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Editorial on the Research Topic
 Roles of Regulatory RNAs in Bacterial Pathogens



Since the discovery of the first regulatory RNAs in bacteria, the amount of data on potential RNA regulators has been consistently increasing, particularly over the last couple of years. Recent technical advances have led to the identification of a large number of highly diverse regulatory RNAs, as well as their potential targets. While not all of their biological roles and molecular mechanisms of action are known, we have begun to appreciate their importance in regulatory networks governing bacterial physiology and infectious processes. In bacterial pathogens, non-coding RNAs have been recently identified as central players reprogramming gene expression in response to environmental constraints in order to adapt bacterial physiology and metabolism to host conditions. This Research Topic is focused on the role of regulatory RNAs from bacterial pathogens and is dedicated to the memory of Brice Felden and his contributions to the field of bacterial small RNAs (sRNAs). We have collected 12 excellent papers encompassing 6 original research articles and 6 reviews covering different aspects of RNA-based regulation in pathogens, which belong to both Gram-positive and Gram-negative bacteria. While many of them are focusing on human and animal pathogens including extracellular (Helicobacter pylori, Yersinia pseudotuberculosis, Pseudomonas aeruginosa, Bacillus anthracis), intracellular (Listeria monocystogenesis), and opportunistic pathogens (Staphyloccocus aureus, Streptococci), one study also presents results on a phytopathogenic bacterium (Dickeya dadantii).

A review by Felden and Augagneur provides a good overview of the diversity of pathophysiological and metabolic processes targeted by RNAs and the diversity of the RNAs themselves in terms of their genomic location, biogenesis, and mode of action. Recent studies extended the boundaries of regulatory RNA classes with novel mechanisms of action and biogenesis that are constantly discovered. They suggest a broad definition of bacterial sRNA as any RNA molecule that interacts with other actors to regulate gene expression.

Four review papers in this Research Topic are devoted to riboregulation in a particular pathogen with a specific focus on Gram-positive pathogens for three of them. First, Tejada-Arranz and De Reuse covered different aspects of RNA-based regulatory mechanisms in an important Gram-negative gastric pathogen H. pylori. With only a few transcriptional regulators described in this pathogen, the posttranscriptional level occupies a major but original position in the control of gene expression for efficient colonization of the hostile acidic environment inside the stomach. The absence of well-described Hfq and ProQ chaperones suggests that H. pylori do not follow the general rules established in model bacteria like Escherichia coli and Salmonella. The authors also highlight the role of riboregulation in persister formation via toxin-antitoxin mechanisms and in phase variation.

Second, the review by Krawczyk-Balska et al. summarizes 20 years of research on the RNA-mediated regulation of virulence and metabolism in L. monocytogenes starting from the identification of the thermosensor at the 5′UTR of the gene-encoding master regulator of virulence, PrfA. A number of unique regulatory mechanisms were discovered in this pathogen including rare examples among Gram-positive bacteria of RNA chaperone Hfq-associated RNAs (LhrA, LhrB, and LhrC1-5), the first evidence for riboswitch-derived sRNA SreA acting in trans to inhibit prfA mRNA translation, new dual-function long antisense RNAs named excludons acting both as cis-antisense RNAs and mRNAs, and finally, the secreted RNAs that modulate the innate immune response in the host through the interaction with the RNA sensor RIG-I.

In S. aureus, regulatory RNAs are placed together with transcriptional regulators at the center of the regulatory network ensuring successful adaptation of this opportunistic pathogen to various infection sites. Besides the well-described RNA III, the review by Barrientos et al. assembles the pieces of the puzzle from our current knowledge of riboregulation governing metabolism, stress responses, and virulence. The authors discussed the future challenges to fill the gaps in this regulatory puzzle to understand the significance of recent data on different sRNA interconnections and to identify new RNA-binding proteins important for RNA metabolism and action in S. aureus.

In addition to these reviews, several investigators in this Research Topic addressed the role of sRNAs in complex regulatory networks orchestrating the control of virulence factor expressions during the different stages of bacterial infection. They highlighted the interconnection of transcriptional regulation by transcriptional factors and post-transcriptional regulation by sRNAs. The role of sRNAs controlled by the two-component system CiaRH in bacterial adaptation, virulence, and resistance to antibiotics and to the host immune system is discussed in the review by Jabbour and Lartigue. These sRNAs are conserved in the Streptococcus genus. The authors present a comprehensive inventory for this class of sRNAs, named csRNAs, and addressed open questions on the presence and role of multiple homologous sRNAs in the CiaRH regulons. Among the original research articles, Corsi et al. characterized two regulatory sRNAs whose expression is dependent upon the master virulence regulator of B. anthracis AtxA, and Böhme et al. demonstrated the control of the sRNA CsrC by YmoA, a member of the Hha family in Y. pseudotuberculosis. The expression of virulence factors is in close association with stress adaption. In this area, Ferrara et al. characterized an sRNA named ErsA, suggesting its role in the regulation of the master regulator of anaerobiosis in P. aeruginosa, whereas Scheller et al. described an RNA thermometer in the 5′UTR of the Y. pseudotuberculosis ompA transcript involved in the host-body temperature-dependent control of this outer membrane protein known as an important virulence factor. Finally, the study by Leonard et al. on D. dadantii strains defective for the RNA chaperones Hfq and ProQ suggests that sRNAs would regulate targets during the different steps of the infection process. The lack of these well-characterized RNA chaperones in some bacterial groups or their questionable role in the majority of Gram-positive bacteria suggests the involvement of additional proteins in sRNA-based regulations (Tejada-Arranz and De Reuse; Barrientos et al.; Felden and Augagneur).

The RNA-mediated host-pathogen crosstalk could even be deeper. Li and Stanton discuss the underappreciated role of extracellular vesicles (EVs) for the transfer of sRNAs, especially tRNA fragments, and the role of EVs in the inter- and intra-kingdom communications without direct cell-cell contact. Based on results obtained in P. aeruginosa and H. pylori, the authors propose that tRNA fragment products delivered into the host cells by EVs would allow them to hijack the host immune response to enhance pathogen survival and that this mechanism would be widespread. Indeed, recent studies explored the secRNome of major Gram-negative and Gram-positive pathogens including secreted RNAs and vesicle-derived RNAs that could modulate the host immune response as a new mechanism for host-pathogen interactions (Lécrivain and Beckmann, 2020).

In addition to house-keeping tRNAs as a potential source of regulatory RNAs (Lalaouna et al., 2015; Li and Stanton), Stenum et al. described three sRNAs named RrA, RrB, and RrF generated from tRNA-linked repeats located downstream from the 5S gene within the ribosomal operons rrnA, rrnB, and rrnD in E. coli. Despite modest phenotypic effects of deletion or overexpression of these sequences in E. coli, their conservation in different Enterobacteria, including pathogenic species, suggests a role for these sRNAs in the fine-tuned regulation of growth phase-related processes. In eukaryotes, together with numerous tRNA-derived fragments controlling important cellular processes, several functional miRNAs have been identified as co-transcribed with rRNA primary transcripts. Further studies will define the function of these newly described bacterial sRNAs derived from ribosomal operons.

The regulatory RNA genes can be located not only in bacterial chromosomes but also within mobile genetic elements, including prophage-, pathogenicity island- and plasmid-associated RNAs. As an example, Corsi et al. characterized two sRNAs named XrrA and XrrB encoded from the virulence pXO1 plasmid of B. anthracis. These sRNAs are highly conserved upon closely related species carrying pXO1-like plasmids, and despite their plasmid loci, these regulatory RNAs control multiple target genes on the chromosome, placing these RNAs at the center of the crosstalk between genetic elements of B. anthracis. This is the second example of plasmid-transcribed regulatory sRNA controlling chromosomal-encoded targets relating to virulence suggesting such regulation could be widespread.


CONCLUDING REMARKS AND PERSPECTIVES

All original research and review articles in this Research Topic highlight the importance of RNA-based mechanisms in bacterial pathogens. Numerous new facets of these regulations shaping the adaptive and pathogenic processes both in the bacterium and in its host remain to be explored, generating several directions for future research. Among them, future studies should address questions about the roles of RNAs in the regulatory crosstalk of bacterial pathogens with their hosts and within complex microbial communities focusing on the interactions of sRNAs with both the bacterial and host RNA-binding proteins, the role of RNAs in persister formation, in phase variation, and in the interplay between mobile genetic elements, and the bacterial chromosomes that question evolutionary aspects of regulatory RNA transfer and maintenance. Furthermore, regulatory RNA integration into complex genetic circuits and impact of cellular compartmentation on sRNA regulation should be investigated. Such accumulating knowledge should provide an excellent basis for innovative therapeutic approaches targeting both protein and RNA components of regulatory networks to control pathogen development and dissemination of adaptive traits within bacterial populations.
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Small regulatory RNAs (sRNAs) are short transcripts that base-pair to mRNA targets or interact with regulatory proteins. sRNA function has been studied extensively in Gram-negative bacteria; comparatively less is known about sRNAs in Firmicutes. Here we investigate two sRNAs encoded by virulence plasmid pXO1 of Bacillus anthracis, the causative agent of anthrax. The sRNAs, named “XrrA and XrrB” (for pXO1-encoded regulatory RNA) are abundant and highly stable primary transcripts, whose expression is dependent upon AtxA, the master virulence regulator of B. anthracis. sRNA levels are highest during culture conditions that promote AtxA expression and activity, and sRNA levels are unaltered in Hfq RNA chaperone null-mutants. Comparison of the transcriptome of a virulent Ames-derived strain to the transcriptome of isogenic sRNA-null mutants revealed multiple 4.0- to >100-fold differences in gene expression. Most regulatory effects were associated with XrrA, although regulation of some transcripts suggests functional overlap between the XrrA and XrrB. Many sRNA-regulated targets were chromosome genes associated with branched-chain amino acid metabolism, proteolysis, and transmembrane transport. Finally, in a mouse model for systemic anthrax, the lungs and livers of animals infected with xrrA-null mutants had a small reduction in bacterial burden, suggesting a role for XrrA in B. anthracis pathogenesis.
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INTRODUCTION

Eukaryotic and bacterial organisms have evolved mechanisms employing specialized RNA molecules to modulate gene expression. The microRNAs (miRNAs) of eukaryotic cells are non-coding RNAs of 21 to 24 nucleotides that serve as mRNA-targeting templates to guide the function of miRNA-associated proteins (Grishok et al., 2001; Song et al., 2003; Vaucheret et al., 2004). Upon target recognition, these proteins, collectively referred to as Argonaute proteins, induce mRNA decay or inhibit mRNA translation initiation (Pillai et al., 2004; Filipowicz et al., 2005; Wu and Xie, 2006). Similar to miRNAs, bacterial cells employ small regulatory RNAs (sRNAs) between 50 and 500 nucleotides long to modulate gene expression by direct base-pairing with target mRNAs or direct interaction with regulatory proteins (Gottesman and Storz, 2011). sRNAs base-pair with mRNAs using short complementary sequences, leading to modulation of transcription termination, translation initiation, and/or mRNA decay. Protein-interacting sRNAs mimic specific nucleic acid structures or sequence motifs recognized by RNA- or DNA-binding regulators, resulting in titration of such regulators from their normal target sites.

Similar to miRNA association with Argonaute proteins in eukaryotes to affect function, mRNA-targeting sRNAs of bacteria can partner with RNA-binding proteins. The most-well studied RNA chaperone that participates in sRNA-mediated regulation is the hexameric Hfq protein (Wassarman et al., 2001; Møller et al., 2002). Hfq forms a donut-like structure with three RNA-binding surfaces, binding an sRNA and its cognate mRNA target at separate faces of the protein and allowing complementary sequences to come into proximity and base-pair at the rim of the protein (Schumacher et al., 2002; Link et al., 2009; Panja et al., 2013). In many bacterial species, deletion of hfq results in shortened half-lives of sRNAs and impaired sRNA-mediated regulation (Vytvytska et al., 1998; Sledjeski et al., 2001; Lenz et al., 2004; Deng et al., 2012; Santiago-Frangos et al., 2016).

Mounting evidence suggests that sRNAs can function as important virulence regulators in a number of bacterial pathogens. In Pseudomonas aeruginosa, a Gram-negative pathogen, two RNA-binding proteins, RsmA and RsmF, positively regulate genes involved in planktonic lifestyle while repressing genes involved in biofilm formation. Several sRNAs of the Rsm system titrate RsmA and RsmF to allow induction of biofilm formation (Vakulskas et al., 2015; Miller et al., 2016; Janssen et al., 2018). sRNAs also control virulence in some Gram-positive bacteria. An Hfq-independent sRNA of Staphylococcus aureus, RNAIII, allows translation of the mRNA encoding alpha-hemolysin while inhibiting expression of the repressor of toxin (rot) gene. In Listeria monocytogenes, the LhrA sRNA base-pairs to and represses translation of the chiA mRNA, which encodes chitinase A (Nielsen et al., 2011). Mutants deleted for chiA are defective in liver and spleen colonization of mice in a listeriosis model (Chaudhuri et al., 2013). Hfq stabilizes LhrA and facilitates the base-pairing interaction with chiA.

Knowledge of sRNA-mediated regulation is limited in the Bacillus cereus sensu lato species, a group of closely-related Gram-positive pathogens. Only one sRNA has been described in detail. In the YBT-1518 strain of the insect and nematode pathogen Bacillus thuringiensis, the BtsR1 sRNA silences expression of a cry toxin, which mediates killing of the host, by inhibiting translation initiation (Peng et al., 2018). Bioinformatic analysis of microarray data obtained from Bacillus cereus strain ATCC14579 grown in AgNO3 stress predicts expression of several hundred sRNAs from intergenic regions along the genome (Sridhar and Gayathri, 2019). However, whether these sRNAs are functional remains unknown. B. thuringiensis and the mammalian pathogen B. anthracis harbor homologs of the SR1 sRNA found in multiple Bacillus species (Gimpel et al., 2012). In vitro transcribed B. thuringiensis SR1 was found to interact with a homolog of the Bacillus subtilis ahrC transcript, which encodes a regulator that activates transcription of arginine catabolism operons (Heidrich et al., 2006; Gimpel et al., 2012). Interaction between B. anthracis SR1 and the ahrC homolog of this bacterium has not been experimentally confirmed.

Here, we report the first investigation of sRNA function in B. anthracis, the causative agent of anthrax. The B. anthracis genome is comprised of a 5-Mbp circular chromosome and two virulence plasmids, pXO1 and pXO2, 182 and 94 kbp in length, respectively. pXO1 carries the three anthrax toxin genes pagA (protective antigen), cya (edema factor), and lef (lethal factor), as well as atxA, encoding the trans-acting anthrax toxin activator AtxA. pXO2 carries the glutamic-acid-capsule biosynthesis operon capBCADE and genes for two functional paralogs of AtxA, the proteins AcpA and AcpB. AtxA positively regulates expression of the three toxin genes as well as the acpA gene (Dai et al., 1995; Drysdale et al., 2004). In turn, the AcpA protein positively regulates expression of the capsule biosynthesis operon, which aids in immune evasion (Drysdale et al., 2005). Read-through of a weak terminator hairpin at the end of the capsule biosynthesis operon transcript leads to transcription of the downstream acpB gene, which in turn positively regulates the operon in a feed-forward loop (Drysdale et al., 2005). The AtxA protein and its paralogs are members of an emerging class of virulence regulators designated PRD-containing virulence regulators (PCVRs), so termed due to the presence of phosphoenolpyruvate phosphotransferase system - regulated domains (PRDs) in their protein structures (Hondorp et al., 2013; Raynor et al., 2018).

A study comparing the transcriptome of the attenuated B. anthracis strain Ames 35 (pXO1+, pXO2–) to an isogenic atxA-null mutant revealed two unannotated transcripts encoded by pXO1. The transcripts, initially designated sRNA1 and sRNA2, were highly expressed in the parent strain and showed greatly reduced expression in the atxA mutant (McKenzie et al., 2014). Our own recent RNA-seq analysis confirmed expression of these transcripts in the fully virulent B. anthracis Ames strain (pXO1+, pXO2+) (Raynor et al., 2018). Culture of B. anthracis in toxin-inducing conditions resulted in high level expression of the transcripts. Expression of both putative sRNAs was abolished in an ΔatxAΔacpAΔacpB strain and complementation of exogenously expressed AtxA restored sRNA expression (Raynor et al., 2018). The pXO1 loci of the sRNAs and the tight regulation by AtxA suggest a relationship between sRNA-mediated regulation and virulence.

Of further interest, while about half of all bacterial genomes sequenced contain an hfq gene (Sun et al., 2002), and most of those species harbor a single copy of hfq in the chromosome, B. anthracis has three Hfq homologs. Two of the hfq genes, hfq1 and hfq2, are located on the chromosome. The third hfq gene, hfq3, is located on pXO1, the plasmid encoding the predicted sRNAs. Hfq2 and Hfq3, but not Hfq1, are functional when expressed in Escherichia coli (Vrentas et al., 2015). Hfq2 and Hfq3 form hexamers in vitro, while Hfq1 purifies as a monomer (Vrentas et al., 2015). Our B. anthracis RNA-seq data indicate that the chromosome-borne hfq2 is positively regulated by AtxA (Raynor et al., 2018). AtxA-mediated positive control of both the sRNAs and Hfq2, and the predicted functionality of Hfq2 and Hfq3, suggest roles for the sRNAs and Hfq proteins in B. anthracis gene regulation.

In this study, we designated the sRNAs previously described as sRNA2 and sRNA1 (McKenzie et al., 2014) as “XrrA” and “XrrB” (for pXO1-encoded regulatory RNA). We mapped the loci and assessed expression and function of XrrA and XrrB in B. anthracis. We constructed deletion mutants ΔxrrA, ΔxrrB, and ΔxrrAΔxrrB in an Ames strain background and compared gene expression of these mutants to that of the Ames-derived parent strain using RNA-seq. We tested for effects of the three Hfq chaperones of B. anthracis on sRNA half-life and assessed virulence of sRNA mutant strains using a murine model of systemic anthrax. XrrA and XrrB are the first regulatory RNAs experimentally examined in B. anthracis and are shown here to regulate metabolic and virulence gene expression in this pathogen.



MATERIALS AND METHODS


Growth Conditions

Escherichia coli strains were grown in 5 ml of Luria-Bertani (LB) (Bertani, 1951) broth at 30 or 37°C, as indicated. For RNA isolation, B. anthracis strains were cultured in 25 ml of brain heart infusion (BHI, Becton, Dickson and Company, Franklin Lakes, NJ, United States) broth at 30°C overnight before sub-culturing into 25 ml of casamino acids medium supplemented with 0.1% w/v of glucose (CA) (Thorne and Belton, 1957; Hadjifrangiskou et al., 2007) or LB medium at a starting OD600 of 0.08. B. anthracis sub-cultures were grown at 37°C in air (CA-Air or LB-Air) or in 5% atmospheric CO2 (CA-CO2 or LB-CO2; medium supplemented with 0.8% sodium bicarbonate). All cultures were incubated with shaking at 200 r.p.m. Expression of recombinant XrrA in the ΔxrrA strain was induced by addition of 500 μM IPTG to the medium at early exponential phase. For growth curves, B. anthracis strains were sub-cultured at a starting OD600 of 0.08 into a 26-well plate containing 1 ml of CA medium per well. Cultures were grown in a Biotek SynergyH1 microplate reader (Biotek, Winooski, VT, United States) at 37°C in 5% atmospheric CO2 with continuous orbital shaking at 355 c.p.m. Absorbance measurements were taken hourly for 18 h. LB agar was used for growth of all strains on solid media. Media contained antibiotics when appropriate: carbenicillin (100 μg ml–1) and erythromycin (150 μg ml–1) for E. coli, and erythromycin (10 μg ml–1), and spectinomycin (100 μg ml–1) for B. anthracis.



Strain Construction

Strains used in this study are listed on Table 1. Oligonucleotide primers used in polymerase chain reactions (PCR) are listed in Supplementary Table 1. The fully virulent Ames strain (pXO1+, pXO2+), the Ames-derived UTA37, and isogenic mutants of these strains were used to determine the effect of atxA and acpA deletions on XrrA and XrrB expression, the effect of deleting xrrA and xrrB on the transcriptome of B. anthracis, and for validation of XrrA-mediated control of the inhA1 target. The Ames-derived parent strain UTA37 contains a recombinant atxA gene at the native pXO1 locus that encodes a functional AtxA protein with a FLAG tag at the C-terminus of the protein. This strain has been used to monitor AtxA protein levels, and AtxA expression and function is unchanged from Ames (Raynor et al., 2018). The attenuated ANR-1 strain (pXO1+, pXO2–) and isogenic mutants were used for all other experiments. E. coli strains TG1 and GM2163 were hosts for general cloning and plasmid constructions using standard methods (Marrero and Welkos, 1995).


TABLE 1. Bacillus anthracis strains and plasmids.
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Markerless sRNA deletions (ΔxrrA, ΔxrrB, ΔxrrAΔxrrB) in the Ames and ANR-1 backgrounds, and hfq deletions (Δhfq1, Δhfq2, Δhfq3, Δhfq1Δhfq2Δhfq3) in the ANR-1 background were made by homologous recombination as described previously (Ho et al., 1989; Raynor et al., 2018). Briefly, the pHY304 plasmid contains a heat-sensitive origin of replication and an erythromycin resistance marker to select for allelic recombination (Chaffin et al., 2005). Two-kb DNA constructs containing target gene flanking sequences 1-kb upstream and 1-kb downstream from the gene locus were created using PCR and gene-specific primers listed in Supplementary Table 1. The resulting plasmids were electroporated into B. anthracis. Plasmid-containing isolates were grown in 25 ml of BHI broth at the non-permissive temperature of 41°C in the presence of erythromycin. Cultures were sub-cultured into 25 ml of fresh BHI broth with no erythromycin at a starting OD600 of 0.08 and grown at 30°C. Deletion mutants were verified by PCR and sequencing. The ΔxrrAΔxrrB and Δhfq1Δhfq2Δhfq3 mutants were created by sequentially deleting each gene using one pHY304-derived shuttle vector at a time. Gene deletions were confirmed using PCR.

To create a ΔxrrA-null mutant complemented with xrrA, the gene was amplified from the native locus using PCR with xrrA-specific primers, and ligated into pUTE657 downstream of the lac operon promoter such that xrrA transcription is IPTG-inducible. The resulting construct, named pUTE1205, was electroporated into the ΔxrrA Ames strain, creating strain UTA39 (pUT1205). Plasmid-containing isolates were confirmed by PCR using pUTE657-specific primers.

Newly-created mutants were grown in 25 ml of Phage Assay (PA) broth at 30°C for 72 h to induce spore formation, and spores were prepared as previously described (Thorne, 1968). Spores were finally stored at 4°C in a suspension of 5 ml of sterile water and strain names were assigned as listed on Table 1.



