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At the moment I am about to complete this thesis, I wish to express

General Introduction

Bacterial pathogenicity depends on the expression of numerous virulence factors and stress response ways. Besides proteins, more and more studies have established sRNA as an important role in gene regulation [START_REF] Waters | Regulatory RNAs in bacteria[END_REF] . They could majorly exert regulatory functions through base pairing with mRNA, binding to proteins and metabolites.

Staphylococcus aureus belongs to the commensal flora and is carried by 30% of healthy human beings in their nasal caves. It could also cause a large diversity of clinical infections as an opportunistic pathogen. Great concern has been aroused about this bacterium due to the appearance of serious drug-resistance [START_REF] Chambers | Waves of resistance: Staphylococcus aureus in the antibiotic era[J][END_REF] . Gene regulation in S. aureus involves a lot of coordinated regulators. One paradigm of them is RNAIII, responsible for the repression of cell-wall associated proteins and activation of transcription of several exoproteins [START_REF] Boisset | Staphylococcus aureus RNAIII coordinately represses the synthesis of virulence factors and the transcription regulator Rot by an antisense mechanism[END_REF][START_REF] Huntzinger | Staphylococcus aureus RNAIII and the endoribonuclease III coordinately regulate spa gene expression[J][END_REF][START_REF] Novick | Autoinduction and signal transduction in the regulation of staphylococcal virulence[J][END_REF] .

Recently, more than 90 sRNAs have been discovered in S. aureus through a combination of bio-informatics and experimental approaches, including newly confirmed Spr RNA and Rsa RNA [START_REF] Geissmann | A search for small noncoding RNAs in Staphylococcus aureus reveals a conserved sequence motif for regulation[J][END_REF][START_REF] Bohn | Experimental discovery of small RNAs in Staphylococcus aureus reveals a riboregulator of central metabolism[J][END_REF][START_REF] Felden | The Staphylococcus aureus RNome and Its Commitment to Virulence[J][END_REF][START_REF] Marchais | RsaOG, a new staphylococcal family of highly transcribed non-coding RNA[J][END_REF][START_REF] Pichon | Small RNA genes expressed from Staphylococcus aureus genomic and pathogenicity islands with specific expression among pathogenic strains[J][END_REF][START_REF] Beaume | Cartography of methicillin-resistant S. aureus transcripts: detection, orientation and temporal expression during growth phase and stress conditions[END_REF][START_REF] Abu-Qatouseh | Identification of differentially expressed small non-protein-coding RNAs in Staphylococcus aureus displaying both the normal and the small-colony variant phenotype[J][END_REF] . They reside either in the core S. aureus genome or on mobile elements, as single or multiple copies. Among them, RsaA to RsaK were identified by a collaborative work of our team and teams in Strasbourg and Toulouse. Our team focuses on the molecular cloning, to supply mutants and complementation strains for other teams to further study the potential targets and functions of these sRNAs. Our team also performs phenotypic and functional studies in cellular and animal models to characterize the biological functions of these ncRNAs. Until now, RsaE has been proved to down regulate numerous metabolic enzymes by blocking the formation of ribosomal initiation complex [START_REF] Geissmann | A search for small noncoding RNAs in Staphylococcus aureus reveals a conserved sequence motif for regulation[J][END_REF][START_REF] Bohn | Experimental discovery of small RNAs in Staphylococcus aureus reveals a riboregulator of central metabolism[J][END_REF] . Other functional characterization mainly surrounds their responses to simulated stresses, like pH variation, heat/cold shock, nutrient deficiency and oxidative stress. RsaA and RsaE are expressed under various stresses. RsaA is induced by alternative sigma-B factor (σ B ), while RsaE is agrA-dependant [START_REF] Geissmann | A search for small noncoding RNAs in Staphylococcus aureus reveals a conserved sequence motif for regulation[J][END_REF] .

The clinical importance of S. aureus prompted our team to investigate whether these sRNAs are expressed in such complicated host environment and how they react to various pressures from host, other co-infecting (or colonizing) bacteria and antibiotics in real clinical situations.

Last but not least, could we extend those laws obtained in vitro directly to in vivo?

The objective of my thesis is to elucidate the characteristics of 4 Rsa RNAs, namely RsaA, E, G, H, especially their expression levels under various conditions that are encountered in the human host. Firstly, besides the work on genetic construction, effects of several antibiotics on expression of these RNAs have been studied in vitro. Secondly, direct transcript analysis for these sRNAs has been done for different types of S. aureus infection or colonization.

Thirdly, we postulated that other bacteria present in the same niche in the host (i.e P. aeruginosa in bronchial specimens from cystic fibrosis patients) could interfere with S. aureus, and thereby we analyzed the sRNA expression of S. aureus in the presence of P. aeruginosa. Finally, we tried searching for potential targets of these sRNAs by several experimental techniques.

Small regulatory RNAs in bacteria

After Miescher discovered nucleic acids in 1868, it has not been considered as the major genetic material in cells until the famous Streptococcus pneumoniae conversion test conducted by Avery after 40 years [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[J][END_REF] . When the genetic central dogma was established by Crick in 1958 [START_REF] Crick | On protein synthesis[J][END_REF] , the only recognized role of RNA was to transmit the information from DNA to the functional proteins, which is to realize the transcription and translation process of genetic information. And this RNA was known as messenger RNA (mRNA) later.

However, with the graduate discovery of transfer RNA (tRNA), ribosome RNA (rRNA), a hot wave of RNA research was started. In particular, the discovery of ribozymes liberating people's thought, RNA's biological function is not limited to the transmission of genetic information any more [START_REF] Cech | RNA as an enzyme[END_REF] .

Cellular RNAs could be divided into two major groups according to their functions, protein-coding RNAs and non-protein-coding RNAs (ncRNA). The former group refers to the mRNAs, taking the classic responsibility of encoding protein synthesis, whereas the members of latter group are unexpectedly numerous, and still increase at high speed in both prokaryotic and eukaryotic cells [START_REF] Eddy | Noncoding RNA genes[J][END_REF][START_REF] Huttenhofer | RNomics: identification and function of small, non-messenger RNAs[J][END_REF] . Usually, the term small RNA -'sRNA' is predominated for bacterial ncRNAs, although other terms, such as non-messenger RNA (nmRNA) or functional RNA (fRNA), are also occasionally used. Why so large number of sRNAs exist if they are useless? People started to question that and the phrase 'RNA world' was put out [START_REF] Poole | The path from the RNA world[J][END_REF][START_REF] Jeffares | Relics from the RNA world[J][END_REF] .

Definition

Among the enormous sRNAs, some bear with house keeping functions, like 4.5S essential for forming signal recognition particle, tmRNA consisted of both tRNA and mRNA nature, tagging targets the unfinished protein for proteolysis and releases stalled ribosome, RNase P acting as a catalyst on tRNA and other RNAs. Besides house-keeping sRNAs, recent studies revealed that lots of sRNAs are capable to regulate many bacterial physiological activities, either for adapting to the changes of micro-environment or for virulence gene expression [START_REF] Liu | A broadening world of bacterial small RNAs[END_REF][START_REF] Storz | An abundance of RNA regulators[J][END_REF][START_REF] Repoila | Small regulatory non-coding RNAs in bacteria: physiology and mechanistic aspects[J][END_REF] .

Small RNAs acting as regulators are major interest, so-called 'small regulatory RNAs', which always are noted by these following features: 1) sizes of them are small, usually from 50 to 500 nt; 2) they are usually not coding for proteins; 3) they could be Hfq-dependant for facilitating the formation of duplex, such as the sRNAs in Escherichia coli [START_REF] Brennan | Hfq structure, function and ligand binding[J][END_REF][START_REF] Aiba | Mechanism of RNA silencing by Hfq-binding small RNAs[J][END_REF] ; 4) last but most important, they are recognized as regulators involved in many biological processes, controlling different steps of target gene expression [START_REF] Storz | An abundance of RNA regulators[J][END_REF] .

Classification of small regulatory RNAs

Different regulatory sRNAs have distinctive biological functions, and they could realize regulatory functions through diverse mechanisms, such as base pairing with target mRNAs (cis-or trans-acting RNA), binding to proteins, changing in their own conformation (riboswitches), interfering with DNA (CRISPR) [START_REF] Papenfort | Regulatory RNA in bacterial pathogens[END_REF][START_REF] Waters | Regulatory RNAs in bacteria[END_REF] .

Cis-encoded antisense sRNAs

Most of the discovered sRNAs regulate gene expression through base paring with target mRNAs, and they could be further classified into two categories. The cis-encoded antisense sRNAs are usually transcribed in an inverse direction with their target mRNAs, capable to base pair with them in extensive complementarity; meanwhile, trans-encoded antisense sRNAs are located in the regions distinct from the genes encoding target mRNAs, and their complementarity with targets is more limited [START_REF] Waters | Regulatory RNAs in bacteria[END_REF][START_REF] Brantl | Regulatory mechanisms employed by cis-encoded antisense RNAs[J][END_REF][START_REF] Wagner | Antisense RNAs in bacteria and their genetic elements[END_REF] .

-Plasmid encoded antisense RNAs

The majority of cis-encoded antisense sRNAs are mainly found in bacteriophages, plasmids and transposons, dedicating to control the copy number of these mobile elements [START_REF] Waters | Regulatory RNAs in bacteria[END_REF][START_REF] Brantl | Regulatory mechanisms employed by cis-encoded antisense RNAs[J][END_REF][START_REF] Wagner | Antisense RNAs in bacteria and their genetic elements[END_REF] .

They not only help prevent excessive reduction, which leads to loss of the plasmids, but also help prevent excessive replication, which may be toxic and kill the bacteria. Regulation on the plasmid replication by these sRNAs is negative. Increased copy number of these mobile elements will induce an augmentation of the related sRNA transcription, which in turn represses the replication; conversely, decreased copy number of these mobile elements will impair sRNA transcription and then promote the replication of its own [START_REF] Wagner | Kissing and RNA stability in antisense control of plasmid replication[J][END_REF] . The mechanisms for this copy number regulation include inhibition of replication primer formation and transposase translation, most well-studied examples of which are plasmids ColE1 RNA I, R1

CopA and Tn10 pOUT RNA (Figure 1-1).

ColE1, as the prototype of high copy plasmids, uses a primer RNA -RNAII to control its replication [START_REF] Eguchi | Complexes formed by complementary RNA stem-loops. Their formations, structures and interaction with ColE1 Rom protein[J][END_REF] . RNAII, synthesized by RNA polymerase, is subject to specific conformational changes that will enable it form a persistent hybrid with DNA template strand. This complex hybrid is then cleaved by RNaseH to generate a mature primer that will be used for DNA replication. On the other hand, a 108nt ColE1 antisense RNA, called RNAI, is expressed from the same region and strictly complementary to the 5' region of RNAII. The binding of RNAI and RNAII prevents the conformational change of RNAII, which then can not hybrid with DNA, thus inhibiting the replication of the plasmid [START_REF] Tomizawa | Inhibition of ColE1 RNA primer formation by a plasmid-specified small RNA[J][END_REF][START_REF] Masukata | Control of primer formation for ColE1 plasmid replication: conformational change of the primer transcript[END_REF] . During this process, a plasmid-encoded protein -Rom stabilizes the intermediate product, assisting the binding of RNAI and RNAII [START_REF] Eguchi | Complexes formed by complementary RNA stem-loops. Their formations, structures and interaction with ColE1 Rom protein[J][END_REF][START_REF] Tomizawa | Control of ColE1 plasmid replication. Interaction of Rom protein with an unstable complex formed by RNA I and RNA II[J][END_REF] (Figure 1-1A).

R1 is representatively well characterized of low-copy number entero-bacterial plasmid. Its replication requires synthesis of a cis-acting protein -RepA, whose expression controls the frequency of replication. The regulation of RepA majorly achieves at two levels: transcriptional inhibition by CopB protein and translational inhibition by CopA antisense RNA. CopA has a strict complementarity with one region of RepA mRNA (CopT). The binding between CopA and CopT blocks translation initiation of protein Tap, and then the complex formed is degraded by RNaseIII [START_REF] Wagner | Replication control in plasmid R1: duplex formation between the antisense RNA, CopA, and its target, CopT, is not required for inhibition of RepA synthesis[END_REF] . Since the 3' end of tap overlaps the RBS of repA, the translation of these two transcripts is coupled. Thus CopA -CopT interaction inhibits the translation of repA indirectly by blocking tap translation [START_REF] Malmgren | An antisense/target RNA duplex or a strong intramolecular RNA structure 5' of a translation initiation signal blocks ribosome binding: the case of plasmid R1[J][END_REF] (Figure 1-1B).

Insertion sequence IS10 is the active element in tetracycline-resistance transposon Tn10, encoding a transposase protein -Tnp. IS10 also encodes three promotors: pIN, the promoter for transposase gene tnp; pOUT, the strong promoter directing transcription outward toward the outside terminus; pIII, the weak promoter symmetrically related to pOUT [START_REF] Simons | Translational control of IS10 transposition[END_REF] . The transcript of pOUT is complementary to the 5' end of tnp mRNA transcript from pIN. The complementarity region of 36 nt includes the tnp RBS, then pIN-pOUT pairing directly blocks ribosome binding of this transposase [START_REF] Ma | The IS10 antisense RNA blocks ribosome binding at the transposase translation initiation site[J][END_REF] . This negative control prevents the accumulation of these elements in bacteria, thus beneficial for bacterial survival (Figure 1 -Chromosome encoded antisense RNAs Fewer antisense RNAs from bacterial genomes are better known compared to those from mobile genetic elements. These RNAs are only partially complementary to their targets. One portion of these sRNAs function as antitoxins repressing translation of mRNAs encoding toxic proteins or inducing their degradation [START_REF] Fozo | Small toxic proteins and the antisense RNAs that repress them[J][END_REF][START_REF] Gerdes | RNA antitoxins[J][END_REF] . There are many antitoxin sRNAs in bacterial chromosome showing homology to plasmid antitoxin sRNAs. For instance, E. coli strain K-12 has four long directed repeats (LDR) expressing one mRNA (ldr) encoding a toxic protein (LdrD) and an antisense RNA [START_REF] Kawano | Molecular characterization of long direct repeat (LDR) sequences expressing a stable mRNA encoding for a 35-amino-acid cell-killing peptide and a cis-encoded small antisense RNA in Escherichia coli[J][END_REF] . In bacterial cells, low level of toxins caused by the cis-encoded antitoxin antisense RNA system may only inhibit cell growth or induce stasis. One speculates that this may be beneficial for cells by letting them have sufficient time to self repair or adapt to stresses [START_REF] Kawano | An antisense RNA controls synthesis of an SOS-induced toxin evolved from an antitoxin[J][END_REF][START_REF] Unoson | A small SOS-induced toxin is targeted against the inner membrane in Escherichia coli[J][END_REF] .

Besides the toxin-antitoxin modules where antisense sRNAs help maintain low expression of toxin-encoding mRNAs, there is also one sRNA (GadY) which is able to increase the expression of target mRNA (gadX) [START_REF] Storz | An abundance of RNA regulators[J][END_REF][START_REF] Opdyke | GadY, a small-RNA regulator of acid response genes in Escherichia coli[J][END_REF][START_REF] Tramonti | GadX/GadW-dependent regulation of the Escherichia coli acid fitness island: transcriptional control at the gadY-gadW divergent promoters and identification of four novel 42 bp GadX/GadW-specific binding sites[J][END_REF] . During stationary phase, GadY base pairs with the 3' untranslated region of gadX mRNA and confers increased stability, which allows the GadY dependant accumulation of gadX mRNA [START_REF] Opdyke | GadY, a small-RNA regulator of acid response genes in Escherichia coli[J][END_REF] .

Recently, high-throughput techniques like deep-sequencing and tailing arrays revealed that cis-antisense RNAs are much more common. It was found that at least 25% of coding regions are transcripts also in antisense. This leads to a processing of the mRNA-antisense RNA complex by RNaseIII [START_REF] Lasa | Genome-wide antisense transcription drives mRNA processing in bacteria[J][END_REF] . However, the consequences from this mechanism are not yet well understood. Riboswitches are RNA elements situated in 5' untranslated regions (UTRs) of target mRNAs, which can adopt different conformations in response to various physiological signals. These sRNAs are usually both cis-encoded and cis-acting, however the riboswitches acting in trans do exist [START_REF] Loh | A trans-acting riboswitch controls expression of the virulence regulator PrfA in Listeria monocytogenes[END_REF] . Riboswitches could monitor uncharged tRNAs and a variety of metabolites, such as S-adenosylmethinine (SAM), thiamine pyrophosphate (TPP), flavin mononucleotide (FMN), methionine, lysine, adenine and guanine [START_REF] Smith | Riboswitch RNAs: regulation of gene expression by direct monitoring of a physiological signal[J][END_REF][START_REF] Henkin | Riboswitch RNAs: using RNA to sense cellular metabolism[END_REF][START_REF] Bastet | New insights into riboswitch regulation mechanisms[J][END_REF] . Usually they consist of two domains, an aptamer which can bind to small metabolites and a regulatory region or so called 'expression platform' that undergoes a conformational shift after the binding of one ligand.

Sequence and structure of aptamer domains are highly conserved for each class of riboswitches that sense every particular metabolite. On the contrary, expression platforms can vary in sequence and structure among riboswitches of the same class.

To date, riboswitches have been found to regulate a wide range of genes involved in metabolism, either at the level of transcription attenuation or translation initiation. Leader region of the genes regulated at transcription level contains one intrinsic transcriptional terminator (Rho-independent terminator) composed of G+C rich helix followed by a series of U residues. In the absence of metabolite, an anti-terminator allows the synthesis of mRNA.

Once the metabolite binds to the aptamer, a complete stem-loop structure is formed, and the intrinsic transcription terminator blocks the transcription elongation (Figure 1-2A). On the other hand, in the genes regulated at translation level, the binding of the metabolite causes a conformational change that makes the SD sequence inaccessible to the ribosome. Thus the translation initiation is blocked (Figure 1-2B). Although most riboswitches are found to exert negative regulation on gene expression, there are also mechanisms of positive control. For example, riboswitch of adenine prevents formation of terminator stem, thus activates transcription. In general, the control systems at the transcription termination predominate in Gram-positive bacteria with low GC%, while systems that regulate translation initiation are more common in Gram-negative and Gram-positive bacteria with high GC% [START_REF] Nudler | The riboswitch control of bacterial metabolism[J][END_REF][START_REF] Soukup | Riboswitches exert genetic control through metabolite-induced conformational change[J][END_REF] . Other novel mechanisms of riboswitches are recently recognized (Figure 1-3). For instance, in Vibrio cholerae, 5' UTR of VC1422 contains two nearly identical conserved domains.

Aptamer Expression platform

Antiterminator

After glycine binds to one domain, it will improve the binding efficiency of glycine to the other domain by 100-1000 folds [START_REF] Mandal | A glycine-dependent riboswitch that uses cooperative binding to control gene expression[END_REF] . One riboswitch residing in the leader region of the glucosamine-6-phosphate synthase gene (glmS) has been demonstrated to control mRNA processing as ribozyme. When GlcN6P bound, a self-cleavage event happens at the specific site at its 5' end, leading to repression of glmS gene [START_REF] Winkler | Control of gene expression by a natural metabolite-responsive ribozyme[END_REF][START_REF] Collins | Mechanism of mRNA destabilization by the glmS ribozyme[J][END_REF] .
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Thermosensors

To survive in host, bacteria need to response to changing environmental factors and accordingly adjust their gene expression. One major variation they face is the temperature change. RNA thermosensors are those mRNAs responding to temperature changes by altering conformations to allow or prevent binding of the ribosome to translation initiation site, thus modulate the heat-shock or cold-shock protein expression. In Listeria monocytogenes, 5' UTR of the prfA mRNA forms a secondary structure masking ribosome binding region at lower temperatures (e.g. 30°C). At human body temperature (37°C), another structure is formed where SD region is exposed, allowing the translation start [START_REF] Johansson | An RNA thermosensor controls expression of virulence genes in Listeria monocytogenes[END_REF] . In contrast, cspA mRNA in E. coli undergoes a structure rearrangement beneficial for translation activation at lower temperature (e.g. 15°C) rather than high temperature (37°C).

The structure folded at lower temperature is more stabilized as well, which in turn promotes translation [START_REF] Giuliodori | The cspA mRNA is a thermosensor that modulates translation of the cold-shock protein CspA[J][END_REF] .

Trans-acting sRNAs

Trans-acting sRNAs are antisense RNAs regulating distant target mRNAs by base pairing to them in limited complementarity. Usually identified in intergenic regions, they may down regulate target activity through inhibiting translation initiation, or induce complex degradation, or both (Figure 1-4A). They often bind to the 5' UTR of mRNAs and occlude the ribosome-binding site. Then the duplex formed are tended to be degraded by RNaseE.

For many trans-acting sRNAs, induced degradation is frequently the major contributor of their negative control on target synthesis, except for few sRNAs, such as RyhB silencing sodB mRNA and SgrS silencing ptsG mRNA in E.coli [START_REF] Morita | Translational repression is sufficient for gene silencing by bacterial small noncoding RNAs in the absence of mRNA destruction[J][END_REF] . However, positive regulation by trans-acting sRNAs also exists. An anti-antisense mechanism is adopted during the activation of target mRNA translation (Figure 1-4B). In this case, base-pairing between sRNA and mRNA could disrupt an inhibitory structure and thereby releasing the ribosome-binding site [START_REF] Urban | Two seemingly homologous noncoding RNAs act hierarchically to activate glmS mRNA translation[END_REF][START_REF] Prevost | The small RNA RyhB activates the translation of shiA mRNA encoding a permease of shikimate, a compound involved in siderophore synthesis[END_REF][START_REF] Frohlich | Activation of gene expression by small RNA[J][END_REF] . Sometimes one sRNA can both inhibit and activate target synthesis [START_REF] Frohlich | Activation of gene expression by small RNA[J][END_REF] .

Given the partial complementarity between trans-acting sRNAs and targets, the Hfq protein is usually required to facilitate RNA-RNA interactions [START_REF] Brennan | Hfq structure, function and ligand binding[J][END_REF][START_REF] Aiba | Mechanism of RNA silencing by Hfq-binding small RNAs[J][END_REF] . Hfq, originally discovered in E.

coli, has homology with Sm or Sm-like proteins in eukaryotes and archaea. Hfq mutants show various stress response related phenotypes, such as slow growth, hypersensitivity to osmotic shock and ultraviolet radiation [START_REF] Tsui | Characterization of broadly pleiotropic phenotypes caused by an hfq insertion mutation in Escherichia coli K-12[J][END_REF] . It is essential for the expression of sigma factor σ S , global regulator of many genes under stress conditions [START_REF] Muffler | The RNA-binding protein HF-I, known as a host factor for phage Qbeta RNA replication, is essential for rpoS translation in Escherichia coli[J][END_REF] . Present as a hexamer, it can bind to AU rich single-stranded RNA on the proximal side, poly (A) tail on the distal side.

This protein is revealed as a chaperone to accelerate strand exchange and annealing between sRNA and target mRNA. It may also modulate RNAs to melt inhibitory secondary structures.

