS response. Combined with the fact competence induces the expression of stress response genes, it is proposed that competence induction could actually be an alternative to the SOS response in bacteria lacking it [START_REF] Charpentier | Induction of competence for genetic transformation by antibiotics: convergent evolution of stress responses in distant bacterial species lacking SOS?[END_REF].

Another type of signals that have been shown to induce competence development is the lack of nutrients.

The star example of that is Haemophilus influenzae. This species becomes competent in the absence of nutriments [START_REF] Redfield | Genes for breakfast: the have-your-cake-and-eat-it-too of bacterial transformation[END_REF], or when bacteria are transferred from a rich to starvation medium [START_REF] Herriott | Defined Nongrowth Media for Stage II Development of Competence in Haemophilus influenzae[END_REF]. Another bacterium, Pseudomonas stutzeri, also present the same characteristic of becoming competent when nutrients become scarce [START_REF] Lorenz | Natural genetic transformation of Pseudomonas stutzeri by sand-adsorbed DNA[END_REF].

The growth temperature can also have a strong influence on the competence development. For example, in laboratory conditions, L. pneumophila only induces competence under sub-optimal growth temperature (when grown at 30°C instead of 37°C) (Buchrieser and Charpentier, 2013). Neisseria gonorrhoeae was shown to be constitutively transformable, but slight effect of the growth temperature on the transformation frequency have been observed [START_REF] Sparling | Genetic transformation of Neisseria gonorrhoeae to streptomycin resistance[END_REF].

Variability in the kinetic

As mentioned in the last example, N. gonorrhoeae is constitutively competent [START_REF] Sparling | Genetic transformation of Neisseria gonorrhoeae to streptomycin resistance[END_REF]. This is also the case of H. pylori. However, despite being consistently competent, peak of natural transformation efficiency can be observed throughout the growth (Baltrus and Guillemin, 2006). Similarly, Acinetobacter baylyi is always transformable but with variation in efficiency during the growth. There is a lot of debate however on the growth phase in which the competence peak is reached in this bacterium, with some publications reporting a peak in the stationary phase, others during the exponential phase (Seitz and Blokesch, 2013).

While these species seem to be constitutively transformable, this is actually not the case for most others.

H. influenzae actually becomes competent only during the stationary phase, coherent with the finding that nutrient depletion actually triggers competent development [START_REF] Redfield | Genes for breakfast: the have-your-cake-and-eat-it-too of bacterial transformation[END_REF]. This is also the case of P. stutzeri [START_REF] Lorenz | Natural genetic transformation of Pseudomonas stutzeri by sand-adsorbed DNA[END_REF]. In L. pneumophila, competence is a transient state that occurs during the late exponential phase (Attaiech et al., 2016). Similarly, in B. subtilis, competence is induced right after the exponential growth phase, and peak 2h into the stationary phase [START_REF] Hamoen | Controlling competence in Bacillus subtilis: shared use of regulators[END_REF].

The importance of the growth phase is also exemplified by Vibrio cholerae. This bacterium naturally produces an extracellular nuclease, called Dns, that degrades DNA in the environment. However, a quorum-sensing regulated systems stops the production of this nuclease which allows V. cholerae to undergo natural transformation [START_REF] Blokesch | The extracellular nuclease Dns and its role in natural transformation of Vibrio cholerae[END_REF] [START_REF] Lo Scrudato | The regulatory network of natural competence and transformation of Vibrio cholerae[END_REF].

It has to be reminded that all these examples have been observed in laboratory conditions. Thus, it is likely that in their native environment, bacteria could become competent at different stage of the growth. This could especially be true for bacteria in which competence is a general response to stress like S. pneumoniae, or for S. aureus as competence was shown to be essential for successful infection of the host.

Variability in the molecular mechanisms

We have seen that competence regulatory mechanisms are already very diverse in terms of induction signals and kinetics, and they also differ at the molecular level.

Comparison between the historical models of

Streptococcus pneumoniae and Bacillus subtilis

I will present a simplified explanation of competence regulation in B. subtilis. For more details on this regulation, an excellent review was written recently [START_REF] Maier | Competence and Transformation in Bacillus subtilis[END_REF].

Part of B. subtilis' competence regulatory mechanism is very similar to S. pneumoniae (see 3.1)(Figure 7).

A pheromone called ComX is synthesized from pre-ComX then post-translationally matured by ComQ before secretion [START_REF] Dubnau | Genetic competence in Bacillus subtilis[END_REF] [START_REF] Schneider | Characterization of comQ and comX, Two Genes Required for Production of ComX Pheromone in Bacillus subtilis[END_REF]. ComX binds to ComP, which is part of the ComPA TCS. ComP then phosphorylates ComA (ComA~P) and ComA~P activates the transcription of comS. ComS then stabilizes ComK by competing for protease ClpCP recruitment [START_REF] Turgay | Competence in Bacillus subtilis is controlled by regulated proteolysis of a transcription factor[END_REF]. ComK is the transcription factor responsible for the activation of the com genes via the recognition of a K-box [START_REF] Hamoen | Improving the predictive value of the competence transcription factor (ComK) binding site in Bacillus subtilis using a genomic approach[END_REF], which leads to the expression of the genes essential for the natural transformation process. Extracted from (Claverys et al., 2006).

Another pathway however illustrates the difference between B. subtilis and S. pneumoniae. Competence in B. subtilis is also regulated by multiple peptides. Among them, the most notable one is the CSF (for competence stimulating factor). PhrC is the precursor of CSF. PhrC is exported through the Sec system of B. subtilis, and then matured into CSF in the extracellular medium. CSF is then imported via the permease encoded by spo0K (Opp) [START_REF] Solomon | Purification and characterization of an extracellular peptide factor that affects two different developmental pathways in Bacillus subtilis[END_REF] [START_REF] Lazazzera | An exported peptide functions intracellularly to contribute to cell density signaling in B. subtilis[END_REF] [START_REF] Bongiorni | Synergistic Regulation of Competence Development in Bacillus subtilis by Two Rap-Phr Systems[END_REF]. It has been shown that at low concentrations of CSF, competence is activated by activation of ComS. However, at high concentrations, the CSF stimulates sporulation of B. subtilis by phosphorylating Spo0A. Spo0A~P then participates in the repression of comK, thereby repressing competence [START_REF] Solomon | Purification and characterization of an extracellular peptide factor that affects two different developmental pathways in Bacillus subtilis[END_REF] (Figure 8).

Two other peptides of the Phr family have been identified to regulate competence. First is the PhrF peptide that inhibits the activity of RapF, which is a protein that prevents the binding of ComA~P to its target [START_REF] Bongiorni | Synergistic Regulation of Competence Development in Bacillus subtilis by Two Rap-Phr Systems[END_REF]. The second is PhrG that inhibits RagG, which is a protein that represses the expression of DegU, a transcriptional activator of comK [START_REF] Ogura | Binding of response regulator DegU to the aprE promoter is inhibited by RapG, which is counteracted by extracellular PhrG in Bacillus subtilis[END_REF]. (On the left) PhrC is exported through the Sec system and then modified extracellularly into CSF. CSF is then internalized via the permease Opp. Low concentrations of CSF leads to activation of ComS, thereby stimulating competence development. However, at high concentrations of CSF, Spo0A is phosphorylated, which leads to comK repression and stimulation of the sporulation process. Adapted from [START_REF] Maier | Competence and Transformation in Bacillus subtilis[END_REF].

Despite some resemblance with S. pneumoniae, the regulatory mechanism of B. subtilis does not work similarly. For example, there is no positive feedback loop that enhance the expression of ComX.

Additionally, only a subset of the B. subtilis community becomes competent, while it is much more synchronized in S. pneumoniae (Claverys et al., 2006). Moreover, the competence window is much larger of B. subtilis than the one of S. pneumoniae. So despite all the similarities, this example show that the competence regulatory mechanisms are vastly different and have evolved differently in different bacterial species.

The case of Vibrio cholerae

V. cholerae is a perfect example to highlight the potential complexity of the molecular mechanism responsible for competence development. In this bacterium, there are actually three interconnected pathways that leads to competence development (Figure 9). (Brown: regulation of competence by chitin) Growth on chitin surface leads to the activation of TfoR via the ChiS sensor. TfoR is a noncoding RNA that leads to post-transcriptional activation of TfoX, the central regulator of competence in V. cholerae. Once expressed, TfoX, assisted by CRP-cAMP can activate the expression of the competence genes. (Green: regulation of competence by quorum sensing) At high cell density, the autoinducers CAI-1 and AI-2 reach a critical concentration, which leads to the activation of HapR. HapR is involved in both the activation of competence genes, but also in the repression of dns (which encode a secreted nuclease that degrade exogenous DNA). (Light blue: regulation of competence by catabolite repression) In absence of V. cholerae preferred sources of sugar, there is accumulation of cAMP. cAMP can then interact with CRP and the CRP-cAMP complex is important both for the activation of competence genes by TfoX and the transcriptional activation of hapR. Extracted from [START_REF] Lo Scrudato | The regulatory network of natural competence and transformation of Vibrio cholerae[END_REF].

As previously mentioned, V. cholerae secretes a nuclease called Dns at low cell density that degrades extracellular DNA [START_REF] Blokesch | The extracellular nuclease Dns and its role in natural transformation of Vibrio cholerae[END_REF]. As long as that nuclease is produced, no transformation is possible. CqsA and LuxS are autoinducer-synthesizing enzymes that are responsible for the synthesis of CAI-1 and AI-2, respectively [START_REF] Lo Scrudato | The regulatory network of natural competence and transformation of Vibrio cholerae[END_REF]. CAI-1 binds to the CqsS receptor, while AI-2 binds to the LuxQ-associated LuxP receptor [START_REF] Ng | Signal production and detection specificity in Vibrio CqsA/CqsS quorum-sensing systems[END_REF]. At low cell density, LuxQ and CqsS then lead to a phosphorylation cascade: first they phosphorylate LuxU, which in turns phosphorylate LuxO.

LuxO, in addition to the sigma factor RpoN then favors the expression of small noncoding RNAs called Qrr (for quorum regulatory RNAs) that block the expression of HapR, which is essential for the activation of competence genes and the repression of dns. Therefore, at low cell density, the bacteria are not competent [START_REF] Antonova | Genetics of Natural Competence in Vibrio cholerae and other Vibrios[END_REF]. At high cell density, when CAI-1 and AI-2 reach a critical quantity, the phosphorylation cascade is abolished, and this results in HapR accumulation. HapR then promotes the expression of the competence genes comEA and comEC; and inhibits the expression of dns, the gene encoding the secreted nuclease (Meibom et al., 2005) (Figure 9, in green). Therefore, this quorum sensing mechanism is essential for the development of competence.

The second requirement to unlock competence in V. cholerae is the growth on chitin surfaces (Meibom et al., 2005). In presence of chitin, ChiS, the membrane receptor of chitin, activates the expression of the small noncoding RNA TfoR. TfoR then binds to the 5'-UTR region of tfoXmRNA, which in turn frees the RBS of the mRNA. tfoXmRNA is then translated into TfoX [START_REF] Yamamoto | Identification of a chitin-induced small RNA that regulates translation of the tfoX gene, encoding a positive regulator of natural competence in Vibrio cholerae[END_REF](Figure 9, in brown). TfoX is considered the central regulator of competence in V. cholerae and is essential for the expression of the com genes (Seitz and Blokesch, 2013).

Finally, a third pathway is necessary for V. cholerae to become competent called carbon catabolic repression (CCR) (Meibom et al., 2005). CCR is a behavior by which bacteria alter their gene expression to focus on a specific substrate. For example, if a preferred sugar is present in the medium, then the bacteria repress the expression of enzymes required for the catabolism of a less preferred one. CCR is regulated by proteins of the phosphoenolpyruvate-dependent phosphotransferase systems (PTS). The first protein of this PTS is the enzyme I (EI). EI is phosphorylated thanks to a PEP substrate which leads to a phosphorylation cascade between the proteins of the PTS up to the phosphorylation of the carbohydrate substrate. In the presence of these substrates, the phosphate is transferred rapidly between the different proteins and therefore, they are primarily found in their dephosphorylated form. On the contrary, substrate scarcity will lead to an accumulation of the proteins in their phosphorylated form. It was shown that the accumulation of these phosphorylated proteins (i.e. in absence of substrate) led to the increased synthesis of cyclic AMP (cAMP) from ATP via the CyaA enzyme [START_REF] Deutscher | How phosphotransferase system-related protein phosphorylation regulates carbohydrate metabolism in bacteria[END_REF]. The excess of cAMP synthesized then interacts with the cAMP-receptor protein (CRP) and forms the CRP-cAMP complex.

This complex has been shown to work with TfoX for the activation of the com genes, but also to stimulate hapR transcription (Lo Scrudato and Blokesch, 2012) (Figure 9, in blue). Therefore, this pathway constitutes the link between the two other previously discussed pathways of competence activation in V. cholerae. Very recently, it was shown that the CCR behavior regulates competence by another pathway [START_REF] Green | The molecular mechanism for carbon catabolite repression of the chitin response in Vibrio cholerae[END_REF]. One of the enzymes of the PTS is called enzyme II (EII), and the EIIA domain of this protein is phosphorylated in the phosphorylation cascade. The authors showed that the dephosphorylated form of EIIA interact with ChiS, which leads to the inhibition of both chitin utilization and natural transformation. In their study, the authors explain that this is the first time that carbon availability was shown to regulate the competence process.

The case of Haemophilus influenzae

In H. influenzae, the competence regulon is unusually small, composed of 26 genes distributed in 13 operons. Each of these operons contain a characteristic promoter-associated element called CRE sites (for Competence Regulatory Element). These CRE sites were later renamed CRP-S sites, as they are uncanonical CRP-binding site relying on the presence of a transcriptional factor called Sxy (homologous to TfoX in V. cholerae) [START_REF] Redfield | A novel CRP-dependent regulon controls expression of competence genes in Haemophilus influenzae[END_REF] (Seitz and Blokesch, 2013).

There are two conditions to be met in order for H. influenzae to become competent: lack of nutrients, and depletion in purine levels.

In conditions of nutrients scarcity, the expression level of cAMP and CRP rise. They form the CRP-cAMP complex, which then leads to the transcription of genes containing a canonical CRP promoter; among those is sxy [START_REF] Cameron | CRP binding and transcription activation at CRP-S sites[END_REF]. This is when the second conditions for competence development is important. The depletion of purine leads to the efficient translation of sxymRNA [START_REF] Sinha | The availability of purine nucleotides regulates natural competence by controlling translation of the competence activator Sxy[END_REF]. Once both conditions are met, the transcription factor Sxy is expressed. Sxy then acts with CRP and recognizes the CRP-S sites of the competence genes [START_REF] Cameron | Non-canonical CRP sites control competence regulons in Escherichia coli and many other gamma-proteobacteria[END_REF] which leads to competence development and subsequently to the ability to undergo natural transformation.

It was recently shown that a toxin-antitoxin system impacts the regulation of competence in H. influenzae [START_REF] Findlay Black | A competence-regulated toxin-antitoxin system in Haemophilus influenzae[END_REF]. This system was acquired by HGT and is composed of ToxT (the toxin) and ToxA (the antitoxin). In the absence of ToxA, ToxT completely blocks DNA transformation. However, the presence of ToxT and ToxA is not required for natural transformation as a double mutant has no phenotypical effect.

Out of all the examples of competence regulation presented here, it appears very clear that the underlying mechanism are very diverse and have evolved differently depending on the lifestyle of these bacterial species. Nevertheless, one main similarity can be noted: all these bacteria rely on the presence of central transcriptional activators of the competence genes: ComX in S. pneumonia, ComK in B. subtilis, HapR and TfoX in V. cholerae or Sxy in H. influenzae. Figure 10, extracted from the excellent review wrote by Johnston and colleague, perfectly illustrates that (Johnston et al., 2014). While the molecules and regulatory pathways for the development of competence are species specific, they all relied on the presence of a transcriptional activator that leads to the activation of the competence genes.

However, not too long ago, the mechanism underlying competence regulation in L. pneumophila was discovered (Attaiech et al., 2016), and it appears that this bacterium does not rely on the presence of a transcriptional activator. In the next section, I will discuss the atypical competence regulatory mechanism of my model bacteria and show how it differs from all the other known mechanisms presented before. 

L. pneumophila

In a study from the early 2000s, Sexton & Vogel conducted a random mutagenesis experiment in order to find hypercompetent mutants of L. pneumophila, meaning that these mutants were competent even in conditions in which the wild-type strain is not. Out of this screening, two hypercompetent mutants have been discovered: the lpp2773 mutant (named comR for competence regulator) and the lpp0148 mutant (named proQ after the homology with the ProQ protein of Escherichia coli) (Sexton and Vogel, 2004).

A decade later, the role of Lpp0148 in competence regulation was uncovered (Attaiech et al., 2016). The first step of that study was to determine if Lpp0148 is a specific regulator of competence of not. For that, the authors performed RNA-seq experiment to compare the transcriptome of the WT strain of L. pneumophila Paris and of the lpp0148TAA mutant (the notation lpp0148TAA means that a stop codon is inserted at the 10 th amino-acid of Lpp0148). This revealed that the Lpp0148 regulon is comprised of a small number of genes, mainly implicated in the natural transformation process (comEA, comEC, comF, comM…), therefore proving that Lpp0148 is a specific regulator of competence.

Lpp0148 displays a ProQ/FinO domain in its N-terminal region. FinO is a known protein bearing a ProQ/FinO domain, and is an RNA chaperone, suggesting that Lpp0148 could be one too. In order to gain more insight on the function of Lpp0148, Attaiech and colleagues performed a RIP-seq experiment to find its potential RNA partners. One potential interactant was found very largely predominant: the sRNA lppnc0692. This sRNA was then named RocR (for Repressor of competence RNA), and its predicted secondary structure is presented in Figure 11. Bases are colored based on the confidence of the prediction. Extracted from (Attaiech et al., 2016).

Using Electrophoretic Mobility Shift Assay (EMSA), the authors then showed that there is a direct interaction between Lpp0148 and RocR, and more specifically with the third stem loop (SL3) of RocR.

Northern Blot analysis of the stability of RocR in the L. pneumophila Paris WT and in the lpp0148TAA mutant revealed that Lpp0148 is essential for RocR stability. Using this phenotype, they could investigate which part of Lpp0148 is essential for the interaction with RocR. They used random mutagenesis to obtain various mutant of Lpp0148, and the stability of RocR in each mutant was assessed. Mutations in the ProQ/FinO domain of Lpp0148 systematically resulted in a complete loss of RocR stability. Interestingly, mutations that led to the deletion of the C-terminal domain of Lpp0148 had no impact on the stability of RocR. Therefore, the authors concluded that Lpp0148 stabilizes RocR via an interaction between the SL3 of RocR and the ProQ/FinO domain of Lpp0148.

Small ncRNAs (like RocR) often work by target mRNAs, triggering the post-transcriptional regulation of the targets. Considering that RocR interact with Lpp0148, and that in a lpp0148TAA mutant, the mRNAs of comEA, comEC, comM and comF are less represented, the authors hypothesized that RocR/Lpp0148 could be responsible for the silencing of those mRNAs. By looking at the 5'-UTR region of these mRNAs, they found a conserved sequence of 6-nucleotides complementary to the first stem loop (SL1) of RocR, that they called "RocR-box", right next to the Ribosome Binding Site (RBS). By designing mutations in the RocRbox of comEAmRNA and/or in the sequence of RocR, the authors showed that RocR specifically interacts with the RocR-box of its target mRNA, leading to decreased stability of the target (Figure 12). Therefore, the author concluded that RocR is indeed a repressor of competence that recognizes the RocR-box present on the 5'-UTR of its target mRNA, leading to the repression of these target. The sequence of RocR and of the RocR-box present in comEAmRNA 5'-UTR are represented, and the efficiency of the RocR-based repression is measured by fluorescence thanks to the comEA_gfp transcriptional fusion. First, with both Lpp0148 present and a wild-type RocR, the repression of comEA_gfp is active (low fluorescence level, first histogram). In the absence of Lpp0148, RocR is no longer stabilized and comEA_gfp, is highly expressed (second histogram). Mutations in the RocR-box (indicated in lowercase) result in a high expression of comEA_gfp (third histogram). The mutation of RocR to restore the complementarity with the RocR-box partially restore the repression of comEA_gfp (fourth histogram). Similar experiments were performed in histogram 5-6-7-8 and all show the same pattern: the loss of complementary between RocR and the RocR-box leads to de-repression of comEA_gfp, and this effect is attenuated if mutations are inserted to restore the complementarity. Extracted from (Attaiech et al., 2016).

Interestingly, in the C-terminal mutant of Lpp0148, this activity of silencing is completely abolished. That means that even if RocR is stable, it requires the C-terminal domain of Lpp0148 to be functional. As Lpp0148 is important both for the stability and functionality of RocR, it meant that Lpp0148 is actually a chaperone of RocR. For this reason, Lpp0148 was then renamed RocC (for Repressor of competence Chaperone).

As previously said, L. pneumophila becomes transiently competent at the end of the exponential growth phase. By studying the expression kinetic of RocC and RocR in L. pneumophila Paris, the authors showed that both of these partners are highly expressed during the early stage of the growth, and that this expression decrease in the late exponential phase. With that information, Attaiech and colleagues drew the first model of competence regulation in L. pneumophila (Figure 13). First, during the early stages of the growth, RocC and RocR are highly expressed. Therefore, RocC can stabilize RocR, and they recognize the mRNAs of the competence regulon (comEAmRNA, comECmRNA, comFmRNA…). The formation of the RNA duplex near the RBS would then block ribosome-binding and subsequent translation, which would lead to the degradation of these mRNA. Upon entry in the late exponential phase, by a yet unknown mechanism, RocC and RocR level decrease in the bacteria. The mRNAs of the competence regulon can then accumulate and be translated. Therefore, the DNA uptake system can be assembled and L. pneumophila is able to undergo natural transformation (Attaiech et al., 2016).

The shutdown of competence during the stationary phase however is not due to RocC/RocR, as their expression level do not increase back during that growth phase. The shutdown is controlled by quorum sensing by the Lqs (for Legionella quorum sensing), as it was shown that the Lqs represses competence in L. pneumophila during the stationary phase (Kessler et al., 2013).

While all the other bacterial species discussed in the previous sections rely on a transcriptional activation of the competence genes to become competent, in L. pneumophila, competence development rely on a post-transcriptional repression system. The competence genes are always transcribed but are only translated upon the decreased expression of RocC and RocR. This study added another layer of complexity in the competence regulatory mechanisms. This discovery could serve as the basis to uncover other unconventional mechanisms of competence regulation for bacterial species in which these mechanisms have yet to be unveiled (Attaiech and Charpentier, 2017).

The model of competence regulation in L. pneumophila still has unsolved questions: how are RocC/RocR regulated? What triggers the decreased expression of RocC/RocR in the late exponential phase? The study of other known hypercompetent mutants could potentially help answering these questions. In the early stages of the growth, RocR and RocC are highly expressed. RocC stabilizes RocR and together they recognize the mRNAs of the competence regulon, blocking their translation. The latter are then degraded, and the bacteria is not competent. By a yet unknown mechanism, at the end of the exponential growth phase, when grown at suboptimal growth temperature (30°C), the expression level of both RocC and RocR decrease. The mRNAs of the competence regulon can then accumulate and be translated. The products allow formation of the DNA uptake system allowing the bacteria to undergo natural transformation. The bacteria are competent. Adapted from (Attaiech et al., 2016).

Other actors are important for the regulation of competence in L. pneumophila: ComR and RNaseR

As mentioned in the previous paragraph, another hypercompetent mutant had been discovered in the Sexton and Vogel study: the comR mutant (Sexton and Vogel, 2004). Before I started my PhD, little to nothing was known about the ComR protein. All we knew is that it is a small protein, specific of L. pneumophila, and predicted to display a HTH domain. HTH domains are most famously known as DNAbinding domain, but actually, a very thorough review of Aravind and colleague shows that these domains can actually be involved in RNA-binding or protein-binding (Aravind et al., 2005). Additionally, the associated function can be very diverse. This means that ComR displaying a HTH domain could not help predicting a potential function for this protein.

During my PhD, I studied the ComR protein, trying to understand its role in the regulation of competence in L. pneumophila. Is ComR linked to the RocC/RocR system? Is it directly working with the RocC/RocR system to regulate competence? Does it specifically regulate competence, or is it a broader regulator? I tried answering all these questions during my PhD (see II. REGULATION OF COMPETENCE IN LEGIONELLA PNEUMOPHILA). Briefly, it appears that ComR is indeed linked to the previously described RocC/RocR system, but rather indirectly, and that it controls much more cellular functions than just natural transformation.

RNaseR is an RNase that degrades RNA with a 3'-5' exoribonuclease activity. It is highly conserved in prokaryotes and is the only known RNase in L. pneumophila (Charpentier et al., 2008). By characterizing the RNase R mutant of L. pneumophila, Charpentier and coworkers showed that the loss of that protein had little to no impact at the optimal growth temperature (37°C), either as a free-living organism or as an intracellular pathogen. However, at suboptimal growth temperature (30°C), the loss of RnaseR resulted in growth defect. This growth defect is relatively mild, so the authors decided to compare the total RNA of the WT strain and or the rnr mutant at 30°C. This analysis revealed an accumulation of 16S RNA, tmRNA and other unidentified RNA product in a rnr mutant. RNA structures being more stable at 30°C than at 37°C likely explains the difference in phenotype at these two temperatures.

Using microarray analysis and gene expression profiling, the authors then assessed the impact of RNaseR loss at 30°C on global gene expression. They showed that both the WT and rnr mutant had an increase of the expression of genes involved in the cold-shock response. Multiple genes involved in the general metabolism of the bacteria are upregulated at 30°C in the rnr mutant compared to the WT strain.

However, very unexpectedly, the authors showed that the deletion of RNaseR at 30°C led to an upregulation of genes involved in the natural transformation process, like comEA, comEC, and other components of the T4P. Assessing the impact of RNaseR loss on competence of L. pneumophila compared to the comR and rocC mutant, the authors showed that the rnr mutant is hypercompetent at 30°C, similarly to the rocC and comR mutant. However, at 37°C, no defect of competence regulation could be observed. They concluded that RNaseR is directly or indirectly linked to the regulation of competence in L. pneumophila in a temperature-dependent manner (Charpentier et al., 2008).

To this day, no data on the role of RNaseR in the regulation of competence have been found. One hypothesis is that it could be responsible for the degradation of the RNA duplexes formed by RocR and its targets.

Overall, the mechanisms of competence regulation are very diverse in bacteria, and species specific. Some common characteristics can be found, but generally, the mechanisms are more different than they are alike. On the contrary, the different actors of the natural transformation process are very conserved across prokaryotes (Johnston et al., 2014). This suggests that natural transformation is a phenomenon that has been conserved during evolution, while the regulation of natural transformation as evolved differently between bacterial species, likely to adapt to their environment. The fact that bacteria retained the ability to undergo natural transformation and developed such complex regulatory systems must mean that the acquisition of exogenous DNA is beneficial for the bacteria. In the next section, I am going to present the different hypotheses that have been proposed as to why bacteria retained this ability.

Raisons d'être of the natural transformation process

Three main, non-exclusive hypotheses as to why natural transformation has been retained through evolution have been around since the 90s: "DNA for food", "DNA for repair" and "DNA for evolution".

The first one, "DNA for food", is also the most debated one. It was first proposed by the lab of Rosie Redfield [START_REF] Redfield | Genes for breakfast: the have-your-cake-and-eat-it-too of bacterial transformation[END_REF]. The idea behind it is that the transformed DNA will be used as a nucleotide source for the various processes inside the bacteria. This is supported by the fact that in H. influenzae and B. subtilis, competence is induced by nutrient scarcity, while the addition of ribonucleotide in the culture media decreases competence gene expression in H. influenzae [START_REF] Redfield | Genes for breakfast: the have-your-cake-and-eat-it-too of bacterial transformation[END_REF]. However, there are other cases of bacteria that actually become competent during the exponential growth phase, so when nutrients are abundant, like S. pneumoniae for example (Claverys et al., 2006). This tends to contradict this hypothesis. Another problem with that hypothesis is that the energy required for the natural transformation process to occur would likely outweighs the energy gain from the use of the transforming DNA for metabolism purposes. Additionally, one of the strands of the transforming DNA is degraded in the periplasm before its internalization in the cytoplasm (Johnston et al., 2014), which does not make sense regarding the idea that it would be used for nutritional purposes. Finally, the example of V. cholerae also strikingly goes against this hypothesis. As mentioned in paragraph 3.2.3.2, V. cholerae secretes a nuclease in its environment when it is not competent and stops when it becomes competent [START_REF] Blokesch | The extracellular nuclease Dns and its role in natural transformation of Vibrio cholerae[END_REF]. This means that the V. cholerae needs the taken up DNA to be intact for the natural transformation process. However, all of this does not deny the fact that the transforming DNA could be recycled as a nucleotide source if it could not be integrated in the genome via homologous recombination.

The second hypothesis is "DNA for repair". The idea behind it is that if part of the host's chromosome presents DNA damage, the transforming DNA could be used to replace it. The main fact supporting this hypothesis is that competence is induced in some bacteria when exposed to DNA-damaging agents, like L. pneumophila (Charpentier et al., 2011) and S. pneumoniae (Prudhomme et al., 2006) for example. This hypothesis is also supported by the fact that some bacteria tend to use closely related DNA for natural transformation. One key example of this is N. gonorrhoeae. This bacterium is able to specifically recognize exogenous DNA bearing a DNA-uptake sequence (DUS) [START_REF] Goodman | Identification and arrangement of the DNA sequence recognized in specific transformation of Neisseria gonorrhoeae[END_REF], which is highly represented in its genome. Therefore, N. gonorrhoeae tends to only transform DNA of closely related Neisseria species. So far, only one other bacterium was shown to share a similar mechanism for DNA uptake: H. influenzae [START_REF] Mell | Defining the DNA uptake specificity of naturally competent Haemophilus influenzae cells[END_REF]. There are also examples that go against that hypothesis. For example, A. baylyi sees a fitness benefit to be able to undergo DNA uptake when exposed to UV stress. However, this benefit is observed with both homologous and heterologous DNA, meaning that the taken up DNA is not used as a template to repair damaged DNA [START_REF] Hülter | Costs and benefits of natural transformation in Acinetobacter baylyi[END_REF].

The third hypothesis, which is the most intuitive one, is that the natural transformation process has been conserved because it drives bacterial evolution. The transforming DNA could lead to the acquisition of new genes with new functions that can be beneficial to the bacteria, for example an antibiotic resistance gene which would help the bacterium survive in an environment where the related antibiotic is present. Despite all the possible advantages of natural transformation for the bacteria, it can also be a disadvantage to acquire random DNA sequences. The various forms of HGT (not just natural transformation, but also conjugation and transduction) can lead to the accumulation of mobile genetic elements (MGE) in the chromosome of the bacteria, which potentially confer no fitness advantage but also have an energetic cost for their replication and expression.

Based on this, a fourth hypothesis arose in the second half of the 2010s, proposed by Nicholas Croucher.

This last hypothesis is that natural transformation could be essential for bacteria in order to clean up their chromosome of parasitic mobile genetic elements (MGE) [START_REF] Croucher | Horizontal DNA Transfer Mechanisms of Bacteria as Weapons of Intragenomic Conflict[END_REF]. By internalizing MGEfree DNA from a closely related specie, the bacteria could remove the MGEs from its chromosome through the homologous recombination process. This hypothesis is first supported by one key characteristic of the natural transformation process: the average length of the imported DNA for transformation is shorter than the average length of common MGE. Additionally, because of that tendency to import smaller DNA sequences, natural transformation more frequently leads to the loss of genes rather than their acquisition. This means that DNA acquired via natural transformation has a higher chance to remove MGE from the chromosome than importing them [START_REF] Croucher | Horizontal DNA Transfer Mechanisms of Bacteria as Weapons of Intragenomic Conflict[END_REF].

Most importantly, this hypothesis is also supported by the extensive examples of MGEs that interfere with the natural transformation process. For example, multiple prophages can be found inserted in essential genes for natural transformation. This is the case in S. pneumoniae, Streptococcus mutans or Streptococcus parauberis where a prophage can be found inserted in the comYC gene. Prophage have also been found inserted in comK in Listeria monocytogenes or Listeria innocua, in comFA in Streptococcus equi, Bacillus cereus and Bacillus thuringiensis. In Acinetobacter baumanii, MGEs can be found integrated in the comM gene [START_REF] Croucher | Horizontal DNA Transfer Mechanisms of Bacteria as Weapons of Intragenomic Conflict[END_REF]. The Croucher lab very recently found another case of MGE interfering with natural transformation. In some S. pneumoniae strains, the prophage phiOXC141 modify the noncoding RNA csRNA3. This modification leads to the inhibition of CSP production, the competence stimulating peptide, effectively reducing the efficiency of the natural transformation process [START_REF] Kwun | Post-vaccine epidemiology of serotype 3 pneumococci identifies transformation inhibition through prophage-driven 203 alteration of a non-coding RNA[END_REF].

Another example of MGE interfering with natural transformation is found in L. pneumophila. Some strains of L. pneumophila carry a conjugative element called pLPL, and the presence of this pLPL is always associated with an absence of natural transformation. Analyses of this pLPL revealed that it bears a small noncoding RNA, called RocRp (for plasmid encoded RocR) because of its high homology with the chromosomally encoded RocR. I participated in the characterization of this RocRp, and the results can be found in the published paper inserted in [START_REF] Durieux | Diverse conjugative elements silence natural transformation in Legionella species[END_REF]. Naturally, chromosomally encoded RocR is responsible of competence repression during the early stage of the growth, but its expression decreases in the late exponential phase, which leads to competence development (Attaiech et al., 2016). What we showed is that in strains bearing the pLPL conjugative element, during the late exponential phase, RocRp actually relays RocR in the repression of competence, preventing the bacteria of undergoing natural transformation [START_REF] Durieux | Diverse conjugative elements silence natural transformation in Legionella species[END_REF].