RNA Isolation

RNA isolation was performed as described previously (Raynor et al., 2018). Briefly, B. anthracis strains were cultured in CA-CO2, CA-Air, LB-CO2, or LB-Air as indicated. At early stationary phase (OD600 = 1.0–1.5), cells from 10-ml samples were centrifuged at 10,000 × g for 15 min. Cell pellets were resuspended in 500 μl of PBS followed by an equivalent volume of saturated acid phenol (pH 4.3) (Fisher Bioreagents, Fair Lawn, NJ, United States) at 65°C. Samples were homogenized in screw cap tubes containing 400 μl of 0.1-mm diameter zirconia/silica beads (BioSpec Products, Bartlesville, OK, United States) by bead beating in a Mini Beadbeater (BioSpec Products, Bartlesville, OK, United States). Samples were beaten twice for 1 min, with a 5-min incubation at 65°C between homogenizations. Samples were centrifuged at 16,000 × g for three min at 4°C. The aqueous phase was collected and the phenol extraction repeated. Following centrifugation, the aqueous phase was mixed with one-third volume of chloroform and incubated at room temperature for 10 min prior to centrifugation at 16,000 × g for 15 min at 4°C. To precipitate the RNA from the final aqueous phase, 20 ng of glycogen, one-tenth volume of 3 M sodium acetate, and 3 volumes of 100% ice-cold ethanol were added to the samples. RNA was precipitated at −80°C for one h to overnight. Samples were centrifuged at 16,000 × g for 30 min at 4°C. The resulting pellet was washed twice with ice-cold 75% ethanol before resuspending in DEPC-treated sterile water. RNA was quantified using a Nanodrop Spectrophotometer ND-1000.



Northern Blotting

Expression of XrrA, XrrB, 5S rRNA load control, 16S rRNA, 23S rRNA, and rpsO mRNA was determined using northern blot analysis. To detect XrrA, XrrB, 5S rRNA, and rpsO mRNA 3–10 μg of total RNA was denatured for 5 min at 95°C in Gel Loading Buffer II (Invitrogen, Carlsbad, CA, United States) and subjected to electrophoresis on an 8% polyacrylamide – 8 M urea gel. To determine the length of the sRNAs, 12 ng of biotinylated sRNA ladder (Kerafast, Boston, MA, United States) was added to the first lane of the gel. To detect 16S rRNA and 23S rRNA, 3 μg of total RNA was denatured as described above and subjected to electrophoresis on a 1% agarose – 1.5% formaldehyde gel. Size-separated RNA was then transferred to an Amersham Hybond-N nylon membrane (GE Healthcare, Little Chalfront, United Kingdom) via capillary transfer in 50 mM NaOH. After overnight transfer, RNA was crosslinked to the membrane by UV light exposure and subsequently incubated in NorthernMax Prehybridization/Hybridization Buffer (Invitrogen, Carlsbad, CA, United States) at 42°C. Biotinylated DNA probes were used to detect expression of the RNAs. The probes were generated by PCR using the indicated primers (Supplementary Table 1) and the resulting double-stranded DNA templates were subjected to random biotin-labeling by incorporation of biotin-11-dUTP with Klenow enzyme (Thermo Scientific, Waltham, MA, United States). Hybridization of RNA with the respective biotin-labeled DNA probes was detected using the North2South Chemiluminescent Hybridization and Detection Kit (Thermo Scientific, Waltham, MA, United States) according to manufacturer’s instructions.



5′ and 3′ Rapid Amplification of cDNA Ends (RACE)

RACE analysis was performed as described previously with modifications (Bensing et al., 1996; Argaman et al., 2001). RNA Adapter sequences and oligonucleotide primers used in RACE are listed in Supplementary Table 1. To precisely map the 5′ and 3′ ends of XrrA and XrrB, RNA samples isolated from ANR-1 were treated with 30 units of DNase I (New England Biolabs, Ipswich, MA, United States) for 30 min at 37°C to remove potential DNA contamination. RNA was recovered from the DNAase treatment and all subsequent reactions using the RNA Clean and Concentrator Kit (Zymo Research, Irvine, CA, United States), according to kit instructions.

For 5′ RACE, 5-μg samples of RNA were treated with 20 units of RNA 5′ Polyphosphatase (5′PP, Lucigen, Middleton, WI, United States) at 37°C for 1 h. This reaction removes the 5′ triphosphate of primary RNA transcripts, leaving a 5′ monophosphate which is then ligated to the 3′-OH group of the 5′ RNA Adapter. The treated RNA was ligated to the 5′ RNA Adapter by incubation with 500 pmoles of the adapter, 100 units of T4 RNA Ligase I (New England Biolabs, Ipswich, MA, United States) and 150 μM ATP at 16°C overnight. One microgram of the resulting ligated RNA was used to synthesize cDNA using a locus-specific internal primer for XrrA or XrrB and the Super Script III Reverse Transcriptase Kit (Invitrogen, Carlsbad, CA, United States). Finally, an aliquot of the cDNA synthesis reaction was used to perform PCR using the same locus-specific primer for either XrrA or XrrB and a 5′ Adapter-specific primer. PCR products were visualized by 1.5% agarose gel electrophoresis. Products of interest were excised from the gel and recovered using the DNA Clean and Concentrator Kit (Zymo Research, Irvine, CA, United States), according to kit instructions. Recovered PCR products were assessed using Sanger sequencing employing both PCR primers (Genewiz, South Plainfield, NJ, United States).

For 3′ RACE, 15-μg samples of RNA were treated with 20 units of Calf Intestinal Alkaline Phosphatase (CIP, New England Biolabs, Ipswich, MA, United States) for one h at 37°C. This reaction removes 3′ phosphate groups from the ends of RNA. The 3′-OH group of RNA in the sample was ligated to the 3′ RNA Adapter, which contains a 5′ monophosphate modification. The adapter also contains an inverted deoxythymidine at the 3′ to prevent self-ligation of the adapter during the ligation reaction. CIP-treated RNA was incubated with 500 pmol of the 3′ RNA Adapter, 100 units of T4 RNA ligase and 150 μM ATP at 16°C overnight. One microgram of the resulting RNA was used to perform cDNA synthesis, using an adapter-specific primer for first strand synthesis with the Super Script III Reverse Transcriptase Kit (Invitrogen, Carlsbad, CA, United States). Finally, an aliquot of the cDNA synthesis reaction was used to perform a PCR, using the 3′ RNA Adapter-specific primer and a gene-specific internal primer for either XrrA or XrrB. PCR products were visualized and sequenced as described above.



Determination of XrrA and XrrB 5′ End Phosphate Groups

Primary transcripts are 5′ tri-phosphorylated, while processed secondary transcripts are 5′ mono-phosphorylated. To determine if XrrA and XrrB are primary transcripts, total RNA isolated from ANR-1 was subjected to RNA 5′ Polyphosphatase treatment as described above followed by Terminator Exonuclease (TEX, Lucigen, Middleton, WI, United States) treatment, in which 3-μg samples of RNA were incubated with one unit of TEX enzyme at 30°C for 3 h. TEX specifically degrades RNA with a 5′ monophosphate. Total RNA from ANR-1 was divided into four treatment groups. The control sample TEX– 5′PP– received no treatments. The TEX+ 5′PP– sample was treated with TEX alone, while the TEX– 5′PP+ sample was treated with RNA 5′ Polyphosphatase alone. Finally, the TEX+ 5′PP+ sample was first treated with RNA 5′ Polyphosphatase, followed by TEX treatment. All RNA was recovered from reactions using the RNA Clean and Concentrator Kit (Zymo Research, Irvine, CA, United States), according to the manufacturer’s instructions. RNA samples were subjected to northern blot analysis as described above. sRNA signal was normalized to the TEX-resistant 5S rRNA signal (Patrick et al., 2009; Ferrara et al., 2017). Relative sRNA levels were calculated as a fraction of the TEX– 5′PP– control sample. The experiment was performed in triplicate and an analysis of variance (ANOVA) paired with Tukey’s multiple comparison analysis was used to determine significance between treatments, with an adjusted p-value cut-off of 0.05. As a control for TEX-mediated degradation, levels of the TEX-sensitive 16S rRNA and 23S rRNA (Fleischmann and Rocha, 2018; Lalaouna et al., 2019) in the treated samples were detected by northern blotting as described above.



Construction of Next-Generation Sequencing (NGS) Libraries and RNA Sequencing

Total RNA from Ames strains UTA37 (Parent), UTA38 (ΔxrrB), UTA39 (ΔxrrA), UTA41 (ΔxrrAΔxrrB) was isolated from cultures grown in CA-CO2 in triplicate, using saturated phenol: chloroform extraction as described above. RNA was quantified using a QubitFluorometer (Thermo Scientific, Waltham, MA, United States) and RNA quality was checked using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, United States). One microgram of pure and quality-checked RNA from each sample was subjected to rRNA removal using the Ribo-Zero kit (Epicentre, Madison, WI, United States), according to manufacturer’s instructions. The rRNA-free RNA was fragmented into ∼200–400 nt fragments using divalent cations and heat (Breslow and Huang, 1991). The fragments were primed with random hexamers and Superscript II reverse transcriptase enzyme (Invitrogen, Carlsbad, CA, United States) was used for first strand synthesis of cDNA. Double-stranded cDNA was generated using DNA polymerase I and remaining RNA was removed by RNase treatment. The 5′ ends of the ds-cDNA were phosphorylated using T4 polynucleotide kinase (New England Biolabs, Ipswich, MA, United States) and the 3′ ends were adenylated using Taq enzyme (New England Biolabs, Ipswich, MA, United States). The cDNA end modifications allow for ligation to double stranded Tru-seq Illumina Adapters, which contain monophosphate modifications at the 5′ ends and thymidine overhangs at the 3′ ends. The Adapters contain short sequences for binding to the sequencer flow cell oligos and indexing of pooled libraries. They also contain sequences for primers used for PCR enrichment of the library and to initiate sequencing by synthesis. The quality of the prepared libraries was verified using an Agilent 2100 Bioanalyzer before loading the libraries into the flow cell of a NextSeq550 sequencer. Sequencing by synthesis was performed to generate 75 bp paired-end reads. Two 130M-read sequencing runs were performed and an average of 31M reads per sample was obtained.



RNA Sequencing Bioinformatic Analysis

All bioinformatic analysis was performed using the publicly available Galaxy web resource1 (Afgan et al., 2018). Triplicate paired-end fastq.gz raw read files for each strain for each of the two sequencing runs were uploaded to Galaxy and converted into fastqsanger files using FASTQ Groomer (Blankenberg et al., 2010). This conversion allows read files to be processed and analyzed on Galaxy. The quality of the reads was assessed using FastQC (Andrews, 2010). Low quality bases and Illumina Adapter sequences were removed using Trim Galore! Galaxy Version 0.6.3 (Krueger, 2012). A second round of FastQC analysis was done to verify the removal of low-quality bases and Illumina Adapter sequences. Trimmed reads were aligned to the complete Ames Ancestor genome (NCBI accession numbers AE017334.2 for chromosome, AE017336.2 for pXO1, and AE017335.3 for pXO2) using the GCF_000008445.1_ASM844v1_genomic.fna FASTA file obtained from the NCBI website. Bowtie2 Galaxy Version 2.3.4.3 (Langmead and Salzberg, 2012) with default parameters was used to align the paired-end reads to the genome. On average, 97% of all the reads in each sample mapped to the reference genome. BAM files obtained from mapped reads from each of the two sequencing runs were pooled using Convert, Merge, Randomize Galaxy Version 2.4.0.0 (Barnett et al., 2011), resulting in a single BAM file per triplicate per strain. The Cufflinks/Cuffcompare/CuffDiff pipeline (Trapnell et al., 2010) was used for transcript assembly using the GCF_000008445.1_ASM844v1_genomic.gff reference annotation file from NCBI, count the number of reads mapped to each annotated transcript, and calculate differential transcript expression between the strains. The Fragments Per Kilobase of transcript per Million mapped reads (FPKM) values per assembled transcript were obtained and differential expression was calculated as the log2 (fold-change) in FPKM values between the parent strain and each mutant strain, with an adjusted p-value cut-off for significance of 0.01. The Cufflinks/Cuffcompare/CuffDiff pipeline had a lower limit of 0.00005 for p-value reporting. Genes differentially regulated in the ΔxrrA and ΔxrrAΔxrrB mutants with a fold-change of ≥4.0 compared to the parent strain were assigned gene ontology terms based on annotation of the encoded proteins according to the UniProt web database (The UniProt Consortium, 2019). BamCoverage Galaxy Version 3.3.2.0.0 (Ramírez et al., 2016) was used to create BigWig files for visualization of read coverage over the genome on Integrative Genomics Viewer (IGV) (Thorvaldsdóttir et al., 2013). The RNA-seq data discussed in this publication have been deposited in the NCBI Gene Expression Omnibus (GEO) (Edgar et al., 2002) and are accessible through GEO Series accession number GSE1523562.



Validation of XrrA-Mediated inhA1 Regulation Using qPCR

Expression of the XrrA-regulated inhA1 transcript was assessed using qPCR analysis. The Ames-derived UTA37 (Parent), UTA39 (ΔxrrA), UTA39 (pUT1205) (xrrA complementation), and the previously published UTA5 (inhA1-null) (Pflughoeft et al., 2014) strains were grown in CA-CO2 as described above. RNA samples extracted from these strains were treated with 30 units of DNase I (New England Biolabs, Ipswich, MA, United States) for 30 min at 37°C to remove potential DNA contamination. RNA was recovered from the DNase treatment using the RNA Clean and Concentrator Kit (Zymo Research, Irvine, CA, United States). cDNA synthesis was performed using random heptamers and the Super Script III Reverse Transcriptase Kit (Invitrogen, Carlsbad, CA, United States). The resulting cDNA was recovered from the synthesis reaction using the DNA Clean and Concentrator Kit (Zymo Research, Irvine, CA). cDNA samples were subjected to qPCR analysis using inhA1-specific primers. The gyrB gene, which encodes DNA gyrase subunit B, was used as a reference gene. cDNA and primers were mixed with the SsoAdvanced Universal SYBR Green Supermix (Bio-Rad, Hercules, CA, United States) in duplicate reactions per strain. No reverse transcriptase (NRT) RNA and no template (NTC) water controls were also included. qPCR CT values and melt-curve data were recorded using a CFX96 Real-Time System C1000 Touch Thermal Cycler (Bio-Rad, Hercules, CA, United States). CT values of the duplicate reactions were averaged. The ΔCT values were calculated by subtracting the reference gene gyrB CT values from those of inhA1. The log10 relative expression [2(–ΔCT)] was calculated for each gene of interest.



sRNA:mRNA Complementarity and sRNA Secondary Structure in silico Analyses

The XrrA and XrrB sequences were entered into the TargetRNA2 webserver (Kery et al., 2014) and aligned to the B. anthracis Ames ancestor chromosome (NCBI accession number AE017334.2), pXO1 plasmid (NCBI accession number AE017336.2), and pXO2 plasmid (NCBI accession number AE017335.3) using default parameters. TargetRNA2 takes into account conservation of sRNA sequences, predicted secondary structure of the sRNAs, predicted secondary structure of potential mRNA targets, and the hybridization energy of the sRNA:mRNA interaction and outputs a list of potential targets ranked by hybridization energy, with an adjusted p-value cut-off of 0.05 for each interaction. The TargetRNA2 list of potential targets was compared to the list of sRNA-regulated transcripts obtained from RNA-seq analysis. Transcripts exhibiting a fold-change of ≥4.0 in at least one sRNA-null strain and exhibiting complementarity with the sRNA sequences are reported in Table 4. To determine the most likely predicted secondary structure of XrrA and XrrB, the sRNA sequences were entered into the mfold webserver (Zuker, 2003) and analyzed under default parameters.



sRNA Half-Life Determinations

The parent strain ANR-1 and the hfq-null mutants (Δhfq1, Δhfq2, Δhfq3, Δhfq1Δhfq2Δhfq3) were grown in CA-CO2 in triplicate until exponential phase (OD600 = 0.6–0.8). After collection of a 750-μl sample (time zero), rifampicin (200 μg ml–1) was added to stop transcription. Culture samples were taken at 2, 4, 8, 16, 32, and 45 min post rifampicin addition. Immediately after collection, each sample was mixed with saturated phenol (pH = 4.3) at 65°C and cells were lysed immediately by bead-beating. RNA was extracted from all samples using phenol: chloroform extraction and ethanol precipitation as described above. RNA (3 μg per sample) was subjected to northern blotting, probing for XrrA, XrrB, and 5S rRNA as described above. To validate the half-life determination protocol, the previously known half-life of the rpsO transcript, encoding 30S ribosomal protein S15, was determined in the parent strain by probing for rpsO using northern blotting. sRNA signal was normalized to 5S rRNA signal per sample for each of the three replicates. sRNA decay over time was calculated as a percent of the signal at time point zero. A linear regression model was fit to the decay data and the slope of the decay lines was used to calculate the half-lives in each replicate per each strain. An analysis of variance (ANOVA) paired with Tukey’s multiple comparison analysis was used to determine significance between the parent strain half-life and each mutant strain half-life, with an adjusted p-value cut-off of 0.05.



Preparation of Vegetative Cells for Mouse Infection

Spores of the ANR-1 strain, the ΔxrrA mutant, and the ΔxrrAΔxrrB mutant (∼107 CFU) were incubated in 1 ml of BHI at 37°C for 1 h with shaking at 200 r.p.m. The entire outgrowth was transferred into 25 ml of fresh CA medium supplemented with 0.8% sodium bicarbonate. Cultures were incubated in 5% atmospheric CO2 at 37°C with shaking at 200 r.p.m. for 4 h. At an OD600 of 0.4–0.6, cells were harvested using a 0.22 μm pore filter unit and washed twice with 25 ml Dulbecco’s phosphate-buffered saline without calcium or magnesium (DPBS, Sigma-Aldrich, St. Louis, MO, United States). Cells were finally resuspended in 25 ml of DPBS and diluted to the desired colony forming unit (CFU) concentration, which was verified by plating the inocula on LB agar plates. The inocula were loaded into 1-ml syringes with 27-gauge needles in a final volume of 100 μl.



Mouse Infections and Organ CFU Determination

All mouse protocols were approved by The University of Texas Health Science Center Institutional Animal Care and Use Committee. Mice were housed in a veterinary-supervised vivarium and had access to unlimited food and water. Seven-week-old female A/J mice, purchased from Jackson Laboratory (Bar Harbor, ME, United States), were sedated prior to infection with 0.1 mg/kg of acepromazine injected intraperitoneally. Mice were infected intravenously via the tail-vein with 100 μl of DPBS containing ∼105 CFU. Fifteen mice were infected with the ANR-1 parent strain, ten mice were infected with the ΔxrrA mutant, and nine mice were infected with the ΔxrrAΔxrrB mutant. The mice were followed for a period of 11 days and monitored for signs of infection. Moribund mice were sacrificed using CO2 asphyxiation, death was verified using cervical dislocation as a secondary method, and time of death was recorded. The liver, lung, spleen, and kidney of sacrificed mice were collected, weighed, and homogenized in 1 ml of DPBS via bead-beating with 2.3-mm diameter zirconia beads (BioSpec Products, Bartlesville, OK, United States). Tissues were homogenized for 1 min, incubated on ice for 1 min, and then homogenized for an additional minute using a Mini Beadbeater (BioSpec Products, Bartlesville, OK, United States). Homogenates were diluted serially and plated on LB agar. Following overnight incubation at 37°C, CFU per gram of tissue was calculated. Survival data were plotted on a Kaplan–Meier curve. An Analysis of Variance (ANOVA), followed by Tukey’s multiple comparisons test was used to calculate significance between CFU organ burden of mice infected with different strains.



RESULTS


Transcript Mapping of XrrA and XrrB

We previously investigated regulatory functions of the B. anthracis PCVRs, AtxA, AcpA, and AcpB, using RNA-seq to compare gene expression by the Ames parent strain (pXO1+, pXO2+), an isogenic PCVR-null mutant (ΔatxAΔacpAΔacpB), and strains of the PCVR-null mutant complemented with the individual PCVRs (Raynor et al., 2018). While most of the data revealed sequences mapping to annotated loci of the Ames ancestor genome, our RNA-seq read maps showed PCVR-regulated expression of two unannotated loci on the pXO1 virulence plasmid. The apparent high expression level of these RNAs, and the lack of previous annotation suggested that these loci may represent small regulatory RNAs.

To quantify RNAs associated with these loci and verify PCVR-mediated regulation, we re-analyzed raw paired-end reads from Raynor et al. (2018) [raw paired-end reads accessible at NCBI GEO database (Edgar et al., 2002), accession number GSE152357] using the Galaxy web resource for bioinformatic analysis (Afgan et al., 2018) (Figure 1A). We designated the two loci as XrrA and XrrB. In the Ames parent strain, XrrA had 4.5M fragments per kilobase of transcript per million mapped reads (FPKM), while XrrB had 2M FPKM. For comparison, the toxin gene lef had 2076 FPKM in the parent strain. XrrA is located within the IS1627 boundaries of the 35-kb pathogenicity island on pXO1, that contains atxA and all three anthrax toxin genes. XrrB is located downstream of the pathogenicity island, in proximity to the adhesin gene bslA. The ΔatxAΔacpAΔacpB mutant, deleted for all PCVRs, exhibited reduced sRNA-associated reads. Expression of both sRNAs was restored upon complementation of the triple-null strain with AtxA, while expression of XrrB was also restored upon complementation with AcpA. The third regulator, AcpB had no effect on XrrA or XrrB expression (Figure 1A).
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FIGURE 1. Sequences and PCVR-mediated regulation of sRNA loci on pXO1. (A) Read map of the virulence plasmid pXO1, focused on the 44.8 kb pathogenicity island, shows effect of individual PRD-containing virulence regulators (PCVRs) on RNA abundance. RNA-seq data from Raynor et al. (2018) was used to generate read map of gene expression for the Ames parent strain, the ΔatxAΔacpAΔacpB strain expressing empty vector (EV), and the individual PCVR complementations in the ΔatxAΔacpAΔacpB background. Genes showing apparent regulation by the PCVRs are labeled and direction of transcription is indicated with arrows. XrrA (sense) and XrrB (antisense) are indicated in bold. The boundaries of the pXO1 pathogenicity island, defined by inverted IS1627 elements, are indicated above the read map. (B) Sequences and transcriptional direction of the sRNA loci suggested by RNA-seq were confirmed by precise mapping of the 5′ and 3′ ends using RACE. Transcriptional start sites are indicated as +1. The 3′ termini of the transcripts are indicated (+182 for XrrA, +224 for XrrB), and the entire sRNA sequence is shown in bold. Predicted Rho-independent terminator sequences, according to mfold webserver, are underlined. The -10 and -35 nucleotides are shown upstream of the transcriptional start. RACE analysis was repeated 2–3 times per end per sRNA to confirm precise mapping.


The RNA sequencing performed by Raynor et al. (2018) was not stranded. We performed Rapid Amplification of cDNA Ends (RACE) experiments to determine the directions of XrrA and XrrB transcription and to precisely map the 5′ and 3′ ends of the sRNAs. Our RACE analysis indicated that XrrA is transcribed from the leading DNA strand, with 5′ and 3′ ends mapping to pXO1 coordinates 131,385 and 131,566, respectively. XrrB is transcribed from the lagging DNA strand of pXO1, with 5′ and 3′ ends mapping to pXO1 coordinates 105,925 and 105,702, respectively. Figure 1B illustrates the loci of the sRNAs with nucleotides corresponding to the 5′ ends of the sRNAs shown as +1. The lengths of the sRNAs as discerned from our RACE analysis are 182 nt for XrrA and 224 nt for XrrB, in agreement with the predicted lengths from the RNA-seq studies.

We used the ORFinder tool from NCBI to search for ATG-initiated open reading frames (ORFs) within the sequences obtained from the RACE analysis. There were no apparent ORFs in XrrB. The XrrA sequence contained a 63 nt ORF with an ATG initiating at pXO1 coordinate 131,488, predicted to encode a 20-amino acid peptide. However, no apparent ribosomal binding site (RBS) could be found upstream of the ORF sequence. Overall, the data indicate that XrrA and XrrB are likely to be non-coding small RNAs.