On one hand, it can protect sRNAs from degradation in the absence of base pairing with mRNAs. On the other hand, after the base pairing between sRNAs and mRNAs, it may help RNasE target and degrade mRNA by forming the RNaseE-Hfq-sRNA complex [START_REF] Geissmann | Hfq, a new chaperoning role: binding to messenger RNA determines access for small RNA regulator[J][END_REF] . In addition, Hfq may also protect mRNA against degradation. For instance, it protects rpoS mRNA from hydrolysis of exoribonucleases and RNaseE by binding to its poly (A) [START_REF] Folichon | The poly(A) binding protein Hfq protects RNA from RNase E and exoribonucleolytic degradation[J][END_REF] . It has been found that until now all the characterized trans-acting sRNAs in E. coli need the presence of Hfq to exert their regulation roles on targets, however, this requirement for a chaperone protein is not universal among bacteria. For example, in S. aureus, although Hfq binds to RNAIII tightly in vitro, it has no detectable effect on RNAIII-target mRNA complex formation. Another example is VrrA RNA in Vibrio cholerae, it can repress the OmpA protein expression in Hfq mutant strains [START_REF] Song | A new Vibrio cholerae sRNA modulates colonization and affects release of outer membrane vesicles[J][END_REF] .

+sRNA

Protein-binding sRNAs

There is one class of regulatory RNAs having the ability to bind to proteins and regulate their activities. In E. coli, three protein-binding sRNAs are demonstrated to antagonize activities of their target proteins by mimicking the structures of other nucleic acids. They are CsrB sRNA modulating carbon usage related protein CsrA, GlmY sRNA targeting the YhbJ protein, and 6S RNA targeting the 70 σ -containing RNA polymerase [START_REF] Waters | Regulatory RNAs in bacteria[END_REF][START_REF] Wassarman | 6S RNA: a small RNA regulator of transcription[J][END_REF][START_REF] Babitzke | CsrB sRNA family: sequestration of RNA-binding regulatory proteins[J][END_REF][START_REF] Gorke | Noncoding RNA control of the making and breaking of sugars[END_REF] . For example, the RNA-binding protein CsrA normally base pairs with the GGA motifs in 5' UTR of target mRNAs, thus influences its stability or translation. CsrB family of sRNAs, CsrB and CsrC contain several GGA repeats which mimic the binding sites on CsrA target mRNA, and thereby sequester the CsrA from its target mRNA. Homologs of CsrB sRNA have been identified in many other bacteria where they antagonize corresponding CsrA homologs, such as the RsmZ and RsmY antagonize RsmA protein which is involved in carbon metabolism, biofilm formation, motility, virulence in P. aeruginosa [START_REF] Kay | Two GacA-dependent small RNAs modulate the quorum-sensing response in Pseudomonas aeruginosa[J][END_REF][START_REF] Lucchetti-Miganeh | The post-transcriptional regulator CsrA plays a central role in the adaptation of bacterial pathogens to different stages of infection in animal hosts[END_REF][START_REF] Burrowes | Characterisation of the regulatory RNA RsmB from Pseudomonas aeruginosa PAO1[J][END_REF] .

Worth to mention, the housekeeping sRNAs, as part of ribonucleoprotein complexes (RNPs), have also the protein-binding functions and are crucial for bacterial metabolism and adaptation to stresses. In bacteria, 4.5S RNA and Ffh protein constitute the signal recognition particle (SRP), which target polypeptides to bacterial cell membrane by a co-translational way; tmRNA binds to SmpB protein, then interacts with the translational ribosomal complexes stalled at the 3' end of truncated mRNA, followed by a proteolysis-induced tag added to the truncated protein facilitating rapid degradation for abnormal mRNA; RNase P, consisting of M1 RNA and C5 protein, has the primary role to cleave 5' end of precursor-tRNAs to produce mature 5' end tRNAs. Although many sRNAs are unveiled recently, there are still lots of sRNAs missed, because that they are only expressed under specific conditions, or some cis-encoded antisense sRNAs whose sequences are hard to distinguish from 5' UTR or 3' UTR of bacterial genomes.

Virulence gene regulation of Staphylococcus aureus

Staphylococcus aureus, a Gram-positive coccal bacterium, could be considered as a 'commensal flora' since about 20-30% of human population are long term carriers of this bacterium on skin or nasal passages [START_REF] Wertheim | The role of nasal carriage in Staphylococcus aureus infections[J][END_REF] . However, it is also a great harm to public health, The invasive S. aureus infection has a broad range of clinical presentations from bacteremia with or without primary focus to many complications, such as endocarditis, metastatic infection or sepsis syndrome. Breakthrough towards endothelial cells plays a key role during these pathogenic processes. After adherence to endothelial cells, S. aureus are phagocytized by them [START_REF] Patti | The Staphylococcus aureus collagen adhesin is a virulence determinant in experimental septic arthritis[END_REF] . Then the intracellular milieu protects bacteria from both the host defense mechanism and the bactericidal effect of antimicrobial agents. Besides, if the endovascular tissue is invaded, it will become more convenient for bacteria to spread to other tissues. pathogens, chemical toxins). Each year, the FBD resulted from bacteria contamination takes up more than two thirds of recorded outbreaks [START_REF] Loir | Staphylococcus aureus and food poisoning[J][END_REF] . Some kinds of bacteria are particularly arousing attention because of their frequency or seriousness, and S. aureus is one of them. Outcomes of infections usually depend on the complex and dynamic interactions between pathogens and host defense mechanisms. During the process of abscess formation, one of the typical S. aureus pathological representations, bacterial cells elicit a series of inflammatory responses [START_REF] Lowy | Staphylococcus aureus infections[J][END_REF] . After phagocytosis, endothelial cells express adhesion molecules (vascular-cell adhesion molecules and intercellular adhesion molecules), and release interleukin-1, 6, and 8. Then leukocytes migrate to the site of infection and adhere to these endothelial cells [START_REF] Verdrengh | Role of neutrophils in experimental septicemia and septic arthritis induced by Staphylococcus aureus[J][END_REF] . Macrophage activation occurs after the release of interferon-g by T cells. Cytokines released into bloodstream, from monocytes or macrophages, as well as endothelial cells, contribute to the manifestations of the sepsis syndrome and vasculitis associated with systemic staphylococcal disease [START_REF] Yao | Correlation of histopathologic and bacteriologic changes with cytokine expression in an experimental murine model of bacteremic Staphylococcus aureus infection[END_REF] .

Nevertheless, it has been recognized that the host immune system is like a double edged sword. When working within a proper range, it is essential to protect the host by activation of antimicrobial defenses. If overacting, a bursting swarm of cytokines are released, thus induce severe inflammatory responses which are deleterious to host. However, this uncontrolled inflammatory host response does not take the full responsibility for sepsis mortality. Depressed immune system also plays a crucial role in the prognosis of sepsis [START_REF] Van Der Poll | Host-pathogen interactions in sepsis[J][END_REF] .

Many studies have reported that leucocytes from sepsis patients may have impaired capacity to release proinflammatory cytokines [START_REF] Volk | Clinical aspects: from systemic inflammation to 'immunoparalysis[END_REF][START_REF] Munford | Normal responses to injury prevent systemic inflammation and can be immunosuppressive[J][END_REF] . And in many sepsis death cases, a large number of immune cells, such as B cells, CD4 T cells, dendritic cells, and gastrointestinal cells, are found lost because of an apoptosis-induced mechanism [START_REF] Hotchkiss | Endothelial cell apoptosis in sepsis[J][END_REF][START_REF] Hotchkiss | Sepsis-induced apoptosis causes progressive profound depletion of B and CD4+ T lymphocytes in humans[J][END_REF][START_REF] Hotchkiss | Depletion of dendritic cells, but not macrophages, in patients with sepsis[J][END_REF] .

Various virulence factors

A large number of virulence factors are encoded on the S. aureus core genome and mobile genetic elements, such as surface proteins, exotoxins (Figure 12345) and extracellular enzymes.

They participate in the different steps of staphylococcal infection (adhesion, invasion and escape from host defense) and are responsible for the diversity of diseases.

Figure 1-5 Structure of S. aureus [START_REF] Lowy | Staphylococcus aureus infections[J][END_REF] . A. Surface proteins and secreted proteins: surface proteins (also called cell wall-associated proteins) are expressed in early exponential phase whereas the synthesis of secreted proteins (also called exoproteins) is activated in the post-exponential and stationary phase; B. the cross section of cell envelope; C. the typical constitution of clumping factor, like other surface proteins.

Capsule and cell wall

Capsule and cell wall are two important structures in pathogenesis of S. aureus. Up to now, 11 capsular polysaccharide types have been identified in this pathogen, most common ones causing human infection are type 5 and type 8 [START_REF] Lowy | Staphylococcus aureus infections[J][END_REF][START_REF] Robbins | Staphylococcus aureus types 5 and 8 capsular polysaccharide-protein conjugate vaccines[J][END_REF] . Capsule can not only counterwork phagocytosis, but also promote biofilm constitution and abscess formation [START_REF] Lowy | Staphylococcus aureus infections[J][END_REF][START_REF] O'riordan | Staphylococcus aureus capsular polysaccharides[J][END_REF] . S. aureus has a typical Gram-positive bacterial cell wall composed of many layers of peptidoglycan and teichoic acids, which dedicate to maintain bacterial integrity and mediate evasion of host immune system. For instance, peptidoglycan may covalently link adhesive proteins, whereas lipoteichoic acids play an important role in adhesion and colonization through their hydrophobic part [START_REF] Patti | The Staphylococcus aureus collagen adhesin is a virulence determinant in experimental septic arthritis[END_REF][START_REF] Carruthers | Mediation of staphylococcal adherence to mucosal cells by lipoteichoic acid[J][END_REF] . In a rabbit model of endocarditis, the cell wall teichoic acids deficient mutants have been demonstrated to have reduced interactions with endothelial cells [START_REF] Weidenmaier | Lack of wall teichoic acids in Staphylococcus aureus leads to reduced interactions with endothelial cells and to attenuated virulence in a rabbit model of endocarditis[J][END_REF] .

Surface proteins -MSCRAMMs

Many staphylococcal surface proteins are those cell wall-anchored proteins with certain structure features. They majorly consist of a long signal sequence at N terminal, and a hydrophobic membrane-spanning domain and a cell-wall anchoring region at C terminal [START_REF] Lowy | Staphylococcus aureus infections[J][END_REF] .

Some of these surface proteins could function as adhesions to initiate colonization by adhering to components of extracellular matrix (ECM) of host, so named as 'Microbial Surface Components Recognizing Adhesive Matrix Molecules' -MSCRAMMs [START_REF] Patti | MSCRAMM-mediated adherence of microorganisms to host tissues[J][END_REF] .

MSCRAMMs, secreted via the Sec system, are associated with the peptidoglycan by covalent bonds. Its signal peptide (S) N-terminal position allows the addressing of the protein neo-synthesized at the plasma membrane. C-terminal hydrophobic regions are W and M, separated by the consensus sequence LPXTG (Leu-Pro-X-Thr-Gly). The M-rich region positively charged amino acids corresponds to a region in the cytoplasmic membrane anchor (Figure 123456). The LPXTG motif is the target of the enzyme sortase, whose role is to anchor the protein adhesin to the cell wall peptidoglycan by a transpeptidation mechanism. The sortase can cleave between threonine and glycine residues of the LPXTG motif and catalyzes the formation of an amide bond between the carboxyl group of threonine and the amino group of the molecules of the wall peptidoglycan [START_REF] Schneewind | Structure of the cell wall anchor of surface proteins in Staphylococcus aureus[END_REF][START_REF] Ton-That | Anchor structure of staphylococcal surface proteins. A branched peptide that links the carboxyl terminus of proteins to the cell wall[J][END_REF][START_REF] Mazmanian | Staphylococcus aureus sortase, an enzyme that anchors surface proteins to the cell wall[END_REF] . . "S" represents the signal sequence, "A" corresponds to the fibrinogen-binding domain, "R" and "D" are involved in binding to fibronectin, the functions of the regions "B" and "C" are unknown, "W" represents the wall-spanning region, "M" represents the membrane-spanning region and positively charged residues. The position of the LPXTG motif is indicated.

More than 20 members of MSCRAMMs have been identified until now, and the most well-studied models are still the fibronectin binding proteins (FnBPA and FnBPB), collagen binding proteins (Cna), fibrinogen binding proteins (clumping factors, ClfA and ClfB) [START_REF] Jonsson | Two different genes encode fibronectin binding proteins in Staphylococcus aureus. The complete nucleotide sequence and characterization of the second gene[J][END_REF][START_REF] Switalski | Isolation and characterization of a putative collagen receptor from Staphylococcus aureus strain Cowan 1[J][END_REF][START_REF] Mcdevitt | Molecular characterization of the clumping factor (fibrinogen receptor) of Staphylococcus aureus[J][END_REF][START_REF] Ni Eidhin | Clumping factor B (ClfB), a new surface-located fibrinogen-binding adhesin of Staphylococcus aureus[J][END_REF][START_REF] Joh | Role of fibronectin-binding MSCRAMMs in bacterial adherence and entry into mammalian cells[J][END_REF] . However, studies about other surface proteins have also advanced. For example, Serine-aspartate repeat proteins (Sdr) are similar structured with ClfA and ClfB, just different in including an additional region of B repeats between the A-domain and R-domain, and thereby have the same fibrinogen-binding ability [START_REF] Josefsson | Three new members of the serine-aspartate repeat protein multigene family of Staphylococcus aureus[END_REF] . Iron-regulated surface determinant (Isd) can be expressed by S. aureus in iron limited conditions. IsdA is able to adhere to a range of host proteins, such as loricrin and cytokeration K10, whereas IsdB interacts with platelet through directly binding to integrin GPIIb / IIIa [START_REF] Clarke | IsdA of Staphylococcus aureus is a broad spectrum, iron-regulated adhesin[J][END_REF][START_REF] Clarke | Iron-regulated surface determinant protein A mediates adhesion of Staphylococcus aureus to human corneocyte envelope proteins[END_REF][START_REF] Miajlovic | Direct interaction of iron-regulated surface determinant IsdB of Staphylococcus aureus with the GPIIb/IIIa receptor on platelets[END_REF] .

-Protein A Protein A (Spa) is a major surface protein of S. aureus, which is primarily known for its capacity to bind to Fc region of immunoglobulin G. Lately it is referred to as pleiotropic virulence factor, due to its multiple roles in the interaction with the host during infection.

Structure organization of this 42-kDa protein has a specific feature, which is a tandem repeat of five homologous domains (E, D, A, B and C) following the N-terminal signal sequence (Figure 1-7A). Polymorphism in the region W, upstream of the LPXTG motif, consists of a repeating pattern of eight residues. The sequence and number of repetition of this pattern are now used as an epidemiological marker [START_REF] Ruppitsch | Classifying spa types in complexes improves interpretation of typing results for methicillin-resistant Staphylococcus aureus[J][END_REF] . The extracellular domains (E, D, A, B or C) are responsible for binding to the Fc region of immunoglobulin G or binding to the Fab variable regions of immunoglobulin M [START_REF] Graille | Crystal structure of a Staphylococcus aureus protein A domain complexed with the Fab fragment of a human IgM antibody: structural basis for recognition of B-cell receptors and superantigen activity[J][END_REF][START_REF] Gouda | NMR study of the interaction between the B domain of staphylococcal protein A and the Fc portion of immunoglobulin G[END_REF] . The crystal structure of complex Spa-IgM has shown that the helices II and III of Spa domain D interacts directly with VH3 region of IgM. And the residues responsible for Fab binding are separate from those mediating Fc binding (Figure 1-7B) [START_REF] Graille | Crystal structure of a Staphylococcus aureus protein A domain complexed with the Fab fragment of a human IgM antibody: structural basis for recognition of B-cell receptors and superantigen activity[J][END_REF] . In addition to its capacity of binding to immunoglobulins, Spa can activate complement [START_REF] Espersen | Complement activation by clumping factor and protein A from Staphylococcus aureus strain E 2371[J][END_REF] .

It can also act as an activator of the immune response by its ability to bind to TNFR1, the receptor of TNFα. This interaction is particularly important in respiratory infections such as pneumonia, where the TNFα is essential in the signaling of the infection in respiratory epithelium. Moreover, Spa plays a role in staph-associated endocarditis by binding to von Willebrand factor, the plasma glycoprotein involved in platelet adhesion to injured vascular endothelium [START_REF] Hartleib | Protein A is the von Willebrand factor binding protein on Staphylococcus aureus[END_REF] . And these are the same amino acids involved in binding to von Willebrand factor and Fc fragments of IgG [START_REF] O'seaghdha | Staphylococcus aureus protein A binding to von Willebrand factor A1 domain is mediated by conserved IgG binding regions[J][END_REF] . Spa may also interact directly with osteoblasts, preventing proliferation and inducing apoptosis, to accelerate bone weakening in osteomyelitis [START_REF] Claro | Staphylococcus aureus protein A binds to osteoblasts and triggers signals that weaken bone in osteomyelitis[END_REF] .

-Coagulase and SERAMs

Coagulase is a protein of 60 kDa useful for detection of different staphylococcus isolates, which is always positive for S. aureus. It possesses a conserved region with multiple domain repeats and an N-terminal binding domain of prothrombin. The complex formation between coagulase and prothrombin is called staphylothrombine, causing the polymerization of fibrinogen to fibrin, and then leading to thrombus formation [START_REF] Kawabata | Staphylocoagulase-binding region in human prothrombin[J][END_REF] . Its C-terminal domain is demonstrated to be involved in the bacterial adherence to immobilized platelets by using phage display assays [START_REF] Heilmann | Platelet-binding domains in 2 fibrinogen-binding proteins of Staphylococcus aureus identified by phage display[J][END_REF] .

Coagulase belongs to the family of 'Secretable expanded Repertoire Adhesive Molecules' -SERAMs. This family also includes Eap -"extracellular adherence protein", Emp -"extracellular matrix binding protein" and Efb -"extracellular fibrinogen binding protein".

No significant homology in structure has been shared among these bacterial proteins, but they do have common functions, which may be illustrated as i) binding to host proteins to mediate bacterial adhesion, and ii) binding to a broad array of host ligands to interfere with host defense mechanisms [START_REF] Chavakis | Staphylococcus aureus interactions with the endothelium: the role of bacterial "secretable expanded repertoire adhesive molecules" (SERAM) in disturbing host defense systems[END_REF] .

SERAMs are fixed by non-covalent bonds to proteins of the extracellular matrix such as fibrinogen, fibronectin, prothrombin, collagen, laminin, sialoprotein, elastin, or vitronectin [START_REF] Chavakis | Staphylococcus aureus interactions with the endothelium: the role of bacterial "secretable expanded repertoire adhesive molecules" (SERAM) in disturbing host defense systems[END_REF] . These bonds could be either hydrophobic, such as Emp (composed of 25% hydrophobic residues) with lipoteichoic acid, or electrostatic, such as Emp and Eap (cationic) interact with the negatively-charged compounds of the wall. Finally, these adhesins may be recognized by receptors on the surface of the bacterium [START_REF] Hussain | Identification and characterization of a novel 38.5-kilodalton cell surface protein of Staphylococcus aureus with extended-spectrum binding activity for extracellular matrix and plasma proteins[END_REF] .

Except from their functions as adhesins, interaction of these molecules and host components permit them possess immunomodulatory properties. They are involved in the pathogenesis of endo-and extra-vascular staphylococcal diseases [START_REF] Chavakis | Staphylococcus aureus interactions with the endothelium: the role of bacterial "secretable expanded repertoire adhesive molecules" (SERAM) in disturbing host defense systems[END_REF] . Eap favors the internalization of the bacteria into eukaryotic cells [START_REF] Haggar | Extracellular adherence protein from Staphylococcus aureus enhances internalization into eukaryotic cells[END_REF] , and adherence to the degradation products of ECM. S.

aureus binds preferentially to the damaged tissues, and masks the receptors of leukocytes limiting their infiltration. On one hand, Eap may activate the secretion of proinflammatory cytokines, such as IL-6 and TNF-α , from CD14 leukocytes [START_REF] Scriba | The Staphyloccous aureus Eap protein activates expression of proinflammatory cytokines[END_REF] . On the other hand, it can reduce leukocyte recruitment and T cell proliferation and response in vitro [START_REF] Chavakis | Staphylococcus aureus extracellular adherence protein serves as anti-inflammatory factor by inhibiting the recruitment of host leukocytes[END_REF][START_REF] Wang | Extracellular adherence protein of Staphylococcus aureus suppresses disease by inhibiting T-cell recruitment in a mouse model of psoriasis[J][END_REF] . Efb binds to the complement fragment C3, and prevents its activation and opsonization [START_REF] Lee | Inhibition of complement activation by a secreted Staphylococcus aureus protein[J][END_REF] . Efb also interacts with platelets, either indirectly by binding to fibrinogen or directly via the receptors GPIIb / IIIa. This interaction inhibits platelet aggregation [START_REF] Shannon | Extracellular fibrinogen binding protein, Efb, from Staphylococcus aureus binds to platelets and inhibits platelet aggregation[END_REF] . Interaction between Efb and host fibrinogen blocks the fibrinogen-driven leukocyte adherence [START_REF] Ko | Binding of Efb from Staphylococcus aureus to fibrinogen blocks neutrophil adherence[J][END_REF] .

1.2.2.3 Toxins 1.2.

Membrane-damaging toxins

These toxins destroy target cells either through the formation of membrane channels allowing free access of ions, or destabilize the membrane structures through enzymatic action.

-Alpha hemolysin (α-toxin)

Alpha toxin, encoded by the hla gene, represents the archetype of membrane-damaging toxins. This toxin is secreted as monomers, which are grouped into a lytic heptamer in the plasma membrane of target cells such as erythrocytes, lymphocytes, platelets, keratinocytes and human fibroblasts [START_REF] Song | Structure of staphylococcal alpha-hemolysin, a heptameric transmembrane pore[END_REF][START_REF] Bhakdi | Alpha-toxin of Staphylococcus aureus[J][END_REF] . Molecular components of target cells then leak through the pore formed under osmotic pressure. Erythrocytes from some species (e.g. rabbit) are more susceptible than others (e.g. human) [START_REF] Hildebrand | Staphylococcus aureus alpha-toxin. Dual mechanism of binding to target cells[J][END_REF] . In one species certain cell types are preferentially attacked by α-toxins, such as human platelets and monocytes [START_REF] Bhakdi | Release of interleukin-1 beta associated with potent cytocidal action of staphylococcal alpha-toxin on human monocytes[END_REF] .

Expression of α-toxin is repressed in the early exponential growth of bacteria by transcription factors SarT and SarS [START_REF] Cheung | SarS, a SarA homolog repressible by agr, is an activator of protein A synthesis in Staphylococcus aureus[END_REF][START_REF] Schmidt | SarT, a repressor of alpha-hemolysin in Staphylococcus aureus[END_REF] . Two-component systems Agr, Sae, and transcription factor SarA can activate the transcription of hla in the late exponential phase [START_REF] Chan | Role of SarA in virulence determinant production and environmental signal transduction in Staphylococcus aureus[J][END_REF][START_REF] Novick | Synthesis of staphylococcal virulence factors is controlled by a regulatory RNA molecule[END_REF][START_REF] Giraudo | The sae locus of Staphylococcus aureus controls exoprotein synthesis at the transcriptional level[J][END_REF] , simultaneously RNAIII (effector of Agr system ) can activate the translation of hla mRNA [START_REF] Morfeldt | Activation of alpha-toxin translation in Staphylococcus aureus by the trans-encoded antisense RNA, RNAIII[J][END_REF] .

-Beta hemolysin (β-toxin)

Beta toxin is produced by most isolates of S. aureus, causing a partial hemolysis on sheep blood agar at 37°C. However, this halo of hemolysis increases significantly at 4°C, hence the name of hemolysis "hot-cold". It acts as a phospholipase C, which has specific sphingomyelinase activity in the outer phospholipid membrane layer of erythrocytes.

