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Introduction

One of the major discoveries in the field of bacterial gene regulation, was that RNA molecules not only serve as passive intermediates between DNA and protein, but themselves play an important and active role in regulating both translation and transcription [START_REF] Novick | Synthesis of staphylococcal virulence factors is controlled by a regulatory RNA molecule[END_REF]. This realisation has led to the search, in recent years often by transcriptomic methods, for RNAs (or sub-sections of RNAs) with potential regulatory function. A number of excellent recent reviews dealt with the RNA-mediated regulatory mechanisms discovered in various bacteria and have outlined some of the methods used to probe/analyse the molecular details of these regulatory events [START_REF] Felden | Regulatory RNAs in bacteria: From identification to function[END_REF][START_REF] Fechter | Novel aspects of RNA regulation in Staphylococcus aureus[END_REF][START_REF] Wagner | Small RNAs in bacteria and archaea: who they are, what they do, and how they do it[END_REF][START_REF] Bronesky | Staphylococcus aureus RNAIII and Its Regulon Link Quorum Sensing, Stress Responses, Metabolic Adaptation, and Regulation of Virulence Gene Expression[END_REF][START_REF] Durand | sRNA and mRNA turnover in Gram-positive bacteria[END_REF].

In this review we highlight some particularly interesting examples of post-transcriptional regulation of virulence factors in Staphylococcus aureus, as well as describe some of the transcriptomic methods employed to gain a better understanding of these regulatory mechanisms, which until recently have been largely overlooked.

S. aureus is an opportunistic pathogen which benignly colonises the nasopharynx in 20-30% of the human population [START_REF] Wertheim | The role of nasal carriage in Staphylococcus aureus infections[END_REF]. Under conditions such as weakened host immune system or direct access to the bloodstream, these same peaceful strains can change to aggressive pathogens, and need a highly organised gene regulatory system to ensure correct transition between the two lifestyles. In contrast to many bacteria, S. aureus does not depend on a large array of sigma factors to perform the fine-tuning of cellular programs, and only four sigma factors have been identified, two of them with cryptic expression conditions [START_REF] Morikawa | A new staphylococcal sigma factor in the conserved gene cassette: functional significance and implication for the evolutionary processes[END_REF][START_REF] Shaw | Identification and characterization of sigma, a novel component of the Staphylococcus aureus stress and virulence responses[END_REF]. S. aureus relies instead on a finely tuned homeostasis between transcription regulators, small RNAs, RNA degradation, and intra-molecular RNA-RNA interactions to generate the required regulatory flexibility [START_REF] Felden | Regulatory RNAs in bacteria: From identification to function[END_REF].

One of the most intriguing examples of RNA-mediated post-transcriptional regulation is RNAIII from S. aureus, which with its 14 hairpin structures can interact with, and regulate, a variety of RNA targets involved in virulence [START_REF] Felden | Regulatory RNAs in bacteria: From identification to function[END_REF]. Bacterial mRNAs have short half-lives, typically below 3 minutes [START_REF] Anderson | Characterizing the effects of inorganic acid and alkaline shock on the Staphylococcus aureus transcriptome and messenger RNA turnover[END_REF], and the steady-state level of a given RNA is therefore highly dependent on even minor changes in its degradation rate. What determines the degradation rate is unclear for most RNAs in S. aureus, but it appears that a "decay-initiating" endonucleolytic cleavage is the rate-limiting step, at least for a sub-set of RNAs. This is the case for about a hundred coding regions of RNA whose half-lives are dependent on the endonuclease RNase Y (see also section 5) [START_REF] Khemici | Decay-Initiating Endoribonucleolytic Cleavage by RNase Y Is Kept under Tight Control via Sequence Preference and Subcellular Localisation[END_REF], as well as several cases in which the formation of an RNA-RNA duplex results in cleavage by the double-stranded RNase III (see also section 4) [START_REF] Felden | Regulatory RNAs in bacteria: From identification to function[END_REF]. However, endonucleolytic cleavage can also be used to differentially regulate genes that are part of the same transcript, by dividing the transcript into two RNA molecules with different decay-rates [START_REF] Marincola | RNase Y of Staphylococcus aureus and its role in the activation of virulence genes[END_REF][START_REF] Marincola | Downstream element determines RNase Y cleavage of the saePQRS operon in Staphylococcus aureus[END_REF].

The 5' and 3' untranslated regions

Understanding the molecular details of post-transcriptional regulation, be it via secondary structures or degradation, requires detailed knowledge of the true extent of the RNA molecule examined. Most standard RNA sequencing protocols systematically lose sequence information from the ends of the RNAs. An example is the dUTP-based library preparation for RNA sequencing with Illumina technology (such as TruSeq), where the true 3'-end of the RNA is lost through use of random primers to generate the cDNA, and 5'-end information is lost when RNA fragments generated by RNase H treatment of the RNA-cDNA duplex are used as primers for generating the second DNA strand. However, in the last couple of years a range of novel methods have been developed which enable exact mapping of the RNA ends [START_REF] Schifano | An RNA-seq method for defining endoribonuclease cleavage specificity identifies dual rRNA substrates for toxin MazF-mt3[END_REF][START_REF] Sharma | Differential RNA-seq: the approach behind and the biological insight gained[END_REF][START_REF] Pelechano | Genome-wide identification of transcript start and end sites by transcript isoform sequencing[END_REF][START_REF] Redder | Using EMOTE to map the exact 5'-ends of processed RNA on a transcriptome-wide scale[END_REF][START_REF] Prados | TSS-EMOTE, a refined protocol for a more complete and less biased global mapping of transcription start sites in bacterial pathogens[END_REF][START_REF] Kirkpatrick | Growth control switch by a DNA-damage-inducible toxin-antitoxin system in Caulobacter crescentus[END_REF][START_REF] Fouquier D'hérouel | A simple and efficient method to search for selected primary transcripts: non-coding and antisense RNAs in the human pathogen Enterococcus faecalis[END_REF].