Overall, these four hypotheses have one thing in common: the internalization and recombination of exogenous DNA can be beneficial for the bacteria. However, despite the obvious potential advantages of acquiring new DNA, the chances of acquiring detrimental DNA are just as important. As a result, natural transformation is a tightly regulated process that is only possible under a specific physiological state called competence. As stated in section 3.3, part of my PhD project was to explore in greater detail the mechanism of competence regulation in L. pneumophila, to expend on our knowledge of the RocC/RocR system. One key aspect of the RocC/RocR system is that it appears to be a very simple system, with one chaperone and a small noncoding RNA. Given its characteristic (Figure 12), we wondered if we could design a biosynthetic system based on it, in order to perform post-transcriptional repression on any gene of interest, by simply modifying RocR to recognize other targets. Therefore, I got interested in other bacterial gene regulatory mechanisms that have been reengineered to create biosynthetic tools.

Reprogramming natural bacterial regulatory pathways for directed gene regulation

Reprogramming bacterial gene regulatory pathways is something that has been done by researchers for decades now and is part of a field of biology called synthetic biology. The most recent definition of synthetic biology is "synthetic biology is a field of scientific research that applies engineering principles to living organisms and living systems" [START_REF] Hanczyc | Engineering Life: A Review of Synthetic Biology[END_REF]. Simply put, researchers aim at modifying or adapting biological features to perform a task of interest rather than its native one. Especially over the last decade, the field of synthetic biology has grown exponentially, and its importance just keeps increasing [START_REF] Hanczyc | Engineering Life: A Review of Synthetic Biology[END_REF].

One key aspect of synthetic biology is the tunable expression of specific genes for multiple applications, for example in bioproduction (i.e. the production of molecules of interest) or in sensing (i.e. the detection of specific molecules). This has led to the development of tools that hold huge promises in the field of diagnostic for example, with some of them having been used for the detection of the virus responsible for the biggest modern pandemic: SARS-CoV-2 (this in particular is discussed in section 5.

2.2.2).

The first developments in the field of engineered gene regulation were actually made in eukaryotes, with the development of RNA interference (RNAi) in the 1990s [START_REF] Sen | A brief history of RNAi: the silence of the genes[END_REF]. Since then, a lot of tools derived from bacteria regulatory pathways have been developed [START_REF] Kent | Contemporary Tools for Regulating Gene Expression in Bacteria[END_REF]. I will not discuss here the biosynthetic systems derived from eukaryotic systems. I will rather cover some of the most important bacterial regulatory systems, briefly explaining their native function and how they have been re-engineered in order to turn bacteria into cell factory, biosensors, or to develop tools that are useful for regular laboratory work or in the field of diagnostics.

Protein-based systems for gene regulation

Transcription factor-and Transcription activator-like effector (TALE)-derived systems

One of the best known protein actor of gene regulation are transcription factors (TF). They include a wide number of proteins that can initiate or regulate transcription (not counting the RNA polymerase, which is not considered as a TF). Their key characteristic is that they bear a DNA-binding domain, which is essential for the TF to bind to their target DNA sequence, usually close to the promoter region. By doing so, TF can either activate or repress the expression of the target gene. This characteristic led to the development of TF-based regulatory systems for the control of genes of interest [START_REF] Ding | Transcription-Factor-based Biosensor Engineering for Applications in Synthetic Biology[END_REF].

The most famous transcription factor among researchers is likely LacI, involved in the lactose operon. In the absence of lactose in the medium, LacI is expressed and repress the expression of the lac operon by binding to the operator lacO just upstream of the promoter of the lactose utilization operon. If there is lactose in the medium, it will be reduced into allolactose, which in turns binds to LacI, leading to a loss of repression of the lac operon.

In order to exploit that system in a laboratory setting, researchers developed an analog to allolactose, called Isopropyl -D-1-thiogalactopyranoside (IPTG). By cloning the lac operon promoter and operator (Ptac) upstream of a gene of interest in a strain that expresses LacI, one can modulate the level of expression of that gene of interest by modulating the quantity of IPTG added into the media. This system has been used in countless studies, especially for the expression of recombinant protein. I also used it during my PhD for the modulation of ComR expression in L. pneumophila (see II. REGULATION OF

COMPETENCE IN LEGIONELLA PNEUMOPHILA).

However, IPTG is not necessarily the most cost-effective ligand. Being able to modify a TF for binding another ligand instead of its native one is really interesting from an industrial point of view. It allows for the choice of a better cost-effective ligand and also to select for a TF of better or worse affinity for its ligand and/or target. Simply put, being able to modify a TF gives a better tunability for a specific use. With this goal in mind, LacI was engineered in order to respond to other ligands than allolactose or IPTG [START_REF] Taylor | Engineering an allosteric transcription factor to respond to new ligands[END_REF]. In this study, the authors wanted to modify LacI to recognize gentiobiose, fucose, lactitol and sucralose. For that, they used three methods to create LacI variants: computational design, protein-wide single amino-acid saturation mutagenesis and error-prone PCR.

The computational design of LacI variants allowed to generate variants potentially capable of binding fucose, lactitol and sucralose. They then cloned the candidates onto a pSC101_lacI plasmid and PCR was used to introduce the desired mutations. The error-prone PCR strategy is pretty self-explanatory. A library of LacI mutants were generated by amplifying the lacI codons 67-297 by PCR using an error-prone polymerase called GeneMorf II polymerase. Finally, they created one more mutant library using microarray-synthesized DNA for the recognition of gentiobiose. For this one, they inserted single aminoacid substitutions in a window of 36 residues distal to ligand-or DNA-binding sites, since it has been shown that it can affect the affinity of LacI for its ligands or target DNA by promoting structural changes in the protein [START_REF] Swint-Kruse | Plasticity of quaternary structure: Twenty-two ways to form a LacI dimer[END_REF][START_REF] Swint-Kruse | Perturbation from a distance: mutations that alter LacI function through long-range effects[END_REF] [START_REF] Xu | Flexibility in the Inducer Binding Region is Crucial for Allostery in the Escherichia coli Lactose Repressor[END_REF]. They obtained a total of 6800 variants, totaling ~88% of all possible single mutation, with ~74% of them with at least 17 out of the 19 possible substitutions. The next step was to screen the LacI mutants that had the ability to respond to another ligand. However, most techniques for the detection of new variants relied solely on the measure of ligand affinity, but not allostery. To alleviate this problem, the authors developed an in vivo screening method to recover variants that both bind to their target DNA and retained allostery in the presence of the ligand. For that, they used a simple construction in which the gfp and tolC genes are under the control of a LacI-regulated promotor (Figure 14). TolC is a porin allowing the internalization of Colicin E1, which is toxic for the bacteria [START_REF] Devito | Recombineering with tolC as a Selectable/Counter-selectable Marker: remodeling the rRNA Operons of Escherichia coli[END_REF]. The first selection step relies on this toxicity. Colicin E1 is added into the medium, and therefore LacI variants that do not repress the expression of tolC are eliminated, allowing for the enrichment of variants of interest. Finally, the variants leading to the highest induction of gfp are selected for. In the end, they showed that the computational design of LacI variants allowed for the successful detection of variants with induction responses that are similar to the induction response of wild-type LacI to IPTG.

Unfortunately, while error-prone PCR would have been a very simple method to generate new variants, it failed to provide new variants responsive to sucralose. Additionally, the variants obtained that were responsive to the other compounds showed relatively low induction responses compared to the wild-type LacI system. The authors suggest that it is likely because error-prone PCR does not allow for both specific and complex combination of mutations, resulting in these disappointing results. Finally, they managed to obtain gentiobiose-sensitive LacI variants using single-amino-acid saturation mutagenesis. This study demonstrates the possibility of designing new TF variants responsive to new ligands. However, as the authors point out, this method rely on an extensive knowledge (especially in terms of structure) of the entire system being engineered since the computational design is based on structural properties of the molecules [START_REF] Taylor | Engineering an allosteric transcription factor to respond to new ligands[END_REF]. Additionally, this method is definitely time-consuming and require a lot of experimental labor. Despite these drawbacks, limiting its widespread use, this study was useful in the development of a progesterone biosensor for example [START_REF] Grazon | A progesterone biosensor derived from microbial screening[END_REF]. Additionally, other studies show that the use of multiple-site saturation mutagenesis can be used to generate new variants of TF responsive to new ligands [START_REF] Tang | Design and Application of a Mevalonate-Responsive Regulatory Protein[END_REF], even though it also requires an extensive understanding of the engineered system. Being able to select a ligand of choice for TF-based approaches is of great interest from an industrial perspective. More studies are needed to overcome the current limitations of that aspect. The development of more precise structure prediction tool in combination with interaction prediction software could lead to the development of tools allowing for the computational design of TF variants even with only predictions of their actual structure.

Outside of the design of TF with various ligands, the ability to design TF able to recognize multiple DNA target sequences is of great interest for the development of complex regulatory systems. However, more research is needed in order to easily design such TFs [START_REF] Copeland | A transcription activatorlike effector induction system mediated by proteolysis[END_REF]. In a recent study using the tryptophan operon regulator (TrpR) as a model, researchers managed to reprogram it to recognize new ligands but also new DNA sequences [START_REF] Ellefson | Directed evolution of a synthetic phylogeny of programmable Trp repressors[END_REF]. In order to do that, they used a technique called Compartmentalized Partnered Replication (CPR) [START_REF] Ellefson | Directed evolution of genetic parts and circuits by compartmentalized partnered replication[END_REF]. CPR is a method coupling the expression of Taq DNA polymerase with the expression of a desired phenotype by the bacteria. As a result, a synthetic circuit driving the expression of Taq DNA polymerase in vivo can then be amplified during an in vitro step by compartmentalized PCR [START_REF] Ellefson | Directed evolution of genetic parts and circuits by compartmentalized partnered replication[END_REF] (Figure 15). In their study on TrpR, the authors used a system in which the repressor R is under the control of the tryptophane promoter (PTrp). The Taq DNA polymerase expression is under the control of the R promoter ( PR), which is inhibited in the presence of the repressor R. In the presence of its ligand, TrpR binds to PTrp and represses the expression of R, which in turn drives the expression of the Taq DNA polymerase [START_REF] Ellefson | Directed evolution of a synthetic phylogeny of programmable Trp repressors[END_REF]. Using this method, the authors can select and amplify TrpR variants with new target DNA sequences. In order to do that, they first designed new operator sites by mutating specific residues of the native operator sequence that are in contact with TrpR. Then, they created TrpR mutants using sitespecific mutagenesis, selected for the variants that had affinity for the new target operator using CPR, and managed to obtain 8 new repressors of these new operator sequences [START_REF] Ellefson | Directed evolution of a synthetic phylogeny of programmable Trp repressors[END_REF]. Simply put, the CPR screening method allowed them to identify new TrpR-derived TF able to recognize a non-native target DNA sequence. Additionally, CPR also allowed them to find TrpR variants that can bind new ligands.

Compared to the other method previously described [START_REF] Taylor | Engineering an allosteric transcription factor to respond to new ligands[END_REF] to obtain TF variants with new ligands affinity, this one has the advantage of a less intensive laboratory work since the selection process is made through compartmentalized PCR instead of a biological selection (sensitivity to colicin E1).

However, they both have the same drawback: the design of those variants requires an extensive knowledge of the systems. The method used by Ellefson and coworkers has yet to be used for the design of new TF with a modified target. However, that probably has to do with the fact that the study is still fairly recent, and that there is actually another type of molecules with similar function to TF, but with a highly dynamic structure which facilitates their engineering for the recognition of non-native target sequence: those molecules are called Transcription Activator-Like Effector (TALE) and are discussed in the next paragraph. TALE-based systems offer a wider range of target DNA sequences for gene regulation. TALEs are naturally occurring proteins from the pathogenic bacteria genus Xanthomonas that target and regulate genes in host plants [START_REF] Zhang | TALE: a tale of genome editing[END_REF]. They started to be really characterized in the second half of the 2000s decade [START_REF] Kay | A bacterial effector acts as a plant transcription factor and induces a cell size regulator[END_REF]. One of the key advantages they present over TF is that they have a modular DNA-binding domain, allowing for the design of TALE with very diverse and specific DNA binding capabilities [START_REF] Moore | Transcription activator-like effectors: a toolkit for synthetic biology[END_REF]. This type of proteins have successfully been used for gene regulation [START_REF] Politz | Artificial repressors for controlling gene expression in bacteria[END_REF] [START_REF] Konermann | Optical control of mammalian endogenous transcription and epigenetic states[END_REF] [START_REF] Mercer | Regulation of Endogenous Human Gene Expression by Ligand-Inducible TALE Transcription Factors[END_REF] [START_REF] Copeland | A transcription activatorlike effector induction system mediated by proteolysis[END_REF][START_REF] Segall-Shapiro | Engineered promoters enable constant gene expression at any copy number in bacteria[END_REF]. However, the use of TALE for gene regulation has not reached is full potential yet. Two reasons could explain that: the first one is that the bulk of TALE-related research is for the development of Transcription Activator-Like Effector Nuclease (TALEN), whose goal is to perform gene editing [START_REF] Zhang | TALE: a tale of genome editing[END_REF], but also because regarding its possibility for gene regulation, it is completely outperformed by the CRISPR-Cas9 systems which retain the same protein (dCas9) while having its specificity come from RNA engineering, which is much easier than protein engineering [START_REF] Janik | Various Aspects of a Gene Editing System-CRISPR-Cas9[END_REF]. Gene regulation using the CRISPR-Cas9 system will be discussed later (in section 5.3). Nevertheless, one could expect that with advancing technologies for protein structure/interaction prediction, the design of TALE could become simple enough for the widespread use of these proteins for gene regulation.

Proteasome recruitment-derived systems

The protein-based system presented previously (TF and TALE) were used for gene regulation at the transcriptional level. Some tools have also been developed for a regulation at other expression levels. Now I will present some of those that were designed to regulate gene expression at the post-translational level, with the recruitment of the proteasome.

In bacteria, protein degradation is partly mediated by the transfer-messenger RNA (tmRNA) system. The tmRNA binds to stalled ribosomes through its transfer RNA ability, then using its messenger RNA function adds the ssrA tag to the C-terminus of the blocked peptide. This ssrA tag is then used to direct the tagged proteins to the ClpXP and ClpAP proteases for degradation [START_REF] Janssen | The tmRNA ribosome-rescue system[END_REF]. Systems exploiting this bacterial feature started to be developed in the second half of the 2000's decade [START_REF] Mcginness | Engineering controllable protein degradation[END_REF] [START_REF] Griffith | Inducible protein degradation in Bacillus subtilis using heterologous peptide tags and adaptor proteins to target substrates to the protease ClpXP[END_REF] [START_REF] Davis | Engineering synthetic adaptors and substrates for controlled ClpXP degradation[END_REF] [START_REF] Davis | Small-molecule control of protein degradation using split adaptors[END_REF]. These studies are all based on an identical principle: the protein of interest is tagged, and the presence of an adaptor is then required for the recognition of the tag by the ClpXP protease. This means that these systems rely on the endogenous proteasome of the bacteria. However, relying on endogenous features of bacteria is often a limitation to the development of a biosynthetic tool, as the transferability of such systems is limited. To use these inducible systems for controlled protein degradation in a particular bacterial species, it must express proteases homolog to the ClpXP protease.

To remedy this limitation, researchers developed a system for tunable protein degradation in bacteria that does not rely on the host's proteasome [START_REF] Cameron | Tunable protein degradation in bacteria[END_REF]. To achieve this, they used the degradation system of the Gram-positive bacteria Mesoplasma florum. The tmRNA system of M. florum adds on its target protein a ssrA-tag (called mf-ssrA by the author) that is recognized by the endogenous Lon protease (called mf-Lon by the author) (Figure 16A). This system is orthogonal to the ClpXP system and can therefore be easily transferred in a wide range of bacteria, including the common model E. coli.

In the system designed by Cameron and Collins, the protein of interest is tagged by the mf-ssrA, and the mf-Lon protease is expressed under the control of an anhydrotetracycline-inducible promoter. This tunable protein degradation tool was then used for various applications later [START_REF] Chan | Deadman" and "Passcode" microbial kill switches for bacterial containment[END_REF] [START_REF] Maier | Design of synthetic epigenetic circuits featuring memory effects and reversible switching based on DNA methylation[END_REF]. It was even improved further by the modification of the mf-ssrA tag in order to increase the tagged protein stability in the absence of mf-Lon [START_REF] Lv | Improvement in the Orthogonal Protein Degradation in Escherichia coli by Truncated mf-ssrA Tag[END_REF] [START_REF] Izert | Applications of Bacterial Degrons and Degraders -Toward Targeted Protein Degradation in Bacteria[END_REF]. This opens a lot of possibilities for the use of this system in the design of complex synthetic regulatory systems in the future. (A) The tunable protein degradation system developed by [START_REF] Cameron | Tunable protein degradation in bacteria[END_REF]. The orthogonal mf-lon protease is cloned into a new host and, upon induction, specifically degrades proteins bearing the ssrA-tag. (B) The FENIX system for tunable protein activation developed by [START_REF] Durante-Rodríguez | A Post-translational Metabolic Switch Enables Complete Decoupling of Bacterial Growth from Biopolymer Production in Engineered Escherichia coli[END_REF]. The protein of interest is fused with a Nla protease recognition site and a ssrA-tag. The ssrAtag is recognized by the endogenous ClpXP protease. Induction of the Nla protease cleave the protein at the Nla site and therefore prevent degradation of the protein of interest by the proteasome. POI: protein of interest, goi: gene of interest.

Noncoding RNA-based systems for gene regulation

The interest of the field of synthetic biology for the development of tools using non-coding RNAs is growing exponentially [START_REF] Isaacs | RNA synthetic biology[END_REF]. This is explained because RNA impose way less burden on the bacteria compared to proteins and have a faster effect on their targets since they do not require to be translated [START_REF] Waters | Regulatory RNAs in bacteria[END_REF]. They are also faster to produce, and prediction for their structure and interaction with their targets is helped by the bulk of prediction tools available. It is no wonder that RNA-based strategies have become a staple of synthetic biology.

Small RNAs (sRNAs) are non-coding RNAs that function mainly as post-transcriptional regulators and are essential for numerous regulatory pathways in bacteria [START_REF] Wagner | Small RNAs in bacteria and archaea: who they are, what they do, and how they do it[END_REF]. They are usually divided into two families: the cis-acting and trans-acting sRNA.

The cis-acting RNAs are encoded on the same locus as their target. They are subdivided in two classes: the purely antisense cis-acting RNAs that are encoded on the opposite DNA strand as their cognate target, and the riboswitches, that are present in the 5'-UTR region of their cognate mRNA. Cis-acting RNAs have been discovered first in plasmids, transposons or phages [START_REF] Brantl | Regulatory mechanisms employed by cis-encoded antisense RNAs[END_REF], but were also later found abundant in the chromosome of bacteria [START_REF] Gottesman | Bacterial small RNA regulators: versatile roles and rapidly evolving variations[END_REF] [START_REF] Thomason | Global transcriptional start site mapping using differential RNA sequencing reveals novel antisense RNAs in Escherichia coli[END_REF] [START_REF] Millar | Modulation of Bacterial Fitness and Virulence Through Antisense RNAs[END_REF]. The main difference between trans-acting and cis-acting RNAs is that trans-acting RNAs are encoded at a genomic locus that is different from their target mRNAs, so they have lower complementarity to their targets [START_REF] Gottesman | Micros for microbes: non-coding regulatory RNAs in bacteria[END_REF]. This limited complementarity gives them the potential to have multiple targets, allowing for more complex regulation [START_REF] Massé | A small RNA regulates the expression of genes involved in iron metabolism in Escherichia coli[END_REF].

Additionally, it has been shown that most of these trans-acting RNAs require the help of the chaperone protein Hfq to fulfill their function, although it has to be noted that while Hfq is the most represented RNA chaperone in bacteria [START_REF] Dutta | Small RNA-mediated regulation in bacteria: A growing palette of diverse mechanisms[END_REF], the repertoire of identified RNA chaperones found in bacteria is increasing (Attaiech et al., 2017).

Overall, the role of ncRNAs is well known and recognized. They have been essential to major synthetic biology developments. There are very few proof-of-concept studies that have been conducted on pure antisense sRNAs, mostly because they impose genetic constraints on the target gene. However, other biomolecules based on the antisense mechanism of action of these RNAs have been developed: the antisense oligonucleotide (ASO) (section 5.2.1.1). The only type of true cis-acting RNA that have been well-engineered are the riboswitches. Their application for gene regulation purposes is discussed in section 5.2.1.2.

Compared to cis-acting RNA, much more effort has been put into the development of true synthetic transacting RNA. The fact that they can be expressed in trans is a huge advantage as this means that they are much more adaptable and tunable to obtain the desired effect. Their application/re-engineering for gene regulation purposes is discussed section 5.2.2. 

Cis-acting

Oligonucleotides (ASO)

Purely antisense RNAs can regulate gene expression by a wide variety of mechanisms, the most common being transcription attenuation, translation inhibition and modulation of the cognate mRNA stability [START_REF] Brantl | Regulatory mechanisms employed by cis-encoded antisense RNAs[END_REF] [START_REF] Millar | Modulation of Bacterial Fitness and Virulence Through Antisense RNAs[END_REF]. It has to be noted that there are other less prevalent mechanisms of action of antisense RNA, like the formation of pseudoknot to block translation, which are presented in [START_REF] Brantl | Regulatory mechanisms employed by cis-encoded antisense RNAs[END_REF].

Transcription attenuation is a mechanism that has been shown to regulate plasmid replication. The Rep protein is essential for the replication of staphylococcal plasmid pT181 or streptococcal plasmids pIP501 and pAM 1 for example [START_REF] Brantl | Antisense-RNA regulation and RNA interference[END_REF]. The rep antisense RNA (RNAIII) binds in the 5' UTR of the repmRNA and induces the formation of a terminator stem-loop, blocking transcription elongation upstream of the RBS [START_REF] Novick | pT181 plasmid replication is regulated by a countertranscript-driven transcriptional attenuator[END_REF], which blocks plasmid replication (Figure 17A).

Other (and actually most) antisense sRNAs regulate gene expression at the post-transcriptional level. One common mechanism of action is the inhibition of translation: the antisense RNA binds to its target mRNA near or directly on the RBS, preventing translation initiation by steric hindrance. This is for example the case of the very famous conjugation system of F-like plasmids. These plasmids harbor the gene coding for TraJ, a transcriptional activator of genes required for conjugation. FinP is a cis-acting antisense RNA complementary to the 5'UTR of traJmRNA. In the presence of the chaperone FinO, FinP is stabilized and duplexes with traJmRNA. This blocks the access to the RBS and prevents TraJ expression and the conjugation of the plasmid [START_REF] Koraimann | The FinOP repressor system of plasmid R1: analysis of the antisense RNA control of traJ expression and conjugative DNA transfer[END_REF] (Figure 17B). Another mechanism of post-transcriptional regulation for antisense RNA-based regulation is the direct modulation of cognate mRNA stability. This is the case for example of the OOP antisense RNA, which binds to the 3' region of its target mRNA. This interaction induces the recruitment of RNase III which then degrades mRNA-sRNA duplex [START_REF] Krinke | RNase III-dependent hydrolysis of lambda cII-O gene mRNA mediated by lambda OOP antisense RNA[END_REF]. Most commonly, antisense mRNA negatively affects the stability of their target, but in some cases, they can also have a positive effect. In E. coli, the GadX-GadW proteins are essential for the response to acid stress. They are encoded in operon and transcribed as a gadXWmRNA which is an unstable mRNA. The gadY gene is on the opposite strand to gadXW, between the two genes. It is transcribed as the antisense RNA GadY which can bind the gadXWmRNA. The Rnase III cut this RNA/RNA duplex which generates two stable mRNAs gadXmRNA and gadWmRNA which can then be translated [START_REF] Opdyke | RNase III participates in GadY-dependent cleavage of the gadX-gadW mRNA[END_REF] (Figure 17C). [START_REF] Brantl | Regulatory mechanisms employed by cis-encoded antisense RNAs[END_REF].

As previously said, pure antisense RNAs have been very poorly developed for biosynthetic biology purposes. However, the development of other molecules using the same mechanisms have: they are called ASO for "Antisense Oligonucleotides".

ASOs were originally DNA sequences used to recognize an RNA target and repress its expression. The study that birthed that field of synthetic biology was published in 1978 [START_REF] Zamecnik | Inhibition of Rous sarcoma virus replication and cell transformation by a specific oligodeoxynucleotide[END_REF]. The

authors generated a tridecamer oligonucleotide d(A-A-T-G-G-T-A-A-A-A-T-G) complementary to a short

RNA sequence of the Rous sarcoma virus. Using this ASO led to the effective inhibition of the virus replication. This was the first instance of antisense technology being used to block translation of RNA.

One limitation of ASOs is that, because of their DNA nature, they are not very stable as they are recognized and degraded by nucleases in vivo. This was already exemplified in the original study of Zamecnik and Stephenson, as they showed that the modification of 3' and 5'-end of the ASO led to a better stability and efficiency [START_REF] Zamecnik | Inhibition of Rous sarcoma virus replication and cell transformation by a specific oligodeoxynucleotide[END_REF]. Since then, countless improvements, especially in the domain of chemistry, have been made to improve antisense technology [START_REF] Crooke | Antisense technology: an overview and prospectus[END_REF]. Nowadays, ASOs are synthesized as nucleic acid analogs, with Peptide Nucleic Acids (PNAs) being the most promising type. In PNAs, bases that are essential for the Watson-Crick interactions with the target mRNA are built on a peptide backbone instead of a ribose-phosphate one (Figure 18). This type of molecule has the advantage of being resistant to both nucleases and proteases, greatly improving their stability and therefore their potential for widespread use. Other types of analogs have been developed, such as Locked Nucleic Acids (LNAs) or Phosphorodiamidate Morpholino Oligomers (PMOs). PNAs and PMOs have been the most used as antimicrobial [START_REF] Sully | Antisense antimicrobial therapeutics[END_REF] [START_REF] Vogel | An RNA biology perspective on species-specific programmable RNA antibiotics[END_REF], especially PMOs with numerous patented technologies have emerged [START_REF] Crooke | Antisense technology: an overview and prospectus[END_REF]. However, because of all these patents, fundamental research on this type of analogs is limited. Bases that are essential for the Watson-Crick interaction with the target mRNA are built on a ribose-phosphate backbone in DNA (left) or on a peptide one in PNA (right). Extracted from biomers.net.

Figure 19: ASO-based targeting of an essential mRNA

An ASO (here PNA) is coupled with a CPP (cell-penetrating carrier peptide) to penetrate the target bacteria. Upon entry, the ASO targets the mRNA of an essential gene, leading to death of the target bacteria. The molecular mechanism of entry and if the CPP is cleaved from ASO upon entry in the bacteria are not well understood. Extracted from [START_REF] Vogel | An RNA biology perspective on species-specific programmable RNA antibiotics[END_REF].

Another hurdle for ASOs is the poor internalization rate of nucleic acids by bacteria. To remedy that problem, cell-penetrating carrier peptide (CPP) have been developed [START_REF] Good | Bactericidal antisense effects of peptide-PNA conjugates[END_REF]. They are bound to the ASO to facilitate their entry in bacteria. Once internalized the ASO recognizes its target mRNA and prevent expression of the cognate protein (Figure 19). However, the exact mechanism of entry and if the CPP is cleaved from the ASO upon entry are still poorly known [START_REF] Vogel | An RNA biology perspective on species-specific programmable RNA antibiotics[END_REF].

The bigger picture of ASO-based technology is to develop RNA antibiotics. This type of antibiotics targets the mRNA of bacterial essential genes. This kind of approach allows for the development of very specific antibiotics, especially compared to classical antibiotics that often have a very large spectrum. ASO-based RNA antibiotics offer an interesting alternative by targeting a specific species in a complex bacterial community.

Studies on ASOs reveal that they are the most efficient when directed against the start codon or the RBS of an essential gene [START_REF] Vogel | An RNA biology perspective on species-specific programmable RNA antibiotics[END_REF]. However, the start codon and RBS region offer low specificity, and consequently, using an ASO targeting these regions in a complex bacterial community could lead to a lot of off-target effect. Therefore, it is essential to develop ASOs targeting more specific regions of their target. This is absolutely possible as lot of antisense RNAs blocking translation are found within the coding sequence (CDS). Another way to improve the specificity of ASO-based RNA antibiotics is to modify the design of CPPs. Indeed, it has been shown that different peptides can be internalized with different efficiencies in different species [START_REF] Geller | Gene-silencing antisense oligomers inhibit acinetobacter growth in vitro and in vivo[END_REF] [START_REF] Greenberg | Antisense Phosphorodiamidate Morpholino Oligomers Targeted to an Essential Gene Inhibit Burkholderia cepacia complex[END_REF] [START_REF] Howard | Inhibition of Pseudomonas aeruginosa by Peptide-Conjugated Phosphorodiamidate Morpholino Oligomers[END_REF].

These last few years, ASO-based RNA antibiotics have become a staple of synthetic biology, especially in the field of therapy. Increasing number of drugs are being approved for use [START_REF] Crooke | Antisense technology: an overview and prospectus[END_REF]. The possibilities for this technology are thrilling. One envisioned future application is microbiota editing. Since many species in the microbiota can have an effect on our immune system, our emotions, or our digestion for example, one can imagine that RNA antibiotics could be used to shape the "perfect" microbiota. Other exciting possibilities for ASOs, while outside the scope of bacteria, are to target essential mRNAs of cancer cells to get rid of tumors [START_REF] Stahel | Antisense oligonucleotides for cancer therapy-an overview[END_REF] [START_REF] Castanotto | Antisense oligonucleotides in cancer[END_REF] or even to treat viral infections [START_REF] Tarn | Antisense Oligonucleotide-Based Therapy of Viral Infections[END_REF].

Riboswitches-derived systems

Riboswitches were first discovered in 2002 [START_REF] Nahvi | Genetic control by a metabolite binding mRNA[END_REF] [START_REF] Winkler | Thiamine derivatives bind messenger RNAs directly to regulate bacterial gene expression[END_REF] [START_REF] Mironov | Sensing small molecules by nascent RNA: a mechanism to control transcription in bacteria[END_REF].

These structures are regulatory RNA regions, typically found in the 5'-UTR of mRNAs, and that modulate their expression. They recognize cellular metabolites that induce conformational changes, allowing for either the activation or repression of the gene of interest. Riboswitches are usually made of two parts: an aptamer domain which binds the metabolite, and the expression platform which carry the gene expression signals [START_REF] Ariza-Mateos | Riboswitch Mechanisms: New Tricks for an Old Dog[END_REF].

Four main mechanisms of action can be identified for riboswitches, at either the transcriptional or translational level (Figure 20). In the absence of the metabolite, the riboswitch forms an antiterminator hairpin on the mRNA. This means that the RNA polymerase can transcribe the entire gene. Upon metabolite binding, the riboswitch goes into a structural shift which forms a transcription terminator, thereby repressing transcription. The exact opposite mechanism exists, where the riboswitch actually forms a terminator blocking transcription which is unfolded upon ligand binding to the aptamer. The last two mechanisms influencing translation initiation work on the very same principle. Either the ligand fixation to the aptamer leads to the release of the RBS, allowing translation initiation, or the ligand fixation leads to the sequestration of the RBS, blocking translation initiation [START_REF] Ariza-Mateos | Riboswitch Mechanisms: New Tricks for an Old Dog[END_REF]. It has to be noted that some riboswitches have been found with uncanonical mechanisms of action that are reviewed in [START_REF] Ariza-Mateos | Riboswitch Mechanisms: New Tricks for an Old Dog[END_REF], like regulation of the mRNA stability. However, I will not expand on those considering they have not been used for the design of biosynthetic riboswitches. The vast majority of the currently used riboswitches in synthetic biology rely on a similar aptamer domain [START_REF] Boussebayle | Next-level riboswitch development-implementation of Capture-SELEX facilitates identification of a new synthetic riboswitch[END_REF]. This aptamer recognizes the molecule theophylline, and was first designed in B. subtilis [START_REF] Suess | A theophylline responsive riboswitch based on helix slipping controls gene expression in vivo[END_REF]. In order to design this theophylline-responsive riboswitch, the authors first had to determine the position of the riboswitch in the 5'-UTR sequence. For that, they inserted a 23nucleotide sequence predicted to form a stem-loop structure at different distance from the RBS. They showed that the insertion of this stem-loop structure directly before the RBS induced a loss of expression of the gene, while the inhibitory effect was lost when only 1 nucleotide was inserted between the stemloop and the RBS. Therefore, they concluded that in order to construct their theophylline-sensitive riboswitch, it would need to be inserted directly before the RBS. After that, they constructed the riboswitch by combining a theophylline aptamer previously constructed [START_REF] Jenison | High-resolution molecular discrimination by RNA[END_REF] with a communication domain (or expression platform) using rational design [START_REF] Soukup | Engineering precision RNA molecular switches[END_REF]. They showed that the expression of their reporter gene was indeed affected by the binding of theophylline to the riboswitch in a dose-dependent manner [START_REF] Suess | A theophylline responsive riboswitch based on helix slipping controls gene expression in vivo[END_REF]. This riboswitch was then adapted for E. coli by Desai and Gallivan [START_REF] Desai | Genetic screens and selections for small molecules based on a synthetic riboswitch that activates protein translation[END_REF], and later on for multiple other bacterial species [START_REF] Topp | Synthetic Riboswitches That Induce Gene Expression in Diverse Bacterial Species[END_REF]. These theophylline-responsive riboswitches were then used in a plethora of bacteria including -but not limited to -some well-known models such as Pseudomonas aeruginosa [START_REF] Gallagher | Genome-wide protein-DNA interaction site mapping in bacteria using a double-stranded DNA-specific cytosine deaminase[END_REF], Agrobacterium tumefaciens [START_REF] Ren | Conformation and dynamic interactions of the multipartite genome in Agrobacterium tumefaciens[END_REF], and some less common ones such as Mycoplasma pneumoniae [START_REF] Broto | A genetic toolkit and gene switches to limit Mycoplasma growth for biosafety applications[END_REF] or Chlamydia trachomatis [START_REF] O'neill | An inducible transposon mutagenesis approach for the intracellular human pathogen Chlamydia trachomatis[END_REF] [START_REF] Mandel | Expression and structure of the Chlamydia trachomatis DksA ortholog[END_REF]). It appears pretty clearly that riboswitches are highly relevant regulatory systems, and that they are highly adaptable to multiple bacterial species. However, one of the main limitation of riboswitches use in synthetic biology is the fact that very few functional aptamers have been designed. All of the previously discussed studies use the theophylline aptamer, and the only other used aptamer is the tetracycline-responsive one [START_REF] Berens | RNA aptamers as genetic control devices: the potential of riboswitches as synthetic elements for regulating gene expression[END_REF]. Efforts have to be pursued in order to increase the catalogue of functional riboswitches aptamers, which would allow for the design of more complex and orthologous riboswitch-based regulatory system.

