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Prokaryotes encounter constant and often brutal modifications to their environment. In order to survive, they need to maintain fitness, which includes adapting their protein expression patterns. Many factors control gene expression but this review focuses on just one, namely antisense RNAs (asRNAs), a class of non-coding RNAs (ncRNAs) characterized by their location in cis and their perfect complementarity with their targets. asRNAs were considered for a long time to be trivial and only to be found on mobile genetic elements. However, recent advances in methodology have revealed that their abundance and potential activities have been underestimated. This review aims to illustrate the role of asRNA in various physiologically crucial functions in both archaea and bacteria, which can be regrouped in three categories: cell maintenance, horizontal gene transfer and virulence. A literature survey of asRNAs demonstrates the difficulties to characterize and assign a role to asRNAs. With the aim of facilitating this task, we describe recent technological advances that could be of interest to identify new asRNAs and to discover their function.

Introduction

Prokaryotes, as unicellular organisms need to adapt rapidly to their environment. Their high adaptability is reflected by the large number of regulatory pathways affecting gene expression. Gene regulation occurs at all levels from DNA synthesis to protein degradation. RNAs have previously been considered only to be involved in information transfer as messenger RNAs (mRNAs), transfer RNAs (tRNAs) and ribosomal RNAs (rRNAs). However, the discovery of a large set of non-coding transcripts has revealed that they have, in addition, a significant role in gene regulation. It has been shown that non-coding RNAs (ncRNAs) have the ability to modulate gene expression at many levels. Regulatory or non-coding RNAs are of diverse origins. Most of them are expressed from individual genes but some are derived from mRNA, rRNA or tRNA by processing. Regulatory RNAs called small RNAs (sRNAs), are now considered to be those encoded away from their target and so act in trans, usually via imperfect base pairing over a rather short sequence (around 20 nt). On the other hand, since the beginning of this century, the term antisense RNAs (asRNAs) is commonly accepted as describing transcripts encoded and acting in cis. In consequence asRNAs regulate their target via perfect base pairing and mostly over longer stretches of nucleotides compared to sRNAs. In the early literature there is some confusion about what is considered to be an asRNA. In this review, we only consider asRNAs that conform to the above definition. This definition might be too rigid and one can imagine scenarios where the activity of asRNA and sRNA overlap, as in the case of an asRNA, which also acts in trans [START_REF] Sayed | A cis-antisense RNA acts in trans in Staphylococcus aureus to control translation of a human cytolytic peptide[END_REF]. There is no systematic nomenclature for naming asRNAs and so we have used the terms employed by the authors of the papers cited.

Antisense RNAs are found in all genomes but have been predominately studied in eukaryotes where their roles range from modulation of chromatin changes to RNA editing [START_REF] Rosikiewicz | Biological functions of natural antisense transcripts[END_REF]. Antisense RNAs have now been found in a wide range of prokaryotes [START_REF] Georg | Widespread Antisense Transcription in Prokaryotes[END_REF] and this number is constantly increasing as demonstrated with the recent data on Borrelia burgdorferi [START_REF] Drecktrah | The Stringent Response-Regulated sRNA Transcriptome of Borrelia burgdorferi[END_REF], Pseudomonas aeruginosa [START_REF] Eckweiler | Antisense transcription in Pseudomonas aeruginosa[END_REF], Vibrio harveyi [START_REF] Plágaro | Defining the transcription landscape of the Gram-negative marine bacterium Vibrio harveyi[END_REF], Piscirickettsia salmonis [START_REF] Segovia | Core non-coding RNAs of Piscirickettsia salmonis[END_REF], Streptococcus pneumoniae [START_REF] Slager | Deep genome annotation of the opportunistic human pathogen Streptococcus pneumoniae D39[END_REF], Streptococcus mutans [START_REF] Zhu | High-throughput sequencing identification and characterization of potentially adhesion-related small RNAs in Streptococcus mutans[END_REF] and Haloferax volcanii [START_REF] Gelsinger | Transcriptional Landscape and Regulatory Roles of Small Noncoding RNAs in the Oxidative Stress Response of the Haloarchaeon Haloferax volcanii[END_REF]. However, for a long time antisense transcripts were not considered functional but rather supposed to be by-products or the result of pervasive transcription, as in the case of the antisense to ptsG mRNA in Escherichia coli [START_REF] Pennetier | An antisense transcript from within the ptsG promoter region in Escherichia coli[END_REF]. Furthermore, great variation exists in the location of the asRNA gene relative to its target, asRNAs can be a primary transcript or a processed product from the 5' or 3' end of a longer transcript, complementary to the (putative) target ORF or its untranslated region. Length, abundance and stability of asRNA also greatly differ between known examples. Furthermore, there is great variety in the promoters of asRNAs and some are, themselves, controlled by many regulators as in the case of the asRNA gadY gene whose transcription depends upon the σ S sigma factor and on three transcription factors, GadW, GadX and RcsB [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[END_REF][START_REF] Johnson | RcsB is required for inducible acid resistance in Escherichia coli and acts at gadE-dependent and -independent promoters[END_REF].

Understanding the mechanism of action of asRNAs is the main challenge in present studies. In the examples in the literature so far, many possible ways that they can affect gene regulation have been described. Some regulatory mechanisms involving asRNAs are schematized in Fig. 1. Antisense RNA can modulate transcription of the sense transcript by interference in which the RNA polymerase transcribing the asRNA will physically obstruct synthesis of the sense strand (Fig. 1A) [START_REF] Callen | Transcriptional interference between convergent promoters caused by elongation over the promoter[END_REF]. A second method affecting synthesis of the sense RNA directly is by attenuation. In this case the interaction between the sense and the antisense RNA affects transcription of the sense RNA by causing RNA polymerase to pause or slow down (Fig. 1B) [START_REF] Merino | Transcription attenuation: a highly conserved regulatory strategy used by bacteria[END_REF]. On the other hand, asRNAs can act post-transcriptionally by remodeling the structure of the sense transcript, which can lead to increased or decreased translation (Fig. 1C) [START_REF] Gordon | RNA Sequencing Identifies New RNase III Cleavage Sites in Escherichia coli and Reveals Increased Regulation of mRNA[END_REF] or degradation by RNases (Fig. 1D) (for review [START_REF] Georg | Widespread Antisense Transcription in Prokaryotes[END_REF]). It is worth emphasizing here that of the many kinds of RNases, the family of RNase III endoribonucleases is particularly relevant to regulation by asRNAs because of its unique ability to specifically bind and cleave double-stranded RNA. Hence, some RNase III targets are only formed when an asRNA is bound to the sense RNA [START_REF] Altuvia | In vivo cleavage rules and target repertoire of RNase III in Escherichia coli[END_REF]. Interestingly, since no homologues of the RNase III family have yet been found in archaea, and since asRNAs are notably more abundant in archaea [START_REF] Bernick | Diversity of Antisense and Other Non-Coding RNAs in Archaea Revealed by Comparative Small RNA Sequencing in Four Pyrobaculum Species[END_REF], it has been proposed that a major role of asRNAs could be to serve as sponges to titrate and protect their sense transcripts [START_REF] Orell | A regulatory RNA is involved in RNA duplex formation and biofilm regulation in Sulfolobus acidocaldarius[END_REF].

This review focuses on the responses of prokaryotes to stresses caused by physical, chemical or biological factors, which are mediated by asRNAs. Our objective is to present a recent (but non-exhaustive) list of physiological functions in which asRNAs have been shown to play a key role in both bacteria and archaea and to discuss the current and future technical approaches that can be used to gain better insight on asRNAs. The reader is directed to previous reviews for discussion of other aspects of asRNA not covered in this text [START_REF] Georg | Widespread Antisense Transcription in Prokaryotes[END_REF][START_REF] Hube | Coding and Non-coding RNAs, the Frontier Has Never Been So Blurred[END_REF][START_REF] Holmqvist | Impact of bacterial sRNAs in stress responses[END_REF][START_REF] Saberi | Natural antisense RNAs as mRNA regulatory elements in bacteria: a review on function and applications[END_REF][START_REF] Thomason | Bacterial antisense RNAs: How many are there and what are they doing?[END_REF].