Mapping the 5' ends

Mapping of the 5'-ends have been the focus of most transcriptomic analyses, since this will not only reveal any potential hairpins that can sequester the ribosome binding site, or binding sites for small RNAs (see section 3, below), but also pinpoint the transcription start site on the genome (Figure 1). The most commonly used transcriptome-wide 5'-end analyses involve ligating a synthetic RNA oligo to the 5' ends of all RNA in the sample (Figure 1B), followed by high throughput RNA sequencing primed from the synthetic oligo into the sequence of the cellular RNA. In silico analysis of the sequencing reads can find the known sequence of the oligo, and the 5'-end of the original RNA can then easily be identified downstream of the oligo sequence (Figure 1G).

A key question which often arises when analysing 5' ends, is whether a detected 5'-end is tri-phosphorylated. Tri-phosphorylated nucleosides are present only at the original 5'-ends of transcripts, and therefore indicate bona fide transcription start events (Figure 1A). Once the transcription start site is known, the full extent of the 5'-UTR is revealed, along with putative secondary structures and binding sites for small regulatory RNAs. In addition, once the transcription start site is mapped onto the genome of the organism, the pre-transcriptional regulation signals on the DNA, such as promoters and repressor binding sites, can often be identified. However, it is not trivial to determine whether a detected 5'-end is tri-phosphorylated, since RNA sequencing does not directly reveal the phosphorylation state of the transcript ends. In addition, ligation of an oligo to the 5'-ends (described above; see Figure 1B) can only be performed when the 5'-ends are mono-phosphorylated. Hence, it is necessary treat the RNA enzymatically, with a pyrophosphatase, to convert tri-phosphorylated 5'-ends to monophosphates (Figure 1E), thus losing any information about the original phosphorylation state! Note that this problem also besets non-transcriptomic 5'-end mapping methods such as primer extension or 5'-RACE, although the addition of a pyrophosphatase in the latter can help distinguish processed (i.e. mono-phosphorylated) from tri-phosphosphorylated 5'-ends [START_REF] Vogel | RNomics in Escherichia coli detects new sRNA species and indicates parallel transcriptional output in bacteria[END_REF][START_REF] Argaman | Novel small RNA-encoding genes in the intergenic regions of Escherichia coli[END_REF][START_REF] Bensing | Sensitive detection of bacterial transcription initiation sites and differentiation from RNA processing sites in the pheromone-induced plasmid transfer system of Enterococcus faecalis[END_REF].

The solution to this problem was the development of differential RNA sequencing (dRNAseq), in which RNA samples are split into two aliquots, each prepared separately for sequencing in a slightly different manner. One aliquot is digested with a 5' to 3' exoribonuclease, which is specific for mono-phosphorylated 5'-ends and will ignore the triphosphorylated RNA species. Both aliquots are then treated with a pyrophosphatase to convert tri-phosphates into mono-phosphates, followed by ligation to an oligo of known sequence. The two preparations are then converted to cDNA and deep-sequenced separately. Most of the transcriptome in the two samples will look highly similar, but careful comparison of the results from the two sequencings, either by inspection [START_REF] Sharma | The primary transcriptome of the major human pathogen Helicobacter pylori[END_REF] or using sophisticated statistical methods [START_REF] Amman | TSSAR: TSS annotation regime for dRNA-seq data[END_REF][START_REF] Jorjani | TSSer: an automated method to identify transcription start sites in prokaryotic genomes from differential RNA sequencing data[END_REF][START_REF] Dugar | High-resolution transcriptome maps reveal strain-specific regulatory features of multiple Campylobacter jejuni isolates[END_REF] permits the identification of regions that are relatively enriched in the exoribonuclease-treated sample. Such an enrichment is caused by the exonuclease protection offered by the tri-phosphorylation, leading to a relative over-representation of the 5'-ends of tri-phosphorylated RNA fragments in the exoribonucleasetreated aliquot [START_REF] Sharma | Differential RNA-seq: the approach behind and the biological insight gained[END_REF].

The 3'-ends, a relatively unexplored field

Recently, it has been realised that the 3' UTRs of prokaryote RNA can also play regulatory roles. A global survey of 3' UTRs in S. aureus, using a combination of RNA sequencing, tiled micro-arrays and in silico analyses, found that 3' UTRs are generally much longer than they need to be to simply terminate transcription, suggesting that many 3' UTRs have additional functions [START_REF] Ruiz De Los Mozos | Base pairing interaction between 5'-and 3'-UTRs controls icaR mRNA translation in Staphylococcus aureus[END_REF]. This study furthermore showed that while rho-independent transcription terminators can be predicted in silico with reasonably good accuracy, they are often leaky and permit read-through, which further confound global analyses and structure predictions [START_REF] Ruiz De Los Mozos | Base pairing interaction between 5'-and 3'-UTRs controls icaR mRNA translation in Staphylococcus aureus[END_REF][START_REF] Mäder | Staphylococcus aureus Transcriptome Architecture: From Laboratory to Infection-Mimicking Conditions[END_REF].