The number of aptamers that can recognize other ligand than theophylline is important. It is their implementation in riboswitch structures that is complicated as this interaction does not necessarily leads to a conformational shift of the aptamer. The reason for that is the limitations of the main method used to design new aptamers. This method, called SELEX (for Systematic Evolution of Ligands by Exponential Enrichment), only selects for aptamers with high affinity for their ligand [START_REF] Tuerk | Systematic evolution of ligands by exponential enrichment: RNA ligands to bacteriophage T4 DNA polymerase[END_REF]. The principle of the SELEX experiment is to immobilize a ligand on nitrocellulose filter, create a pool of RNA with a completely randomized sequence in the aptamer stem-loop, and then select for the aptamers with the highest binding affinity to the ligand. This leads to two main limitations: first is that the tested ligand has to be immobilized on a solid surface, which is not necessarily feasible for a lot of potential ligands; and second it does not allow to test the conformational change of the riboswitch which is essential for its activity [START_REF] Stoltenburg | Capture-SELEX: Selection of DNA Aptamers for Aminoglycoside Antibiotics[END_REF].

To solve this, the SELEX method was improved in order to be able to test a ligand without needing to immobilize it. This new method was called Capture-SELEX [START_REF] Stoltenburg | Capture-SELEX: Selection of DNA Aptamers for Aminoglycoside Antibiotics[END_REF] and was first designed for the selection of DNA aptamers (Figure 21). As a first step, DNA oligonucleotides are designed to be able to be immobilized on streptavidin beads. These oligonucleotides are called the "capture oligos", as they can bind to a constructed library of DNA aptamers predicted to recognize the desired ligand. Additionally, these DNA aptamers contain a docking sequence that is able to recognize the capture oligos. Once the DNA aptamers are bound to the capture oligo, the target ligand is added. If the DNA aptamer binds to the ligand and that it induces a conformational change, the DNA aptamer unbinds from the capture oligo. By selecting for DNA aptamers that are no longer bound to the capture oligo-streptavidin beads complex, one can select only the aptamers with potential functionality upon ligand binding [START_REF] Stoltenburg | Capture-SELEX: Selection of DNA Aptamers for Aminoglycoside Antibiotics[END_REF]. Biotinylated capture oligos are immobilized on Streptavidin beads. DNA aptamers contain a docking sequence that is recognized by the capture oligos. The ligand is then added. DNA aptamers that bind to the ligand with a conformational switch unbind from the capture oligo and are then selected for amplification and sequencing. Extracted from [START_REF] Stoltenburg | Capture-SELEX: Selection of DNA Aptamers for Aminoglycoside Antibiotics[END_REF].

It is only at the end of the 2010's decade that this Capture-SELEX method was used for the design of riboswitches with new aptamers that would induce the conformational changes essential for the riboswitch activity [START_REF] Boussebayle | Next-level riboswitch development-implementation of Capture-SELEX facilitates identification of a new synthetic riboswitch[END_REF]. In this study, Boussebayle and coworkers developed a twostep method for the detection of novel functional riboswitches. The first step is based on the Capture-SELEX technique. Capture oligonucleotides were bound to streptavidin magnetic beads. The library of potential riboswitches was then linked to the capture oligonucleotides via a docking sequence.

Riboswitches that presented a high affinity for the chosen new ligand (paromomycin) and the ability to undergo conformational changes were selected. During the second step, the pre-selected riboswitches were tested for in vivo activity by using a GFP reporter, and the selection step was then continued using FACS to keep only riboswitches that influence the GFP expression upon ligand binding. Thanks to that approach, they managed to develop a new riboswitch with an aptamer responsive to paromomycin [START_REF] Boussebayle | Next-level riboswitch development-implementation of Capture-SELEX facilitates identification of a new synthetic riboswitch[END_REF]. This study showed that the Capture-SELEX method is well-suited for the development of new riboswitches with various aptamers and one can expect that it will inspire other researchers to use it for the design of other synthetic riboswitches.

Trans-acting RNA-derived systems

The mechanism of action of trans-acting RNAs highly resembles those of antisense RNAs, with the three main mechanisms being: post-transcriptional repression by the recognition of the RBS or a sequence near it; post-transcriptional activation by the re-folding of the target mRNA to give the ribosome access to the RBS; and modulation of the target mRNA stability via the recruitment of an RNase upon formation of the RNA duplex [START_REF] Waters | Regulatory RNAs in bacteria[END_REF])(Figure 22). In some cases, it was shown that RBS-binding of the sRNA decreased the mRNA expression, and that the subsequent degradation of the RNA duplex reenforces this repression [START_REF] Morita | Translational repression is sufficient for gene silencing by bacterial small noncoding RNAs in the absence of mRNA destruction[END_REF]. In this section, I am going to present the development of trans-acting RNAs for biosynthetic use. 

"Natural" trans-acting RNA-derived systems

As previously stated, trans-acting RNA have been more widely used than cis-acting RNA in the field of synthetic biology. The first design of artificial trans-acting RNA for the silencing of a specific gene occurred at the beginning of the 2010's decade (Man et al., 2011). In order to design this synthetic sRNA, the authors analyzed the common features of already described native sRNAs in E. coli. This allowed them to list all the features that their synthetic sRNA should present. First, this sRNA should contain three distinct domains, namely a mRNA binding site, a Hfq-binding domain, and a Rho-independent terminator. The mRNA binding site had to be a 20-30 nucleotide-long sequence and should recognize the 5'-UTR of the target mRNA, near the RBS. The Hfq-binding domain should be a 12-19 nucleotide-long AU-rich region.

They computationally designed the potential sRNA candidates by combining these three domains. Then, using the prediction tool MFOLD, they confirmed that the synthetic sRNA would form two to four stem loops, including one in the mRNA binding site, and one in the Rho-independent terminator, and that the Hfq-binding site was located between two stem-loops. Finally, they made sure that no AUG codon were present in the sRNA to ensure that no translation would occur. Out of those design principles, they obtain multiple candidates for a potential repression of a target mRNA (which was the eGFPmRNA in this study), and then tested their efficiency in E. coli. Using this approach allowed them to identify functional synthetic sRNAs. Comparing the characteristics of functional and non-functional synthetic sRNAs allowed them to also pinpoint some characteristics that enhance sRNAs functionality. (i) A too short or too long Hfq-binding site is not good for the sRNA efficiency, ~10 nucleotides are enough to ensure the efficiency of the sRNA.

(ii) Even if the predicted structure of the sRNA seems correct, the stability of that structure is important, as some of the unfunctional sRNAs were predicted to be unstable according to their minimum free energy.

(iii) The presence of a stem-loop in the mRNA base pairing region is essential for the activity of the sRNA.

(iv) The most efficient sRNAs in their study had a base-pairing region with the target mRNA of ~20 nucleotides (between 19 and 23). Overall, this study was the first one that was successful in the design of synthetic trans-acting RNAs for the control of gene expression and was a pioneer in the domain (Man et al., 2011). Since then, the use of trans-acting RNA for gene silencing has been used in a plethora of studies [START_REF] Xie | Synthetic small regulatory RNAs in microbial metabolic engineering[END_REF]. Some studies also allowed to improve the design principle of trans-acting RNAs. For optimal repression, researchers found that the sRNA-mRNA complex should form a 15-nucleotide long duplex with at most a 15% of mismatch, and that it should have a thermodynamically favorable duplexing energy (lower than -40 kcal/mol) (Hoynes-O'Connor and Moon, 2016).

However, one of the limiting factors of these synthetic trans-acting RNAs is that they almost all rely on Hfq recruitment for their stability and functionality. Hfq is easily the most characterized RNA chaperone.

It is present in many bacterial species, and was for a long time the only known RNA chaperone able to interact with trans-acting sRNAs (Updegrove et al., 2016). This characteristic means that the use of biosynthetic trans-acting sRNAs is limited to the bacterial species that express Hfq, as this protein is way too big to be cloned onto a plasmid. The other downside of this approach is that since the sRNA is dependent of the host's Hfq, the sRNA system is not orthogonal and could impair some of the host natural regulatory pathways. Recent works show that ProQ/FinO domain containing proteins constitute a widespread family of RNA chaperones (Attaiech et al., 2016) (Attaiech et al., 2017). Among them, the plasmid-encoded FinO protein might be the most characterized. FinO interacts with the cis-acting antisense sRNA FinP and helps it form a duplex with its target mRNA to block its translation (Glover et al., 2015). RocC (Attaiech et al., 2016) and ProQ (Smirnov et al., 2016) are chromosomally-encoded RNA chaperones that act with one trans-acting sRNA (RocR) or with many cis-and trans-acting RNAs, respectively. Developing biosynthetic sRNAs that would require another RNA chaperone that is much less widespread within bacterial species could be a solution to the downside of using Hfq, as it would be less likely to interfere with native pathways.

The use of RocC as a chaperone over Hfq could have multiple advantages. The first is that RocC is specific to the Legionella genus, which is promising for the development of an orthogonal system. Additionally, RocC is a small protein (25 kDa), it is therefore very easy to clone on a plasmid for an easy delivery in the host of choice. Finally, it was shown that this RocC/RocR system is modular. One could modify the sequence of RocR or its target to modulate its activity (Attaiech et al., 2016) While I could not develop a functional synthetic system, this study still revealed that a RocC/RocR-based system to perform post-transcriptional repression could be developed in a heterologous host. A better design of the synthetic RocR-based sRNAs is needed in order to assess of the real potential of this system.

Development of new types of trans-acting RNA: STARS and Toehold switches

There are two other hurdles (outside of relying on Hfq) that limit a more ubiquitous use of trans-acting RNAs in the context of gene regulation. The first one is that these natural trans-acting RNAs are only able to have post-transcriptional effects on the target gene. Until the mid-2010's, the only RNA-based tool to perform transcriptional activation of key genes were eukaryotic ones, however, nothing had yet been developed in bacteria [START_REF] Tan | RNA Activation-A Novel Approach to Therapeutically Upregulate Gene Transcription[END_REF]. Another difficulty is that as stated before, the design of synthetic sRNAs has to take into consideration a lot of parameters, especially structural ones, that are often linked to each other in order to obtain a functional sRNA. These two limitations had been addressed in the 2010's, by the design of new types of trans-acting RNAs and will be discussed in this section.

STARS

In 2015, researchers developed the first "unnatural" sRNAs able to perform transcriptional activation of genes, instead of post-transcriptional regulation [START_REF] Chappell | Creating small transcription activating RNAs[END_REF]. These sRNAs are called STARS (for Small Transcription Activating RNAs) (Figure 24). They are designed to be complementary to a terminator sequence present in the stem of a stem-loop structure that is introduced in the 5'-UTR region of the target RNA, upstream of the RBS. In the absence of the STAR sRNA, the stem loop of the terminator on the target RNA blocks the processing of the RNA polymerase, effectively blocking transcription elongation. In its presence, the STAR RNA binds to the stem by sequence complementarity, which in turn unfolds the stem loop, allowing the RNA polymerase to perform transcription elongation of the target gene. In this system, the stem loop introduced in the 5'-UTR of the target is simply derived from the pT181 terminator hairpin [START_REF] Kumar | Plasmid pT181 replication is regulated by two countertranscripts[END_REF] which is a widely used terminator in synthetic biology [START_REF] Lucks | Versatile RNA-sensing transcriptional regulators for engineering genetic networks[END_REF] [START_REF] Takahashi | A modular strategy for engineering orthogonal chimeric RNA transcription regulators[END_REF] [START_REF] Takahashi | Rapidly Characterizing the Fast Dynamics of RNA Genetic Circuitry with Cell-Free Transcription-Translation (TX-TL) Systems[END_REF] [START_REF] Qi | Engineering naturally occurring trans-acting non-coding RNAs to sense molecular signals[END_REF] [START_REF] Sakai | Improving the gene-regulation ability of small RNAs by scaffold engineering in Escherichia coli[END_REF]. A terminator sequence is present in the 5' region of the target gene. The STAR sRNA bears an anti-terminator sequence that can recognize the target terminator sequence. This unfolds the 5' region of the target gene, allowing for its subsequent transcription. Extracted from . [START_REF] Chappell | Creating small transcription activating RNAs[END_REF].

Chappell and coworkers successfully showed that the STARS could be designed to target endogenous terminator sequence in E. coli, increasing the potential of STARS for use in synthetic biology. They also demonstrated that STARS have a high level of orthogonality (i) between each other, allowing for the construction of complex circuits using multiple STARS for gene regulation, and (ii) with the host, as the expression of the STARS had very little impact on the overall gene expression of the bacteria (Chappell et al., 2015). Altogether, these results showed that STARS could be great tools for sRNA-based transcriptional activation. Later, the authors also published another paper showing how to simply design new STARS for a desired function [START_REF] Chappell | Computational design of small transcription activating RNAs for versatile and dynamic gene regulation[END_REF]. These STARS have been useful for the field of synthetic biology, especially for the design of multi-level gene regulation. They have been used in combination with a regular trans-acting sRNA in order to have two orders of regulation on the gene of interest: at the transcriptional level with the STAR, and at the post-transcriptional level with the trans-acting sRNA [START_REF] Lee | Multilevel Regulation of Bacterial Gene Expression with the Combined STAR and Antisense RNA System[END_REF]. Some researchers even developed a system in which the STAR can regulate gene expression both at the transcriptional and post-transcriptional level. For that, the 5'-UTR of the gene of interest is modified in order to bear the terminator sequence from pT181, which includes even the RBS. Therefore, when the STAR bind to the terminator, it allows for the transcription elongation with RNA polymerase, and for the release of the RBS for subsequent translation [START_REF] Greco | Harnessing the central dogma for stringent multi-level control of gene expression[END_REF]. Developing tools allowing for multilevel control of gene expression is essential to avoid as much unwanted expression as possible. This is notably true for the study of toxic genes for example, or for any application that require a very tight control of gene expression. The authors also use this study to argue that while synthetic biology tends to aim for the simplest system possible, trying to design and understand more complex systems should not be avoided [START_REF] Greco | Harnessing the central dogma for stringent multi-level control of gene expression[END_REF]. One last example of the use of STARS to develop efficient dual input regulation circuits is when used in combination with another type of synthetic sRNA [START_REF] Lehr | Cell-Free Prototyping of AND-Logic Gates Based on Heterogeneous RNA Activators[END_REF], the Toehold switches.

TOEHOLD SWITCHES

As previously mentioned, the other limitation that are facing the trans-acting RNA-based synthetic tools is that sRNAs need to have specific structural features in order to be functional. In this regard, researchers have developed another type of sRNA-based system called Toehold switches [START_REF] Green | Toehold switches: de-novo-designed regulators of gene expression[END_REF] (Figure 25). These systems rely on two components: the switch, which is the target mRNA, and the trigger, which is the sRNA. The switch displays a hairpin in the 5'-UTR region of the gene of interest that sequester both the AUG and the RBS, which blocks translation initiation. Additionally, a linear sequence is also added at the 5' end of the module [START_REF] Green | Toehold switches: de-novo-designed regulators of gene expression[END_REF] that is recognized by the sRNA. In most sRNA-based systems, the interaction between the sRNA and mRNA requires stem-loops interaction to initiate the conformational shift of the mRNA, resulting in either the sequestration or release of the RBS. In the Toehold switch systems, the sRNA actually recognizes the linear sequence in the 5' end of its target mRNA to initiate the conformational shift. Upon binding initiation, a phenomenon of strand-displacement will then lead to the loss of the hairpin structure, releasing both the RBS and AUG and leading to translation initiation [START_REF] Green | Toehold switches: de-novo-designed regulators of gene expression[END_REF] (Figure 25). Altogether, this type of design only leads to structural constraints on the target mRNA, and none on the sRNA (compared to usual sRNA-based systems where both RNAs present structural constraints). Extracted from [START_REF] Green | Toehold switches: de-novo-designed regulators of gene expression[END_REF].

Green and coworkers used these design principles to construct a library of Toehold switches, which were both functional and achieved a high level of orthogonality, allowing for the in vivo regulation of 12 components at the same time in E. coli [START_REF] Green | Toehold switches: de-novo-designed regulators of gene expression[END_REF]. Additionally, using a sRNA that does not target the RBS allows for an easy engineering of the RBS to be able to tune protein expression, without having to modify the sequence of the trans-acting sRNA.

Later on, these systems were re-engineered in order to lead to post-transcriptional repression instead of activation. To achieve that, the authors modified the hairpin structure on the target mRNA to no longer sequester the RBS and the AUG. This means that in the absence of the sRNA, the gene of interest is expressed. In the presence of the sRNA, the interaction with the switch (still initiated through the linear 5' end of the module) induces to a conformational change of the mRNA's 5'-UTR. This leads to the sequestration of the RBS and AUG in an hairpin, subsequently blocking translation initiation [START_REF] Kim | De novo-designed translation-repressing riboregulators for multi-input cellular logic[END_REF].

Very early on, these Toehold switches showed huge promises, especially in the domain of diagnostics. A few months after the study of Green and coworkers was published, they had been engineered for use in the diagnostic of Ebola virus [START_REF] Pardee | Paper-Based Synthetic Gene Networks[END_REF]. More relevant to the current sanitary situation (early 2020's), they also have widely been engineered for the detection of SARS-CoV-2 genomes [START_REF] Chakravarthy | Engineered RNA biosensors enable ultrasensitive SARS-CoV-2 detection in a simple color and luminescence assay[END_REF] [START_REF] Köksald | SARS-CoV-2 Detection with De Novo-Designed Synthetic Riboregulators[END_REF] [START_REF] Park | Detection of Coronaviruses Using RNA Toehold Switch Sensors[END_REF] [START_REF] Hunt | Towards detection of SARS-CoV-2 RNA in human saliva: A paper-based cell-free toehold switch biosensor with a visual bioluminescent output[END_REF]. This last one especially holds great promise for the detection of COVID-19. The Toehold switch device can be immobilized on paper, which is extremely practical for easy distribution. It is also extremely rapid, with the results obtained in only 7 minutes and cost only 0.50 USD per reaction (against 4 USD for the reagents of PCR-based test).

This Toehold switch achieves that by detecting the capsid protein encoding gene region in saliva samples and using NanoLuc as a reporter gene. Unfortunately, to date these systems are not commercialized because they have yet to pass the clinical testing and trials [START_REF] Geraldi | Update on the Development of Toehold Switch-Based Approach for Molecular Diagnostic Tests of COVID-19[END_REF].

Toehold switches have also been used in areas outside of the scope of medical diagnosis. For example, they have been engineered to develop biosensors that could identify particular species of wood [START_REF] Soudier | Toehold switch based biosensors for sensing the highly trafficked rosewood Dalbergia maritima[END_REF]. Rosewood is a by far the most trafficked product in the world. Not all species of rosewood are in danger of extinction, as per the International Union for Conservation of Nature's (IUCN), but some are, and the main problem is that the visual differentiation between the endangered species and the not endangered ones is complicated. This leads to high trafficking even of the endangered species, like Dalbergia maritima for example. To remedy that problem, researchers have developed a toehold switchbased tool to easily detect that species, based on its genetic specificity. They first tested the efficiency of the toehold switch in E. coli, ensuring that it could detect specific genetic feature of Dalbergia maritima.

To simplify their use outside of laboratory setting, the authors immobilized the Toehold switches on a cellfree platform. With this strategy, Soudier and coworkers managed to develop a toehold switch biosensors, which role is to easily detect specific species of rosewood, in an attempt to limit trafficking [START_REF] Soudier | Toehold switch based biosensors for sensing the highly trafficked rosewood Dalbergia maritima[END_REF].

All these examples (medical diagnosis, biosensors development) really show the incredible potential that

Toehold switches-based approaches provide for the future of synthetic biology.

Combinatorial technologies for gene regulation: the case of

CRISPR-Cas9

All the applications of ncRNAs that were discussed previously (section 5.2) show the incredible potential of RNA-based device in synthetic biology. They are easy to develop thanks to the abundance of computational tools that are available, and they have a low energetic burden on the bacteria, especially compared to the protein-based regulatory systems. In this last section, I am going to focus on a system that use the combinatorial engineering of both protein and RNA for regulation purposes: the highly famous CRISPR-Cas9 system and its derivatives. The use of CRISPR (for Clustered Regularly Interspaced Short Palindromic Repeats) is one of the most important advances for the field of synthetic biology over the last decade. Although CRISPR-Cas9 primary role is not to perform gene regulation, it has been reprogrammed to do so.

The CRISPR-Cas9 system is a defense mechanism for bacteria and archaea that protect them from viruses and plasmids invasion [START_REF] Barrangou | CRISPR Provides Acquired Resistance Against Viruses in Prokaryotes[END_REF] [START_REF] Marraffini | CRISPR Interference Limits Horizontal Gene Transfer in Staphylococci by Targeting DNA[END_REF]. Upon infection, the bacteriophage's DNA is captured, and fragments are inserted in the CRISPR locus in the form of a "spacer".

In subsequent infections, these spacers are transcribed into crRNA (for CRISPR RNA) that can recognize the bacteriophage's DNA. The crRNA forms a complex with another RNA called the tracrRNA (for transactivating crRNA) and Cas9 uses the tracrRNA portion of the complex as a handle to be guided to the target and cut it [START_REF] Wiedenheft | RNA-guided genetic silencing systems in bacteria and archaea[END_REF] [START_REF] Bhaya | CRISPR-Cas systems in bacteria and archaea: versatile small RNAs for adaptive defense and regulation[END_REF] (Figure 26).

The first study that engineered the CRISPR Cas9 system was published in 2012. In their study, Jinek and colleagues showed that the crRNA and tracrRNA could be engineered to form a single guide RNA that efficiently guides the Cas9 protein to the target DNA sequence (Figure 27). They developed five synthetic guide-RNAs and showed that they all had the ability to induce the recognition and processing of the target DNA, showing for the first time the potential of CRISPR-Cas9 to perform genome editing [START_REF] Jinek | A Programmable Dual-RNA-Guided DNA Endonuclease in Adaptive Bacterial Immunity[END_REF]. CRISPR array is transcribed as a pre-crRNA, that associates with Cas9 and the tracrRNA. After maturation of the tracrRNA:crRNA complex, it guides Cas9 to its DNA target. Upon binding of the crRNA:tracrRNA complex with the target DNA, there is a formation of a R-loop and subsequently DNA cleavage by Cas9. Adapted from [START_REF] Jinek | A Programmable Dual-RNA-Guided DNA Endonuclease in Adaptive Bacterial Immunity[END_REF]. In its native form, the guide RNA of the Cas9 protein is made of a crRNA:tracrRNA complex. In their study, Jinek and colleagues designed a single-guide RNA by adding a linker loop between the tracrRNA and the crRNA. Extracted from [START_REF] Jinek | A Programmable Dual-RNA-Guided DNA Endonuclease in Adaptive Bacterial Immunity[END_REF].

It was not long before the CRISPR-Cas9 technology was repurposed for doing gene regulation instead of gene editing. This new approach, called CRISPRi (for CRISPR-interference), could be considered as analogous to RNAi in eukaryote [START_REF] Qi | Repurposing CRISPR as an RNA-guided platform for sequence-specific control of gene expression[END_REF]. Researchers engineered a catalytically inactive Cas9 protein called dCas9. They showed that the targeting of a specific gene of the guide RNA-dCas9 complex could efficiently block transcription, likely by a steric hindrance mechanism blocking RNA polymerase processing on the DNA strand (Figure 28A). Qi and coworkers also managed to create multiple guide RNAs that could act orthogonally, showing the potential of CRISPRi approaches [START_REF] Qi | Repurposing CRISPR as an RNA-guided platform for sequence-specific control of gene expression[END_REF]. Being able to fine-tune the level of repression induced by CRISPRi is also essential in order to successfully implement this system. There are two main strategies for that: (i) modifying the expression level of dCas9 (the more dCas9 produced, the more likely it is to find its target) or (ii) modifying the complementarity between the guide RNA and the target RNA (with a stronger repression being obtained with a better complementarity). Vigouroux and colleagues tested the best approach to regulate the strength of silencing [START_REF] Vigouroux | Tuning dCas9's ability to block transcription enables robust, noiseless knockdown of bacterial genes[END_REF]. Their results show that researchers should focus on the second possibility, namely modifying the complementarity between the guide and target RNA. This strategy allows first to easily implement combinatorial approaches using multiple guide RNAs that can have varying silencing strength on various targets, but also to avoid the noisy impact of high level of dCas9 expression [START_REF] Vigouroux | Tuning dCas9's ability to block transcription enables robust, noiseless knockdown of bacterial genes[END_REF]. The overexpression of dCas9 is toxic in E. coli [START_REF] Nielsen | Multi-input CRISPR/Cas genetic circuits that interface host regulatory networks[END_REF], so avoiding high levels of dCas9 in the bacteria is important. The vast majority of CRISPRi applications in bacteria have been made in the field of metabolic engineering [START_REF] Schultenkämper | Impact of CRISPR interference on strain development in biotechnology[END_REF] [START_REF] Hashemi | CRISPR-Cas9/CRISPRi tools for cell factory construction in E. coli[END_REF]. This large development of metabolic circuits regulated by CRISPRi is possible thanks to the extensive research made on the design of guide RNAs, facilitating the implementation of this method.

One of CRISPRi last major hurdle is the limited number of tools developed for nonmodel species (Vigouroux and Bikard, 2020), but this is a work in progress as so far, it has been implemented in 8 phyla [START_REF] Call | CRISPR-Based Approaches for Gene Regulation in Non-Model Bacteria[END_REF]. It is only a matter of time before CRISPRi becomes a staple even in nonmodel bacterial species.

The mechanisms described previously are limited to transcriptional repression of the target gene. A few months after the engineering of CRISPRi systems, another study was published demonstrating the possibility of using this dCas9 system for transcriptional activation, called CRISPRa (for CRISPR activation) [START_REF] Bikard | Programmable repression and activation of bacterial gene expression using an engineered CRISPR-Cas system[END_REF]. Previous work had shown that the fusion of the RNA polymerase omega subunit with the lambda cI repressor could lead to transcriptional activation of the target gene [START_REF] Dove | Conversion of the omega subunit of Escherichia coli RNA polymerase into a transcriptional activator or an activation target[END_REF]. Using a similar approach, Bikard and colleagues fused dCas9 with the RNA polymerase omega subunit. They showed that transcriptional activation could occur by targeting the promoter region of the target gene [START_REF] Bikard | Programmable repression and activation of bacterial gene expression using an engineered CRISPR-Cas system[END_REF] (Figure 28B). This study increased the catalogue of possibilities in CRISPR-Cas9 approaches for gene regulation. However, the use of CRISPRa is still very limited to a few proofs of concept studies (Vigouroux and Bikard, 2020). But studies are beginning to flourish [START_REF] Call | CRISPR-Based Approaches for Gene Regulation in Non-Model Bacteria[END_REF], and we could see a breakthrough for this kind of approaches sooner than later. The main hurdle being that CRISPRa tools often lack strength and versatility for a more widespread use [START_REF] Call | CRISPR-Based Approaches for Gene Regulation in Non-Model Bacteria[END_REF]. But considering the speed at which CRISPR-based systems are being developed, it should only be a matter of a few years before this approach becomes a staple of gene regulation.

Finally, CRISPR-Cas9 technologies have also been developed in order to perform post-transcriptional repression [START_REF] O'connell | Programmable RNA recognition and cleavage by CRISPR/Cas9[END_REF]. However, this has only been implemented in eukaryotes. This is likely because, while there is a plethora of methods to perform post-transcriptional regulation in bacteria, the main approach for post-transcriptional regulation in eukaryotes is RNA interference. This method has several drawbacks that are bypassed by a CRISPR-Cas9-derived approach (Pickar-Oliver and Gersbach, 2019).

Overall, the number of tools to perform gene regulation in bacteria is already important, but this catalogue never stops expending, trying to improve already existing systems, or developing new ones to bypass the limitations of the already existing ones. The development of a RocC/RocR-based system was my little contribution to the field of synthetic biology, and in the result section of my thesis I will explain how this system was designed and tested.

RESULTS

I. DEVELOPMENT OF A BIOSYNTHETIC TOOL

I.1. Introduction

In Legionella pneumophila, competence regulation involves an original post-transcriptional repression system: the RocC/RocR system (Attaiech et al., 2016). RocC is a new type of RNA chaperone (Attaiech et al., 2017) allowing the stabilization of RocR, its cognate small non-coding RNA. Together, RocC and RocR act as post-transcriptional repressors of the competence genes.

The RocC/RocR system is modular (Figure 12) (Attaiech et al., 2016). comEA_gfp is used as a reporter of the system's activity as comEAmRNA is the natural target of RocC/RocR and the transcriptional fusion with the gfp gene allows to follow competence development by following fluorescence. When RocC and RocR are present and that the RocR-box is "WT", comEA_gfp expression is low, i.e. bacteria are not competent.

When RocC is removed, the repression system is no longer complete, and comEA_gfp expression is high.

In that case, the bacteria become hypercompetent. If mutations are inserted in the RocR-box, comEA_gfp is highly expressed. This means that RocR can no longer recognize its target and that the bacteria are hypercompetent. However, the repression can be restored by inserting mutations in the sequence of RocR to restore the complementarity with its target. By doing so, the modified RocR can recognized the modified RocR-box on comEAmRNA, and the repression is active again.

This experiment shows that it is possible to modify both RocR and its target and that there is still repression of the target's expression. Adding to that characteristic that the RocC/RocR system is simple (only two partners), we tried to use it as a model to engineer a biosynthetic system allowing for the repression of any gene of interest in multiple bacterial species.

I.2. Article

Most of the results for this part of my PhD are written in the form an article, even though it has not been submitted to any journal yet. Some experiments were also conducted after the redaction of this article, and they will be presented in the next section (I.3. Complementary experiments).

Introduction

It has recently been shown that in L. pneumophila the regulation of competence -a specialized physiological state involving the coordinated expression of multiple genes -involves an original posttranscriptional repression system: the RocC/RocR system (Attaiech et al., 2016). RocC is a new type of RNA chaperone (Attaiech et al., 2017) allowing the stabilization of RocR, a small trans-acting noncoding RNA. When RocR is stabilized by RocC, it recognizes a specific sequence called "RocR box" present on the mRNAs of genes of the competence regulon. The pairing of RocR with these mRNAs prevents the binding of the ribosome thereby blocking their translation.

Since the RocC/RocR system is simple (only two partners) and modular (Attaiech et al., 2016), we wanted to use it as a model to design a new biosynthetic system allowing for the post-transcriptional repression of any gene of interest in multiple bacterial species (Figure 1). This kind of biosynthetic tool using sRNA for control of gene expression started to blossom at the beginning of last decade (Man et al., 2011). Those kinds of system are very useful as they allow researchers to fine-tune the repression of target genes thanks to specifically designed sRNAs. They could potentially even be used to study the role of essential genes for which a knockout is impossible. One of the current main limitation of this approach however is their limited portability in various bacterial species (Vigouroux and Bikard, 2020). This could be due to the fact that most of the sRNA-based systems were developed with synthetic sRNAs bearing a Hfq binding domain so they rely on the Hfq RNA chaperone of the host bacteria (Man et al., 2011) [START_REF] Yoo | Design and use of synthetic regulatory small RNAs to control gene expression in Escherichia coli[END_REF](Hoynes-O'Connor and Moon, 2016). So, if the host bacterium has Hfq then the biosynthetic system has to compete with the natural interactants of Hfq and the addition of another sRNA needing Hfq could impair other important regulatory networks. Hfq is easily the most characterized RNA chaperone. It is present in many bacterial species, and was for a long time the only known RNA chaperone able to interact with trans-acting sRNA (Updegrove et al., 2016). However, as multiple bacterial species lack Hfq, they could rely on other RNA chaperones for sRNA-based silencing (Attaiech et al., 2017). Recent works show that ProQ/FinO domain containing proteins constitute a widespread family of RNA chaperones (Attaiech et al., 2016) (Attaiech et al., 2017). Among them, the plasmid-encoded FinO protein might be the most characterized. FinO interacts with an antisense RNA called FinP and helps it form a duplex with its mRNA target to block its translation (Glover et al., 2015). RocC (Attaiech et al., 2016) and ProQ (Smirnov et al., 2016) are chromosomally-encoded RNA chaperones that act with one trans-acting RNA (RocR) or with many cisand trans-acting RNAs, respectively. Thus in the bacterial species lacking Hfq, RNA chaperones from the ProQ/FinO domain containing protein family or even from other, yet unknown, RNA chaperone families could play an essential role for sRNA-based silencing (Attaiech et al., 2017). As of now, not many of non-Hfq RNA chaperones have been identified.

Therefore to design a biosynthetic sRNA-based tool that would not compete with pathways relying on The predicted structure of RocR is represented in (A). It is predicted to be form three stem-loops (SL). The SL3 structure is highly stable and is involved in the interaction with the RocC protein (chaperone interaction domain). In contrast, SL1 and SL2 do not interact with RocC but are involved in a putative duplex formation with the targeted mRNAs (B). The exposed loop of SL1 is a 6-nt sequence complementary to a "RocR-box" present in all targeted mRNAs (highlighted in yellow). This loop likely acts as a seed sequence for duplex formation and is essential for RocR activity.

the hosts' Hfq, and that would work even in Hfq-lacking species, we sought to use a RocC/RocR-based approach. RocC is specific of L. pneumophila and of RocR so it could potentially avoid interferences with the heterologous hosts' pathways. The gene encoding this small protein (25kDa) could easily be cloned, together with a gene encoding a RocR-based modified sRNA (hereafter named RocR*), on a plasmid which could be transformed into various bacterial species. Altogether, this strategy could allow the RocC/RocR* system to not be limited to bacteria expressing a specific RNA chaperone, and potentially overcome the limited portability of sRNA-based systems between bacterial species.

Our strategy to turn the RocC/RocR system into a post-transcriptional repression tool was to modify the sequence of the first two stem loops (SL1 and SL2) of RocR, that have been shown to be implicated in the recognition of its natural targets, without altering its third stem loop (SL3), implicated in the interaction with its chaperone RocC (Attaiech et al., 2016) (Figure 2). We created modified RocRs (=RocRs*) able to target the mRNAs of the gfp gene and the kanamycin resistance gene aph3. The efficiency of these RocRs* were then assessed in both E. coli and L. pneumophila.