Efficiency of their hemolysis functions on erythrocytes of different species depends on the content of their sphingomyelin. Sheep erythrocytes are more sensitive than those of rabbits.

This toxin is usually produced in post-exponential growth in vitro and totally repressed in early-exponential growth [START_REF] Dinges | Exotoxins of Staphylococcus aureus[J][END_REF] . Viability of human polymorphonuclear leukocytes and lymphocytes could be reduced by β-toxin [START_REF] Marshall | Characterization of Staphylococcus aureus beta-toxin induced leukotoxicity[J][END_REF] .

-Delta hemolysin (δ-toxin)

Delta toxin is a small peptide of 26 amino acids, presented as an alpha helix with hydrophobic domains [START_REF] Janzon | Identification and nucleotide sequence of the delta-lysin gene, hld, adjacent to the accessory gene regulator (agr) of Staphylococcus aureus[J][END_REF] . With this structural feature, it can readily insert itself into hydrophobic membrane structures and form an ion channel. Produced by 97% of S. aureus isolates, δ-toxin is able to target different cell types. This toxin, encoded by RNAIII, is expressed maximum at the end of exponential growth phase and self controlled by the Agr system [START_REF] Dinges | Exotoxins of Staphylococcus aureus[J][END_REF] .

-Bi-component synergohymenotropic cytolysin Gamma hemolysin (γ-toxin) and Panton Valentine leukocidin (PVL) are pore-forming toxins consisting of two separate components, S for "slow" and F for "fast", so named according to their elution rate in ion exchange column. They act synergistically on cell membranes.

Component S binds primarily to the surface of target cells and then a secondary interaction of component F leads to membrane permeabilization [START_REF] Miles | Assembly of the Bi-component leukocidin pore examined by truncation mutagenesis[J][END_REF] . γ-toxin is produced by nearly all strains of S. aureus, while PVL is produced only by 2% -3% of the strains. Studies revealed that γ-toxin and PVL may share a conserved three dimensional structure with α-toxin, constituting the beta-barrel membrane protein folding, although they are different in sequence [START_REF] Montoya | Beta-barrel membrane protein folding and structure viewed through the lens of alpha-hemolysin[J][END_REF][START_REF] Gouaux | alpha-Hemolysin, gamma-hemolysin, and leukocidin from Staphylococcus aureus: distant in sequence but similar in structure[END_REF] . Another two-component toxin called LukDE has also been characterized, which has a dermonecrotic activity but no hemolytic and poorly leucotoxic compared to other leucotoxins of S. aureus [START_REF] Gravet | Characterization of a novel structural member, LukE-LukD, of the bi-component staphylococcal leucotoxins family[J][END_REF] .

1) Gamma hemolysin (γ-toxin)

Gamma toxin was first isolated from S. aureus 5R Smith strain, which has high γ-toxin productivity and free from α-, β-and δ-toxins. Gamma hemolysis is not observable on blood agar plates as result of the inhibitory influence of agar on γ-toxin [START_REF] Prevost | Epidemiological data on Staphylococcus aureus strains producing synergohymenotropic toxins[J][END_REF] . This toxin is composed of two distinct water-soluble protein elements S and F [START_REF] Dinges | Exotoxins of Staphylococcus aureus[J][END_REF] . These elements are derived from 3 hlg genes, two of which encode S (hlgA and hlgC) and one (hlgB) encodes F.

Active cytotoxic function of γ-toxin is based on the synergistic combination of components S and F. It can target erythrocytes from human and many other mammalian species, and leukocytes as well. Expression of HlgB and HlgC is activated by SarA and Agr, whereas

HlgA is the least expressed compared to the other two proteins and is not regulated by Agr [START_REF] Bronner | Variable expressions of Staphylococcus aureus bicomponent leucotoxins semiquantified by competitive reverse transcription-PCR[J][END_REF] . The Sae system can positively regulate the expression of Hlg proteins in S. aureus 5R Smith strain, independent of Agr and SarA [START_REF] Yamazaki | Expression of gamma-hemolysin regulated by sae in Staphylococcus aureus strain Smith 5R[J][END_REF] .

2) Panton Valentine Leucocidin (PVL)

PVL, encoded by two contiguous and cotranscribed genes -lukF-PV and lukS-PV, is involved in chronic furunculosis and necrotizing pneumonia [START_REF] Lina | Involvement of Panton-Valentine leukocidin-producing Staphylococcus aureus in primary skin infections and pneumonia[J][END_REF][START_REF] Gillet | Association between Staphylococcus aureus strains carrying gene for Panton-Valentine leukocidin and highly lethal necrotising pneumonia in young immunocompetent patients[END_REF] . It can be associated with virtually all the community-acquired methicillin-resistant S. aureus (CA-MRSA) strains that cause soft-tissue infections [START_REF] Boyle-Vavra | Community-acquired methicillin-resistant Staphylococcus aureus: the role of Panton-Valentine leukocidin[J][END_REF] . The pvl genes are found on the genome of several different phages, i.e. ФPVL, Ф108PVL, ФSLT, ФSa2958, ФSa2MW and ФSa2USA [START_REF] Kaneko | Complete nucleotide sequence and molecular characterization of the temperate staphylococcal bacteriophage phiPVL carrying Panton-Valentine leukocidin genes[END_REF][START_REF] Narita | Phage conversion of Panton-Valentine leukocidin in Staphylococcus aureus: molecular analysis of a PVL-converting phage, phiSLT[END_REF][START_REF] Kaneko | Bacterial two-component and hetero-heptameric pore-forming cytolytic toxins: structures, pore-forming mechanism, and organization of the genes[J][END_REF][START_REF] Ma | Two different Panton-Valentine leukocidin phage lineages predominate in Japan[J][END_REF] .

There is 20% to 27% sequence homology between the two PVL protein compounds LukS-PV and LukF-PV. The two components are secreted separately and then assemble into octamer on the surface of target cells, leading to the formation of a β-barrel molecular complex and creating a pore. In vitro, PVL induces the lysis of several cell types involved in host defense such as neutrophils, monocytes, and macrophages. However, PVL is not hemolytic [START_REF] Kaneko | Bacterial two-component and hetero-heptameric pore-forming cytolytic toxins: structures, pore-forming mechanism, and organization of the genes[J][END_REF] . High concentration (200 nM) of PVL induces polymorphonuclear cell (PMN)

necrosis by activation of calcium channels and osmotic leakage from the cytosol. Conversely low concentration (10 nM) of PVL induces the formation of pores in the mitochondrial membrane, and thereby cell apoptosis [START_REF] Genestier | Staphylococcus aureus Panton-Valentine leukocidin directly targets mitochondria and induces Bax-independent apoptosis of human neutrophils[J][END_REF] . Expression of LukS-PV and LukF-PV could be positively controlled by SarA, Agr and SaeRS systems, negatively regulated by Rot [START_REF] Bronner | Variable expressions of Staphylococcus aureus bicomponent leucotoxins semiquantified by competitive reverse transcription-PCR[J][END_REF][START_REF] Montgomery | Importance of the global regulators Agr and SaeRS in the pathogenesis of CA-MRSA USA300 infection[J][END_REF][START_REF] Dumitrescu | Beta-lactams interfering with PBP1 induce Panton-Valentine leukocidin expression by triggering SarA and rot global regulators of Staphylococcus aureus[END_REF] .

SarA and Rot are essential regulators for the inducing effect of beta-lactams on PVL production [START_REF] Dumitrescu | Beta-lactams interfering with PBP1 induce Panton-Valentine leukocidin expression by triggering SarA and rot global regulators of Staphylococcus aureus[END_REF] .

Superantigenic toxin

Superantigens are one class of highly immuno-stimulatory molecules, which bind first to MHC class II then coordinate with T-cell receptors, thus induce profound T cell activation and massive cytokines release. Staphylococcal superantigens include the toxic shock syndrome toxin-1 (TSST-1) and enterotoxins (SEs), genes of which are all located on mobile genetic elements. To date, more than twenty different enterotoxins have been described and named following the alphabet letter, such as SEA to SEE and SEG to SEV [START_REF] Larkin | Staphylococcus aureus: the toxic presence of a pathogen extraordinaire[J][END_REF][START_REF] Thomas | Staphylococcal enterotoxin-like toxins U2 and V, two new staphylococcal superantigens arising from recombination within the enterotoxin gene cluster[END_REF] . Five of these enterotoxins (SEG, SEI, SEM, SEN, SEO) are encoded in the same operon, thereby this gene locus is called enterotoxin gene cluster (egc) [START_REF] Holtfreter | Staphylococcal superantigens: do they play a role in sepsis?[J][END_REF] . SEs, heat stable, frequently target the mucosal cells of gastrointestinal tract and are responsible for food poisoning. As superantigenic toxins, TSST-1 and some enterotoxins can stimulate non-specific T-cell proliferation and are involved in the onset of toxic shock syndrome. Very low concentrations of these superantigenic toxins (0.1 pg/ml) can activate T-cell proliferation in an uncontrolled manner resulting the occurrence of toxic shock [START_REF] Proft | Bacterial superantigens[J][END_REF] . SEs have also a potential role in allergic respiratory diseases [START_REF] Pastacaldi | Staphylococci and staphylococcal superantigens in asthma and rhinitis: a systematic review and meta-analysis[END_REF][START_REF] Ortega | Multiple Roles of Staphylococcus aureus Enterotoxins: Pathogenicity, Superantigenic Activity, and Correlation to Antibiotic Resistance[END_REF] . In vitro, the Agr system can upregulate the synthesis of these superantigenic toxins, such as SEB, SEC, SED and TSST-1. Only the expression of SEA is constitutive, independent of Agr [START_REF] Novick | Synthesis of staphylococcal virulence factors is controlled by a regulatory RNA molecule[END_REF][START_REF] Tseng | Accessory gene regulator control of staphyloccoccal enterotoxin d gene expression[J][END_REF] .

Exfoliative toxins

The highly contagious, blistering S. aureus skin infections -bullous impetigo and staphylococcal scalded-skin syndrome (SSSS) are caused by the staphylococcal exofoliative toxins (ETs). Currently, there are four exfoliative toxins (ETA-ETD) have been described, among which ETA and ETB are the two major isoforms responsible for human disease.

Crystal structure of ETs has indicated that they are serine proteases that become active once binding to specific receptor -desmoglein (Dsg1) [START_REF] Hanakawa | Mechanisms of blister formation by staphylococcal toxins[J][END_REF] . These toxins act by membrane-tropic intra-epidermal cleavage of Dsg1 between the stratum spinosum (spinous layer) and stratum granulosum (granular layer) of keratinocytes, causing disruption of intercellular adhesion and formation of blisters [START_REF] Nishifuji | Staphylococcal exfoliative toxins: "molecular scissors" of bacteria that attack the cutaneous defense barrier in mammals[J][END_REF][START_REF] Ladhani | Understanding the mechanism of action of the exfoliative toxins of Staphylococcus aureus[J][END_REF] . Like most other exotoxins in S. aureus, synthesis of ETs is induced by the Agr system [START_REF] Novick | Autoinduction and signal transduction in the regulation of staphylococcal virulence[J][END_REF] .

Enzymes

S. aureus is capable of producing various enzymes that aid the extension of infection from

the initial site to adjoining tissues, such as proteases, lipases, and hyaluronidase, which will degrade the connective tissue [START_REF] Lowy | Staphylococcus aureus infections[J][END_REF][START_REF] Foster | Immune evasion by staphylococci[J][END_REF] .

Proteases

S. aureus produces three major catalytic classes of extracellular proteases -metalloprotease named aureolysin (Aur), serine protease (SspA) and popain-like cysteine protease [START_REF] Dubin | Extracellular proteases of Staphylococcus spp[END_REF] . In the third class, there are two cysteine proteases that have been characterized and referred to as staphopain A (ScpA) and staphopain B (SspB). These two cysteine proteases, both of 20 kDa, have almost identical three-dimensional structures, despite their limited similarity in sequence. Serine protease (SspA) and cysteine protease staphopain B (SspB) are translated from the same mRNA [START_REF] Rice | Description of staphylococcus serine protease (ssp) operon in Staphylococcus aureus and nonpolar inactivation of sspA-encoded serine protease[END_REF] . All these proteases are secreted in an inactive form and undergo cascade-like activation before exercise of their roles in bacterial adhesion. Aur is responsible for a proteolytic cleavage of clumping factor B (ClfB) [START_REF] Mcaleese | Loss of clumping factor B fibrinogen binding activity by Staphylococcus aureus involves cessation of transcription, shedding and cleavage by metalloprotease[J][END_REF] . SspA, requiring Aur to be activated, is found to decrease the release of cell-bound fibronectin binding proteins (FnBPs) and protein A [START_REF] Karlsson | Decreased amounts of cell wall-associated protein A and fibronectin-binding proteins in Staphylococcus aureus sarA mutants due to up-regulation of extracellular proteases[END_REF] . Both two staphopains can degrade the fibrinogen and prolong the thrombin time, however SspB is more efficient than ScpA [START_REF] Ohbayashi | Degradation of fibrinogen and collagen by staphopains, cysteine proteases released from Staphylococcus aureus[END_REF] . The in vitro studies have demonstrated that ScpA and SspB can not only disturb clotting and kinin systems and destruct connective tissue, but also interact with host immune cells directly [START_REF] Kantyka | Papain-like proteases of Staphylococcus aureus[J][END_REF] .

Transcription of these proteases is activated by Agr, yet repressed by SarA [START_REF] Shaw | The role and regulation of the extracellular proteases of Staphylococcus aureus[END_REF] , so that the proteases are mainly produced during the post-exponential growth phase. Sigma B factor plays a negative control on their transcription [START_REF] Karlsson-Kanth | Natural human isolates of Staphylococcus aureus selected for high production of proteases and alpha-hemolysin are sigmaB deficient[J][END_REF] . In addition, MgrA, SaeRS, SarR, SarV and ArlRS systems are also involved in the synthesis of these proteases [START_REF] Fournier | The two-component system ArlS-ArlR is a regulator of virulence gene expression in Staphylococcus aureus[J][END_REF][START_REF] Ingavale | Rat/MgrA, a regulator of autolysis, is a regulator of virulence genes in Staphylococcus aureus[END_REF][START_REF] Luong | Mgr, a novel global regulator in Staphylococcus aureus[J][END_REF][START_REF] Manna | Identification of sarV (SA2062), a new transcriptional regulator, is repressed by SarA and MgrA (SA0641) and involved in the regulation of autolysis in Staphylococcus aureus[J][END_REF][START_REF] Novick | The staphylococcal saeRS system coordinates environmental signals with agr quorum sensing[END_REF] . Rot can inhibit the transcription of these proteases by binding at their promotors. The positive control on Aur and SspA by Agr system is mainly due to its counteraction towards Rot [START_REF] Oscarsson | Coordinated and differential control of aureolysin (aur) and serine protease (sspA) transcription in Staphylococcus aureus by sarA, rot and agr (RNAIII)[J][END_REF] . By binding with staphylokinase, the bactericidal properties of α-defensins are abolished [START_REF] Bokarewa | Staphylococcus aureus: Staphylokinase[J][END_REF] .

Staphylokinase also has the property of cleaving IgG and complement C3b fragment that can bind to the bacterial cell wall to prevent phagocytosis [START_REF] Foster | Immune evasion by staphylococci[J][END_REF] .

Other extracellular enzymes

Apart from the enzymes described above, certain S. aureus can also express lipase and fatty acid modifying enzyme (FAME). The FAME is an esterifying enzyme, which inactivates bactericidal lipids [START_REF] Kapral | The esterification of fatty acids by Staphylococcus aureus fatty acid modifying enzyme (FAME) and its inhibition by glycerides[J][END_REF] . Together with lipase, FAME can overcome the inhibition by glycerides, and negate the bactericidal activity of lipids in lesions [START_REF] Long | The production of fatty acid modifying enzyme (FAME) and lipase by various staphylococcal species[J][END_REF] . Therefore, they both have a role in prolonging bacterial survival in lesions and abscess formation.

Regulaton systems

As described above, the pathogenicity of S. aureus is determined by the coordinated expression of various virulence factors, which is controlled through the network of different regulatory factors. These factors can either act directly on target genes (usually the promoters), or act via other factors in a cooperative way. They are sensitive to environmental signals and their regulation always depends on certain growth phase or nutritional conditions.

To date, there are many regulatory systems that have been proven important in S. aureus, such as the two-component signal transduction systems (i.e. Agr, SaeRS, SrrAB, ArlSR, LytRS and WalKR), and transcriptional factors (i.e. Sar, Rot, MgrA and sigmaB) [START_REF] Novick | Autoinduction and signal transduction in the regulation of staphylococcal virulence[J][END_REF][START_REF] Bronner | Regulation of virulence determinants in Staphylococcus aureus: complexity and applications[J][END_REF] . The diagram describing the complex relationship among these regulators, which have been found so far, is shown below (Figure 12345678). which is also part of response regulator. TCSs are ubiquitous in bacteria, also in archaea, fungi, yeast and some plants, however none of them found in mammals. Among different bacterial species, these TCSs have large sequence or structural homology [START_REF] Barrett | Two-component signal transduction as a target for microbial anti-infective therapy[J][END_REF][START_REF] Perry | Receptor domains of two-component signal transduction systems[END_REF] .

In S. aureus, there have been more than sixteen potential TCSs identified [START_REF] Kawada-Matsuo | Role of two-component systems in the resistance of Staphylococcus aureus to antibacterial agents[J][END_REF][START_REF] Cheung | Regulation of virulence determinants in vitro and in vivo in Staphylococcus aureus[J][END_REF] , and six well-studied systems among which are Agr, SaeRS, SrrAB, ArlRS, LytRS and WalKR. -Organization of agr system (basis of an autoactivation circuit)

The agr system contains two divergent transcription units, driven by promoters P2 and P3 respectively [START_REF] Ji | Cell density control of staphylococcal virulence mediated by an octapeptide pheromone[J][END_REF][START_REF] Lina | Transmembrane topology and histidine protein kinase activity of AgrC, the agr signal receptor in Staphylococcus aureus[J][END_REF] . The P2 operon consists of four genes -agrB, agrD, agrC and agrA.

AgrA and C form a classical two component module, whereas AgrB and D together complement the QS system and allow for the generation of a self-inducing ligand [START_REF] Novick | Quorum sensing in staphylococci[J][END_REF] . This ligand (also called autoinducing peptide, AIP) contains a thiolactone macrocycle formed between the cysteine sulfhydryl group and the α-carboxylate. It binds to the N-terminal transmembrane domain of AgrC that in turn binds to the response regulator -AgrA, whose activation then upregulates its own promoter P2, as well as the promoter P3 [START_REF] Lina | Transmembrane topology and histidine protein kinase activity of AgrC, the agr signal receptor in Staphylococcus aureus[J][END_REF][START_REF] Novick | The agr P2 operon: an autocatalytic sensory transduction system in Staphylococcus aureus[J][END_REF] . In brief, this is a positive feedback regulation (Figure 123456789). Another fruit of this signal transduction system is that its P3 operon transcribes a 514 nt RNA molecule -RNAIII, which is responsible for post-transcriptionally regulating expression of various virulence factors [START_REF] Novick | Synthesis of staphylococcal virulence factors is controlled by a regulatory RNA molecule[END_REF] .

-Genetic variability of the agr locus

In S. aureus, the variable regions of genes agrB, agrD and agrC result in at least four agr specifity groups -AgrI, II, III and IV [START_REF] Dufour | High genetic variability of the agr locus in Staphylococcus species[J][END_REF][START_REF] Jarraud | Relationships between Staphylococcus aureus genetic background, virulence factors, agr groups (alleles), and human disease[J][END_REF] . Within a group, each strain produces a peptide capable of activating the Agr response of other strains of the same group, while between the different groups, the peptides self-inducers are mutually inhibitory [START_REF] Ji | Bacterial interference caused by autoinducing peptide variants[END_REF] . Even single substitution of amino acid can interfere with the AIP ability to identify its specific receptor [START_REF] Geisinger | Identification of ligand specificity determinants in AgrC, the Staphylococcus aureus quorum-sensing receptor[J][END_REF] . This agr differentiation is correlated with the phylogeny of S. aureus, and the four groups reflect the genetic drift of Agr system during the evolution of the species. AgrI, II, III were assumed to arise from one common ancestor, whereas AgrIV from AgrI [START_REF] Novick | Quorum sensing in staphylococci[J][END_REF] . There is some linkage between agr allele and certain staphylococcal infections. For instance, all the glycopeptides intermediate-level resistant S. aureus (GISA) from various geographic origins belong to the Agr group II [START_REF] Sakoulas | Accessory gene regulator (agr) locus in geographically diverse Staphylococcus aureus isolates with reduced susceptibility to vancomycin[J][END_REF] . Most strains causing toxic shock syndrome are those of Agr group III [START_REF] Ji | Bacterial interference caused by autoinducing peptide variants[END_REF] , while strains of Agr group IV are usually associated with exfoliatin production [START_REF] Md | Structure, activity and evolution of the group I thiolactone peptide quorum-sensing system of Staphylococcus aureus[J][END_REF] . Correspondingly, SaPI2 encoding TSST-1 and the phage encoding PVL are mostly found in Agr group III strains, whereas the prophage and plasmid encoding exfoliatin A and B, mostly in Agr group IV strains [START_REF] Novick | Quorum sensing in staphylococci[J][END_REF][START_REF] Dufour | High genetic variability of the agr locus in Staphylococcus species[J][END_REF] .

-agr effector: RNAIII A 514 nt RNA -RNAIII, transcribed by P3 promoter, is the only known effector of the agr system. It can regulate the expression of multiple virulence genes. Indeed, the introduction of RNAIII gene under the control of an independent promoter in a strain deleted of the entire agr locus, is sufficient to restore the agr + phenotype in strain complemented [START_REF] Novick | Synthesis of staphylococcal virulence factors is controlled by a regulatory RNA molecule[END_REF] . RNAIII encodes also for a 26 amino-acid peptide, the δ-hemolysin.

RNAIII Structure

Highly abundant and stable in S. aureus, RNAIII has a complex and conserved secondary structure. In 1993, the structure model was proposed by Novick et al. The authors suggest that the regulatory mechanisms involve different regions of the molecule and are probably related to conformational changes of RNAIII [START_REF] Novick | Synthesis of staphylococcal virulence factors is controlled by a regulatory RNA molecule[END_REF][START_REF] Balaban | Translation of RNAIII, the Staphylococcus aureus agr regulatory RNA molecule, can be activated by a 3'-end deletion[J][END_REF] . Benito et al. mapped the secondary structure of this molecule in vitro and in vivo by using chemical and enzymatic probes. It is characterized by 14 stem-loop motifs and 3 long distance interactions that give its general conformation of the molecule (Figure 1-10) [START_REF] Benito | Probing the structure of RNAIII, the Staphylococcus aureus agr regulatory RNA, and identification of the RNA domain involved in repression of protein A expression[END_REF] . This folded RNA is divided into three distinct domains: 1) the 5' domain containing the forward 31 nucleotides which form stem-loop 1; 2) the central domain consisting of stem-loops 2-11, not only responsible for encoding δ-hemolysin and initiating the translation of α-hemolysin, but also involved in the negative regulation of rot gene; 3) the 3' domain containing stem-loops 12-14, whose task is primarily negative regulation of target genes [START_REF] Thoendel | Peptide signaling in the staphylococci[J][END_REF] . Indeed, loops 7, 13 and 14 are rich in cytosine, an unusual feature for an AT-rich organism. These sequences are potentially complementary to the SD regions of target mRNAs, and initiate an antisense pairing with them.