One function for the 3' UTR could be the formation of secondary structures to block 3' to 5' exoribonucleases, and thereby increase the half-life of the RNA, and this does indeed appear to be the case for some transcripts [START_REF] Khemici | The RNA degradosome and poly(A) polymerase of Escherichia coli are required in vivo for the degradation of small mRNA decay intermediates containing REP-stabilizers[END_REF]. However, a highly intriguing mechanism was discovered for the S. aureus icaR transcript, which encodes the repressor of the operon for biosynthesis of exopolysaccharide for biofilm formation. The icaR transcript forms a giant hairpin with a duplex composed of the 5' UTR and the 3' UTR, which regulates IcaR translation on two levels. The first is the RNA half-life, which is lowered by the presence of the hairpin, because it serves as a substrate for the double stranded endoribonuclease RNase III (see section 4 below). This in turn leads to lowered levels of icaR RNA and of the encoded protein, unless formation of the hairpin is prevented. Secondly, the base-pairing sequesters the RBS, specifically via a UCCCC-motif which is common to many regulatory RNAs, and prevents translation initiation. Thus there is a competition between ribosome binding and formation of the hairpin, presumably resulting in highly efficient repression of IcaR expression and tight control over this key virulence factor [START_REF] Ruiz De Los Mozos | Base pairing interaction between 5'-and 3'-UTRs controls icaR mRNA translation in Staphylococcus aureus[END_REF]. It is possible that many more examples of regulatory 3'-UTRs can be found in S. aureus. It is therefore encouraging that a recently developed method, named Term-seq, is capable of transcriptome-wide mapping of the 3'-ends with single-nucleotide precision, which should reveal both potentially regulatory 3'-UTRs and riboswitch activity in S. aureus [START_REF] Dar | Term-seq reveals abundant ribo-regulation of antibiotics resistance in bacteria[END_REF].

Regulating virulence with small RNAs

Virulence in S. aureus is tightly linked to quorum sensing, which allows the bacterium to shift between a sedentary life in a biofilm and dispersal throughout the host organism. The quorum sensing itself is mediated by the export of a small peptide that is detected by a twocomponent system, all encoded in the agr operon. However, the intra-cellular effector molecule induced by the two-component system is RNAIII, a multifunctional small RNA, which can post-transcriptionally repress certain genes and induce translation of others [START_REF] Novick | Synthesis of staphylococcal virulence factors is controlled by a regulatory RNA molecule[END_REF].

RNAIII and virulence

RNAIII has 14 stem-loops, providing a range of platforms for hybridising to different RNAs with varying affinities. Three of the loops (loops 7, 13 and 14) are rich in cytosine, which enable them to anneal with the ribosome binding sites of many mRNAs (the consensus Shine-Dalgarno sequence in S. aureus is AGGAGG) [START_REF] Boisset | Staphylococcus aureus RNAIII coordinately represses the synthesis of virulence factors and the transcription regulator Rot by an antisense mechanism[END_REF]. Boisset and coworkers used an in silico approach to find potential targets for stem-loop 13, by computationally fusing the hypothetical 5' UTR of all open reading frames (ORFs) to the stem-loop 13 sequence, then applying an RNA folding algorithm to determine whether strong secondary structure could be formed by each of these in silico-constructed RNAs. The strongest predicted interaction was with the SA1000 mRNA, which encodes a cell-surface-anchored fibrinogen-binding protein [START_REF] Liang | Inactivation of a twocomponent signal transduction system, SaeRS, eliminates adherence and attenuates virulence of Staphylococcus aureus[END_REF]; the predicted structure would lead to an unfolding of stem-loop 13 and anti-sense binding to the whole ribosome binding region of the SA1000 mRNA. The predicted free energy of this binding is as high as 34.5 kcal/mol, even though two small bulges disrupt an otherwise perfect complementarity [START_REF] Boisset | Staphylococcus aureus RNAIII coordinately represses the synthesis of virulence factors and the transcription regulator Rot by an antisense mechanism[END_REF]. In order to study interaction between SA1000 mRNA and RNAIII, the in vivo 5'-end of the SA1000 mRNA was determined (using primer extension), to ensure that the 5'-UTR did indeed contain the sequence needed to form the predicted structure. The structure of the SA1000 mRNA (both bound and unbound) was probed using a range of in vivo and in vitro methods, and it was found not only that the strong binding by RNAIII completely prevents the ribosome from initiating translation, but that the resulting ~40 bp double-stranded RNA also serves as cleavage site for the doublestranded endoribonuclease RNase III (see section 4 below), ensuring that the mRNA will not be translated once bound by RNAIII [START_REF] Boisset | Staphylococcus aureus RNAIII coordinately represses the synthesis of virulence factors and the transcription regulator Rot by an antisense mechanism[END_REF].

The many loops in RNAIII also allow more complex interactions, involving more than one region of the target mRNA, thus permitting sophisticated fine-tuning of binding affinities. The coa mRNA, encoding the blood-clot-promoting protein staphylocoagulase, is bound by loop 13 around the RBS, and by loop 7 further downstream, inside the coding region. Interestingly, while stem 13 is unfolded upon binding to form an imperfect duplex with the coa mRNA, stem 7 remains in hairpin form, so that only the loop itself base-pairs with the loop of a hairpin on the mRNA. In vitro binding assays with RNAIII deleted for either of the stem-loop 7 and 13 revealed that the primary binding event appears to be stem-loop 13 with the RBS, since binding of loop 7 to the downstream site is diminished if stem-loop 13 is removed from RNAIII [START_REF] Chevalier | Staphylococcus aureus RNAIII binds to two distant regions of coa mRNA to arrest translation and promote mRNA degradation[END_REF].