Small regulatory RNAs may be transcribed from stand-alone promoters to form primary transcripts or result from 5′ or 3′ processing of longer RNA transcripts. Visualization of the 5′ and 3′ RACE PCR products of XrrA and XrrB on an agarose gel showed single bands (Supplementary Figure 1), indicating the formation of a single 5′ and a single 3′ RACE product per sRNA. Moreover, genes adjacent to both ends of the sRNA loci on pXO1 appear to be transcribed in opposite direction from the sRNAs (Figure 1B), making it unlikely that the sRNAs are co-transcribed with other genes. RNA folding predictions using the mFold web server (Zuker, 2003) suggest that both sRNAs form a 3′ hairpin loop followed by a run of uridines (Figure 1B and Supplementary Figures 2, 3), which is indicative of Rho-independent terminators for both XrrA and XrrB. Together, these observations suggest that the sRNAs are primary transcripts.

Primary transcripts in bacteria have a 5′ tri-phosphate group, while secondary transcripts have a 5′ mono-phosphate group. To test whether XrrA and XrrB possess a 5′ tri-phosphate group, we isolated RNA from the ANR-1 strain, treated it with Terminator Exonuclease (TEX), and performed northern blot analysis (Figure 2). The TEX enzyme specifically degrades transcripts with a 5′ monophosphate. XrrA (Figure 2A) and XrrB (Figure 2B) were resistant to TEX-mediated degradation. 5S rRNA was used as a load control and as a negative control for TEX-mediated degradation because it is resistant to degradation by TEX (Patrick et al., 2009; Ferrara et al., 2017; Fleischmann and Rocha, 2018; Lalaouna et al., 2019). As a positive control for TEX-mediated degradation, levels of the TEX-sensitive 16S rRNA and 23S rRNA were assessed. We observed clear degradation of the 16S and 23S rRNAs, but not 5S rRNA, for TEX-treated samples. To confirm that protection of the sRNAs from TEX was due to a tri-phosphate modification at their 5′ ends, we treated RNA with RNA 5′Polyphosphatase (5′PP), which removes the gamma and beta phosphates from the 5′ end of primary transcripts, leaving a 5′ mono-phosphate. Treatment with 5′PP followed by TEX treatment resulted in degradation of both XrrA (Figure 2A) and XrrB (Figure 2B), confirming that protection from TEX was due to the presence of a tri-phosphate at the 5′ ends of the sRNAs. Importantly, treatment with 5′PP alone did not cause sRNA degradation. There was no significant difference in XrrA (Figure 2C) and XrrB (Figure 2D) levels in only TEX-treated and only 5′PP-treated samples. XrrA (Figure 2C) and XrrB (Figure 2D) levels in the 5′PP-TEX-treated samples were significantly reduced compared to all other treatments. These data indicate that XrrA and XrrB are primary transcripts originating from stand-alone promoters.
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FIGURE 2. Characterization of XrrA and XrrB 5′ ends. To discern the type of 5′phosphate modification on XrrA and XrrB 5′ ends, total RNA from the parent strain ANR-1 grown in CA-CO2 was treated with RNA 5′ Polyphosphatase enzyme (5′PP), and/or Terminator exonuclease enzyme (TEX) in the combinations shown. 5′PP removes the gamma and beta phosphates from primary transcripts with a 5′ triphosphate, leaving a 5′ monophosphate. TEX preferentially degrades transcripts with a 5′ monophosphate. Total RNA was treated, as indicated, followed by northern blotting to probe for (A) XrrA and (B) XrrB signal. As a positive control for TEX-mediated degradation, levels of 23S and 16S rRNAs were also assessed. The northern blots shown are representative images of three biological replicates. (C) XrrA and (D) XrrB levels from the three biological replicates were normalized to the TEX-resistant 5S rRNA load control signal and averaged per treatment. The standard deviation in sRNA signal per treatment is shown. Analysis of variance (ANOVA) followed by Tukey’s multiple comparison test was used to determine significance. ∗ indicates < 0.05; ∗∗ indicates < 0.01; **** indicates < 0.0001.



[image: image]

FIGURE 3. AtxA-mediated control of XrrA and XrrB, and influence of growth conditions that affect AtxA expression and activity on sRNA expression. Total RNA from the Ames parent strain, the ΔatxA mutant, and the ΔacpA mutant was extracted from cultures grown in the indicated conditions until early stationary phase (OD600 = 1.0–1.5). Cultures were grown in CA or LB medium and exposed to 5% atmospheric CO2 or air during growth. Expression of (A) XrrA and (B) XrrB was assessed using northern blotting, and the 5S rRNA signal was used as a load control. A representative northern blot from three biological replicates is shown. (C) XrrA and (D) XrrB levels from the three biological replicates were normalized by 5S rRNA and averaged. The standard deviation in sRNA signal per sample is shown. Analysis of variance (ANOVA) followed by Tukey’s multiple comparison test was used to determine significance. ∗ indicates < 0.05; ∗∗ indicates < 0.01; ∗∗∗ indicates < 0.001; **** indicates < 0.0001. Asterisks directly above bars indicate significance of comparison between that bar and the “Parent CA-CO2” condition. Additional comparisons between conditions are shown linked by brackets, with respective significance indicated by asterisks above the brackets.




sRNA Expression in Cultures Grown in Conditions That Influence AtxA Expression and Activity

Data from previous reports indicate that XrrA and XrrB transcript levels are positively regulated by AtxA (McKenzie et al., 2014; Raynor et al., 2018). To further explore AtxA-mediated control of XrrA and XrrB, we asked whether sRNA expression patterns are influenced during culture conditions that affect AtxA expression and activity. Transcript levels of atxA in cultures grown in minimal media containing glucose are higher than levels in cultures grown in rich media (Chiang et al., 2011). Several reports have described a positive effect of CO2/bicarbonate on anthrax toxin production (Koehler et al., 1994; Dai et al., 1995; Hammerstrom et al., 2011). Elevated CO2/bicarbonate levels in media enhance dimerization of AtxA (Hammerstrom et al., 2011), which is required for its activity (Hammerstrom et al., 2015).

We cultured cells at 37°C in the semi-defined minimal medium CA, which contains 0.1% w/v of glucose, or the rich complex medium LB with no added glucose. CA and LB cultures were incubated shaking in air (CA-Air, LB-Air) or in 5% CO2 (with 0.8% sodium bicarbonate added to the medium) (CA-CO2, LB-CO2). sRNA expression was assessed in the Ames parent strain using northern blotting (Figure 3). Representative northern blots are shown in Figure 3A (XrrA) and Figure 3B (XrrB). Averages of three biological replicates are represented in Figure 3C (XrrA) and Figure 3D (XrrB). Overall, expression patterns for the two sRNAs were similar. sRNA levels were elevated when cultures were incubated in CA medium, relative to LB, and when media were supplemented with 0.8% sodium bicarbonate and incubated in 5% atmospheric CO2, relative to media lacking the sodium bicarbonate supplement and incubated in air. XrrA and XrrB levels were 16- and 22-fold higher in cultures grown in CA-CO2 compared to LB-Air, respectively. When cultured in air, XrrA and XrrB levels were 7.0-fold greater in CA compared to LB. The CO2 effect was apparent in both media. XrrA and XrrB levels were 3.0-fold greater in CA-CO2 compared to CA-Air. XrrA and XrrB levels were elevated 7.0- and 11-fold, respectively, in LB-CO2 compared to LB-Air. Finally, for both sRNAs, expression levels were 2.0-fold higher in cultures grown in CA-CO2 compared to cultures grown in LB-CO2.

Deletion of atxA resulted in no detectable sRNA expression in all the conditions tested (Figure 3). Notably, although previously reported RNA-seq data suggested that AcpA positively affected XrrB expression (Raynor et al., 2018), in our experiments deletion of acpA did not alter XrrB levels compared to the parent strain. In the previous study (Raynor et al., 2018), AcpA control of XrrB was observed when an ΔatxAΔacpAΔacpB strain was complemented with AcpA. Our studies using an acpA-null mutant carrying the native atxA gene suggest that XrrB is responsive to AtxA in the absence of AcpA. Together, the data indicate that XrrA and XrrB are primarily regulated by AtxA, and that sRNA expression patterns mimic the atxA-dependent expression of B. anthracis virulence factors such as the anthrax toxin genes.



sRNA Half-Life in Parent and hfq-Null Strains

In some bacteria, sRNAs are stabilized by the RNA-chaperone Hfq. Interactions with Hfq lead to protection against RNases and facilitate base-pairing with mRNA targets. The B. anthracis genome includes three genes predicted to encode Hfq proteins. Two of these proteins, Hfq1 and Hfq2, are encoded on the chromosome, while a third protein, Hfq3, is encoded on pXO1 (Vrentas et al., 2015). Positive control of the pXO1-encoded sRNAs and the chromosome-encoded Hfq2 by AtxA (McKenzie et al., 2014; Raynor et al., 2018), and the previously reported functionality of Hfq2 and Hfq3 in E. coli (Vrentas et al., 2015; Keefer et al., 2017), indicate potential relationships between the sRNAs and Hfq proteins of B. anthracis.

A common feature of Hfq-dependent sRNAs is the presence of Rho-independent terminators at the 3′ ends of the transcripts (Otaka et al., 2011). The 3′ oligoU tails of these sRNAs are often bound by Hfq (Sauer and Weichenrieder, 2011; Ishikawa et al., 2012). Given that XrrA and XrrB are predicted to form Rho-independent terminators (Supplementary Figures 2, 3), we asked whether the B. anthracis Hfq chaperones influenced XrrA and XrrB stability. We constructed isogenic deletion mutants for the hfq genes (Δhfq1,Δhfq2,Δhfq3, andΔhfq1Δhfq2Δhfq3) and measured the sRNA half-lives in parent and mutant strains when cultured in toxin-inducing conditions (Figure 4). XrrA and XrrB had similar half-lives in the parent strain. The half-life of XrrA was 20 ± 1.1 min (Figure 4A and Table 2), while the half-life of XrrB was 21 ± 1.5 min (Figure 4B and Table 2). Deletion of the B. anthracis hfq genes had no statistically significant effects on sRNA stability, although there was a slight trend toward extension of sRNA half-life in some mutants. To validate our RNA stability assay, we tested the stability of the rpsO transcript, which encodes a ribosomal protein of the small sub-unit of the ribosome. The B. subtilis rpsO transcript has been reported to be approximately 4 min (Yao and Bechhofer, 2010). In our experimental conditions, the half-life of the B. anthracis rpsO transcript was 2.1 ± 1.2 min (Figure 4C and Table 2). Overall, these data indicate that when B. anthracis is cultured in optimal conditions for toxin gene expression, XrrA and XrrB are highly stable, Hfq-independent sRNAs.
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FIGURE 4. Half-life determination experiments using rifampicin treatment of growing cells. The ANR-1 parent strain, the Δhfq1 mutant, the Δhfq2 mutant, the Δhfq3 mutant, and the Δhfq1Δhfq2Δhfq3 mutant were grown in CA-CO2 until late exponential phase (OD600 = 0.6–0.8), followed by addition of 200 μg/ml of rifampicin to stop transcription initiation. Culture samples were taken immediately before rifampicin addition (indicated by time point 0) and 2, 4, 8, 16, 32, and 45 min post-addition of rifampicin. RNA was extracted from culture samples and subjected to northern blotting to assess (A) XrrA and (B) XrrB decay over time and calculate half-lives. (C) The half-life of the rpsO transcript, encoding the 30S ribosomal protein S15, in the parent strain was also calculated as an experimental control. RNA decay was calculated as the fraction of RNA signal normalized to 5S rRNA at time point 0. A linear regression was fit to averaged data from three biological replicates to calculate the slope of the decay, which was then used to calculate the half-lives. Analysis of variance (ANOVA) followed by Tukey’s multiple comparison analysis was used to determine significance in half-life differences between strains. Representative northern blots from the three biological replicates are shown.



TABLE 2. sRNA half-lives in the parent and hfq-null strains.
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sRNA Regulons and Loci of sRNA-Regulated Genes

To determine sRNA-controlled genes of B. anthracis, we compared the transcriptomes of xrrA- and xrrB-null mutants to that of a parent strain using RNA-seq. We constructed sRNA-null mutants in a virulent Ames (pXO1+, pXO2+) background. We compared the transcriptome of UTA37 (Raynor et al., 2018) with that of the isogenic mutants UTA38 (ΔxrrB), UTA39 (ΔxrrA), and UTA41 (ΔxrrAΔxrrB). Cultures were grown to early stationary phase in CA-CO2, which allows high level expression of the sRNAs (Figure 3). RNA was extracted and subjected to Illumina sequencing.

Deletion of xrrA and xrrB had distinct effects on B. anthracis gene expression (Figure 5). Deletion of xrrA resulted in 50 transcripts showing a ≥4.0-fold change in expression compared to the parent strain; expression of 12 transcripts was reduced in the ΔxrrA mutant, while 38 transcripts were elevated in the mutant (Figure 5A). In contrast, deletion of xrrB led to one transcript having a ≥4.0-fold change in expression compared to the parent strain (Figure 5B). The transcript, encoded by the gene GBAA_0594, was decreased in the ΔxrrB mutant. Interestingly, deletion of both sRNAs in the ΔxrrAΔxrrB mutant affected a greater number of transcripts than the combined total number of transcripts affected in the ΔxrrA and ΔxrrB mutants. In the ΔxrrAΔxrrB mutant, levels of 116 transcripts were affected with a fold-change of ≥4.0 (Figure 5C). Ninety-seven of these transcripts were increased in the mutant, while 19 transcripts were decreased. Our analysis detected one apparent operon and nine bicistronic transcripts amongst all transcripts affected by sRNA deletions (Supplementary Table 2). The apparent operon (hom1-thrC-thrB) encodes enzymes involved in threonine biosynthesis and its expression was elevated in the ΔxrrA and ΔxrrAΔxrrB mutants (Supplementary Table 2). Eight of the nine bicistronic transcripts were elevated in sRNA mutant strains. One bicistronic transcript (GBAA_2366-GBAA_2367) was decreased in the ΔxrrA and ΔxrrAΔxrrB mutants (Supplementary Table 2).
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FIGURE 5. Transcriptomic analysis of sRNA-null mutants compared to the parent strain. The Ames-derived UTA37 parent strain, UTA38 (ΔxrrB), UTA39 (ΔxrrA), and UTA41 (ΔxrrAΔxrrB) were grown in CA-CO2 to early stationary phase (OD600 = 1.0–1.5) and RNA was extracted for RNA-seq analysis. Volcano plots show the effect of (A) ΔxrrA deletion, (B) ΔxrrB deletion, and (C) ΔxrrAΔxrrB deletion on RNA abundance, compared to the parent strain. Transcripts that showed significantly different expression levels are highlighted in black. Transcripts that did not show a significant difference in expression are shown in gray. The p-value cutoff was 0.01, which corresponds to a –log10(p-value) of 2, and the log2(fold-change) cutoff was ≥2.0, which represents a fold-change of ≥4.0. Significance and fold-change thresholds are indicated by dashed lines. Transcripts of interest are labeled.


Most sRNA-regulated genes uncovered in this study were located on the B. anthracis chromosome. Of all transcripts exhibiting a fold-change of ≥4.0, only four were associated with genes on pXO1. Three of these genes encode hypothetical proteins with no ascribed functions (Supplementary Table 2). These transcripts were encoded by the GBAA_pXO1_0022, GBAA_pXO1_0153, and GBAA_pXO1_0171 genes. GBAA_pXO1_0022 was the only affected pXO1 gene not located within the plasmid pathogenicity island. Expression of all three of these genes was affected in both the ΔxrrA and ΔxrrAΔxrrB strains. The fourth sRNA-regulated pXO1 gene was lef, encoding the lethal factor component of the anthrax toxin, located within the pXO1 pathogenicity island. Interestingly, expression of the lef transcript was reduced 4.7-fold in the ΔxrrAΔxrrB mutant and unaffected in the single deletion strains. Finally, there were no pXO2-encoded transcripts regulated by the sRNAs having a fold-change of ≥4.0 compared to the parent.



Overlap Between sRNA Regulons

Table 3 lists transcripts that were most highly-regulated (≥16-fold-change) by the individual sRNAs and transcripts that were regulated by both sRNAs. Supplementary Table 2 is an expanded version of Table 3, listing transcripts that were regulated ≥4.0-fold by individual sRNAs and transcripts regulated by both sRNAs. The transcript encoded by GBAA_0594 was the only transcript affected in all sRNA deletion mutants with a ≥4.0 fold-change (Figure 5 and Supplementary Table 2). GBAA_0594 was also the sole transcript that showed a fold-change of ≥4.0 in the ΔxrrB mutant (Figure 5B).


TABLE 3. Transcripts most highly regulated and co-regulated by the sRNAs.
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TABLE 4. Regions of complementarity between the sRNAs and sRNA-regulated mRNA transcripts.
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Given that XrrA regulated many more transcripts than XrrB, and that deletion of both xrrA and xrrB resulted in even further changes to transcript expression, we compared the XrrA and XrrAXrrB regulons obtained from RNA-seq analysis (Figure 6). To visualize overlap between sRNA regulons, we plotted transcripts exhibiting a significant fold-change of ≥4.0 in at least one mutant strain as a scatterplot (Figure 6A). We found that most transcripts affected in the ΔxrrAΔxrrB mutant were also affected in the ΔxrrA mutant. All transcripts were regulated in the same direction, either increased or decreased expression, in both strains (Figure 6A). In addition, for most of the regulated genes, the fold-changes in the ΔxrrA mutant and the ΔxrrAΔxrrB mutant were comparable. The data indicate that for most transcripts, regulatory effects observed in the double mutant likely result from deletion of xrrA. Nevertheless, we observed some transcripts that exhibited non-significant changes in expression in the ΔxrrA mutant but were significantly altered in the ΔxrrAΔxrrB mutant. To confirm that these transcripts were affected only in the double null mutant, we directly compared transcript expression in the ΔxrrA and ΔxrrAΔxrrB mutants (Figure 6B). Indeed, we found 11 transcripts for which expression was affected ≥4.0-fold in the ΔxrrAΔxrrB mutant but were not affected ≥4.0-fold in the ΔxrrA mutant. Together, the data suggest distinct regulatory roles for XrrA, as well as some functional overlap between XrrA and XrrB, as evidenced by the increased number of XrrB-regulated targets in the xrrA-xrrB-null background.
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FIGURE 6. Comparison of sRNA regulons uncovered by RNA-seq analysis. (A) Scatterplot graph showing the log2(fold-change) differences in transcript expression compared to the parent strain in the ΔxrrA and ΔxrrAΔxrrB mutants. Log2(fold-change) values from the ΔxrrA and ΔxrrAΔxrrB mutants are plotted on the x- and y-axis, respectively. Transcripts with a significant log2(fold-change) of ≥2.0 in at least one mutant strain are shown as circles. A linear regression model was fit to the data, and the R2 is shown. (B) Volcano plot showing a direct comparison of transcripts differentially regulated between the ΔxrrA and ΔxrrAΔxrrB mutants. Transcripts that were significantly differentially expressed between the deletion strains are highlighted in black. Transcripts that were not differentially regulated are shown in gray. The p-value cutoff was 0.01, which corresponds to a –log10(p-value) of 2, and the log2(fold-change) cutoff was ≥2.0, representing a fold-change of ≥ 4.0. Significance and fold-change thresholds are indicated by dashed lines.


Notably, our data show that the sRNAs do not regulate expression of each other or atxA. Northern blot analysis of XrrA and XrrB in sRNA-null strains showed comparable levels of XrrA expression in the parent and ΔxrrB mutant (Supplementary Figure 4). Similarly, XrrB levels were comparable in the parent and ΔxrrA mutant (Supplementary Figure 4).



Most-Highly sRNA-Regulated Targets

RNA-seq data uncovered GBAA_0594 as the only transcript controlled by XrrB in the presence of XrrA (Figure 5B). GBAA_0594 is predicted to encode a putative transcriptional regulator of the ArsR-family. These regulators typically bind DNA in the presence of metal cofactors (Ren et al., 2017). Expression of GBAA_0594 was reduced in the ΔxrrB mutant compared to the parent strain, with a fold-change of 6.3 (Figure 5B and Supplementary Table 2). This transcript was also decreased in the ΔxrrA and ΔxrrAΔxrrB mutants, with fold-changes of 5.7 and 5.4, respectively (Figure 5 and Supplementary Table 2). Decreased levels of GBAA_0594 in the xrrB-null did not result in changes in expression of other transcripts in this mutant, suggesting that the encoded protein may not function as a transcriptional regulator, at least in the growth conditions tested.

Overall, XrrA regulated many more genes than XrrB. One of the most highly XrrA-regulated transcripts is encoded by the inhA1 gene (Figure 5A). InhA1 is a secreted protease that mediates processing of B. anthracis proteins and break-down of host proteins during infection (Pflughoeft et al., 2014; Terwilliger et al., 2015). Expression of inhA1 was elevated 23-fold in the ΔxrrA mutant compared to the parent strain (Table 3), suggesting that XrrA represses expression of inhA1. The transcript was also differentially regulated in the ΔxrrAΔxrrB, with a fold-change of 50 (Table 3). Deletion of XrrB had a 2.0-fold effect on inhA1 expression, indicating a synergistic effect of the sRNAs on inhA1 expression.

XrrA also appears to regulate enzymes of the glyoxylate cycle. This cycle is a variation of the tricarboxylic acid (TCA) cycle that allows some organisms, including bacteria, to bypass decarboxylation steps of the TCA cycle to synthesize succinate from acetyl-coA (Kornberg and Madsen, 1989). The two enzymes, isocitrate lyase and malate synthase, are encoded by the aceA and aceB genes, respectively. Expression of aceA was increased in the ΔxrrA and ΔxrrAΔxrrB mutants, with fold-changesx of 17 and 33, respectively (Figure 5 and Table 3). Expression of aceB was elevated 7.9- and 13-fold in the ΔxrrA and ΔxrrAΔxrrB mutants (Supplementary Table 2).

Deletion of xrrA also affected genes predicted to be involved in branched-chain amino acid (BCAA) biosynthesis, transport, and catabolism. Previous reports have indicated AtxA-mediated repression of BCAA biosynthesis operons and BCAA transporter genes (Bourgogne et al., 2003; Raynor et al., 2018). According to our own RNA-seq data, the two most highly sRNA-regulated BCAA-related genes were ilvA and ilvD, which encode enzymes of the BCAA biosynthesis pathway (Figure 5 and Table 3). The ilvA gene encodes an enzyme that catalyzes the first step of isoleucine biosynthesis from threonine, while ilvD encodes an enzyme utilized in the biosynthesis of all three BCAAs. The ilvA transcript increased 5.9-fold in the ΔxrrA mutant (Figure 5A and Table 3). Interestingly, in the ΔxrrAΔxrrB mutant the ilvA transcript increased 23-fold compared to the parent (Figure 5C and Table 3). The ilvD transcript displayed similar effects, with the double sRNA deletion having a greater effect on expression than the single xrrA deletion (Figure 5 and Table 3). Interestingly, deletion of xrrB alone did not affect ilvA or ilvD expression. XrrA also regulated other enzymes of the BCAA biosynthesis operons of B. anthracis, as well as enzymes involved in threonine biosynthesis (hom1-thrC-thrB) (Supplementary Table 2). Threonine serves as a precursor for isoleucine biosynthesis. At least one gene predicted to be involved in BCAA transport, brnQ3, was regulated by XrrA. Based on sequence conservation, BrnQ3 is predicted to function as a sodium-dependent transmembrane transporter of BCAAs. The transcript was differentially regulated 3.7-fold in the ΔxrrA mutant, and 9.1-fold in the ΔxrrAΔxrrB mutant (Supplementary Table 2). Expression of genes encoding enzymes involved in BCAA catabolism was also impacted. Transcript levels of the bfmbAa, bfmbB, and bfmbAb genes, encoding components of the branched-chain alpha-keto dehydrogenase complex, were reduced in the ΔxrrA mutant, suggesting that XrrA positively influences expression of BCAA catabolism while at the same time repressing BCAA biosynthesis and transport (Supplementary Table 2).