Figure 1-10 Secondary structure of RNAIII [START_REF] Benito | Probing the structure of RNAIII, the Staphylococcus aureus agr regulatory RNA, and identification of the RNA domain involved in repression of protein A expression[END_REF][START_REF] Thoendel | Peptide signaling in the staphylococci[J][END_REF] . The stem-loop motifs are numbered from 1 to 14. Three long distance interactions are signified with A, B and C. Nucleotides that base pair with and activate α-hemolysin are indicated in green, while those dedicating to inhibit gene translation are in red. Start and stop codons of hld gene are highlighted with box.

Counterparts of RNAIII of S. aureus were also found in other staphylococcal species, such as S. epidermidis, S. simulans, S. warneri [START_REF] Tegmark | Regulation of agr-dependent virulence genes in Staphylococcus aureus by RNAIII from coagulase-negative staphylococci[J][END_REF] , S. lugdunensis [START_REF] Benito | trans-complementation of a Staphylococcus aureus agr mutant by Staphylococcus lugdunensis agr RNAIII[J][END_REF][START_REF] Vandenesch | Agr-related sequences in Staphylococcus lugdunensis[J][END_REF] , S. saprophyticus [START_REF] Sakinc | Cloning of an agr homologue of Staphylococcus saprophyticus[J][END_REF] and S. intermedius [START_REF] Ji | Staphylococcus intermedius produces a functional agr autoinducing peptide containing a cyclic lactone[J][END_REF] . Although sharing a conserved secondary structure, their primary sequence is only partial conserved at the first 50 and last 150 nucleotides [START_REF] Benito | Probing the structure of RNAIII, the Staphylococcus aureus agr regulatory RNA, and identification of the RNA domain involved in repression of protein A expression[END_REF][START_REF] Tegmark | Regulation of agr-dependent virulence genes in Staphylococcus aureus by RNAIII from coagulase-negative staphylococci[J][END_REF] . Except for S. lugdunensis and S. saprophyticus, these RNAs encode one or two toxins. These RNAs are able to restore at least partially the expression of virulence factors in Agr-mutant strains of S. aureus.

Regulation of target genes

The major mechanism of RNAIII regulation is to base pair with target mRNAs. It can either enhance or inhibit the translation of various mRNAs (Figure 1-11). In the former case, the binding of RNAIII and target mRNA can release the SD sequence that is masked before by a stem-loop structure, thus allow the initiation of translation [START_REF] Morfeldt | Activation of alpha-toxin translation in Staphylococcus aureus by the trans-encoded antisense RNA, RNAIII[J][END_REF] . In the latter condition, RNAIII (especially stem-loops 7, 13 and 14) base pairs with the SD region of target mRNA, thereby hides the ribosome-binding site by forming double-stranded RNA and blocks the translation [START_REF] Geisinger | Inhibition of rot translation by RNAIII, a key feature of agr function[END_REF][START_REF] Boisset | Staphylococcus aureus RNAIII coordinately represses the synthesis of virulence factors and the transcription regulator Rot by an antisense mechanism[END_REF][START_REF] Chevalier | Staphylococcus aureus RNAIII binds to two distant regions of coa mRNA to arrest translation and promote mRNA degradation[END_REF][START_REF] Huntzinger | Staphylococcus aureus RNAIII and the endoribonuclease III coordinately regulate spa gene expression[J][END_REF] . A highly conserved C-rich motif is found in each of these three stem loops, which allows them bind to the G-rich SD region [START_REF] Geisinger | Inhibition of rot translation by RNAIII, a key feature of agr function[END_REF] . Many other novel sRNAs in S. aureus are demonstrated to carry the C-rich motif as well, suggesting that they may exert regulatory roles through the similar mechanism [START_REF] Geissmann | A search for small noncoding RNAs in Staphylococcus aureus reveals a conserved sequence motif for regulation[J][END_REF] .

In addition, RNAIII can mediate the degradation of the RNAIII-target complex through RNaseIII, an endoribonuclease specific for double stranded RNAs. The destabilization of target mRNA depends on both the RNAIII paring and RNase III.

Activation Repression Activation Repression

Figure 1-11 The major targets of RNAIII and mechanisms [START_REF] Felden | The Staphylococcus aureus RNome and Its Commitment to Virulence[J][END_REF] . Left part shows the translation initiation activation of hla mRNA by RNAIII, and hairpin loops H2 and H3 are involved. Right part displays the translation initiation repression of rot, coa and spa mRNAs, concerning the hairpin loops H7, H13 and H14. Start codon and SD sequence are in green, and hairpin loops in red. Cleavage induced by RNaseIII is shown by broken black arrows.

SaeRS -S. aureus exoprotein expression

Firstly described by Giraudo et al. [START_REF] Giraudo | Characterization of a Tn551-mutant of Staphylococcus aureus defective in the production of several exoproteins[J][END_REF] , the system Sae regulates gene expression at the transcriptional level. It is a staphylococcal two-component regulatory system. The sae locus consists of four open reading frames (saeP, Q, R and S), two of them encoding a sensor histidine kinase (by saeS) and a response regulator (by saeR), respectively [START_REF] Giraudo | The sae locus of Staphylococcus aureus encodes a two-component regulatory system[J][END_REF] . The saeP and saeQ genes, located upstream of saeRS, are predicted to encode a lipoprotein and a membrane protein respectively, however no direct evidence has shown their involvement in signaling transduction [START_REF] Adhikari | Regulatory organization of the staphylococcal sae locus[END_REF] .

The sae operon has two promoters -P1 (also called P C ) and P3 (also called P A ). P3 resides in the saeQ, responsible for the synthesis of a transcript encoding SaeR and SaeS, while P1 locates in the upstream of saeP, able to produce all the four genes. P1 is the stronger promoter, whose activity is 2-30 times higher than P3 promoter. Moreover, by having two SaeR binding sites, P1 is positively autoregulated [START_REF] Adhikari | Regulatory organization of the staphylococcal sae locus[END_REF][START_REF] Geiger | The virulence regulator Sae of Staphylococcus aureus: promoter activities and response to phagocytosis-related signals[J][END_REF][START_REF] Li | Repression of hla by rot is dependent on sae in Staphylococcus aureus[END_REF] . P1 is also sensitive to environmental stresses, for example, low pH and high NaCl concentrations can depress its activity whereas subinhibitory concentrations of beta-lactam, H 2 O 2 and α-defensins activate it [START_REF] Geiger | The virulence regulator Sae of Staphylococcus aureus: promoter activities and response to phagocytosis-related signals[J][END_REF][START_REF] Kuroda | Subinhibitory concentrations of beta-lactam induce haemolytic activity in Staphylococcus aureus through the SaeRS two-component system[J][END_REF] .

The SaeRS TCS is required for the expression of many virulence factors in S. aureus [START_REF] Novick | The staphylococcal saeRS system coordinates environmental signals with agr quorum sensing[END_REF][START_REF] Goerke | Role of Staphylococcus aureus global regulators sae and sigmaB in virulence gene expression during device-related infection[END_REF] .

Target genes of SaeRS could be divided into two groups -class I (e.g. fnbA, coa and eap)

and class II (e.g. hla, hlb and cap), according to whether they need a high level of phosphorylated SaeR for induction [START_REF] Mainiero | Differential target gene activation by the Staphylococcus aureus two-component system saeRS[J][END_REF] . SaeRS has no measurable effect on the transcription of agr, sarA, arlRS and sigB [START_REF] Rogasch | Influence of the two-component system SaeRS on global gene expression in two different Staphylococcus aureus strains[J][END_REF] . Recently, one study has shown that either deletion of the saePQ region including promoter P1 or chromosomal mutation in P1 did not significantly influence the expression patterns of coagulase and α-hemolysin, implying that P1 is not involved in the activation of target genes, and the transcription of saeRS from P3 is sufficient in target gene regulation [START_REF] Jeong | Identification of the P3 promoter and distinct roles of the two promoters of the SaeRS two-component system in Staphylococcus aureus[J][END_REF] .

SrrAB -Staphylococcal respiratory response

The SrrAB system was described simultaneously by two groups as being involved in the expression of virulence factors influenced by environmental oxygen levels [START_REF] Bronner | Regulation of virulence determinants in Staphylococcus aureus: complexity and applications[J][END_REF][START_REF] Throup | The srhSR gene pair from Staphylococcus aureus: genomic and proteomic approaches to the identification and characterization of gene function[END_REF][START_REF] Yarwood | Identification of a novel two-component regulatory system that acts in global regulation of virulence factors of Staphylococcus aureus[J][END_REF] . Its locus consists of two open reading frames that overlap by 20 bp. The two genes -srrA (762 bp) and srrB (1752 bp) are co-transcribed, but srrA can be transcribed independently of srrB.

The srrA encodes the response regulator, while srrB encodes a sensor histidine kinase [START_REF] Yarwood | Identification of a novel two-component regulatory system that acts in global regulation of virulence factors of Staphylococcus aureus[J][END_REF] .

The srrAB has similar sequences to resDE that forms a two-component system identified in Bacillus subtilis as regulator of aerobic and anaerobic respiration [START_REF] Birkey | Pho signal transduction network reveals direct transcriptional regulation of one two-component system by another two-component regulator: Bacillus subtilis PhoP directly regulates production of ResD[J][END_REF] .

S. aureus has a facultative anaerobic nature, and SrrAB is required for fermentative growth of the bacteria. It can increase the expression of enzymes involved in fermentation (e.g. alcohol dehydrogenase, L-lactate dehydrogenase). This system is also discovered overexpressed in anaerobic conditions [START_REF] Throup | The srhSR gene pair from Staphylococcus aureus: genomic and proteomic approaches to the identification and characterization of gene function[END_REF] . Indeed, srrAB can influence the expression of many virulence genes in response to oxygen availability. For example, it is able to bind to the promoters of agr, srr, spa, and tst in vitro, and repress their transcription under anaerobic conditions. The overexpression of srrAB decreases the bacterial virulence in a rabbit endocarditis model [START_REF] Pragman | Characterization of virulence factor regulation by SrrAB, a two-component system in Staphylococcus aureus[J][END_REF] . It can also bind to the promoter of icaADBC (intercellular adhesion cluster) and activate its transcription, thus leading to increased PIA (polysaccharide intercellular adhesion) production in low-oxygen environments [START_REF] Ulrich | The staphylococcal respiratory response regulator SrrAB induces ica gene transcription and polysaccharide intercellular adhesin expression, protecting Staphylococcus aureus from neutrophil killing under anaerobic growth conditions[J][END_REF] .

ArlSR -Autolysis related locus

The ArlSR system was originally described as a regulator of autolysis by Fournier et al. The arl locus is composed of two overlapping open reading frames -arlS and arlR. These two genes are cotranscribed in an mRNA of 2700 bp. ArlS (52.4 kDa) is the sensor protein, while ArlR (25.5 kDa) is the response regulator and belongs to the PhoB-OmpR family. ArlR contains a conserved C-terminal domain that can bind to specific sequences upstream of target promoters [START_REF] Fournier | A new two-component regulatory system involved in adhesion, autolysis, and extracellular proteolytic activity of Staphylococcus aureus[J][END_REF] .

Disruption of the arlS gene leads to increased activity of the peptidoglycan hydrolases, causing autolysis. During the growth cycle, the autolysins allow the bacteria to break the cell wall at the time of cell division. Thus ArlS and ArlR are involved in cell growth and division.

Expression of a multidrug resistance efflux pump, NorA, is increased in an arlS transposon insertion mutant [START_REF] Fournier | A new two-component regulatory system involved in adhesion, autolysis, and extracellular proteolytic activity of Staphylococcus aureus[J][END_REF] . ArlSR is involved in the downregulation of several virulence factors, such as protein A, α-haemolyisn, βhaemolysin, lipase, coagulase and serine protease [START_REF] Fournier | The two-component system ArlS-ArlR is a regulator of virulence gene expression in Staphylococcus aureus[J][END_REF] .

A transcriptomic analysis on arl mutants and wild-type strains conducted by Liang et al. has shown that this system positively or negatively modulates the transcription of more than one hundred genes involved in autolysis (lytSR, lrgAB), cell growth and pathogenesis (lukD, LukE, hld, ssaA) [START_REF] Liang | Global regulation of gene expression by ArlRS, a two-component signal transduction regulatory system of Staphylococcus aureus[J][END_REF] . In addition, it has been demonstrated that ArlR can upregulate agr and rot, indicating that the down regulation of virulence factors above might be directly mediated by Arl or indirectly through Agr or Rot [START_REF] Liang | Global regulation of gene expression by ArlRS, a two-component signal transduction regulatory system of Staphylococcus aureus[J][END_REF] .

LytRS

Like Arl, the LytRS system is also a two-component system involved in autolysis. The lytR and lytS genes are co-transcribed on a mRNA of 2500 bp, and separated by 5 nt. Their sequences are similar to those of other two-component systems. However, unlike other sensor histidine kinase, LytS contains six transmembrane domains at N-terminal instead of two commonly described. This structure is composed of alternating hydrophilic and hydrophobic domains similar to those of transport proteins, suggesting that signal transduction by LytS involves the transportation of proteins [START_REF] Brunskill | Identification of LytSR-regulated genes from Staphylococcus aureus[J][END_REF] .

Two target genes identified are lrgA and lrgB, two additional open reading frames located immediately downstream of lytS and lytR. Their transcription is positively regulated by LytRS. Recent study has suggested that LytRS can sense a collapse in membrane potential and then promote the transcription of lrgAB operon [START_REF] Patton | The role of proton motive force in expression of the Staphylococcus aureus cid and lrg operons[J][END_REF] . LrgA, and possibly LrgB are homologous to bacteriophage-encoded anti-holins, and involved in the regulation of murein hydrolase activity and cell death [START_REF] Groicher | The Staphylococcus aureus lrgAB operon modulates murein hydrolase activity and penicillin tolerance[J][END_REF] .

1.2.3.1.6 WalKR
Originally identified in Bacillus subtilis [START_REF] Fabret | A two-component signal transduction system essential for growth of Bacillus subtilis: implications for anti-infective therapy[J][END_REF] , the WalKR system is essential for cell viability to closely related and low G+C Gram-positive bacteria, such as S. aureus and S. pneumoniae.

It used to be referred to various designations (YycGF, VicKR, MicAB), now renamed as WalKR, because this system has a crucial role in cell wall metabolism.

In S. aureus, there is a five-cistronic operon (walR, walK, yycH, yycI and yycJ) consisting the whole walKR locus. The first two genes encode the WalR response regulator and the WalK histidine kinase, respectively. WalK has a typical structure of the sensor histidine kinase, with two transmembrane domains and an extracellular loop, while WalR is a member of OmpR/PhoB family. YycH and YycI, whose presence is associated with the WalK essentiality, do not share similarities in sequence, yet have a conserved tertiary structure.

They both are extracellular proteins anchored by an amino-terminal transmembrane domain [START_REF] Santelli | The crystal structure of Bacillus subtilis YycI reveals a common fold for two members of an unusual class of sensor histidine kinase regulatory proteins[J][END_REF][START_REF] Szurmant | The crystal structure of YycH involved in the regulation of the essential YycFG two-component system in Bacillus subtilis reveals a novel tertiary structure[END_REF] . For the last gene, yycJ, its corresponding deletion strain does not display any distinguishing phenotypes and cell morphology [START_REF] Dubrac | A matter of life and death: cell wall homeostasis and the WalKR (YycGF) essential signal transduction pathway[J][END_REF] .

Bioinformatics and transcriptional studies have shown that WalKR system is involved in the regulation of nine cell-wall metabolism genes, including two genes encoding two major S.

aureus autolysins (atlA and lytM), two genes encoding lytic transglycosylases (isaA and sceD), as well as five genes encoding for proteins with a CHAP amidase domain (ssaA, SA0620, SA2097, SA2353, SA0710) [START_REF] Dubrac | New insights into the WalK/WalR (YycG/YycF) essential signal transduction pathway reveal a major role in controlling cell wall metabolism and biofilm formation in Staphylococcus aureus[J][END_REF] . Among them, it has been identified that the expression of only two WalKR regulated genes, lytM and ssaA, can restore cell viability in the absence of WalKR. Thereby, the peptidoglycan crosslinking relaxation through crossbridge hydrolysis plays a crucial role for WalKR-dependent cell viability [START_REF] Delaune | Peptidoglycan crosslinking relaxation plays an important role in Staphylococcus aureus WalKR-dependent cell viability[END_REF] . The SarA system was firstly described by Cheung et al. [START_REF] Cheung | Regulation of exoprotein expression in Staphylococcus aureus by a locus (sar) distinct from agr[J][END_REF] . Insertion of the transposon Tn917 LTV1 in a region distinct from the Agr system, leads to a pleiotropic effect on the expression of many extracellular and cell wall-associated proteins. SarA operon consists of three overlapping reading frames with a common 3'-end. The transcripts sarP1 (0.58 kb), sarP3 (0.84 kb) and sarP2 (1.15 kb) are driven by three distinct promoters P1, P3 and P2, respectively. The three transcripts together encode a 14.5-kDa protein, SarA [START_REF] Cheung | Cloning and sequencing of sarA of Staphylococcus aureus, a gene required for the expression of agr[J][END_REF] .

Transcriptional regulation involving the three promoters is complicated. SarA activates its own expression via P1. P1 and P2 are controlled by the transcription factor σ A while P3 is a σ B dependent promoter. Because of this different σ factor dependence, SarA is expressed during all growth phases. Promoters P1 and P2 permit maximum transcription in the exponential growth phase, and the P3 promoter induces the expression of SarA during the stationary phase [START_REF] Bischoff | Influence of a functional sigB operon on the global regulators sar and agr in Staphylococcus aureus[J][END_REF][START_REF] Manna | Transcriptional analysis of different promoters in the sar locus in Staphylococcus aureus[J][END_REF] .

The protein SarA binds as a dimmer to conserved AT-rich regions at the promoters of target genes. A most well-known target of SarA is agr operon. SarA binds to the agr P2 and P3

promoter, and increases the transcription of both RNAII and RNAIII, thus alters the synthesis of virulence factors indirectly [START_REF] Cheung | sar Genetic determinants necessary for transcription of RNAII and RNAIII in the agr locus of Staphylococcus aureus[J][END_REF] . Moreover, SarA can regulate the expression of several cell wall associated proteins and exoproteins by directly binding conserved regions within their promoters [START_REF] Chien | SarA, a global regulator of virulence determinants in Staphylococcus aureus, binds to a conserved motif essential for sar-dependent gene regulation[J][END_REF][START_REF] Dunman | Transcription profiling-based identification of Staphylococcus aureus genes regulated by the agr and/or sarA loci[J][END_REF][START_REF] Wolz | Agr-independent regulation of fibronectin-binding protein(s) by the regulatory locus sar in Staphylococcus aureus[J][END_REF] . Two virulence factor transcripts, cna and spa, are found to be stabilized in a SarA-dependant manner, suggesting that SarA may regulate target gene expression via post-transcriptionally modulating mRNA lifetime [START_REF] Roberts | Characterizing the effect of the Staphylococcus aureus virulence factor regulator, SarA, on log-phase mRNA half-lives[J][END_REF] .

Recently there were at least 10 SarA homologs identified in the S. aureus N315 genome, and named ''SarA protein family''. Except SarA, four of them (SarR, SarS, SarT and SarU) have been more characterized than others.

-SarR

The SarR protein (13.6 kDa) shows 51% similarity with SarA. SarR binds to the upstream of the promoter P1 and represses the transcription of SarA at the end of exponential growth phase and stationary phase [START_REF] Cheung | Regulation of virulence determinants in vitro and in vivo in Staphylococcus aureus[J][END_REF][START_REF] Manna | Characterization of sarR, a modulator of sar expression in Staphylococcus aureus[END_REF] . Like SarA, SarR regulates also the agr expression by direct binding to the same agr promoter region [START_REF] Manna | Transcriptional regulation of the agr locus and the identification of DNA binding residues of the global regulatory protein SarR in Staphylococcus aureus[J][END_REF] .

-SarS (SarH1)

Isolated by Tegmark et al., the SarH1 protein (29 kDa) has high affinity to the promoter regions of four genes (hla, hld, spa, and ssp), among them hla transcription is repressed whereas spa transcription activated [START_REF] Tegmark | Identification and characterization of SarH1, a new global regulator of virulence gene expression in Staphylococcus aureus[J][END_REF] . This same protein was identified in parallel by Cheung et al. and named ''SarS'' [START_REF] Cheung | SarS, a SarA homolog repressible by agr, is an activator of protein A synthesis in Staphylococcus aureus[END_REF] . The gene sarS is located just upstream of the gene spa.

It is transcribed from two distinct promoters, one promoter controlled by transcription factor σ A and the other by σ B . Protein SarS is composed of two homologous but non identical parts, SarS1 and SarS2, with 34.5% and 28.3% homology with SarA, respectively [START_REF] Cheung | Regulation of virulence determinants in vitro and in vivo in Staphylococcus aureus[J][END_REF] .

Given that the expression of sarS , an activator of spa, is repressed by agr , SarS may in part play as an intermediary factor during the down regulation of spa by agr locus [START_REF] Cheung | SarS, a SarA homolog repressible by agr, is an activator of protein A synthesis in Staphylococcus aureus[END_REF] .

Transcriptional analysis also showed that sarS is repressed by mgrA, and activated by ClpXP protease [START_REF] Frees | Global virulence regulation in Staphylococcus aureus: pinpointing the roles of ClpP and ClpX in the sar/agr regulatory network[END_REF] .

-SarT

The SarT protein (16.1 kDa) shows 35% similarity with SarA and 20% similarity with SarR.

There are complex interactions between the systems Agr, SarA and SarT. The SarT expression is repressed by Agr and SarA, and SarT represses the transcription of RNAIII.

These interactions can modulate the expression of α-hemolysin: on the one hand, SarA activates transcription of hla by directly interacting with its promoter or indirectly by repressing the SarT expression; On the other hand, SarT represses the expression of αhemolysin by repressing the transcription of RNAIII [START_REF] Schmidt | SarT, a repressor of alpha-hemolysin in Staphylococcus aureus[END_REF] .

-SarU

The SarU protein (29.3 kDa), encoded by a mRNA adjacent but transcribed divergently to sarT, has two homologous domains to SarA, thus its length is twice of SarA. SarU is an activator of Agr system, and the transcription of SarU is increased in a SarT mutant. Thereby, SarU participates in a regulatory network involving Agr and SarT. The tandem SarT-SarU is a second mechanism of Agr autoactivation, in addition to the mediation by "quorum sensing" autoinducer peptide. When the Agr system represses SarT, the expression of SarU increases, and this augmentation in turn activates the Agr system [START_REF] Manna | sarU, a sarA homolog, is repressed by SarT and regulates virulence genes in Staphylococcus aureus[J][END_REF] . This regulation circle is consistent with the finding that agr promoter can be activated in vivo in an agr deletion mutant [START_REF] Cheung | The SarA protein family of Staphylococcus aureus[J][END_REF] .