Further complexity is added by the ability of RNAIII to function as an activator on certain of the bound mRNAs, in addition to its mRNA repression role. One example is hla mRNA, encoding the cytotoxic hemolysin alpha protein, which forms an intra-molecular secondary structure that sequesters the Shine-Dalgarno sequence [START_REF] Morfeldt | Activation of alpha-toxin translation in Staphylococcus aureus by the trans-encoded antisense RNA, RNAIII[END_REF]. Activation by RNAIII is thought to be achieved by formation of a duplex between the 5'-end of RNAIII and an RNA region on the hla mRNA which is complementary to the hla Shine-Dalgarno sequence. This duplex, which involves stem-loops 1, 2 and 3 of RNAIII, would liberate the Shine-Dalgarno and thus permit translation initiation [START_REF] Morfeldt | Activation of alpha-toxin translation in Staphylococcus aureus by the trans-encoded antisense RNA, RNAIII[END_REF]. SA1000, coa and hla are only three examples of many RNAIII targets (either predicted or experimentally verified). However, the amount of RNAIII is not infinite in the cell, especially in mid-exponential growth phase, where the quorum sensing system has not yet been fully activated (Figure 2). This means that the various target mRNAs must compete for RNAIII binding, especially since many of them, for example SA1000 and coa mRNAs, use the same binding site(s) on RNAIII. How this competition affects RNAIII-mediated virulence regulation in vivo remains an open question, whose resolution will require detailed studies of the in vivo turnover and localisation of the molecules involved.

Finally, it is important to note that no protein factor(s) have been identified as necessary for RNAIII interactions with SA1000 and coa mRNAs (no data is available for hla mRNA), in contrast to E. coli where Hfq protein is needed to promote many of the inter-molecular RNA-RNA regulatory events. S. aureus does encode an ortholog of Hfq, and although several observations that hfq deletion has no impact on RNA-RNA interactions have been reported [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] Bohn | No detectable effect of RNA-binding protein Hfq absence in Staphylococcus aureus[END_REF], it has been suggested that this may be highly strain-dependent [START_REF] Liu | Hfq is a global regulator that controls the pathogenicity of Staphylococcus aureus[END_REF], raising again the question of how the equilibrium of RNA-RNA interactions is handled in strains where Hfq has no role?

Other small regulatory RNAs in S. aureus

The importance of RNAIII as a central virulence regulator has led several groups to search for other regulatory RNAs in S. aureus, and more than 500 "non-coding" RNAs have now been identified [START_REF] Sassi | SRD: a Staphylococcus regulatory RNA database[END_REF], most of them using various forms of RNA sequencing methods [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] Bohn | Experimental discovery of small RNAs in Staphylococcus aureus reveals a riboregulator of central metabolism[END_REF][START_REF] Lasa | Genome-wide antisense transcription drives mRNA processing in bacteria[END_REF][START_REF] Lioliou | Global regulatory functions of the Staphylococcus aureus endoribonuclease III in gene expression[END_REF][START_REF] Howden | Analysis of the small RNA transcriptional response in multidrugresistant Staphylococcus aureus after antimicrobial exposure[END_REF].

However, the analysis methods used do not always distinguish between a true small RNA (meaning a separate short transcript) and an unexpectedly long UTR. Further confounding the matter is the possibility that small RNAs can be shortened by RNases and so change their regulatory specificity, and that some small RNAs are the result of processing of a longer mRNA. An attempt to re-find many of these non-coding RNAs using more modern sequencing methods and stricter inclusion criteria, succeeded in re-finding only 159 small RNAs, which nevertheless remains an impressively high number [START_REF] Sassi | SRD: a Staphylococcus regulatory RNA database[END_REF].

That said, the mere existence of a short RNA molecule does not mean that it has a regulatory function, and does not by itself identify its RNA targets. MAPS (MS2 affinity purification coupled to RNA sequencing) was developed to identify targets of a specific small RNA, with no prior knowledge of its "targetome" [START_REF] Lalaouna | Identification of sRNA interacting with a transcript of interest using MS2-affinity purification coupled with RNA sequencing (MAPS) technology[END_REF]. The MAPS technique was adapted for S. aureus, and used to identify RNA partners of the small RNA RsaA. Briefly, the 5'-end of RsaA was fused to a sequence that folds into two hairpins recognised by the MS2 coat protein. This permits the specific purification of the tagged RsaA, as well as any RNA molecules that co-purify with it. Deep sequencing of the total purified RNA (compared to a control sample without tagged RsaA) revealed potential partners, with the previously identified target mgrA mRNA at the top of the list [START_REF] Tomasini | The RNA targetome of Staphylococcus aureus non-coding RNA RsaA: impact on cell surface properties and defense mechanisms[END_REF][START_REF] Romilly | A non-coding RNA promotes bacterial persistence and decreases virulence by regulating a regulator in Staphylococcus aureus[END_REF]. Further experiments confirmed the interaction between RsaA and several mRNAs, and demonstrated that RsaA is capable of sequestering ribosome binding sites to prevent translation initiation [START_REF] Tomasini | The RNA targetome of Staphylococcus aureus non-coding RNA RsaA: impact on cell surface properties and defense mechanisms[END_REF].