Material and methods

Bacterial strains, plasmids, and oligonucleotides. 

Bacterial growth conditions.

L. pneumophila strains were grown in liquid medium AYE (ACES [N-(2-acetamido)-2aminoethanesulfonic acid]-buffered yeast extract) or on solid medium CYE (ACES-buffered charcoal yeast extract) at 37°C. When appropriate, media were supplemented with kanamycin at 50 g/mL or with chloramphenicol at 5 g/mL.

E. coli strains were grown in LB (Luria-Bertani Broth). For growth monitoring and detection of fluorescence, cells were grown in 100 L LB in 96-well plates placed inside a temperature-controlled plate reader (TECAN Infinite F200 PRO) set at 37° with shaking. Absorbance was read at 600 nm and fluorescence from GFP expression was measured using 480 nm and 520 nm as excitation and emission wavelengths, respectively. When appropriate, media were supplemented with kanamycin at 50 g/mL or at the concentration indicated in the legends, with chloramphenicol at 5 g/mL, or with ampicillin at 100 g/mL.

DNA amplification and plasmid extraction.

PCR were performed using PrimeSTAR Max DNA Polymerase (TaKaRa) according to the manufacturer instructions. Plasmids were extracted using the E.Z.N.A Plasmid DNA Mini Kit I (OMEGA) according to the manufacturer's instruction with only one adjustment: the elution was performed with Elution Buffer heated at 65°C.

Electroporation of replicative plasmids in L. pneumophila.

10 10 to 10 11 cells were recovered from a fresh cell layer on CYE plate (with antibiotic if needed) and washed 5 times with 1 mL of ice-cold 10% glycerol. They were finally resuspended in 500 l of ice-cold 10% glycerol and put in electroporation cuvettes (2mm gap, Fisherbrand) with 2 g of plasmidic DNA.

Electroporations were performed at 2.4 kV, 100 , 25 mF (Electroporator 2510, Eppendorf) and the cuvette was put back on ice immediately. Cells were then transferred in a 13-mL cap tube containing 3 mL of AYE and incubated at 37°C for 24 hours. The bacteria were then plated on CYE plates containing the appropriate antibiotic and incubated 3 days at 37°C. Resistant colonies were checked by PCR and their plasmids were extracted and verified by sequencing.

Transformation in chemi-competent E. coli DH5 pir cells.

Chemi-competent E. coli cells are prepared with the TSS method [START_REF] Chung | Preparation and storage of competent Escherichia coli cells[END_REF]. Briefly, 100 ml of E. coli DH5 pir cells are grown up to 0.3<OD600<0.4. Once the proper OD600 is reached, bacteria are centrifuged at 2700g for 10 minutes at 4°C. The pellet is then resuspended in 5 ml of prechilled TSS buffer (0.3M MgCl2, 5% DMSO, 0.1g/mL PEG8000 and LB medium) with gentle vortexing. Aliquots of 200 l (~4,8.10 8 cells) are made and stored at -80°C until use. For transformation, ~2,4.10 8 of chemicompetent E. coli cells are mixed with 2 g of plasmidic DNA and rested on ice for 20 minutes. Then a heat shock (1 minute and 30 seconds at 42°C) is performed. LB medium is then added to the mixture up to 1 mL. The cells are then incubated for 1 hour at 37°C without shaking. Finally, the cells are plated on LB plates supplemented with the appropriate antibiotic(s) and incubated overnight at 37°C.

Resistant colonies were checked by PCR and their plasmids were extracted and verified by sequencing.

Plasmids constructions.

Construction of pLLA38 and pLLA40.

A PCR product obtained using the primers x and y on the genome of L. pneumophila Paris WT and the plasmid pLLA21 were digested with restriction enzymes v and w for 1 hour at 37°C in 1X Cutsmart Buffer (New England Biolabs) (see Table 4 for Primers and Enzymes used for each construction). The two DNA fragments were then purified and ligated using DNA Ligase (New England Biolabs) according to the manufacturer instructions. The mixture was then incubated for 1 to 2 hours at room temperature before transformation in chemi-competent E. coli DH5 pir cells.

Construction of pLLA45, pLLA46, pLLA54 and pLLA55.

pLLA45, pLLA46, pLLA54 and pLLA55 were made by a circular PCR on pLLA40 with KP7_rocR-SL3-F and KP8_rocR-kan1-R, KP9_rocR-kan2-R, KP19_rocR-kan3-R or KP20_rocR-kan4-R respectively. First, the primers were phosphorylated in 5' with T4 polynucleotide kinase (New England Biolabs) according to the manufacturer instruction. After the PCR reaction using pLLA40 as template, DpnI (New England Biolabs) which cut specifically methylated DNA, was added to degrade pLLA40. The synthetized linear plasmids were then purified on agarose gel, ligated using DNA Ligase (New England Biolabs) according to the manufacturer instructions and transformed in chemi-competent E. coli DH5 pir cells.

Construction of pLLA82.

pLLA82 was constructed using SLIC essentially as published (Jeong et al., 2012) 

Results

The native RocC/RocR system is functional in E. coli

Hoping that the specificity of the native RocC/RocR system to L. pneumophila could help overcome the limitation of heterologous efficiency of the sRNA-based biosynthetic tools, we needed to ensure that this system was functional in another organism, here E. coli. For that, we used 3 strains of E. coli expressing either comEA_gfp (pXDC91/pUT18), comEA_gfp and rocR (pLLA38/pUT18), or comEA_gfp, rocR and rocC (pLLA38/pLLA82). comEAmRNA is a natural target of RocR so we used the transcriptional fusion comEA_gfp to assess the efficiency of the RocC/RocR system in E. coli. If the repression is active then there's a repression of comEA_gfpmRNA, the GFP is therefore not produced, and the bacteria appears white. On the other hand, if the repression is inactive then the GFP is produced, and the bacteria appears green. The expression level of comEA_gfp in each strain was measured to study the efficiency of the RocC/RocR system in E. coli (Figure 3). We show that RocR alone (without RocC) can lead to a repression of comEA_gfp by 50%. This is surprising since we know that in L. pneumophila, RocC is essential for the stability and function of RocR. We know that the domain of RocC necessary to stabilize RocR is a ProQ/FinO domain (Attaiech et al., 2016). Since the protein ProQ in E. coli also This means that the ProQ protein of E. coli does not interfere with the RocR-based repression. Instead, the addition of RocC allows for a better repression of the expression of comEA_gfp, with an efficiency of 80% (Figure 3). This shows that RocC is necessary to improve the efficiency of the RocR-mediated repression in E. coli.

Overall, we show that the native RocC/RocR system can overcome the species-barrier limitation faced by most sRNA-based biosynthetic tool, although its efficiency is not 100%. Nevertheless, we still tried to engineer this system to be able to repress any gene of interest.

The modified RocC/RocR systems are not efficient in E. coli

The next step for the development of this biosynthetic tool was to design modified RocRs (noted RocRs*) that would target some other mRNAs than comEAmRNA. One constraint we had was to not modify either the sequence or the structure of the third stem loop of RocR (named SL3) because it is implicated in the interaction with its chaperone RocC. Therefore, we only inserted mutations in the first two stem loops (SL1 and SL2) which are implicated in the duplexing with the target mRNAs of RocR. (Attaiech et al., 2016). We chose to target the mRNAs of the kanamycin resistance gene aph3 or of the gfp gene. On the aph3 gene, there are two potential sites of translation initiation with a predicted RBS. As a consequence, we first designed 2 RocRs*, one for each of those sites (RocR-antikan 1 and RocR-anti-kan2) (Figure 4A), and a RocR-anti-gfp to target the gfp gene (Figure Supp 2).

Once all the designs were done, the genes encoding the RocRs* were cloned on a plasmid carrying rocC and a chloramphenicol resistance gene (for selection). Those plasmids were then used to test the efficiency of the RocRs* in E. coli.

We tested the efficiency of RocR-anti-kan1 and RocR-anti-kan2 in a kanamycin resistant strain of E. coli. Knowing that the efficiency of the native RocC/RocR system is not 100% in E. coli, it was necessary to ensure that even a small modification in kanamycin resistance could be detected. To that end, the experiments were done at a kanamycin concentration high enough to alter even the growth of a kanamycin resistant strain (a 50% growth inhibition is obtained at 1,25 mg/mL of kanamycin, see Figure Supp 3). To test the efficiency of the RocC/RocR* systems against aph3, the E. coli strain carrying pACYC177 (which bears the target aph3 gene) was transformed by pLLA45 or pLLA46 which carry the rocC gene, and the rocR-anti-kan1 or rocR-anti-kan2 genes respectively. The growth of these strains was then monitored in a media supplemented with 1,25 mg/mL of kanamycin (Figure ). All these strains have the exact same growth which means that these 2 RocRs* have no effect on kanamycin resistance in E. coli. In the same manner, we tested the efficiency of repression of RocRanti-gfp on the gfp gene and showed that it had no effect (Figure Supp 2).

One hypothesis that could explain the lack of efficiency of those RocRs* is that they do not have a predicted structure similar to the native RocR (Figure 2 & Figure 4A). That structure being potentially crucial for RocR's (and RocRs*'s) function, we designed two other RocRs* (RocR-anti-kan3 and RocRanti-kan4) (Figure 4B) that would still target the two potential initiation sites of the kanamycin resistance gene aph3 but also have a predicted structure similar to the one of RocR. Unfortunately, these designs did not cause any impact on the kanamycin resistance of the tested E. coli strains (Figure ).

The expression of RocRs* were verified by Northern Blot. We first tried to detect their expression in E. coli using the same probe we use to detect RocR (Figure Supp 4). Unfortunately, the RocRs* were not detected but that could be due to the probe LA53 being not specific enough to allow for their detection. A new probe was design and it showed that the RocRs* are indeed expressed in E. coli (Figure Supp 4). This means they are not efficient not because they are not expressed, but for another The plasmid pACYC177 carries the kanamycin resistance gene aph3. E. coli DH5 pir carrying pACYC177 was transformed by either pLLA53, pLLA45, pLLA46, pLLA54 or pLLA55 which carry rocC and either rocR, rocR-anti-kan1, rocR-anti-kan2, rocR-anti-kan3 or rocR-anti-kan4, respectively. The efficiency of each RocRs* to repress kanamycin resistance was then assessed by monitoring the growth of each strain in a media supplemented with 1,25 mg/mL of kanamycin. Cell density (log(OD600)) is plotted as a function of time. Average of 3 replicates with the standard error of the mean are presented.

reason. Interestingly, by comparing the expression level of RocR between the strains E. coli pLLA40 (rocC, rocR) and pLLA21 (rocR), it appears that the presence of RocC allow for a better expression of RocR, consistent with our previous results showing that RocR is more efficient in E. coli in the presence of RocC.

Despite the inefficiency of the RocRs* in E. coli, the biosynthetic system could potentially still be used for post-transcriptional repression in the host of the RocC/RocR system: L. pneumophila. In this bacterium, all the conditions for a successful RocRs* repression should be met, and so the biosynthetic system should be functional.

aph3-targeting modified RocRs are toxic in L. pneumophila

We tested the efficiency of the four RocRs* targeting the mRNAs of the kanamycin resistance gene aph3. For that, the plasmids carrying rocC and the rocRs* were electroporated in 6 strains of L. pneumophila Philadelphia (LELA2883, LELA4086, LELA3118, LELA3825, LELA1155 and LELA3864) that are kanamycin resistant because of aph3 insertions at different loci. Unfortunately, we never managed to obtain good clones for either of those strains, and every obtained clone presented a WT RocR, certainly due to a recombination event between the plasmidic RocR* and the chromosomic RocR. These results suggest that these RocRs* are probably toxic in L. pneumophila. To try and explain this toxicity of the 4 tested RocRs*, the potential targets of the RocRs* in L. pneumophila Philadelphia were determined using RNApredator (http://rna.tbi.univie.ac.at/RNApredator [START_REF] Eggenhofer | RNApredator: fast accessibility-based prediction of sRNA targets[END_REF]) (Table Supp 1,Table Supp 2,Table Supp 3,Table Supp 4). By comparing these potential targets with the list of essential genes in L. pneumophila (Hardy and Charpentier, 2019), we found that all the tested RocRs* could potentially repress the expression of essential genes, which could explain their toxicity. Even if those results are consistent with the toxicity of the RocRs*, it is to be noted that this webserver might not be optimized for L. pneumophila. When given RocR as the sRNA, it could not find some of the known targets of RocR, notably comFmRNA. Additionally, even when it found some of its known targets, comEAmRNA for example, it predicted an interaction of the mRNA with the SL3 of RocR, even though it has been shown that the SL1 and SL2 are responsible for the sRNA/mRNA interaction(Table Supp 5) (Attaiech et al., 2016).

Discussion

The aim of this study was to design an sRNA-based system that could be used for post-transcriptional repression in L. pneumophila and other bacterial species. For that, we adapted the native RocC/RocR system of L. pneumophila to theoretically recognize any genes of interest. As a proof-of-concept, we chose to modify RocR to recognize the mRNAs of the kanamycin resistance gene aph3 or the gfp gene.

These designs had unfortunately no success, as the RocRs* never managed to show any effect in E. coli. Worse, they seemed to be toxic in L. pneumophila. This means that in order to pursue the development of that biosynthetic tool, new designs of RocRs* will be necessary, with potentially less modifications in the seed sequence of RocR,. It has previously been described that in the native RocC/RocR system, modifying only a 6-nucleotides sequences on RocR (the seed, Figure 2) or on its target comEAmRNA ("RocR-box") is enough to induce a tangible effect (Attaiech et al., 2016). A new approach for the design of RocRs* could be by doing more moderate modifications of RocR, only introducing mutations in the see, as it was shown that only 15 base complementarities are necessary to get a successful sRNA (Hoynes-O' Connor and Moon, 2016). In order to avoid toxicity of any sRNAbased biosynthetic tool, it seems necessary to assess the potential targets in the host bacteria for each particular modified sRNA by using an RNA-RNA interaction prediction tool such as RNApredator.

Seeing the importance of these prediction, it would be useful to improve the accuracy of this type of software.

Although the modified RocC/RocR systems are not functional in E. coli, the native system is. However, it is to be noted that the repression efficiency was not 100%. Multiple hypotheses could be postulated to explain that. First, our experiments could have had stoichiometric issues. Indeed, the efficiency of the RocC/RocR system was measured by the repression of a comEA_gfp reporter gene. One could assume that the amount of RocC and RocR produced in the bacteria was not enough to block the translation of all the comEA_gfpmRNA produced. To overcome this limitation, it could be possible to put RocC and RocR under the control of an inducible promotor and see if an overexpression could better repress the expression of comEA_gfp (up to 100%). Another hypothesis could be that other partners of L. pneumophila are involved with the RocC/RocR-mediated repression and that they are missing in E. coli. In L. pneumophila a rocC or a rocR mutant are competent even in conditions in which the WT strain is not. They are called hypercompetent mutants. If there is another partner to the RocC/RocR system, it is expected that a mutant of this partner would also be hypercompetent. Two other hypercompetent mutants were previously identified in L. pneumophila: the rnr (Charpentier et al., 2008) and comR (Sexton and Vogel, 2004) mutants. The rnr gene encodes the RNaseR, a protein implicated in RNA-RNA duplexes degradation (Cheng and Deutscher, 2002). It could be a partner of the RocC/RocR system, considering that RocR forms duplexes with its target mRNAs and cause their instability. However, there is a homolog of this Rnase in E. coli (Cheng and Deutscher, 2002) (Charpentier et al., 2008), so even if it was a partner of the system it cannot be the only missing partner to make the native RocC/RocR system fully efficient in E. coli. On the other hand, ComR is a protein of unknown function, specific of L. pneumophila. Therefore it could be a missing partner in E. coli, and it would be interesting to see if its addition in E. coli with RocC/RocR would allow for a full repression of comEAmRNA. However, the possibility of needing other partners could be an issue as one of the most attractive features of the RocC/RocR system was that it involved only two partners and therefore would easily be portable between bacterial species.

It is of great significance that even if the efficiency of the native RocC/RocR system is not 100% in E. coli, it shows great potential as it overrules one of the main limitations of sRNA-based repression system (Man et al., 2011) (Vigouroux and Bikard, 2020): the possibility to export any particular sRNA in other bacterial species. In that regard, the work on this RocC/RocR system should be pursued and more in-depth studies should be performed to understand how and why it seems to be able to break the species barrier that other sRNA-based system cannot. To assess the portability of the RocC/RocR system, it would be interesting to test it in other Gram-negative bacteria as well as Gram-positive bacteria. However, the plasmid bearing the rocC and rocR genes used in this study can only be replicated and expressed in Gram-negative bacteria. In order to export the system in more bacterial species, a plasmid that could replicate in both Gram-negative and Gram-positive bacteria would be needed (e.g. pBAV1K-T5 [START_REF] Bryksin | Rational Design of a Plasmid Origin That Replicates Efficiently in Both Gram-Positive and Gram-Negative Bacteria[END_REF]).

Overall, this study is a first step for the design of a new sRNA-based approach to perform posttranscriptional regulation, even in heterologous species. and in E. coli DH5 pir pLLA53/pLLA40/pLLA21/pLLA45/pLLA46/pLLA54 and pLLA55. The different relevant partners of the RocC/RocR(*) system are presented for the seven E. coli strains. Northern Blot on the total RNAs extracted from L. pneumophila WT at OD 1 at 37°C is used as a control as we know that RocR is expressed in that strain in these conditions (first lane). Northern Blot on the total RNAs of E. coli pLLA53 is used as a negative control as this plasmid does not contain rocR (second lane). The 5S RNA is used as a loading control. (B, C) Complementarity between RocR or the modified RocRs* and the probe LA59_rocR-small-NB or KP35, respectively, which were used for the Northern Blot analysis. Complementarity between the probes and the targeted RNAs is represented with black lines.

To find the Tables Supp 1 to 5, follow this link: https://horigene.fr/owncloud/index.php/s/lPq2lBlyf6TD2TY

Table Supp 1. Prediction of interactions between RocR-anti-kan1 and the genes of L. pneumophila Philadelphia.

Predictions were run using RNApredator webserver (http://rna.tbi.univie.ac.at/RNApredator [START_REF] Eggenhofer | RNApredator: fast accessibility-based prediction of sRNA targets[END_REF]). The data on gene essentiality in L. pneumophila (noted in the table: E=Essential, NE=Non-Essential, GD=Growth defect, GA=Growth Advantage, ND=Non-Determined) were extracted from (Hardy and Charpentier, 2019).

Table Supp 2. Prediction of interactions between RocR-anti-kan2 and the genes of L. pneumophila

Philadelphia.

Predictions were run using RNApredator webserver (http://rna.tbi.univie.ac.at/RNApredator [START_REF] Eggenhofer | RNApredator: fast accessibility-based prediction of sRNA targets[END_REF]). The data on gene essentiality in L. pneumophila (noted in the table: E=Essential, NE=Non-Essential, GD=Growth defect, GA=Growth Advantage, ND=Non-Determined) were extracted from (Hardy and Charpentier, 2019).

Table Supp 3. Prediction of interactions between RocR-anti-kan3 and the genes of L. pneumophila

Philadelphia.

Predictions were run using RNApredator webserver (http://rna.tbi.univie.ac.at/RNApredator [START_REF] Eggenhofer | RNApredator: fast accessibility-based prediction of sRNA targets[END_REF]). The data on gene essentiality in L. pneumophila (noted in the table: E=Essential, NE=Non-Essential, GD=Growth defect, GA=Growth Advantage, ND=Non-Determined) were extracted from (Hardy and Charpentier, 2019).

Table Supp 4. Prediction of interactions between RocR-anti-kan4 and the genes of L. pneumophila

Philadelphia.

Predictions were run using RNApredator webserver (http://rna.tbi.univie.ac.at/RNApredator [START_REF] Eggenhofer | RNApredator: fast accessibility-based prediction of sRNA targets[END_REF]). The data on gene essentiality in L. pneumophila (noted in the table: E=Essential, NE=Non-Essential, GD=Growth defect, GA=Growth Advantage, ND=Non-Determined) were extracted from (Hardy and Charpentier, 2019).

Table Supp 5. Prediction of interactions between RocR and the genes of L. pneumophila Paris.

Predictions were run using RNApredator webserver (http://rna.tbi.univie.ac.at/RNApredator [START_REF] Eggenhofer | RNApredator: fast accessibility-based prediction of sRNA targets[END_REF]). Genes of the competence regulon in L. pneumophila Paris (noted as "C" in the table) were extracted from (Attaiech et al., 2016).

I.3. Complementary experiments I.3.1. Material and methods

The methods used for these complementary experiments are the same as those used in the paper and the full list of plasmids and strains are shown below: 

Plasmid

I.3.2. Is ComR necessary for the RocC/RocR system's activity in

Escherichia coli?

In the discussion of the previous article, I mentioned that while the native RocC/RocR system was functional in E. coli, its efficiency was not 100%. One of our hypotheses to explain that was that another partner of the RocC/RocR system present in L. pneumophila is missing in E. coli. Thanks to previous work, we knew about the existence of two other competence regulators in L. pneumophila: ComR and RNaseR (Sexton and Vogel, 2004) (Charpentier et al., 2008). RNaseR is a RNase that degrades the RNA duplexes (Cheng and Deutscher, 2002). Therefore, it could be a partner of the RocC/RocR system considering that RocR forms RNA duplexes with its target (Attaiech et al., 2016). However that protein has a homolog in E. coli (Cheng and Deutscher, 2002) (Charpentier et al., 2008), so even if it was a partner of the system it cannot be the only missing partner to make the native RocC/RocR system fully efficient. On the other hand, ComR is a protein of unknown function, specific of L. pneumophila. Therefore it could be the missing partner in E. coli, and it would be interesting to see if its addition in E. coli with RocC/RocR would allow for a full repression of comEAmRNA.

We tested if ComR could improve the efficiency of the RocC/RocR system in E. coli. For that, we used the 3 strains that were presented in the article expressing either comEA_gfp (pXDC91/pUT18), comEA_gfp and rocR (pLLA38/pUT18), or comEA_gfp, rocR and rocC (pLLA38/pLLA82).Additionally, we used two new strains expressing either comEA_gfp, rocR and comR (pLLA38/pLLA83) or comEA_gfp, rocR, rocC and comR (pLLA38/pLLA86) (Table 1). comEAmRNA is a natural target of RocR so we used the transcriptional fusion comEA_gfp to assess the efficiency of the RocC/RocR system in E. coli. If the repression is active then there is a repression of comEA_gfpmRNA, the GFP is therefore not produced, and the bacteria appears white. On the other hand, if the repression is inactive then the GFP is produced, and the bacteria appear green. The expression level of comEA_gfp in each strain was measured to study the efficiency of the RocC/RocR system in E. coli (Figure 29).

We show that ComR does not help RocR to have a better efficiency in E. coli as the repression of comEA_gfp is identical in the strains expressing rocR or rocR and comR. Strangely, in the strain expressing all the potential partners: rocR, rocC and comR, there is an intermediate phenotype. The repression is better than in the strain expressing only RocR, but less efficient than in the strain expressing both RocR and RocC. Those results are surprising as it seems that ComR, while being essential in L. pneumophila,

does not help at all in E. coli, potentially even having a deleterious effect on the repression of comEAmRNA.

One could hypothesize that this unexpected phenotype could be due to ComR having side effects in E. coli.

Later during my PhD, I also showed that ComR is likely involved in the stability of RocC (see II.

Article).

A second hypothesis to explain this effect of ComR in E. coli could be that an increased stability of RocC in E. coli could potentially be problematic and lead to side effects resulting in a less efficient RocC/RocRmediated repression.

Nonetheless, these results indicated that the efficiency of the RocC/RocR system being below 100% in E. coli is not because of the absence of ComR. 

I.3.3. Is comEA mRNA CDS required for the RocC/RocR repression to occur?

There is a little lack of consistency between the test of the native RocC/RocR system and the biosynthetic one in the article presented in section II.2. Article. For the modified system, RocR* was designed to target a RocR*-box in the 5'-UTR of the target mRNA, which was also the reporter of the experiment (the resistance to kanamycin). But for the native system, the comEA_gfp transcriptional fusion was used. In that case, RocR could target the RocR-box on comEA_gfpmRNA, but our reporter is the gfp.

As the modality for the recognition of the target by RocC/RocR is not fully understood yet, it is possible that more than the RocR-box could be necessary for the formation of the RocR/target duplex. A specific mRNA sequence in the comEA ORF could have to be recognized for the RocC/RocR-mediated repression to occur. This hypothesis is supported by the fact that the C-terminus domain of RocC is essential for the functionality of the system, although not necessary for RocR's stability. One could imagine that the Cterminus domain of RocC could be involved in specific recognition of the target mRNA, or in the stabilization of the duplex before degradation for example. If this is true, it would explain why no effect of the RocR* was observed on the non-natural target of the RocC/RocR system.

In order to test that hypothesis, the comEA_gfp fusion was truncated in order to be also to test the efficiency of RocR on a RocR-box that would be only in the 5'-UTR of the gfpmRNA.

The efficiency of the RocC/RocR system was tested on gfpmRNA that was mutated to have a RocR-box in its 5'-UTR. For that, we used 3 strains expressing either the gfp (pLLA115), the gfp and rocR (pLLA140) or the gfp, rocR and rocC (pLLA140/pLLA82) (Table 1). Similarly to our previous results, RocR alone is able to repress the expression of the GFP, even without the presence of comEAmRNA in the target (Figure 30). This means that as long as the RocR-box is present in the 5'-UTR, the RocC/RocR system can target any mRNA.

Moreover, the addition of RocC led to an almost complete repression of the gfp (Figure 30). This repression is even better than the one observed with the comEA_gfp reporter (see Figure 3 from the article). This explains why the presence of ComR is not needed in E. coli, as the RocC/RocR system seems to be able to be completely functional on its own in this species. Additionally, the 80% efficiency observed previously is more likely due to the gfp having the time to be translated before the duplex formation between the RocR and RocR-box on the comEA_gfp fusion leads to the degradation of the gfp part of the mRNA.

Altogether, this further support the hypothesis that the RocR* were not functional simply because of design choices, and that a RocC/RocR-based biosynthetic tool could still be developed. 

I.4. Conclusion

One of the main limitations of existing sRNA-based biosynthetic tools is the reliance of the sRNAs on the Hfq chaperone. This is limiting because it implies that the bacterium in which the system is implemented has to express Hfq, and also that the system is not orthogonal, as the recruitment of Hfq by the sRNAs could impair native pathways. Developing a system in which the sRNA relied on another chaperone for its function could help alleviate this problem. The RocC/RocR system of L. pneumophila could be a good base

II. REGULATION OF COMPETENCE IN LEGIONELLA PNEUMOPHILA

II.1. Introduction

Competence regulation in L. pneumophila involves a post-transcriptional repression system called the RocC/RocR system (Attaiech et al., 2016). RocC act as an RNA-chaperone and stabilizes RocR, which in turns repress the expression of the competence genes. The model that was proposed following its discovery is presented in Figure 13.

During my PhD, I worked on two aspects of the regulation of competence in L. pneumophila. The first one was to identify if competence was only important for the natural transformation process, or if other cellular function were impacted by this physiological state, just like in S. pneumoniae, B. subtilis (Claverys et al., 2006) or S. aureus (Cordero et al., 2022). The second one was to determine the role of ComR is the overall regulation process, as a comR mutant leads to hypercompetence phenotype (Sexton and Vogel, 2004) and because my curiosity for this regulator was piqued during my work on the biosynthetic system.

Both of these questions are addressed in this section.

II.2. Article

The main results for this part of my PhD are written in the form of an article that is currently in preparation and will be deposited on bioarXiv and submitted for publication in the FEMS journal microLife ( Life) soon.

Introduction

Natural transformation is one of the three main mechanisms of horizontal gene transfer. Identified in more than 80 bacterial species, it allows bacteria to bind, internalize and recombine into their chromosome, exogenous DNA (Johnston et al., 2014). This mechanism increases genetic polymorphism which could help bacteria quickly adapt to challenging environments [START_REF] Smith | Localized sex in bacteria[END_REF]. However, always taking up DNA could also be a hindrance as accumulating mutated or otherwise non-functional genes may lead to fitness loss [START_REF] Nguyen | Recombination resolves the cost of horizontal gene transfer in experimental populations of Helicobacter pylori[END_REF]. As a consequence, natural transformation is a tightly regulated process that can only be achieved when bacteria enter a particular physiological state called "competence" [START_REF] Chen | DNA uptake during bacterial transformation[END_REF].

The genes encoding the proteins necessary for the natural transformation process to occur are very conserved throughout the bacterial kingdom, although only a small subset of species have actually been shown to become competent (Johnston et al., 2014). This is likely due to the fact that the conditions in which bacteria enters the competence state are very diverse depending on the bacterial species, so they might be yet to identified. The development of competence can also depend on the growth phase or on the presence of different environmental cues. Legionella pneumophila can develop competence during growth in microaerophilic conditions or at suboptimal temperature (Stone and Kwaik, 1999;Buchrieser and Charpentier, 2013) while Helicobacter pylori is considered constitutively competent, but with peaks of better transformation efficiency at different stage of the growth (Baltrus and Guillemin, 2006). It was shown that competence in Vibrio cholerae requires the presence of chitin (Meibom et al., 2005), and that Acinetobacter baumanii requires a semi-solid medium to activate its twitching motility [START_REF] Vesel | Pilus Production in Acinetobacter baumannii Is Growth Phase Dependent and Essential for Natural Transformation[END_REF]. Finally, it was also showed that bacteria can become competent in response to stress (like the exposition to certain antibiotics and DNA damaging agents such as mitomycin C and UV light), especially in bacteria lacking the classical SOS response, such as Streptococcus pneumoniae, H. pylori or L. pneumophila (Prudhomme et al., 2006) (Charpentier et al., 2011)(Dorer et al., 2010).

Contrary to the proteins participating in the transformation process, the regulatory pathways involved for competence development are poorly conserved. They differs greatly from species to species but most rely on a central transcriptional activator (Seitz and Blokesch, 2013;Johnston et al., 2014). However, in L. pneumophila no such activator has been found. Instead, competence development is controlled by the post-transcriptional repression effected by the RocC/RocR system (Attaiech et al., 2016;Attaiech and Charpentier, 2017). In laboratory conditions, L. pneumophila is naturally competent at 30°C in liquid medium at the transition between the exponential and stationary phases (around OD600 = 3). During the beginning of the growth, the RNA chaperone RocC interacts with and stabilizes the trans-acting sRNA RocR. Together, they target mRNAs encoding proteins of the DNA uptake system (comEAmRNA, comMmRNA, comFmRNA, comECmRNA), and block their translation by formation of an RNA duplex near the Ribosome Binding Site (RBS). Therefore there is no expression of the DNA uptake system, and the bacteria are not competent. Then, by a still unknown mechanism, at the end of the exponential growth phase, the quantities of RocC and RocR decrease. The mRNAs of the DNA uptake system can then accumulate and be translated, which allows the transformation process to occur (Attaiech et al., 2016).

Interestingly, the RocC regulon is very small (<20 differentially expressed genes) and mostly contains genes that encode proteins involved in the transformation process (Hardy and Charpentier, 2019).

This is in contrast to the complex "competence regulons" (i.e. the genes that are regulated under competence-inducing conditions) found in other species. In B. subtilis, the transcriptional activator

ComK is considered a key regulator of the competence state (van [START_REF] Sinderen | comK encodes the competence transcription factor, the key regulatory protein for competence development in Bacillus subtilis[END_REF]. The comparison of the expression profile between a wild-type strain and a comK mutant revealed that ComK actually regulates the expression of 165 genes, not all of them needed for transformation (Berka et al., 2002). In a similar manner, in S. pneumoniae, the master regulator of competence is the alternative sigma factor ComX, and it was shown that at least 70 genes of its regulon are not involved in natural transformation (Claverys et al., 2006). Competence regulons have been less defined in Gram negative bacteria, however, in V. cholerae, TfoX is considered the central regulator of competence (Meibom et al., 2005) and was hypothesized to regulate the CRP-cAMP fixation to its target genes (Seitz and Blokesch, 2013). CRP-cAMP is known to directly regulate at least 197 genes in Escherichia coli (Mart nez-Antonio and Collado-Vides, 2003), highly suggesting that it could also have an impact on a huge number of genes in V. cholerae.

In this study, we sought to better describe the complexity of the competent state in L. pneumophila and to document how the RocC/RocR system is integrated in the cell physiology. To that aim, we analyzed the transition between the non-competent and competent states via high throughput transcriptomic and quantitative proteomic analyses during growth at 30°. This revealed the vast metabolic variation between these two states. These analyses also led to the study of ComR, a protein that likely acts as the master regulator of competence. We showed that ComR is linked to the RocC/RocR system by promoting the activity of RocC and thus the stability of RocR.

Results

The competence regulon of L. pneumophila Paris is much larger than the RocC regulon L. pneumophila Paris becomes competent at the end of the exponential phase when grown in liquid medium at 30°C. (Attaiech et al., 2016). We sought to describe the global gene expression shift between the non-competent and competent states. Therefore, RNA was extracted from cultures at OD600=1 (before the development of competence, i.e. OD1) and at OD600=3 (during competence, i.e.

OD3). Transcriptomes in both conditions were then compared and the threshold for differential expression was set at log2 Fold Change (log2FC) above 1 or below -1, with an adjusted p-value (padj) below 0.05 12 . The OD1-OD3 transition regulon of L. pneumophila Paris is comprised of 828 genes, with 558 up-regulated and 270 down-regulated (Figure 1A). Out of those, only a very small subset (11 genes) have been identified as essential for natural transformation using a Tn-seq approach (Figure 1B) (Hardy and Charpentier, 2019). We re-analyzed the previously published RNA-seq data of the comparison between the Paris WT strain and its rocCTAA mutant derivative (hypercompetent strain that does not express rocC) at OD1 at 37°C (Attaiech et al., 2016) (Supplementary Figure 1)

and compared it to the RNAseq data of the OD1-OD3 transition. Twenty out of the 24 genes of the RocC regulon are also differentially expressed during the OD1-OD3 transition (Figure 1B). Only 7 genes of the RocC regulon have been shown to be essential for development of natural transformation (comM, comEC, comEA, comF, lpp2554, and lpp1976/lpp1977 which encode minor pilins of the DNA uptake system) (Hardy and Charpentier, 2019) with 4 more in operon with those (lpp0873, lpp0639, lpp2553, lpp2555), and the other 13 either encoding putative transposases (lpp2421, lpp0203, lpp0851) or hypothetical proteins and non-coding RNA of unknown function (See cloud folder for full RNA-seq data). Taken together, the Tn-Seq and RNA-seq results highlight that the regulation of genes needed for natural transformation represents only a small subset of the regulation occurring during natural competence development (i.e. OD1-OD3 transition). In an attempt to better characterize the competent state, we performed a functional analysis of the differentially expressed genes during the OD1-OD3 transition.