Roles of asRNA in Prokaryotes

There is increasing evidence that asRNAs can be beneficial at various stages of cellular growth [START_REF] Wade | Pervasive transcription: illuminating the dark matter of bacterial transcriptomes[END_REF]. We have divided the functions known to be affected by asRNAs into three major categories: 1) maintenance of essential cellular functions, 2) horizontal gene transfer and 3) virulence. Based on known examples, the advantages of asRNAs based regulation of these different activities are discussed.

Cell maintenance

Prokaryotes are able to reshape their entire metabolic pathways to improve their growth according to nutrient availability or physical and chemical stresses [START_REF] Buescher | Global network reorganization during dynamic adaptations of Bacillus subtilis metabolism[END_REF]. Thus, adaptation needs to be fast, resilient and robust in order to be effective at the minimal energetic cost.

Replication

A role for asRNA in controlling replication has been known for a long time. Indeed, it was thought that the only purpose of asRNAs was to control the replication and partition of mobile elements. Many plasmids use asRNAs to control their copy number in vivo and among them, the R1 family was one of the first wellstudied cases. In the original R1 plasmid from E. coli, the RepA protein initiates replication of the plasmid. The highly-structured CopT region in the 5' of the repA mRNA interacts with the equally highly-structured CopA asRNA. It was demonstrated that this interaction requires the formation of a so-called 'kissing complex' between two of the loops in the sense-antisense couple and that the interaction is only transient between the complementary molecules [START_REF] Malmgren | Antisense RNA Control of Plasmid R1 Replication. The dominant product of the antisense RNA-mRNA binding is not a full RNA duplex[END_REF][START_REF] Kolb | Progression of a loop-loop complex to a four-way junction is crucial for the activity of a regulatory antisense RNA[END_REF]. Upon binding of CopA to CopT, the RBS of the mRNA is hidden by remodeling of the secondary structure of the mRNA, hence, inhibiting translation of the replication initiator protein RepA and thus keeping the copy number dependent on CopA asRNA abundance. The copy number of a plasmid needs to be able to vary according to the environment in order to respond to stress or to express specific factors. A strain of Corynebacterium glutamicum used in industrial production of amino acids was shown to carry a R1-like vector, named pVC7, engineered to be used as a shuttle vector in E. coli. A recent study aimed to select ideal vectors with high copy number in order to produce more of the desired molecules, it was shown that a naturally acquired, single point mutation in pCV7, increased significantly the copy number [START_REF] Hashiro | High copy number mutants derived from Corynebacterium glutamicum cryptic plasmid pAM330 and copy number control[END_REF]. This mutation is located in the region of complementarity between the sense and the antisense RNAs changing the secondary structure of the 'kissing complex' leading to a weaker interaction. Thus, the asRNA is not able to efficiently repress RepA synthesis and replication of the plasmid is increased. This case reflects the high plasticity of asRNA-based regulations which can be an advantage for rapid adaptation and a great tool to engineer strains of industrial interest.

DNA replication is a complex process, requiring many factors involved in DNA structure such as topoisomerases and gyrases as well as the enzymes synthesizing the new chromosome. AspC is antisense to parC, an essential gene, encoding the A subunit of DNA topoisomerase IV in Salmonella enterica serovar Typhi [START_REF] Dadzie | Identification and characterization of a cis antisense RNA of the parC gene encoding DNA topoisomerase IV of Salmonella enterica serovar Typhi[END_REF]. The asRNA AspC covers the 5' end of the parC ORF. AspC transcription is induced in stationary phase, during osmotic stress and iron starvation. It was demonstrated that trans overexpression of AspC asRNA lead to increased abundance of parC mRNA, growth rate and swimming motility, thus, suggesting a protective role of the asRNAs and the importance of the asRNA-based regulation of parC on growth and motility.

Translation

In most prokaryotes, specific asRNA are involved in the regulation of the transcription and/or translation of specific mRNA. Antisense RNAs can also have a global effect on protein synthesis when their target is part of the translational apparatus. In Bacillus subtilis, S1136 is an asRNA to rpsD [START_REF] Mars | The reduction in small ribosomal subunit abundance in ethanol-stressed cells of Bacillus subtilis is mediated by a SigB-dependent antisense RNA[END_REF]. The rpsD gene encodes the essential ribosomal protein S4, required in the early steps of small ribosome subunit assembly (30S). It was shown that S1136 is induced upon ethanol stress via a promoter dependent upon the general stress specific sigma factor σ B . Because this asRNA down-regulates expression of the sense strand and consequently 30S production, it was hypothesized this could prevent mistakes during translation. Furthermore, the asRNA is also induced during sporulation and could be responsible for the decrease of translational activity in sporulating cells. Hence, this asRNA is important for the physiological adaptation of the cell to stress by shutting down translation.

Anabolism

In Clostridium acetobutylicum, the ubiGmccBA operon is involved in sulfur homeostasis, which requires the interconversion between methionine derived metabolites and cysteine, to maintain the pool of available sulfur amino acids. Clostridia use both T-box and S-box riboswitches to sense the charged state of tRNA Cys and S-adenosylmethionine (SAM) respectively [START_REF] André | S-box and T-box riboswitches and antisense RNA control a sulfur metabolic operon of Clostridium acetobutylicum[END_REF]. When bound by an empty tRNA the riboswitch modifies the secondary structure of the nascent transcript allowing, or not, expression of the gene. The ubiGmccBA operon is controlled by a T-box sensitive to tRNA cysteine while an antisense promoter downstream of this operon is controlled by a strong S-box. SAM is the first intermediate in the conversion of methionine to cysteine and the substrate of UbiG (Fig. 2A-1). When the level of methionine increases due to the decreased availability of other sulfur sources, SAM accumulates and cysteine levels decrease, thus the cell needs to convert methionine to cysteine. This stress leads to increased expression of the ubiGmccBA operon by stabilization of the T-box anti-terminator structure and decreased asRNA expression by stabilization of the S-box terminator structure (Fig. 2A-2). The antisense transcript was shown to be essential for sulfur control of the ubiGmccBA but it was not possible to separate the cis effect of the asRNA from the complex regulation of the different riboswitches. In summary, this unnamed asRNA is crucial for the tight control of the balance between these two amino acids when one or the other is limiting [START_REF] André | S-box and T-box riboswitches and antisense RNA control a sulfur metabolic operon of Clostridium acetobutylicum[END_REF].

Iron homeostasis

Iron-dependent reactions are essential for all living organisms but iron levels need to be carefully monitored to avoid synthesis of dangerous levels of hydroxyl radicals when iron is in excess [START_REF] Sánchez | Iron chemistry at the service of life[END_REF]. Ferric uptake regulation (Fur) proteins are master regulators found in many bacteria and archaea. Fur when bound to iron, transcriptionally represses genes required for iron uptake and storage but also oxidative stress responses. In Anabaena sp. PCC 7120, α-furA was identified as an antisense RNA to furA [START_REF] Hernández | Identification of a furA cis antisense RNA in the cyanobacterium Anabaena sp. PCC 7120[END_REF][START_REF] Hernández | Mutants of Anabaena sp. PCC 7120 lacking alr1690 and alpha-furA antisense RNA show a pleiotropic phenotype and altered photosynthetic machinery[END_REF]. This asRNA is the long 3' end of the mRNA alr1690 coding a protein of unknown function, tail to tail with furA. Inactivation of alr1690 transcription leads to an iron deficient phenotype in iron-rich conditions, thus reducing the photosynthetic activity of the mutant. It was hypothesized that α-furA inhibits furA translation by binding to the RBS (as in Fig. 1C) and that the asRNA-based regulation could be used as a fine-tuning mechanism. Following the discovery of a potential asRNA controlling Fur protein expression, other genomes were investigated and asRNAs to fur in Microcystis aeruginosa PCC 7806 and Synechocystis sp. PCC 6803 were validated [START_REF] Sevilla | Identification of three novel antisense RNAs in the fur locus from unicellular cyanobacteria[END_REF] although the genetic context of the fur loci differs in these organisms.

Iron homeostasis is also closely related to light exposure as the level of light modulates the intra-cellular redox state in photosynthetic bacteria. Under oxidative stress, mimicked by hydrogen peroxide or methyl viologen, a high expression of α-fur, which was associated with an activation of fur transcription, lead to a global increase of total Fur protein in M. aeruginosa PCC 7806 [START_REF] Martín-Luna | Expression of fur and its antisense alpha-fur from Microcystis aeruginosa PCC7806 as response to light and oxidative stress[END_REF] in order to prevent hydroxyl radical formation. An antisense to a fur mRNA was also found in the extreme acidophile Acidithiobacillus ferrooxidans [START_REF] Lefimil | α-fur, an antisense RNA gene to fur in the extreme acidophile Acidithiobacillus ferrooxidans[END_REF], an organism which lives in iron-rich conditions and which uses iron as an energy source.