Rot -Repressor of toxins

The Rot protein (15.6 kDa), which has limited homology to global regulators AgrA and SarA, was initially identified by McNamara et al., as a repressor of toxin transcription [START_REF] Mcnamara | Identification, cloning, and initial characterization of rot, a locus encoding a regulator of virulence factor expression in Staphylococcus aureus[J][END_REF] . It can interact with the promoter regions of target genes during the exponential phase [START_REF] Mcnamara | Identification, cloning, and initial characterization of rot, a locus encoding a regulator of virulence factor expression in Staphylococcus aureus[J][END_REF] . An analysis by DNA microarrays has shown that Rot negatively regulates sixty genes, but also positively regulates more than 80 genes. Rot and Agr appear to have opposite regulatory effects on gene expression. Indeed, the protein A gene (spa) and serine protease genes (sspB, sspC) are activated by Rot and repressed by Agr, while the α-hemolysin gene (hla) and γ-hemolysin gene (hlgB and hlgC) are repressed by Rot and activated Agr [START_REF] Said-Salim | Global regulation of Staphylococcus aureus genes by Rot[J][END_REF] . Translation of rot mRNA is repressed by RNAIII, through a limited base pairing involving two loop-loop interactions [START_REF] Geisinger | Inhibition of rot translation by RNAIII, a key feature of agr function[END_REF][START_REF] Boisset | Staphylococcus aureus RNAIII coordinately represses the synthesis of virulence factors and the transcription regulator Rot by an antisense mechanism[END_REF] . Manna et al. have revealed that rot transcription is repressed by only SarA at the post exponential phase, through using gel shift and transcriptional analysis [START_REF] Manna | Regulation and characterization of rot transcription in Staphylococcus aureus[END_REF] .

However, Hsieh et al. have demonstrated that both SarA and SarS are able to bind to the rot promoter region. This divergence could be explained by that the putative sarR binding site is not included in the promoter construct of Manna team [START_REF] Hsieh | Regulation of Rot expression in Staphylococcus aureus[J][END_REF] .

MgrA

The mgr locus was originally identified from an unknown mutation, which affects the expression of multiple genes [START_REF] Luong | Mgr, a novel global regulator in Staphylococcus aureus[J][END_REF] . This locus consists of only one gene, mgrA, encoding protein MgrA. This protein is involved in the regulation of cell lysis and virulence. It activates the expression of capsular polysaccharide type 8 (CP8), nuclease, and represses that of α-hemolysin, coagulase, protease and protein A [START_REF] Luong | Mgr, a novel global regulator in Staphylococcus aureus[J][END_REF] . The inactivation of gene mgrA leads to the repression of RNAIII and hla, but the activation of sarS and spa [START_REF] Ingavale | Rat/MgrA, a regulator of autolysis, is a regulator of virulence genes in Staphylococcus aureus[END_REF] . MgrA affects the bacterial resistance to antibiotics by controlling the expression of multiple efflux pumps, e.g.

NorA, NorB, NorC and Tet38, which involve the resistance to multiple drugs including quinolone, tetracycline and chemical compounds [START_REF] Truong-Bolduc | MgrA is a multiple regulator of two new efflux pumps in Staphylococcus aureus[J][END_REF][START_REF] Truong-Bolduc | NorC, a new efflux pump regulated by MgrA of Staphylococcus aureus[J][END_REF] . It is also a direct activator of abcA, which encodes an ATP-dependant transporter conferring resistance to β-lactams [START_REF] Truong-Bolduc | The transcriptional regulators NorG and MgrA modulate resistance to both quinolones and beta-lactams in Staphylococcus aureus[J][END_REF] .

Moreover, MgrA has been shown to be a repressor of biofilm formation, and the biofilm formed by mgrA mutants majorly relies on surface proteins and extracellular DNA instead of polysaccharide intercellular adhesin (PIA) [START_REF] Trotonda | MgrA represses biofilm formation in Staphylococcus aureus[END_REF] .

Sigma B factor

The transcription factor σ B was well known for its involvement in gene regulation upon changes in environment and conditions of stress, such as starvation, heat shock and osmotic shock, etc. Wu et al. firstly identified a chromosomal gene cluster (rsbU, rsbV, rsbW, sigB) in methicillin resistant strain of S. aureus, encoding products highly homologous with those of sigB operon in B. subtilis. The similarities suggest that the staphylococcal sigB operon may perform similar physiological roles [START_REF] Wu | Sigma-B, a putative operon encoding alternate sigma factor of Staphylococcus aureus RNA polymerase: molecular cloning and DNA sequencing[END_REF] . The gene products of rsbU, rsbV can positively modulate the activity of σ B in S. aureus [START_REF] Palma | sigma(B) activity in Staphylococcus aureus is controlled by RsbU and an additional factor(s) during bacterial growth[END_REF] .

In S. aureus, the σ B factor influences the expression of many genes, including virulence factors [START_REF] Entenza | Role of sigmaB in the expression of Staphylococcus aureus cell wall adhesins ClfA and FnbA and contribution to infectivity in a rat model of experimental endocarditis[END_REF][START_REF] Schmidt | Influences of sigmaB and agr on expression of staphylococcal enterotoxin B (seb) in Staphylococcus aureus[J][END_REF][START_REF] Kullik | The alternative sigma factor sigmaB in Staphylococcus aureus: regulation of the sigB operon in response to growth phase and heat shock[J][END_REF] , and regulatory systems [START_REF] Bischoff | Influence of a functional sigB operon on the global regulators sar and agr in Staphylococcus aureus[J][END_REF][START_REF] Meier | sigmaB and the sigmaB-dependent arlRS and yabJ-spoVG loci affect capsule formation in Staphylococcus aureus[END_REF] . In addition, σ B affects the bacterial resistance to methicillin and glycopeptides [START_REF] Singh | Impact of sigB mutation on Staphylococcus aureus oxacillin and vancomycin resistance varies with parental background and method of assessment[END_REF] , biofilm formation [START_REF] Rachid | Alternative transcription factor sigma(B) is involved in regulation of biofilm expression in a Staphylococcus aureus mucosal isolate[J][END_REF] , internalization into endothelial cells [START_REF] Nair | The sigma B regulon influences internalization of Staphylococcus aureus by osteoblasts[END_REF] , and pathogenesis in some infection models [START_REF] Lorenz | The alternative sigma factor sigma B of Staphylococcus aureus modulates virulence in experimental central venous catheter-related infections[J][END_REF] . A study by DNA microarray indicated that 122 genes of S. aureus are positively regulated by σ B , only 12% of which have homology with σ B regulon in B. subtilis. It suggests that the function of σ B in S. aureus is different with that in B. subtilis [START_REF] Pane-Farre | The sigmaB regulon in Staphylococcus aureus and its regulation[J][END_REF] . Another recent study showed that, upon subinhibitory concentration of aminoglycoside exposure, the σ B factor induces the appearance of S. aureus small-colony variants (SCVs) and biofilm formation, both of which are linked to chronic infections [START_REF] Mitchell | A role for sigma factor B in the emergence of Staphylococcus aureus small-colony variants and elevated biofilm production resulting from an exposure to aminoglycosides[J][END_REF] .

1.3 sRNA discovery in S. aureus S. aureus generates a large quantity of virulence factors, the timing and expression of which are finely controlled by regulatory proteins and RNAs [START_REF] Waters | Regulatory RNAs in bacteria[END_REF] . Except from its regulatory role, RNA helps bacteria adapt rapidly to the environmental changes and various stresses. In the last few years, the number of sRNAs identified in bacteria has considerably increased, thanks to the combinational use of disparate approaches [START_REF] Liu | A broadening world of bacterial small RNAs[END_REF][START_REF] Vogel | How to find small non-coding RNAs in bacteria[END_REF] .

Computational and experimental approaches

Computational approaches are frequently used as one important initial step to search for the sRNAs in bacterial genome. For a long time, scientists keep trying to find the universal characteristics of sRNAs that could be used as criteria. For instance, a program was described for the analysis of RNA secondary structure by calculating free energy [START_REF] Le | A program for predicting significant RNA secondary structures[END_REF] ;

Schattner et al. presented the feasibility to use local base-composition statistics (G+C%) to distinguish the sRNA-rich regions and sRNA-poor regions [START_REF] Schattner | Searching for RNA genes using base-composition statistics[END_REF] ; QRNA, a sRNA genefinder program, employs the comparative sequence analysis algorithm to detect novel structural RNA [START_REF] Rivas | Noncoding RNA gene detection using comparative sequence analysis[END_REF] . However, applications of these approaches are still limited by the great diversity of sRNAs (their size, sequence, structure and position in genome, etc). They usually focus on the intergenic regions, and thereby miss the sRNAs located in protein-coding regions. They may also rely on the sequence conservation and thus neglect those species specific sRNAs [START_REF] Storz | An abundance of RNA regulators[J][END_REF] .

Experimental approaches are also powerful tools in the prediction of novel sRNAs. For sRNA that exists abundantly in genome, it could be directly identified by size fractionation of total RNA labeled in vivo. Moreover, direct cloning of small sized RNAs after size fractionation and shotgun cloning of small RNAs is adopted by several groups [START_REF] Huttenhofer | RNomics: identification and function of small, non-messenger RNAs[J][END_REF][START_REF] Huttenhofer | Experimental approaches to identify non-coding RNAs[J][END_REF][START_REF] Vogel | RNomics in Escherichia coli detects new sRNA species and indicates parallel transcriptional output in bacteria[J][END_REF] .

There are some sRNAs which have been identified through the co-purification with proteins, based on their association with RNA-binding proteins (such as the Sm-like protein, Hfq) [START_REF] Zhang | Global analysis of small RNA and mRNA targets of Hfq[J][END_REF] .

At last, the microarray expression studies, as well as the analysis of mRNA libraries and expressed sequence tags, allow the detection of antisense sRNAs, even there are sometimes false-positive hybridizations [START_REF] Selinger | RNA expression analysis using a 30 base pair resolution Escherichia coli genome array[J][END_REF][START_REF] Thomason | Bacterial antisense RNAs: how many are there, and what are they doing?[J][END_REF] .

Finally, all the predicted sRNA genes should be confirmed in vivo and in vitro by direct detection of these transcripts, notably by Northern-blot analysis.

Novel sRNAs of S. aureus

In recent years, approximately 100 trans-encoded sRNAs, 100 cis-encoded antisense RNAs, and more than 30 cis-acting regulatory regions of mRNAs have been discovered in S. aureus (Table 1-2) [START_REF] Felden | The Staphylococcus aureus RNome and Its Commitment to Virulence[J][END_REF] . Most of them are encoded by the core genome while several sRNAs are expressed from mobile elements, pathogenic islands [START_REF] Pichon | Small RNA genes expressed from Staphylococcus aureus genomic and pathogenicity islands with specific expression among pathogenic strains[J][END_REF][START_REF] Beaume | Cartography of methicillin-resistant S. aureus transcripts: detection, orientation and temporal expression during growth phase and stress conditions[END_REF] and plasmids [START_REF] Novick | pT181 plasmid replication is regulated by a countertranscript-driven transcriptional attenuator[END_REF] . The expression of most of these sRNAs was confirmed by several methods, such as northern blot, qRT-PCR, and the high-throughput sequencing study [START_REF] Beaume | Cartography of methicillin-resistant S. aureus transcripts: detection, orientation and temporal expression during growth phase and stress conditions[END_REF][START_REF] Beaume | Orientation and expression of methicillin-resistant Staphylococcus aureus small RNAs by direct multiplexed measurements using the nCounter of NanoString technology[J][END_REF] . Worth to mention, in the HTS study performed by Beaume et al., nearly all the sRNAs discovered in S. aureus strains (in most cases, N315) were confirmed, except from the sRNAs identified in clinical isolates by Abu-Qatouseh et al. [START_REF] Felden | The Staphylococcus aureus RNome and Its Commitment to Virulence[J][END_REF] . It might suggest that the sRNA profiles are distinct among the different isolates, and we can not totally apply the data obtained from reference strains to the clinical isolates.

Table 1-2 Small RNAs discovered in S. aureus Among the numerous sRNAs in S. aureus, only the functions of a few of them (e.g. RNAIII, SprD, RsaOX, and RsaE) are more understood than others. SprD, a small pathogenicity island RNA firstly identified by Pichon and Felden, interacts directly with the 5' end of sbi mRNA including the SD region, and thereby negatively regulates the expression of the Sbi immune-evasion molecule [START_REF] Pichon | Small RNA genes expressed from Staphylococcus aureus genomic and pathogenicity islands with specific expression among pathogenic strains[J][END_REF][START_REF] Chabelskaya | A Staphylococcus aureus small RNA is required for bacterial virulence and regulates the expression of an immune-evasion molecule[J][END_REF] . RsaOX, a cis-acting sRNA, is complementary to the coding sequence of tnp mRNA, and is suspected to induce its rapid degradation [START_REF] Bohn | Experimental discovery of small RNAs in Staphylococcus aureus reveals a riboregulator of central metabolism[J][END_REF][START_REF] Beaume | Cartography of methicillin-resistant S. aureus transcripts: detection, orientation and temporal expression during growth phase and stress conditions[END_REF] . RsaE (RsaON), a sRNA also present in Bacillaceae and primarily described by Geissmann et al., binds to cognate target mRNAs and prevents the formation of ribosome initiation complex. It can regulate several enzymes involved in various metabolic pathways, such as amino acid and peptide transport, cofactor synthesis, lipid metabolism, carbohydrate metabolism and the TCA cycle [START_REF] Geissmann | A search for small noncoding RNAs in Staphylococcus aureus reveals a conserved sequence motif for regulation[J][END_REF][START_REF] Bohn | Experimental discovery of small RNAs in Staphylococcus aureus reveals a riboregulator of central metabolism[J][END_REF] .

Recently, a novel long-chain regulatory RNA -SSR42, which modulates approximately 80 mRNAs, was described in S. aureus strains. This RNA molecule, consisting of 891

Year Name of sRNA Approach Reference

RNAIII

Transposon mutagenesis [151] 2005 7 SprRNA (SprA-G) Bioinformatics [18] 2006 13 non-protein-coding transcripts Transcriptome [254] 2006 5 non-protein-coding transcripts Transcriptome [291] 2009 11 Rsa RNA (RsaA-K) Bioinformatics [11] 2009 7 RsaO RNA(RsaOA-OG) Bioinformatics [292] 2010 18 non-protein-coding transcripts Bioinformatics [20] 2010 195 non-protein-coding transcripts Illumina-High throughput sequencing [19] 2010 16 RsaO RNA (RsaOH-OW)

RNomics based on pyrosequencing of cDNA libraries [15] 2011 3 Sbr RNA (SbrA-C) Bioinformatics [293] 2012 SSR42 Mutagenesis [294] nucleotides, is required for the pathogenesis of USA300, such as hemolytic ability, resistance to human polymorphonuclear leukocyte killing, ability to cause skin and soft tissue infection in a murine model [START_REF] Morrison | Characterization of SSR42, a Novel Virulence Factor Regulatory RNA That Contributes to the Pathogenesis of a Staphylococcus aureus USA300 Representative[J][END_REF] . Moreover, it was revealed that many short RNA fractions are generated through the digestion of overlapping sense/antisense transcripts mediated by RNaseIII, which contributes to adjust mRNA levels in diverse Gram-positive bacteria [START_REF] Lasa | Genome-wide antisense transcription drives mRNA processing in bacteria[J][END_REF] .

Conclusion

The regulation of the virulence genes in S. aureus depends on a complex network comprised of various regulatory factors. These factors could be divided into two major groups of regulatory factors, the quorum sensing system Agr and the broad family of SarA-like proteins. The latter group includes the classical SarA proteins and other transcription factors which have homology to SarA (e.g. Rot, MgrA and sigmaB). In this complicated regulatory network, RNAIII, the major effector of Agr, plays a crucial role by up-regulating exoproteins and down-regulating cell wall-associated proteins, as well as exerting regulatory functions on other regulators.

With a large number of sRNAs identified and our increasing knowledge about them, the importance of sRNAs in gene regulation of bacteria has aroused more and more attention.

Thus, an urgently needed further step is to investigate their functions both in vitro and in vivo. Identification of their cellular interaction partners could be carried out by using a variety of methods, such as screening the regulated targets in sRNA overexpression or deletion strains, co-purification of proteins with sRNAs and subsequent analysis by mass spectrometry. Furthermore, it is important and necessary to study these factors in vivo, as the infection environment presents much more signals that can not be simulated in laboratory conditions.

Chapter 2 Construction of genetic tools for studying Rsa

Introduction

Since the discovery of RsaA to RsaK, their sizes and structures have been studied by using experimental techniques like RACE, primer-extension and enzymatic hydrolysis, followed by using Northern-blot to reveal their expression conditions in several S. aureus strains [START_REF] Geissmann | A search for small noncoding RNAs in Staphylococcus aureus reveals a conserved sequence motif for regulation[J][END_REF] .

Like the strategy used in the study about RNAIII [START_REF] Geisinger | Inhibition of rot translation by RNAIII, a key feature of agr function[END_REF][START_REF] Boisset | Staphylococcus aureus RNAIII coordinately represses the synthesis of virulence factors and the transcription regulator Rot by an antisense mechanism[END_REF][START_REF] Benito | Probing the structure of RNAIII, the Staphylococcus aureus agr regulatory RNA, and identification of the RNA domain involved in repression of protein A expression[END_REF] , to investigate further the characteristics and functions of these novel sRNAs, we firstly constructed their respective deletion mutants and complemented strains.

Methods and Materials

Bacterial strains and plasmids

All the strains and plasmids used in this project are listed in table 2-1.

E. coli DH5α was grown in Luria-Bertani (LB) broth or on LB-agar (bacteriological tryptone 1%, yeast extract 0.5%, NaCl 1%, bacteriological agar 1.5% for solid phase, pH 7.0) with 100 μg/ml ampicillin when appropriate.

S. aureus strains were grown in the Brain-Heart Infusion broth (BHI) or on BH agar (peptone mixture 1%, beef-heart infusion 1%, calf-brain infusion 0.75%, Na 2 HPO 4 0.25%, NaCl 0.5%, bacteriological agar 1.5%, pH 7.4), with 5 μg/ml erythromycin when appropriate.

Trypticase Soy (TS) broth or agar (trypticase peptone 1.5%, phytone peptones 0.5%, NaCl 0.5%, bacteriological agar 1.5% for solid phase, pH 7.4) were also used, with 1.5 μg/ml erythromycin when appropriate. 

RN4220

Restriction mutant of 8325-4, with ability to accept DNA from E. coli [296] RN6390 Derivative of 8325-4, agr positive [297] Newman Wild type strain [298] HG001 rsbU+ strain derivative of RN1

[299] LUG1376 RN4220/pLUG749 Team work LUG1397 RN4220/pLUG766 Team work LUG1411 RN4220/pLUG754 

Vector construction and homologous recombination

For homologous recombination, sequences upstream and downstream of sRNAs to inactivate and a kanamycin resistance cassette were cloned into the E. coli cloning vector pBluescript (Annex I). The construction was then transferred into the E. coli-S. aureus shuttle vector pMAD (Annex II). This pMAD derivative was then used for homologous recombination in S. aureus.

Vector construction

The constructions of vectors (pLUG752 & pLUG754) to inactivate RsaA were already done by Benito and Boisset of our team in 2007. However, as an important preliminary work for the latter part of this project, the procedure should be described. As an example, the process of constructing RsaA inactive vector will be explained briefly as follows (Figure 2 Afterwards, the recombinant plasmid was transformed into E. coli strain DH5α and cloned (step ). Amplified recombinant plasmid was extracted and digested with restriction enzymes ClaI/SalI (step ). The second fragment RsaA1246-2194 (F2) was ligated within the plasmid (step ). This whole plasmid (pLUG752) was then transformed and amplified in DH5α (step ). pLUG752 was extracted and digested with restriction enzymes SmaI/SalI, generating a fragment containing kanamycin resistance gene flanked by F1 and F2 (step ).

Subsequently pMAD vector was digested with SmaI/SalI (step ). At last, the fragment of rsaA inactivation was ligated with pMAD, forming pLUG754 (step ).

This plasmid has three relevant features for the future recombination steps: a) ampicillin and erythromycin resistance genes allowing for antibiotic selection; b) thermo sensitive origin of replication; c) β-galactosidase gene allowing for blue-white discrimination.

Before transfer of this plasmid into various S. aureus strains, it was introduced into strain RN4220, which is a S. aureus strain able to accept DNA of E. coli, to obtain strain LUG1411.

The detailed electroporation procedure is presented in the following part. Preparation for the electroporation:

1) Plasmid extraction was done with commercial kit (QIAGEN® Plasmid Midi Kit).

2) Produce electro-competent cells

Freshly streaked blood agar plate with the appropriate cells (e.g. HG001) was prepared and incubated at 37°C overnight. Next morning, several colonies were picked up into 100 ml TSB medium. The mixture was incubated for about 2.5 h at 37°C with vigorous shaking.

When the OD 600 reached 0.3-0.5, the mixture was centrifuged at 4,000 rpm for 10 min at 4°C.

After that, the pellet was washed with 10 ml ice-cold sugar solution (Saccharose 0.5 M, sterilised and filtered with 0.22 µm filter), then centrifuged again. This washing step was repeated 5 times in total. Care should be taken to keep the cells cold during the entire procedure. At last, the pellet was suspended with 600 µl pre-chilled sugar solution. The solution (100 µl per tube) was stored at -80°C, except the cells used for electroporation immediately.

Gene recombination

The key factor in this process is the thermo-sensitive origin of replication, which allows the plasmid replicating at 30°C and not at 42°C. In the presence of erythromycin at 42°C, pale blue colonies due to integration of the vector by a single crossover event could be selected.

The second crossover happens at 30°C without antibiotic stress: candidate colonies are white because of the lost of erythromycin resistance gene and β-galactosidase gene.

Seven-day double-recombination (Figure 2-2):

Day 1: One blue colony was added into 5 ml TSB (with the final concentration of erythromycin 1.5 μg/ml) and incubated at 42°C overnight.

Day 2: Fifteen μl of the above mixture was spread onto an agar plate (TS + erythromycin 1.5 μg/ml + X-Gal 40 μg/ml) and incubated at 42°C overnight.

Day 3: Pale blue colonies (avoiding the dark blue ones) were chosen and streaked on another agar plate (TS + erythromycin 1.5 μg/ml + X-Gal 40 μg/ml) and incubated at 42°C overnight.

Day 4:

The pale colony was resuspended in 5 ml TSB medium without antibiotics and incubated at 30°C with moderate shaking.

Day 5: Serial dilutions were made until 10 -7 or 10 -8 , and then applied onto the TS plates with 40 μg/ml X-Gal. These plates were incubated at 37°C for at least 48 h.

Day 6:

Each white colony on the plate was picked and streaked on two agar plates, one TS plate with 40 μg/ml X-Gal and 1.5 μg/ml erythromycin, the other TS plate with 40 μg/ml X-Gal but without any antibiotics. The plates were incubated at 37°C for 24 h.

Day 7:

White colonies growing on the agar plate without antibiotics and not surviving on the plates with erythromycin simultaneously were chosen. Their chromosome DNA was extracted using DNeasy Tissue Kit (QIAGEN) and checked with PCR using the oligonucleotides for inactivation control.

Complementation

After the construction of RsaA, E, G and H mutants, our team started to construct their corresponding complemented strains. Northern blot was used to detect the sRNAs in the complemented strains (with RsaE complementation in RN6390 as an example).

Construction of complementation strains

Our team has tried 2 different strategies to construct the vector for complementation (Figure 23). The 1st cross (42 )

The 2nd cross (30 )

kan r

HG001

Inactive Mutant (37 )

F1 F2 F1 F1 F1 F2 F2 F2 F2 Figure 2-2
The schematic of homologous recombination: example of HG001ΔrsaA. Plasmid pLUG754 is inserted into the chromosome of HG001 after the 1st cross (at 42°C), and the rsaA gene is replaced with kanamycin resistance sequence after the 2nd cross (at 30°C).