The most highly sRNA-regulated transcript in B. anthracis according to our RNA-seq analysis was GBAA_3479, which encodes a second putative ArsR-family transcriptional regulator. Interestingly, expression of GBAA_3479 was only affected in the ΔxrrAΔxrrB mutant (Figure 6 and Table 3). Expression of GBAA_3479 was increased 172-fold in this mutant. Overall, the data indicate that XrrA primarily functions to repress expression of targets, and that at least one target requires both XrrA and XrrB for regulation.

Given that inhA1 was the most-highly regulated target controlled by a single sRNA, we sought to confirm XrrA-mediated regulation of inhA1. We used qPCR to compare relative inhA1 levels in the Ames-derived parent strain UTA37, the ΔxrrA mutant UTA39, and UTA39 complemented with pUT1205 containing xrrA under the control of an IPTG-inducible promoter. The inhA1-null (inhA1::specR) mutant UTA5 was used as control for primer specificity. In agreement with our RNA-seq analysis, the qPCR data (Supplementary Figure 5) showed that inhA1 expression was elevated 10- to 15-fold in the xrrA-null mutant compared to the parent. Moreover, exogenous complementation of xrrA lowered inhA1 expression to levels similar to the parent strain. These data confirm XrrA-mediated regulation of inhA1 and validate our RNA-seq data.



Gene Ontology Analysis of sRNA Regulons

We performed gene ontology analysis of genes regulated by the sRNAs. Since XrrB regulated a single target, we chose to focus on classification of genes affected ≥4.0-fold in the ΔxrrA and ΔxrrAΔxrrB mutants according to their predicted biological function (Figure 7). Hypothetical proteins of unknown function comprised 21% of the XrrA regulon (Figure 7A). Interestingly, genes encoding proteins predicted to be involved in oligopeptide transport represented approximately 7% of the XrrA regulon. These included GBAA_0656, GBAA_0658, and GBAA_0852, which are predicted to be ABC-type transporters (Supplementary Table 2). Transcripts from these genes appear to be repressed by XrrA. BCAA biosynthesis genes represented an additional 7% of the XrrA regulon. About 5% of the XrrA-affected genes are involved in proteolysis (Figure 7A). These included inhA1, GBAA_5606, and calY. The calY gene encodes camelysin, a cell surface-bound metalloprotease involved in virulence in B. cereus (Grass et al., 2004; Candela et al., 2019). An additional 5% of the XrrA regulon consists of genes associated with histidine catabolism, including genes of the histidine utilization (hut) operon. The hutG-hutI transcript was regulated 9.3-fold in the ΔxrrA strain (Table 3) and the hutU transcript was regulated 5.4-fold in this strain (Supplementary Table 2).
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FIGURE 7. Gene ontology analysis of genes of which expression was affected in the ΔxrrA and ΔxrrAΔxrrB strains. Genes that were differentially regulated in the (A) ΔxrrA and (B) ΔxrrAΔxrrB mutants with a fold-change of ≥4.0 compared to the parent strain were categorized based on biological processes. Pie charts show the total number of differentially regulated genes and the percentage of those genes that belong to a gene ontology category based on biological processes. Hypothetical proteins represent genes with unknown functions or no putative functions based on gene sequence analysis. The colored sections of the pie charts represent biological process categories associated with more than 2% of the strain regulons. Categories associated with 2% or less of the regulons are shown in gray and labeled as “other.”


For genes whose expression was altered in the ΔxrrAΔxrrB mutant, 38% were genes encoding hypothetical proteins with no ascribed functions (Figure 7B). Interestingly, approximately 7% of the genes of the XrrAXrrB regulon encode proteins that mediate oxidation-reduction reactions (Figure 7B). These included genes encoding ubiquinone, menaquinol, and putative cytochromes (Supplementary Table 2). BCAA biosynthesis genes represented 6.3% of the XrrAXrrB regulon, and proteolysis genes represented 5.6%. Regulation of transcription was a biological process represented only in the XrrAXrrB regulon (3.2%), in part given by control of the putative transcriptional regulator GBAA_3479 in the ΔxrrAΔxrrB mutant only. Other represented biological processes included histidine catabolism, transmembrane transport, and chitin catabolism.



In silico Analysis of Complementarity Between the sRNAs and mRNA Targets

A common mechanism of sRNA function is direct base-pairing with mRNA targets to control aspects of translation and/or transcript decay. Base-pairing to the mRNA target often occurs via a short, imperfect region of complementarity often referred to as the seed region (Gottesman and Storz, 2011). We asked whether the sRNAs displayed any complementarity to sRNA-regulated mRNA transcripts uncovered in this study. To find potential interactions between the sRNAs and mRNAs, we used the TargetRNA2 webserver (Kery et al., 2014). sRNA sequences uncovered by RACE analysis were entered to the TargetRNA2 webserver and aligned to the B. anthracis chromosome. Transcripts displaying a fold-change of ≥4.0 in at least one sRNA-null strain and showing complementarity to the sRNAs are listed in Table 4. We found seven XrrA-regulated transcripts that had complementarity to XrrA. For four of the transcripts, XrrA was predicted to interact at the translational start site of the mRNA, suggesting that XrrA may influence translation of these transcripts. The transcripts inhA1, GBAA_0656, and GBAA_4468 are negatively regulated by XrrA (Table 4 and Supplementary Table 2). Thus base-pairing with XrrA may result in inhibition of translation, leading to mRNA decay due to reduced ribosomal occupancy. On the other hand, GBAA_3451 is positively regulated by XrrA (Supplementary Table 2), suggesting that the base-pairing interaction may result in enhanced translation of the transcript. For the remaining 3 transcripts, XrrA was predicted to interact further upstream in the 5′ UTR. For hutU, which encodes urocanate hydratase and is negatively regulated by XrrA (Supplementary Table 2), base-pairing with XrrA is predicted to occur eight nucleotides upstream of the translational start site, suggesting that XrrA may block the RBS of hutU to inhibit translation. The remaining two transcripts, GBAA_5301 and asnO2, are predicted to base-pair with XrrA further upstream in their respective 5′UTRs. Such interactions could affect secondary structure and stability of the transcripts, resulting in changes to the rate of mRNA decay. Overall, our data suggest that XrrA is likely to function as a base-pairing sRNA.

Interestingly, the seven mRNA transcripts that showed complementarity to XrrA were all targeted by one of three seed regions on XrrA. These regions included sections of XrrA that are predicted to be at least partially single-stranded (Supplementary Figure 2). The predicted secondary structure of XrrA suggests formation of three hairpin loops: the 3′ terminator described earlier, a major hairpin encompassing most of the XrrA sequence, and a minor hairpin directly preceding the predicted terminator (Supplementary Figure 2). Seed region #1, which encompasses nucleotides +17 and +34 in relation to the transcriptional start site, as well as seed region #2, which includes nucleotides +72 to +96, are found along the major hairpin of XrrA. Both regions include loops of single-stranded nucleotides that would be available to mediate initial interaction with mRNA targets. One transcript is predicted to be targeted by seed region #1, while three transcripts had predicted complementarity to seed region #2 (Table 4). The third seed region was located between nucleotides +160 and +182 and is found within the 3′ hairpin terminator of XrrA. Three transcripts are predicted to base-pair with XrrA at this region, including the highly-regulated inhA1 (Table 4).

XrrB showed limited complementarity to sRNA targets. There was no complementarity found to GBAA_0594, the only transcript differentially regulated in the ΔxrrB mutant by a ≥4.0 fold-change. Instead, we found that XrrB is predicted to interact with GBAA_2549, at the 5′ UTR of the transcript (Table 4). Interestingly, expression of this transcript increases 10-fold in the ΔxrrAΔxrrB mutant, and only 3.5- and 2.0-fold in the ΔxrrA and ΔxrrB mutants, respectively, suggesting a synergistic effect of the sRNAs by an unknown mechanism. Given that XrrB is predicted to base-pair with GBAA_2549 at the 5′ UTR, repression of this transcript in the ΔxrrAΔxrrB mutant may be, at least in part, given by decreased stability of the transcript upon interaction with XrrB.

The predicted structure of XrrB was similar to that of XrrA. This sRNA is also predicted to form three hairpins along its sequence (Supplementary Figure 3). These included the 3′ hairpin terminator, an initial hairpin located at the 5′ end of XrrB, and a major hairpin between the 5′ and 3′ hairpins, occluding a long stretch of XrrB sequence in a double-stranded structure. Interestingly, complementarity to GBAA_2549 was found at the 3′ terminator of XrrB, further illustrating the molecular similarities between XrrA and XrrB.

To further validate the base-pairing predictions, we used IntaRNA as an additional RNA-RNA interaction program (Busch et al., 2008). IntaRNA confirmed five of the seven predicted interactions between XrrA and target mRNA sequences obtained from TargetRNA2, including at least one base-pairing interaction per predicted seed region. Additionally, IntaRNA predicted a base-pairing interaction between XrrB and the GBAA_2549 mRNA, which was also predicted by TargetRNA2.



Role of sRNAs in B. anthracis Virulence in a Mouse Model for Systemic Anthrax

In a murine model for systemic anthrax in which complement-deficient A/J mice are infected intravenously with pXO1+ pXO2– strains of B. anthracis, deletion of atxA leads to complete attenuation of virulence (Dai et al., 1995; Dale et al., 2012). Considering that the sRNAs are positively controlled by AtxA, we sought to determine if sRNA expression influences virulence in this model (Figure 8). We chose to infect mice with the pXO1+ pXO2– ANR-1 strain and isogenic ΔxrrA, and ΔxrrAΔxrrB mutants. XrrA regulates more targets than XrrB, including many genes exhibiting AtxA-regulated expression. The ΔxrrAΔxrrB mutant displayed additional effects on gene expression, including highly increased expression of a putative transcriptional regulator. Mice were infected with vegetative cells of the parent and mutant strains and monitored for up to 11 days. Time to death was recorded, and organ tissues were collected for assessment of infection burden. As shown in Figure 8A, there was no statistical difference in the time to death for the parent- and mutant-infected mice. All parent-infected mice and most mutant-infected mice succumbed to infection within the 11-day period. One ΔxrrA-infected and one ΔxrrAΔxrrB-infected mouse survived. These surviving mice presented no symptoms and were sacrificed at the end of the experiment.
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FIGURE 8. Effect of sRNA deletions on virulence of B. anthracis in a murine model for systemic anthrax. Seven-week-old female A/J mice were infected intravenously via the tail-vein with ∼105 CFU of the ANR-1 parent strain (n = 15), the ΔxrrA mutant (n = 10), or the ΔxrrAΔxrrB mutant (n = 9). Mice were monitored for a period of 11 days. Moribund mice were sacrificed, time of death recorded, and liver, lung, kidney, and spleen were collected for CFU determinations to measure organ infection burden. (A) Survival analysis using the Kaplan–Meier estimate was used to determine significance between survival of ANR-1-infected and sRNA-null-infected mice. One ΔxrrA-infected mouse, and one ΔxrrAΔxrrB-infected mouse survived the 11-day period. All other mice succumbed to the infection. CFU/g of tissue of (B) liver, (C) lung, (D) kidney, and (E) spleen per infecting strain was calculated. The limit of detection is shown as a dashed line at 101 CFU. The surviving ΔxrrA-infected and ΔxrrAΔxrrB-infected mice showed no detectable CFU in the collected organs and are shown below the limit of detection at 100. Analysis of variance (ANOVA) followed by Tukey’s multiple comparisons analysis was used to determine significance between the CFU/g of tissue of each organ for ANR-1-infected, ΔxrrA-infected, and ΔxrrAΔxrrB-infected mice. ∗ indicates < 0.05; ∗∗ indicates < 0.01.


We determined the bacterial burden in organ tissues extracted from all mice that succumbed to infection and in tissues from mice that were sacrificed on day 11. For parent-infected mice, we recovered an average of approximately 108 CFU per gram of tissue from the spleen and liver, and approximately 109 CFU per gram of tissue from the lungs and kidney. The surviving mutant-infected mice had no detectable CFU in their organ tissue, but all other mice that succumbed to the infection had recoverable levels of CFU. There was no difference in bacterial burden in the kidneys (Figure 8D) and spleens (Figure 8E) of parent-infected and mutant-infected mice. However, there was a statistically significant decrease in bacterial burden of the liver (Figure 8B) and lung (Figure 8C) for the ΔxrrA mutant compared to the parent strain. Mice that succumbed to infection with the ΔxrrAΔxrrB mutant also showed a statistically significant decrease in the number of bacteria in the lung (Figure 8C), however, the number of bacteria in the liver (Figure 8B) was comparable to that observed for mice infected with the parent strain. The data suggest that de-regulation of XrrA targets leads to a small decrease in colonization of certain host tissues at time of death. Finally, we note that although previous reports have shown that deletion of atxA has minimal effects on in vitro growth (Dai et al., 1995; Dale et al., 2012), we observed no significant differences in growth rate between the ANR-1 parent strain and the sRNA-null mutants when cultured in CA-CO2 (Supplementary Figure 6).



DISCUSSION

In this work, we provide experimental evidence for sRNA-mediated regulation in the mammalian pathogen B. anthracis. The xrrA locus is within the 44.8-kb pathogenicity island on the virulence plasmid pXO1. The xrrB locus is also on pXO1, just outside of the pathogenicity island. In a previous study reporting expression of these sRNAs, it was proposed that the boundaries of pXO1 pathogenicity island be expanded to include xrrB (McKenzie et al., 2014). Sequence analysis using the NCBI Basic Local Alignment Search Tool (BLAST), indicates a high degree of conservation of the sRNA loci across B. anthracis strains and in closely-related species carrying pXO1-like plasmids. The B. anthracis Ames strain XrrA and XrrB sequences are 99–100% identical to the corresponding sRNAs of all other pXO1+ B. anthracis strains deposited in the NCBI genome database. The sRNA sequences are also highly conserved (99–100% identical) in the pXO1-like plasmids pBCXO1 and pCI-XO1, found in B. cereus strain G9241 and B. cereus biovar anthracis strain CI, respectively. Sequences surrounding the sRNA loci in these plasmids, as well as the anthrax toxin and atxA genes, are also 99–100% identical to the corresponding sequences on pXO1. These B. cereus strains carrying pXO1-like plasmids cause anthrax-like disease (Hoffmaster et al., 2006; Brézillon et al., 2015). The presence of both sRNAs either in proximity or within the classical pXO1 pathogenicity island, and the high degree of conservation of these loci on pXO1 plasmids, suggest co-acquisition of sRNA loci with virulence genes.

Most reports of sRNA expression and function have concerned chromosome-encoded sRNAs. Of the relatively few plasmid-encoded sRNAs that have been reported, most belong to a specific family of regulatory small RNAs called antisense RNAs. These antisense RNAs are encoded in the DNA strand directly opposite to their cognate mRNA target, resulting in long stretches of perfect complementarity between the sRNA and the target (Georg et al., 2009; Güell et al., 2009). Antisense RNAs often regulate plasmid carriage by participating in toxin-antitoxin systems and control of plasmid conjugation. Typically antisense RNAs can only base-pair to one mRNA target (van Biesen et al., 1993; Fozo et al., 2010; Arthur et al., 2011). On the other hand, chromosome-encoded sRNAs typically belong to the trans-encoded RNA family. These sRNAs are transcribed from a location in the bacterial genome that is distant from their cognate mRNA target and mediate base-pairing via a short seed region (Gottesman and Storz, 2011). Thus, trans-encoded sRNAs can typically base-pair to multiple mRNA targets using the same seed region. Despite the plasmid loci of XrrA and XrrB, together these regulatory RNAs control multiple target genes on the chromosome. Expression of a few pXO1-encoded transcripts is altered in sRNA-null mutants, but the sequences of these targets do not indicate antisense function of the sRNAs. Our data indicate that XrrA and XrrB are rare examples of trans-encoded sRNAs located on a plasmid. These observations place these RNAs, particularly XrrA, at the center of crosstalk between two of the B. anthracis genetic elements. We know of only one other report of a virulence plasmid-encoded sRNA regulating chromosomal genes; QfsR, encoded by the tumor inducing (Ti) plasmid of Agrobacterium fabrum, controls polycistronic mRNAs of chromosome genes involved in flagella synthesis and Ti plasmid genes associated with conjugative transfer (Diel et al., 2019).

In addition to the locations of the sRNAs on pXO1, PCVR control of XrrA and XrrB suggests a relationship between the regulatory RNAs and virulence. Our northern blotting data, as well as previous RNA-seq studies (McKenzie et al., 2014; Raynor et al., 2018), indicate that AtxA is the major regulator of XrrA and XrrB expression. While our previous report indicated that artificially expressing AcpA in the ΔatxAΔacpAΔacpB strain allowed XrrB expression (Raynor et al., 2018), here we determined that deletion of acpA does not affect XrrB expression, indicating a dominant role for AtxA in transcriptional control of XrrB. The crystal structure of AtxA contains two helix-turn-helix domains proximal to the amino-terminus, indicative of DNA-binding activity (Hammerstrom et al., 2015; McCall et al., 2019), and a recent report demonstrated AtxA binding to DNA sequences 5′ of pagA, an anthrax toxin gene (McCall et al., 2019). Nevertheless, consensus sequences for AtxA-binding to promoter regions of target genes have not been identified. We utilized the MEME suite web server (Bailey et al., 2009) to analyze sequences in the promoter regions of XrrA and XrrB and to compare them to sequences upstream of other AtxA-regulated genes. No consensus sequences were apparent despite our data showing that sRNA expression is dependent upon AtxA. It is possible that AtxA does not directly control xrrA and xrrB expression, as has been postulated for other genes in the AtxA regulon (Raynor et al., 2018).

Other examples of relationships between PCVRs and sRNAs have been reported. In Streptococcus pyogenes, the multiple gene activator Mga is a PCVR crucial for expression of virulence factors such as M-protein, streptococcal peptidases, and fibronectin-binding protein (Ribardo and McIver, 2006; Hondorp et al., 2013). Interestingly, expression of the mga gene itself is influenced by two sRNAs. The Mga-activating regulatory sRNA MarS was identified in a bioinformatic screen and found to influence expression of virulence factors of S. pyogenes (Pappesch et al., 2017). Deletion of marS leads to reduced levels of mga transcript. A second sRNA, RivX, also positively influences expression of Mga (Roberts and Scott, 2007). RivX is co-transcribed with a second PCVR of S. pyogenes, the regulator RivR. Despite co-regulation, RivX and RivR function in independent regulatory pathways and do not influence expression of each other (Roberts and Scott, 2007). In contrast to sRNA control of mga transcription, atxA transcript levels are unaffected by XrrA and XrrB. Rather, AtxA positively controls sRNA expression. To our knowledge, our study is the first report of PCVR-mediated regulation of sRNAs.

Our half-life determination experiments suggest that XrrA and XrrB are highly stable. Many sRNAs are stabilized by RNA chaperones such as Hfq. While Hfq plays a major role in sRNA function in Gram-negative bacteria, contributions of Hfq to sRNA-mediated regulation vary between species in Gram-positive bacteria. We found that XrrA and XrrB stability is unaffected by deletion of any of the B. anthracis hfq genes. Interestingly, evidence for RNA chaperones other than Hfq has emerged in recent years. The highly conserved bacterial ProQ protein, first studied in E. coli, stabilizes sRNAs and facilitates base-pairing to mRNA targets, similarly to Hfq (Olejniczak and Storz, 2017). The RNA-binding protein CsrA, which regulates carbon catabolism by influencing mRNA translation and decay, facilitates interactions between sRNAs and their mRNA targets in B. subtilis (Müller et al., 2019). Another highly conserved protein, YbeY, influences expression of sRNAs in E. coli and accumulation of sRNAs in the plant symbiont Sinorhizobium meliloti (Pandey et al., 2011, 2014). It is possible that the sRNAs of B. anthracis are stabilized by proteins other than Hfq. The molecular features of XrrA and XrrB may also provide stability. In Gram-positive bacteria, the endonucleolytic enzyme RNase Y mediates the first rate-limiting internal cleavage of transcripts, followed by processive degradation mediated by exonucleases (Mohanty and Kushner, 2016). Additionally, 5′ to 3′ exonucleolytic decay may be initiated by the 5′ exonuclease complex RNase J1/J2 (Even et al., 2005; Bechhofer, 2011). The catalytic activity of RNases Y and J1/J2 is enhanced by a 5′ monophosphate group at the 5′ of transcripts (Even et al., 2005; Li de la Sierra-Gallay et al., 2008; Shahbabian et al., 2009; Bandyra et al., 2012; De Lay and Gottesman, 2012). Our data indicate that both XrrA and XrrB are primary transcripts, each with a 5′ triphosphate group. Thus, the sRNAs are predicted to be protected from RNase Y-mediated endonucleolytic cleavage and RNase J1/J2-mediated 5′ exonucleolytic decay. Moreover, the predicted hairpin terminators at the sRNA 3′ ends would confer protection against 3′ exonucleolytic decay. Additionally, most of the sRNA sequences are predicted to be occluded by extensive secondary structure, which would further protect the sRNAs from RNase Y, which requires single-stranded structure for cleavage. Initiation of XrrA and XrrB decay in B. anthracis would likely be dependent on endonucleases that specifically target double-stranded regions on RNA, such as RNase III, which has a minor role in bulk RNA turnover compared to RNase Y and RNase J1/J2 (Durand et al., 2012). While RNA decay has not been studied directly in B. anthracis, we infer from RNA decay mechanisms of other species that XrrA and XrrB are highly stable due in part to their 5′ and 3′ end characteristics and their extensive secondary structure.

Our RNA-seq data show that multiple transcripts are affected by deletion of xrrA alone. Given that seven of those transcripts are predicted to directly interact with XrrA, it is likely that this sRNA functions by base-pairing. We found three predicted seed regions on XrrA, predicted to contain short single-stranded regions. Initial base-pairing between these regions and the mRNA targets could result in rearrangement of the XrrA secondary structure, revealing further single-stranded stretches to complete base-pairing along the entire seed region. Furthermore, levels of some transcripts are altered in the sRNA double-deletion, but are unaffected in single sRNA-null mutants, suggesting some functional overlap between XrrA and XrrB. Particularly, expression of the GBAA_3479 transcript predicted to encode a member of the ArsR family of transcriptional regulators, was highly increased in the double-null only, suggesting that both sRNAs are required for regulation of this target. We found no sequence complementary between the sRNAs and GBAA_3479, so direct base-pairing to GBAA_3479 by both sRNAs seems unlikely. The additional 10 transcripts that were altered only in the double mutant may be responsive to the GBAA_3479 gene product.