During iron depletion and accumulation of sulfur, both the sense and the antisense of fur were induced, possibly due to opening of a secondary structure on the RBS of the fur transcript, which allows efficient translation. Thus, this asRNA is likely to increase the mRNA stability. In addition, an asRNA to a putative archaeal homologue of fur was detected in four Pyrobaculum species [START_REF] Bernick | Diversity of Antisense and Other Non-Coding RNAs in Archaea Revealed by Comparative Small RNA Sequencing in Four Pyrobaculum Species[END_REF]. Moreover, in Vibrio anguillarum two other asRNAs have been implicated in the control of iron homeostasis. RNAα and RNAβ (RNAβ is described later in this review) are antisense to fatA and fatB, respectively, within an operon for synthesis and transport of an iron siderophore [START_REF] Chen | Antisense RNA, Fur, Iron, and the Regulation of Iron Transport Genes in Vibrio anguillarum[END_REF][START_REF] Waldbeser | Antisense RNA regulation of the fatB iron transport protein gene in Vibrio anguillarum[END_REF][START_REF] Stork | Transcription Termination within the Iron Transport-Biosynthesis Operon of Vibrio anguillarum Requires an Antisense RNA[END_REF]. RNAα asRNA transcription is induced in iron-rich conditions via Fur, at the same time as fatA and fatB mRNAs are decreasing in abundance. Thus, the asRNA is likely to negatively regulate iron transport through destabilization of the fatA and fatB mRNAs (as in Fig. 1D).

These disparate examples imply that asRNAs provide an evolutionary advantageous mechanism to control iron levels in prokaryotes.

High temperature lifestyle

Some bacteria and many archaea are adapted for optimal life at high temperature. An extreme example was found to survive up to 130 °C and higher temperature limits have not been excluded [START_REF] Bains | Prediction of the Maximum Temperature for Life Based on the Stability of Metabolites to Decomposition in Water[END_REF][START_REF] Schulze-Makuch | The Adaptability of Life on Earth and the Diversity of Planetary Habitats[END_REF]. To adapt, most of these hyperthermophiles have had to modify their proteins and some of their RNAs in order to stabilize them. In the four Pyrobaculum archaeal species P. aerophilum, P. arsenaticum, P. calidifontis and P. islandicum, so-called C/D box sRNAs are used as guides to promote 2'-O-methylation of ribose on rRNAs. These post-transcriptional modifications are essential for stability during heat shock from 80 to 120 °C. Genome analysis has identified 13 new C/D box sRNAs in Pyrobaculum species encoded antisense to known ORF [START_REF] Bernick | Diversity of Antisense and Other Non-Coding RNAs in Archaea Revealed by Comparative Small RNA Sequencing in Four Pyrobaculum Species[END_REF]. Thus, it is proposed that asRNAs, which are widespread in archaeal genomes, could have an important role in the stabilization of rRNAs during extreme heat shock. However, an important question concerns the ability of asRNAs to base-pair with other RNAs or form secondary structures at such high temperatures. It was shown in hyperthermophiles that most ncRNAs are highly expressed, strongly conserved and surprisingly AU-rich. These characteristics suggest, on the one hand, an absence of stable secondary structure and, on the other hand, a functional conservation [START_REF] Toffano-Nioche | RNA at 92°C: the non-coding transcriptome of the hyperthermophilic archaeon Pyrococcus abyssi[END_REF]. Hence, asRNAs could be used at high temperature in a more dynamic manner which could entail new functions or alternatively they could act as thermosensors by being active only at specific temperatures, like the well described intramolecular RNA thermometers [START_REF] Kortmann | Bacterial RNA thermometers: molecular zippers and switches[END_REF].

Horizontal gene transfer (HGT)

Bacteria and archaea are able to gain new genetically encoded functions. This process is achieved by vertical gene transfer through accumulation of mutations and/or by sharing DNA via horizontal gene transfer (HGT), primarily through transformation, transduction and conjugation [START_REF] Wagner | Mechanisms of gene flow in archaea[END_REF][START_REF] Soucy | Horizontal gene transfer: building the web of life[END_REF]. Other minor mechanisms of HGT are known and can involve cell fusion, vesicles and nanotubes. To prevent toxicity and instability of their genomes, all cells have developed mechanisms to control the efficiency of HGT such as specific DNases, restriction/modification (RM) systems, or CRISPR/Cas systems. It is well established that antibiotic resistance and other functions are largely spread through HGT. Moreover, recent findings have highlighted the unexpectedly high efficiency of HGT in the microbiota which often occurs in the absence of obvious advantageous or selectable markers [START_REF] Munck | Real-time capture of horizontal gene transfers from gut microbiota by engineered CRISPR-Cas acquisition[END_REF]. The first asRNAs identified in the archaea Haloferax volcanii are on the opposite strand to transposase genes and are linked with oxidative stress suggesting that they could have a role in controlling HGT during oxidative stress [START_REF] Gelsinger | Transcriptional Landscape and Regulatory Roles of Small Noncoding RNAs in the Oxidative Stress Response of the Haloarchaeon Haloferax volcanii[END_REF].

Restriction-Modification system

Many RM systems are known to degrade unmethylated DNA. Their activity must be controlled, on the one hand, because they are toxic for the cell if expression of the restriction nuclease is not precisely coordinated with the modification enzyme, but on the other hand, to also allow a low level of HGT. In E. coli, there is an example of a RM system, named Eco29ki, carried on the p29 plasmid, regulated by an asRNA [START_REF] Nagornykh | Regulation of gene expression in restriction-modification system Eco29kI[END_REF]. Unlike most RM systems, the restriction enzyme is encoded as the upstream gene of the same operon as the methylase so that, the toxic enzyme could be expressed before the methylase. A second promoter, specific for the methylase was demonstrated within the gene of the nuclease. In addition, an asRNA starting within the ORF of the restriction enzyme down-regulates its expression, most probably at the post-transcriptional level. The promoter of the asRNA is strongly conserved and its inactivation is lethal. It was suggested that control mechanisms acting on the asRNA modulate HGT efficiency. Finally, it is likely that upon accumulation of mutations, e.g. during long stress exposure, the deregulation of this RM system could increase HGT efficiency. A similar arrangement of genes and promoters exists in other RM systems, including the chromosomally encoded EcoRI RM [START_REF] Nagornykh | Regulation of gene expression in restriction-modification system Eco29kI[END_REF].

Transposition

Exogenous DNA acquisition is the basis of HGT, but the acquired DNA needs to be conserved by the recipient cell. This is usually achieved by homologous recombination, although alternative mechanisms also exist such as insertion, transposition and circularization. It was known that asRNAs are involved in the regulation of some transposases in many bacteria and archaea [START_REF] Ellis | Riboregulation of bacterial and archaeal transposition[END_REF]. Whatever the mechanism of insertion into the genome, the efficiency of HGT depends upon an accessible single stranded DNA and it has been suggested that asRNA expression could contribute to this control [START_REF] Gowrishankar | R-loops in bacterial transcription[END_REF]. A recent illustration comes from the pathogenic bacterium Bordetella pertussis [START_REF] Amman | Primary transcriptome analysis reveals importance of IS elements for the shaping of the transcriptional landscape of Bordetella pertussis[END_REF]. This bacterium is responsible for whooping cough, which is a re-emerging infectious illness after being almost eradicated following vaccination campaigns in the 1950's. Several resurgent isolates show greater genomic diversity compared to their ancestor, with the presence of more than 200 insertion elements (IS481) leading to extensive gene loss and pseudogene formation. In these strains, it seems that evolutive pressure, as a result of global vaccination, led to the selection of multiple transposition events, which remodeled the genome but also modified the global pattern of gene expression. These modifications are the result of amplification of the unique insertion element, IS481, which possesses an external promoter plus the possibility of forming a hybrid promoter (using a potential -35 box) at the insertion site. These provide strong transcription outwards from the insertion locus and, as a result, are responsible for extensive asRNAs transcription into mRNA expressed towards the insertion sites of this IS element. It was suggested that the increased fitness of these strains derives from the regulatory advantages of asRNAs for rapid adaptation. Furthermore, the high level of asRNAs could be related to the ability of these strains to conserve a high efficiency of IS481 transposition [START_REF] Amman | Primary transcriptome analysis reveals importance of IS elements for the shaping of the transcriptional landscape of Bordetella pertussis[END_REF].