The genes involved in cell motility and metabolism related are globally up-regulated, while those linked to the translation and replication processes are down-regulated in the OD1-OD3 transition (Figure 2). These results were to be expected because during this transition, bacteria go from the exponential growth phase to the pre-stationary phase which fits with metabolic changes and a slow- 1 Analyses with more stringent cut-off (log2FC>2, padj<0.01) are being done by Marie Cariou.
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The folder containing the datasets can be downloaded here : https://horigene.fr/owncloud/index.php/s/7BPcNyvF6QyCnFj down of the replication rate. Additionally, L. pneumophila becomes motile at the pre-stationary growth phase [START_REF] Pruckler | Association of flagellum expression and intracellular growth of Legionella pneumophila[END_REF]. profiling of the transition between the non-competent and competent states. Total RNA from 3 independent cultures of L. pneumophila Paris WT in AYE liquid medium at 30°C were extracted in early exponential phase (i.e. before competence development, OD600 = 1) and at the pre-stationary phase (i.e. during competence, OD600 = 3). Strand-specific cDNA libraries were prepared and sequenced by Illumina. Enriched transcripts were determined using DESeq2. The graph shows the fold-change (log2FC) of every gene in the L. pneumophila Paris genome (chromosome and plasmid pLPP) sorted by their locus position. Genes that are not statistically differentially expressed (padj>0.05 or log2FC<0.5) are in grey. Differentially expressed genes from the chromosome are in blue and those from the pLPP are in orange. The lighter color signals genes with 0.01<padj<0.05 and the darker color is reserved for genes with a more stringent p-value cut-off (padj<0.01). Genes are named when log2FC>5. (B) Comparison between the genes determined as differentially expressed during the OD1-OD3 transition (in blue), the differentially expressed genes of the RNA-seq comparison between the WT strain and its rocCTAA hypercompetent derivative (in red, data from (Attaiech et al., 2016)), and the set of genes that were shown to be essential for natural transformation (NT) by Tn-seq analysis (in green, data from (Hardy and Charpentier, 2019), genes for which |log2FC|>2 and Pvalue <0,05). By designing an artificial COG category containing the genes carried by a 36kb conjugative element called pP36, it remarkably appears that this set of genes is up-regulated during the OD1-OD3 transition. However, this increased does not reflect a true up-regulation of the gene expression, but rather a switch from an integrated to an episomal form, accompanied by an increase in copy numbers, when L. pneumophila reaches the stationary phase (Supplementary Figure 2 , 3 , (Doléans-Jordheim et al., 2006)). Confirmation of more episomal at OD3 confirms that the observed upregulation is caused by a gene dosage effect.

In an attempt to confirm the transcriptomic results at the protein level, quantitative mass spectrometry throughout the entire growth of L. pneumophila in liquid AYE medium, at OD1-2-3-4-5, at 30°C, was performed (See cloud folder for full Mass Spec data). The comparison between these two techniques revealed that they are coherent with one another (Figure 3). Not a single instance of a gene being shown to be up-or down-regulated in one of the two techniques and inversely regulated in the other was found. Sometimes, a gene shown to be up-or down-regulated with one technique is shown to be not differentially expressed in the other, which happens mostly when the variation in expression small. Some inconsistencies where also found for small and/or lowlyexpressed proteins as they were not detected via quantitative mass spectrometry. Nevertheless, the quantitative mass spectrometry confirms that the up-or down-regulated functions that were identified in the functional analysis of the OD1-OD3 transition at the RNA level are validated at the protein level. The expression pattern of the genes included in the functional categories that are up-or down-regulated in the OD1-OD3 transition were compared between the RNA-seq and the quantitative mass spectrometry results. The colors represent if the results between the two experiments are coherent (green); not coherent (i.e. up-or downregulated in one experiment and non-differentially expressed in the other) (orange); contradictory (i.e. up-or down-regulated in one experiment and inversely in the other) (red); or Not Found (noted NF, i.e. genes differentially expressed in the RNA-seq data but for which the proteins were not detected by quantitative mass spectrometry) (grey). 4Overall these results highlight that the natural transition between the non-competent and competent states is a complex shift. It also supports the hypothesis that the competence regulon of L. pneumophila is much larger than the RocC regulon. Interestingly, our OD1-OD3 RNA-seq data revealed that the gene encoding the ComR protein is 5-fold up-regulated (Figure 4A). This increase was not confirmed in the proteome quantitative analysis, but ComR is a small and poorly expressed protein which is barely detected even by mass spectrometry (Figure 4B). As the comRTAA mutant is hypercompetent (Sexton and Vogel, 2004), this up-regulation of comR expression during competence development led us to try and determine the role of ComR. 

ComR is a repressor of competence both before and after the competence peak

Because of the hyper competent phenotype of the comRTAA mutant and the upregulation of the comR gene at OD3 (i.e. when cells are competent), we hypothesized that ComR could be a repressor of competence. We first tested the natural transformation efficiency of the comRTAA mutant throughout the growth (at OD1-2-3-4-5, at 30°C), and compared it to the WT strain, and the rocCTAA mutant (Figure 5). While the WT strain is only competent from OD2 to OD4 with a peak of transformability at OD3, the rocCTAA and comRTAA mutants are competent between OD1 and OD4 (hypercompetent phenotype). Interestingly the comRTAA strain is only partially competent at OD1 which suggests that ComR is indeed repressing competence but mostly during the exponential growth phase (between OD1 and 4) while RocC repress competence during the latent and exponential phases as was published in (Attaiech et al., 2016). Our results also show that the comRTAA mutant is more competent at OD4 than the WT and rocCTAA strains (Figure 5). This could indicate that ComR might participate in the proper shutdown of competence. However at OD5, none of the strains are transformable which points to another system, independent of both ComR and the 123 RocC/RocR system, being responsible for the competence shutdown in the stationary phase. This is coherent with previous findings that showed that the quorum sensing by the Lqs system of L. pneumophila is causes the repression of competence during the stationary phase (Kessler et al., 2013). Overall, these results confirm that ComR is a repressor of competence and that it could have an effect before and after the competence peak. As competence is repressed before OD2.5 by the RocC/RocR system (Attaiech et al., 2016), we sought to define the links between this system and ComR.

ComR promotes RocR stability indirectly through RocC

A co-occurrence analysis revealed that comR, rocC and rocR are co-occurrent in most of Legionella species in which comEA (essential for natural transformation) can be found (Figure 7), which support the hypothesis that they could be working together. Using as a query reference sequences from L. pneumophila Paris and L. pneumophila Philadelphia for the genes comR, rocC, rocR and comEA, potential orthologs were identified in other Legionella species. A black rectangle indicates that an ortholog is found in the species. The phylogenetic tree is rooted with Coxiella burnetii and the numbers represent the phylogenetic distance. 5The main determinant for natural transformation regulation in L. pneumophila is the stability of RocR (Attaiech et al., 2016), so we assessed the stability of RocR in a comRTAA mutant compared to that in a WT or rocCTAA strain at OD1 and OD3 (Figure 8). Just like previously described [START_REF] Attaiech | Silencing of natural transformation by an RNA chaperone and a multitarget small RNA[END_REF], in a WT strain, RocR is highly stable at OD1 (half-life > 1 hour) and poorly stable at OD3, i.e. when cells are competent (half-life < 3 min). In a rocCTAA mutant, at OD1, RocR lost its stability with an observed half-life of less than 10 minutes (Figure 8A). This explains the hypercompetent phenotype of this mutant. Interestingly, the stability of RocR in a comRTAA mutant is similar to that of a rocCTAA mutant (Figure 8A). This means that ComR is indeed linked to the previously described RocC/RocR system by promoting RocR stability. Moreover, as we showed that the overexpression of ComR could cause a repression of competence (Figure 6), we tested whether this was the result of ComR's impact on RocR stability. We show that the stability of RocR is indeed increased when ComR is overexpressed (compare the stability of RocR in the Ptac_comR strain grown with 3 M or 100 M IPTG) (Figure 8B). Moreover, the accumulation of RocR when ComR is overexpressed is detected only in a WT background and not in a rocCTAA background (Figure 8C). This shows that the presence of RocC is essential for the ComRmediated stabilization of RocR.

ComR is an indirect post-translational positive regulator of RocC

The ComR protein is predicted to display a Helix-Turn-Helix (HTH) domain. Historically, proteins carrying this type of domain were defined as transcription factors with the HTH domain allowing for DNA binding. However, it is important to note that this idea is being less popular as many HTHdomain proteins were shown to be able to also bind RNA and proteins, and thus possess a wide variety of functions (Aravind et al., 2005). The comparison between the transcriptomes of a WT stain and its comRTAA derivative at OD1 at 37°C showed no difference in the rocCmRNA levels detected (Figure 9B). Nevertheless, we also tested whether ComR could be a transcriptional factor impacting the activity of RocC's promoter at 30°C, i.e. in the conditions where natural competence can occur. Indeed, as the stabilization of RocR via ComR is dependent on the presence of RocC (Figure 8C), we hypothesized that ComR could positively regulate RocC's expression level, resulting in a higher quantity of RocC, which would ensure the stability of RocR. To that end, the Ptac_comR strain (in which we can modulate de expression of ComR) was transformed with a plasmid bearing the gfp gene under the control of rocC's promoter (ProcC_gfp). The fluorescence displayed by this strain at different induction levels of ComR expression was then followed during growth (Figure 9A). We show that the activity of ProcC is not impacted by a modulation of ComR expression, thus ComR does not participate in the transcriptional regulation of rocC, either directly or indirectly. Additionally, ComR has also no impact on ProcR activity, meaning that ComR is not a transcriptional regulator of rocR either (Figure 10).

We then thought to verify if ComR could have an effect on RocC by impacting its stability. Thus, the expression of RocC in a WT strain and a comRTAA mutant were compared by Western Blot. There does not seem to be any difference between the expression profile of RocC in these two strains (Figure 9C). However, our results also indicate that the overexpression of ComR leads to a better expression of RocC (Figure 9D). This is coherent with our observation that ComR overexpression at OD3 leads to an increased stability of RocR which could be due to the increased stability or expression of RocC in these conditions. 
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Western-blot analysis of RocC in the Paris WT strain and its comRTAA hypercompetent derivative. The strains were grown in AYE medium at 30°C. Samples of 1.5 10 8 cells taken at the indicated OD600 were analysed by Western-blot using polyclonal anti-RocC antibodies. (D) Western-blot analysis of RocC in the Paris WT strain and its comRTAA hypercompetent derivative compared to the Paris Ptac_comR strain with or without IPTG. The strains were grown up to OD3 in AYE medium (with IPTG when indicated) at 30°C. Samples of 1.5 10 8 cells were analysed by Western-blot using polyclonal anti-RocC antibodies. (C, D) The symbol # indicates a crossreactive band that can be used as a loading control, the arrow points to the bands corresponding to the RocC protein.

Figure 10. ComR does not regulate

RocR at the transcriptional level. L. pneumophila Paris expressing both the gfp under the promoter of rocR (ProcR) and comR under the control of the IPTG inducible promoter (Ptac) were grown in AYE media containing various concentration of IPTG: 0 M (in black), 3 M, 6 M, 10 M or 50 M (the greener, the higher the concentration). The activity of ProcR is followed thanks to gfp expression. Strains were grown in a 96-well plate and optical density at 600 nm and fluorescence were determined every 15 minutes. Cell density (OD600, right axis, full lines) and GFP production per cells (dGFP/dt/OD, left axis, dots) are plotted as a function of time. Averages of 3 replicates with the standard error of the mean are presented. 6Overall, these results show that ComR influences the expression of RocC, but that it is not at the transcriptional or post-transcriptional level, but possibly at the post-translational level.

Two potential direct effects of ComR on RocC that would explain its post-translational effect were tested. The first hypothesis is that ComR could have the function of a co-RNA chaperone, by directly interacting with RocC, just like Fkbp5 is a co-chaperone of Ago2 and favor its protein expression [START_REF] Martinez | The co-chaperones Fkbp4/5 control Argonaute2 expression and facilitate RISC assembly[END_REF]. Three different approaches were used to test that: bacterial two-hybrid using the BATch method (Karimova et al., 1998), co-immunoprecipitation and co-evolution analysis using the Bis2Analyser software [START_REF] Dib | Protein Fragments: Functional and Structural Roles of Their Coevolution Networks[END_REF]. However, all these techniques failed to reveal an interaction between ComR and RocC (data not shown 7 ).

Interestingly, testing the efficiency of the RocC/RocR system in the heterologous host E. coli shows that RocR and RocC are actually self-sufficient to induce a complete repression of comEAmRNA (Figure 11). This suggests that ComR is not directly required to activate or interact with RocC in order to stabilize RocR. This means that ComR is likely to be essential for RocC's stability in L. pneumophila, rather than its expression. Altogether, these results suggest that ComR's regulatory effect on RocC is indirect and posttranslational. In order to find a potential molecular link between ComR and RocC, we decided to anlyse the transcriptome of a comRTAA mutant.

The ComR regulon is larger than the natural transformation regulon

The ComR regulon is comprised of 157 genes, with 70 being up-regulated and 87 down-regulated (Figure 12). Unlike RocC, ComR impacts the expression of a wide array of genes, which is coherent with its potential role transcription factor thanks to its HTH domain. Even on a functional level, while the RocC regulates mainly genes that are important for natural transformation, the ComR impacts genes from multiple COG categories, including, but not limited to, natural transformation. This highly suggests that ComR could be the master regulator of competence in L. pneumophila, and that his regulon could be considered the competence regulon we tried to identify with the analysis of the OD1-OD3 transition.

The comparison between the RocC and ComR regulons show that the former is mostly included (>50%) in the latter. This supports the findings that ComR has a regulatory effect on RocC. The analysis of the genes that are essential for natural transformation (Hardy and Charpentier, 2019) and in the ComR regulon, but not in the RocC regulon (Figure 12B), revealed a potential intermediate regulator between ComR and RocC: Lpp2639. This gene is part of the 'post-translational modification, protein turnover, chaperones' functional category, which suggest it could have a role in the stability of RocC. Further study should focus on the study of this protein and its potential involvement in the regulation of competence, and more specifically the regulation of RocC.

Finally, one last thing of note is that the genes of the Lqs system are not differentially expressed in a comRTAA mutant compared to the WT strain, which confirm the fact that ComR has no role in the shutdown of competence during the stationary phase. . The numbers represent the number of genes that are differentially expressed between the three conditions for the OD1 vs OD3, WT vs rocCTAA and the WT vs comRTAA regulons. The notation "TAA" means there is an insertion of a stop codon at the 10th amino acid of the protein.

Discussion

The aim of this study was to better define the competence state of L. pneumophila. By performing high throughput analyses of the transcriptome and the proteome, we revealed that the bacterium has a wide gene expression shift from the non-competent state and the competent state, with a wide range of cellular functions up-and down-regulated. This means that competence in L. pneumophila is a very complex state, and is not limited to the induction of genes enabling the natural transformation process, just as previously described in other bacteria (Berka et al., 2002) (Claverys et al., 2006) (Cordero et al., 2022). These high throughput analyses also led to the study of ComR, a protein that was shown to be essential for competence regulation almost 2 decades ago (Sexton and Vogel, 2004). The analysis of the ComR regulon showed that this protein regulates a high number of genes from various functions. RocC had previously been proposed as a master regulator of competence regulation (Attaiech et al., 2016). These recent findings tend to contradict that claim and reveal that ComR might actually be a better fitting holder of this distinction.

This suggestion is also supported by our discovery of a regulatory effect of ComR on RocC. We showed that this effect is neither transcriptional nor post-transcriptional (Figure 9 and Figure 10).

Additionally, this effect is unlikely resulting from an interaction between the two as no interaction was ever detected via bacterial two-hybrid, co-immunoprecipitation, and co-evolution analyses. The mass spectrometry experiment did not reveal any post-translational modification of RocC that could explain its lowered expression during competence development. Finally, the fact that the RocC/RocR system is functional in E. coli even in the absence of ComR, together with the previous results, strongly suggest that ComR has an impact on RocC's stability in L. pneumophila, and that this effect is indirect. This idea is also supported by the presence of a potential intermediate between ComR and RocC: Lpp2639. This protein is predicted to partake in the 'post-translational modification, protein turnover, chaperones' functional category. If Lpp2639 is indeed involved in RocC stability, then it explains why the detection of RocC in L. pneumophila is higher in the presence of ComR (Figure 9), since ComR would promote the expression of Lpp2639, which in turn would promote RocC's stability. Going full circle, the stabilization of RocC via Lpp2639 would lead to an increased stability of RocR, which would explain the impact of ComR's absence or overexpression on RocR's stability (Figure 8). Further study should focus on determining the role of Lpp2639 and confirm or deny its potential impact on competence regulation.

Finally, we wanted the L. pneumophila community to benefit from our datasets, especially from the quantitative mass spectrometry realized throughout the entire growth of the bacteria. To that end, we developed an algorithm so that researchers could access the kinetic of any protein of interest (provided it is a detected one) very easily and fast (see Supplemental).

For these reasons, the authors decided to rename the global physiological state of these bacteria the K-state and X-state, respectively. In S. aureus, no neutral name was given for the competence state of the bacteria, although it was recently shown that the induction of natural transformation is important for a successful infection of its host, as it allows for a metabolism switch that enable the bacteria to evade the immune response (Cordero et al., 2022). That kind of distinction such as Xstate or K-state were never made in Gram negative bacteria, although it most definitely also exists.

Material and methods

Bacterial growth conditions.

L. pneumophila strains (Table 1) were grown in liquid medium AYE (ACES [N-(2-acetamido)-2aminoethanesulfonic acid]-buffered yeast extract) or on solid medium CYE (ACES-buffered charcoal yeast extract) at 30 or 37°C as stated for each experiment. When appropriate, media were supplemented with gentamycin at 10 g/ l, kanamycin at 15 g/mL and chloramphenicol at 5 g/ml.

E. coli strain DH5 pyr and its plasmid-bearing derivatives (Table 2) were cultivated in LB medium with shaking or on LB-agar plates at 37°C. When appropriate, kanamycin, chloramphenicol and ampicillin were used at 50 g/mL, 25 g/mL and 100 g/mL, respectively.

Bacterial strains, plasmids, and oligonucleotides. [START_REF] Juan | Natural transformation occurs independently of the essential actin-like MreB cytoskeleton in Legionella pneumophila[END_REF] Table 1: Bacteria strains and plasmids used in this study.

An underscore ( _ ) is used to note a transcriptional fusion, e.g. comEA_gfp+. The notation "Pxxx" is used to designate the promoter of the xxx gene. The notation "geneTAA" is used when a premature stop codon is inserted after the 10 th codon of the gene sequence. The notation "x::y" is used for an insertion of y in x.

Abbreviations of antibioresistance are as follows: Amp, ampicillin; Cm, chloramphenicol; Gent, gentamycin; Kan, kanamycin.

based assembly": allowed mismatches = 0.15, minimum seed length = 0.33, enable identify transcript boundaries and predict operons and minimum expression of UTRs and ncRNA =0.5). For the statistical analysis, row counts for each samples were extracted from Rockhopper results and enriched transcripts were determined using the Bioconductor package DESeq2 [START_REF] Love | Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2[END_REF] with the R statistical software, version 3.6.3.

In order to investigate the functional significance of the differences in expression, we performed an enrichment analysis. We chose to use the functional information derived from the association of genes with Cluster Of Orthologs [START_REF] Tatusov | The COG database: a tool for genome-scale analysis of protein functions and evolution[END_REF] to maximize the number of genes associated with a function. Indeed, 58% of genes and 73% of protein coding genes were associated with a COG which are associated with 26 functional categories [START_REF] Tjaden | De novo assembly of bacterial transcriptomes from RNA-seq data[END_REF][START_REF] Tjaden | A computational system for identifying operons based on RNA-seq data[END_REF]. For each category, we can test for its enrichment among differentially expressed genes. The enrichment test is based on the construction of a contingency table of the number of gene differentially expressed or not, within and outside the functional category. The independence between the 2 variables was tested using a Fisher test in R. To note, this test can distinguished between enriched and depleted functions, depending on the alternative hypothesis chosen for the Fisher test (alternative = "greater"

or "less"). Moreover, the same approach can be used to investigate the functions present in all differentially expressed genes, or those present in over-expressed or under-expressed genes separately. The results of all these combinations are presented in table XXX.

The same principle can be applied to any custom functional category. Thus, we tested enrichment of genes important for transformation (referred to as "Transfo genes", and recovered from the Tn-seq analysis in (Hardy and Charpentier, 2019)), genes belonging to the RocC regulon (i.e. gnes differentially expressed in the WT versus RocCtaa RNAseq analysis, with |log2FC| > 0.5 and p value < 0.05) and genes belonging to the pP36 conjugative element as defined in (Doléans-Jordheim et al., 2006) (i.e. between nucleotides 180177 and 219222 of the L. pneumophila strain Paris chromosome, i.e. from lpp0156 to lpp0196). Scripts are available in this git repository https://gitbio.enslyon.fr/mcariou/2021_attaiech_rnaseq/-/tree/master Proteomic analyses by mass spectrometry.

Sample preparation. Three independent cultures of L. pneumophila Paris WT were made in liquid medium AYE at 30°C until OD600 reached 1, 2, 3, 4 and 5. When the desired OD600 were reached, a pellet of 3.10 9 bacteria were made for each independent culture and stored at -80°C for 24 hours.

The cells of each pellet were then lysed by adding 200 l of B-PER (Bacterial Protein Extraction Reagent, Thermo Scientific) followed by a 15-minutes incubation at 37°C and a 30-minutes centrifugation at 21000g at 4°C. The clear lysates were then recovered, and concentration was determined by Bradford assay using the Coomassie Plus kit (Thermo Scientific) according to the manufacturer's instruction. For each sample, 50 g of proteins were precipited with TCA. Pellets were washed, dried and resolubilised in NaOH 50 mM/HEPES 1M pH8/H2O-15/5/78-v/v/v, reduced with 5 mM TCEP for 45 minutes at 57°C, and then alkylated with 10 mM iodoacetamide for 30 minutes in the dark at room temperature and under agitation (850 rpm). Double digestion was performed with endoproteinase Lys-C (Wako) at a ratio 1/100 (enzyme/proteins) in TEAB 100 mM for 5h, followed by an overnight trypsin digestion (Promega) at a ratio 1/100 (enzyme/proteins).

Both LysC and Trypsin digestions were performed at 37°C. Peptide concentration was checked before TMT labeling with quantitative fluorometric peptide assay (Thermo Scientific). Each sample was labeled with TMTpro 16 plex (Thermo Scientific) according to the manufacturer instruction. This resulted in 15 samples (3 for each OD), plus one sample "pool" where all samples were mixed in equal quantity before labeling. Then 2 g of each of the 16 labeled samples were mixed and dried up.

The pellet was resuspended in 300 l 0,1% TFA and fractionated on High pH reserved-phase fractionation spin-column (Thermo Scientific) according to the manufacturer's instructions for TMTlabeled peptide samples. Recovered fractions were dried up and then resuspended in 10 l 2% ACN + 0,1% formic acid. or greater than 8 were excluded. Peptides selected for MS/MS acquisition were then placed on an exclusion list for 30 s using the dynamic exclusion mode to limit duplicate spectra. containing all three genes were kept in the analysis. In order to remove redundant sequences, we also filtered out sequences which were identical for all 3 genes. This automatic procedure resulted in alignments of 79 sequences. Manual curation suggested the removal of 4 slighly more divergent sequences. Both alignments (79 and 75 sequences) were included in the next step of the analysis.

Phylogeny inferred from all three concatenates using phyML [START_REF] Guindon | New Algorithms and Methods to Estimate Maximum-Likelihood Phylogenies: Assessing the Performance of PhyML 3.0[END_REF]. Alignment and phylogenies were submitted to the online tool Bis2Analyzer [START_REF] Oteri | BIS2Analyzer: a server for coevolution analysis of conserved protein families[END_REF] (based on BIS2 [START_REF] Champeimont | Coevolution analysis of Hepatitis C virus genome to identify the structural and functional dependency network of viral proteins[END_REF] [START_REF] Dib | Protein Fragments: Functional and Structural Roles of Their Coevolution Networks[END_REF]) for analysis of coevolving amino-acid pairs in protein sequences, and for the identification of residue networks.

RNA preparation and Northern Blot.

To assess RocR decay, bacteria were grown until the desired OD600 and treated with 100 g/mL of rifampicin to stop transcription. Cultures were then fixed with one volume methanol at 4°C and For Northern Blot analyses, 2 g of total RNA in denaturing buffer were loaded per lane of a Tris/Borate/EDTA (TBE)-urea 6% acrylamide gel, separated by migration at 180V in 1x TBE buffer.

Gels were stained with Ethidium-bromide to check RNA quality and equal loading of the lanes (5S ribosomal RNA). RNAs were transferred to a nylon membrane (Hybon-N; GE Healthcare) by electrophoretic transfer in 0,5X TBE buffer (30 minutes at 300 mA) and then cross-linked to the membrane by UV irradiation. To detect RocR, membranes were hybridized at 42 °C with 5 nM of the biotinylated oligonucleotide probe LA59_rocR-small-NB (Table 2) in ULTRAhyb Ultrasensitive Hybridization Buffer (Ambion), washed according to the manufacturer instructions and then incubated with HRP-conjugated streptavidin and enhanced luminol substrate (Chemiluminescent Nucleic Acid Detection Module; Pierce). Luminescence signals were acquired using an imaging workstation equipped with a charge-coupled device camera (Thermo Scientific).

Western Blot.

To assess RocC expression, bacteria were grown until the desired OD600 and centrifuged at 21100g

for 2 minutes at 4°C. Protein was then extracted and titrated as previously described. 20 g of total proteins were then mixed with 125 mM Tris•HCl pH 6.8, 4% (wt/vol) SDS, 15% (vol/vol) glycerol, 0.01% Bromophenol Blue, and 100 mM -mercaptoethanol and incubated for 5 min at 85°C.

II.3. Complementary experiments

II.3.1. Material and methods

The methods used for these complementary experiments are the same as those used in the paper and the full list of strains is shown below: 

Strain

II.3.2. Determining the kinetics of ComR

In order to better understand the role of ComR in competence regulation, we wanted to know its kinetic of expression. Is it expressed like the RocC/RocR system in the early growth phase? Is it at another moment of the growth? The quantitative mass spectrometry analysis that is presented in the manuscript potentially answered that question: either there is no significant variation of ComR expression throughout the growth, or ComR is expressed and detected at too low levels to see its actual variations. Nonetheless, prior to this experiment, I tried to obtain the expression kinetic of this protein. To determine if ComR-flag is functional in L. pneumophila Paris, I performed a complementation experiment in a comRTAA mutant at OD600=1 (Figure 32). No transformation was observed in the WT strain at OD1 when transforming DNA was given to the bacteria. This is consistent with the fact that the WT strain is not competent at OD1 (Attaiech et al., 2016). In contrast, the comRTAA mutant is transformable at OD1, which is also consistent with previous findings (Sexton and Vogel, 2004). We then first assessed if the native ComR protein expressed from an expression platform on the pLPP (Ptac_comR) could complement the comRTAA mutant. When given transforming DNA, the bacteria's transformation frequency is decreased of one log, even without addition of IPTG in the medium. The first conclusion is that ComR is indeed expressed from that platform, and also that the Ptac promoter is a bit leaky. This also suggests that very low levels of ComR are required to fulfill its function, which is coherent with our quantitative mass spectrometry experiment showing that ComR is expressed at very low levels (see II.2. Article). At 3 M of IPTG, a WT phenotype (=bacteria are not competent) is restored. Finally, we performed the same experiment with the ComR-flag protein (i.e. using the comRTAA, Ptac_comR-flag strain) and showed that it has the exact same phenotype. Therefore, we concluded that ComR-flag is expressed by the bacteria and that it is functional, at the same quantity than the native ComR protein. This means that using the ComRflag fusion could be possible to detect the kinetic of expression of ComR. There is still one potential hurdle with that approach. In order to follow the expression of ComR throughout the growth via the flag detection as close to reality as possible, the comR-flag fusion has to be inserted in the chromosome in the place of comR. This is complicated as the 3' region of comR contains the promoter of lpp2774, the gene encoded right after comR on the chromosome (Figure 33). Therefore, it was essential to ensure that the addition of the flag would not perturb the expression of lpp2774, especially if this gene is somehow involved in the regulation of competence. Thus, I designed a lpp2774 mutant, and measured its transformation efficiency (Figure 34). The results showed that the lpp2774 mutant has no phenotype: its growth is normal, and it is not hypercompetent (contrary to the comRTAA mutant). This allows us to design a L. pneumophila Paris mutant in which comR-flag is encoded at the comR locus on the chromosome. Testing the transformability of this strain (Paris comR-flag) shows that it has the exact same phenotype as a WT strain, i.e. the chromosomally encoded comR-flag fusion is perfectly functional (Figure 34). This strain was thus used to detect the expression of ComR throughout the growth via Western Blot.

Unfortunately, despite many attempts, I was never able to detect ComR-flag by Western Blot, whether it was express at physiological level (in the Paris comR-flag strain), or in overexpression conditions (in the Paris pLPP::Ptac_comR-flag strain, in medium supplemented with up to 200 M IPTG). Additionally, in the article, we mention that we tried to perform co-immunoprecipitation (Co-IP) experiments to test the interaction between RocC and ComR-flag. The L. pneumophila Paris pLPP::Ptac_comR-flag strain was grown up to OD1 in the presence of 3 or 100 M IPTG. Lysates of 5.10 10 cells were then mixed with magnetic beads coated with anti-flag antibodies. After the wash steps, immunoprecipitated complexes were eluted using a 0.1M Glycine HCl, pH 3 solution and mixed with Laemmli buffer. The beads were recovered in Laemmli, boiled for 5min, centrifuged and the supernatant was kept for analysis (this contains the molecules that were immunoprecipitated by the anti-flag beads but were not eluted). We analyzed both the elutions and bead-supernatants from 3 and 100 M IPTG cultures by quantitative mass spectrometry. Surprisingly, neither ComR nor ComR-flag was detected in either fraction. We hypothesize that the ComR-flag protein could actually be processed in vivo and endup without the flag. This could explain why the ComR-flag construct is perfectly functional but undetectable either by Western Blot or by mass spectrometry after immunoprecipitation because it would then not be recognized by antibodies directed against the flag peptide.

II.3.3. Potential clues on ComR's regulation

One unanswered question regarding ComR pertains to its regulation. Indeed the RNAseq OD1vsOD3 Interestingly, just upstream of comR, the gene lppnc0639 encodes a 195 nucleotides-long ncRNA.

Considering that competence regulation already involves the sRNA RocR, I checked whether Lppnc0639 could be a regulator of ComR expression. I used two webservers that predict RNA interactions to try and detect a potential interaction between the ncRNA Lppnc0639 and comRmRNA: RNAcofold (link, [START_REF] Gruber | The Vienna RNA websuite[END_REF]) and IntaRNA (link, [START_REF] Busch | IntaRNA: efficient prediction of bacterial sRNA targets incorporating target site accessibility and seed regions[END_REF]). When prompted with the full length Lppnc0639

(nucleotide and the beginning of comRmRNA (from nucleotide -32, i.e. transcription start, to 54), two regions of interaction are detected by both softwares (Table 4)(Figure 35). The energy of these interactions is relatively similar to that of the RocR/comEAmRNA duplex predicted energy. Thus an interaction between Lppnc0639 and comRmRNA could possibly exist and therefore modulate ComR expression.

detect Lppnc0639 in vivo during the growth of L. pneumophila at 30°C. Unfortunately, the library preparation for our RNAseq OD1vsOD3 caused the loss of small RNAs so Lppnc0639 is not detected in the dataset. If the Lppnc0639/comRmRNA interaction is confirmed, differences in Lppnc0639 expression could help explain the variation of expression of ComR. For example, Lppnc0639 could act as a posttranscriptional repressor of comRmRNA during the early and exponential growth phase (causing a low expression of ComR), or as a post-transcriptional activator of comRmRNA at the end of the exponential growth phase (to cause the increased expression of ComR).

II.4. Conclusion

One aspect of my PhD was to improve our understandings on the regulation of competence in L. pneumophila. We showed that in this species, competence controls not only the ability to undergo natural transformation, but also other cellular functions, just like what was found in S. pneumoniae, B. subtilis (Claverys et al., 2006) or S. aureus (Cordero et al., 2022). It is very likely that this phenomenon is much more widespread in prokaryotes. Focusing on this area of research could help uncover many other cellular processes that are affected by competence.

To study competence in L. pneumophila, I also focused most of my research on the protein ComR, because it was shown that a comR mutant is hypercompetent (Sexton and Vogel, 2004). We showed that ComR is a broad regulator of competence, with a regulon of more than 150 genes. This combined with the presence of a HTH domain in its N-terminal region highly suggests that it is a transcriptional factor.

Performing ChIP-seq (Chromatin-ImmunoPrecipitation followed by sequencing) could help define its potential targets. However, this require to be able to have antibodies able to detect ComR, which is complicated.