It is possible that the sRNAs may also function as protein-interacting sRNAs and compete for interaction with the same regulatory protein(s). There are several examples of multiple sRNAs titrating the same proteins. For example, the multiple sRNAs of the P. aeruginosa Rsm system titrate the regulatory proteins RsmA and RsmF (Vakulskas et al., 2015; Miller et al., 2016; Janssen et al., 2018). Interactions between the sRNAs and regulatory proteins of B. anthracis could account for the apparent overlapping functions of XrrA and XrrB. Future experiments will test for direct base-paring between the sRNAs and target gene sequences, as well as for sRNA-protein interactions.

Gene ontology analysis suggests at least two groups of XrrA-regulated genes that are of particular interest for a pathogen that survives in multiple host tissues. First, XrrA regulates expression of several proteases, including InhA1, CalY, and the putative aminopeptidase GBAA_5606. Second, XrrA also regulates expression of predicted amino acid transporters, including the predicted BCAA transporter BrnQ3, and the predicted oligopeptide transporters GBAA_0656, GBAA_0658, and GBAA_0852. Co-regulation of these targets by XrrA suggests a link between expression of proteases during an infection and acquisition of amino acids for growth and survival, in agreement with a previously proposed model (Terwilliger et al., 2015). In collaboration with Terwilliger et al. (2015) we reported that B. anthracis requires valine for growth in a synthetic medium designed to mimic human serum (BSM medium). In our experiments, synthesis of the InhA1 protease allowed B. anthracis to grow in BSM lacking valine, likely due to acquisition of valine from proteolysis of serum proteins (Terwilliger et al., 2015). If indeed valine and other amino acids can be obtained from the breakdown of host proteins by InhA1, the resulting oligopeptides would enter B. anthracis cells via membrane-bound oligopeptide importers or permeases. XrrA-mediated control of both InhA1 and predicted BCAA and oligopeptide transporters, as shown in work reported here, further supports the model for acquisition of BCAAs and other nutrients from proteolyzed host proteins.

Although we did not observe sRNA-associated growth rate, colony morphology, or sporulation when parent and mutant strains were cultured in various media (data not shown), we predicted that altered expression of the large and diverse XrrA regulon would affect B. anthracis pathogenesis in an animal model for anthrax. Although our animal experiments did not reveal changes in time to death, the xrrA-null mutant showed reduced numbers of bacteria in the murine liver and lungs at time of death. A relationship between the model for BCAA acquisition and tissue-specific differences in colonization is worthy of speculation. Quantification of BCAA concentrations in the blood and lungs of humans and pigs suggest varying levels of BCAA availability, such that BCAA levels are higher in blood than in lungs (Subashchandrabose et al., 2009; Kaiser and Heinrichs, 2018). Additionally, activity of the first two enzymes involved in BCAA catabolism is highest in human liver and skeletal muscle tissues, leading to high utilization and low accumulation of BCAAs (Holeček, 2018). Thus, liver and lung niches appear to be BCAA-poor. Given that BCAA availability varies across host niches within the mammalian host, tight regulation of BCAA acquisition could be a determinant of pathogen success. B. anthracis, which replicates to high titers in the blood and can colonize virtually all host tissues, may need to fine-tune degradation of host proteins for uptake of host-derived BCAAs according to nutrient availability in different niches. While this model requires further exploration, our data indicate that XrrA co-regulates amino acid transport, amino acid biosynthesis, and protease expression, and that dysregulation of these XrrA targets leads to decreased bacterial abundance in BCAA-poor host niches.

XrrA and XrrB are the first reported sRNAs of B. anthracis and are rare examples of plasmid-borne trans-acting sRNAs. Also, to our knowledge XrrA and XrrB are the only sRNAs reported to be controlled by a PCVR. Together, these highly expressed stable sRNAs play significant roles in regulatory crosstalk between the pXO1 virulence plasmid and the B. anthracis chromosome. The large XrrA regulon controls expression of genes associated with B. anthracis virulence and metabolic genes that may be important for bacterial-host interaction. Future work will focus on the molecular basis for sRNA function, including investigations of potential RNA and/or protein interacting partners of XrrA and XrrB, and studies of the function of specific sRNA-controlled genes in B. anthracis physiology and virulence.
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Listeria monocytogenes is an intracellular pathogen that is well known for its adaptability to life in a broad spectrum of different niches. RNA-mediated regulatory mechanisms in L. monocytogenes play important roles in successful adaptation providing fast and versatile responses to a changing environment. Recent findings indicate that non-coding RNAs (ncRNAs) regulate a variety of processes in this bacterium, such as environmental sensing, metabolism and virulence, as well as immune responses in eukaryotic cells. In this review, the current knowledge on RNA-mediated regulation in L. monocytogenes is presented, with special focus on the roles and mechanisms underlying modulation of metabolism and virulence. Collectively, these findings point to ncRNAs as important gene regulatory elements in L. monocytogenes, both outside and inside an infected host. However, the involvement of regulatory ncRNAs in bacterial physiology and virulence is still underestimated and probably will be better assessed in the coming years, especially in relation to discovering the regulatory functions of 5′ and 3′ untranslated regions and excludons, and by exploring the role of ncRNAs in interaction with both bacterial and host proteins.
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INTRODUCTION

Listeria monocytogenes is an intracellular, Gram-positive pathogen, responsible for foodborne infections called listerioses in humans and different animal species. This bacterium is well known for its adaptability to life in a broad spectrum of different niches, ranging from soil or wastewater to the cytoplasm of infected mammalian cells. L. monocytogenes is widely distributed in the environment owing to its ability to survive in different stress conditions, including pH variations, low temperature and high salt concentration (Ferreira et al., 2014). Infection with L. monocytogenes starts with the ingestion of contaminated food. In the intestine, L. monocytogenes invades epithelial cells as a result of the interaction of bacterial surface proteins with appropriate eukaryotic receptors. After crossing the intestinal barrier, L. monocytogenes enters into macrophage cells and is transported via blood to the liver and spleen. When the host’s cell-mediated response is impaired, L. monocytogenes multiplies in these organs and subsequently spreads through the blood to different organs, often crossing placental and blood-brain barriers, leading to septicemia, meningitis and miscarriage in the case of pregnant women (McLauchlin et al., 2004; Liu et al., 2007). L. monocytogenes has the ability to invade the host’s cells, multiply inside them and spread from cell to cell owing to tightly regulated expression of genes encoding virulence factors (Cossart, 2011).

The regulation of gene expression has a pivotal role in the virulence of L. monocytogenes and the ability of this bacterium to survive in different stress conditions. Proper changes in gene expression programs are indispensable in allowing saprophytic growth, stress response and resistance to extreme conditions, or triggering virulence properties. Numerous studies have documented the importance of protein regulators in the coordination of the infection process. The master coordinator of transcription of the virulence genes of L. monocytogenes is transcriptional regulator PrfA (positive regulatory factor A), which belongs to the superfamily of cyclic AMP receptor proteins (Crp) (Renzoni et al., 1999; Reniere et al., 2016). Other regulators of expression of virulence and virulence-associated genes are the alternative sigma factor Sigma B (Dorey et al., 2019), two-component signal transduction systems CesRK, LisRK, and VirRS, as well as the nutrient-responsive regulator CodY (Cotter et al., 1999; Kallipolitis et al., 2003; Mandin et al., 2005; Lobel et al., 2015). While knowledge about protein-mediated control of L. monocytogenes gene expression to environmental changes has been acquired over many decades, recent studies have shown that pathogenesis and stress adaptation of this bacterium are also regulated post-transcriptionally by ncRNA molecules. Generally, ncRNAs can be divided into five main categories. The first category contains small regulatory RNAs encoded in trans relative to the genes they regulate (trans ncRNAs). Some trans ncRNAs mainly act through interactions with proteins, whereas others control gene expression through base pairing with RNA transcripts (Storz et al., 2011). The base pairing trans ncRNAs affect the translation and/or stability of mRNAs originating from different sites in the genome. They show incomplete complementarity with their targets and thus can interact with multiple mRNAs. The interaction of trans ncRNAs with target mRNAs in bacteria is often mediated by the RNA chaperone Hfq (Christiansen et al., 2006). The second category contains cis-acting regulatory RNAs encoded from the 5′ regions of the genes they regulate (cis ncRNAs). They fold into two alternative RNA structures that terminate or antiterminate transcription of downstream genes. The rearrangements of cis ncRNA structures are coupled with translation of small ORFs within their sequences. The third category comprises antisense RNAs (asRNAs), including long antisense RNAs (lasRNAs). These molecules are encoded on the opposite strand relative to the genes they regulate, which makes them perfectly complementary to the target mRNA. Hybridization of asRNAs to target mRNAs often affects their stability and/or translational activity (Waters and Storz, 2009; Wurtzel et al., 2012). The recently discovered excludon corresponds to a genomic locus encoding a lasRNA (Wurtzel et al., 2012). The transcription of an excludon inhibits expression of the gene encoded on the opposite strand and also ensures expression of the downstream operon. The fourth category, viewed by some as the simplest form of RNA regulatory elements, are cis-encoded and cis-acting molecules, which undergo conformational changes upon binding a specific ligand (riboswitches) or in response to temperature change (thermosensors). Bacterial riboswitches and thermosensors are located mainly in the 5′ untranslated regions (UTRs) and less frequently in the 3′ UTRs of the genes that they control (Waters and Storz, 2009). Conformational changes in riboswitches and thermosensors located in 5′ UTR regions lead to premature transcription termination, arrest of translation initiation or both (Waters and Storz, 2009). Finally, the fifth category is comprised of 5′ and 3′ UTRs, whose regulatory mechanism relies on base pairing with other RNA transcripts.

While this general classification of ncRNAs is widely accepted and very useful due to its simplicity, mounting evidence suggests that ncRNAs are versatile regulators which can act by more than just a single mechanism as will be shown in this review.

Research devoted sensu stricto to riboregulation in L. monocytogenes began in 2002. At that time, it was discovered that the 5′ UTR of prfA switches between a structure active at high temperatures and inactive at low ones. This mechanism is driven by a thermosensor, which regulates the expression of prfA, thereby controlling the virulence properties of L. monocytogenes (Johansson et al., 2002). Over the next several years, other ncRNAs of L. monocytogenes were discovered. The first identified and characterized small ncRNAs of L. monocytogenes were LhrA, LhrB and LhrC1-5 interacting with chaperone Hfq (Christiansen et al., 2006). Shortly after, further ncRNAs, i.e., RliA, RliB, RliC, RliD, RliE, RliF, RliG, RliH, RliI, and SbrA were identified using classical methods of molecular biology and bioinformatics (Mandin et al., 2007; Nielsen et al., 2008). During this time, the SreA and SreB riboswitches, which can act as trans ncRNAs to inhibit translation of prfA mRNA, were also discovered (Loh et al., 2009). The biggest scientific breakthrough in the discovery of riboregulatory elements in L. monocytogenes took place in 2009, when Toledo-Arana and coworkers presented the first study of the whole transcriptome of this bacterium. From that moment on, an enormous number of new ncRNAs was discovered, and in a few cases, their function and mechanisms of action was revealed. In this research, genomic tilling arrays was applied to compare the whole transcriptome of L. monocytogenes during growth in different physiologically relevant conditions including infection-relevant ones, i.e., whole human blood and the intestinal lumen of mice. Investigation of the transcriptome changes allowed understanding of the switching of L. monocytogenes from saphrophytism to virulence. These studies led to the identification of 50 ncRNAs, of which 29 were novel ncRNAs with sizes from 77 to 534 nucleotides (nt), including seven asRNAs. Furthermore, comprehensive information about changes in the expression of ncRNAs in different conditions was provided (Toledo-Arana et al., 2009). In the same year another study was performed by Oliver and coworkers, who applied a high-throughput RNA sequencing method with Illumina Genome Analyzer. This study allowed the identification of 67 L. monocytogenes ncRNAs expressed in stationary phase of growth, with 60 molecules being previously described (Oliver et al., 2009). Another NGS (next generation sequencing) method, i.e., 454 pyrosequencing was used by Mraheil et al. (2011), in which sequencing of small RNA (below 500 nt) isolated from bacteria growing inside infected macrophages was carried out. This study led to the identification of 150 ncRNAs, whereof almost half had not been previously described (Mraheil et al., 2011). In the following year, NGS was applied to compare the transcriptomes of pathogenic L. monocytogenes with non-pathogenic Listeria innocua under various growth conditions (Wurtzel et al., 2012). The results of this study revealed the presence of 113 ncRNAs and 70 asRNAs in L. monocytogenes, of which 33 ncRNAs and 53 asRNAs had not been previously identified. This research also led to the identification of new lasRNAs that can act as asRNAs and mRNAs. Such a dual function for a lasRNA transcript was first described in L. monocytogenes for the lasRNA regulating flagellum biosynthesis (Toledo-Arana et al., 2009). This type of lasRNA was named an excludon. Another study that used a high-throughput SOLiD sequencing platform led to the discovery of 172 as yet undescribed ncRNAs candidates isolated from intracellularly and extracellularly growing L. monocytogenes (Behrens et al., 2014). This method led to the identification of nine new asRNAs and additionally revealed that four asRNAs are potentially longer than previously thought and could form lasRNAs (Behrens et al., 2014). In another whole transcriptomic study of L. monocytogenes under intracellular and extracellular growth conditions, a semiconductor sequencing technology and bioinformatic analysis pipeline was applied to identify 741 putative ncRNAs in L. monocytogenes, 441 of which had never been described before. One of the newly identified lasRNAs was a very long transcript of about 5,400 nt, fully complementary to a region from lmo2677 up to lmo2680 and partially to kdpB (Wehner et al., 2014). The described progress in the discovery of ncRNAs in L. monocytogenes is shown in Figure 1. Altogether, a huge number of candidates for riboregulatory elements in L. monocytogenes have been identified throughout the last decade, and their number has been increasing in line with the progress in sequencing technology. Although the number of potential regulatory RNAs identified varies in different works, it is assumed that L. monocytogenes possesses more than 55 riboswitches, 100 asRNAs and 150 putative trans and cis ncRNAs (Schultze et al., 2014; Lebreton and Cossart, 2017). However, in spite of the rapid increase in the number of newly identified regulatory RNAs, their function and mechanism of action is poorly understood. Interestingly, recent studies have shown that ncRNAs are secreted by L. monocytogenes into the cytoplasm of infected cells where they modulate the innate immune response through interaction with the RNA sensor RIG-I (Frantz et al., 2019). Therefore, these molecules besides being potent regulators of gene expression, could also play a role as virulence effectors of L. monocytogenes. Furthermore, except for the classic riboregulatory elements, recent research has revealed that canonical mRNA can also be involved in regulatory base-pairing interactions extending riboregulatory mechanisms in L. monocytogenes beyond non-coding elements (Ignatov et al., 2020; Peterson et al., 2020). In this review, we focus on the riboregulators of L. monocytogenes which, besides being consistently identified in high-throughput studies, have been characterized in low-throughput analyses, providing summarized data on their physiological role and, when available, mechanism of action. The detailed characteristics of these riboregulators are presented in Table 1.
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FIGURE 1. Discovery timeline of ncRNAs in L. monocytogenes. New ncRNAs discovered are marked in red while the total number of ncRNAs discovered is indicated in gray. For high-throughput RNA analysis, the data represents putative riboregulatory candidates. Below the timeline, key scientific breakthroughs and novel methods applied in ncRNAs discovery are shown. The timeline is based on data presented in Johansson et al. (2002); Christiansen et al. (2006), Mandin et al. (2007); Nielsen et al. (2008), Loh et al. (2009); Oliver et al. (2009), Toledo-Arana et al. (2009); Mraheil et al. (2011), Wurtzel et al. (2012); Behrens et al. (2014), and Wehner et al. (2014).



TABLE 1. Characteristics of non-coding RNAs of L. monocytogenes.
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TRANS REGULATORY ncRNAs


LhrA

LhrA was identified as an ncRNA interacting with the chaperone Hfq of L. monocytogenes. The LhrA transcript is known to be present throughout the growth phase, reaching a maximum level at the onset of the stationary phase, which suggests a role for LhrA during transition from exponential to stationary phase of growth (Christiansen et al., 2006). Notably, the stability of LhrA is highly dependent on the presence of the Hfq chaperone (Christiansen et al., 2006). LhrA is highly conserved among Listeria species, and it seems to appear exclusively in the genus Listeria. In silico studies predicted the secondary structure of LhrA to contain four stem-loops and a well preserved single stranded, 21 nt long motif, which is responsible for base pairing between this ncRNA and its targets. The first identified target for LhrA was lmo0850, which encodes a protein of unknown function. The regulation is dependent on Hfq, which facilitates base pairing between LhrA and a region upstream from the start codon of lmo0850 mRNA, leading to inhibition of translation followed by a decrease in mRNA stability (Nielsen et al., 2010). Further transcriptomic microarray-based studies showed that inactivation of lhrA influences the expression level of more than 300 genes in L. monocytogenes. Additionally, this study allowed for the identification of two other genes directly regulated by LhrA, i.e., lmo0302 and chiA, encoding a hypothetic protein and a chitinase, respectively. Similarly to regulation of lmo0850, these genes are downregulated by LhrA at the posttranscriptional level and the regulation is Hfq-dependent (Nielsen et al., 2011). So far, the dependency on Hfq for efficient binding of LhrA to its targets represents a unique example of Hfq chaperone involvement in ncRNA-mRNA interaction and posttranscriptional regulation in Gram-positive bacteria. A recent study revealed that transfection of eukaryotic cells with LhrA triggers moderate IFN-β induction suggesting the involvement of LhrA in modulating the immune response during infection of the host organism (Frantz et al., 2019).



LhrC Family (LhrC1-5, Rli33-1, and Rli22)

The LhrC is a multicopy ncRNA family, which comprises seven homologous ncRNAs, ranging from 105 to 121 nt in length. Notably, this ncRNA family holds the highest number of siblings reported so far. The first discovered members of this family were LhrC1-5 owing to their ability to interact with Hfq (Christiansen et al., 2006). LhrC1-5 arises from two different locations within the L. monocytogenes genome, i.e., lhrC1-4 located between genes cysK and sul, while lhrC5 resides between lmo0946 and lmo0947 (Table 1). Deletion of lhrC1-5 results in increased susceptibility of L. monocytogenes to the β-lactam antibiotic cefuroxime (Sievers et al., 2014), leads to decreased survival of L. monocytogenes in macrophage cells (Sievers et al., 2015), and impairs the adaptation of L. monocytogenes to excess of heme (dos Santos et al., 2018). While initially five LhrCs were discovered, further studies led to expanding the LhrC family to seven members based on the discovery of two additional ncRNAs, namely Rli22 and Rli33-1, that are structurally and functionally related to LhrC1-5, although they do not possess the ability to interact with the Hfq (Mollerup et al., 2016). Rli22 is encoded from the intergenic region of lmo0028 and lmo0029, and Rli33-1 was initially identified as part of a larger transcript, designated Rli33, encoded from the intergenic region of lmo0671 and lmo0672 (Toledo-Arana et al., 2009). A more recent study identified two individual ncRNAs, Rli33-1 and Rli33-2, which suggests either the presence of an internal transcription start site (TSS) or an unknown RNA processing mechanism of Rli33 (Mraheil et al., 2011). Deletion of the rli33-1 gene resulted in decreased survival of L. monocytogenes in macrophage cells and led to attenuation of L. monocytogenes virulence in murine and insect models of infection (Mraheil et al., 2011). Despite their structural similarity, different LhrCs have expression patterns that vary to some extent from one another (Mollerup et al., 2016). Cell envelope stress was shown to induce the expression of LhrC1-5 and Rli22 via the LisRK two-component system. Rli33-1 expression is upregulated in response to osmotic stress and during stationary growth phase in a Sigma B-dependent manner. Rli22 was found to be upregulated in bacteria inside the intestinal lumen of mice (Toledo-Arana et al., 2009). On the contrary, Rli22 is the only representative of the LhrC family which is not upregulated during growth inside macrophages (Mraheil et al., 2011). All seven ncRNAs were shown to be expressed after exposure to blood (Toledo-Arana et al., 2009; Table 1).

To date, six targets for LhrCs have been identified. Five of these target genes encode surface proteins required for full virulence of L. monocytogenes. For three targets the mechanism of regulation has been studied in detail. The most important features and regulatory mechanisms of ncRNAs from the LhrC family are presented in Figure 2. The first target is lapB (lmo1666), which encodes a cell wall anchored adhesin. The second one is oppA (lmo2349) that encodes a substrate-binding protein of an oligopeptide transporter. The third target is tcsA (lmo1388), which encodes a CD4+ T cell-stimulating antigen. In two cases, the ncRNAs exert a negative effect on translation: for lapB and oppA, the LhrCs are known to act by direct base pairing to the ribosome binding site (RBS), leading to inhibition of translation followed by mRNA degradation (Sievers et al., 2014, 2015) (see Figure 2A). In the case of tcsA, the LhrC-binding site is located far upstream of the Shine-Dalgarno (SD) region in the 5′ UTR of the mRNA. Notably, the LhrCs act by promoting degradation of tcsA mRNA and do not affect the translation of this transcript (Sievers et al., 2015; Ross et al., 2019; Figure 2A). In addition to the three targets described above, the LhrCs are known to control the expression of genes involved in heme uptake and utilization: lmo2186 and lmo2185, encoding the heme-binding proteins Hbp1 and Hbp2, respectively, and lmo0484, encoding a heme oxygenase-like protein. Using in vitro binding assays, it was shown that the LhrCs interact with mRNAs encoded from lmo2186, lmo2185, and lmo0484, and for lmo0484 it was confirmed that the LhrC-binding site overlaps with the AG-rich SD region of the mRNA. Furthermore, LhrC1–5 down-regulate the expression of lmo0484 at the posttranscriptional level in response to the cell wall-acting antibiotic cefuroxime through base pairing to the RBS, leading to inhibition of translation (dos Santos et al., 2018). While LhrC1-5 are known to interact with the chaperone Hfq, the interaction between LhrC and mRNAs has been shown so far to be Hfq-independent. A common feature of each LhrC family member is a structure that contains two stem loops (named stem loop A and terminator loop) joined by a single stranded stretch. Each LhrC family member contains two highly conserved UCCC motifs located in loop A and the single stranded stretch. LhrC1-5 contain an additional UCCC motif in the terminator loop. These motifs have been shown to be responsible for the interaction between these ncRNAs and their target mRNA sequences. Despite general similarity, the structure of the stem loops of Rli22 and Rli33-1 is slightly different from the structure of LhrC1-5. Interestingly, LhrC uses a different number of its UCCC motifs when pairing with different partners (see Figure 2B). For example, all three motifs in LhrC4 are capable of binding lapB mRNA, two are required for binding oppA mRNA, whereas only one is sufficient for efficient binding of lmo0484 mRNA (Sievers et al., 2014, 2015; dos Santos et al., 2018). The unusually high number of binding sites of LhrC is considered to be a way of amplifying a weak input signal into a strong output response. Multiple binding sites may also accelerate the regulatory effect of LhrC, by binding multiple mRNAs at the same time. Additionally, different flanking regions adjacent to the UCCC motifs provide LhrC with a high degree of flexibility in terms of binding to SD regions of various target mRNAs.
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FIGURE 2. Features and regulatory mechanisms of ncRNAs from the LhrC family. (A) Model of LhrC regulation of oppA (left) and tcsA (right). The LhrC ncRNAs repress oppA expression by directly base paring to the RBS, leading to ribosome occlusion and repression of translation. In contrast, the LhrC ncRNAs repress tcsA expression by base pairing to a sequence far upstream of the RBS leading to degradation of tcsA mRNA without directly affecting translation. (B) Model of LhrCs and LhrC-target mRNA interactions. Each LhrC molecule possesses two different sites containing a UCCC motif located in loop A and the single-stranded region (blue). LhrC1-5 have an additional UCCC motif in the terminator loop (pink). CU-rich sequences are capable of binding to the AG-rich SD region of target mRNAs oppA, lapB, and lmo0484. One LhrC molecule may bind three lapB mRNAs, two oppA mRNAs or one lmo0484 mRNA, and the target mRNAs show different binding preferences for the individual UCCC motifs.