Viral infection

Bacteriophages and archaeal viruses exert a selective pressure on their hosts because of their killing function but are also one of the main vectors of HGT. Prochlorococcus MED4, an abundant marine cyanobacterium, is one of the prokaryotes with the most asRNAs identified so far, covering up to 75% of the genome in some studies [START_REF] Voigt | Comparative transcriptomics of two environmentally relevant cyanobacteria reveals unexpected transcriptome diversity[END_REF]. Among these many asRNAs, some were found to be long (up to 7000 nt) covering many ORF and protecting them from RNase E mediated decay [START_REF] Stazic | Antisense RNA protects mRNA from RNase E degradation by RNA-RNA duplex formation during phage infection[END_REF][START_REF] Stazic | A Novel Strategy for Exploitation of Host RNase E Activity by a Marine Cyanophage[END_REF]. This ocean-dwelling cyanobacterium can be infected by the virulent P-SSP7 phage. After infection, transcription of the phage DNA produces not only mRNAs but also asRNAs covering almost all of its genome. At the same time, infection by the phage inhibits the major rne promoter thus allowing expression of a shorter rne transcript using an alternative promoter (Fig. 2B-2). This short version of the rne mRNA lacks the 5'UTR, containing an RNase E binding site, and thus, is more stable than the usual rne mRNA. It encodes a shorter RNase E (missing the 30 N-terminal amino acids) but which is still active and accumulates during the infection. The increased RNase E activity leads to massive degradation of most single-stranded RNA from the host, thereby allowing efficient translation of the phage mRNAs protected from RNase E by the asRNAs. At the same time, some specific and rather long asRNAs from the host genome are also induced, protecting the corresponding mRNA from degradation (Fig. 2B-2). It was hypothesized that the few protected host mRNAs are advantageous for the phage replication cycle [START_REF] Stazic | A Novel Strategy for Exploitation of Host RNase E Activity by a Marine Cyanophage[END_REF]. During evolution the phage has acquired the ability to enhance RNase E abundance as a way to facilitate its infection of the host. It simultaneously acquired a way to protect its own single stranded RNA during the infection process. The fact that asRNAs fulfill this function attests to the enormous flexibility and fitness advantages that asRNAs can provide. Moreover, Prochlorococcus MED4 expresses a high level of asRNAs, which could be the result of transduction from the evolutive pressure of the phage. Again, asRNA are advantageous since they are more easily transferred by HGT (in theory only a promoter required). Moreover, asRNA could also be responsible for the maintenance of HGT in this strain as antisense expression has been demonstrated to promote HGT by increasing homologous recombination efficiency [START_REF] Cahoon | Transcription of a cis-acting, Noncoding, Small RNA Is Required for Pilin Antigenic Variation in Neisseria gonorrhoeae[END_REF].

CRISPR/Cas

The so-called 'immune system' of prokaryotes, CRISPR/Cas is found in many bacteria and archaea. Cas complexes are known to target DNA or RNA. CRISPR loci are expressed as long transcripts processed by different nucleases to produce individual CRISPR RNAs. Once CRISPR RNAs are loaded on the complex with Cas proteins, the Cas complex starts scanning for its targets and in the case of a correct interaction, cleaves the target. It is known that CRISPR/Cas systems require a specific motif on the target to activate the cleavage. However, recent experiments have shown that this motif can also inhibit cleavage. In the type VI-A CRISPR in Listeria seeligeri, the Cas complex is specifically inactivated when the target is an asRNA fully complementary to the CRISPR RNA, as opposed to most cases where the 3' located-motif is not base-paired [START_REF] Meeske | RNA Guide Complementarity Prevents Self-Targeting in Type VI CRISPR Systems[END_REF]. However, no promoter in the CRISPR region has yet been found to express the asRNA, but this strongly suggests a regulatory mechanism controlling the ability of this strain to maintain this specific CRISPR activity and thus the HGT efficiency. Furthermore, some cases of asRNA to Cas proteins were found in E. coli and S. Typhi [START_REF] Medina-Aparicio | CRISPR-Cas system presents multiple transcriptional units including antisense RNAs that are expressed in minimal medium and upregulated by pH in Salmonella enterica serovar Typhi[END_REF][START_REF] Pul | Identification and characterization of E. coli CRISPR-cas promoters and their silencing by H-NS[END_REF].

CRISPR/Cas systems are conserved because they provide advantages for the cell. In Clostridium difficile many CRISPR/Cas loci are adjacent on the chromosome to type I toxin-antitoxin (TA) genes [START_REF] Maikova | Discovery of new type I toxin-antitoxin systems adjacent to CRISPR arrays in Clostridium difficile[END_REF]. The type I TA is regulated by an asRNA mechanism, so that the mRNA of the toxin cannot be translated as long as the antisense is present. After cell division, if the genes encoding the TA are lost, the daughter cell will still inherit half of the pool of RNA. In all known examples of type I TA, the asRNA has a much shorter half-life than the mRNA and is rapidly degraded independently from the mRNA. Thus, the toxin mRNA can be translated leading to cell death or metabolic arrest. Moreover, this system can be activated in order to stop cell division or metabolic functions and to increase resistance to stress, as in the case of dormant or persister cells [START_REF] Chukwudi | The role of the hok/sok locus in bacterial response to stressful growth conditions[END_REF]. It is thus proposed that type I TA asRNAs could fine-tune the HGT efficiency during stress and thus help to improve fitness.

Conjugation

A complex system in Enterococcus faecalis involves an asRNA, named anti-Q, which controls the conjugation of the pCF10 replicon [START_REF] Breuer | Mechanistic Features of the Enterococcal pCF10 Sex Pheromone Response and the Biology of Enterococcus faecalis in Its Natural Habitat[END_REF]. This vector is able to conjugate with other cells when the level of a secreted peptide pheromone is sufficiently high. In this system, the asRNA anti-Q controls by attenuation the transcription of the prg operon (Fig. 1B) that encodes multiple factors required for conjugation. Upon pheromone accumulation, the prg mRNA is overexpressed which titrates the anti-Q, bypassing the attenuation, thus enabling conjugation. In E. faecalis, conjugation promotes aggregation of the cells, which could be required for efficient host colonization and resistance to antibiotics by formation of biofilms (see below for asRNA involved in biofilm regulation).

Virulence

Many examples of asRNA affecting bacterial virulence are known. As the bacterial literature is biased by the number of pathogenic strains studied, it is not surprising to find many cases of asRNA in virulent strains.

Motility

One strategy adopted by many unicellular organisms to rapidly escape local stress is to swim towards better conditions. Bacteria and archaea use different modes of motility such as gliding, swimming or twitching. Expression of many proteins are required for any bacterial movement which makes motility a burden for the cell, thus, requiring precise control of the motility apparatus by multi-layer regulatory networks, as illustrated by the well-known cascade of gene expression required for swimming motility in E. coli [START_REF] Fitzgerald | Comprehensive mapping of the Escherichia coli flagellar regulatory network[END_REF]. Recent examples of asRNA involved in motility regulation highlight their importance in this process; likely because they allow fine-tuning of the regulation. Synechocystis sp. PCC 6803 is a cyanobacteria able to perform twitching motility. Many genes, including pilA11, are essential for pili formation and rotation. PilR is an asRNA to pilA11, and it negatively controls expression of the sense strand. It is proposed that PilR recruits the degradosome to selectively degrade the 3' end of the polycistronic pilA9-pilA10-pilA11 mRNA and so turn off motility. However, the stress signal activating PilR expression has not yet been identified [START_REF] Hu | The Small Regulatory Antisense RNA PilR Affects Pilus Formation and Cell Motility by Negatively Regulating pilA11 in Synechocystis sp. PCC 6803[END_REF].