Before I designed the ComR-flag protein, Laetitia Attaiech had already tried to obtain anti-ComR antibodies. She fused ComR with different potential tag and overexpressed it in E. coli which was successful. However, when she tried to purify the protein to send it to a company to produce the antibodies, she never could unbind ComR from the magnetic beads used for the purification. Because of that, we tried to obtain translational fusion protein to detect ComR via the detection of a tag. Before I designed the ComR-flag protein, she had tried multiple other tag, but in the N-terminal region. All of these were nonfunctional, probably because the presence of a tag altered the structure of the N-terminal domain. This is coherent with the fact the N-terminal domain is predicted to be home of the HTH domain of ComR. Therefore, I designed a tag in the C-terminal region of the protein as there is no predicted functional domain there. As mentioned in the complementary experiments, the one problem with this type of fusion is the presence of lpp2774's promoter in the 3' region of comR, so a 3' insertion of a tag could potentially alter Lpp2774 expression. I still managed to obtain a theoretically functional ComR-flag fusion. Unfortunately this protein was never detected in vivo by Western Blot or by mass spectrometry after immunoprecipitation with anti-flag antibodies. Our hypothesis is that the flag might be posttranslationally excised from ComR, which could explain why the obtained protein is functional. As my work showed that a lpp2774 has no phenotype, testing other tag linked to the C-terminal domain of ComR could potentially allow for its detection and immunoprecipitation. However, detection by Western Blot might still be difficult as the native ComR is barely detectable by quantitative mass spectrometry which is a much more sensitive method. Nonetheless, having antibodies that would capture ComR via capture of its tag could help determine ComR's potential DNA, RNA, and/or proteins targets/partners via ChIP-seq, RIP-seq, or co-IP respectively. This would be critical to understanding the molecular mechanisms by which ComR regulates competence in L. pneumophila.

Computational analysis suggests that Lppnc0639, a small noncoding RNA, could potentially be a posttranscriptional regulator of ComR. It would be of great interest to explore this possibility as understanding the regulation of ComR would be just as interesting as understanding its role in competence regulation.

Finally, ComR is currently the competence regulator with the largest regulon, suggesting that it could be the master regulator of competence of L. pneumophila.

GENERAL CONCLUSIONS AND FUTURE PROSPECTS

Natural transformation is a widespread mechanism of HGT in prokaryotes. This process is regulated by a particular physiological state called competence. While the proteins involved in natural transformation are highly conserved, this is not the case for the molecular mechanisms underlying the state of competence, which are species specific. My model organism, L. pneumophila, is particularly intriguing because it does not share the one common characteristic found in all the other known competence regulatory mechanisms. Indeed, instead of relying on the presence of a central transcriptional activator of the competence genes, L. pneumophila uses the post-transcriptional repression system RocC/RocR. The original RNA chaperone RocC interacts with and stabilizes the trans-acting sRNA RocR, and together, they target the mRNA of the competence genes, causing their degradation.

Development of the RocC/RocR-based biosynthetic system

I started my PhD with the goal to develop a biosynthetic tool based on the recently discovered RocC/RocR system (Attaiech et al., 2016). The idea was to clone rocC and a modified version of rocR (=rocR*) on a plasmid that could be transferred in any bacteria. The biosynthetic RocC/RocR* system would then be able to perform post-transcriptional repression on any gene of interest. Unfortunately, the designed RocRs* were all nonfunctional in E. coli, and even toxic in L. pneumophila. We drew two main conclusions out of this: (1) the potential toxicity of the RocRs* has to be assessed using online tools to ensure that they are not predicted to target essentials genes in the host species, and (2) the design of the RocRs* might have not been optimal. The complementarity region between the RocRs* and their target spanned around 30 bases, while the literature show that only 15 base pairings is sufficient to induce optimal repression (Hoynes-O'Connor and Moon, 2016). It would be of interest to try and design new RocRs* that would respect this and other criteria, as discussed in the introduction (see section 5.2.2).

Nevertheless, this study gave encouraging results regarding the potential use of a RocC/RocR-based biosynthetic system. First, it showed that the native RocC/RocR system is functional in a heterologous host. This is important because it means that a RocC/RocR-based biosynthetic tool could be used in multiple species and not just in L. pneumophila. It would be interesting to test the range of species in which the native RocC/RocR system would work to truly estimate its potential. Moreover, as previously discussed, the very large majority of sRNA-based biosynthetic systems currently available rely on the Hfq chaperone to stabilize the sRNA [START_REF] Xie | Synthetic small regulatory RNAs in microbial metabolic engineering[END_REF]. This limits their use to bacteria already expressing the quantity, ComR could be responsible for the slow decrease of competence during the early stationary phase and then the Lqs system would take over to completely shut down competence in the advanced stationary phase.

Finally, I hope the results from our global approaches (RNA-seq OD1vsOD3 and quantitative mass spectrometry during the whole growth) will be useful for the global community of researchers working on L. pneumophila.

Impact of MGE on competence regulation in L. pneumophila

There is a huge diversity of transformation efficiency between the different strains of L. pneumophila. Our work showed that the conjugative plasmid pLPL, found in multiple strains of L. pneumophila, inhibits transformation by silencing genes required for DNA uptake and recombination. Analysis of this MGE revealed that RocRp, a RocR homolog, is responsible for the repression of natural transformation. RocRp highjacks the competence regulatory system of L. pneumophila and interacts with RocC to ensure that the host bacterium does not become competent. Overall, this single MGE might be responsible for the lack of transformability in at least 5% of all L. pneumophila strains [START_REF] Durieux | Diverse conjugative elements silence natural transformation in Legionella species[END_REF]. This work highlights the importance of MGEs in the regulation of competence and led to a larger scale project in the team: seeking to understand the conflict between MGEs and natural transformation in both L. pneumophila and

A. baumanii.

The road is without a doubt still very long to perfectly understand the global role of competence in bacteria, especially since it is likely that this role differs from species to species. Nevertheless, each day we learn a bit more about the process, and I hope that my contributions will be useful for future fascinating discoveries on the topic. In the early growth phase, ComR is expressed at low levels. It stabilizes RocR and potentially RocC which in turn repress the expression of the competence genes. During the late exponential phase, the expression of RocC and RocR decreases so the bacteria become competent. We hypothesize that up-or down-regulation of Lppnc0639 (depending on if it is an activator or a repressor) leads to the accumulation of ComR. Once ComR reaches a critical quantity in the stationary phase, it would be responsible, along with the Lqs system, for the shut-off of competence.

ANNEX

As mentioned in the introduction, MGE interfering with natural transformation are quite common in bacteria [START_REF] Croucher | Horizontal DNA Transfer Mechanisms of Bacteria as Weapons of Intragenomic Conflict[END_REF]. L. pneumophila is no exception. Some strains of L. pneumophila contain the conjugative element pLPL, which is always associated with an absence of natural transformation.

Analyses of this pLPL revealed that it bears a small noncoding RNA, called RocRp (for plasmid encoded RocR because of its high homology with the chromosomally encoded RocR).

Naturally, chromosomally encoded RocR is responsible for competence repression during the early stage of the growth, but its expression decreases in the late exponential phase, which leads to competence development (Attaiech et al., 2016). We showed here that in strains containing the pLPL conjugative element, during the late exponential phase, RocRp actually relay RocR in the repression of competence, preventing the bacteria of undergoing natural transformation [START_REF] Durieux | Diverse conjugative elements silence natural transformation in Legionella species[END_REF]. This study reveals another example of conflict between MGE and natural transformation. This further supports the hypothesis that natural transformation could be a mean for bacteria to remove parasitic MGE from their chromosome [START_REF] Croucher | Horizontal DNA Transfer Mechanisms of Bacteria as Weapons of Intragenomic Conflict[END_REF].

Diverse conjugative elements silence natural transformation in Legionella species

Isabelle Durieux a,1 , Christophe Ginevra b,c,1 , Laetitia Attaiech a , Kévin Picq a , Pierre-Alexandre Juan a , Sophie Jarraud Natural transformation (i.e., the uptake of DNA and its stable integration in the chromosome) is a major mechanism of horizontal gene transfer in bacteria. Although the vast majority of bacterial genomes carry the genes involved in natural transformation, close relatives of naturally transformable species often appear not competent for natural transformation. In addition, unexplained extensive variations in the natural transformation phenotype have been reported in several species. Here, we addressed this phenomenon by conducting a genome-wide association study (GWAS) on a panel of isolates of the opportunistic pathogen Legionella pneumophila. GWAS revealed that the absence of the transformation phenotype is associated with the conjugative plasmid pLPL. The plasmid inhibits transformation by simultaneously silencing the genes required for DNA uptake and recombination. We identified a small RNA (sRNA), RocRp, as the sole plasmid-encoded factor responsible for the silencing of natural transformation. RocRp is homologous to the highly conserved and chromosome-encoded sRNA RocR which controls the transient expression of the DNA uptake system. Assisted by the ProQ/FinO-domain RNA chaperone RocC, RocRp acts as a substitute of RocR, ensuring that the bacterial host of the conjugative plasmid does not become naturally transformable. Distinct homologs of this plasmid-encoded sRNA are found in diverse conjugative elements in other Legionella species. Their low to high prevalence may result in the lack of transformability of some isolates up to the apparent absence of natural transformation in the species. Generally, our work suggests that conjugative elements obscure the widespread occurrence of natural transformability in bacteria. O ne of the remarkable features of bacteria is their ability to naturally undergo genetic transformation. This property is linked to the unique ability of bacteria to import exogenous DNA and integrate it in their chromosome through homologous recombination [START_REF] Johnston | Bacterial transformation: Distribution, shared mechanisms and divergent control[END_REF]. Despite major difference in their cell-wall architecture, the process is generally conserved between grampositive (gram+) and gram-negative (gram-) bacteria ( 2). Exogenous DNA is captured by an extracellular type IV pilus [START_REF] Ellison | Retraction of DNA-bound type IV competence pili initiates DNA uptake during natural transformation in Vibrio cholerae[END_REF][START_REF] Laurenceau | A type IV pilus mediates DNA binding during natural transformation in Streptococcus pneumoniae[END_REF]. For gram-, retraction of the pilus conveys DNA through the outer membrane [START_REF] Ellison | Retraction of DNA-bound type IV competence pili initiates DNA uptake during natural transformation in Vibrio cholerae[END_REF]. Once at the cytoplasmic membrane, the captured DNA is converted into single-strand DNA (ssDNA) [START_REF] De Vos | Plasmid transformation in Bacillus subtilis: Fate of plasmid DNA[END_REF][START_REF] Chaussee | Formation of single-stranded DNA during DNA transformation of Neisseria gonorrhoeae[END_REF][START_REF] Lacks | Fate of donor DNA in pneumococcal transformation[END_REF] and transported to the cytoplasm where it is brought to the chromosome for recombination. The entire process relies on the tightly regulated and concerted expression of the type IV pilus and of several proteins essential for importing the DNA and promoting its integration in the chromosome, a situation known as competence [START_REF] Claverys | The genetic transformation machinery: Composition, localization, and mechanism[END_REF]. Collectively forming a DNA uptake system, these proteins include the periplasmic ComEA protein, which interacts with double-stranded DNA and acts as a ratchet [START_REF] Provvedi | ComEA is a DNA receptor for transformation of competent Bacillus subtilis[END_REF][START_REF] Seitz | ComEA is essential for the transfer of external DNA into the periplasm in naturally transformable Vibrio cholerae cells[END_REF][START_REF] Hepp | Kinetics of DNA uptake during transformation provide evidence for a translocation ratchet mechanism[END_REF], and ComEC, a putative transmembrane channel for ssDNA [START_REF] Draskovic | Biogenesis of a putative channel protein, ComEC, required for DNA uptake: Membrane topology, oligomerization and formation of disulphide bonds[END_REF]. Crossing the inner membrane requires ComFA, a cytoplasmic ATPase unique to gram+ bacteria [START_REF] Londoño-Vallejo | comF, a Bacillus subtilis late competence locus, encodes a protein similar to ATP-dependent RNA/DNA helicases[END_REF], and ComFC (ComF in gram-) [START_REF] Sinha | Seventeen Sxy-dependent cyclic AMP receptor protein site-regulated genes are needed for natural transformation in Haemophilus influenzae[END_REF]. Both form a complex and interact with DprA [START_REF] Diallo | Bacterial transformation: ComFA is a DNA-dependent ATPase that forms complexes with ComFC and DprA[END_REF], which protects the incoming ssDNA and promotes RecA-dependent recombination with the chromosome [START_REF] Mortier-Barrière | A key presynaptic role in transformation for a widespread bacterial protein: DprA conveys incoming ssDNA to RecA[END_REF][START_REF] Bergé | Transformation of Streptococcus pneumoniae relies on DprA-and RecA-dependent protection of incoming DNA single strands[END_REF]. A DNA helicase (RadA in gram+, ComM in gram-) then facilitates recombination over long distance [START_REF] Marie | Bacterial RadA is a DnaB-type helicase interacting with RecA to promote bidirectional D-loop extension[END_REF][START_REF] Nero | ComM is a hexameric helicase that promotes branch migration during natural transformation in diverse Gram-negative species[END_REF].

The core components of the DNA uptake system are encoded by the vast majority of bacterial genomes, with, for instance, ComEC found in over 95% of bacterial genomes [START_REF] Pimentel | Evolution of the natural transformation protein, ComEC, in bacteria[END_REF][START_REF] Mendler | AnnoTree: Visualization and exploration of a functionally annotated microbial tree of life[END_REF]. However, only a fraction of species are deemed naturally transformable [START_REF] Johnsborg | Natural genetic transformation: Prevalence, mechanisms and function[END_REF]. This is commonly explained by the inability of standard laboratory conditions to induce the competence state (i.e., the concerted expression of the type IV pilus and the DNA uptake system). This competence state is generally transient and triggered by signals that appear as species-specific [START_REF] Johnston | Bacterial transformation: Distribution, shared mechanisms and divergent control[END_REF][START_REF] Seitz | Cues and regulatory pathways involved in natural competence and transformation in pathogenic and environmental Gram-negative bacteria[END_REF]. Interestingly, and as illustrated with Pseudomonas stutzeri, closely related species sometimes share the ability to undergo natural transformation, while others, such as Pseudomonas aeruginosa, do not take up DNA and then become widely accepted as nontransformable [START_REF] Carlson | Pseudomonas stutzeri and related species undergo natural transformation[END_REF]. This apparent lack of transformability is also found at shorter phylogenetic distance. In well-established transformable species such as Streptococcus pneumoniae, P. stutzeri, and Haemophilus Significance Natural transformation is a major mechanism of horizontal gene transfer. Although the genes required for natural transformation are nearly ubiquitous in bacteria, it is commonly reported that some isolates of transformable species fail to transform. In Legionella pneumophila, we show that the inability of multiple clinical isolates to transform is caused by a conjugative element that shuts down expression of genes required for transformation. Diverse conjugative elements in the Legionella genus have adopted the same inhibition strategy. We propose that inhibition of natural transformation by episomal and integrated conjugative elements can explain the lack of transformability of isolates and also the apparent lack of natural transformation in some species.

influenzae, from 30 to 60% of strains consistently fail to transform [START_REF] Maughan | Extensive variation in natural competence in Haemophilus influenzae[END_REF][START_REF] Li | Addiction of hypertransformable pneumococcal isolates to natural transformation for in vivo fitness and virulence[END_REF][START_REF] Evans | Significant variation in transformation frequency in Streptococcus pneumoniae[END_REF][START_REF] Sikorski | Highly different levels of natural transformation are associated with genomic subgroups within a local population of Pseudomonas stutzeri from soil[END_REF][START_REF] Godeux | Fluorescence-based detection of natural transformation in drugresistant Acinetobacter baumannii[END_REF]. The underlying cause of this phenotypic heterogeneity is not understood. We here sought to explore this phenomenon in Legionella pneumophila, a naturally transformable human pathogen whose genome is shaped by high rates of recombination [START_REF] Gomez-Valero | Extensive recombination events and horizontal gene transfer shaped the Legionella pneumophila genomes[END_REF][START_REF] David | Dynamics and impact of homologous recombination on the evolution of Legionella pneumophila[END_REF][START_REF] David | Multiple major disease-associated clones of Legionella pneumophila have emerged recently and independently[END_REF][START_REF] Sánchez-Busó | Recombination drives genome evolution in outbreak-related Legionella pneumophila isolates[END_REF].

We here show that a sparsely distributed mobile genetic element (MGE) conflicting with natural transformation contributes to instraspecific variations in natural transformability. Several other conjugative elements have adopted a similar strategy tailored to Legionella species. We propose that a widespread distribution of such elements may also cause the apparent lack of transformability of specific species.

Results

Large Instraspecific Variations in Natural Transformability Are Incongruent with the Phylogeny. We initially determined the natural transformability of 25 clinical isolates, along with the Paris and Lens isolates, all belonging to 12 different sequence types (ST). As expected, the Paris strain and closely related ST1 isolates showed high transformation frequencies, ranging from 10 -6 to 10 -5 (SI Appendix, Fig. S1). In contrast, some strains were poorly transformable or even consistently unable to generate transformants, as for instance the Lens isolate. To gain insight into these extensive variations we used an overlapping and extended set of 113 isolates, encompassing 42 ST (SI Appendix, Table S1). For this extended set, transformability was scored from 0 (transformation frequency <10 -8 ) to 3 (transformation frequency ∼10 -5 ) using a higher-throughput assay. Phylogenetic analysis using core-genome polymorphism shows that variations in ability to transform do not always cluster according to phylogenetic distance/relatedness (Fig. 1 and SI Appendix, Table S1). For instance, all isolates of the ST1 and ST47 groups are consistently highly transformable and poorly transformable, respectively. In contrast, in other branches, nontransformable isolates are mixed with transformable isolates. This is particularly noticeable in the ST23 group which includes an equal number of nontransformable and highly transformable isolates. Overall, natural transformability is a conserved trait but shows extensive variations not associated with phylogenetic relationships.

GWAS Associates the Sparsely Distributed Conjugative Plasmid pLPL with Nontransformability. We hypothesize that genetic factors were responsible for the extensive variations of natural transformability.

To reveal such factors, we converted the transformation scores into a binary phenotype (transformable T, score 1 to 3 or nontransformable NT, score 0 to 0.5) and conducted a genome-wide association study (GWAS) using DBGWAS [START_REF] Jaillard | A fast and agnostic method for bacterial genome-wide association studies: Bridging the gap between k-mers and genetic events[END_REF]. The output of DBGWAS was typical of a horizontal gene transfer (HGT) event, with the top 3 subgraphs (q-value <0.1) displaying nearly linear structures consisting of respectively 683, 51, and 93 unambiguous sequences that individually associate with the NT phenotype. The combined 827 sequences mapped onto the sequence of pLPL (SI Appendix, Fig. S2A), a 59.8-kb conjugative plasmid originally identified in the Lens strain [START_REF] Cazalet | Evidence in the Legionella pneumophila genome for exploitation of host cell functions and high genome plasticity[END_REF] (SI Appendix, Fig. S2A). A pLPL variant is present in one-third (n = 14) of the NT isolates (SI Appendix, Figs. S2B andS3) and 5.4% of 537 available L. pneumophila genomes include a pLPL element. Consistent with the presence of a conjugative system, pLPL elements are sparsely distributed, suggesting that they are actively spreading by conjugation (SI Appendix, Fig. S2C). We thus tested the conjugative transfer of pLPL 3009 of isolate HL-0640-3009, hereafter denoted strain 3009. In strain 3009, we generated pLPL 3009KF which carries the selectable/counterselectable "kan-mazF" (KF) cassette in a pseudogene. In mixed cultures of strain 3009 and the nontransformable strain JR32, pLPL 3009KF transfers at a frequency of 3.2 ± 1.18 × 10 -6 (transconjugants per recipient). In 3 highly transformable isolates of the ST1 cluster, conjugative acquisition of pLPL 3009KF decreased transformation frequencies to the detection limit (SI Appendix, Fig. S4C). The counterselectable KF cassette of pLPL 3009KF allowed us to obtain a spontaneous pLPL-free clone of isolate 3009 (3009 ΔpLPL) (SI Appendix, Fig. S5). Rid of pLPL, the isolate now efficiently undergoes natural transformation (Fig. 2A), confirming the GWAS result that pLPL is a potent inhibitor of natural transformation.

Plasmid pLPL Inhibits Natural Transformation by Silencing the DNA Uptake System. Natural transformability is a transient phenotype in L. pneumophila, occurring at the onset of the stationary phase. Transformability correlates with expression of the genes encoding the DNA uptake system, notably comEA, whose expression is a marker of natural transformability [START_REF] Attaiech | Silencing of natural transformation by an RNA chaperone and a multitarget small RNA[END_REF][START_REF] Charpentier | Antibiotics and UV radiation induce competence for natural transformation in Legionella pneumophila[END_REF][START_REF] Juan | Natural transformation occurs independently of the essential actin-like MreB cytoskeleton in Legionella pneumophila[END_REF]. In the Paris strain, expression of comEA is repressed in the exponential phase, expressed at the transition between the exponential to stationary phase, and then repressed again in the stationary phase [START_REF] Attaiech | Silencing of natural transformation by an RNA chaperone and a multitarget small RNA[END_REF]. Northern blot analyses show that comEA is never expressed during growth of the original isolate 3009 (Fig. 2B). However, curing pLPL restored a transient expression pattern of comEA (Fig. 2B). In addition to inhibiting expression of comEA, RNAsequencing (RNAseq) transcriptional profiling shows that pLPL 3009 also prevents expression of comF, comEC, comM, and radC (Fig. 2C, x axis and SI Appendix, Table S2). The concerted targeted inhibition of these 5 genes is reminiscent of the action of RocR, a Legionella-specific but highly conserved 66-nt-long small noncoding RNA (sRNA) that silences these genes in the exponential phase [START_REF] Attaiech | Silencing of natural transformation by an RNA chaperone and a multitarget small RNA[END_REF]. RocR depends on the RocC RNA chaperone to form a duplex with the 5′ untranslated region of the genes encoding the DNA uptake system, preventing translation and exposing the targeted mRNA to cellular nucleases [START_REF] Attaiech | Silencing of natural transformation by an RNA chaperone and a multitarget small RNA[END_REF]. Absence of either RocR or RocC results in a constitutively transformable phenotype [START_REF] Attaiech | Silencing of natural transformation by an RNA chaperone and a multitarget small RNA[END_REF]. A BLAST search revealed a sequence with 80% identity to RocR and located in an intergenic region of pLPL (red bar between 35 and 40 kb, SI Appendix, Fig. S2A). Supporting a role in inhibition of transformation, this sequence is missing in the pLPL of isolates HL-0637-4025 and HL-0703-5020 that appeared transformable (SI Appendix, Fig. S3). Rapid amplification of cDNA ends (RACE) confirmed transcription initiating at 3 positions, generating 3 sRNA variants of 65, 68, and 70 nt (SI Appendix, Fig. S6). We termed this gene rocRp for "rocR plasmidic." RNAseq transcriptional profiling of a deletion mutant 3009 ΔrocRp shows overexpression of the same genes induced in the 3009 ΔpLPL strain (Fig. 2C, y axis and pneumophila was determined using as transforming DNA a PCR product encompassing an rpsL allele conferring resistance to streptomycin. Following incubation with DNA for at least 24 h, 10 μL of the cultures were spotted on plates containing streptomycin. Transformation was scored from 0 to 3 as a function of the number of colonies that developed in the spot (Materials and Methods). The median score is calculated from 4 independent experiments (SI Appendix, Table S1). Genetic relationships were determined by cgMLST and visualized using a minimum spanning tree displaying transformation scores color-coded from 0 (yellow) to 3 (dark blue).

SI Appendix, Table S2). Thus, rocRp is responsible for the repression of the DNA uptake system caused by pLPL. Accordingly, and similarly to strain 3009 ΔpLPL, strain 3009 carrying pLPL deleted of rocRp (3009 ΔrocRp) can undergo natural transformation (Fig. 2A), while reintroduction rocRp on a nonnative plasmid (pX3-rocRp) restored inhibition (Fig. 2A).

To test the hypothesis that rocRp can inhibit transformation when carried by other native plasmids, we artificially introduced the rocRp gene in pLPP, a conjugative plasmid of 131.8 kb distinct from pLPL. Initially reported in the Paris strain [START_REF] Cazalet | Evidence in the Legionella pneumophila genome for exploitation of host cell functions and high genome plasticity[END_REF], pLPP plasmids are commonly found in the ST1 cluster (SI Appendix, Fig. S4A). When the rocRp gene is inserted in pLPP (pLPP::rocRp), the Paris strain is no longer transformable (Fig. 2D). In addition, rocRp can also fully repress the constitutive and elevated transformability of a ΔrocR mutant, indicating that RocRp can fulfill the same function as RocR. Consistent with this result, and just like RocR, the RocRp RNA appears to require the RNA chaperone RocC as it cannot repress natural transformation of the rocC TAA mutant (Fig. 2D). In conclusion, pLPL inhibits transformation by encoding an sRNA that mimics the chromosomeencoded sRNA RocR and silences the genes encoding the DNA uptake system.

RocRp Acts as a Substitute for RocR. How does RocRp exert a dominant effect over the chromosome-encoded RocR? We investigated this situation by looking at the expression of one of their targets, comEA. We previously found that during the transition phase the decreased expression level of RocR relieves silencing, allowing for the transient expression of comEA (Fig. 3A and ref. 36). However, in the strain Paris pLPP::rocRp, comEA is silenced in the transition phase, suggesting that RocRp may be expressed differently than RocR. Indeed, expression of RocRp from the pLPP plasmid shows a pattern opposite of that of RocR (Fig. 3A). Expression of RocRp is low in the exponential phase but increases to reach its maximal level at the transition phase (Fig. 3A). This expression pattern is also observed when RocRp is expressed from the original pLPL plasmid (SI Appendix, Fig. S7A). Both RocR and RocRp are undetectable in the late stationary phase (Fig. 3A), possibly because of the absence of RocC in the stationary phase (optical density [OD] >4.5) (SI Appendix, Fig. S7B), which is needed to stabilize RocR [START_REF] Attaiech | Silencing of natural transformation by an RNA chaperone and a multitarget small RNA[END_REF]. The Northern blot analysis indicates that RocRp levels in the transition phase compensate for the decreased levels of RocR. Yet, Northern blot analyses are not suited to determine the relative levels of transcripts. To determine the relative levels of RocR and RocRp engaged in silencing of the DNA uptake system, we immunopurified RocC from cultures at OD 0.9 to 1 and OD 2.5 to 3. RNA bound to RocC was purified and the relative abundance of RocR and RocRp was determined using a restriction analysis following a reverse-transcription step (Materials and Methods). In the exponential phase (OD 0.9 to 1), RocC binds 3 times more RocR than RocRp, but in the transition phase this ratio shifts in favor of RocRp, which becomes the most abundant sRNA bound to RocC (Fig. 3B). Interestingly, the half-life of RocR and RocRp correlates with their relative association with RocC. In the exponential phase, when RocC mainly binds RocR, RocR shows a long half-life of 330 ± 22 min (n = 3), which decreases by 3-fold to 109 ± 65 min in the transition phase. RocRp seems less stable than RocR but shows the opposite pattern with a half-life of 36 ± 7 min in the exponential phase that increases 3-fold to 107 ± 39 min. when it is bound to RocC in the transition phase (SI Appendix, Fig. S7C). The results are consistent with our previous finding that RocC stabilizes the bound sRNA [START_REF] Attaiech | Silencing of natural transformation by an RNA chaperone and a multitarget small RNA[END_REF] and suggest that the engagement of RocRp in RocC-assisted silencing increases its stability.

To test this hypothesis we analyzed the expression and stability of RocRp in a ΔrocR mutant. RocRp can effectively silence natural transformation in the absence of RocR (Fig. 2D). In the absence of RocR, RocRp remains expressed in the transition phase but now shows high expression levels in the exponential phase, behaving like RocR (Fig. 3C). Indeed, in the exponential phase RocRp now shows a half-life of 412 ± 91 min, similar to that of RocR (SI Appendix, Fig. S7D). This indicates that the stability of RocRp is not only dictated by its intrinsic properties but rather also by its involvement in RocC-dependent silencing. If RocRp levels are affected by the absence of RocR, in contrast, the presence of RocRp does not significantly alter the expression levels of RocR (Fig. 3A). This suggests that RocRp cannot displace RocR from RocC. Altogether the data suggest that RocRp does not compete with RocR. Rather, RocRp fulfills the same function as RocR, but only when the latter is missing. Thus, RocRp Total RNA was extracted at the indicated ODs (measured at 600 nm, OD 600 ) of the culture, and corresponding to the exponential growth phase (0.4 to 1.0), the transition phase (1.9), and the early (3.0) and late stationary phases (4.2). Total RNA was separated on an 8% denaturing polyacrylamide gel and comEA transcripts were revealed with a biotinylated probe. The 5S ribosomal RNA (rRNA) was used as a loading control. (C) RNAseq transcriptional profiling of strains 3009 ΔpLPL and 3009 ΔrocRp compared to 3009. Total RNA was extracted from 3 independent cultures (n = 3) collected at an OD of 1.8 to 2.0 (at which expression of comEA was observed). Following rRNA depletion, RNAs were reverse-transcribed and sequenced. Normalized read counts are reported as log 2 -transformed fold change (log 2 FC). Benjamini-Hochberg correction was applied to P values (false discovery rate, FDR). Individual genes (gray dots) were considered differentially expressed if log 2 FC was >1 or <-1 and if FDR < 0.05 (red dots). (D) Natural transformability of the Paris strain and isogenic mutants rocC TAA and ΔrocR in which the rocRp gene was introduced in the pLPP plasmid (pink) or not (gray). Transformation data are from at least 3 independently performed experiments and bars represent the geometric mean of the transformation frequencies.

acts as a substitute, taking over the function of RocR if its levels were to decrease.

Diverse Conjugative Elements in the Legionella Genus Carry RocRp Homologs. RocR is highly conserved in the Legionella genus. We found RocR in 833 out of 835 Legionella/Fluoribacter/Tatlockia genome assemblies. One assembly in which RocR is missing is incomplete, and the other one belongs to a symbiont with a drastically reduced genome (one-fifth of a Legionella genome). The RocR sequence is also uniquely invariant, showing no single-nucleotide polymorphism (SNP) in 100% L. pneumophila isolates and in 70% of non-pneumophila isolates. Only 38 (out of 138) non-pneumophila species isolates showed 1 SNP and 3 showed 2 SNPs. The ubiquity of RocR in the Legionella genus suggests that in all species natural transformation is regulated by this sRNA. Consequently, other MGEs could also use a RocRp homolog to interfere with natural transformation. In publicly available genomes 3 distinct RocRp homologs were found in an unclassified Legionella species (km542) and in the type strains of Legionella geestiana (DSM21217) and Legionella israelensis (DSM19235) (Fig. 4A). The RocRp homologs of Legionella sp. km542 and L. israelensis are closely related to the RocRp from pLPL, whereas the RocRp from L. geestiana is more closely related to the chromosomal RocR (Fig. 4B). Both the Legionella sp. km542 and L. geestiana RocRp homologs are carried by episomal conjugative elements (of 66.4 and 60.9 kb, respectively), while the L. israelensis RocRp homolog is part of a 46.6-kb conjugative element integrated in chromosome at the transfer-messenger RNAencoding gene. In gram-bacteria, conjugative systems fall into 6 phylogenetically distinct types (B, C, F, G, I, and T) [START_REF] Cury | Integrative and conjugative elements and their hosts: Composition, distribution and organization[END_REF]. Like pLPL, the plasmid of Legionella sp. km542 encodes a type-F conjugative system. In contrast, the integrated conjugative element (ICE) of L. geestiana DSM21217 and the plasmid of L. israelensis DSM19235 encode type-T systems [START_REF] Cury | Integrative and conjugative elements and their hosts: Composition, distribution and organization[END_REF]. All 4 elements share no other homology (Fig. 4B). The L. geestiana and L. israelensis type strains are their only representatives, isolated in England and Israel, respectively. We could retrieve 1 more L. geestiana isolate from France and 2 isolates of L. israelensis from France and Norway. The genomes of all 3 isolates revealed RocRp homologs, but again on distinct MGEs. In L. geestiana HL-0438-2026, the RocRp homolog is found again on a 53.3-kb episomal element but this time encoding a type-F conjugative system (Fig. 4B) [START_REF] Cury | Integrative and conjugative elements and their hosts: Composition, distribution and organization[END_REF]. In L. israelensis strain Vestfold L18-01051 from Norway, the RocRp homolog belongs to an ICE with an unclassified conjugative system previously reported in the L. pneumophila genomic islands (LGI) LpcGI-2 and LppGI-2 of L. pneumophila [START_REF] Lautner | Regulation, integrase-dependent excision, and horizontal transfer of genomic islands in Legionella pneumophila[END_REF]. In L. israelensis HL-0427-4011, the RocR homolog is in another LGI inserted at a transfer RNA gene [START_REF] Lautner | Regulation, integrase-dependent excision, and horizontal transfer of genomic islands in Legionella pneumophila[END_REF]. Except for TraC, this element shows no known conjugative system but encodes a TraK homolog and an origin of transfer. Thus, this LGI may be mobilized by other conjugative systems of plasmids or ICE. Interestingly, the RocRp homologs and the proximal sequences were identical between the MGEs found in each species, suggesting intraspecific transfers. In conclusion, the strategy to inhibit transformation by encoding a RocRp homolog has been adopted by a diverse set of conjugative and mobilizable elements in Legionella species. Importantly, both known isolates of L. geestiana and all 3 known isolates L. israelensis are infected with distinct conjugative elements carrying RocRp homologs.

Discussion

The transformability phenotype is generally conserved in L. pneumophila, yet not homogeneously distributed. The ST1 clade groups a majority of transformable isolates, consistent with high recombination rates in this clade [START_REF] David | Dynamics and impact of homologous recombination on the evolution of Legionella pneumophila[END_REF][START_REF] David | Multiple major disease-associated clones of Legionella pneumophila have emerged recently and independently[END_REF]. This contrasts with the absence of transformable isolates in the ST47 clade in which no recombination events could be detected [START_REF] David | Multiple major disease-associated clones of Legionella pneumophila have emerged recently and independently[END_REF]. Although not a demonstration, this correlation suggests that natural transformation is a major contributor to genome recombination in L. pneumophila. The occurrence of mixed phenotypes in the ST23 clade provided the strongest signal for GWAS and allowed for the identification of pLPL as an inhibitor of natural transformation. Plasmid pLPL is found in one-third of nontransformable isolates and GWAS could not identify other genetic determinants associating with the remaining nontransformable isolates. This may be because different polymorphisms (or diverse MGEs) can result in the loss of transformability. GWAS also could not identify the underlying reason for the lack of transformability of ST47 isolates, which do not carry pLPL. The ST47 cluster is homogeneously nontransformable and shows too little genetic polymorphism for a successful GWAS approach.