RliB

RliB displays five repeats of 29 nt spaced by 35–36 nt, strikingly resembling CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) elements present in many prokaryotes and archaea (Mandin et al., 2007). RliB is conserved at the same genomic locus in L. monocytogenes strains and also in other Listeria species (Mandin et al., 2007; Sesto et al., 2014). The deletion of rliB led to faster colonization of the livers of infected mice, indicating that RliB is involved in controlling virulence (Toledo-Arana et al., 2009; Table 1). A bioinformatic analysis was applied in an attempt to identify the targets of this ncRNA and this allowed prediction of three bicistronic transcripts as putative RliB targets, from which lmo2104-lmo2105, encoding the ferrous iron transport proteins FeoA and FeoB, respectively, was further analyzed (Mandin et al., 2007). The study revealed a weak complex formation ability between RliB and lmo2104 and an increase of the lmo2104-lmo2105 mRNA levels in L. monocytogenes as a consequence of overexpression of RliB, suggesting that an interaction of RliB with lmo2104-lmo2105 mRNA may occur in vivo (Mandin et al., 2007). Further studies focused on the initially observed similarity of RliB to CRISPR elements and revealed that RliB is an atypical member of the CRISPR family, whose processing does not depend on cas (CRISPR-associated) genes (Sesto et al., 2014). Interestingly, an endogenously encoded polynucleotide phosphorylase (PNPase) with both 3′–5′ exoribonuclease and 3′ polymerase activities, has been identified as the enzyme responsible for processing of RliB-CRISPR into a 280 nt mature form. The PNPase-dependent processing of RliB-CRISPR is observed both in the cas-less L. monocytogenes strains and in those encoding a complete set of cas genes elsewhere in the genome. Functional studies revealed that RliB-CRISPR has DNA interference activity for which it requires the presence of both PNPase and the cas genes belonging to CRISPR-I (Sesto et al., 2014). These results indicate the involvement of RliB in the defense of L. monocytogenes against bacteriophage infection in strains carrying cas genes, however, the role of RliB in cas-less strains remains unknown. It is speculated that RliB-CRISPR’s cas-independent activity might rely on RNA interference that could be involved in controlling the formation of viral particles and lysis of the bacterial cell, transcription-dependent DNA targeting or gene expression silencing at the posttranscriptional level (Sesto et al., 2014). However, these hypotheses, as well as the discovery of the regulatory mechanism of RliB in L. monocytogenes virulence, require further research.



RliI

The rliI gene is conserved in L. innocua and Listeria ivanovii species. The expression of rliI in L. monocytogenes does not change under conditions related to the infection process but it increases in the stationary phase of growth (Mandin et al., 2007; Toledo-Arana et al., 2009). Three putative bicistronic transcripts have been predicted as RliI targets, i.e., lmo2660-lmo2659 encoding a transketolase and a ribulose-phosphate epimerase, lmo1035-lmo1036 encoding a beta-glucoside transporter subunit of a PTS system and a beta-glucosidase, and lmo2124-lmo2123 encoding components of a maltodextrin ABC transporter system. In each case, pairing of RliI with the 3′ ends of the target bicistronic mRNAs is anticipated (Mandin et al., 2007; Table 1). Among the anticipated mRNAs targets, binding of RliI with the lmo1035-lmo1036 transcript has been examined and proven. Furthermore, it has been observed that overexpression of RliI in L. monocytogenes decreases the level of lmo1035-lmo1036 mRNA, which suggests that RliI promotes the degradation of this transcript (Mandin et al., 2007). More recently, term-seq analysis, which maps the 3′-termini of RNA transcripts on a genome-wide scale, revealed that RliI is a putative conditional-terminator of the downstream gene lmo2760 encoding an ABC transporter ATP-binding protein. This observation strongly suggests the role of RliI as a cis regulator (Dar et al., 2016). While the predicted function of the RliI targets suggests that this ncRNA is involved in controlling sugar metabolism and transport, the physiological role of RliI remains unknown.



SbrE (Rli47)

The SbrE ncRNA is highly conserved among L. monocytogenes strains. In addition to L. monocytogenes, sbrE was also detected in the genomes of L. innocua and Listeria welshimeri (Mraheil et al., 2011). It was shown that SbrE affects the expression of the lmo0636-lmo0637 operon (Mujahid et al., 2012). The Lmo0636 protein is predicted to be a DNA binding protein of the RrF2 family and Lmo0637 was annotated as an UbiE/COQ5 family methyltransferase. Additionally, in a mutant lacking sbrE a diminished level of Lmo2094, which is a metal ion binding class II aldolase/adducin domain protein, was observed. Studies of a sbrE deficient strain showed no significant effect of SbrE on growth in acid stress, salt stress, glucose-limiting conditions, or low temperature. Furthermore, the susceptibility of the sbrE mutant strain to infection with Listeria phages was comparable to the wild type strain (Mujahid et al., 2012). However, recent studies revealed that SbrE interacts with the SD region of the ilvA mRNA, which encodes threonine deaminase, an enzyme required for branched-chain amino acid biosynthesis (Marinho et al., 2019). Subsequent investigations revealed that in a mutant lacking the sbrE gene, both ilvA transcript levels and threonine deaminase activity were increased and the mutant also displayed a shorter growth lag in isoleucine-depleted growth media. These data indicate that SbrE acts to inhibit growth of L. monocytogenes under harsh conditions, through repression of isoleucine biosynthesis (Marinho et al., 2019). Furthermore, global transcriptional analyses revealed that SbrE is involved in modulation of amino acid metabolism and that the SbrE regulon largely overlaps with that of CodY, further establishing a possible role of Rli47 in the global regulation of metabolism during stress conditions (Marinho et al., 2019).



Rli27

Rli27 is exclusive for the genus Listeria, with no orthologs found in other bacteria. Rli27 is responsible for the posttranscriptional regulation of lmo0514; the interaction region for Rli27 is located in the 5′ UTR of the target mRNA. Lmo0514 is an internalin-like protein with LPXTG motif, which is required for survival of L. monocytogenes in plasma (Quereda et al., 2016). It was shown that the abundance of Lmo0514 increases during infection of eukaryotic cells. The lmo0514 gene was found to be transcribed from two promoters resulting in two mRNAs, containing a shorter and longer 5′ UTR sequence, respectively (Figure 3). The latter one, which contains the Rli27 interaction site, is detected exclusively in intracellular bacteria. Interaction between Rli27 and lmo0514 long 5′ UTR mRNA has no effect on the transcript level of lmo0514, but results in increased translation. These observations suggest that the regulation is based on altering the secondary structure of the 5′ UTR that in turn leads to increased accessibility of the SD sequence (Quereda et al., 2014) (see Figure 3). Notably, the intracellular-specific translation of an alternative transcript, controlled by Rli27, is the only example described so far of positive regulation by trans ncRNAs in L. monocytogenes.
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FIGURE 3. Regulatory mechanism of Rli27. In conditions not related to infection, the expression of lmo0514-lmo0515 proceeds mainly from the constitutive P1 promoter as ribosomes cannot access the Shine-Dalgarno sequence (SD) within the long mRNA produced from the P2 promoter. During infection Rli27 is expressed and base-pairs with the 5′ UTR of the long transcript arising from the P2 promoter. The interaction between Rli27 and 5′ UTR of the long lmo0514-lmo0515 mRNA allows ribosome binding and translation to proceed.




Rli31

While Rli31 is highly abundant and expressed in all growth phases of L. monocytogenes, its transcription increases significantly during the infection of macrophage cells. Deletion of rli31 results in decreased lysozyme resistance, decreased survival of L. monocytogenes in macrophages, and attenuation of virulence in insect and murine models of infection (Mraheil et al., 2011; Burke et al., 2014). Decreased mRNA levels of pgdA and pbpX (encoding peptidoglycan deacetylase and putative carboxypeptidase, respectively) were observed in the rli31 mutant strain. However, Rli31 does not show any sequence complementarity to pgdA or pbpX transcripts, suggesting that Rli31 regulates expression of these genes in an indirect way (Burke et al., 2014). Rli31 was also proposed to function as the transcriptional attenuator of lmo0559 encoding a Mg2+/Co2+ transporter, but this putative cis-regulation was not studied in detail (Dar et al., 2016). A further genetic screen for Rli31 target genes revealed that Rli31 binds the 5′ UTR of spoVG mRNA, as well as SpoVG protein (Table 1). However, despite its binding properties, Rli31 does not regulate SpoVG mRNA or protein abundance (Burke and Portnoy, 2016). Notably, SpoVG is a global regulator involved in lysozyme resistance, motility and virulence of L. monocytogenes and is itself able to bind various ncRNAs in vitro (Burke and Portnoy, 2016). Furthermore, inactivation of rli31 and spoVG results in an opposite effect on lysozyme resistance and virulence, suggesting the existence of an antagonistic regulatory relationship between them. The molecular mechanism of Rli31 regulation and its link to SpoVG definitely requires further investigation.



Rli32

Gene rli32 is highly conserved in L. monocytogenes. The expression of Rli32 is stable in different conditions, including the intestinal lumen and whole human blood, but increases during infection of macrophage cells (Toledo-Arana et al., 2009; Mraheil et al., 2011). It has been shown that expression of Rli32 strongly depends on the transcriptional regulator of virulence VirR (Grubaugh et al., 2018). Furthermore, Rli32 holds the ability to bind to protein SpoVG, but the biological significance of this interaction remains unknown (Burke and Portnoy, 2016). More recently, a secRNome analysis of RNAs secreted by L. monocytogenes led to identification of Rli32 among ncRNAs that are secreted into the host cytoplasm following infection with L. monocytogenes, with strong β-interferon (IFN-β) inducing properties. The observed IFN-β expression triggered by Rli32 depends mainly on the presence of RIG-I (retinoic acid inducible gene I), and it was postulated that Rli32 is a ligand recognized by the RIG-I receptor (Frantz et al., 2019). Deletion of rli32 results in decreased survival of L. monocytogenes in macrophages and increased resistance to the beta-lactam antibiotic cefuroxime. By contrast, the overexpression of Rli32 promotes intracellular bacterial growth and decreased resistance to cefuroxime. Additionally, L. monocytogenes overexpressing Rli32 is more resistant to H2O2 and exhibits increased catalase activity (Frantz et al., 2019). Comparative transcriptome analysis revealed that deletion of rli32 led to the downregulation of ncRNA Rli60 and genes lmo1627-lmo1633, corresponding to the complete tryptophan operon, while the overexpression of Rli32 resulted in elevated expression of ncRNAs LhrC1-4, lmo1958 and lmo1960 encoding ferrichrome ABC transporter permease components, and operon lmo2181-lmo2186 encoding heme-binding proteins Hbp1 and Hbp2, and components of a ferrichrome ABC transport system (Frantz et al., 2019). Especially intriguing seems the link between Rli32 and LhrC1-4, since inactivation of rli32 and lhrC1-4 results in an opposite effect on cefuroxime resistance. The molecular regulatory mechanism of Rli32 and its link to LhrC1-4 requires further investigation.



Rli38

Rli38 is absent in non-pathogenic L. innocua and its expression is at least partially dependent on Sigma B (Toledo-Arana et al., 2009). Three putative mRNAs have been predicted as Rli38 targets, i.e., lmo1956 (fur), lmo0460, and lmo2752. Notably, two of these genes encode proteins with roles in virulence: the transcriptional repressor Fur corresponds to the global iron uptake regulator and Lmo0460 is a membrane associated lipoprotein belonging to internalin family proteins. While the details of the interaction of Rli38 with its putative mRNA targets remain unknown, a functional analysis has shown that deletion of the rli38 gene leads to attenuation of L. monocytogenes virulence in the murine model of infection, thus confirming the postulated importance of Rli38 in pathogenesis (Toledo-Arana et al., 2009).



Rli50

Rli50 was first reported to be 176 nt in length (Toledo-Arana et al., 2009), but further studies revealed that the length of the Rli50 transcript is 306 nt (Mraheil et al., 2011). Moreover, it partially overlaps with Rli112 encoded from the opposite strand (Table 1). Rli50 shares homology with another ncRNA – Rli28 that is encoded from the region between lmo0470 and lmo0471 genes. Bioinformatic analysis showed that the chromosomal locus including rli28 (lmo0459–lmo0479) has a different GC-content, which together with the presence of a IS3 family transposase gene (lmo0464) in this region led to speculation that horizontal gene transfer might be involved in chromosomal spreading of these regulatory RNAs (Mraheil et al., 2011). The Rli50 transcript level was slightly higher in extracellular versus intracellular conditions, but noteworthily, Rli50 is one of the most highly transcribed ncRNAs in L. monocytogenes under intracellular conditions. Deletion of the rli50 gene resulted in decreased survival of L. monocytogenes in macrophage cells and led to attenuation of L. monocytogenes virulence in murine and insect models of infection. The attenuated virulence phenotype can be at least partially justified by the observed IFN-β induction in cells transfected with Rli50, which suggests the involvement of Rli50 in modulating the immune response during infection (Frantz et al., 2019). In silico studies showed that both Rli50 and Rli28 could pair with the mRNA of lmo0549, which shows similarity to an internalin-like gene. In addition, Rli50 is predicted to bind other ncRNAs such as Rli44, which suggests the existence of a regulatory network based on interaction between ncRNAs (Toledo-Arana et al., 2009). However, these putative interactions require experimental confirmation.




CIS REGULATORY ncRNAs


Rli53

Initially, Rli53 was annotated as a conserved cis regulatory ncRNA located in the 5′ UTR of lmo0919 (Table 1). However, it has also been hypothesized that Rli53 might function as a riboswitch, with an open state when L. monocytogenes resides in the intestinal lumen and a closed state in blood (Toledo-Arana et al., 2009). Recent term-seq studies revealed that Rli53 forms two alternative RNA structures that terminate or antiterminate the transcription of the downstream lmo0919 gene, in response to the presence of the translation-inhibiting antibiotic lincomycin. In the absence of the antibiotic, transcription is terminated prematurely leading to the formation of a 207 nt Rli53 transcript. However, in the presence of the antibiotic, termination of Rli53 in the 5′ UTR of lmo0919 is diminished, leading to increased transcription of lmo0919 encoding an ABC transporter providing resistance to lincomycin (Dar et al., 2016). The predicted structure of Rli53 displays a conserved anti-antiterminator/antiterminator arrangement overlapping with a three-amino-acid ORF, which is translated in L. monocytogenes. Detailed functional studies revealed that the Rli53 regulatory mechanism relies on transcription attenuation mediated by lincomycin-inhibited ribosomes, which stall on the three-amino-acid ORF. This causes a shift of the riboregulator structure from a closed to an open state leading to induced expression of the full-length lmo0919 mRNA that provides resistance to lincomycin (Dar et al., 2016).



Rli59

Rli59 is a conserved cis regulatory ncRNA with a small ORF within its sequence (Toledo-Arana et al., 2009). Similar to Rli53, termination of Rli59 in the 5′ UTR of lmo1652 is hampered by sub-lethal doses of translation-inhibiting antibiotics and leads to increased transcription of lmo1652 encoding an ABC transporter with unknown function. However, the physiological effect of this regulation remains unknown, and furthermore regulation in this case is more permissive since Rli59 responds to different translation inhibiting antibiotics including lincomycin, erythromycin and chloramphenicol (Dar et al., 2016). While details concerning Rli59 regulation are missing, it is postulated that similarly to Rli53, Rli59 would control the level of lmo1652 transcription via a mechanism of translation-coupled ribosome-mediated attenuation (Dar et al., 2016).



Rli60

Rli60 is encoded from the region upstream of ilvD, which is the first gene of the branched-chain amino acids (BCAA) biosynthesis operon ilv-leu (see Figure 4). Rli60 was predicted to function as a riboswitch with increased transcription in blood (Toledo-Arana et al., 2009) or as a ncRNA with a small ORF within its sequence (Mraheil et al., 2011). Other studies have suggested a role for Rli60 in stress adaptation, biofilm formation and virulence of L. monocytogenes, by a mechanism that is not known (Peng et al., 2016a, b). Recent studies revealed that rli60 is co-transcribed with ilvD under BCAA limiting conditions, whereas under rich BCAA conditions a shorter transcript (∼200 nt) representing only Rli60 RNA is produced (Brenner et al., 2018; Figure 4). Of note, transcription of ilvD depends solely on transcription of rli60 as ilvD does not possess a promoter on its own, meaning that transcription of ilvD is driven from the promoter located upstream of rli60. Detailed studies revealed that in low concentration of BCAA rli60 is transcribed, forming two alternative RNA structures that terminate or antiterminate the transcription of the downstream ilv-leu genes. Transcription attenuation is dictated by a 13-amino-acid leader peptide rich in BCAA, which is translated ribosomally, implying that this mode of regulation corresponds to classical translation-coupled ribosome-mediated attenuation (Figure 4). Thus, Rli60 functions as a ribosome-mediated attenuator that regulates BCAA biosynthesis genes in cis and it is important for shutting down BCAA production even under BCAA depletion. This regulatory mechanism is crucial for virulence, as it ensures low level of the internal pools of BCAA, which is the signal for direct binding of the CodY regulator in the coding sequence of prfA. In turn, CodY activates the transcription of prfA and thereby stimulates the expression of virulence genes (Lobel et al., 2015; Brenner et al., 2018). Whether the 200 nt Rli60 ncRNA produced in BCAA rich condition functions as a trans acting regulator remains unknown. However, a recent study revealed that transfection of eukaryotic cells with Rli60 triggers moderate IFN-β induction (Frantz et al., 2019), suggesting that this ncRNA could have an additional role during infection that relies on modulating the immune response.
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FIGURE 4. Regulatory mechanism of Rli60. In the upper panel, the schematic organization of the genome locus comprising rli60 and BCAA biosynthesis operon (ilv-leu) is shown. In the lower panel, four regions of Rli60 are marked in colors (region 1: red, 2: yellow, 3: green, and 4: blue) illustrating the alternative structures that are formed. In the presence of BCAA, the leader peptide translating ribosome leads to formation of a terminator structure consisting of region 3 and 4. While transcription of rli60 itself proceeds, the downstream genes of the ilv-leu operon are not transcribed. Upon a drop in BCAA levels the stalled ribosome (in region 1) leads to the formation of an alternative RNA structure between region 2 and 3, that antiterminates the transcription of the downstream genes of the BCAA biosynthesis operon.





lasRNAs (EXCLUDONS)

Anti0677 is an example of a unique class of lasRNA transcripts called excludons. These lasRNAs contain the mRNA sequence of a gene and an exceptionally long 5′ or 3′ UTR. The UTR region overlaps other genes transcribed on the opposite strand, affecting their expression. The transcription of anti0677 originates on the opposite strand to the coding sequence of three genes of the flagellum operon: fliN, fliP, and fliQ and the distal part of the excludon contains the coding sequence of the mogR gene, which encodes a transcriptional repressor of flagellum genes (Table 1 and Figure 5). The mogR gene is transcribed from two promoters: transcription from the first, located just upstream of the start codon, generates a 1,200 nt transcript, whereas the second promoter is Sigma B dependent and drives transcription of a 2,900 nt Anti0677 excludon (Toledo-Arana et al., 2009). While the shorter mogR transcript is generated constitutively, anti0677 was observed to be highly expressed during the stationary phase of growth. The expression of anti0677 has a dual regulatory effect on the expression of the flagellum operon. First, it leads to higher transcription of mogR, that in turn causes more efficient repression of transcription of the flagellum operon. Second, it leads to a decrease in the amount of fliN, fliP, and fliQ transcript of flagellum operon due to base pairing and processing (Figure 5). Regarding a proposed action, the overexpression of anti0677 was shown to impair motility (Toledo-Arana et al., 2009). While Anti0677 was the first described excludon of L. monocytogenes, further transcriptomic studies revealed the existence of additional excludons in this bacterium, i.e., Anti0605, Anti1846, and Anti0424 (Wurtzel et al., 2012). The transcription of anti0605 inhibits expression of lmo0605 encoding a MatE-family multidrug efflux pump and simultaneously leads to expression of lmo0606 encoding a transcriptional regulator and two downstream genes (lmo0607 and lmo0608) encoding an ABC-type multidrug transport system. Transcription of anti1846 originates from the opposite strand relative to the coding sequence of lmo1846 encoding an efflux pump from the MatE family. The distal part of the excludon contains the coding sequence of the downstream lmo1845, lmo1844, and lmo1843 encoding xanthine-uracil permease, lipoprotein signal peptidase and ribosomal subunit synthase, respectively. It has been suggested that the anti1846 might lead to expression of the permease while expression of the efflux pump is repressed. In the case of anti0424, it has been shown that this excludon includes genes involved in importing and metabolizing fructose (lmo0425 and lmo0428) whereas its 5′ UTR overlaps, in the antisense orientation, with a glucose-specific permease (lmo0424). While functional studies are missing for these excludons, it is suggested that they may represent a common mechanism of linking regulation of physically adjacent genes that have opposing functions (Wurtzel et al., 2012).
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FIGURE 5. Regulatory mechanism of Anti0677 (excludon). The transcription of anti0677 originates on the opposite strand to the coding sequence of three genes of the flagellum operon: fliN, fliP, and fliQ. The distal part of the excludon contains mogR, which encodes a transcriptional repressor of flagellum genes. The expression of anti0677 leads to a decrease in the amount of fliN, fliP, and fliQ transcript due to base pairing and processing, and results in higher transcription of mogR, that in turn causes more efficient repression of transcription of the flagellum operon.




RIBOSWITCHES AND THERMOSENSORS


PrfA Thermosensor

The PrfA thermosensor is a 127 nt riboregulator covering 115 nt of the 5′ UTR and 12 nt of the coding sequence of prfA, which encodes the master virulence regulator of L. monocytogenes. At environmental temperatures (30°C or below), the thermosensor element creates a stable hairpin structure which blocks the access of the ribosome to the SD sequence of prfA mRNA and therefore inhibits translation initiation. An increase of temperature to 37°C melts the stem-loop structure allowing the ribosome to access the SD sequence, resulting in translation of the prfA mRNA (Johansson et al., 2002; Table 1). The temperature-dependent control of prfA translation has a pivotal role in the virulence of L. monocytogenes as during infection of the host organism, the temperature rises to 37°C, opens the stem-loop and unmasks the translation initiation site. Consequently, PrfA is produced, which results in the transcription of the PrfA-dependent virulence genes.