In many prokaryotes, motility is achieved using a multi-tiered hierarchical transcription regulation network, which is essential for just-in-time regulation and correct assembly of the required apparatus. In Pseudomonas syringae pv. tomato DC3000, the master regulator FleQ is at the top level of the cascade to activate flagella synthesis. FleQ is also required during infection of plants, and its expression is controlled by both transcriptional and post-translational mechanisms [START_REF] Dasgupta | A four-tiered transcriptional regulatory circuit controls flagellar biogenesis in Pseudomonas aeruginosa[END_REF]. Recently another layer of regulation was found with the discovery of the asRNA fleQas [START_REF] Markel | An AlgU-regulated antisense transcript encoded within the Pseudomonas syringae fleQ gene has a positive effect on motility[END_REF]. FleQ expression is indirectly down-regulated by the sigma factor AlgU in response to cell envelope damage, osmotic stress and during infection of a plant. Surprisingly, AlgU also positively regulates fleQas, leading to increased FleQ expression. Thus, the asRNA limits the AlgU dependent down-regulation of motility as part of a sophisticated fine-tuning regulation. Unexpectedly, fleQas overexpression or inactivation, did not lead to any modulation of fleQ targets, direct or indirect, but there was still an effect on motility in a swimming assay. Phylogenetic analysis showed that the asRNA and its AlgU dependent promoter are conserved in AlgU-expressing Pseudomonas. Thus, the available evidence supports a role of the fleQas asRNA in the efficient control of motility in response to osmotic stress or infection. This duality is coherent when it is recalled that, during infection, flagella trigger an immune response from the plant host. Expression of the asRNA could be a rapid response mechanism in the bacteria to temper the induction of the host's immune responses.

Another example of an asRNA involved in flagella assembly is found antisense to fliQ and fliR of the fliPQR operon in Salmonella enterica [START_REF] Wang | Rcs signalling-activated transcription of rcsA induces strong anti-sense transcription of upstream fliPQR flagellar genes from a weak intergenic promoter: regulatory roles for the anti-sense transcript in virulence and motility[END_REF]. FliQ and FliR are involved in the export of flagellar components and are thus essential for correct assembly of flagella and motility. The Rcs two-component system responds to cell envelope stress to repress motility if there is damage to the membrane. A strain overexpressing constitutively the Rcs system is shut down for most of its flagellar genes, except from the end of the fliPQR operon, probably because of the induction of the asRNA to fliQR. When this asRNA is inactivated, fliQR transcription increases and motility is slightly affected. In addition, the mechanism by which this asRNA controls gene expression is probably more complex because of a putative ORF in the asRNA [START_REF] Wang | Rcs signalling-activated transcription of rcsA induces strong anti-sense transcription of upstream fliPQR flagellar genes from a weak intergenic promoter: regulatory roles for the anti-sense transcript in virulence and motility[END_REF].

It is worth noting that other asRNAs have been detected in proximity to motility genes. For example, in Listeria monocytogenes [START_REF] Toledo-Arana | The Listeria transcriptional landscape from saprophytism to virulence[END_REF], an unusual asRNA is expressed from an alternative longer 5' transcript of the gene of the master regulator of motility, MogR. Expressed only in stationary phase, this long asRNA is antisense to lmo0675, lmo0676 and lmo0677, all involved in motility, and it was shown to play a role in the degradation of these three mRNAs by direct interaction. Thus, the asRNA can slow down flagella assembly in stationary phase. Finally, another asRNA to a motility related gene was validated in Helicobacter pylori but, there was no evidence for a function [START_REF] Xiao | Identification of Small Noncoding RNAs in Helicobacter pylori by a Bioinformatics-Based Approach[END_REF].

Biofilm

Some organisms are able to switch from a planktonic to a sessile lifestyle, when they reach a high density, or nutrients are low or there is external stress, by the stepwise formation of biofilm structures. By this means, they are better protected from the stress and are also able to recycle nutrients. Biofilms are extremely resistant to antibiotics, detergents and attacks from the host's immune system which makes them a formidable defense mechanism for pathogenic bacterial strains [START_REF] Roilides | How Biofilms Evade Host Defenses[END_REF]. ASvicR is an antisense to the vicR gene in Streptococcus mutans [START_REF] Lei | Activity of Streptococcus mutans VicR Is Modulated by Antisense RNA[END_REF], a human pathogen forming a biofilm on the surface of teeth. The vicR gene encodes the response regulator of the essential VicRK two-component system. This system is required for the expression of factors involved in envelope maintenance and competence by controlling a broad regulon of more than 120 genes. The vicR gene is the first gene of the vicR-vicK-vicX-rnc operon (where rnc is predicted to encode RNase III). It was shown that the ASvicR down regulates the expression of the sense vicR during planktonic growth (by an unknown mechanism). The signals, which initiate biofilm formation, lead to repression of the asRNA and expression of VicR. Furthermore, it is likely that RNase III provides a negative feedback loop decreasing VicR expression. Thus, it is not surprising that inactivation or overexpression of ASvicR leads to defects in biofilm formation and potentially decrease the infectivity of this strain [START_REF] Roilides | How Biofilms Evade Host Defenses[END_REF].

Archaea are capable of swimming motility and biofilm formation, which could be tools for a potential pathogenicity, although no virulent archaea are known so far. In the archaea Sulfolobus acidocaldarius the RrrR(+) transcript is likely to be a sRNA acting with the Hfq-like Lsm1/2 protein to positively control at least six mRNAs involved in biofilm formation [START_REF] Orell | A regulatory RNA is involved in RNA duplex formation and biofilm regulation in Sulfolobus acidocaldarius[END_REF]. During the switch to sessile lifestyle, RrrR(+) is induced and its asRNA, named RrrR (-), is repressed. The binding of the asRNA to the sense sRNA protects both molecules from degradation (Fig. 1D) but prevents the binding of the sRNA to its own mRNA targets. Thus it is proposed that, during planktonic conditions, the RrrR (-) acts as a sponge for RrrR(+) while at the same time protecting it (Fig. 2C). In this case, it seems that the asRNA not only controls the function of the sense sRNA but is also used as a strategy to keep a pool of ready-to-use sRNA available to respond to environmental cues and at the same time, allows a rapid response when the asRNA is repressed. Furthermore, as S. acidocaldarium grows at 80 °C, the interaction between the RrrR transcripts could be more dynamic than expected in a mesophilic model organism.

Siderophores

Iron metabolism is linked to many aspects of cell metabolism and to virulence. Even if abundant in the host, iron is often not directly accessible e.g. when bound to heme in the blood. To counteract this limited availability, bacteria possess siderophores, powerful iron chelators with an extremely high affinity for iron. Upon iron deficiency, they are expressed and secreted into the environment while at the same time the cell expresses an uptake machinery to import the loaded siderophores. In Vibrio anguillarum, the fatABCD-angRT operon encodes proteins involved in the transport (FatA, B, C and D) and biosynthesis (AngR and T) of the anguibactin siderophore. The asRNA RNAβ controls the expression of angR [START_REF] Stork | Transcription Termination within the Iron Transport-Biosynthesis Operon of Vibrio anguillarum Requires an Antisense RNA[END_REF]. Its transcription starts in the ORF of angR and terminates upstream of angR inhibiting angR and angT expression. Upon iron depletion of the environment, synthesis of the asRNA is repressed releasing angR and angT expression and thus activating the synthesis of anguibactin. The asRNA possesses a key role in down-regulating anguibactin expression when iron is abundant and by responding to variations of iron content, it can promote iron uptake, which is essential for virulence. The regulation by the asRNA can be considered to limit the energetic cost of siderophore synthesis. In this context, it is worth noting that some cells which have lost the ability to produce siderophores, can benefit from those synthesized by the rest of the population as 'cheaters'.