Mutants that grow at 37°C are checked with PCR (primers indicated as small black arrows).

-Construction of pCN37::rsaE rsaE was amplified by PCR from the chromosome DNA of RN6390 with oligonucleotides RsaE-2063/RsaE-2162. This PCR product and plasmid pCN37 were digested with same double restriction enzymes (EcoRI/BamHI) separately, and then ligated by using T4 DNA ligase (Fermentas). Next, this complementation plasmid (pLUG790) was electroporated into the S. aureus RN4220 (LUG1472), and then into RN6390ΔrsaE (LUG1476).

-Construction of pLUG920::rsaE A transcription terminator (TT) and another copy of inducible promoter (Pcad) without cadC were introduced downstream cadC, forming pLUG920. rsaE was cloned into this modified plasmid, forming pLUG848 in E.coli DH5α. Then, it was electroporated in S.

aureus RN4220 (LUG1689), followed by electroporation into RN6390ΔrsaE (LUG1691). in BH medium and OD 550 value was checked each hour of the incubation time. When the OD 550 reached 0.5, 5 μM cadmium was added into the culture of complemented strain. Five ml of bacterial culture after 0.5 h and 1.5 h, and 1 ml after 3 h were collected. They were standardized with TES (20 mM Tris, 10 mM EDTA, 50 mM NaCl) to an OD 550 of 1.5. Then, 1 ml was centrifuged at 6,000 rpm for 2 min. Each pellet was resuspended in 100 μl TES with 10 μl Lysostaphin (2.5 mg/ml), then incubated on ice for 30 min. Subsequently, 100 μl SDS (2%) and 5 μl Proteinase K (10 mg/ml) were added. After the addition of 20 μl tracking dye, the mixture was vortexed for 3 min at room temperature to make sure that bacteria were well lysed. Finally, total RNA was conserved at -80°C. 

pCN37::rsaE

Northern-Blot

Twenty μl of total RNA was mixed with 10 μl fresh new-made denaturation solution (deformaldehyde 5 µl, 10×MOPS 3 µl, deionized formamide 2 µl, Ethidium bromide (BET) 10 mg/ml), then incubated at 65°C for 10 min. Twenty five μl of denaturized mixture was loaded on gel (1% agarose, 1×MOPS, Formaldehyde 2.2 M). Electrophoresis was carried out with 5 V/cm of voltage (i.e. 20 cm = 100 V) for 1~2 min first to let samples enter into gel, then 5 V/cm for 1.5 h, in the migration buffer (1×MOPS, Formaldehyde 2.2 M).

The gel was laid on nylon membrane (Roche), with 20×SSC (NaCl 3 M, sodium citrate 0.3 M, pH 7). Isolated RNA was transferred with vacuum gene pump during 1 h at 50 mbar of vacuum (Pharmacia LKB). Membrane was then dried at 37°C for 5 min, and fixed by UV (1.5 KJ/cm 2 ), dried again at room temperature for 1 h.

Then, the membrane was soaked in 30 ml hybridization solution (5×SSC, deionized formamide 50%, 1×blocker reagent, N-laurylsarcosine 0.1%, SDS 0.02%), and incubated at 42°C with rotation for 1 h. Afterwards, the membrane was soaked again in 5 ml fresh hybridization solution, where 50 ng of marked probe was added. The hybridization was done overnight at 42°C with rotation. The membrane was washed several times (with 2×SSC, 0.1% SDS for 5 min, 2 times, at room temperature; with 0.1% SSC, 0.1% SDS for 15 min, 2 times, at 68°C) and rinsed thoroughly with DEPC water. Then, it was washed again with washing buffer (0.1 M maleic acid, 0.15 M NaCl, pH 7.5) for 2 min at room temperature.

Following, one step of saturation was done with 30 ml fresh blocking buffer (10% blocking reagent, 90% maleic acid buffer) for 30 min, at room temperature. Anti-digoxigenin antibody coupled to alkaline phosphatase (1.5 μl antibody diluted in 15 ml blocking buffer)

was added and incubated for 30 min, at room temperature. The excess of antibody was removed by two-time washing with 30 ml washing buffer, each time 15 min. Detection buffer (0.2 M Tris-HCl, 0.1 M NaCl, pH 9.5) was used to rinse membrane for 5 min, at room temperature. The luminescent substrate (Roche) was diluted 1:100 in detection buffer and added, 5 min at room temperature. Excess liquid was removed by putting the membrane on whatman paper (whatman, maidstone, Angleterre). Finally membrane wrapped within SARAN film was incubated at 37°C for 10 min to activate the alkaline phosphatase, then visualization was carried out by capturing the chemi-luminescene signal on a film (lumi-film, Roche)

Results

Mutants of Rsa

Until now we have constructed mutants of 5 sRNAs (RNAIII, RsaA, E, G, and H) in 3 genetic backgrounds (RN6390, HG001 and NEWMAN), 3 among which was built personally by me: HG001ΔrsaA (LUG1630), NEWMANΔrsaE (LUG1670), NEWMANΔrsaH (LUG1640). To obtain these strains, I used plasmids for inactivation constructed by Benito and Boisset. Then the plasmids were electroporated into different genetic backgrounds of S. aureus (e.g. pLUG754 into HG001, pLUG766 into NEWMAN, pLUG749 into NEWMAN). Finally mutants were obtained after double recombination and selected by using blue/white screen. PCR was carried out to check if the correct mutation happened (Figure 234). 

Complementation of RsaE mutant strain

RsaE is chosen as an example to explain the strategy used for complementation.

Theoretically, when we use the plasmid pCN37, the inducible promoter Pcad-cadC is activated by micromolar concentrations of cadmium, which also allows transcription of the gene cloned downstream cadC. To test the first strategy used (Figure2-3A), RN6390 and LUG1476 (RN6390ΔrsaE strain harboring the pCN37::rsaE) were cultivated in BH medium with shaking at 37°C, in the presence or in the absence of 5 μM cadmium. Bacterial cultures were collected at 0.5 h, 1.5 h and 3 h after cadmium induction respectively, and then total RNA was extracted. We tested the expression of RsaE by northern-blot, and no band of correct size for RsaE was shown for LUG1476 (Figure 2-5A, done by Geissmann). We supposed that transcripts of cadC and rsaE formed a hybrid, which damaged the normal secondary structure of RsaE, which also explain the longer RNA size shown by Northern-blot.

For the second strategy (Figure 2-3B), the plasmid was modified to retain the Pcad-cadC module which is required for proper induction of the promoter in the presence of cadmium, and a second promoter devoid of any ORF was inserted downstream the cadC, separated by a transcription terminator. Thus, RsaE DNA cloned downstream PcadC should lead to an inducible transcription of RsaE without additional sequences. RNA from RN6390, RN6390ΔrsaE mutant and LUG1691 (RN6390ΔrsaE strain harboring the pLUG920::rsaE) were analyzed according to the same procedure described above. Northern blot showed weak bands of some products with lager sizes for LUG1691 both with cadmium induction and without cadmium induction (Figure 2-5B). This suggests that the constructs with inducible promoter cassette did not work, maybe the promoter alone does not function. Cultures of LUG1476 (shown in A) and LUG1691 (shown in B) were collected at 3.5 h, 4.5 h and 6 h of growth in the presence ( ) or absence ( ) of cadmium. Addition time of cadmium was when OD 550 arrived at 0.5 (approximately 3 hours of growth). RN6390 (agr + ) was adopted as positive control, while HG001 (agr -) and ΔRsaE as negative controls.

Discussion

In the recent decades, a large number of sRNAs have been identified in bacteria, followed by much effort in unveiling their specific functions and mechanisms. Although regulation functions for some sRNAs have already been found [START_REF] Papenfort | Regulatory RNA in bacterial pathogens[END_REF] , there are still lots of sRNAs whose cellular roles are unknown. To elucidate the functions of the arising amount of sRNAs, it is quite critical to adopt appropriate approaches. Previous studies give us two major conventional types of strategies: sRNA knockout followed by complementation [START_REF] Papenfort | Systematic deletion of Salmonella small RNA genes identifies CyaR, a conserved CRP-dependent riboregulator of OmpX synthesis[J][END_REF] or sRNA overexpression [START_REF] Opdyke | GadY, a small-RNA regulator of acid response genes in Escherichia coli[J][END_REF] . In this project, we have chosen the former strategy to construct mutants and complemented strains for RsaA, RsaE, RsaG and RsaH, which is feasible since there is only a single copy of each sRNA in the core genome of S. aureus. Comparison of phenotypes, gene expression profiles and proteomic analysis of mutant and wild type strains will be helpful for establishing the functions of the sRNAs. Then by function analysis of the associated mRNA and proteins, it is possible to find the potential biological effects of this sRNA, such as rsaE [START_REF] Geissmann | A search for small noncoding RNAs in Staphylococcus aureus reveals a conserved sequence motif for regulation[J][END_REF] .

Conclusion

The chapter introduced the genetic tools and methods to build knock-out strains and corresponding complementation strains. Four Rsa (RsaA, RsaE, RsaG and RsaH) mutants in 3 genetic backgrounds (RN6390, HG001 and NEWMAN) have been successfully

constructed by our team. Construction of their complementation strains with inducible plasmid failed, but we have succeeded with classical staphylococcal plasmid PE194.

Subsequent transcriptomic and proteomic analyses could be carried out on the mutants, complementation strains and wild type strains. They will help us better understand the functions of these sRNAs and find out their potential targets. Our collaboration team (P.

Romby, Strasbourg) is operating these in vitro studies. In the meantime, a series of studies have been already started by our team, focusing on characteristics and roles of Rsa in biological environments, such as in the biofilm formation process and internalization of S.

aureus by human epithelial cells. Mutants and complementation strains shall be extensively used in these projects.

Chapter 3 The influence of antibiotics on Rsa expression

Introduction

The production of many virulence factors of S. aureus, like staphylococcal enterotoxin A and B (SEA, SEB), autolysin, protein A, and alpha-hemolysin, delta-hemolysin, are reduced by some antibiotics, such as clindamycin, linezolid, and fusidic acid, etc [START_REF] Bernardo | Subinhibitory concentrations of linezolid reduce Staphylococcus aureus virulence factor expression[J][END_REF][START_REF] Dumitrescu | Effect of antibiotics on Staphylococcus aureus producing Panton-Valentine leukocidin[J][END_REF][START_REF] Herbert | Subinhibitory clindamycin differentially inhibits transcription of exoprotein genes in Staphylococcus aureus[J][END_REF][START_REF] Mukhtar | Streptogramins, oxazolidinones, and other inhibitors of bacterial protein synthesis[END_REF] . However, As RNA molecules have recently emerged as major players during the bacterial gene regulation and stress response [START_REF] Papenfort | Regulatory RNA in bacterial pathogens[END_REF][START_REF] Romby | An overview of RNAs with regulatory functions in gram-positive bacteria[END_REF][START_REF] Gripenland | RNAs: regulators of bacterial virulence[J][END_REF][START_REF] Lioliou | RNA-mediated regulation in bacteria: from natural to artificial systems[END_REF] , the objective of this chapter is to investigate whether the expression levels of 5 sRNAs in S. aureus react to antibiotics.

subinhibitory

Methods and Materials

Strains and antibiotics

Laboratory strains RN6390 (agr positive) and HG001 (σ B factor positive) were used, and their characterization could be seen in table 2-1 (seen in chapter 2).

Antibiotics used:

Oxacillin, a penicillinase-resistant β-lactam similar to methicillin; of note, strain resistant to this class of antibiotic are called methicillin resistant S. aureus (MRSA).

Levofloxacin, one of fluoroquinolone class, interfering with bacterial cell division by inhibiting DNA gyraseA.

Minimum inhibitory concentration (MIC) test

The MIC for oxacillin and levofloxacin were determined on strain RN6390 and HG001 according to Clinical Laboratory Standards Institute (CSLI) recommendations. The two strains were streaked on blood-agar plates and incubated at 37°C, overnight. Oxacillin and levofloxacin were diluted to the initial concentration for MIC test, 16 μg/ml and 64 μg/ml respectively. On the 96-well plate, 100 μl Mueller-Hinton (MH) medium or Brain-Heart (BH) medium was added into each well. For each line of 12 wells, 100 μl antibiotic initial solution was applied in the 2 nd well and mixed well, and then 100 μl above mixture was added into the 3 rd well, serial dilution (each time 1: 2) should be continually until the 12 th well. So the 1 st well would be the negative control without antibiotics. Next, 100 μl fresh inoculum (2×10 6 UFC/ml) was added in each well. Plates were incubated overnight at 37°C, and checked visually to determine MIC.

Accuracy of inoculums for each strain was controlled by spiral inoculator in duplicate. To prevent growth of the inoculum before the inoculation, no more than 15-20 min should be taken from suspensions prepared to the final incubation step.

Bacterial culture

RN6390 and HG001 were cultivated in BH at 37°C, and antibiotics were added when OD 600 reached 0.5. A series of concentrations of 0 MIC, 1/16 MIC, 1/8 MIC, 1/4 MIC, 1/2 MIC, 1 MIC, 4 MIC were adopted in this experiment. After the antibiotic addition, bacterial culture was incubated at 37°C with vigorous shaking for 30 min, and 5 ml bacterial culture was collected.

RNA extraction

When the bacteria grew to the desired growth phase, the pellet was standardized until its OD 600 1.0 (approximately 10 9 cells). Cell lysis and RNA isolation was performed with the QIAGEN RNeasy Plus kit, following the manufacturer operating instructions.

Reverse transcription PCR

To choose the most suitable internal control, 16S rRNA and gyrB were tested and expression of gyrB of S. aureus was validated to be very stable as our proper endogenous reference gene (not shown).

Specific reverse-transcription was carried out with the Enhanced Avian Reverse

Transcriptase (eAMV, Sigma). Firstly, 1 μl dNTP (10 mM, Promega), 2 μl mixed reverse primers (10 μM) and constant amount of RNA (1 μg) were mixed and adjusted to a volume 

Results

MIC of the antibiotics

MIC test was carried out for selected antibiotics on RN6390 and HG001 with both MH and BH media. MH medium was chosen as the standard microbiologically growth medium for antibiotic resistance test, because its components are more stable than other media and recommended by CSLI, while rich medium like BH medium favors the bacterial growth and virulence factors production. As shown in table 3-2, for oxacillin and levofloxacin, MICs obtained with the two media were always identical.

Table 3- 

Influence of oxacillin on the expression of sRNA

Expression levels of sRNAs were analyzed in the presence and absence of oxacillin. RsaG expression was not tested, because the primers previously designed were not specific enough. 

Influence of levofloxacin on the expression of sRNA -Expression level difference among sRNAs

The ratio of sRNA versus gyrB was disparate for individual sRNA, even in the same strain and same conditions. Among the five sRNAs analyzed, either in RN6390 or HG001, RNAIII was much more expressed than the other four sRNAs, whose expression was at least ten folds of gyrB while growing without any antibiotics, whereas RsaG was the lowest expressed, sometimes close to 0.001 fold of gyrB. In RN6390 (σ B-), the ratio of RsaA versus gyrB was close to that of RsaE, and slightly less than that of RsaH. In HG001 (σ B+ ), the ratio of RsaA, E and H versus gyrB were very close (Figure 345). 

RsaG

Conclusion

To sum up, there is a reducing trend of sRNA expression by the antibiotic levofloxacin once its concentration is above 1/4 MIC. For oxacillin, similar reduction happens with 4 MIC (the only concentration higher than 1/4 MIC tested with this antibiotic). This phenomenon is in parallel with that of bacterial growth (Figure 3-2), however, we can not conclude that this is just due to the negative impacts of antibiotics on bacterial growth, since enough density of S.

aureus cells was obtained and standardized in the experimental procedure. It might have a correlation with the DNA damage involved in the function of levofloxacin.

Moreover, we found that subinhibitory concentrations (1/16 and 1/8 MIC) of levofloxacin could enhance the RsaH expression in RN6390, not in HG001. Thus it can be hypothesized that this up-regulation on RsaH is σ B -independent. Alternatively this up-regulation may be repressed by σ B since it occurs only in σ B-strain. To confirm these finding, further experiments on RsaH variation in other strains (e.g. clinical strains) or with other antibiotics of the same family (e.g. moxifloxacin) are necessary.

Chapter 4 The Rsa expression in clinical samples

Introduction

It is now established that sRNAs are capable to regulate many bacterial physiological activities, which help bacteria to adapt to various environmental changes or participate in complex networks of gene regulation [START_REF] Liu | A broadening world of bacterial small RNAs[END_REF][START_REF] Storz | Regulation by small RNAs in bacteria: expanding frontiers[END_REF][START_REF] Storz | An abundance of RNA regulators[J][END_REF][START_REF] Repoila | Small regulatory non-coding RNAs in bacteria: physiology and mechanistic aspects[J][END_REF] .

In S. aureus, RNAIII is a well studied regulatory RNA responsible for controlling the switch between the expression of adhesin during exponential growth phase and the expression of toxins during stationary growth phase [START_REF] Novick | Synthesis of staphylococcal virulence factors is controlled by a regulatory RNA molecule[END_REF] . Since the discovery of RNAIII, many other small RNAs have been identified in S. aureus, most of them encoded on the core genome while a few are located on mobile genetic elements [START_REF] Geissmann | A search for small noncoding RNAs in Staphylococcus aureus reveals a conserved sequence motif for regulation[J][END_REF][START_REF] Bohn | Experimental discovery of small RNAs in Staphylococcus aureus reveals a riboregulator of central metabolism[J][END_REF][START_REF] Pichon | Small RNA genes expressed from Staphylococcus aureus genomic and pathogenicity islands with specific expression among pathogenic strains[J][END_REF][START_REF] Beaume | Cartography of methicillin-resistant S. aureus transcripts: detection, orientation and temporal expression during growth phase and stress conditions[END_REF][START_REF] Abu-Qatouseh | Identification of differentially expressed small non-protein-coding RNAs in Staphylococcus aureus displaying both the normal and the small-colony variant phenotype[J][END_REF][START_REF] Novick | pT181 plasmid replication is regulated by a countertranscript-driven transcriptional attenuator[END_REF] .

This chapter is dedicated to reveal the features of sRNA expression during S. aureus colonization and chronic/acute infection. In vitro studies demonstrated that most of the sRNAs are expressed in several S. aureus strains and often accumulate in the late-exponential growth phase [START_REF] Geissmann | A search for small noncoding RNAs in Staphylococcus aureus reveals a conserved sequence motif for regulation[J][END_REF] . Nevertheless, their expression in animal models or human infections has not yet been investigated, except for RNAIII. The expression of RNAIII was shown to be reduced both in the sputum of cystic fibrosis (CF) patients and human cutaneous abscesses compared to in vitro culturing conditions [START_REF] Goerke | Direct quantitative transcript analysis of the agr regulon of Staphylococcus aureus during human infection in comparison to the expression profile in vitro[END_REF][START_REF] Loughman | Virulence gene expression in human community-acquired Staphylococcus aureus infection[J][END_REF] . In view of the complicated physical micro environment and the immune defense system of the host, we have hypothesized that the expression of sRNAs would be different between in vivo and in vitro, which may give us a relevant and visual information about the roles of sRNAs in the staphylococcal pathogenesis in human.

Results in brief

For the clinical isolates growing in rich medium, a specific expression profile of these sRNAs was observed: RNAIII and RsaA were highly expressed, whereas RsaE and RsaG were poorly expressed. And there was a parallel correlation of the sRNA level between midand late-exponential growth phases, e.g. the isolate exhibiting a low expression level at the mid-exponential growth phase, always exhibited a low expression level at the late-exponential growth phase. Furthermore, there was a link between the levels of different sRNAs, e.g. the isolate with low RNAIII expression always showed low levels of RsaA, E, G and H.

For the human samples, first of all, the in vivo relevance of all the five sRNAs was confirmed by their direct detection in samples. However, the expression profile observed in vivo differed with that seen in vitro. No link was observed between the levels of different sRNAs. Interestingly, when comparing with the highly variable expression levels of the 5 sRNAs in abscess samples, they were more homogeneous in cystic fibrosis samples, and showed a uniform pattern in the nasal samples.

In short, our study revealed that the 5 sRNAs are produced by all the clinical isolates when culturing in BH medium to mid or late-exponential growth phases. And the expression of these sRNAs in vivo has its own characteristics distinct to that in vitro. The uniform sRNA expression pattern in nasal colonization samples may reflect the state of commensalism of S.

aureus in the anterior nares.

Article

The article was published in journal « PloS ONE » (May 2012; volume 7, issue 5; e37294). However, it has been removed from this version, in order to comply with copyright rules.

Chapter 5 Interference between S. aureus and P. aeruginosa

Introduction

In the patients with immune deficiency, such as cystic fibrosis (CF), most common cause of death is associated with long-term respiratory infection. The existence of large quantity of mucus in the CF lung is beneficial for polymicrobial infections, mainly represented by P. aeruginosa and S. aureus, etc [START_REF] Guss | Phylogenetic and metabolic diversity of bacteria associated with cystic fibrosis[END_REF][START_REF] Lyczak | Lung infections associated with cystic fibrosis[J][END_REF][START_REF] Sibley | A polymicrobial perspective of pulmonary infections exposes an enigmatic pathogen in cystic fibrosis patients[J][END_REF][START_REF] Gibson | Pathophysiology and management of pulmonary infections in cystic fibrosis[J][END_REF] . So how do the two pathogens interact with each other while co-existing? It was reported that several quorum-sensing exoproducts secreted from Gram-negative bacteria such as P. aeruginosa could exert its influences on Gram-positive bacterial such as S. aureus. For instance, long-chain 3-oxo-substituted N-acylhomoserine lactones (AHL) inhibit the agr-mediated quorum-sensing system and the growth of S. aureus in a concentration dependent manner; 4-hydroxy-2-heptylquinoline-N-oxide (HQNO) induces the biofilm and small colony variant (SCV) formation of S. aureus by activating sigma B factor [START_REF] Mitchell | Staphylococcus aureus sigma B-dependent emergence of small-colony variants and biofilm production following exposure to Pseudomonas aeruginosa 4-hydroxy-2-heptylquinoline-N-oxide[J][END_REF][START_REF] Qazi | N-acylhomoserine lactones antagonize virulence gene expression and quorum sensing in Staphylococcus aureus[END_REF][START_REF] Hoffman | Selection for Staphylococcus aureus small-colony variants due to growth in the presence of Pseudomonas aeruginosa[END_REF] . Moreover, LasA protease (also termed staphylolysin) secreted by P.

aeruginosa, whose cell wall degrading activity resembles that of lysostaphin (LS), can cause lysis of a wide range of S. aureus strains; it is thus considered as a potential therapeutic agent against S. aureus infection [START_REF] Kessler | A continuous spectrophotometric assay for Pseudomonas aeruginosa LasA protease (staphylolysin) using a two-stage enzymatic reaction[J][END_REF][START_REF] Barequet | Pseudomonas aeruginosa LasA protease in treatment of experimental staphylococcal keratitis[J][END_REF] .

Our objective is to study the S. aureus sRNAs expression changes when co-cultured with P.

aeruginosa, and to identify the molecules responsible for these effects. was also used to check whether interference of bacteria is independent or not of medium.

Methods and Materials

Two major quorum sensing N-Acylhomoserine lactone (AHL) molecules, N-(3-Oxododecanoyl)-L-homoserine lactone (3-oxo-C12-HSL) and N-butanoyl-homoserine lactone (C4-HSL) were kindly provided by Florence Wisniewski (UMR CNRS 5557, Lyon).