A complementary strategy for demonstrating regulatory S. aureus RNA-RNA interactions in vivo, consists of co-expressing the small RNA together with the potential mRNA target with a translationally fused green fluorescent protein (GFP). The amount of GFP produced can then be quantified, either on agar plates or with a micro-plate reader, and if GFP expression is dependent on the presence of the small RNA, a direct interaction is a strong possibility [START_REF] Ivain | An in vivo reporter assay for sRNA-directed gene control in Grampositive bacteria: identifying a novel sRNA target in Staphylococcus aureus[END_REF]. While this strategy is not a global survey method, it is designed to enable rapid screening of many targets, since the small RNA and the target RNAs are expressed from separate vectors which can be combined in various ways. This strategy was initially tested with RNAIII and known interacting mRNAs, and was demonstrated to be useful for showing not only repression by small RNAs, but also RNAIII-dependent positive translational regulation of MapW (an extracellular adherence protein) [START_REF] Ivain | An in vivo reporter assay for sRNA-directed gene control in Grampositive bacteria: identifying a novel sRNA target in Staphylococcus aureus[END_REF][START_REF] Liu | RNAIII activates map expression by forming an RNA-RNA complex in Staphylococcus aureus[END_REF]. The technique was further used to discover regulation by the prophage-encoded sRNA SprX2, which down-regulates the expression of extracellular complement-binding protein Ecb. It is intriguing that this protein is also down-regulated by RNAIII via a different interaction [START_REF] Ivain | An in vivo reporter assay for sRNA-directed gene control in Grampositive bacteria: identifying a novel sRNA target in Staphylococcus aureus[END_REF], and that RNAIII appears also to base-pair directly with SprX1, which is almost identical in sequence to SprX2, suggesting a complex web of interactions between small RNAs themselves as well as with mRNAs [START_REF] Kathirvel | Enhancement of the pathogenicity of Staphylococcus aureus strain Newman by a small noncoding RNA SprX1[END_REF].

RNase III

Intramolecular secondary structures in an mRNA, and hybridisation with regulatory sRNAs, can regulate protein expression in several ways. The ribosome binding site (RBS) can be sequestered or released, sometimes upon intervention of a metabolite, but the secondary structures can also serve as targets for RNase III, which specifically cleaves doublestranded RNA. This frequently leads to a rapid degradation of any RNA with a long doublestranded region, permitting small RNAs to initiate decay of mRNAs, provided the two RNAs share sufficient base-pair complementarity [START_REF] Lioliou | Global regulatory functions of the Staphylococcus aureus endoribonuclease III in gene expression[END_REF]. Interestingly, the sites of RNase III cleavage are not always randomly distributed along a double-stranded RNA, but can be directed to cleave at defined sites by base-mismatch bulges in the duplex [START_REF] Lioliou | Global regulatory functions of the Staphylococcus aureus endoribonuclease III in gene expression[END_REF][START_REF] Romilly | Loop-loop interactions involved in antisense regulation are processed by the endoribonuclease III in Staphylococcus aureus[END_REF].

RNase III acts on a multitude of targets

An early transcriptome-wide survey of RNase III-associated RNAs was performed by deep sequencing the RNA that co-immunoprecipitated with either the wild-type RNase III (able to bind and cleave the RNA) or active site mutants of RNase III (able only to bind the RNA) [START_REF] Lioliou | Global regulatory functions of the Staphylococcus aureus endoribonuclease III in gene expression[END_REF]. This revealed a number of virulence transcripts that encode either virulence factors or regulators involved in virulence. In addition, many small regulatory RNAs were identified as likely substrates of RNase III [START_REF] Lioliou | Global regulatory functions of the Staphylococcus aureus endoribonuclease III in gene expression[END_REF]. This powerful global approach permitted the identification of potential regions of RNase III cleavage, and additional primer extension and RACE experiments were performed on many RNAs to both confirm cleavage and map the cleavage sites [START_REF] Lioliou | Global regulatory functions of the Staphylococcus aureus endoribonuclease III in gene expression[END_REF].

RNase III removes the products of leaky and anti-sense transcription

Tight control over transcription is a challenge for any cell, especially for organisms like S. aureus, where the high A+T content in the genome (67%) generates a multitude of sites that fortuitously resemble the A+T rich consensus binding sequence for the house-keeping sigma-factor (TTGACA -17 bp -TATAAT) [START_REF] Prados | TSS-EMOTE, a refined protocol for a more complete and less biased global mapping of transcription start sites in bacterial pathogens[END_REF]. Such "stochastic" transcription start sites would be expected to be equally abundant on either DNA strand, and it was therefore curious that very little anti-sense RNA was detected with strand specific RNA sequencing of a wild-type S. aureus. However, when an identical RNA sequencing was performed on an RNase III mutant, it was possible to detect large amounts of anti-sense RNA in the sample, indicating that RNase III initiates degradation of the RNA-RNA hybrids between RNA transcribed from the two DNA strands [START_REF] Lasa | Genome-wide antisense transcription drives mRNA processing in bacteria[END_REF]. Such a process can only remove a small fraction of a highly expressed sense RNA (corresponding to a stoichiometric amount of antisense RNA), but will be able to remove trace amounts of transcript generated by a leaky repressed promoter. RNase III is therefore both a vital factor for specific post-transcriptional regulation of transcripts that form duplexes with small RNAs, as well as ensuring the general fidelity of the pre-transcriptional regulation.