It is striking that a single conjugative element could be responsible for the lack of transformability of one-third of the nontransformable isolates in our panel of isolates. On a more global scale of over 500 genomes, at least 5% of L. pneumophila isolates are likely not transformable due to this single conjugative element. This provides evidence that conjugative elements significantly contribute to intraspecific variation in natural transformability, a situation observed in other species but so far unexplained [START_REF] Maughan | Extensive variation in natural competence in Haemophilus influenzae[END_REF][START_REF] Li | Addiction of hypertransformable pneumococcal isolates to natural transformation for in vivo fitness and virulence[END_REF][START_REF] Evans | Significant variation in transformation frequency in Streptococcus pneumoniae[END_REF][START_REF] Sikorski | Highly different levels of natural transformation are associated with genomic subgroups within a local population of Pseudomonas stutzeri from soil[END_REF]. The same phenomenon is likely at play in other species, as cases of transformation inhibition by plasmids and conjugative elements have been sporadically reported. For instance, in Bacillus subtilis the 84-kb plasmid pBS32 encodes a 30-amino acid protein which seems to interfere with the activity the DNA uptake system without altering its expression [START_REF] Konkol | Plasmid-encoded ComI inhibits competence in the ancestral 3610 strain of Bacillus subtilis[END_REF]. In contrast, still in B. subtilis, the native conjugative plasmid pLS20 does interfere with expression of the DNA uptake system by encoding a homolog of Rok, the repressor of the master activator of competence ComK [START_REF] Singh | Inhibition of Bacillus subtilis natural competence by a native, conjugative plasmid-encoded comK repressor protein[END_REF]. In Vibrio cholerae, isolates from the Haiti outbreak are poorly transformable because the VchInd5 ICE encodes a secreted DNase that degrades exogenous DNA [START_REF] Dalia | A globally distributed mobile genetic element inhibits natural transformation of Vibrio cholerae[END_REF]. It was proposed that the inhibition of natural transformation by a secreted DNase was coincidental, resulting from the serendipitous acquisition of a "stowaway" gene [START_REF] Dalia | A globally distributed mobile genetic element inhibits natural transformation of Vibrio cholerae[END_REF]. Far from fortuitous, all these active interferences now designate natural transformation as a common target of conjugative elements but also of other MGEs. Indeed, a repressor of the ComRS system, which controls competence in Streptococcus pyogenes, was recently identified on a prophage [START_REF] Mashburn-Warren | The conserved mosaic prophage protein paratox inhibits the natural competence regulator ComR in Streptococcus[END_REF]. Also, several ICE and prophages have been reported to insert and disrupt genes involved in natural transformation (refs. 45 and 46 and references therein). These observations support the proposal that natural transformation is a mechanism to cure the genome of parasitic MGEs [START_REF] Croucher | Horizontal DNA transfer mechanisms of bacteria as weapons of intragenomic conflict[END_REF]. In this model, bacteria whose chromosomes carry an integrated MGEs could import DNA from uninfected cells. Homologous recombination would restore the original chromosomal segment and delete the integrated MGE [START_REF] Croucher | Horizontal DNA transfer mechanisms of bacteria as weapons of intragenomic conflict[END_REF]. MGEs inserting in genes required for natural transformation would block chromosome curing. Thus, the insertional inactivation of transformation genes by MGEs can be viewed as an "anticuring strategy" that would favor the persistence of MGEs in the bacterial community. For a chromosomal MGE, carrying a transformationinterfering genetic cargo would similarly function as an anticuring strategy. However, this hardly explains the inhibition of transformation by nonintegrative plasmids (such as pLPL, pBS32, and pLS20). Alternatively, blocking transformation could prevent import of competing plasmids, yet this process is poorly efficient and plasmids can spread at high rates by conjugation. However, blocking DNA uptake could limit recombination and rearrangements that could otherwise jeopardize the plasmid stability or impair its propagation.

From only a handful of cases, it is already apparent that MGEs have evolved diverse mechanisms to interfere with natural transformation, targeting several stages of the process. We speculate that a plethora of diverse transformation-inhibiting factors (TIF), frequent genetic cargo of MGEs, are obscuring the widespread occurrence of natural transformability in bacteria. Conversely, once identified, they may also represent evidence of natural transformation activities. This is exemplified here by L. geestiana and L. israelensis, in which the presence of TIF cargo on distinct conjugative elements is a strong indication that natural transformation is active in these species. Revealing the intricacies of the conflict between MGEs and natural transformation represents a unique opportunity to gain insight into a mechanism of HGT, which has captivated scientists for nearly a century.

Materials and Methods

Bacterial Strains, Growth Conditions, and Mutant Construction. All Legionella (SI Appendix, Table S1 andS3) were grown in liquid medium ACES [N-(2acetamido)-2-aminoethanesulfonic acid]-buffered yeast extract (AYE) or on solid media ACES-buffered charcoal yeast extract (CYE) plates. Oligonucleotides and plasmids are listed in SI Appendix, Table S4. DNA manipulation and construction of the mutants can be found in SI Appendix.

Transformation Assay of Clinical Isolates and GWAS. Clinical isolates (SI Appendix, Table S1) were tested for natural transformation in 100 μL of AYE without or with 2 μg/mL of a transforming PCR product in 96-well plates at 30 °C. After 48 h, 10 μL of cultures were then spotted on CYE plates containing streptomycin. Transformation was scored as a function of the approximate number of colonies that developed in the spot (0 colony, score 0; 1 to 9, score 1; 10 to 50, score 2; >50, score 3). Transformation scores were determined 4 times independently. A score was retained only if it was superior to the score determined in the no-DNA condition. GWAS were carried out using DBGWAS 0.5.2 (34) on a matrix of NT (score 0 to 0.5) and T (score 1 to 3) phenotypes.

Quantitative Transformation Assays. Strains were inoculated at OD = 0.1 to 0.2 in 3 mL of AYE in 13-mL tubes with 1 μg of transforming DNA and incubated at 30 °C with shaking for 24 h. A PCR product encompassing the rpsL gene from the Paris_S strain was used for streptomycin-sensitive strains. Alternatively, transformation was tested with a nonreplicative circular DNA carrying the kanamycin resistance gene inserted in a nonessential gene. Transformation frequencies correspond to the ratio of transformants colonyforming units (CFU) over total CFU counts. All assays were performed at least 3 times independently, several days or weeks apart. Gene Expression Analysis by Northern Blot, RNAseq, and RNA Decay. Total RNA extraction and Northen blot analysis were performed as previously described [START_REF] Attaiech | Silencing of natural transformation by an RNA chaperone and a multitarget small RNA[END_REF]. For RNAseq analysis, RNAs from cultures grown to OD 600 = 2 at 30 °C were treated with DNase I and purified. Following ribosomal RNA depletion, strand-specific cDNA libraries were sequenced (Illumina) and enriched transcripts were determined using DESeq2 [START_REF] Love | Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2[END_REF]. Half-lives of RocR and RocRp were determined by RNA decay experiments. Bacterial cultures were treated with 100 μg/mL of rifampicin to stop transcription. RocR and RocRp levels were detected by Northern blot analysis and quantitated by densitometry with ImageJ and fit to a first-order exponential decay.

The 5′/3′ RACE of RocR and RocRp. Total RNA was treated with RppH for 1 h at 37 °C and circularized with T4 RNA ligase. RocR and RocRp were then reverse-transcribed with a specific primer (LA124). RocR (primers LA124/ LA125) and/or RocRp (primers LA124/LA126) were PCR-amplified. The PCR products were cloned and sequenced.

Purification and Relative Quantification of RocC-Bound RNAs. RocC-bound RNAs were immunopurified with rabbit-raised affinity-purified antibodies directed against RocC as previously described [START_REF] Attaiech | Silencing of natural transformation by an RNA chaperone and a multitarget small RNA[END_REF]. RNAs were reverse-transcribed in a single reaction with a mix of 2 primers specific for RocRp and RocR (primers RT19-rocRlike and RT20-rocR). Both primers carry a 5′ extension which was then used for the simultaneous PCR amplification of RocR and RocRp with primers RRl17F and RRl20R. The resulting PCR products, a mix of RocR (86 bp) and RocRp (85 bp), were digested with NruI, which cleaves only RocRp, giving 2 fragments of 42 and 43 bp. The restriction digests were quantified by capillary electrophoresis. Accession Numbers. Genome assemblies have been deposited in GenBank (Bioproject PRJNA528641). RNAseq reads have been deposited to the European Nucleotide Archive (PRJEB31835). Sequence data of all clinical isolates are available from the European Nucleotide Archive (PRJEB15241) [START_REF] Vandewalle-Capo | Minimum inhibitory concentration (MIC) distribution among wild-type strains of Legionella pneumophila identifies a subpopulation with reduced susceptibility to macrolides owing to efflux pump genes[END_REF].
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 2 Figure 2: Representation of Griffith's experiment. Credits go to Madeleine Price Ball for the illustration (from Wikimedia Commons).
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 3 Figure 3: From the capture to internalization of exogenous DNA in Gram-and Gram+. (Upper part) In Gram-, the exogenous DNA (or transforming DNA: tDNA) is captured by the T4P and channeled through PilQ. Once in the periplasms, the tDNA is loaded by ComEA that guides it to ComEC. One strain of the tDNA is degraded and the other is internalized in the cytoplasm through by the ComEC channel. (Lower part) In Gram+, tDNA is captured by the pseudopilus which then retracts to guide the tDNA through the peptidoglycan. The tDNA is then loaded by ComEA, brought to ComEC, one strand is degraded by EndA and then the other strain is internalized through ComEC. OM: Outer Membrane, PG: PeptidoGlycan, IM: Inner Membrane, M: Membrane. Extracted from (Dubnau and Blokesch, 2019).
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 4 Figure 4: The cytoplasmic step of the natural transformation process. Upon entry into the cytoplasm with ComEC/ComF, the single stranded DNA (ssDNA) is loaded with DprA/SSB protein. These proteins recruit RecA which then search the chromosome for homology. If homology is found, the ssDNA is then integrated into the chromosome via homologous recombination with the additional recruitment of ComM.Extracted and adapted from(Attaiech et al., 2016).
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 5 Figure 5: Last step of natural transformation: the recombination process. The transforming DNA (tDNA) is loaded by RecA. RecA search the chromosome for homology with the tDNA and once homology is found, it catalyzes the invasion of the tDNA and the formation of the D-loop. ComM/RadA are then recruited at the Dloop formation to extend the D-loop thanks to their helicase activity. YraN is a nuclease that degrades the displaced strand to help the D-loop extension. Adapted from (Léo Hardy's PhD, Hardy, 2021).
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 6 Figure 6: Regulation of competence in Streptococcus pneumoniae. comC encodes the pre-CSP peptide that is matured upon secretion by the ComAB transported. The CSP is then detected by ComD that in turns phosphorylates ComE. ComE~P activates multiple genes, among them the comCDE and comAB operons which induces a positive feedback loop leading to the accumulation of ComE~P. ComE~P then activates comX, and ComX is a transcription factor that notably activates the expression of the genes required for the natural transformation process. Extracted from (Moreno-Gámez et al., 2017).
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 7 Figure 7: The similarity between the competence regulatory mechanism of S. pneumoniae and B. subtilis.Extracted from(Claverys et al., 2006).
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 8 Figure 8: The two pathway of competence regulation in B. subtilis and the interconnection between competence and sporulation. (On the right) Pre-ComX is matured into ComX through ComQ before exportation in the extracellular medium. ComX then binds to ComP, which in turn phosphorylates ComA. ComA~P activates the expression of ComS which prevent ComK from being degraded by the protease ClpCP. ComK can then accumulate and express the com genes leading to the development of competence. (On the left) PhrC is exported through the Sec system and then modified extracellularly into CSF. CSF is then internalized via the permease Opp. Low concentrations of CSF leads to activation of ComS, thereby stimulating competence development. However, at high concentrations of CSF, Spo0A is phosphorylated, which leads to comK repression and stimulation of the sporulation process. Adapted from[START_REF] Maier | Competence and Transformation in Bacillus subtilis[END_REF].
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 9 Figure 9: The three pathways leading to competence development in V. cholerae. (Brown: regulation of competence by chitin) Growth on chitin surface leads to the activation of TfoR via the ChiS sensor. TfoR is a noncoding RNA that leads to post-transcriptional activation of TfoX, the central regulator of competence in V. cholerae. Once expressed, TfoX, assisted by CRP-cAMP can activate the expression of the competence genes. (Green: regulation of competence by quorum sensing) At high cell density, the autoinducers CAI-1 and AI-2 reach a critical concentration, which leads to the activation of HapR. HapR is involved in both the activation of competence genes, but also in the repression of dns (which encode a secreted nuclease that degrade exogenous DNA). (Light blue: regulation of competence by catabolite repression) In absence of V. cholerae preferred sources of sugar, there is accumulation of cAMP. cAMP can then interact with CRP and the CRP-cAMP complex is important both for the activation of competence genes by TfoX and the transcriptional activation of hapR. Extracted from (Lo Scrudato and Blokesch, 2012).
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 10 Figure 10: The various known competence regulatory mechanisms rely on activation by a transcription factor.While the molecules and regulatory pathways for the development of competence are species specific, they all relied on the presence of a transcriptional activator that leads to the activation of the competence genes.
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 11 Figure 11: Predicted structure of the small noncoding RNA RocR. The structure prediction was obtained via RNAfold (link).Bases are colored based on the confidence of the prediction. Extracted from(Attaiech et al., 2016).
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 12 Figure 12: The interaction between RocR and the RocR-box is specific.

Figure 13 :

 13 Figure 13: Model of competence regulation in Legionella pneumophila.In the early stages of the growth, RocR and RocC are highly expressed. RocC stabilizes RocR and together they recognize the mRNAs of the competence regulon, blocking their translation. The latter are then degraded, and the bacteria is not competent. By a yet unknown mechanism, at the end of the exponential growth phase, when grown at suboptimal growth temperature (30°C), the expression level of both RocC and RocR decrease. The mRNAs of the competence regulon can then accumulate and be translated. The products allow formation of the DNA uptake system allowing the bacteria to undergo natural transformation. The bacteria are competent. Adapted from(Attaiech et al., 2016).
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 14 Figure 14: Genetic construction allowing for selection of functional LacI mutants with affinity for a new ligand used by (Taylor et al., 2016). Effect on the genetic construction of (A) LacI wild-type and IPTG, (B) LacI mutant compatible with the new ligand and (C) LacI mutant incompatible with the new ligand. Kan R : resistance to kanamycin. ColE1 S : sensitive to Colicin E1. pLlacO: LacI-regulated promoter.
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 15 Figure 15: Selection strategy of functional TrpR variants by compartmentalized Partnered Replication (CPR) used by (Ellefson et al., 2018). The functionality of TrpR variants (TrpR*) is coupled with the expression of the Taq polymerase by repressing the Taq polymerase repressor R. Using emulsion PCR, only the strains with a functional TrpR* can be amplified, while the nonfunctional TrpR* are not.
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 16 Figure 16: Proteome-based biosynthetic regulatory systems.(A) The tunable protein degradation system developed by[START_REF] Cameron | Tunable protein degradation in bacteria[END_REF]. The orthogonal mf-lon protease is cloned into a new host and, upon induction, specifically degrades proteins bearing the ssrA-tag. (B) The FENIX system for tunable protein activation developed by[START_REF] Durante-Rodríguez | A Post-translational Metabolic Switch Enables Complete Decoupling of Bacterial Growth from Biopolymer Production in Engineered Escherichia coli[END_REF]. The protein of interest is fused with a Nla protease recognition site and a ssrA-tag. The ssrAtag is recognized by the endogenous ClpXP protease. Induction of the Nla protease cleave the protein at the Nla site and therefore prevent degradation of the protein of interest by the proteasome. POI: protein of interest, goi: gene of interest.

  RNA-derived systems 5.2.1.1. Antisense RNA-derived systems: the use of Antisense

Figure 17 :

 17 Figure 17: Principal mechanisms of action for antisense RNAs. (A) The antisense RNA binds to its target mRNA near or directly on the RBS, preventing translation initiation. (B) The antisense RNA induces the formation of a terminator stem-loop, blocking transcription elongation upstream of the RBS. (C) The antisense RNA GadY increases the target operonic mRNA GadXW stability by recruiting the RnaseIII leading to two stable mRNA GadX and GadW. Extracted from[START_REF] Brantl | Regulatory mechanisms employed by cis-encoded antisense RNAs[END_REF].

Figure 18 :

 18 Figure 18: Comparison between DNA and PNA ASOs.

Figure 20 .

 20 Figure 20. Mechanisms of action of canonical riboswitches. Binding of the metabolite to the riboswitch can lead to either the formation of a terminator (A) or anti-terminator (B) hairpin, leading to transcription repression or activation, respectively. Similarly, binding of the metabolite to the riboswitch can either induces conformational changes that can sequester (C) or free (D) the Shine-Dalgarno sequence (SD, or Ribosome Binding Site), leading to translation inhibition or activation, respectively. Pol: RNA polymerase, M: Metabolite. Extracted from (Ariza-Mateos et al., 2021).

Figure 21 :

 21 Figure 21: Workflow of the Capture-SELEX method for the selection of DNA aptamers.Biotinylated capture oligos are immobilized on Streptavidin beads. DNA aptamers contain a docking sequence that is recognized by the capture oligos. The ligand is then added. DNA aptamers that bind to the ligand with a conformational switch unbind from the capture oligo and are then selected for amplification and sequencing. Extracted from[START_REF] Stoltenburg | Capture-SELEX: Selection of DNA Aptamers for Aminoglycoside Antibiotics[END_REF].

Figure 22 :

 22 Figure 22: Mechanisms of action of trans-acting sRNAs.(left) The sRNA recognizes its target mRNA near the RBS, effectively blocking ribosome binding and subsequent translation. (middle) The sRNA recognizes its target mRNA and recruits an RNase, leading to mRNA degradation. (right) The RBS of the mRNA is sequestered in a structured 5'-UTR. Binding of the sRNA frees the RBS, allowing for subsequent translation of the mRNA. Extracted from[START_REF] Waters | Regulatory RNAs in bacteria[END_REF].

  . Altogether, these characteristics made the RocC/RocR system a good basis for the development of a new biosynthetic tool, allowing for the post-transcriptional repression of any gene of interest. During my PhD, I tried to develop such a tool for targeted gene silencing (see I. DEVELOPMENT OF A BIOSYNTHETIC TOOL)(Figure 23).

Figure 23 :

 23 Figure 23: Principle of the RocC/RocR-based biosynthetic system. In native conditions, RocC stabilizes RocR, which in turn recognize its target mRNAs. By modifying rocR and cloning it with rocC on a plasmid, one could perform post-transcriptional repression on any gene of interest, even in a heterologous host. (Figure author: Laetitia Attaiech)

Figure 24 :

 24 Figure 24: Principle of STAR-mediated transcription regulation.

Figure 25 :

 25 Figure 25: Principle of Toehold switch-mediated post-transcriptional regulation.The target mRNA (called switch RNA) has a structured 5'-UTR containing: a linear sequence (a) and a stem-loop (b) that sequesters the RBS and AUG. The trigger RNA (or sRNA) recognizes its target first by a/a* interaction. By a strand-displacement mechanism, the stem-loop is then linearized thanks to the b/b* interaction. The interaction between the trigger and switch RNA frees the RBS and AUG, leading to subsequent translation of the mRNA. Extracted from[START_REF] Green | Toehold switches: de-novo-designed regulators of gene expression[END_REF].

Figure 26 :

 26 Figure 26: The native CRISPR-Cas9 regulatory pathway.CRISPR array is transcribed as a pre-crRNA, that associates with Cas9 and the tracrRNA. After maturation of the tracrRNA:crRNA complex, it guides Cas9 to its DNA target. Upon binding of the crRNA:tracrRNA complex with the target DNA, there is a formation of a R-loop and subsequently DNA cleavage by Cas9. Adapted from[START_REF] Jinek | A Programmable Dual-RNA-Guided DNA Endonuclease in Adaptive Bacterial Immunity[END_REF].

Figure 27 :

 27 Figure 27: Development of a CRISPR-Cas9 system with only one guide RNA.In its native form, the guide RNA of the Cas9 protein is made of a crRNA:tracrRNA complex. In their study, Jinek and colleagues designed a single-guide RNA by adding a linker loop between the tracrRNA and the crRNA. Extracted from[START_REF] Jinek | A Programmable Dual-RNA-Guided DNA Endonuclease in Adaptive Bacterial Immunity[END_REF].

Figure 28 :

 28 Figure 28: Principle of CRISPRi and CRISPRa.(A) CRISPRi can inhibit either transcription initiation by binding in the promoter region of the target gene, or the transcription elongation by binding in the ORF of the target gene, preventing RNAP (RNA Polymerase) processing. (B) dCas9 is directed to the region upstream of the target gene's promoter. It is fused to the unit of the RNAP which recruits the polymerase to the promoter, subsequently activating transcription initiation of the target gene. Extracted from[START_REF] Bikard | Programmable repression and activation of bacterial gene expression using an engineered CRISPR-Cas system[END_REF].

Figure 1 .

 1 Figure 1. Principle of the RocC/RocR-based biosynthetic tool. (A) In L. pneumophila, RocC is the RNA chaperone of the small non-coding trans-acting RNA RocR. Together, they recognize a 6-nucleotide sequence on the mRNAs of the competence regulon (here comEAmRNA) and block their translation. (B) The principle of the RocC/RocR-based biosynthetic tool is to clone rocC and a modified rocR (=rocR*) on a plasmid. This plasmid can then be transformed and expressed in various bacteria, resulting in the expression of RocC and RocR*. RocC stabilizes RocR* and RocR* can then recognize its target mRNA to perform post-transcriptional repression.

Figure 2 .

 2 Figure 2. The RocC/RocR multitarget sRNA-based silencing system.

  bears a ProQ/FinO domain[START_REF] Kunte | Protein ProQ influences osmotic activation of compatible solute transporter ProP in Escherichia coli K-12[END_REF][START_REF] Ghetu | Crystal structure of the bacterial conjugation repressor finO[END_REF][START_REF] Arthur | Mapping interactions between the RNA chaperone FinO and its RNA targets[END_REF], we tested if that protein could help stabilizing RocR. By comparing the expression of comEA_gfp in a WT and in a proQ E. coli strain, we saw no difference in the repression level mediated by RocR (Figure Supp 1).

Figure 3 .

 3 Figure 3. Efficiency of the native RocC/RocR system in E. coli.

Figure 4 .

 4 Figure 4. Predicted structure and duplexing of the RocRs* with their target mRNAs.The predicted structures of the designed RocRs* were obtained by the webserver RNAfold (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi). The color of each nucleotide represents the probability of the prediction (green : low probability, red: high probability). The RocC binding domain of those RocRs* is highlighted in green. The sequences of the RocRs* and of the target aph3mRNA are written in red and blue, respectively. The putative RBS (Ribosome Binding Site) are underlined, and the putative start codons are in bold. As the transcription start site of aph3 is not known, we designed 2 RocRs* for each predicted start of the translation regions. The potential base-pairing between each sRNA and mRNA target is represented with black lines. The RocRs* designed for a full base pairing with their target are presented in (A), and the RocRs* designed to have a predicted structure that resemble that of the native RocR are presented in (B).

Figure 5 .

 5 Figure 5. Efficiency of the RocRs* in E. coli.

Figure Supp 2 .

 2 Figure Supp 2. RocR-anti-gfp is not efficient in E. coli.(A) The predicted structure of RocR-anti-gfp was obtained by the webserver RNAfold (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi). The color of each nucleotide represents the probability of the prediction (green : low probability, red: high probability). The RocC binding domain is highlighted in green. The base-pairing is represented with sticks. The sequences in red correspond to the sequence of the RocR-anti-gfp and the sequence in blue to the sequence of the target mRNA (gfp). RBS: Ribosome Binding Site. (B) Test of RocR-anti-gfp's efficiency in E. coli. The plasmid pLLA50 carries the gfp gene. E. coli DH5 pir carrying pLLA50 was transformed by pLLA53 or pLLA48 which carry rocR and rocR-anti-gfp, respectively. The expression of the gfp gene was then assessed by monitoring the growth and gfp production of each strain. Strains were grown in a 96-well plate and optical density at 600 nm and GFP production were determined every 15 minutes. Cell density (log(OD600), right axis, dotted lines) and fluorescence per cell (dGFP/dt/OD, left axis, full lines) are plotted as a function of time. Averages of 3 replicates with the standard error of the mean are presented.

Figure Supp 4 .

 4 Figure Supp 4. Expression of RocR and RocRs* in E. coli. (A) Northern Blot analysis of the presence of RocR and different RocRs* in L. pneumophila WT (first lane)and in E. coli DH5 pir pLLA53/pLLA40/pLLA21/pLLA45/pLLA46/pLLA54 and pLLA55. The different relevant partners of the RocC/RocR(*) system are presented for the seven E. coli strains. Northern Blot on the total RNAs extracted from L. pneumophila WT at OD 1 at 37°C is used as a control as we know that RocR is expressed in that strain in these conditions (first lane). Northern Blot on the total RNAs of E. coli pLLA53 is used as a negative control as this plasmid does not contain rocR (second lane). The 5S RNA is used as a loading control. (B, C) Complementarity between RocR or the modified RocRs* and the probe LA59_rocR-small-NB or KP35, respectively, which were used for the Northern Blot analysis. Complementarity between the probes and the targeted RNAs is represented with black lines.

Figure 29 :

 29 Figure 29: Impact of ComR on the RocC/RocR system's activity in E. coli. Five strains of E. coli DH5 pir expressing either comEA_gfp (in green), comEA_gfp and rocR (in red), comEA_gfp, rocR and rocC (in blue), comEA_gfp, rocR and comR (in grey), or comEA_gfp, rocR, rocC and comR (in black) were used. comEAmRNA is the natural target of RocR in L. pneumophila. The transcriptional fusion between comEA and gfp allows the monitoring of comEA expression by monitoring the fluorescence of the strain. The strain expressing only comEA_gfp is therefore used as a control that has the highest comEA_gfp expression level possible, and so the highest fluorescence produced. The other four allow for the evaluation of the repression efficiency of RocR alone, RocR and RocC, RocR and ComR, or of RocR RocC and ComR. Strains were grown in a 96-well plate and optical density at 600 nm and GFP production were determined every 15 minutes. Cell density (log(OD600)), right axis, dotted lines) and fluorescence per cell (dGFP/dt/OD, left axis, full lines) are plotted as a function of time. Averages of 3 replicates with the standard error of the mean are presented.

Figure 30 :

 30 Figure 30: Proximity of the RocR-box to the RBS leads to a better repression of the cognate gene. Three strains of E. coli DH5 pir expressing either the comEA_gfp reporter or the gfp one (both with RocR-box in their 5' UTR), and RocR and/or RocC were used. The RocR-box is the natural target of RocR. The presence of the RocR-box in the 5'-UTR region of the reporter (comEA_gfp or gfp) allows the monitoring of the efficiency of the RocC/RocR repression by monitoring the fluorescence of the strain. The strains expressing only the reporter are therefore used as controls that has the lowest RocC/RocR repression possible, and so the highest fluorescence produced. The other allow for the evaluation of the repression efficiency of RocR alone, or RocR and RocC on the two different reporters. Strains were grown in a 96-well plate and optical density at 600 nm and GFP production were determined every 15 minutes. Cell density (log(OD600)), right axis, dotted lines) and fluorescence per cell (dGFP/dt/OD, left axis, full lines) are plotted as a function of time. Averages of 3 replicates with the standard error of the mean are presented.

Figure 1 :

 1 Figure 1: Complexity of natural competence development in L. pneumophila. (A) RNA-seq transcriptional profiling of the transition between the non-competent and competent states. Total RNA from 3 independent cultures of L. pneumophila Paris WT in AYE liquid medium at 30°C were extracted in early exponential phase (i.e. before competence development, OD600 = 1) and at the pre-stationary phase (i.e. during competence, OD600 = 3). Strand-specific cDNA libraries were prepared and sequenced by Illumina. Enriched transcripts were determined using DESeq2. The graph shows the fold-change (log2FC) of every gene in the L. pneumophila Paris genome (chromosome and plasmid pLPP) sorted by their locus position. Genes that are not statistically differentially expressed (padj>0.05 or log2FC<0.5) are in grey. Differentially expressed genes from the chromosome are in blue and those from the pLPP are in orange. The lighter color signals genes with 0.01<padj<0.05 and the darker color is reserved for genes with a more stringent p-value cut-off (padj<0.01). Genes are named when log2FC>5. (B) Comparison between the genes determined as differentially expressed during the OD1-OD3 transition (in blue), the differentially expressed genes of the RNA-seq comparison between the WT strain and its rocCTAA hypercompetent derivative (in red, data from (Attaiech et al., 2016)), and the set of genes that were shown to be essential for natural transformation (NT) by Tn-seq analysis (in green, data from (Hardy and Charpentier, 2019), genes for which |log2FC|>2 and Pvalue <0,05).

Figure 2 .

 2 Figure 2. Functional analysis of the OD1-OD3 transition at 30°C. The histograms represent the percentage of genes from the RNA-seq OD1 vs OD3 that are differentially expressed in each functional category. Genes were sorted into functional categories based on their COG numbers. The "pP36" category contains the genes between nucleotides 180177 and 219222 in the chromosome (from lpp0156 to lpp0196) which belong to the pP36 conjugative element as defined in (Doléans-Jordheim et al., 2006). The "RocC regulon" comprises differentially expressed genes from the WT vs rocCTAA RNAseq analysis (qvalue <0,1, and |log2FC|>0,55).

Figure 3 .

 3 Figure 3. Coherence between the RNA-seq and quantitative mass spectrometry experiments. The expression pattern of the genes included in the functional categories that are up-or down-regulated in the OD1-OD3 transition were compared between the RNA-seq and the quantitative mass spectrometry results. The colors represent if the results between the two experiments are coherent (green); not coherent (i.e. up-or downregulated in one experiment and non-differentially expressed in the other) (orange); contradictory (i.e. up-or down-regulated in one experiment and inversely in the other) (red); or Not Found (noted NF, i.e. genes differentially expressed in the RNA-seq data but for which the proteins were not detected by quantitative mass spectrometry) (grey).4 

Figure 4 .

 4 Figure 4. ComR level of expression during growth. (A) Raw counts of comRmRNA were obtained during RNA-seq analysis of L. pneumophila Paris WT at 30°C at OD600=1 (before competence) and OD600=3 (during competence). The adjusted P-value was 6.8 10 -13 . (B) ComR relative abundance was detected by quantitative mass spectrometry in L. pneumophila Paris WT at 30°C throughout the growth. The adjusted P-values of the abundance ratios are non-significant (noted ns). (A, B) Each independent data point as well as the standard error of the mean are presented.

Figure 5 .

 5 Figure 5. Transformability during growth at 30° in liquid medium. L. pneumophila Paris WT, rocCTAA and comRTAA were grown in AYE at 30°C. At different points throughout the growth (OD600=1, 2, 3, 4 and 5), transformability was determined. Averages and individual results of 2 independent experiments are presented with the standard error of the mean. A star (*) indicates that the transformation efficiency is below detection level (<10 9 )

Figure 6 .

 6 Figure 6. The overexpression of ComR represses competence development. (A) The competence reporter plasmid pXDC91 (bearing the comEA_gfp transcriptional fusion) was transformed in L. pneumophila Paris WT (in black) or Ptac_comR (shades of green). The WT strain is used as a control. The Ptac_comR strain allows for the evaluation of competence development depending on the induction level of comR thanks to the IPTG inducible Ptac promoter. Induction is made with the indicated IPTG concentration. Strains were grown in a 96well plate and optical density at 600 nm and fluorescence were determined every 15 minutes. Cell density (log(OD600)), right axis, dotted lines) and GFP production per cell (GFP/OD, left axis, full lines) are plotted as a function of time. Averages of 3 replicates with the standard error of the mean are presented. (B) Natural transformability of L. pneumophila Paris WT and Ptac_comR was determined at OD600=3 (the competence peak in the WT strain) in liquid medium at 30°C.

Figure 7 .

 7 Figure 7. Co-occurrence of comEA, comR, rocC and rocR in Legionella species.Using as a query reference sequences from L. pneumophila Paris and L. pneumophila Philadelphia for the genes comR, rocC, rocR and comEA, potential orthologs were identified in other Legionella species. A black rectangle indicates that an ortholog is found in the species. The phylogenetic tree is rooted with Coxiella burnetii and the numbers represent the phylogenetic distance.5 

Figure 8 .

 8 Figure 8. ComR requires RocC to stabilize RocR. (A) Northern Blot analysis of RocR decay following the addition of rifampicin (a transcription inhibitor) (100 g/mL) at OD600=1 in L. pneumophila Paris WT, rocCTAA and comRTAA. (B) Northern Blot analysis of RocR decay following the addition of rifampicin (a transcription inhibitor) (100 g/mL) at OD600=1 in L. pneumophila Paris WT, Ptac_comR (with 3 M IPTG) and Ptac_comR (with 100 M IPTG). (C) Northern Blot analysis of the presence of RocR in L. pneumophila Ptac_comR and rocCTAA Ptac_comR, with or without an induction of ComR with 100 M of IPTG. (A, B, C) The 5S RNA is used as a loading control.

Figure 9 .

 9 Figure 9. ComR does not regulate rocC expression or RocC production. (A) L. pneumophila Paris expressing both the gfp under the promoter of rocC (ProcC) and comR under the control of the IPTG inducible promoter (Ptac) were grown in AYE media containing various concentration of IPTG: 0 M (in black), 3 M, 6 M, 10 M or 50 M (the greener, the higher the concentration) at 30°C. The activity of ProcC is followed thanks to gfp expression. Strains were grown in a 96-well plate and optical density at 600 nm and fluorescence were determined every 15 minutes. Cell density (OD600, right axis, full lines) and GFP production per cells (dGFP/dt/OD, left axis, dots) are plotted as a function of time. Averages of 3 replicates with the standard error of the mean are presented. (B) Data extracted from the RNA-seq comparative analysis between L. pneumophila Paris WT and comRTAA at OD1 at 37°C. The log2 fold change (log2FC) for comMmRNA, comEAmRNA and rocCmRNA is shown. The histograms represent the mean of the three replicates, and the error bars represent the standard error. A star (*) indicates a p-value<0.05, ns is for non-significant (p-value>0.05). (C) Western-blot analysis of RocC in the Paris WT strain and its comRTAA hypercompetent derivative. The strains were grown in AYE medium at 30°C. Samples of 1.5 10 8 cells taken at the indicated OD600 were analysed by Western-blot using polyclonal anti-RocC antibodies. (D) Western-blot analysis of RocC in the Paris WT strain and its comRTAA hypercompetent derivative compared to the Paris Ptac_comR strain with or without IPTG. The strains were grown up to OD3 in AYE medium (with IPTG when indicated) at 30°C. Samples of 1.5 10 8 cells were analysed by Western-blot using polyclonal anti-RocC antibodies. (C, D) The symbol # indicates a crossreactive band that can be used as a loading control, the arrow points to the bands corresponding to the RocC protein.