They were dissolved by using dimethyl sulfoxide (DMSO) to a stock solution of a concentration of 6 mM and kept at -20°C. Lysostaphin (Sigma) was diluted to 1.25 mg/ml as stock solution and stored at -20°C for use. 

PAO6344

ΔhcnB derivative of PAO1 [326] PAO1-pqsA ΔpqsA derivative of PAO1 [327] PAO1-pvdS ΔpvdS derivative of PAO1 Three time points were chosen for the ATCC15442 addition, when OD 600 reached at 0.5 (A), 0.8 (B) and 2.0 (C).

As the signal-sensing system in S. aureus usually involves the alternate sigma factor B (sigB), we checked these 5 sRNA expressions in a sigB+ isogenic strain (HG001) in the presence of P. aeruginosa. It turned out that the increase of RsaH was similar in both sigB+ and sigB-strains (over 12 folds), and there is also an increase of RsaG in HG001 (over 8 folds) when co-culturing with P. aeruginosa live culture (Figure 5-2). In addition, another widely used P. aeruginosa wild type strain -PAO1, and several major regulator mutants of P. aeruginosa were tested as the interference source for RN6390. No RsaG variation was observed. However, PAO1 and PAO6395 (ΔlasR) induced the RsaH expression, while PAO6281, PAO6344, PAO6711, PT712, PAO1ΔpqsA, PAO1ΔpvdS had no effects (Figure 5-3).

All the data obtained above were based on bacterial growth in rich-medium -BHI. We tried to carry out the experiment with poor-medium, like M9 minimal media, unfortunately P.

aeruginosa grew so badly in this minimal media that we could not proceed with it. 

RsaH expression is increased by P. aeruginosa but not by other bacteria

To determine whether the sRNA response to P. aeruginosa was specific, we analyzed these sRNA expressions in RN6390 and HG001 in the presence of either E. coli (Gram-) or E. faecalis (Gram+),. As shown in figure 5-4, there was no apparent effects observed, basically all the sRNA expression stayed the same when comparing their expression with and without aeruginosa live culture and treated culture, suggesting that its regulation probably involves a heat stable secreted substance, and the interaction among live bacteria is more complex than that between bacteria and substance. In addition, the use of various P. aeruginosa strains and their derivative produced inconsistent data in that PAO1 wild type and its ΔlasR derivative induced RsaH expression but not any of the other five derivatives of this P. aeruginosa strain. and LS (B). A, h3OC12HSL stands for heated 3OC12HSL, hC4HSL stands for heated C4HSL; B, 4 concentrations of LS were used: 0.001 μg/ml, 0.01 μg/ml, 0.1 μg/ml and 0.2 μg/ml.

In an attempt to identify the secreted molecules that could be involved in the above effects (especially those observed with RsaH), we analyzed RsaG and RsaH expression with addition of AHL molecules and LS. None of the AHL molecule enhanced the level of RsaG or RsaH (Figure 5-5A). When LS concentration arrived at 0.1 μg/ml or more, a slight enhancement of RsaG level (2.5-2.8 folds) was observed whereas the RsaH level was decreased (2.7-4.9 folds). When 0.5 μg/ml LS was added, most of RN6390 bacteria cell died (culture color became very clear).

Conclusion

In this chapter, we simulated a co-existence circumstance in vitro for S. aureus and P.

aeruginosa, and detected the sRNA variation of S. aureus. Only the P. aeruginosa live cells can promote the RsaG expression in S. aureus, and this phenomenon is more obvious in HG001 than RN6390. Both P. aeruginosa live bacteria and its secreted molecules could enhance the RsaH expression, although live bacteria had the most striking effect on RsaH expression. However, the mechanism is still undetermined. lasR seems not to be involved in the RsaH regulation directly, as shown in our study, neither are AHL nor LS molecules.

Introduction

Given that RsaH is more expressed when co-culturing with P. aeruginosa, it is an intriguing question that which regulators participate in the modulation of RsaH expression. To screen the possible involvement of major regulators from S. aureus, we screened different S. aureus strains with mutations of some global regulators such as Agr, Rot, SarA, SarH1, Arl.

Moreover, in order to search transcriptional regulators involved in RsaH expression, an affinity chromatography approach with the promoter region of RsaH has been undertaken.

The knowledge of the regulators of RsaH expression will give us hints about the targets and function of this regulatory RNA.

6.2 Methods and Materials We produced the biotinylated sRNA sequence with promoter region by using biotin labeled primers and PCR (rsaH as an example, shown in figure 6-3). 

Conclusion

Still in a simulated S. aureus and P. aeruginosa co-existence environment, this chapter is about a research to look for those regulators involved in sRNA regulation. We have focused on RsaH. The screen of different S. aureus strains with mutations of some global regulators such as Agr, Rot, SarA, SarH1, Arl, showed no dramatic differences of RsaH expression between these different knock outs vs. the wild type, suggesting that none of these regulators play a determinant role in RsaH induction by P. aeruginosa. Although SarA does not seem related with the RsaG upregulation, Agr, Rot, SarH1 and Arl might be involved in the mechanism, since P. aeruginosa can not increase RsaG level in their mutants.

In addition, more proteins bind to rsaH sequence after the interference of P. aeruginosa.

Unfortunately we have not got the information about compositions of eluted protein fractions yet. However, further experiments on RsaH and also other sRNAs will be carried out by other members of our team.

General discussion

All my PhD study is aiming at investigating the characteristics and functions of Rsa RNA of S. aureus, firstly through constructing the genetic tools, then by detection their expression in vitro, under various stresses and in clinical samples.

-Genetic strategies to study sRNA functions

With the floods of novel sRNAs unveiled from different bacteria, they are gaining more attention as an important regulatory player controlling diverse biological events [START_REF] Waters | Regulatory RNAs in bacteria[END_REF][START_REF] Zhou | The roles of pathogen small RNAs[J][END_REF] . To identify their targets and mechanisms, there are two major genetic approaches usually adopted: 1) to overexpress the gene of interest; 2) to invalidate the gene of interest followed by its complementation. As sRNAs often fine-tune gene expression, the use of the former strategy can not exclude entirely the influence of endogenous gene expression. In addition, the rsa genes exist as a single copy in the core genome of S. aureus, which provides the feasibility to choose the second strategy. Thus, we have constructed corresponding mutants and complementation strains for Rsa RNAs. It could provide an indispensable foundation to study the functions of these Rsa RNAs, through a comparison between mutant and wild type strains.

-Structural features and time-dependant characteristics of sRNA

It has been shown that the mechanism of sRNA function is related to structural features enabling them to interact specifically with their target [START_REF] Waters | Regulatory RNAs in bacteria[END_REF] . Two main structural features should be noted: one is the existence of a 5' stem-loop structure that could contribute to the stability of sRNA [START_REF] Benito | Probing the structure of RNAIII, the Staphylococcus aureus agr regulatory RNA, and identification of the RNA domain involved in repression of protein A expression[END_REF][START_REF] Condon | Maturation and degradation of RNA in bacteria[J][END_REF] ; the other characteristic is the conserved specific sequence: A / UCCCA / U. The functional analysis performed on the S. aureus RNAIII has shown that the crucial role of this sequence located at the apical pole of three loops -the loops 7, 13 and 14 [START_REF] Boisset | Staphylococcus aureus RNAIII coordinately represses the synthesis of virulence factors and the transcription regulator Rot by an antisense mechanism[END_REF][START_REF] Huntzinger | Staphylococcus aureus RNAIII and the endoribonuclease III coordinately regulate spa gene expression[J][END_REF] . These nucleotides involved in the interaction with the targets are typically localized in a single-stranded region and are thus readily available to form complexes sRNA-mRNA. In most cases the kissing-complex leads to the blocking of translation and mRNA degradation by double-stranded ribonuclease, the RNaseIII. Similarly, structural analysis of Rsa RNAs showed the existence of specific structural motifs described above. All the Rsa RNAs, except RsaI and RsaF, contain such a C-rich motif situated in unpaired regions. Especially in RsaG, E and C, there are several copies of this motif [START_REF] Geissmann | A search for small noncoding RNAs in Staphylococcus aureus reveals a conserved sequence motif for regulation[J][END_REF] . And this pattern is not only found in sRNAs of S. aureus but also in other bacteria. Indeed, Salmonella typhimurium, the sRNA CyaR also has a C-rich sequence, located in a loop structure that binds to the SD sequence of mRNA ompX to repress its translation [START_REF] Papenfort | Systematic deletion of Salmonella small RNA genes identifies CyaR, a conserved CRP-dependent riboregulator of OmpX synthesis[J][END_REF] . This sequence may therefore represent a common heritage to different sRNAs or may result from convergence. In any case, this suggests that these sRNAs might interact with the SD sequence of target genes through a shared mechanism.

Another very common feature of sRNA expression is that they often accumulate in the late-exponential growth phase. In several S. aureus lab strains, it has been shown that most of Rsa RNAs are predominantly expressed or strongly enhanced in the late-exponential phase, when culturing in rich medium [START_REF] Geissmann | A search for small noncoding RNAs in Staphylococcus aureus reveals a conserved sequence motif for regulation[J][END_REF] . This tightly time-dependant regulation of Rsa RNAs was also observed in S. aureus clinical isolates from different dwelling sites (Figure 2 in chapter 4). As for RsaE, the only sRNA conserved in staphylococcal species and Bacillaceae, it is preferentially expressed in the exponential phase in B. subtilis grown in rich medium [START_REF] Geissmann | A search for small noncoding RNAs in Staphylococcus aureus reveals a conserved sequence motif for regulation[J][END_REF] .

-Response of Rsa RNA to stresses in vitro

In clinical situations, bacteria could meet various environmental conditions, such as acidic pH, oxidative stress and osmotic stress. The reactions of Rsa RNAs to these stresses were already analyzed in previous study: RsaA, E and H expression are induced under osmotic stress, oxidative stress or acidic pH, while RsaC and D are induced by cold-shock [START_REF] Geissmann | A search for small noncoding RNAs in Staphylococcus aureus reveals a conserved sequence motif for regulation[J][END_REF] . However, S. aureus may also encounter the pressures from different antibiotics. The bacterial growth was inhibited once the concentration of oxacillin or levofloxacin reached more than 1/4 MIC, and simultaneously, the expression of these Rsa RNAs started to decrease (Figure 3-2 to 3-6). Given that S. aureus cell density was standardized during the experimental procedures, it may be hypothesized that these antibiotics have impacts on bacterial gene transcription. Conversely, an increase of RsaH expression was found in RN6390 (σ B-), not in HG001 (σ B+ ), under subinhibitory concentrations (1/16 MIC and 1/8 MIC) of levofloxacin, suggesting that this regulation is not σ B -dependant.

When two or more types of bacteria co-exist, they can cross talk and/or compete with each other. Quorum sensing does not only exist among the bacteria of one species, but also among the members of different species. The signaling molecules generally used during the process of cell-cell communication are N-acyl homoserine lactones (AHLs) in Gram-negative bacteria and oligopeptides in Gram-positive bacteria, respectively [START_REF] Obst | Quorum sensing: bacterial chatting[J][END_REF] . In some clinical cases, such as burn wounds, cystic fibrosis and periodontal diseases, P. aeruginosa and S. aureus are often detected simultaneously. One AHL molecule from P. aeruginosa -3OC 12 HSL plays a key role during their interspecies interaction, by inducing the up-regulation of staphylococcal surface protein A or down-regulation of sarA and agr genes in S. aureus, which in turn protects the S. aureus from the attack of host immune system or controls the expression of several virulence factors [START_REF] Qazi | N-acylhomoserine lactones antagonize virulence gene expression and quorum sensing in Staphylococcus aureus[END_REF][START_REF] Jarosz | Microbial Spy Games and Host Response: Roles of a Pseudomonas aeruginosa Small Molecule in Communication with Other Species[J][END_REF] . In our study, two sRNAs of S. aureus, RsaG and H, were found up-regulated in response to the interference with P. aeruginosa: RsaH expression was enhanced by both P. aeruginosa live bacteria and culture supernatant, while RsaG expression was only promoted by live P. aeruginosa live cells (Figure 5-1 and 5-2).

Nevertheless, the similar experiments conducted with 3OC 12 HSL and C 4 HSL showed no effects on the expression of RsaG and RsaH (Figure 5-5A), suggesting that the mechanism of up-regulation of RsaG and H by P. aeruginosa does not involve one of these two AHL molecules.

-Response of Rsa RNA to human innate environment

The gene expression regulation mediated by sRNAs enables bacteria to adapt rapidly to environmental changes and signals. Except from their involvement in microbial physiology, some of the sRNAs have been implicated in virulence [START_REF] Zhou | The roles of pathogen small RNAs[J][END_REF] . The Rsa RNAs of S. aureus were identified from a few reference strains; however, their expression profiles in host remain unknown. Thus, we carried out a direct analysis of sRNA expression in S. aureus during differential infection processes in human beings and compared it with in vitro isolates. In our study, it is inspiring that all the 5 sRNAs (RsaA, E, G, H and RNAIII) not only proved to be expressed in clinical isolates, but also expressed in the in vivo condition, despite of their low abundance.

The observation in our study that RNAIII was expressed in all the clinical isolates after culturing in BH medium to mid or late-exponential phase, was consistent with most previous studies, although it was also reported that agr dysfunction can be associated with persistent bacteremia or development of reduced susceptibility to glycopeptides [START_REF] Sakoulas | Accessory gene regulator (agr) locus in geographically diverse Staphylococcus aureus isolates with reduced susceptibility to vancomycin[J][END_REF][START_REF] Fowler | Persistent bacteremia due to methicillin-resistant Staphylococcus aureus infection is associated with agr dysfunction and low-level in vitro resistance to thrombin-induced platelet microbicidal protein[J][END_REF][START_REF] Schweizer | Increased mortality with accessory gene regulator (agr) dysfunction in Staphylococcus aureus among bacteremic patients[J][END_REF] . The other 4 sRNAs (RsaA, E, G and H) were also expressed by all the clinical isolates, suggesting that these sRNAs are encoded in the core genome of S. aureus. Concerning their expression kinetics, all these sRNAs accumulate in the late-exponential growth phase, except for RsaE, which reaches the peak in the mid-exponential growth phase (Figure 2 in chapter 4). RsaE is involved in the regulation of protein synthesis of various metabolic pathways [START_REF] Geissmann | A search for small noncoding RNAs in Staphylococcus aureus reveals a conserved sequence motif for regulation[J][END_REF] . The toxicity caused by overexpression of RsaE could be partially alleviated through non-preferred source acetate. It was postulated that the utilization of glyoxylate pathway shunts some RsaE-repressed steps of the tricarboxylic acid (TCA) cycle [START_REF] Bohn | Experimental discovery of small RNAs in Staphylococcus aureus reveals a riboregulator of central metabolism[J][END_REF] . When measuring directly the expression of 5 sRNAs in clinical samples, it was different with that observed in clinical isolates grown in BH medium. Firstly, RNAIII level is generally much less expressed in vivo than in cultures grown to the late-exponential growth phase. Similar results have been previously reported in various clinical samples [START_REF] Goerke | Direct quantitative transcript analysis of the agr regulon of Staphylococcus aureus during human infection in comparison to the expression profile in vitro[END_REF][START_REF] Loughman | Virulence gene expression in human community-acquired Staphylococcus aureus infection[J][END_REF][START_REF] Burian | Regulatory adaptation of Staphylococcus aureus during nasal colonization of humans[END_REF] .

One possible reason is that the cell density in the clinical samples was probably under the threshold for agr activation and thereby corresponds to cultures grown to the mid-exponential growth phase other than late-exponential phase. Moreover, some studies have revealed that low agr level favors the expression of several proteins involved in biofilm formation, such as fibronectin-binding proteins and protein A [START_REF] Goerke | Adaptation of Staphylococcus aureus to the cystic fibrosis lung[J][END_REF][START_REF] Merino | Protein A-mediated multicellular behavior in Staphylococcus aureus[J][END_REF][START_REF] Vergara-Irigaray | Relevant role of fibronectin-binding proteins in Staphylococcus aureus biofilm-associated foreign-body infections[END_REF] .

An interesting fact was that the expression levels of all 5 sRNAs were extremely variable in abscess samples, while the samples obtained from the CF lung infection and nasal colonization showed modest and highly uniform sRNA expression, respectively. This phenomenon might be related with the more quantitatively diverse stresses during acute infection than during colonization. In addition, there was much inherent variability of external conditions in abscesses, such as the time after onset of infection, while such parameters were less critical in samples collected from nasal carriers. Given that the sRNAs of clinical isolates from nasal carriers showed a varied expression pattern similar to other isolates from abscesses or CF infection, we can exclude the possibility that the striking uniformity of the sRNA expression profile in nasal samples is due to the intrinsic properties of isolates. Thereby, it can be proposed that the uniform level of sRNA expression in nasal colonization might reflect a sort of vigilance status of the bacteria during limited stress conditions associated with commensalism.

Overall, my thesis was part of the global project to characterize newly discovered sRNAs in S. aureus, for the purpose to understand their mechanism of action. The construction of genetic tools allows us to study further their expression and function in different genetic backgrounds, e.g. to indentify the genes they regulate. Analyze of sRNA expression under stresses (antibiotics, P. aeruginosa) has given us the hints about the potential role of sRNAs in an imposed microenvironment. Furthermore, the analysis of these sRNAs expression profiles in clinical samples confirmed that the sRNAs were expressed by all the clinical isolates indicating that they may regulate common targets. The expression levels of these sRNAs in vivo showed different patterns compared to in vitro, which is also a reflection of the influence from distinct niches and host immune responses during acute, chronic infection or colonization.

For further investigation on potential role of the sRNA, in either ecology or pathogenisis of S. aureus, it is essential to assess the sRNA expression through infection/colonization cycle or in animal models. The analyzes of competitive survial ability of wildtype and Rsa deletion mutants, under various complex biological conditions (e.g. blood, cerebrospinal fluid, lung cells), performed by our team, are now in progress. However, on the basis of data obtained in this study, a new angle of view about the communnication among bacterial cells or with host during chronic infection or long-term colonization attracts our attention. A comparative genome sequencing of 3 sequential S. aureus isolates from the airways of 1 CF patient revealed the genetic polymorphisms correlating with differences in growth, hemolytic activity and antibiotic resistance, which implies an adaptive evolution of S. aureus during chronic infection [START_REF] Mcadam | Adaptive evolution of Staphylococcus aureus during chronic endobronchial infection of a cystic fibrosis patient[END_REF] . Another artificial colonization study in neonatal rat model demonstrated that the established S. aureus strains inhibited invasion of new S. aureus populations [START_REF] Margolis | The ecology of nasal colonization of Streptococcus pneumoniae, Haemophilus influenzae and Staphylococcus aureus: the role of competition and interactions with host's immune response[J][END_REF] . The answer to the question 'How sRNA involves in this co-evolution of human and microrganism' may broaden the current knowledge about its function and seek novel anti-colonization/infection strategies.
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 11 Figure 1-1 Regulation mechanism of plasmid-encoded antisense sRNAs (adapted from Wagner et al., 1994). Regulatory antisense sRNAs are indicated in red and target RNAs in brown. Detailed mechanisms are explained in the text.
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 12 Figure 1-2 Mechanism of riboswitch function [56] M M stands for metabolite. (A) Transcription termination induced by metabolite binding, i.e. guanine riboswitch; (B) Translation initiation blocked by metabolite binding, i.e. TPP riboswitch.
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 13 Figure 1-3 (A) The glycine cooperative riboswitch (adapted from Lioliou et al., 2010): The first binding of glycine promotes the second binding, and then stabilizes the anititerminator structure. (B) The GlcN6P ribozyme switch: Self cleavage is induced by GlyN6P binding at the 5' UTR of mRNA.
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 14 Figure 1-4 Mechanism of regulation by trans-acting sRNAs. (A) Most regulation is negative: sRNA (stem-loops in red) base pairs with SD region (represented in blue box), then makes the translation initiation aborted; or the complex induces irreversible degradation by RNase. (B) Positive regulation: Binding of sRNA and mRNA makes the SD region on mRNA accessible by ribosome.
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 16 Figure 1-6 Schematic model of MSCRAMMs -domain organization of fibronectin binding protein A (FnBPA), collagen binding protein (Cna) and clumping factor A (ClfA) (from Foster 1998 and thesis of Sandrine 2006). "S" represents the signal sequence, "A" corresponds to the fibrinogen-binding domain, "R" and "D" are involved in binding to fibronectin, the functions of the regions "B" and "C" are unknown, "W" represents the wall-spanning region, "M" represents the membrane-spanning region and positively charged residues. The position of the LPXTG motif is indicated.
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 17 Figure 1-7 (A) Schematic structure of protein A; (B) Crystal structure of complex Spa, IgG and IgM (from Graille et al., 2000). The domain D of protein A (red) binds to VH3 fragment of IgM (blue) and the Fc fragment of IgG (gray).

  pCN37 Pstl-BamHI::TT-Pcad Team work kana: gene coding for kanamycin resistance
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 21 Figure 2-1 Construction of RsaA inactivation vector. F1 and F2 stand for the upstream and downstream sequences of RsaA amplified with primers Rsa-76/RsaA-1120 and RsaA1246/Rsa2194 respectively.
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 24 Figure 2-4 Migration bands of PCR results on 1% and 2% agarose gel, to control the inactivation of Rsa gene. Schemas of wild type and mutant show clearly positions and orientations of the oligonucleotides used for PCR, together with one table for each sRNA giving the proper results we should have. A. Two colonies of HG001ΔrsaA were confirmed by PCR using 4 pairs of primers: PCR1 (Kcr3/RsaA-2270); PCR 2 (Kcr4/RsaA-24); PCR 3 (RsaA-1157/RsaA-2270); PCR 4 (RsaA-1109/RsaA-1257). B. One colony of NEWMANΔrsaE was confirmed by PCR: PCR1: Kcr3/RsaE-3283; PCR2: Kcr4/RsaE-70; PCR3: RsaE-2065/RsaE-3283; PCR4: RsaE-2063/RsaE-2162. C. Two colonies of NEWMANΔrsaH were confirmed by PCR: PCR1: Kcr3/RsaH-2762; PCR2: Kcr4/RsaH-387; PCR3: RsaH-387/RsaH-1629; PCR4: RsaH-1511/RsaH-1629.

  Eventually, it was decided by my supervisor and colleagues to use a derivative of plasmid PE194 in which a strong promoter (agr P3) was cloned. RsaE and other sRNA DNA were cloned in this plasmid for complementation experiments. This work was accomplished by Dr. S. Boisset.
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 25 Figure 2-5. Northern blot for RsaE, used to verify complementation in RsaE mutant. Cultures of LUG1476 (shown in A) and LUG1691 (shown in B) were collected at 3.5 h, 4.5 h and 6 h of growth in the presence ( ) or absence ( ) of cadmium. Addition time of

  concentration of clindamycin stimulates coagulase and fibronectin binding protein B expression, and Panton-Valentine Leukocidin (PVL) is enhanced by subinhibitory concentration of oxacillin (DUMITRESCU et al. 2008; DUMITRESCU et al. 2007).

  of 10 µl, and then were incubated at 70 ºC for 10 min. Next, 1 U eAMV, 1 U Ribonuclease Inhibitor from human placenta (Sigma) and 2 µl 10×buffer were added into the former mixture of 10 µl and adjusted to a total volume of 20 µl with DEPC water. Afterwards, the RT reaction was performed in 20 µl reaction volume at 55 ºC for 50 min. cycle threshold (Ct) and the equation 2 -ΔCt , where ΔCt stands for the difference between Ct of the gene studied and the Ct of gyrB in the same condition. When comparing the expression level of sRNA under antibiotics pressure with that growing without antibiotics, the method 2 -ΔΔCt was used, where ΔΔCt = (Ct target -Ct gyrB) with antibiotics -(Ct target -Ct gyrB) without antibiotics (LIVAK and SCHMITTGEN 2001; SCHMITTGEN et al. 2000; WINER et al. 1999).