SreA Riboswitch

The SreA riboswitch, termed for SAM (S-adenosyl-methionine) riboswitch elements, is located upstream from, and in orientation consistent with, lmo2419, lmo2418, and lmo2417 which encode proteins related to an ABC-transporter system potentially involved in methionine uptake (Figure 6 and Table 1). Interestingly, the SreA riboswitch exhibits dual function. First, SreA acts as a riboswitch to regulate in cis the expression of the lmo2419-lmo2417 operon in a SAM-dependent manner. During growth in rich nutrient conditions, ensuring a high intracellular concentration of SAM, binding of the metabolite to the aptamer leads to premature termination of the operon transcription and formation of a truncated 229 nt transcript representing SreA alone. Contrary, during growth at low nutrient conditions, reflecting the absence of SAM, a full-length polycistronic transcript of around 2800 nt is produced (Loh et al., 2009). Therefore, in relation to regulation of the lmo2419-lmo2417 operon, SreA exhibits a default structure and mechanism of action like other SAM riboswitches. Notably, in addition to the in cis activity of SreA on transcriptional regulation, the riboswitch can give rise to an ncRNA with in trans regulatory properties. More specifically, it was shown that SreA can base-pair, in trans, with the distal part of the 5′ UTR region of prfA mRNA. The interaction, which takes place approximately 80 nt upstream of the SD site of prfA, masks the SD sequence and impedes translation initiation (Loh et al., 2009). Thus, SreA acts as a dual riboregulator controlling the transcription of the downstream genes in cis, and furthermore, it acts in trans on distally located mRNAs, like prfA (Figure 6). Worth mentioning is that PrfA is a transcriptional activator of SreA expression. Therefore, SreA as a trans ncRNA constitutes part of a negative feedback loop on the expression of the main virulence regulator in L. monocytogenes. While the physiological effect of sreA inactivation was not examined, it is postulated that, according to the observed regulatory function on prfA, it is involved in virulence control. In agreement with this, SreA ncRNA is transcribed in the intestinal lumen and in blood (Toledo-Arana et al., 2009), therefore giving rise to trans regulatory activity of SreA in these conditions related to pathogenesis. On the other hand, a decreased level of the SreA ncRNA was observed during infection of macrophages (Mraheil et al., 2011), which suggests that SreA-mediated modulation of prfA expression changes at different stages of the infection process. Additionally, inactivation of sreA led to an increased level of lmo2230 mRNA and decreased level of lmo0049 mRNA. However, the regulatory mechanism of SreA on these mRNAs was not examined and therefore remains unknown. Notably, in addition to SreA, L. monocytogenes has six additional putative SAM riboswitches, from which SreB was shown to prevent in trans translation of prfA as well (Loh et al., 2009). SreB was also shown to restore the expression of lmo2230, but not that of lmo0049 (Loh et al., 2009), suggesting that despite high similarity, the individual SAM riboswitches may differ in their ability to interact with mRNA targets.
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FIGURE 6. Regulatory mechanisms of the SreA riboswitch. The upper panel illustrates the schematic organization of the genome locus comprising the SAM riboswitch SreA and the lmo2419-lmo2417 operon. In the absence of SAM the riboswitch element forms an antitermination structure that allows transcription of the downstream genes. Binding of SAM to the riboswitch alters its conformation, a terminator structure is formed, and downstream genes are not synthesized. The SreA small RNA, which is the product of a terminated riboswitch, base-pairs in trans with the 5′ UTR of prfA and blocks access of ribosomes to the SD sequence, which results in the inhibition of translation of prfA.




LysRS

The LysRS riboswitch, encoded between lmo0798 and lmo0799, possesses a dual function. First, depending on the environmental conditions, the riboswitch acts as a terminator of transcription for the upstream gene lmo0799. The second regulatory mechanism of LysRS depends on the presence of lysine. Binding of the metabolite to the riboswitch leads to an alteration of its structure and results in transcription termination of the downstream gene lmo0798 encoding a lysine transporter (Table 1). Notably, when lysine is absent, an anti-terminator structure is formed, which allows for transcription of the lysine transporter gene. Interestingly, in the absence of lysine a small transcript is generated, corresponding to LysRS alone (Toledo-Arana et al., 2009). The expression of lysRS proceeds from a Sigma B-dependent promoter, and its transcription increases in the presence of lysine and is strongly repressed during growth of L. monocytogenes in macrophages (Toledo-Arana et al., 2009; Mraheil et al., 2011). While the regulatory mechanism of LysRS is solved, its importance for L. monocytogenes physiology remains to be examined.



Vitamin B12 Riboswitch of AspocR

A vitamin B12-dependent riboswitch is positioned between lmo1149 and lmo1150, the latter encoding the transcriptional regulator PocR (Table 1). Initially, this riboswitch was annotated as ncRNA Rli39 and it was hypothesized to function as a riboswitch that terminates the transcription of lmo1149 (Toledo-Arana et al., 2009). However, further research revealed that the riboswitch is transcribed as part of, and controls transcription of, an antisense RNA to pocR (AspocR) in a vitamin B12-dependent manner (Mellin et al., 2013; Figure 7A). Notably, AspocR encompasses as well the previously identified RliH and taking into account that no TSS was identified for RliH, this ncRNA is anticipated to be a processed fragment of AspocR (Mandin et al., 2007; Wurtzel et al., 2012; Mellin et al., 2013). Binding of vitamin B12 to the riboswitch leads to premature termination of aspocR transcription and the arising of a truncated 230 nt transcript. In the absence of vitamin B12, a full length AspocR transcript of 1,400 nt is produced, which inhibits pocR expression by an antisense mechanism (Figure 7A). PocR positively regulates expression of the pdu genes involved in propanediol utilization, as well as the cob genes responsible for biosynthesis of vitamin B12, in response to the presence of propanediol. These regulatory functions of PocR are linked, as propanediol catabolism requires vitamin B12 as a cofactor. The observed vitamin B12 riboswitch-dependent antisense regulation of pocR ensures that pdu genes are expressed only when both the substrate and the cofactor are available. It is ensured by only partial repression of pocR by AspocR in response to the presence of propanediol but in unavailability of vitamin B12. In such conditions, the arising level of PocR is sufficient to activate expression of the cob genes and synthesis of B12 cofactor, while propanediol catabolism genes are repressed. Therefore, the vitamin B12 riboswitch and AspocR serve as fine-tuning riboregulators integrating signals on propanediol and vitamin B12 availability (Mellin et al., 2013). While the regulatory mechanism of the riboswitch relies on modulation of transcription termination, the mechanistic details of AspocR regulation are elusive. AspocR inhibits pocR expression in trans, suggesting it acts through a direct interaction with pocR mRNA by a base-pairing mechanism rather than impeding the pocR transcription process. However, the possibility that AspocR may repress pocR expression at the level of transcription cannot be excluded. Furthermore, AspocR does not promote the degradation of pocR mRNA, which together with the higher level of PocR protein observed in the absence of AspocR in vitro suggests that AspocR interferes with translation initiation of pocR (Mellin et al., 2013). The expression of aspocR increases in the presence of propanediol and in the intestinal lumen, where propanediol is produced by commensal bacteria as a byproduct of the fermentation of rhamnose and fucose (Toledo-Arana et al., 2009; Mellin et al., 2013). While the effects of the vitamin B12 riboswitch or full length AspocR on pathogenesis of L. monocytogenes have not been examined, it is anticipated that the riboregulator plays a role in this process as propanediol catabolism is important for the pathogenesis of many intestinal pathogens (Mellin et al., 2013).
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FIGURE 7. Regulatory mechanisms of vitamin B12 riboswitches. (A) Control of pocR by a B12 riboswitch and AspocR in the presence of propanediol. In the absence of vitamin B12, full-length AspocR is produced, which inhibits pocR expression. In the presence of vitamin B12, transcription of AspocR is terminated prematurely by the riboswitch, releasing transcription of pocR. (B) Control of the ethanolamine utilization (eut) operon by a B12 riboswitch and Rli55. In the upper panel, the schematic organization of the genome locus comprising Rli55 and eut genes is shown. EutW is a sensor kinase and EutV is an antiterminator of the two-component system EutWV. In the presence of ethanolamine (Ea), EutW activates EutV, which binds to ANTAR elements of Rli55 transcribed in absence of vitamin B12. When vitamin B12 is available, transcription of Rli55 terminates prematurely; therefore, EutV binds to ANTAR elements of eutV and eutA polycistronic transcripts and antiterminate the expression of the eut operon. Black arrows in the upper panel indicate the localization of ANTAR elements; RS, riboswitch.




Vitamin B12 Riboswitch of Rli55

The vitamin B12-dependent riboswitch is positioned upstream of Rli55 which is a ncRNA located in the close vicinity of the eut operon responsible for ethanolamine utilization (Toledo-Arana et al., 2009; Mellin et al., 2014; Figure 7B). Binding of vitamin B12 to the riboswitch leads to premature termination of Rli55 transcription, resulting in a short, 200 nt transcript, while in the absence of vitamin B12, a full-length transcript of around 450 nt is produced (Mellin et al., 2014). Further analysis revealed that full-length Rli55 contains a structural motif similar to ANTAR (amiR and nasR transcriptional antiterminator regulator) elements. This motif corresponds to a binding site for the EutV antiterminator of a two-component system, EutVW, which is responsible for the upregulation of the eut operon. The eut genes require both ethanolamine and vitamin B12 to be transcribed. In the presence of ethanolamine alone, EutV is bound and sequestered by the ANTAR element of Rli55. Conversely, in the presence of ethanolamine and vitamin B12, rli55 transcription terminates prematurely downstream from the riboswitch, and therefore it is transcribed without an ANTAR element. This transcript cannot bind EutV, and thus allows EutV to bind ANTAR elements of eut mRNAs and antiterminate eut expression (Figure 7B; Mellin et al., 2014). As enzymes of the ethanolamine utilization pathway use vitamin B12 as a cofactor, Rli55 prevents expression of the eut locus in the absence of B12, thereby ensuring that the eut genes are expressed only in the presence of both substrate and cofactor. Deletion of the vitamin B12 riboswitch of Rli55 led to significantly reduced virulence; in contrast, deletion of the whole rli55 sequence had no effect on virulence. Notably, Rli55 is the only ncRNA described so far in L. monocytogenes which regulates the expression of genes by the mechanism of the protein sequestration.



CspA Thermosensor

CspA thermosensor is a 101 nt riboregulator located in the 5′ UTR of gene cspA encoding cold shock protein A (Table 1). At 37°C, the 5′ UTR creates a stable hairpin structure in the region of the SD sequence, making it unavailable for ribosome binding and therefore preventing translation initiation of cspA. A decrease of temperature to 30°C or below leads to the formation of a stable hairpin structure at the distal part of the 5′ UTR whereas the region containing the SD sequence becomes available for ribosome binding and thus translation of the cspA mRNA may proceed (Ignatov et al., 2020). The rearrangements of the thermosensor structure occur both in vivo and in vitro, indicating that a temperature change itself is sufficient to initiate conformational changes of the riboregulator. While the physiological role of thermosensor-driven control of cspA expression was not examined, it can be assumed that this regulatory mechanism is important for L. monocytogenes cold adaptation since CspA was shown to play an important role in cold stress tolerance (Schmid et al., 2009).




REGULATORY 5′ AND 3′ UTRs

Recent studies revealed non-canonical posttranscriptional regulation, in which the 5′ and 3′ UTRs of hly mRNA are involved (Ignatov et al., 2020; Peterson et al., 2020; Table 1). The hly gene encodes listeriolysin O (LLO); a secreted pore-forming cytolysin that is a key virulence factor of L. monocytogenes (Cossart, 2011). LLO promotes rupture of the host phagosome membrane and therefore enables bacterial escape into the cytoplasm, where bacteria replicate and undergo cell-to-cell spreading. While the expression and activity of LLO is indispensable for L. monocytogenes virulence, it must be precisely regulated to ensure efficient escape of bacteria from a phagosome and to minimize cytotoxicity during growth inside the cytoplasm of infected cells. Recent work discovered that mRNA of hly forms an extensive secondary structure between the 5′ UTR comprising the RBS and a region encoding the PEST domain of LLO which is located near the N-terminus. The formation of this secondary mRNA structure is responsible for downregulation of LLO synthesis during bacterial growth (Peterson et al., 2020). Disruption of the interaction between the 5′ UTR-PEST sequence of hly mRNA did not change the level of hly mRNA but led to an increase of LLO. Further analysis revealed that this interaction is crucial for diminishing the cytotoxicity level during infection of host cells and therefore is important for L. monocytogenes virulence. Notably, 5′ UTR driven regulation of hly expression is observed only for growing bacteria. However, more details concerning the dependency of this regulatory mechanism on growth phase remain to be elucidated.

The 3′ UTR of hly mRNA is also involved in posttranscriptional gene regulation. In studies devoted to the discovery of RNA-RNA and RNA-protein interactions, prsA2 mRNA, encoding peptidyl-prolyl isomerase responsible for the folding of secreted proteins at the bacterial surface, was identified as the RNA target of posttranscriptional regulation by hly mRNA (Ignatov et al., 2020). Detailed studies revealed that the distal part of the 5′ UTR of prsA2 mRNA directly interacts in trans with the 3′ UTR of full length hly mRNA. Disruption of the interaction between hly and prsA2 mRNAs led to a reduction of prsA2 mRNA level and protein abundance of PrsA2 but did not change hly mRNA level or the amount of LLO. The hly-prsA2 interaction does not influence ribosome binding to the SD sequence of prsA2 mRNA, but instead affects the stability of prsA2 mRNA. Further analysis revealed that interaction with hly mRNA protects prsA2 mRNA from degradation by RNase J1 (Figure 8), and that the hly-prsA2 interaction is important for L. monocytogenes virulence (Ignatov et al., 2020). Of note, the PrsA2 surface chaperone was shown to promote secretion and stability of LLO (Zemansky et al., 2009), therefore hly-driven regulation of prsA2 constitutes a posttranscriptional mechanism ensuring efficient secretion and activity of the regulator. Notably, the hly-prsA2 interaction is the first described riboregulatory function of a 3′ UTR in L. monocytogenes.
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FIGURE 8. Regulatory mechanism of 3′ UTR of hly on prsA2 mRNA. When the major virulence regulator PrfA is not active, transcription of the hly mRNA encoding the secreted virulence factor listeriolysin O does not proceed. In the absence of the hly transcript, the prsA2 transcript is degraded by exoribonuclease RNase J1. After PrfA activation, hly transcription proceeds. The 3′ UTR of the arising hly mRNA base pairs with the distal 5′ end of the prsA2 mRNA and protects it from RNase J1-mediated degradation.




CONCLUDING REMARKS

The transcriptomic studies of recent years revealed the expression of a huge number of ncRNAs in L. monocytogenes. However, the biological functions and regulatory mechanisms of most ncRNAs remain unknown. Despite this fragmentary picture of the regulatory properties of the ncRNAs, recent research on RNA-mediated regulation in L. monocytogenes clearly points to ncRNAs being crucial contributors to virulence and stress adaptation. Strikingly, the vast majority of regulatory RNAs studied thus far are important for virulence. Moreover, through their regulatory functions at various stages of pathogenesis, these elements ensure successful infection by L. monocytogenes. In the intestinal lumen, effective growth of bacteria is ensured by vitamin B12 riboswitch-driven regulation (Mellin et al., 2014). In the blood, ncRNAs like the LhrCs and Rli27 contribute to resistance to heme toxicity and promote dissemination to deep lying organs (Quereda et al., 2016; dos Santos et al., 2018). Finally, in the intracellular phase of infection, efficient phagosome escape and low cytotoxicity inside the cytoplasm is ensured by riboregulatory elements involved in the control of LLO activity (Ignatov et al., 2020; Peterson et al., 2020). Importantly, multiple ncRNAs are known to regulate genes encoding cell envelope-associated proteins with virulence functions, such as lapB, tcsA, hbp1, hbp2, and lmo0514 (Sievers et al., 2014; Quereda et al., 2014; Sievers et al., 2015; dos Santos et al., 2018; Ross et al., 2019). Furthermore, ncRNAs involved in regulation of amino acid biosynthesis genes, such as ilvA and ilvD, have been found to affect virulence (Brenner et al., 2018; Marinho et al., 2019). These findings indicate that riboregulators play important roles during infection by controlling sensu stricto virulence factors and by modulating the expression of genes involved in immune evasion, iron acquisition, and general metabolism. While the significance of iron transport and metabolism in the pathogenesis of L. monocytogenes is well known (Lechowicz and Krawczyk-Balska, 2015), recent research also points to a link between amino acid availability and virulence, as exemplified by increased virulence gene expression in response to a decrease in BCAA availability (Lobel et al., 2015). Therefore, adequate adjustments of different metabolic pathways is clearly important for establishing a successful infection, and ncRNAs appear to play important roles in these regulatory processes. Regulatory links between different metabolic pathways and the virulence program of L. monocytogenes can be achieved due to the versatility of ncRNAs. For example, the LhrC ncRNAs control the level of proteins belonging to different functional categories, such as amino acid and peptide transport, iron transport and metabolism, and surface proteins involved in virulence (Sievers et al., 2014; Sievers et al., 2015; dos Santos et al., 2018). Furthermore, SAM-dependent downregulation of prfA by SreA during growth in rich nutrient conditions also illustrates the important role of riboregulatory elements in the cross-coordination of virulence with metabolic pathways, and furthermore illustrates the complexity of riboregulation in this pathogen (Loh et al., 2009). This complexity is clearly manifested by the ability of regulatory RNAs to integrate complex metabolic stimuli, such as availability of different carbon sources and cofactors, into regulatory networks as exemplified by AspocR and Rli55 vitamin B12 riboswitches (Mellin et al., 2013, 2014). Presently, the complexity of regulation involving ncRNAs might be underestimated, as evidenced by the recently described Rli32-dependent changes in LhrC1-4 and Rli60 expression, which strongly suggests the existence of a regulatory network comprising multiple ncRNAs (Frantz et al., 2019). Intriguingly, multiple ncRNAs have been recently reported to modulate the innate immune response through interaction with host sensor RIG-I, suggesting that riboregulatory elements act to link and fine-tune the expression of both bacterial and host genes as a part of L. monocytogenes′ virulence strategies (Frantz et al., 2019).

Noteworthily, studies of riboregulation in L. monocytogenes have led to the definition of new concepts in prokaryotic gene regulation, such as the excludon, and disclosure of the versatility of riboswitches (Loh et al., 2009; Toledo-Arana et al., 2009; Wurtzel et al., 2012). However, further studies are required to explain the molecular basis and physiological role of unexplored post-transcriptional regulators. Such studies represent a demanding task, considering that riboregulators often represent fine-tuning, subtle modulation instead of all-or-nothing regulation. Notably, the regulatory function of most 5′ and 3′ UTRs is waiting to be revealed. Similarly, most excludons and their roles in adaptation to environmental conditions are still unknown. With a few exceptions, very little is known about RNA chaperones, such as Hfq, and other RNA binding proteins in L. monocytogenes (Jorgensen et al., 2020). So far, LhrA is the only example of an Hfq-dependent regulatory ncRNA in L. monocytogenes. Clearly, additional RNA binding proteins and their RNA partners remain to be uncovered in this bacterium. Furthermore, RNA-mediated regulation is triggered in response to changing environmental conditions, therefore the exploration of riboregulation demands linking to – and understanding of – the influence of specific environmental cues. Finally, an emerging theme in the field of riboregulation is the role of bacterial RNAs as virulence effectors modulating the expression of host genes during infection. In L. monocytogenes, the role of riboregulators in pathogen-host interactions most likely will continue being at the center of attention in the coming years.
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Three Ribosomal Operons of Escherichia coli Contain Genes Encoding Small RNAs That Interact With Hfq and CsrA in vitro
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Three out of the seven ribosomal RNA operons in Escherichia coli end in dual terminator structures. Between the two terminators of each operon is a short sequence that we report here to be an sRNA gene, transcribed as part of the ribosomal RNA primary transcript by read-through of the first terminator. The sRNA genes (rrA, rrB and rrF) from the three operons (rrnA, rrnB and rrnD) are more than 98% identical, and pull-down experiments show that their transcripts interact with Hfq and CsrA. Deletion of rrA, B, F, as well as overexpression of rrB, only modestly affect known CsrA-regulated phenotypes like biofilm formation, pgaA translation and glgC translation, and the role of the sRNAs in vivo may not yet be fully understood. Since RrA, B, F are short-lived and transcribed along with the ribosomal RNA components, their concentration reflect growth-rate regulation at the ribosomal RNA promoters and they could function to fine-tune other growth-phase-dependent processes in the cell. The primary and secondary structure of these small RNAs are conserved among species belonging to different genera of Enterobacteriales.
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INTRODUCTION

Bacterial small regulatory RNAs (sRNA) are major post-transcriptional regulators of gene expression. Mechanistically, the majority of these sRNAs act by base paring to complementary sequences in mRNA targets, thereby altering translation initiation rates and/or mRNA stability (Wagner and Romby, 2015). Association rates between sRNAs and their target RNAs are often strongly increased by the presence of the homohexameric RNA chaperone Hfq, which binds both RNAs and facilitates base pairing (Santiago-Frangos and Woodson, 2018). Many sRNAs are involved in the rapid reorganization of bacterial gene expression as a response to various types of stresses (recently reviewed in Holmqvist and Wagner, 2017). However, sRNAs that are expressed in the absence of an acute stress have also been described, including anti-toxin sRNAs (reviewed in Brantl and Jahn, 2015), the sRNAs ChiX and Spot 42 which regulate different aspects of carbohydrate metabolism (Møller et al., 2002; Rasmussen et al., 2009; Beisel and Storz, 2011) and MgrR (Moon and Gottesman, 2009), a regulator of lipopolysaccharide composition. The sRNAs CsrB and CsrC are expressed in response to the accumulation of end-metabolism products at the entry to stationary phase (Lawhon et al., 2002; Gonzalez Chavez et al., 2010). In contrast to base-pairing sRNAs, CsrB/C act by sequestering a single protein target, the global regulator CsrA. This small (7 kDa) homodimeric RNA-binding protein acts by binding at or close to ribosome binding sites (RBS) in a myriad of different mRNAs (Potts et al., 2017). Targets of CsrA include mRNAs encoding proteins involved in carbon metabolism (Liu et al., 1995), biofilm formation (Jackson et al., 2002), motility (Wei et al., 2001), quorum sensing, and virulence (Altier et al., 2002). CsrB and CsrC function by mimicking CsrA targets and carry ∼18 and nine motifs for CsrA binding, respectively (Liu et al., 1997; Weilbacher et al., 2003). As a consequence, they antagonize CsrA by sequestering it away from its lower-affinity mRNAs targets, thereby decreasing the effective concentration of CsrA. More recent, similar activities on CsrA have been described for two additional sRNAs in E. coli; McaS (Jorgensen et al., 2013) and GadY (Parker et al., 2017), both of which are believed to contain two binding sites for CsrA. Unlike CsrB/C, both McaS and GadY also regulate gene expression independent of CsrA (Opdyke et al., 2004; Jørgensen et al., 2012; Thomason et al., 2012).

While the majority of characterized sRNAs from E. coli are transcribed from intergenic regions (IGRs) under the control of a dedicated promoter, several reports suggest that a substantial number of sRNAs are generated from 5′ or 3′ untranslated regions (UTRs) by RNase-dependent mRNA processing (Kawano et al., 2005; Chao et al., 2012; Miyakoshi et al., 2015). Additionally, the glyW-cysT-leuZ transcript, which is processed to give rise to tRNAglyW, tRNAcysT and tRNAleuZ, also generates the sRNA 3′ETSleuZ (Lalaouna et al., 2015). This sRNA, which is generated by RNase E-dependent processing, base-pairs to two other sRNAs, RyhB and RybB. The pairing neutralizes transcriptional noise from the ryhB and rybB genes and counteracts potential regulatory outcomes of inadvertent expression of the corresponding sRNAs. The 3′-ETSleuZ is the first functional tRNA-derived fragment (tRF) described in bacteria. However, numerous tRFs have been reported in eukaryotes, where they control multiple different cellular processes, including genome stability (Martinez et al., 2017; Schorn et al., 2017), cell-cell signaling (Baglio et al., 2015), response to viral infection (Yeung et al., 2009) and stress responses (Emara et al., 2010; Saikia et al., 2014).