RNase Y

As seen above for RNase III, many cellular processes have tightly controlled gene expression that is achieved by a precise and specific initiation of RNA decay. However, not all regulatory cleavage events take place on double stranded RNA. A genome-wide survey of S. aureus mutants whose disrupted genes had unknown functions but were conserved in other Gram-positive pathogens, identified a gene (dubbed conserved virulence factor A, cvfA) required for full haemolysin production on blood-agar plates and virulence of S. aureus in silkworms [START_REF] Kaito | Silkworm pathogenic bacteria infection model for identification of novel virulence genes[END_REF]. It was later discovered that cvfA encodes RNase Y, a protein with singlestranded endoribonucleolytic activity (independently discovered in Bacillus subtilis [START_REF] Shahbabian | RNase Y, a novel endoribonuclease, initiates riboswitch turnover in Bacillus subtilis[END_REF]), and its importance for virulence was further demonstrated with a murine S. aureus bacteraemia model [START_REF] Marincola | RNase Y of Staphylococcus aureus and its role in the activation of virulence genes[END_REF].

Localization of RNase Y

The RNA polymerase holoenzyme is highly conserved among bacteria, but the RNA degradation machinery does not share this conservation. In E. coli, the membraneassociated RNase E is the central component of the degradosome, the major RNA degradation complex [START_REF] Mackie | at the interface of bacterial RNA processing and decay[END_REF], but RNase E is absent from many bacterial genomes, including S. aureus. The discovery of RNase Y, a membrane-associated endoribonuclease of firmicutes that interacts with other participants in RNA degradation, led to the hypothesis that RNase Y plays a role similar to that of RNase E in Escherichia coli by acting as a scaffold for the formation of a degradosome-like structure [START_REF] Shahbabian | RNase Y, a novel endoribonuclease, initiates riboswitch turnover in Bacillus subtilis[END_REF]. The RNase Ys of B. subtilis and S. aureus were indeed shown, using bacterial-two-hybrid assay and by tandem affinity purification, to interact directly with the glycolytic enzyme enolase and the DEAD-box RNA helicase CshA [START_REF] Roux | Characterization of components of the Staphylococcus aureus mRNA degradosome holoenzyme-like complex[END_REF][START_REF] Giraud | The C-terminal region of the RNA helicase CshA is required for the interaction with the degradosome and turnover of bulk RNA in the opportunistic pathogen Staphylococcus aureus[END_REF] The latter protein has been proposed to enable the RNA decay machinery to gain access to cleavage sites embedded in secondary structures [START_REF] Shahbabian | RNase Y, a novel endoribonuclease, initiates riboswitch turnover in Bacillus subtilis[END_REF][START_REF] Lehnik-Habrink | The RNA degradosome in Bacillus subtilis: identification of CshA as the major RNA helicase in the multiprotein complex[END_REF].

Deletion of the cshA gene in S. aureus leads to a very poor growth of the mutant at low temperatures and a defective decay of 113 RNAs. Among these is the quorum sensing mRNA agr, whose consequent accumulation is presumed to cause the over-production of haemolysins observed in this mutant [START_REF] Giraud | The C-terminal region of the RNA helicase CshA is required for the interaction with the degradosome and turnover of bulk RNA in the opportunistic pathogen Staphylococcus aureus[END_REF][START_REF] Oun | The CshA DEAD-box RNA helicase is important for quorum sensing control in Staphylococcus aureus[END_REF]. Surprisingly, removal of the RNase Y membrane anchor results in almost complete reversal of the ΔcshA-phenotypes.

Furthermore this suppressive effect is directly linked to the sub-cellular localization of RNase Y, since the re-anchoring of the anchorless RNase Y (via dimerisation with an enzymaticaly dead RNase Y) virtually eliminates the rescue of ΔcshA phenotypes [START_REF] Khemici | Decay-Initiating Endoribonucleolytic Cleavage by RNase Y Is Kept under Tight Control via Sequence Preference and Subcellular Localisation[END_REF]. This phenomenon could be explained by access of an anchor-less RNase Y to RNA molecules that are normally inaccessible when RNase Y is confined to the membrane. This is consistent with preliminary results from our lab that indicate a general shortening of RNA half-lives in the anchorless RNase Y mutant and offer a possible explanation of its suppressive effect on the cshA deletion. The sub-cellular localization of RNase Y thus seems to play a significant role in limiting its activity. This raises the question of the localization of RNA molecules inside the cell: is there a sub-population of RNAs localized near the membrane and if so, how is this partition regulated? Proteins destined for export or bound to the membrane frequently carry an N-terminal signal peptide. This peptide is then recognized by the signal recognition particle, which transports the nascent protein, the translating ribosome and the mRNA being translated to the membrane [START_REF] Elvekrog | Dynamics of co-translational protein targeting[END_REF]. This active system ensures that exported and membrane bound proteins are correctly addressed to the membrane but as a consequence also transports mRNAs that could be cleaved by the membrane-anchored RNase Y. However, combining data on RNase Y-dependent RNA decay with whose generated by a trans-membrane and signal-peptide recognition algorithm showed that for degradation of most membrane-protein-encoding mRNAs, RNase Y-activity is not rate limiting step [START_REF] Redder | How does sub-cellular localization affect the fate of bacterial mRNA?[END_REF]. It is therefore unlikely that the signal peptide is the major determining factor in RNase Y-dependent mRNA degradation, and the true reason for the membrane localisation of RNase Y is to be sought elsewhere.