Conclusion

From the many diverse examples discussed here and summarized in Table 1, it is clear that asRNAs are involved in a plethora of physiological roles in prokaryotes and archaea. Recently, new insights into the unsuspected roles of asRNA was uncovered with the identification of thousands of new cis-acting regulatory elements within mRNAs, termed RNA polymerase aptamers, in the E. coli genome. They are able to promote termination by Rho protein by modulating the secondary structure of the nascent transcript. Furthermore, most of the natural aptamers (identified by Selex) are predicted to prevent antisense transcription [START_REF] Sedlyarova | Natural RNA Polymerase Aptamers Regulate Transcription in E. coli[END_REF]. The high plasticity of asRNA partially explains why they are advantageous compared to other regulators. Accumulation of mutations can lead to variations in promoter strength but at the same time conserve full complementarity with the target. Indeed, asRNA are less costly compared to protein regulators for the cell to produce but they can be effective fine tuners of regulation. Furthermore, they are often unstable, which decreases the response time of the system. It was even proposed that one asRNA molecule is enough to enhance homologous recombination [START_REF] Raghunathan | Genome-wide relationship between R-loop formation and antisense transcription in Escherichia coli[END_REF]. Their proximity and size permit their efficient binding to nascent sense transcripts adding an additional layer of control to often already complex systems. In examples where many proteins compete for the same binding site, asRNA (and sRNA) are a better solution to provide just-in-time responses, as has been mathematically demonstrated [START_REF] Bordoy | Cis-Antisense Transcription Gives Rise to Tunable Genetic Switch Behavior: A Mathematical Modeling Approach[END_REF]. This is particularly useful in the control of homeostasis and stress responses. It has also been suggested that asRNA could be a mechanism providing epigenetic regulation in prokaryotes, allowing, for example, the specialization of a subpopulation of siderophore producers or strains with highly efficient HGT.

RNAs, including ncRNAs, in all domains of life, have been shown to carry post-transcriptional modifications [START_REF] Marbaniang | Emerging roles of RNA modifications in bacteria[END_REF][START_REF] Höfer | Epitranscriptomics: RNA Modifications in Bacteria and Archaea[END_REF], nevertheless it is often not clear what are the roles of these nucleotide modifications. Modification of asRNA could have important outcomes in the ability of the asRNA to bind to its target RNA.

For example, we can hypothesize that RNA modifications could explain the difference in stability of the asRNA and mRNA in the case of type I TA systems [START_REF] Maikova | Discovery of new type I toxin-antitoxin systems adjacent to CRISPR arrays in Clostridium difficile[END_REF]. Finally, many ribozymes are known to be able to cleave themselves independently of any protein partners [START_REF] Lee | Structural and Biochemical Properties of Novel Self-Cleaving Ribozymes[END_REF]. asRNA are often involved in complex interactions with their targets leading to degradation, it was thus suggested that asRNA could also possess ribozyme activity, involved in the destabilization of the RNA duplex [START_REF] Lee | Structural and Biochemical Properties of Novel Self-Cleaving Ribozymes[END_REF]. In conclusion, there is considerable evidence that asRNAs are more widely distributed and functionally relevant to the bacterial cell than hitherto suspected.

Methods employed to study asRNAs

Antisense RNAs were discovered in the early 1980s on mobile genetic elements (plasmids, bacteriophages and transposons) [START_REF] Brantl | Regulatory mechanisms employed by cis-encoded antisense RNAs[END_REF]. Their numerous chromosomally encoded counterparts were only discovered much later and have only been extensively characterized since 2000. This burst of interest was primarily due to the technologies which became available in the 21 st century such as systematic genome-wide screens based on computational prediction of asRNAs, direct detection using transcriptome approaches (microarrays and RNAseq) and purification of asRNA-RNA complexes (reviewed in [START_REF] Kawano | Detection of 5′-and 3′-UTR-derived small RNAs and cis-encoded antisense RNAs in Escherichia coli[END_REF][START_REF] Majdalani | Bacterial Small RNA Regulators[END_REF]). Tiling arrays and RNAseq have provided an impressive list of various ncRNAs in numerous bacterial phyla [START_REF] Thomason | Bacterial antisense RNAs: How many are there and what are they doing?[END_REF]. Among them, many asRNAs were found but their existence was not always validated. Many new transcripts were only recently discovered by RNAseq and it is expected that many more will be detected in the next years as the technical possibilities, in both reliability and resolution increase [START_REF] He | Statistical analysis of non-coding RNA data[END_REF]. Here we discuss, the common approaches to identify, and both physically and functionally characterize asRNAs. Finally, new perspectives on applications from the fields of 'omics' will be proposed.

1.

How to find them?

Bioinformatics predictions

Before the era of RNAseq, it was not possible to get a complete transcriptome and so the commonly used approaches to look for asRNAs relied upon bioinformatics tools (reviewed in [START_REF] Saberi | Natural antisense RNAs as mRNA regulatory elements in bacteria: a review on function and applications[END_REF][START_REF] Backofen | Computational prediction of sRNAs and their targets in bacteria[END_REF]). They depend upon the availability of well-annotated genome sequences, with motifs like promoters, ORFs, terminators, etc. validated and, if possible, evidence for conservation among different species. This methodology has proven effective (reviewed in [START_REF] Hershberg | A survey of small RNA-encoding genes in Escherichia coli[END_REF]). However, recent results have demonstrated that new concepts must be taken into account such as the so-called 'excludon'; where asRNAs have dual functions of mRNAs and regulatory RNAs [START_REF] Sesto | The excludon: a new concept in bacterial antisense RNA-mediated gene regulation[END_REF]. Other possibilities are to search for cis-encoded asRNAs, which also act in trans, in the host during infection as was already found [START_REF] Sayed | A cis-antisense RNA acts in trans in Staphylococcus aureus to control translation of a human cytolytic peptide[END_REF] or trans-encoded sRNA acting by perfect complementarity, so behaving more like asRNAs than sRNAs in this case.

dRNAseq

To obtain a complete overview of new asRNAs it is important to understand their characteristics and potential functions. Based on the fact that asRNA are located in cis to target RNAs, the commonly used approach relies on using RNAseq to obtain the transcriptome of the cell which is then sorted by using one of the numerous bioinformatics workflows [START_REF] Yang | Analysis of Whole Transcriptome Sequencing Data: Workflow and Software[END_REF]. However, it is important to keep in mind that asRNA are often involved in response-specific regulations and so it is unlikely to find many of them expressed in a single condition. Thus, an important consideration is where and when to search for asRNAs. Using the RNAseq approach, it was shown that modifying the conditions of growth or inducing stresses can induce asRNA responses. This approach is often called differential RNAseq (dRNAseq) and consists in comparing at least two transcriptomes by bioinformatics tools, such as DESeq [START_REF] Anders | Differential expression analysis for sequence count data[END_REF]. This dRNAseq approach is useful for the comparison of a strain carrying a mutation in a gene like RNase III [START_REF] Thomason | Global transcriptional start site mapping using differential RNA sequencing reveals novel antisense RNAs in Escherichia coli[END_REF][START_REF] Altuvia | In vivo cleavage rules and target repertoire of RNase III in Escherichia coli[END_REF] or RNase E [START_REF] Stead | Analysis of Escherichia coli RNase E and RNase III activity in vivo using tiling microarrays[END_REF] to the wild type strain, or a strain treated or not with an inhibitor of transcription such as rifampicin [START_REF] Gordon | RNA Sequencing Identifies New RNase III Cleavage Sites in Escherichia coli and Reveals Increased Regulation of mRNA[END_REF]. Another closely related approach, named dual-RNAseq, is designed to obtain the transcriptomes of both pathogen and host during infection [START_REF] Westermann | Host-Pathogen Transcriptomics by Dual RNA-Seq[END_REF] and permits a search for asRNAs induced by virulence. The primary difference between asRNAs and sRNAs is that asRNAs are fully complementary over usually a rather long segment of RNA, which means that one can selectively search for them by isolating double-stranded RNA [START_REF] Lybecker | The double-stranded transcriptome of Escherichia coli[END_REF] in the presence or not of RNase III or by directly selecting for RNase III bound transcripts [START_REF] Lioliou | Global regulatory functions of the Staphylococcus aureus endoribonuclease III in gene expression[END_REF]. All these methods can demonstrate the existence of a putative asRNA but a recurrent problem is to decide the origin of the asRNAs. By RNAseq alone it is more or less impossible to know if they are derived by processing of long UTRs, or are due to alternative or new promoters or even if they are only artifacts of the RNAseq analysis [START_REF] Mourao | Detection and Mitigation of Spurious Antisense RNA-seq Reads with RoSA[END_REF].

How to study them?