Figure 11 .

 11 Figure 11. RocC/RocR system efficiency in E. coli. The reporter fusion RocR-box, RBSgfp, gfp was transformed in E. coli either alone (in black), with rocR (in red), or with both rocR and rocC (in blue). The RocR-box is the natural target of RocR in L. pneumophila. The presence of the RocR-box in the 5'UTR of gfpmRNA allows the monitoring of the efficiency of the RocC/RocR system by monitoring the fluorescence of the strain. The strain only expressing the reporter fusion is used as a control that has the highest gfp expression level possible, so the highest fluorescence produced. The other two allow for the evaluation of the repression efficiency or RocR alone, or of RocR with the assistance of RocC. Strains were grown in a 96-well plate and optical density at 600 nm and fluorescence were determined every 15 minutes. Cell density (log(OD600)), right axis, dotted lines) and GFP production per cell (dGFP/dt/OD, left axis, full lines) are plotted as a function of time. Averages of 3 replicates with the standard error of the mean are presented.

Figure 12 .

 12 Figure 12. The ComR regulon is larger than the RocC regulon. (A) log2FC of every gene in the L. pneumophila Paris chromosome and plasmid (pLPP), sorted by their position in the genome. The genes that are not statistically differentially expressed (0.01<padj<0.05) between the WT strain and the comRTAA mutant are in grey and the statistically differentially expressed (padj<0.01) are in blue. (B) Venn diagrams representing the comparison between the OD1-OD3 transition (in blue), the RocC regulon (in red) and the ComR regulon (in green). The numbers represent the number of genes that are differentially expressed between the three conditions for the OD1 vs OD3, WT vs rocCTAA and the WT vs comRTAA regulons. The notation "TAA" means there is an insertion of a stop codon at the 10th amino acid of the protein.

  LC-MSMS analysis. All fractions were then analyzed in triplicate by mass spectrometry (Q Exactive HF coupled with nanoRSLC Ultimate 3000, ThermoScientific). 1 L of each fraction were injected and loaded on a C18 Acclaim PepMap100 trap-column 300 m ID x 5 mm, 5 m, 100Å, (Thermo Scientific) for 3.0 minutes at 20 L/min with 2% ACN, 0.05% TFA in H2O and then separated on a C18 Acclaim Pepmap100 nano-column, 50 cm x 75 m i.d, 2 m, 100 Å (Thermo Scientific) with a 60 minutes linear gradient from 3.2% buffer A to 40% buffer B (A: 0.1% FA in H2O, B: 0.1% FA in ACN) and then from 40 to 90% of B in 2 min, hold for 10 min and returned to the initial conditions in 1 min for 14 min. The total duration was set to 90 minutes with a flow rate of 300 nL/min and the oven temperature was kept constant at 40°C. Labeled peptides were analysed with TOP15 HCD method: MS data were acquired in a data dependent strategy selecting the fragmentation events based on the 15 most abundant precursor ions in the survey scan (375-1800 Th). The resolution of the survey scan was 120,000 at m/z 200 Th and for MS/MS scan the resolution was set to 45000 at m/z 200 Th.The Ion Target Value for the survey scans in the Orbitrap and the MS/MS scan were set to 3E6 and 1E5 respectively and the maximum injection time was set to 50 ms for MS scan and 100 ms for MS/MS scan. Parameters for acquiring HCD MS/MS spectra were as follows; collision energy = 32 and an isolation width of 1.2 m/z. The precursors with unknown charge state, charge state of 1 and 8

  centrifuged at the time points indicated in the figures. RNA extraction was performed by resuspending the bacterial pellets in 100 l RNAsnap buffer (18mM EDTA pH8.0, 0.025% SDS, 95% formamide) and heated twice at 95°C for 7 minutes. The sample was then mix with 650 l of Trireagent (Zymo Research) and RNA was extracted by following the protocol in the kit Direct-zol TM RNA MiniPrep (Zymo Research). Elution was made in 30 L of Dnase/Rnase-free water heated at 80°C.

I

  wanted to design a ComR-flag fusion to detect ComR in a protein extract via the detection of the flag peptide. This meant that I had to first make sure that a ComR-flag fusion would be functional. I designed a comR-flag translational fusion and cloned it downstream of a Ptac promoter (Ptac_comR-flag) on L. pneumophila Paris' genomic plasmid: the pLPP (Figure31). The Ptac promoter is inducible with IPTG, which allowed me to fine-tune the level of expression of ComR-flag in the bacteria by simply modulating the quantity of IPTG added into the medium.

Figure 31 :

 31 Figure 31: Representation of the Ptac_comR-flag expression platform. The expression platform contains the comR-flag translational fusion under the control of a Ptac promoter, which is inducible with IPTG. It also contains a gentamycin resistance gene (gentR) that is used for selection. The platform is inserted into the pseudogene lpp_RS16305 on the genomic plasmid pLPP of L. pneumophila Paris.

Figure 32 :

 32 Figure 32: ComR-flag complements a comRTAA mutant similarly to the native ComR protein. Natural transformability of L. pneumophila Paris WT, comRTAA, comRTAA Ptac_comR and comRTAA Ptac_comR-flag was determined at OD600=1 in presence and absence of DNA. For the strains bearing the Ptac_comR or Ptac_comR-flag expression platforms, IPTG was supplemented at the indicated concentration. A (*) indicates that the transformation efficiency is below the detection limit (<10 9 ).

Figure 33 :

 33 Figure 33: Genetic environment of comR in the chromosome. (Upper panel) The promoter of lpp2774, which is right after comR on the chromosome, is found in the 3' coding region of comR. (Lower panel) Representation of the chromosomic comR-flag translational fusion. It increases the distance between lpp2774 and its promoter. lppnc0639 encodes a small noncoding RNA.

Figure 34 :

 34 Figure 34: Lpp2774 is not involved in competence regulation and a chromosomally encoded comR-flag translational fusion is functional. Natural transformability of L. pneumophila Paris WT, comRTAA, comR-flag and lpp2774 was determined at OD600=1 in presence and absence of DNA. The annotation c1 and c2 means the experiment were done on two different clones of the strain. A '*' means the transformation efficiency is below the detection limit (<10 9 ).

Figure 36 :

 36 Figure 36: Model of competence regulation in L. pneumophila.In the early growth phase, ComR is expressed at low levels. It stabilizes RocR and potentially RocC which in turn repress the expression of the competence genes. During the late exponential phase, the expression of RocC and RocR decreases so the bacteria become competent. We hypothesize that up-or down-regulation of Lppnc0639 (depending on if it is an activator or a repressor) leads to the accumulation of ComR. Once ComR reaches a critical quantity in the stationary phase, it would be responsible, along with the Lqs system, for the shut-off of competence.
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Fig. 1 .

 1 Fig. 1. Extensive variations of the trait of natural transformation are inconsistent with the phylogeny. Transformability of 113 isolates of L.pneumophila was determined using as transforming DNA a PCR product encompassing an rpsL allele conferring resistance to streptomycin. Following incubation with DNA for at least 24 h, 10 μL of the cultures were spotted on plates containing streptomycin. Transformation was scored from 0 to 3 as a function of the number of colonies that developed in the spot (Materials and Methods). The median score is calculated from 4 independent experiments (SI Appendix, TableS1). Genetic relationships were determined by cgMLST and visualized using a minimum spanning tree displaying transformation scores color-coded from 0 (yellow) to 3 (dark blue).

Fig. 2 .

 2 Fig.2. Plasmid pLPL silences the DNA uptake system by expressing the sRNA RocRp. (A) Natural transformation frequencies of the clinical isolate 3009 and derivatives. Transformation was tested with a nonreplicative plasmid (pGEM-ihfB::kan) carrying a kanamycin resistance gene in a 4-kb chromosomal region encompassing the ihfB gene. Transformation frequencies represent the ratio of CFUs determined by plating serial dilutions on selective vs. on nonselective solid media. (B) Northern blot analysis of comEA expression during growth of strains 3009 and 3009 ΔpLPL in AYE medium at 30 °C. Total RNA was extracted at the indicated ODs (measured at 600 nm, OD 600 ) of the culture, and corresponding to the exponential growth phase (0.4 to 1.0), the transition phase (1.9), and the early (3.0) and late stationary phases (4.2). Total RNA was separated on an 8% denaturing polyacrylamide gel and comEA transcripts were revealed with a biotinylated probe. The 5S ribosomal RNA (rRNA) was used as a loading control. (C) RNAseq transcriptional profiling of strains 3009 ΔpLPL and 3009 ΔrocRp compared to 3009. Total RNA was extracted from 3 independent cultures (n = 3) collected at an OD of 1.8 to 2.0 (at which expression of comEA was observed). Following rRNA depletion, RNAs were reverse-transcribed and sequenced. Normalized read counts are reported as log 2 -transformed fold change (log 2 FC). Benjamini-Hochberg correction was applied to P values (false discovery rate, FDR). Individual genes (gray dots) were considered differentially expressed if log 2 FC was >1 or <-1 and if FDR < 0.05 (red dots). (D) Natural transformability of the Paris strain and isogenic mutants rocC TAA and ΔrocR in which the rocRp gene was introduced in the pLPP plasmid (pink) or not (gray). Transformation data are from at least 3 independently performed experiments and bars represent the geometric mean of the transformation frequencies.

Fig. 3 .

 3 Fig. 3. RocRp acts as a substitute for RocR. (A) Northern blot analysis of comEA mRNA, RocR, and RocRp expression during growth of the wild-type Paris strain or carrying the rocRp gene in pLPP (Paris pLPP::rocRp) in AYE medium at 30 °C. Total RNA was extracted at the indicated ODs (OD 600 ) during the exponential growth phase (0.4 to 1.0), the transition phase (1.9 and 3.0), and the early (4.5) and late stationary phases (6.0). (B) Relative quantification of RocR and RocRp bound to RocC in the exponential phase (OD = 0.8) and transition phase (OD = 2.5). For each OD, 3 independent cultures of the strain Paris pLPP::rocRp were obtained. RNAs that copurified with RocC were reverse-transcribed with a mix of primers specific for RocR and RocRp, each bearing the same 5′ end extension. The resulting cDNAs were amplified by PCR using primers corresponding to the 5′ extension of the reverse transcription primer and a reverse primer that matches both RocR and RocRp. Amplification of either RocR or RocRp produces an 85-bp DNA. PCR products originating from RocR and RocRp were distinguished and quantified by restriction with NruI, which cuts only the RocRp PCR product into 2 fragments. (C) Northern blot analysis of RocRp expression during growth in AYE medium at 30 °C of the strain Paris pLPP::rocRp deleted of rocR. Ribosomal RNAs were used as loading controls.

Fig. 4 .

 4 Fig. 4. Diverse conjugative elements carry RocRp homologs. (A) Sequence alignment of RocR and RocRp homologs found in Legionella species. Experimentally determined transcription start and termination sites are highlighted with bold green and red nucleotides, respectively. (B) Parsimony-based unrooted phylogenetic tree of the genes encoding RocRp homologs. (C) Schematic representation of MGEs carrying a RocRp homolog-encoding gene. Conjugative systems of the type F and T are colored in green and blue, respectively. Incomplete and unclassified conjugative systems are colored in orange and brown, respectively. RocRp homologs are represented as a red bar. Pairwise nucleotide sequence identity is represented by a gradient from light to dark gray.

  

  

  

  

  

  

TABLE OF CONTENTS

 OF RÉSUMÉ LONG (FRANÇAIS) ...........................................................................................................................

Table 1 . Bacterial strain used in this study. Kan
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	Strain name	Relevant genotype	Antibiotic resistance	Reference
		Legionella pneumophila		
	LELA2883	JR32 dotB::Tn903dIIlacZ	Kan R	(Sadosky et al., 1993)
	LELA4086	JR32 icmT::Tn903dIIlacZ	Kan R	(Hales and Shuman, 1999)
	LELA3118	JR32 dotA::Tn903dIIlacZ	Kan R	(Segal et al., 1999)
	LELA3825	JR32 lpp0148::Tn903dIIlacZ	Kan R	(Charpentier et al., 2008)
	LELA1155	JR32 legA9::Tn903dIIlacZ	Kan R	(de Felipe et al., 2005)
	LELA3864	JR32 legLC4::Tn903dIIlacZ	Kan R	(de Felipe et al., 2005)
		Escherichia coli		
	DH5 pir	F , supE44, lacU169 ( lacZ M15), recA1, endA1, hsdR17, thi-1, gyrA96, relA1, pir lysogen	-	Laboratory strain collection
	BW25113	(araD-araB)567, (rhaD-rhaB)568, lacZ4787, (::rrnB-3), hsdR514, rph-1	-	(Grenier et al., 2014)
	JW6533	BW25113, proQ	-	(Sheidy and Zielke, 2013)

R = kanamycin resistant. The notation "x::y" means that there is an insertion of y in the gene x. The Tn903 transposon bears the kanamycin resistance gene aph3.

Table 2 . Plasmids used in this study. Kan

 2 

	Oligonucleotide	Sequence (5' -> 3')

R = kanamycin resistant, Amp R = ampicillin resistant, Cm R = chloramphenicol resistant. The notation Pxxx-xxx indicates the gene xxx with its own promoter. An underscore (_) is used to indicate a transcriptional fusion (e.g. comEA_gfp+). The RSF1010 and pX3 derivative plasmids are replicative in both E. coli and L. pneumophila. pBR322 and p15A derivative plasmids are replicative in E. coli.

Table 3 . Oligonucleotides used in this study

 3 Relevant restriction sites are underlined. The sequence complementary to the SL3 of RocR is highlighted in blue. The sequences complementary to the SL1/SL2 of RocR are highlighted in yellow. Mutations are written in lowercase.[Btn] stands for biotin.

Table 4 . Construction of pLLA38 and pLLA40.
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  Three strains of E. coli DH5 pir expressing either comEA_gfp (in black), comEA_gfp and rocR (in light blue), or comEA_gfp, rocR and rocC (in dark blue) were used. comEAmRNA is the natural target of RocR in L. pneumophila.

	The transcriptional fusion
	between comEA and gfp allows the monitoring of
	comEA expression by monitoring the fluorescence
	of the strain. The strain expressing only
	comEA_gfp is therefore used as a control that has
	the highest comEA_gfp expression level possible,
	and so the highest fluorescence produced. The
	other two allow for the evaluation of the
	repression efficiency of RocR alone, or of RocR
	with the assistance of RocC. Strains were grown in
	a 96-well plate and optical density at 600 nm and
	GFP production were determined every 15
	minutes. Cell density (log(OD600)), right axis,
	dotted lines) and fluorescence per cell
	(dGFP/dt/OD, left axis, full lines) are plotted as a
	function of time. Averages of 3 replicates with the
	standard error of the mean are presented.

Table 1 . Plasmids used for the complementary experiments.

 1 

		Relevant genotype	Antibiotic resistance	Reference
	pXDC91	pX3 derivative; RocRbox, RBScomEA_comEA, RBSgfp_gfp, cat	Cm R	(Charpentier et al., 2011)
	pUT18	pBR322 derivative; bla	Amp R	(Karimova et al., 1998)
	pLLA38	pX3 derivative; ProcR-rocR, PcomEA-comEA_gfp+, cmR Cm R	This study
	pLLA40	pX3 derived; ProcR_rocR, ProcC_rocC, cat	Cm R	This study
	pLLA82	pBR322 derivative; ProcC-rocC, bla	Amp R	This study
	pLLA83	pBR322 derivative; PcomR-comR, bla	Amp R	This study
	pLLA86	pBR322 derivative; ProcC-rocC, PcomR-comR, bla	Amp R	This study
	pLLA115	pX3 derivative; RocRbox, RBSgfp_gfp, cat	Cm R	This study
	pLLA140	pX3 derivative; ProcR-rocR, RocRbox, RBSgfp_gfp, cat Cm R	This study
	Strain	Relevant genotype	Antibiotic resistance	Reference
	E. coli DH5 pir	F , supE44, lacU169 ( lacZ M15), recA1, endA1, hsdR17, thi-1, gyrA96, relA1, pir lysogen	-	Laboratory strain collection

Table 2 . Bacterial strain used for the complementary experiments.

 2 

Table 3 : Bacterial strain used for the complementary experiments.

 3 

  results (see II.2. Article) shows a 5-fold upregulation of comR. This fits with our model where ComR acts as a repressor of competence both during the beginning of the growth (by indirectly promoting the stability of RocC and RocR) and after competence development to potentially participate in competence

shut-off (see II.2. Article).
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a Team "

In the Doléans-Jordheim study, they show that pp36 is less episomal in the stationary phase in LGM (minimal media). But Christophe Ginevra, one of the co-authors of this study, (Doublet-Jarraud team) did other experiments where he saw the pp36 becoming more episomal in rich medium. As these experiments were not published and also did not match the parameters in our study (no precise OD, temperature at 37°C…), he is currently running an experiment to compare the ratio between episomal and integrated forms of pp36 in Paris at 30°C, at OD1 and OD3.

This figure will certainly become a Supplementary Figure

This figure will certainly become a Supplementary Figure

This figure will certainly become a Supplementary Figure

We are currently trying to present the co-evolution analysis results, even though they are negative, as a Supplementary Figure

This experiment is currently being run by Christophe Ginevra.
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Even better than the tunable degradation of a target protein is the tunable activation of said target protein. In this case, the target protein is constitutively degraded, and the addition of a cheap inducer leads to the stabilization and accumulation of the protein. Researchers worked on that option and developed a new tool called FENIX (for functional engineering of SsrA/NIa-based flux control) [START_REF] Durante-Rodríguez | A Post-translational Metabolic Switch Enables Complete Decoupling of Bacterial Growth from Biopolymer Production in Engineered Escherichia coli[END_REF]. The protein of interest is fused to an NIa/ssrA-tag in the C-terminus region. The ssrA-tag is responsible for the ClpXP protease recruitment, and the NIa site is the recognition sequence of the potyvirus NIa protease. Therefore, in the absence of the NIa protease, the protein of interest will be sensitive to the ClpXP protease because of its tag. In the presence of the NIa protease, the NIa/ssrA-tag is cleaved from the protein, which can then accumulate in the bacteria (Figure 16B). As a proof of concept, the authors then used this FENIX strategy for the synthesis of a biopolymer. They tagged the first enzyme of the pathway with the NIa/ssrA-tag so they could induce the production of the biopolymer at will by the addition of a cheap inducer of the NIa protease. The authors later published a paper recapitulating the entire protocol and cloning strategies to be able to apply this FENIX strategy for other objective [START_REF] Durante-Rodríguez | A SsrA/NIa-based Strategy for Post-Translational Regulation of Protein Levels in Gram-negative Bacteria[END_REF]. So far, this FENIX method has only been used once, for the development of gene regulation platform in Pseudomonas putida (a commonly used host for metabolic engineering applications) [START_REF] Volke | Physical decoupling of XylS/Pm regulatory elements and conditional proteolysis enable precise control of gene expression in Pseudomonas putida[END_REF], even though its potential is recognized by the synthetic biology community [START_REF] Kelly | Degrading an enzyme to increase its product: a novel approach to decoupling biosynthesis and growth[END_REF]. This is still a fairly newly developed tool however, so time might be all that is needed before we can witness its widespread use. However, as previously said, the FENIX strategy relying on the endogenous ClpXP protease recruitment is a limitation, because of a limited portability and/or orthogonality of the system. By combining this tunable activation of protein accumulation with the orthogonality conferred by the use of a mf-ssrA tag and the mf-Lon protease, one could expect the development of a more perfected system for gene regulation at the post-translational level.

All these protein-based systems for gene regulation hold a lot of promises for the design of synthetic regulatory pathways, but they might simply be outperformed by RNA-based systems. This is perfectly exemplified by the groundbreaking development of mRNA vaccine that have been absolutely essential to fight the Covid-19 pandemic (Park et al., 2021).

Supplemental Figure Supp 1. E. coli's ProQ does not promote RocR activity.

Two strains of E. coli WT (BW25113) or proQ (JW6533) were transformed with pLLA38 (plasmid bearing comEA_gfp and rocR). comEAmRNA is the natural target of RocR. The transcriptional fusion with the gfp allows the monitoring of comEA expression by monitoring the fluorescence of the strain. The efficiency of RocR to repress comEA_gfp expression was followed in both strains. Strains were grown in a 96-well plate and optical density at 600 nm and GFP production were determined every 15 minutes. Cell density (log(OD600)), right axis, dotted lines) and fluorescence per cell (dGFP/dt/OD, left axis, full lines) are plotted as a function of time. Averages of 3 replicates with the standard error of the mean are presented.

Figure Supp 3. Impact of kanamycin concentration on a kanamycin resistant strain of E. coli.

The plasmid pACYC177 carries the kanamycin resistance gene aph3. E. coli DH5 pir carrying pACYC177 was grown in LB with various concentration of kanamycin ranging from 0 g/mL (Kan0) to 2500 g/mL (Kan2500) in a 96-well plate and optical density at 600 nm was determined every 15 minutes. Cell density (log(OD600)) is plotted as a function of time. Averages of 3 replicates with the standard error of the mean are presented.

for the development of a new sRNA-based biosynthetic system. It shows potential as it is only two partners, and that the recognition sequence of RocR is modular (Figure 12). Additionally, we showed that the native RocC/RocR system is function in a heterologous host (in our study, E. coli), with little to no effect on the growth phenotype, suggesting that it is orthogonal.

We tried to develop modified RocRs (RocRs*) that could target the kanamycin resistance gene.

Unfortunately, they were toxic in L. pneumophila and nonfunctional in E. coli. As mentioned previously, the design of those RocRs* might be the reason for the lack of efficiency in E. coli. Trying this approach again with a new design of the RocRs* that is more in line with the recommendation for sRNAs development could help turn this into a successful biosynthetic tool (Hoynes-O' Connor and Moon, 2016).

Nevertheless, this study gave insights on the function of the RocC/RocR system in L. pneumophila. The fact that RocC and RocR alone can induce a perfect repression of their target in E. coli (Figure 30) means that this specific repression does not require other partners. ComR is another regulator of competence in L. pneumophila, but these results suggest that it does not work in direct association with RocC/RocR to repress the expression of the competence genes. This got me interested in the role of ComR in competence regulation. My results are presented in the next section.
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Oligonucleotide name

Sequence (5'-3') 

Plasmids construction.

Design of pLLA38

A PCR product obtained using the primers LA74_comEA-F+XmaI and LA75_comEA-R+KpnI on the genome of L. pneumophila Paris WT and the plasmid pLLA21 were digested with restriction enzymes XmaI and KpnI (New England Biolabs) for 1 hour at 37°C in 1X Cutsmart Buffer (New England Biolabs). The two DNA fragments were then purified and ligated using DNA Ligase (New England Biolabs) according to the manufacturer instructions. The mixture was then incubated for 1 to 2 hours at room temperature before transformation in chemi-competent E. coli DH5 pir cells.

Transformants were selected on LB plates with Chloramphenicol and plasmids were verified using Sanger sequencing.

Design of pLLA82.

pLLA82 was constructed using SLIC essentially as published (Jeong et al., 2012). Briefly, vector (PCR KP64_A1_pUT-REV/KP65_B2_pU-FOR on pUT18) and insert (PCR KP67_D1_RocC-FOR/ KP71_H2_RocC-REV on L. pneumophila Paris) were mixed at a ratio of 1:2 to 1:7 with NEB Buffer 2.1 (New England Biolabs). Then T4 DNA polymerase (New England Biolabs) was added, and the mixture was incubated at room temperature for 2 minutes and 30 seconds exactly. After that, the mixture was immediately put on ice for 10 minutes before transformation in chemi-competent E. coli DH5 pir cells. Transformants were selected on LB plates with Ampicillin and plasmids were verified using Sanger sequencing.

Design of pLLA115, pLLA116, pLLA125, pLLA140, pLLA141 and pLLA142.

All 6 plasmids were constructed using SLIC essentially as published (Jeong et al., 2012). pXDC91 and pLLA38 were amplified by overlapping primers (see table 4 below). T4 DNA polymerase (New England Biolabs) was mixed with the PCR products, and the mixture was incubated at room temperature for 2 minutes and 30 seconds exactly. After that, the mixture was immediately put on ice for 10 minutes before transformation in chemi-competent E. coli DH5 pir cells. Transformants were selected on LB plates with Chloramphenicol and plasmids were verified using Sanger sequencing.

Primer couple Matrix plasmid

Obtained plasmid

Table 3. Design of pLLA115, pLLA116, pLLA125, pLLA140, pLLA141 and pLLA142.

Global Gene Expression Profiling by RNA-sequencing.

Cells were grown in AYE in 3 independent cultures. For the OD1vOD3 RNAseq, 3 cultures of L. pneumophila strain Paris were grown at 30°C with shaking and samples were taken when the optical density at 600nm (OD600) reached 1 and 3. For the WTvComRTAA RNAseq, 3 cultures of L. pneumophila strain Paris WT and 3 cultures of its comRTAA derivative were grown at 37°C with shaking and samples were taken at OD600=1. 

Transformation efficiency determination

Transformability was tested during growth in liquid medium AYE as previously described [START_REF] Attaiech | Silencing of natural transformation by an RNA chaperone and a multitarget small RNA[END_REF]. Briefly, when the culture reached the OD to be tested, 10 9 cells were pelleted, resuspended in 200 L AYE containing 2 g of transforming DNA (pGEM-ihfB::kan, see Erreur ! Source du renvoi introuvable.) and incubated for 30 minutes at 30°C without shaking. Then, 9 l of DnaseI (1 U/ L; Sigma) and AYE up to 1 mL were added. Cells were incubated for 2 hours at 37°C

with shaking (180 rpm). Tenfold serial dilutions were then plated on CYE supplemented or not with 15 g/mL kanamycin. Plates were incubated for 72 hours at 37°C, and CFU counting was performed.

Co-occurrence and co-evolution analysis

1038 assembled genomes from the legionella genus available on September 16th, 2020, were extracted from the NCBI. CDS were extracted from all genomes using the transdecoder.longorf script from TransDecoder (https://github.com/TransDecoder/TransDecoder/wiki) and were used to construct a blast database using the makeblastdb command [START_REF] Altschul | BLAST Algorithm[END_REF]. Then, using as a query reference sequence from Legionella pneumophila Paris and Legionella pneumophila Philadelphia for the genes comR, rocC, rocR and comEA, potential orthologs were retrieved using blastall and blastdbcmd. Alignment was performed with mafft [START_REF] Katoh | MAFFT multiple sequence alignment software version 7: improvements in performance and usability[END_REF] with default parameters.

In order to study the coevolution between ComR and RocC, we aimed at making a concatenate of ComR and RocC sequences. As a negative control, we also made a concatenate of genes ComR and ComEA on one hand and RocC and ComEA on the other hand. Thus, only sequences from genomes Samples were then separated by SDS/PAGE at 20mA/gel. Next, proteins were transferred to a nitrocellulose membrane on a Trans-Blot Turbo Transfer System (Bio-Rad). RocC was detected with polyclonal anti-RocC antibodies (Attaiech et al., 2016) and HRP-conjugated anti-rabbit IgG secondaryantibodies (Sigma), and revelation was done using the ECL system (Thermo Scientific) according to the manufacturer's instructions. Luminescence signals were acquired using an imaging workstation equipped with a charge-coupled device camera (Thermo Scientific). Missing figure: results of the ratio episomal/integrated for the pp36 conjugative element. RNAcofold (link, [START_REF] Gruber | The Vienna RNA websuite[END_REF]) and IntaRNA (link, [START_REF] Busch | IntaRNA: efficient prediction of bacterial sRNA targets incorporating target site accessibility and seed regions[END_REF]) predicted interactions when prompted with the full length Lppnc0639 (nucleotide and the beginning of comRmRNA (from nucleotide -32, i.e. transcription start, to 54) are presented. The predictions obtained between the full size RocR (nucleotide 1-66) and the beginning of comEAmRNA (from nucleotide -43, i.e. transcription start, to 46) are presented as a control, they match the experimentally identified RocR-box (Attaiech et al., 2016). RNAcofold calculates the best interactions in a heterodimer, whereas IntaRNA shows different potential zones of interaction between the two molecules. RNAcofold (link, [START_REF] Gruber | The Vienna RNA websuite[END_REF]) and IntaRNA (link, [START_REF] Busch | IntaRNA: efficient prediction of bacterial sRNA targets incorporating target site accessibility and seed regions[END_REF]) predicted interactions when prompted with the full size Lppnc0639 (nucleotide and the beginning of comRmRNA (from nucleotide -32, i.e. transcription start, to 54) are presented. RNAcofold calculates the best interactions in a heterodimer, whereas IntaRNA shows different potential zones of interaction between the two molecules. For comRmRNA, the AUG (i.e. nucleotides 1-2-3) is underlined, the RBS is not identifiable as it does not resemble the canonical AGGAGA sequence. Highlighted sequences of the same color are where interaction are predicted to occur.

Supplemental Figures

To determine if Lppnc0639 is indeed implicated in competence regulation, it would be necessary to design a deletion mutant and assess its transformability as well as RocR stability, and possibly ComR expression levels. It would also be important to confirm the Lppnc0639/comRmRNA interaction in vivo, as well as to Hfq chaperone, and the systems have very limited orthogonality. Therefore, using the RocC/RocR system as a basis for the design of a new sRNA-based biosynthetic tool is of great interest. No notable fitness default could be observed in E. coli strains expressing RocC and RocR, suggesting that the system works orthogonally to the established pathways in the host bacteria. To confirm this orthogonality, it would be necessary to perform an RNA-seq analysis of a WT strain of E. coli compared to a derivative expressing RocC.

Regulation of competence in L. pneumophila

As previously said, competence is a physiological state that is essential to regulate natural transformation.

Nonetheless, it was shown that competence is also essential for other cellular functions in multiple model species, such as S. pneumoniae, B. subtilis (Claverys et al., 2006) or S. aureus (Cordero et al., 2022). To test if this statement is also true in L. pneumophila, we first performed RNA-seq experiment comparing the transcriptome at 30°C of the Paris strain at OD1 (when the bacteria are not competent) and at OD3 (when the bacteria are competent). This revealed that during this transition, more than 800 genes were differentially expressed. Quantitative mass spectrometry during the entire growth of the bacteria (OD1-2-3-4-5) confirmed that most these variations were conserved at the protein level. The functional analysis of those 800 genes indicates that they belong to a large range of cellular functions, such as motility, metabolism, and obviously natural transformation. However, competence is not the only factor influencing this global shift in gene expression, as the bacteria are compared between two different growth phases. Interestingly, the RNA-seq revealed that the gene encoding ComR, a protein shown to be essential for competence regulation in L. pneumophila (Sexton and Vogel, 2004), sees its expression increased 5-fold in the OD1-OD3 transition. This increase was not confirmed via quantitative mass spectrometry, but ComR is a small and poorly expressed protein which could explain that its signal would be lost in the pool of L. pneumophila entire proteome. This led us to study the role of ComR in competence regulation, in order to determine its role as a potential wide regulator of competence.

We showed that ComR is linked to the previously described RocC/RocR system, as it is essential for RocR's stability, and potentially also RocC's. Despite many different approaches (bacterial two hybrid, coevolution analysis and co-immunoprecipitation), we never managed to detect any potential interaction between ComR and RocC, highly suggesting that the effect of ComR on the RocC/RocR system was indirect. However, the potential intermediate remains to be found. To find this intermediate, we need to find a potential regulator that is (i) in the ComR regulon (with the RNA-seq WT vs comRTAA), (ii) not in the RocC regulon (with the RNA-seq WT vs rocCTAA, (Attaiech et al., 2016)) and (iii) essential for natural transformation (with the Tn-Seq data [START_REF] Hardy | Analyse génétique exhaustive du mécanisme de transformation naturelle chez Legionella pneumophila et caractérisation d'un nouvel acteur conservé chez les bactéries Gram-négative[END_REF]). However, no clear candidate emerged from this analysis.

Based on the fact that ComR is predicted to display a HTH domain, which are often found on transcription factors (Aravind et al., 2005), we performed RNA-seq experiment to determine the regulon of ComR.

Interestingly, it appeared that ComR is a broad regulator in L. pneumophila, seeing its deletion impacts the transcription of more than 150 genes. Therefore, ComR could be considered the master regulator of competence in L. pneumophila. Of note, almost the entirety of the previously published RocC regulon (Attaiech et al., 2016) is comprised in the ComR regulon but not rocC itself, supporting the hypothesis that

ComR has an indirect action on the RocC/RocR system.

The functional analysis of the ComR regulon shows that this competence regulator affects the expression of genes in a wide array of cellular functions. Therefore, this work suggests that competence is important for other processes than just natural transformation in L. pneumophila.

Finally, understanding the regulation of ComR is crucial to understand competence regulation in L. pneumophila. We found that the ncRNA Lppnc0639 could potentially interact with comRmRNA. This means that Lppnc0639 could act as a post-transcriptional repressor of comRmRNA during the early and exponential growth phase (causing a low expression of ComR), or as a post-transcriptional activator of comRmRNA at the end of the exponential growth phase (to cause the increased expression of ComR). Future work should be conducted to determine the exact role of this ncRNA in the regulation of competence in L. pneumophila.

All these results allowed to update the model of competence regulation in L. pneumophila (Figure 36).

During the early growth phase, there is a low quantity of ComR that is essential for the function of the RocC/RocR system by stabilizing RocR and potentially RocC. The functional RocC/RocR system can then repress the expression of the competence genes mRNA and block natural transformation. By a mechanism that is still unknown, RocC and RocR expression decrease during the late exponential phase. This leads to the de-repression of the competence genes, and therefore L. pneumophila can undergo natural transformation. We hypothesize that at this point the expression of ComR increases through Lppnc0639

regulation. Either Lppnc0639 is a repressor of ComR, and its expression would decrease allowing the accumulation of ComR, or it is an activator, and its expression would increase. Upon reaching a critical Data deposition: Genome assemblies have been deposited in the GenBank database (Bioproject PRJNA528641). RNA-sequencing reads have been deposited in the European Nucleotide Archive (PRJEB31835).