RNase Y post-transcriptionally mediates virulence factors

Recent experiments have shown that in an RNase Y deletion mutant, many virulence-related ORFs had a longer half-life and a correspondingly increased steady state abundance, although the set of virulence factors affected changes according to the experimental setup and the lineage of S. aureus used. This is especially evident for decay of the agr quorumsensing transcript, which is affected differently in three separate studies of RNase Y mutants [START_REF] Khemici | Decay-Initiating Endoribonucleolytic Cleavage by RNase Y Is Kept under Tight Control via Sequence Preference and Subcellular Localisation[END_REF][START_REF] Marincola | RNase Y of Staphylococcus aureus and its role in the activation of virulence genes[END_REF][START_REF] Kaito | Silkworm pathogenic bacteria infection model for identification of novel virulence genes[END_REF]. One of the most thoroughly studied examples of the effect of RNA cleavage on virulence is the processing of the saePQRS operon transcript by RNase Y. This operon was shown to be involved in the regulation of haemolysins, nucleases and coagulase when exposed to α-defensins or H2O2, which are both produced upon phagocytosis [START_REF] Geiger | The virulence regulator Sae of Staphylococcus aureus: promoter activities and response to phagocytosis-related signals[END_REF]. SaeS acts as a kinase sensor and SaeR as a transcription regulator, forming a two-component system. SaeP and SaeQ have been proposed to assist the Sae system in returning to its pre-activation state by negative feedback [START_REF] Jeong | Identification of the P3 promoter and distinct roles of the two promoters of the SaeRS two-component system in Staphylococcus aureus[END_REF]. The processing of this operon by RNase Y allows differential expression of the co-transcribed genes, due to a precise RNase Y cleavage between saeP and saeQ (Figure 3). The cleavage induced by the RNase induces rapid degradation of the upstream RNA fragment and stabilization of the downstream fragment, leading to the prevalence of saeRS [START_REF] Marincola | Downstream element determines RNase Y cleavage of the saePQRS operon in Staphylococcus aureus[END_REF]. Thus, RNA degradation can enable a rapid change in expression profiles making RNase Y an important player in this virulenceregulation network.

A better understanding of how RNase Y selects its target would certainly provide more information on its regulatory role in virulence. It is striking that the half-lives of only about a hundred open reading frames are significantly prolonged in an RNase Y mutant, indicating high selectivity [START_REF] Khemici | Decay-Initiating Endoribonucleolytic Cleavage by RNase Y Is Kept under Tight Control via Sequence Preference and Subcellular Localisation[END_REF]. To show whether those RNAs are in fact cleaved by RNase Y and where, Exact Mapping Of Transcriptome Ends (EMOTE) was used. EMOTE is a transcriptome-wide approach based on the ligation of a synthetic RNA oligonucleotide to the 5' ends of total RNA, similar to the transcription start site mapping described in section 2 (see also Figure 1). However, no pretreatment of the RNA is needed, since RNase Y cleavages leave a 5' mono-phosphate ready for ligation. Comparing EMOTE data on WT and an RNase Y mutant to identify 5'-ends absent from the RNase Y mutant resulted in a list of 99 RNase Y cleavage sites. Bioinformatic analysis of those sites showed that RNase Y preferentially cleaves after a G in an A/U-rich region but that neither condition is an absolute requirement [START_REF] Khemici | Decay-Initiating Endoribonucleolytic Cleavage by RNase Y Is Kept under Tight Control via Sequence Preference and Subcellular Localisation[END_REF]. Furthemore, deletion of 13 nucleotides surrounding the cleavage site of the sae operon did not prevent it's cleavage by RNase Y, but rather moved the cleavage site exactly 13 nucleotides upstream, leading to the proposal that RNase Y recognizes nearby secondary structures downstream of the cleavage site [START_REF] Marincola | Downstream element determines RNase Y cleavage of the saePQRS operon in Staphylococcus aureus[END_REF]. Although bioinformatic analyses of the EMOTE data did not reveal a common secondary structure within 50 nucleotides of the RNase Y cleavage sites, Marincola and coworkers identified a sequence element named Rrs (for RNase Y recognition sequence) immediately downstream of the cleavage site which can form a putative secondary structure with its counterpart, located a further ~80 nucleotides downstream. RNase Y cleavage was observed whenever the Rrs and its counterpart were present, but none when they were absent, strongly indicating that Rrs and its counterpart forms a structure that guides RNase Y to correctly cleave the saePQRS transcript [START_REF] Marincola | Downstream element determines RNase Y cleavage of the saePQRS operon in Staphylococcus aureus[END_REF].