For many years bacterial asRNAs were not considered as members of the cellular regulatory machinery but rather as by-products of other processes or part of the background pervasive transcription [START_REF] Wade | Pervasive transcription: illuminating the dark matter of bacterial transcriptomes[END_REF]. The main reason for this was that when an asRNA was identified there was no indication of any function. As discussed above asRNAs are often condition-specific regulators, which can act on DNA compaction, transcription, mRNA decay or translation, thus, it is difficult to decipher the role of an antisense. Another layer of complexity is due to the fact that RNA structures can be highly dynamic making it a challenge to understand the effect of a mutation in the sense-antisense RNA couple, which can result in altered regulation or modification of the intrinsic stability of one partner.

Classical approaches

By looking at the literature, it is interesting to see that most teams working on asRNAs are using the same combination of methods to study them. Indeed, these methods are those used to study other ncRNAs and the main problem is to distinguish an effect in trans versus real effects in cis. The first step is to characterize asRNAs; by identifying the strand, locating the transcription start site and determining the length and abundance of asRNAs by Northern blot or qRT-PCR and RACE experiments. This is necessary because, most of the time neither consensus (sigma70) promoters nor Rho-independent terminators are obvious in the sequence. The next step usually involves, in vitro studies to determine the structure and the interactions of asRNAs with their RNAs target. Secondary structure can be determined by chemical modification (in vivo or in vitro), primer extension and protection assays. Due to technical difficulties, this second step is often omitted or gives unusable data. The third step concerns regulation, both of and by the asRNA. This is usually accomplished by assaying transcription and translation levels using reporter fusions. These studies require many confirmatory genetic approaches to verify the activity of both asRNA and target promoters (e.g. by promoter inactivation and overexpression of asRNAs in trans) and to verify the RNA-RNA interaction (e.g. by introduction of point mutations). Even this step is not always reliable as, often, asRNA-associated regulations are context-dependent and artifact-prone on fusions [START_REF] Hahn | Small Open Reading Frames, Non-Coding RNAs and Repetitive Elements in Bradyrhizobium japonicum USDA 110[END_REF]. It is often difficult (or impossible) to find the condition leading to strong induction of asRNAs, as a consequence overexpression in trans from a plasmid seems to be the common way to detect effects of the asRNA on the 'cis' target and also to look for global effects on other targets and phenotypes. Finally, after finding an effect of an asRNA, it is important to clarify its exact mechanism of action by identifying the other actors involved (ribosomes, RNA polymerase, RNases or others). This usually requires in addition some pure biochemical approaches. There are only a few examples where the asRNA regulatory mechanism is fully understood [START_REF] Kolb | Progression of a loop-loop complex to a four-way junction is crucial for the activity of a regulatory antisense RNA[END_REF][START_REF] Darfeuille | An antisense RNA inhibits translation by competing with standby ribosomes[END_REF].

Recent approaches 1)

Long-read sequencing Long-read sequencing (LRS) relies on the ability to read a single molecule up to millions of nucleotides in length. The PacBio (Pacific Bioscience) method relies on the synthesis of the complementary DNA molecule by an RNA-dependent DNA polymerase which uses fluorescently labeled nucleotides. The signal of each nucleotide disappears after its incorporation into the synthesized polymer. Another method from Oxford Nanopore Technologies uses nanopores, either natural or artificial, to filter transcripts. When each nucleotide of the single RNA crosses the membrane through the pore, an electric perturbation can be associated to the correct nucleotide [START_REF] Tombácz | Long-Read Sequencing Revealed an Extensive Transcript Complexity in Herpes viruses[END_REF]. The development of LRS offers significant advantages for asRNAs studies compared to previous RNAseq approaches For example, it was recently demonstrated that in a large number of RNAseq experiments, the retro-transcription step can introduce a bias concerning the sense or antisense strand transcript [START_REF] Mourao | Detection and Mitigation of Spurious Antisense RNA-seq Reads with RoSA[END_REF]. Small errors can then lead to misinterpretations and assignment of spurious transcripts as asRNAs. The 'RoSA' bioinformatics tool was developed to decrease false positives by tracking spurious reads in the early steps of the treatment of the RNAseq data. Nevertheless, using LRS seems a better option. Moreover, LRS provides new information on asRNAs, as a serious issue is often the determination of their length and extremities.

2) Structurome Recent developments combining cross-linking or chemical modifications of transcripts, followed by sequencing and advanced bioinformatics analysis have allowed researchers to obtain an overview of the secondary structure of the whole transcriptome in the cell called the 'structurome' or 'interactome' [START_REF] Nguyen | RNA, Action through Interactions[END_REF][START_REF] Mustoe | Pervasive Regulatory Functions of mRNA Structure Revealed by High-Resolution SHAPE Probing[END_REF][START_REF] Siegfried | RNA motif discovery by SHAPE and mutational profiling (SHAPE-MaP)[END_REF]. The main information obtained from the structurome analysis is the involvement of each nucleotide in a secondary structure either intra-or intermolecular. These methods give a snapshot of RNA structures but in the case of highly dynamic RNA structures, it is still challenging to get a precise interactome. Further developments will provide a lot of information on global asRNAs interactions and their role and may be a way to overcome the present limitations of in vitro biochemical studies.

3) Microfluidics Microfluidics allows the study of isolated cells in micro-channels (10 to 100 μm) made by 3D printing circuits. More recent advances have allowed the use of microfluidics to generate droplets (10 to 1000 μm). Droplets possess the advantage of being cheap and fast to produce but more importantly it is possible to control their size and to incorporate various isolated molecules or cells into them [START_REF] Zhu | Advances in Microfluidics Applied to Single Cell Operation[END_REF][START_REF] Autour | Ultrahigh-Throughput Improvement and Discovery of Enzymes Using Droplet-Based Microfluidic Screening[END_REF], and even heterogeneous samples like PCR products or RNAs [START_REF] Abatemarco | RNA-aptamers-in-droplets (RAPID) high-throughput screening for secretory phenotypes[END_REF]. Thus, these droplets can be used to perform in vitro experiments such as transcription or translation in order to screen new molecules by selection. Recently droplets were used, in combination with sequencing, to analyze the effects of single mutations independently of each other and to observe effects in single cells such as cheaters or epigenetic switches [START_REF] Thibault | droplet-Tn-Seq combines microfluidics with Tn-Seq identifying complex single-cell phenotypes[END_REF]. This tool provides great potential to study asRNAs, because it is possible to study separate molecules and add independently other isolated or not components. One could imagine generating droplets containing unique PCR fragments, carrying single mutations within the sequence of an asRNA. Addition of an in vitro transcription mix would then allow synthesis of unique asRNA variants in each droplet. Then it is possible to add the target RNA and, for example in the case of a mRNA, to test for the effect of the asRNA on in vitro translation and screen for those asRNAs variants with the greatest effect, as was done to develop brighter mutants of the fluorogenic 'Spinach' aptamers [START_REF] Autour | iSpinach: a fluorogenic RNA aptamer optimized for in vitro applications[END_REF].

4) Single-cell sequencing RNAs are often globally analyzed from a population of cells so one cannot be sure that sense and antisense RNAs are expressed in the same cells [START_REF] Georg | Widespread Antisense Transcription in Prokaryotes[END_REF]. To overcome this limitation one way is to study total RNA from an isolated cell by single-cell sequencing. Single-cell RNAseq is increasingly used in eukaryotes to study differentiated cells lines or tissues. The method is now available for many organisms and should be soon widely available for prokaryotes, allowing insights e.g. on bacterial epigenetics [START_REF] Wang | RNA-seq based transcriptomic analysis of single bacterial cells[END_REF][START_REF] Zhang | Recent Developments in Single-Cell RNA-Seq of Microorganisms[END_REF]. Most of the methods are based on the isolation of cells by generation of droplets, as described in the previous paragraph. In the second step, isolated cells are lysed and after RNA amplification, the transcriptome obtained [START_REF] Hu | Single Cell Multi-Omics Technology: Methodology and Application[END_REF]. By itself, single-cell sequencing provides fundamental information to understand if the expression of the target RNA and asRNA occurs at the same time in one cell, and if the expression of both molecules is heterogeneous amongst the population.