2 2 Figure 3 - 1 .

 2231 Figure 3-1. Growth curves of RN6390 in the presence of oxacillin (0 MIC-black, 1/16 MIC-red, 1/8 MIC-yellow, 1/4 MIC-blue, and 1/2 MIC-green). Black arrows indicate the time point where oxacillin was added. A. Serial concentration of oxacillin was added at the beginning of bacterial growth. B. As the bacteria grew to exponential phase (OD 600 = 0.5), different quantity of oxacillin was added to the medium.
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 34 Figure 3-4 Comparison of the sRNA expression after exposure to oxacillin of RN6390 and HG001. Fold changes of sRNA expression levels with/without exposure to oxacillin, shown for RNAIII (panel A), RsaA (panel B), RsaE (panel C) and RsaH (panel D).
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 36 Figure 3-6 Comparison of sRNA expression between RN6390 and HG001 exposed to levofloxacin . Fold changes of sRNA expression levels with levofloxacin, relative to them without levofloxacin were represented-RNAIII (shown in A), RsaA (shown in B), RsaE (shown in C), RsaG (shown in D) and RsaH (shown in E).
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 53 Figure 5-3. Differential expression of RsaG and RsaH after exposure to various P. aeruginosa strains. Fold change indicates the ratio of the level of expression in the presence of P. aeruginosa vs. control.
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 55 Figure 5-5 RsaG and RsaH expression changes after the interference of AHL molecules (A)and LS (B). A, h3OC12HSL stands for heated 3OC12HSL, hC4HSL stands for heated C4HSL; B, 4 concentrations of LS were used: 0.001 μg/ml, 0.01 μg/ml, 0.1 μg/ml and 0.2 μg/ml.
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 6364 Figure 6-3. Electrophoresis on 2% agarose gel to control the biotinylated rsaH sequence with the promotor region. M: 100 bp (Fermentas); P-rsaH: biotinylated rsaH sequence with promotor region; rsaH: normal rsaH sequence.

  

  

Gene Location Virulence factor Function/Disease Time a Agr b Reference Capsule and Surface proteins

  

	Table 1-1 Major known virulence factors of S. aureus and their regulation by Agr (adapted
	from Novick, 2003)					
	cap5, 8	chrom	Polysacch serotypes 5, 8	Anti-phagocytosis	pxp	+	[77]
	spa	chrom	Protein A	Adhesion, immunomodulation	exp	_	[78-79]
	cna	PT island	Collagen binding Protein	Collagen binding	pxp	0	[80]
	fnbA, B	chrom	Fibronectin binding PA, B Fibronectin binding	exp	-	[81]
	clfA, B	chrom	Clumping factor A, B	Fibrinogen binding	exp	0	[82]
	coa	chrom	Coagulase	Adhesion (plasminogen to plasmin conversion)	exp	-	[82-83]
	Cytotoxins (membrane-damaging)				
	hla	chrom	α-haemolysin	Cytolysin	pxp	+	[84]
	hlb	chrom	β-haemolysin	Cytolysin, sphingomyelinase	pxp	+	[78,85]
	responsible for many community-acquired and hospital-acquired infections. It can cause a hld chrom δ-haemolysin Cytolysin xp + [86]
	wide variety of diseases, from minor skin infections to severe life-threatening infections. The hlg chrom γ-haemolysin Cytolysin pxp + [87]
	lukD/E diversity and severity of S. aureus infection depends on the coordination of different phage Leucocidin [88] Cytolysin lukS/F phage P-V leucocidin Cytolysin pxp [84] + virulence factors expression (Table 1-1), which in turn relies on the fine cooperation of Superantigenic toxins
	complicated virulence regulators. sea phage Enterotoxin A	Food poisoning, TSS	xp	0	[89]
	seb	SaPI3	Enterotoxin B	Food poisoning, TSS	pxp	+	[84]
	1.2.1 Pathogenicity of S. aureus sec SaPI4 Enterotoxin C	Food poisoning, TSS	pxp	+	[90]
	sed	plasmid	Enterotoxin D	Food poisoning, TSS	pxp	+	[91]
	1.2.1.1 Invasive infection eta phage Exfoliatin A	Scalded skin syndrome	pxp	+	[92]
	etb	plasmid	Exfoliatin B	Scalded skin syndrome	pxp	+	[93]
	Once the human skin or mucosal barrier is breached, the bacterial cells from colonization tst SaPI1,2 Toxic shock toxin-1 Toxic shock syndrome pxp + [84]
	Enzymes sites enter into the adjacent tissues or bloodstream. Then the combat between S. aureus and splA-F chrom Serine protease Protease + [85]
	host defense system will decide whether this infection localizes or spreads. Several high-risk sspA chrom V8 protease Diffusion pxp + [94]
	conditions have been associated with invasive infection. For instance, host immunity is sspB chrom Cysteine protease Enzyme + [94]
	compromised or deficient by underlying diseases, such as newborn, old age, diabetes, HIV scpA Staphopain protease Diffusion, nutrition pxp + [94]
	geh infection; or foreign material/equipment is used inside human body, such as intravenous chrom Glycerol ester hydrolase Diffusion, nutrition pxp [85] + lip chrom Lipase Diffusion, nutrition pxp + [95]
	catheter, feeding tube and artificial pacemaker. aur chrom Metallo protease (aureolysin) Enzyme	pxp	+	[96]
	nuc	chrom	Nuclease	Nutrition	pxp	+	[97]
	hys	chrom	Hyaluronidase	Diffusion	xp		[98]
	sak	phage	Staphylokinase	Plasminogen activator	pxp	+	[78]
	fme	chrom	FAME	Fatty acid esterification	pxp	+	[95]
	a. exp: early exponential phase, pxp: post exponential phase, xp: exponential phase;			
	b. +: upregulation, -: downregulation, 0: no regulation				

  Global regulation of staphylococcal virulence factors. Two component systems are indicated in blue, while transcriptional factors in violet. RNAIII, the major effector of Agr system is shown in box. Arrows in solid line stand for positive control, and those in dashed line for negative control.1.2.3.1 Two-component systemsWhen bacteria move to a new niche, it is necessary for them to sense and respond rapidly to a large number of environmental signals. Two-component systems (TCS) are often used in this process of adaptation by regulating the expression of various virulence genes. These systems consist of two proteins: a histidine kinase protein called sensor and a response regulator. The sensor is a transmembrane protein that interacts directly with a signal ligand or a receptor that binds to the signal ligand. This binding event leads to the autophosphorylation of the histidine residue in the intracellular C-terminal. A phosphotranserase reaction then happens by transferring the phosphate group to an aspartate residue on the N-terminal region of the cognate response regulator. This cascade of phosphorylation results in the modification of the allosteric regulatory DNA-binding protein,
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1.2.3.1.1 Agr -accessory gene regulator

Agr, with its property of autoinducer, is an important quorum sensing system (QS) in S. aureus. This system, whose effector is an RNA molecule -RNAIII, is demonstrated to regulate the synthesis of many extracellular and cytoplasmic proteins during the post-exponential growth. Figure 1-9 Schematic model of agr response loop (adapted from

Novick and Geisinger, 2008)

. AgrB and AgrD (in green) cooperate to generate AIP: the immature peptide encoded by agrD is processed by AgrB located in cytoplasmic membrane and secreted. During exponential growth phase, the AIPs accumulate in the extracellular medium and reach to a certain concentration, thus activate two-component system AgrA / AgrC. AIPs bind to the transmembrane receptor AgrC, and induce autophosphorylation of the histidine residue C-terminal of the latter. The phosphate residue is then transferred to an aspartate residue of the cytoplasmic protein AgrA that enables the expression of RNAII and RNAIII.

Table 2 -

 2 1 Strains and Plasmids used in this study

	Strains/Plasmids	General Characteristics	Source/reference
	Strains		
	E. coli		
	DH5α	Cloning strain	Promega
	S. aureus		
	8325-4	NCTC8325 cured of three prophages	[295]

Table 2 -

 2 2 Oligonucleotides used in this study

	Primers Sense(+/-)	5' to 3' sequence a	Tm b Restriction Site	Utilization c
	Kcr3(+)	CGTTTCTGCG GACTGG	56	-	Inactivation control
	Kcr4(-)	CTATCGCCTT CTTGACG	54	-	Inactivation control
	RsaA-76(+)	AGCCCGGGAT CCAAAACATA GTC	46	SmaI	Construction pMAD
	RsaA-1120(-)	TGGATATCTA ATATTATTTT AACCTATTTG	47	EcoRV	Construction pMAD
	RsaA-1246(+)	ACATCGATAT TGATAATACA TTAGC	44	ClaI	Construction pMAD
	RsaA-2194(-)	TTGTCGACAA GGAGCGATAA ACATG	50	SalI	Construction pMAD
	RsaA-24(+)	GGTGCATCAA AAATGACG	52	_	Inactivation control
	RsaA-1109(+)	TAAGGATCCA TTAGTTAACC ATTACAAAAA TTGTATAG	53	BamHI	Inactivation control
	RsaA-1157(+)	CTATTGAGGT TAACGTTTAT ATG	53	-	Inactivation control
	RsaA-1257(-)	ATGGAATTCC AATAACAAAG TACACTTTGC TCATAG	57	EcoRI	Inactivation control
	RsaA-2270(-) GCCACGTCAC CAATTTG	54	-	Inactivation control
	RsaE-140(+)	TTTCCCGGGAGGT TTACTACATA TG	50	SmaI	Construction pMAD
	RsaE-2041(-)	TAAGATATCG TTCATAATAT AACATGCTAT C	50	EcoRV	Construction pMAD
	RsaE-2163(+)	CGTGTCGACA TGTTCTTTTT TAATAAGAGA G	48	SalI	Construction pMAD
	RsaE-3214(-)	TGACTCGAGA TGGCTGGAGA ATTAC	52	XhoI	Construction pMAD
	RsaE-70(+)	GTTCAGATAG AGGTAATGAC	53	-	Inactivation control
	RsaE-2063(+)	ATTGGATCCA TGAAATTAAT CACATAACAA ACATACC	54	BamHI	Inactivation control
	RsaE-2065(+)	GAAATTAATC ACATAACAAA CATACC	54	-	Inactivation control
	RsaE-2162(-)	AAAGAATTC AAAAAAACGT CGTGTCTGAA TACAC	57	EcoRI	Inactivation control
	RsaE-3283(-)	GATTAACTGC TAATCATATG GTG	54	-	Inactivation control
	RsaH-435(+)	TTCCCGGGCT CATTAATGGT ATTG	47	SmaI	Construction pMAD
	RsaH-1490(-)	CGAGATATCA CCTTTATTAT AACTTATATC	48	EcoRV	Construction pMAD
	RsaH-1633(+)	GTCAAGCTTA TTTATTTCTT ATTCCCATTA TAC	50	HindIII	Construction pMAD
	RsaH-2701(-)	TCTGTCGACC TGGTTCATTT TTGTTTGAC	51	SalI	Construction pMAD

rsaE P cad -cadC amp colE1ori ermC pT181 A TT pLUG920::rsaE pT181 ermC amp colE1ori P cad P cad -cadC rsaE B pCN37::rsaE rsaE P cad -cadC amp colE1ori ermC pT181 rsaE P cad -cadC amp colE1ori ermC pT181 A TT pLUG920::rsaE pT181 ermC amp colE1ori P cad P cad -cadC rsaE pT181 ermC amp colE1ori P cad P cad -cadC rsaE

  

B

Figure

2-3

. Vector constructs for complementation. (A) pCN37, containing an inducible promoter cassette Pcad-cadC (in red), is represented in a linear form. Gene rsaE (in white) is inserted in the MCS site, downstream of Pcad-cadC. (B) pCN37 is modified and renamed as pLUG920, where a transcription terminator (TT) and a 2 nd Pcad are cloned. rsaE is inserted in the downstream region of the additional Pcad.

2.2.4.2 Total RNA extraction

S. aureus wild type strain (RN6390), RsaE mutant and complemented strains were cultivated

Table 5 -

 5 1 Strains used in this study

	Strains / Plasmids	General Characteristics	Source / Reference
	Strains		
	E. coli		
	ATCC25922	Wild type strain, clinical isolate	Laboratory stock
	E. faecalis		
	ATCC29212	Wild type strain, clinical isolate	Laboratory stock
	S. aureus		
	RN6390	Derivative of 8325-4, agr positive	[297]
	HG001	rsbU+ strain derivative of RN6390	[299]
	P. aeruginosa		
	ATCC15442	Wild type strain, clinical isolate	Laboratory stock
	PAO1	Wild type strain, chl-2 a , clinical isolate	[321]
	PAO6395	ΔlasR derivative of PAO1	[322]
	PAO6281	gacA::ΩSm/Sp b	[323]
	PAO6711	ΔcbrB derivative of PAO1	[324]
	PT712	PT5ΔrhlA::Gm c	[325]

  The expression levels of sRNAs -RNAIII, RsaA, RsaE, RsaG and RsaH in S. aureus were analyzed after its exposure to live culture and other pre-treated culture of P. aeruginosa. Comparison of sRNA expression in RN6390 (sigB-) exposed to P. aeruginosa ATCC15442 versus that without ATCC15442. Fold change indicates the ratio of the level of expression in the presence of P.aeruginosa vs. control. 6390+P means the interference of live P. aeruginosa; 6390+hP means the interference of heated P. aeruginosa; 6390+F means the interference of filtrate; 6390+hF means the interference of inactivated P. aeruginosa.
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	ATCC15442 interference was applied, it was observed that RsaH level was strongly 100 C RN6390 + P 100 C RN6390 + P 100 C RN6390 + P increased (over 12 folds) by the addition of P. aeruginosa ATCC15442 live culture at RN6390 + hP OD 600 =2.0 RN6390 + hP OD 600 =2.0 RN6390 + hP OD 600 =2.0
	RN6390 + F RN6390 + F RN6390 + F OD 600 =0.8. And the level of RsaG was increased (between 2.8 and 4.3 folds) only when live RN6390 + hF RN6390 + hF RN6390 + hF
	culture of P. aeruginosa had been added. No significant changes were observed for other
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	a chl-2 refers to spontaneous chloramphenicol resistance		
	b Sm/Sp stands for gene of streptomycin and spectinomycin resistance
	c Gm stands for gene of gentamycin resistance		
	5.2.2 Co-culture P. aeruginosa / S. aureus		
	An overnight culture of P. aeruginosa was prepared in BHI at 37°C. The next morning, it

  Comparison of sRNA expression in HG001 (sigB+) exposed to P. aeruginosa ATCC15442 versus that without ATCC15442. Fold change indicates the ratio of the level of expression in the presence of P.aeruginosa vs. control. HG001+P means the interference of live P. aeroginosa; HG001+hP means the interference of heated P. aeroginosa; HG001+F means the interference of filtrate; HG001+hF means the interference of inactivated P. aeruginosa.
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Table 6 -

 6 1 Strains used in this study Fold changes of sRNA expression of S. aureus in presence of P. aeruginosa strain PAO1, against to those in absence of PAO1. Data is the average of two separate experiments.

	Strains	General Characteristics	Source / Reference
	S. aureus		
	RN6390	Derivative of 8325-4, agr positive	[297]
	LUG1054	RN6390ΔsarHI-kana a	Benito and Boisset unpublished
	LUG1063	RN6390 sarA::ermC phiSLT	[171]
	LUG1064	PMN466 phi SLT b Δagr	Teamwork, unpublished
	LUG1066	BF phi SLT b Δarl	Teamwork, unpublished
	LUG1160	RN6390 Δrot-cat c	[171]
	P. aeruginosa		
	PAO1	Wild type strain, chl-2 d , clinical isolate [321]
	a kana: kanamycin resistance gene	

b phi SLT: Panton-Valentine leukocidin(PVL)-converting temperate bacteriophage c cat: chloramphenicol resistance gene d chl-2 : spontaneous chloramphenicol resistance 6.3.2 More proteins bind to RsaH in S. aureus/P. aeruginosa co-culture
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After RT reaction, the quantitative real-time PCR was carried out with Light-Cycler instrument and LightCycler® FastStart DNA Master SYBR Green I kit (Roche). Two μl cDNA (1:5 diluted) was mixed with 8 μl master mix that consisted of 3.8 μl H 2 O, 1.2 μl MgCl 2 , 1.0 μl Mixtaq, 1.0 μl Primer forward (5 μM/L), 1.0 μl Primer reverse (5 μM/L). The Primer list can be seen in table 3-1. The following system was used for amplification: initial denaturation at 95ºC for 8 min (temperature transition, 20 ºC/s); 40 cycles at 95 ºC for 15 s, 52 ºC for 5 s and 72 ºC for 10 s (temperature transition, 20 ºC/s); Melting curve analysis was done between 65ºC and 95ºC (temperature transition, 0.1 ºC/s); Samples cooled at 40ºC for 30 s (temperature transition, 20 ºC/s). Peaks of melting-curves were analyzed to make sure the specificity of reactions. Moreover, the amplification efficiencies of sRNAs and internal control gyrB were checked to be almost equal. 

Data analysis

The relative gene expression ratios for quantitative Real-time PCR were calculated based on

Expression level difference among the sRNAs

In both strains, RN6390 and HG001, RNAIII was expressed at the strongest level as compared to the other 3 sRNAs, and its level was as high as over 10 folds that of gyrB. The expression of RsaA and RsaE were basically comparable to that of gyrB, whereas RsaA level was slightly higher than RsaE. The most weakly expressed sRNA was RsaH with a ratio of 0.1 to 0.01 in comparison to gyrB mRNA (Figure 3 -3).

Relation between expression level of sRNA and oxacillin concentration

We did not observe a significant reduction of sRNA/gyrB ration when concentrations of oxacillin increased gradually from 1/16 MIC to 1/4 MIC. However, in the presence of 4 MIC of oxacillin, there was a visible declination in RN6390 for three sRNAs (RNAIII, RsaA and RsaE), but not for RsaH (Figure 3-3A). In HG001, it was demonstrated that the expression of all four sRNAs were decreased in the presence of 4 MIC of oxacillin (Figure 3-3B).

A comparison for the relative amount of each sRNA (in the presence of oxacillin vs. absence of oxacillin) between RN6390 and HG001 is shown in Figure 34. Except for RsaH, we could not detect a difference of expression level of sRNAs between RN6390 and HG001.

The relative amount of RsaH, in the presence of a series of concentrations of oxacillin, was higher in RN6390 than HG001 (we use two-fold difference as a threshold in this study). -Relation between expression level of sRNA and levofloxacin concentration One thing noticed was that the amount of sRNA level per amount of gyrB did not start to decrease until the concentration of levofloxacin got more than 1/4 MIC (Figure 345). With 2 folds as a threshold, no significant increase change of relative sRNA level (in presence of levofloxacin vs. absence of levofloxacin) was observed, except RsaH in the presence of 1/16

Amount sRNA/ amount

MIC and 1/8 MIC of levofloxacin. And this over expression of RsaH happened in strain RN6390 (σ B-) other than HG001 (σ B+ ) (Figure 3456). P. aeruginosa culture (as described above) was added, except to the last flask that served as control. After incubating at 37°C with shaking for 30 min, 5~10 ml bacterial culture was collected from each of the 5 flasks. After centrifugation at 4,000 rpm for 10 min, at 4°C, the pellet was stored at -80°C.

S. aureus co-culturing with other bacteria or chemical molecules -Co-culturing with other bacteria

Similar experiments were carried out as described above but with E. coli or E. faecalis live cultures (volume ratio between E. coli or E. faecalis and S. aureus = 1: 9).

-Co-culturing with AHL molecules When S. aureus culture reached an OD 600 of 0.8, a volume of 125 μl of 3OC12HSL or C4HSL solution (6 mM) was added to 50 ml of S. aureus culture to a final concentration of 15 μM. For the negative control of S. aureus culture, 125 μl of DMSO was added.

-Co-culturing with lysostaphin Serial concentrations of lysostaphin (0.5 μg/ml, 0.2 μg/ml, 0.1 μg/ml, 0.01 μg/ml and 0.001 μg/ml) were used to interfere with the S. aureus culture at an OD 600 of 0.8.

RNA extraction and RT-PCR

Cell lysis and RNA isolation was performed with the QIAGEN RNeasy Plus kit as recommended by the manufacturer Reverse-transcription PCR was done as described in

Bacterial interference culture

Culture of S. aureus mutants were mixed with overnight culture of P. aeruginosa strain PAO1 at mid-exponential growth phase (OD 600 = 0.8). More details are described in chapter 5.

RNA extraction and RT-PCR

Cell lysis and RNA isolation was performed with the QIAGEN RNeasy Plus kit.

Reverse-transcription PCR was done as described in chapters 3 and 4.

DNA biotinylation

-Chromosome DNA was extracted from RN6390 by using commercial kit (QIAGEN), following the instructions of the manufacturer.

-Design biotin labeled primers and PCR Biotin modification was added [START_REF] Igloi | Enzymatic addition of fluorescein-or biotin-riboUTP to oligonucleotides results in primers suitable for DNA sequencing and PCR[END_REF] at 5' end of one of the primer pairs for each sRNA. All the primers used are shown in table 6-2.

Conventionnal PCR was done as described in chapter 2, and the annealing temperature was chosen according to their own Tm value. PCR product was checked on 2% agarose gel. Isocratic flow: buffer A 0%, buffer B 100%, 10 ml Then 1 ml protein/DNA reaction mixture was injected into the system. At the end of program, protein fractions binding to streptavidin columns were eluted in tubes by elution buffer. They were concentrated and purified by using Vivaspin 6 (0.2 μm, membrane 10,000 MWCO-PES, Sartorius Stedim Biotech GmbH).

-SDS-PAGE Purified proteins were separated by SDS-PAGE, and stained by using Coomassie Brilliant Blue R-250 for visualization.

high-salt buffer

Whole protein extrats Like the S. aureus wild type strain RN6390, several S. aureus mutants (ΔsarH1, ΔsarA, Δagr, Δarl, Δrot) were treated with the P. aeruginosa strain PAO1 live culture. After comparing sRNA expression with vs. without PAO1, RsaH was found more expressed by P. aeruginosa interference in RN6390 (12 folds). And the increase of RsaH was also observed in these S. aureus mutants, however more in ΔsarH1 (16 folds), ΔsarA (11 folds), Δarl (12 folds), than in Δagr (7 folds) and Δrot (6 folds).

Mass

RsaG was increased by P. aeruginosa interference in RN6390 (3 folds), and more increased in ΔsarA (5 folds). In contrast, no increase of RsaG showed in ΔsarH1, Δagr, Δarl , Δrot (with 2 folds as threshold). 

Annex

Annex III

Map of pGEM-T (Promega). This cloning vector contains T7 and SP6 RNA polymerase promoters which flank a multiple cloning region (MCS). MCS situates within the coding region for β-galactosidase (lacZ). Insertion of foreign gene can inactivate lacZ, allowing recombinat clones to be directly identified by white/blue screening. It also has an origin of replication ori and the ampicillin resistance gene.
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