Conclusion

It is not known how many processes are regulated post-transcriptionally by RNA-RNA interactions in S. aureus, but new small RNAs and new interactions, demonstrated or potential, are published almost monthly: it appears that virtually every major metabolic or virulence pathway has a small RNA or a regulatory RNA structure somewhere. Is there something about S. aureus that makes post-transcriptional regulation preferable? The small number of sigma factors in S. aureus must certainly play a role in this, but it is unclear whether the scarcity of sigma factors caused the efficient RNA-mediated regulation to evolve, or whether the efficient RNA-mediated regulation made additional sigma factors redundant. Moreover, commensal bacteria like S. aureus, which are adapted to living within the human nasopharynx, experience a changing environment with respects to the presence of other commensals, mucus, host immune system, physical stress etc., but a relatively constant temperature. The formation of RNA-RNA duplexes is sensitive to temperature, especially if they are short, as in the case of the initial interactions between the hairpin-loops of RNAIII and their targets, and a constant temperature makes duplex formation predictable and tractable for fine-tuning -a requirement for precise regulation. Interestingly, many mutants in the RNA decay machinery of S. aureus grow very poorly (or not at all) when exposed to temperature changes of as little as 5 to 7°C (i.e at 42°C or 30°C) [START_REF] Oun | The CshA DEAD-box RNA helicase is important for quorum sensing control in Staphylococcus aureus[END_REF][START_REF] Linder | Transcriptome-wide analyses of 5'-ends in RNase J mutants of a gram-positive pathogen reveal a role in RNA maturation, regulation and degradation[END_REF][START_REF] Armitano | An Essential Factor for High Mg2+ Tolerance of Staphylococcus aureus[END_REF], perhaps due to misfolding of RNAs. Furthermore, both RNase III and RNase Y appear to base their high cleavage specificity on nearby secondary structure elements [START_REF] Marincola | Downstream element determines RNase Y cleavage of the saePQRS operon in Staphylococcus aureus[END_REF][START_REF] Lioliou | Global regulatory functions of the Staphylococcus aureus endoribonuclease III in gene expression[END_REF], which suggests that the equilibrium between the three states: structured, single-stranded and actively translated is vital for determining the fate of an RNA molecule. A possible way to study such processes in a transcriptome-wide manner would be to re-analyse the 99 known RNase Y cleavage sites [START_REF] Khemici | Decay-Initiating Endoribonucleolytic Cleavage by RNase Y Is Kept under Tight Control via Sequence Preference and Subcellular Localisation[END_REF] using the knowledge gained from the detailed analyses of the cleavage site in the sae transcript [START_REF] Marincola | Downstream element determines RNase Y cleavage of the saePQRS operon in Staphylococcus aureus[END_REF]. Ideally such an in silico analysis could be enhanced immensely both by transcriptome-wide probing of RNA secondary structures, several protocols for which have now been published [START_REF] Del Campo | Probing dimensionality beyond the linear sequence of mRNA[END_REF], and by intra-cellular localisation of RNase Y and its RNA targets. RNA is shown in green and DNA in light blue. Known sequence of synthetic oligos is shown as bold lines and unknown sequence as fine lines. A) Four major types of 5'-end has been found in S. aureus: original transcripts with tri-phosphorylated 5'-ends, monophosphorylated transcripts produced by a pyrophosphohydrolase such as RppH, monophosphorylated down-stream products produced by RNases such as RNase Y or RNase III, and non-phosphorylated down-stream products formed by toxin RNase-mediated cleavage or by autocatalyzed. Note that di-phosphorylated and NAD-capped RNA species might also exist, but have yet to be identified. B) To identify the first nucleotide of the 5'-end in monophosphorylated RNA, an oligo with known sequence is ligated to all the 5'-ends in the sample of cellular RNA. The RNA is then reverse transcribed to cDNA (for example using a random primer), which will now have the reverse complement of the known oligo sequence at its 3'-end. A primer that hybridises to this known sequence can then be used to perform a sequencing reaction using massive parallel sequencing methods. C) Since monophosphorylated RNA species can be readily ligated to the synthetic oligo, it is sometimes convenient to remove all or most of the mono-phosphorylated RNA in the sample when the object of interest is tri-phosphorylated or non-phosphorylated species. Mono-phosphorylated RNA can easily be removed by 5'-exonucleases that are specific for mono-phosphorylated RNA, such as Terminator or XRN1. D) Non-phosphorylated 5'-ends cannot act as substrates for a ligation, and must be mono-phosphorylated by polynucleotide kinase before they can be ligated to a synthetic oligo (see B). E) Tri-phosphorylated 5'-ends cannot act as substrates for a ligation, and must be converted to mono-phosphates by a pyrophosphatase (e.g. Tobacco Acid Pyrophosphatase or RppH) before they can be ligated to a synthetic oligo (see B). F and G) The sequencing reads will consist of a short region of known sequence (shown in bold uppercase and corresponding to a small part of the original oligo that was ligated to the RNA) followed immediately by the first nucleotide of the original RNA 5'-end (shown in lowercase). The oligo sequence (bold uppercase) can be removed in silico from each read, whereupon the sequence original 5'-end of the RNA can be mapped into the genome of the examined organism to identify the exact transcription start site. and expression of an IgG binding protein (via SarT). The schematic is simplified for clarity, and the mediators presented have been reported to have many other functions however only the interactions discussed in this review have been included. For a more complete interaction map, please see [START_REF] Fechter | Novel aspects of RNA regulation in Staphylococcus aureus[END_REF]. 
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 2 Figure 2, Examples of virulence factors regulated by RNAIII. RNAIII is regulated positively by the quorum sensing agr operon. Post-transcriptional regulation is represented by coloured lines, with up-regulation indicated by green arrows and down-regulation by red cross-bars. RNAIII in turn positively regulates MapW and Hla at a post transcriptional level. MapW and Hla prevents leucocyte adhesion and promotes dissemination by lysing host cells, respectively. RNAIII also negatively regulates LytM, Rot, Spa and SarT which respectively promotes: autolysis (via LytM), blood cell toxicity (via Rot)

Figure 3 ,

 3 Figure 3, RNase Y cleavage of the sae operon maintains correct regulation. The saePQRS operon is represented schematically. The RNase Y cleavage site is shown alongside the Rrs counterpart identified by Marincola and coworkers [13]. (A) Processing of the operon by RNase Y leads to rapid degradation of the upstream fragment which in turn leads to the prevalence of SaeRS inside the cell. Phosphorylation of the transcriptional regulator SaeR leads to expression of virulence factors and SaePQ. (B) Absence of RNase Y cleavage results in higher expression of saeP which applies a negative feedback on SaeRS, presumably causing loss of SaeRS function.
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