Perspectives

Application of sophisticated methods to isolate, characterize and understand asRNAs are likely to produce an incredible amount of data. Indeed, the major issue is the quantity of data. The answer is to pursue the development of bioinformatics tools. However, another option would be to ask better questions. This is perfectly exemplified by the development of dRNAseq where comparison of two conditions is the key to get rid of most of the unwanted information. An overview of all available methods is shown in the form of a flowchart in Fig. 3, which proposes directional approaches to answer specific questions. Using the available technologies, it is possible, for example to study an organism by comparing different conditions either caused by mutations or upon stress. In a second step, isolating single-cells in droplets can be done in order to obtain information on the heterogeneity of asRNA expression compared to their target RNA. In a third step, isolation of RNAs of interest can be pursued through different tagging methods in order to only select potential asRNAs. For example, primary transcripts possess a 5' triphosphate not present on processed fragments allowing their discrimination by primer ligation to the 5' monophosphate, before and after treatment with a pyrophosphatase and a second step of ligation with a different primer [START_REF] Maes | Landscape of RNA polyadenylation in E. coli[END_REF]. Many other methods to isolate RNAs based on their structure or modifications exist [START_REF] Anhauser | Enzyme-mediated tagging of RNA[END_REF]. In the last step, it is possible to sequence RNA of interest without fragmentation in order to obtain increased accuracy for low abundance transcripts and determine the extremities of potential asRNAs.

Multi-omics approaches consist of combining sequencing techniques with technological advances to get a precise overview at the single cell level. For the moment the most advanced technique, which generates information from one cell on the genome, epigenome and transcriptome is ScTrio-seq while for a combined transcriptome and proteome the CITE-seq or REAP-seq protocols can be used (reviewed in [START_REF] Hu | Single Cell Multi-Omics Technology: Methodology and Application[END_REF]). Advances are very rapid so that, combination of several 'omics' methods will be possible in prokaryotes as exemplified by the recent association of transcriptome and ribosome profiling [START_REF] Gorochowski | Absolute quantification of translational regulation and burden using combined sequencing approaches[END_REF]. B. Protection of specific mRNAs by asRNAs induced during phage infection in Prochlorococcus MED4 B-1. In P. MED4, numerous long asRNA are expressed at a low level from the genome and are proposed to protect some transcripts from degradation by RNase E, e.g. the yfr7 locus. B-2. Upon infection by the phage P-SSP7, the primary promoter of the rne gene, encoding the RNase E, is shut-down allowing expression of a minor promoter starting in the ORF of RNase E. The short version of the rne transcript lacks the RNase E cleavage site, thus it is more stable than the longer rne mRNA, leading to increased levels of a shorter but still active RNase E, thus to the degradation of most bacterial single stranded RNAs. At the same time, the long asRNA to the yfr7 operon is induced, protecting the yfr7 operon from RNase E by base pairing. This and other specific transcripts protected by their own asRNA may be involved in the phage life cycle. In addition, all sense transcripts from the phage (in black) are also protected due to massive asRNA expression (also in black) [START_REF] Stazic | Antisense RNA protects mRNA from RNase E degradation by RNA-RNA duplex formation during phage infection[END_REF][START_REF] Stazic | A Novel Strategy for Exploitation of Host RNase E Activity by a Marine Cyanophage[END_REF].

Legends

C. Activation of the switch from planktonic to sessile growth in Sulfolobus acidocaldarius.

C-1 In S. acidocaldarius, the RrrR(+) sRNA (in blue) activates the switch from a planktonic to a sessile lifestyle by regulating at least 6 mRNA targets e.g. saci0301. In the absence of signals inducing biofilm formation the RrrR (-) asRNA (in green) is expressed and titrates the sense RrrR(+) strand. RrrR(+) is no longer able to bind to its targets but is protected from degradation. C-2 Nutrient stress or high cell density leads to repression of the asRNA thus liberating the active RrrR(+), which can regulate its targets in the presence of/together with the Hfq-like protein LSm1/2 [START_REF] Orell | A regulatory RNA is involved in RNA duplex formation and biofilm regulation in Sulfolobus acidocaldarius[END_REF].

In all figures sense promoters (bent arrows), transcripts (wavy lines) and ORF (orientated boxes) are shown in blue and antisense promoters, transcripts and ORF in green. The outer-gray line designates the cell envelope. Regulatory circuits are indicated by red lines and arrows, which are dotted if indirect. External stress signals are indicated in yellow.

Figure 3: Flowchart for asRNA detection

The flowchart aims to propose the available possibilities using comparative transcriptome analysis to address specific questions about an asRNA of interest. In the step 1, different conditions can be compared in the experiment including working with engineered strains (e.g. strain overexpressing a master regulator) and/or modifications of the growth conditions (e.g. planktonic versus biofilm lifestyle).

Step 2, Sample selection allows study of single cells, using microfluidics, in order to investigate heterogeneous expression as opposed to studying the bulk population without selection.

Step 3, RNA selection refers to the many ways to select subpopulations of RNAs, instead of studying the whole transcriptome. These include selection of specific RNAs by their chemical properties e.g. primary transcript carrying tri-phosphorylated or mono-phosphorylated 5' extremities, selection for double-stranded RNAs or RNAs bound to individual proteins e.g. RNase III or double strand RNA specific antibodies.

Step 4, RNA preparation previously involved fragmentation of RNAs in order to sequence them by classical approaches but another option is to keep full-length transcripts and proceed to long-read sequencing to obtain accurate information on abundance, 5' and 3' extremities and strand orientation of the analyzed RNAs. Finally step 5, all methodologies require extensive and powerful bioinformatics analyses to maximize the information extractable from the data. Correct usage of the available techniques should allow for a more efficient search of new asRNAs as described in the text. Colors and symbols are the same as the one used in the legend of Fig. 2. Cells are shown in red, antibodies in dark grey and the RNase III in orange.
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 1 List of asRNA discussed in this review by their role.

	asRNA Target	Host organism	Physiological role	Reference
	unnamed ubiGmccBA	Clostridium acetobutylicum	Interconversion of methionine to	[31]
				cysteine by accumulation of SAM	
				and decrease of cysteine	
	AspC	parC	Salmonella enterica serovar Typhi	Modulation of DNA replication by	[29]
				osmotic stress and iron starvation	
	sRNA1 repA	Corynebacterium glutamicum	Control of plasmid replication - a	[28]
				mutation in duplex interacting region	
				led to higher copy number	
	S1136	rpsD	Bacillus subtilis	Down-regulation of translation upon	[30]
				ethanol stress	
	α-fur	fur	A. PCC 7120, M. aeruginosa PCC 7806, S. sp.	Iron homeostasis, activation of	[18, 33-37]
			PCC 6803, A. ferrooxidans, P. aerophilum, P.	siderophore synthesis and uptake by	
			arsenaticum, P. calidifontis and P. islandicum	oxidative stress and iron starvation	
	RNAα/β fatA/B	Vibrio anguillarum	Iron homeostasis, activation of	[38, 39]
				siderophore synthesis and uptake by	
				iron starvation	
	unnamed Eco29ki R	Escherichia coli	Prevention of early toxicity during	[48]
				restriction enzyme synthesis	
	unnamed yfr7 to yfr3	Prochlorococcus sp. MED4	Infectious cycle of phage, protection	[53, 54]
				against infection or HGT by	
				podovirus P-SSP7 infection	
	anti-Q	prgQ	Enteroccocus faecalis	Repression of conjugation of plasmid	[61]
				(Sense mRNA is induced upon	
				pheromone accumulation)	
	PilR	pilA11	Synechocystis sp. PCC 6803	Repression of twitching motility	[63]
	fleQas	fleQ	Pseudomonas syringae pv. tomato DC3000	Positive feedback loop upon	[65]
				inhibition of motility by osmotic	
				stress and plant infection	
	AS-fliR fliQR	Salmonella enterica	Fine-tuning of flagellar expression in	[66]
				response to membrane damage	
	anti0677 lmo0675 to	Listeria monocytogenes	Potential fine-tuning of flagellar	[67]
		lmo0677		expression in stationary phase	
	ASvicR vicR	Streptococcus mutans	Repression of biofilm formation	[70]
				during planktonic growth	
	RNAβ	angR	Vibrio anguillarum	Iron homeostasis, activation of	
				siderophore synthesis and uptake by	
				iron starvation	
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Combined approaches could be a key tool for the efficient detection and functional study of asRNAs e.g. an ideal combination would be the whole transcriptome, structurome and proteome from an isolated single cell. This, in theory, would make it possible to detect asRNAs present at the same time as their cognate target, to decipher the level of interaction of these two RNAs and their effect on translation efficiency!

Conflicts of interest

The authors declare there are no conflicts of interest in this study.