In the present study, we have investigated the family of so-called tRNA-linked repeats (TLRs) from E. coli. The TLRs are a class of sequences located in tRNA or ribosomal RNA (rRNA) operons. Since the first description of TLRs in 1978 (Egan and Landy, 1978), a total of 22 TLR genes have been identified (Rudd, 1999), which are distributed between ten different loci on the E. coli K-12 chromosome, each locus harboring one to five TLRs. A striking feature common to all TLRs is that 18–19 bp of their 3′-end is identical to the 3′-end of the tRNA or rRNA gene that is located immediately upstream of the TLR (Figure 1). Regarding TLR functionality, one of the TLRs found in the pre-tRNA transcript tyrT-tyrV was initially reported to be involved in recovery from amino acid starvation (Bösl and Kersten, 1991). However, this claim was later retracted as the phenotype was shown to originate from a nearby open reading frame (Bosl and Kersten, 1994). Thus far, the TLRs have no known function. In the following, we present evidence that the three TLRs located downstream from rRNA operon A (rrA), B (rrB) and D (rrF), respectively, are transcribed, processed, and bind the post-transcriptional regulators Hfq and CsrA. We present evidence that these novel sRNAs may act as regulators to fine-tune CsrA activity.
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FIGURE 1. Genomic position of the rrB sequence and alignment of rrA rrB and rrF. (A) The rrB sequence found in rrnB. The 3′-end of the mature 5S transcript (highlighted in red) is followed by two transcriptional terminators (T1 and T2). An 18 base pair sequence (underlined) overlapping the 3′-end of the 5S gene, is found twice in the sequence with a spacing of 150 bp. The predominant form of RrB found on Hfq (RrBshort) is highlighted in green (see also Figures 2, 3). The asterisks (*) above the sequence indicate the ends of the annotated version of rrB (Ecogene; Zhou and Rudd, 2012) and the arrows indicate the ends found by S1 mapping of the longer transcript (Figure 3). (B) Alignment of the sequences found in the 3′-end of three out of seven rRNA operons in E coli.: rrnA (rrA), rrnB (rrB) and rrnD (rrF). con: consensus. Symbols are as in Figure 1A, red font indicates sequence differences compared to the consensus sequence.




MATERIALS AND METHODS


Culture Growth and Media

The study was carried out in E. coli K-12 MAS1081 (MG1655 rph+ gatC+ glpR+). All strains used in the study are listed in Supplementary Table 1. Unless otherwise noted, all cultures were grown in MOPS minimal medium (Neidhardt et al., 1974) at 37°C shaking at 160 rpm and were grown exponentially for at least ten generations before start of the experiment to obtain balanced growth. Antibiotics were added as described for each experiment.



RNA Purification and Northern Blotting

Culture aliquots were harvested into 1/4 vol ice-cold stop solution (95% ethanol, 5% phenol) (Bernstein et al., 2002). Subsequently RNA was purified using hot phenol and flash freezing in liquid nitrogen as in Fessler et al. (2020). Briefly: Stopped culture aliquots were centrifuged 2 min at 20.000 g and resuspended in 0.1 vol cold 0.3 M sucrose, 0.01 M NaOAc pH 4.5 followed by addition of 0.1 vol 2% SDS 0.01 M NaOAc pH 4.5. Phenol (saturated with water) was added to the liquid phase at a 1:1 ratio, the tubes were vortexed and incubated 3 min at 65°C. After freezing 15 sec in liquid N2 and centrifugation at 20.000 g for 5 min, the water phase was transferred to new tubes and the phenol extraction was repeated. If the RNA was used in an enzymatic reaction after purification, a chloroform extraction step was included. The RNA was ethanol-precipitated, washed by 96% ethanol, air dried at room temperature and dissolved in 10 mM NaOHAc, 1 mM EDTA. For northern blots, RNA was mixed 1:1 with loading buffer (0.1 M NaOAc (pH 5.0), 8 M urea, 0.05% (w/v) bromophenol blue and 0.05% (w/v) xylene cyanol) and size-separated on denaturing 0.4 mm thick polyacrylamide gels using 1 × TBE buffer (90 mM Tris, 90 mM boric acid and 2 mM EDTA). The RNA was electroblotted onto Hybond-N membranes (GE Healthcare) (1.5 V/cm, 1.5 h) in 40 mM Tris-acetate (pH 8.1), 2 mM EDTA. After UV-crosslinking (0.12 J/cm2) the membranes were pre-hybridized (1 h, rotating at 42°C) in hybridization solution (0.9 M NaCl, 0.05 M NaH2PO4 (pH7.7), 5 mM EDTA, 5 × Denhardt’s solution (0.1% BSA, 0.1% Ficoll 400, 0.1% polyvinylpyrrolidone), 0.5% (w/v) SDS and 100 mg/ml sheared, denatured salmon sperm DNA). Probe hybridization was done by adding 30 pmol of oligo-DNA, 5′-end labeled with 32P (overnight, rotating at 42°C). Subsequently, membranes were washed several times with 0.3 M NaCl, 30 mM sodium citrate, 0.1% SDS at 42°C. Radioactive signals were quantified on a PhosphorImager (Typhoon-GE Healthcare) using ImageQuant software as previously described (Sørensen, 2001; Stenum et al., 2017) and in case of very low signals (e.g., Figure 2C) the signal found in the estimated position of a band was used. Before re-probing, membranes were stripped by washing several times with 98°C, 15 mM NaCl, 1.5 mM sodium citrate, 0.1% SDS, until no more radioactive signal could be detected by a Geiger-Müller tube. Probe sequences used in this study are listed in Supplementary Table 4.
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FIGURE 2. RrA, B, F is present as a distinct band in total RNA and a shorter version of RrA, B, F is enriched on Hfq. (A) Northern blot of a denaturing 10% polyacrylamide gel with RNA harvested from cultures of MG1655 (wt) or the isogenic Hfq-tagged derivative (hfq_bio). E. coli cultures were grown exponentially in MOPS minimal media supplemented with 15 mg/l chloramphenicol, 0.2% glucose, 10 mg/l uracil, 50 μM biotin. Both strains contain the plasmid pBirA. RNA was harvested directly from the cultures (lane 1 & 2) or from pull-down assays with Hfq (lane 3 & 4) as described in Materials and Methods. Equal volumes of the co-purified RNA were loaded in each lane to reflect equal numbers of input cells. (B) The same Northern blot membrane was probed and re-probed for tRNAhis, 5S RNA, OxyS and ChiX to obtain the size markers indicated in panel (A) and as controls for the pull-down assay. The probe for OxyS was used after the 5S probe, and carryover signal from the 5S probe is clearly visible. Due to the low amount of RNA loaded in lane 1 and 2 (0.7 μg/lane) we did not detect OxyS or ChiX in the total RNA fraction. Lane 4 has 2.0 μg Hfq co-purified RNA, here we detect OxyS and ChiX but not in the control reaction with an untagged hfq, as expected. (C) Northern blot of a denaturing 6% polyacrylamide gel with RNA harvested from cultures of MG1655 + pRrB (lane 1), ΔrrA, B, F (lane 2) and MG1655 (lanes 3–10) as indicated. The cultures were grown exponentially in MOPS minimal media supplemented with 0.2% glucose. The first two samples of MG1655 were collected at OD600 values of 0.5 and 1, then samples were collected every hour for 5 h and the last sample was harvested after overnight (ON) incubation. The OD600 values for the culture at different harvest time points are shown in the table below the graph. The OD600 value for the pRrB and ΔrrA, B, F strains were both 0.5 at the time of harvest.




Hfq Pull-Down Assay

RNAs that bind Hfq were isolated using an E. coli strain, where the hfq allele was tagged with a biotinylation sequence (Hfq_bio). We chose this tag as it is not positively charged, to reduce the risk that the tag might unspecifically bind negatively charged RNA. Hfq_bio was biotinylated by the biotin ligase BirA, and biotin’s high-affinity binding to avidin was used for purifying Hfq_bio (Kay et al., 2009). To ensure full biotinylation of Hfq_bio we introduced the plasmid pBirA where birA is under the control of an IPTG-inducible promoter. We found that production of sufficient BirA was achieved without induction of transcription by IPTG.

Wildtype and Hfq_bio cells both containing the pBirA plasmid were grown exponentially in MOPS medium supplemented with; 15 μg/ml chloramphenicol, 0.2% glucose, 10 μg/ml uracil, 50 μM biotin, at 37°C for at least 10 generations. At OD436 = 0.8 the cells were pelleted and washed in medium without biotin, re-suspended in 2 ml lysis buffer (50 mM Tris-HCl pH 7.5, 50 mM NaCl, 5% glycerol), lysed by sonication and centrifuged (20,000 g, 60 min). Total RNA was prepared from an aliquot of the cleared lysate, and the remaining lysate was transferred to fresh tubes containing 300 μl equilibrated SoftLinkTM Avidin Resin (Promega) and left overnight rotating at 4°C. Then, the resin was washed four times in lysis buffer as above and RNA was harvested by phenol extraction and ethanol precipitation. For total RNA and the Hfq-bound RNA, RNA corresponding to 0.05 and 10% of the total culture volume respectively (approximately 2,000 ng for Hfq-bound RNA from the Hfq_Bio strain and 700 ng for total RNA samples), was used for analysis by northern blotting.



S1 Nuclease Mapping

Briefly, a [γ-32P]-ATP end-labeled DNA oligo antisense to the TLR area of interest was hybridized to total RNA and single-stranded overhangs were removed by addition of S1 nuclease. The resulting fragments were visualized on a denaturing polyacrylamide gel. If the synthetic oligo extends beyond the end of the target RNA, the position of the end can be determined by the number of nucleotides removed from the DNA oligo. S1 nuclease was used to map the RrB transcript of a strain harboring the plasmid pTSS1. RNA was harvested by hot phenol 1 h after IPTG induction. One pmol of 5′-end [32P] -labeled probe was hybridized to 30 μg of total RNA from the strain of interest. Hybridization was done in 50% formamide, 20 mM HEPES, 0.5 mM EDTA, 0.2 M NaCl, 0.05% (w/v) SDS and performed overnight in a thermocycler (68°C for 10 min, then the temperature was lowered to 54°C and decreased 1°C every 30 min until reaching 20°C). Digestion was performed by adding 300 μl 0.28 M NaCl, 50 mM NaOAc pH 4.6, 4.5 mM ZnSO4 along with 300 U/ml S1 nuclease (Thermo Fisher Scientific) and incubating at RT for 60 min. Samples were phenol/CHCl3 extracted, ethanol precipitated, size separated by electrophoresis on 7 M urea, 10% polyacrylamide sequencing gels and detected by autoradiography.



Circular RACE Mapping

Circular RACE was used to map the isoform of RrB enriched on Hfq. Briefly, RNA purified from the Hfq_bio purification experiment was circularized using RNA ligase, reverse transcribed using random hexamer primers, PCR amplified twice using nested sets of RrA, B, F-specific primers, and subjected to deep sequencing. The site of circularization thus reveals both ends of the transcript. Mapping was carried out essentially as described by McGrath (2011) omitting the TAP treatment: 500 ng of RNA co-purified with Hfq was circularized in 1× buffer by adding T4 RNA ligase. Reverse transcription was carried out using Super Script III RT (Thermo Fischer) and primed by random hexamer oligos. The area of interest was amplified twice by PCR with two different sets of specific primers (cRACE rrB-2 1F + cRACE rrB-2 1R and cRACE rrB-2 2F + cRACE rrB-2 2R, see Supplementary Table 3). The PCR-library was sequenced on an Illumina Mi-seq by 300 bp paired-end sequencing. The resulting sequences were merged and subsequently listed by abundance. All reads that could not be merged were left out of the analysis.



RNA Stability During Rifampicin Treatment

Cultures were grown exponentially at 37°C, shaking at 160 rpm for at least 10 generations in MOPS medium supplemented with 0.2% glucose and 10 μg/ml uracil. At an OD436 of 0.7, 3 × 15 ml culture aliquots were collected (time 0 min) and rifampicin was added to the remaining culture to a final concentration of 100 μg/ml. Aliquots of 15 ml were collected at 2.5, 5, 10, and 20 min post rifampicin treatment. Five percent spike-in culture overexpressing tRNAselC was added to each sample aliquot as in Stenum et al. (2017). RNA was harvested using TRI-reagent (Sigma), as described by the manufacturer. The RNA was size-separated on polyacrylamide gels, northern blotted and probed as described above. RrBshort transcript levels were normalized to the tRNAselC level for each sample.



Structure Probing

The structure of RrB was investigated in vitro with and without Hfq.

Reactions (10 μl) containing 0.1 pmol of 5′-end [γ-32P] ATP-labeled transcript and 50 nM unlabeled E. coli tRNA were incubated with different concentrations of hexameric Hfq (Hfq6) (3, 1.5, and 0 μM) at 37°C for 100 min along with the relevant cleavage buffer. For Pb2+ cleavage: 1 × Structural Probing Buffer (Ambion AM2237), Pb2+ was added to a final concentration of 10 mM and samples incubated 1 min at 37°C. Control (C1) was without Hfq and Pb2+. RNaseIII cleavage: 1 × Short Cut MnCl2 buffer (New England Biolabs) and 0.002 units Short Cut RNaseIII (New England Biolabs), samples were incubated 20 min at 37°C. Control (C2) was without Hfq and RNaseIII. Control T1: 1 × Structural Probing Buffer (Ambion AM2237), sample was incubated at 95°C for 1 min, transferred to 37°C for 1 min. After addition of 0.05 U RNase T1 (Ambion AM2237) the sample was incubated at 37°C for 5 min. OH ladder: 1 × Alkaline Hydrolysis Buffer (Ambion AM2237), sample was incubated at 95°C for 5 min. All samples were cooled by addition of 200 μl ice-cold H2O and transferred to ice. The digested RNA was phenol extracted, ethanol precipitated, resuspended in 1 × loading buffer II (Ambion AM2237), and separated on an 8% polyacrylamide/urea/TBE gel. Radioactive signal from the dried gel was visualized on a PhosphorImager (Typhoon -GE Healthcare). Hfq protein used for all in vitro experiments was a kind gift from Anders Boysen.



MS2 Affinity Purification, RNA-Seq and MS-MS

Affinity purification of MS2-tagged RNAs was done either with in vivo expressed RNA or in vitro transcripts that were added to the cell lysate. The 115 bp RrBshort sequence, mapped as the most abundant variant pulled down with Hfq (Figure 3) was cloned into the plasmid pNS21 using PCR amplifying RrBshort with either NheI or XbaI restriction sites on the ends. Purified PCR fragments were restriction digested with either NheI or XbaI and ligated into the pNS21 plasmid cut with the corresponding restriction enzyme, resulting in RrBshort 3′-fused to MS2 (NheI digestion) or RrBshort 5′-fused to MS2 (XbaI digestion), respectively. The transcripts from the resulting plasmids are terminated by the vrrA terminator originally found in Vibrio species. Transcription from the plasmids is under control of the PLlacO–1 promoter. As the strains used for affinity purification harbor only the chromosomal copy of lacI, expression from these plasmids should be constitutive. This was verified by northern blotting (Supplementary Figure 4). Cell lysates of the strain hfq-FLAG (JVS814) harboring the different MS2-aptamer expressing plasmids, were prepared by growing cells in LB with 100 μg/ml ampicillin, to an OD600 of 1.0. Cell pellets corresponding to 50 OD600 units were resuspended in 800 μl of buffer A (20 mM Tris-HCl pH 8.0, 150 mM KCl, 1 mM MgCl2, 1 mM DTT) and lysed by addition of glass beads (0.1 mm), flash freezing in liquid N2 and shaking at 30 Hz for 10 min. Lysates were cleared by centrifugation (30 min 16,000 g, 4°C). Lysates corresponding to 2 and 0.5 OD600 units of cell culture were used to prepare RNA and protein, respectively. Before addition of lysate, the affinity chromatography columns (Bio-Spin #732-6008, Bio-Rad) were prepared by adding 100 μl amylose resin (New England Biolabs, #E8021S), washing three times with 2 ml buffer A and subsequently adding 200 pmol of MS2-MBP recombinant protein (a gift from the Jörg Vogel group). All steps of the affinity chromatography were done at 4°C. Following addition of the lysate, the columns were washed four times with 2 ml buffer A, and the RNA-protein complexes were eluted with 900 μl buffer A containing 12 mM maltose. RNA was purified using phenol-chloroform, followed by ethanol precipitation with the addition of 1 μl GlycoBlue (Thermo Fisher). Protein was harvested from the organic phase by acetone precipitation. RNA was subjected to next generation sequencing on the Illumina platform at the University of Würzburg. Proteins were detected and quantified by mass spec at the mass spec facility at University of Würzburg, see Supplementary Methods.
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FIGURE 3. Determination of 5′ and 3′ ends of RrB by S1 nuclease analysis and of RrBshort by circular RACE. In the S1 nuclease mapping analysis (A–C) the 32P-labeled probe DNA was visualized by autoradiography of 10% poly-acrylamide sequencing gels. (A) mapping of the 5′-end using probe rrB68-8upstrm [shown in panel (D)] and total RNA from an IPTG-induced culture of MG1655 + pRrB over-expressing truncated ‘rrfB and rrB. The S1-protected fragment (lane 4) is 13 nt shorter than the untreated probe (lane 1). The exact number of nucleotides removed was determined by loading two labeled oligos as size markers [lane 2 (rrB54-8 upstrm) and 3 (rrB50-8 upstrm), probe rrB68- 8upstrm truncated by 14 and 18 nt respectively]. (B) probe rrB3′-map40-20 was hybridized to total RNA from an IPTG-induced culture of Δ22TLR + pRrfB-RrB over-expressing rrfB and rrB. The S1 protected band was shortened by 7 nt (lane 3) compared to the untreated probe (lane 1). Lane 2 shows a similar experiment using total RNA from the IPTG-induced strain Δ22TLR harboring empty vector (pJFR1). (C) Probe rrB3′-map30-35 was hybridized to total RNA from MG1655 + pRrfB-RrB over-expressing rrfB and rrB. The S1 protected band was shortened by 22 nt (lane 3) compared to the untreated probe (lane 1). Lane 2 shows a similar experiment using total RNA from the strain Δ22TLR harboring empty plasmid. (D) Map of the probes used for the experiments shown in panels (A–C). Top line represents the genomic map; rrfB (5S) is shown in red, the intergenic sequences in gray and the annotated version of rrB in blue. Probe sequences are presented as green lines and probes shown in transparent colors were also used for mapping but detected no ends. The vertical broken lines denote the two ends detected in this study. (E) Circular RACE mapping of the RrB sequences that co-precipitated with Hfq. The ten most abundant RrBshort sequences detected by circular RACE and deep sequencing are aligned to the genomic sequence. The size of the characters correlates with their relative abundance, which is also stated as a percentage of total merged reads (n = 4722). Bold characters highlight the two terminators T1 and T2 and the direct repeat, which is also found at the 3′-end of the mature 5S RNA is highlighted in red (see Figure 1).




Input Into Invenire CsrB/C Family RNA Prediction Algorithm

The web version of Invenire sRNA found at http://markov.math.umb.edu/inveniresrna/was used for the analysis. The dataset included the 85 sRNAs, 22 TLR sequences, and 2217 intergenic regions (<1,000 bp) annotated in the Ecogene database1 on November 24, 2017. In addition, 578 sequence peaks identified experimentally as CsrA binding sites by CLIP-seq (Potts et al., 2017) were included in the analysis.



In vitro Transcription and Electrophoretic Mobility Shift Assay

Binding of RNAs to CsrA was examined using electrophoretic mobility shift assay (EMSA) with recombinant CsrA-3xFLAG (Supplementary Tables 1, 2) and in vitro transcribed RNA. DNA templates for in vitro transcription were made by PCR using pRrB, pRrB-3GGA and pCrsB (see Supplementary Tables 1, 2) as template for RrB, RrB-3GGA and CsrB, respectively. All primers used in the study are listed in Supplementary Table 3. Transcription was performed overnight at room temperature using the MEGAscript T7 transcription kit (ThermoFisher). The resulting RNA was treated with TurboDNase (ThermoFischer) (0.1 unit/μl, 30 min at 37°C), gel-purified from denaturing polyacrylamide gels, dephosphorylated using calf intestinal alkaline phosphatase (30 min at 37°C) and 5′ radiolabeled using T4 polynucleotide kinase and [γ-32P] ATP. After each step the RNA was phenol extracted once, chloroform extracted twice and ethanol precipitated. Binding reactions contained 100 mM KCl, 10 mM MgCl2, 2 mM DTT, 7.5% glycerol, 0.1 U SUPERase-IN RNase inhibitor (ThermoFisher), 2 ng total yeast RNA, 120 pM labeled RNA and 0–1,600 nM CsrA-3xFLAG in a 10 μl reaction. Samples were incubated 10 min at 37°C and separated on 8% native polyacrylamide gels using 1x TBE as buffer. Radioactive signals were detected on a PhosphorImager (Typhoon -GE Healthcare). The CsrA-3xFLAG was purified from the strain CsrA-3xFLAG carrying the plasmid pBAD-RBS-csrA:3xFLAG as described by Jorgensen et al. (2013).



Construction of Deletion Mutants

For λ Red recombineering, we used a MAS1081-derivative strain (MAS1080) harboring the λ RED prophage [λ cI857 Δ(cro-bioA)] imported from strain HME68 (Sawitzke et al., 2007) by P1 transduction. Deletion mutations were constructed in this strain as described (Sawitzke et al., 2007). For each deletion, a cat-sacB cassette was first inserted at the desired genomic region by selecting for chloramphenicol resistance and confirming by PCR. The cassette was then replaced by a DNA fragment designed to yield deletion of 107 bp, 103 bp and 103 bp for rrnA, rrnB and rrnD, respectively, by counter-selection of the cassette by sucrose tolerance and confirmation by PCR and DNA sequencing. The deletions roughly match the annotated TLR sequences, including all GGA motifs found in RrA, B, F. For reasons outside the scope of this study, the DNA fragments were constructed so that the TLR sequence was replaced with a tRNA gene in two out of the three deletion sites (see Supplementary Table 1).

To obtain an E. coli mutant where the λ Red recombination enzymes had not been expressed, and thereby reduce the risk of undesired genome mutations, each mutated locus was then moved to an otherwise wildtype strain by P1 transduction first of each cat-sacB cassette and next of the locus carrying a deletion. P1 transduction was done as described by Miller (1972).



Biofilm Measurements

Biofilm was measured in microtiter plates using peg-lids (Nunc-TSP, cat. no. 445497) and crystal violet staining. Cultures were grown in 96-well flat-bottom microtiter plates. Ten microliter outgrown culture was used to inoculate each well containing 150 μl YT media (per liter: 8 g tryptone, 5 g yeast extract and 5 g NaCl) supplemented with 100 μl/ml ampicillin and 1 mM IPTG for strains carrying plasmids. The outer-most wells on the plates were not used, as the results from these were found to fluctuate more than average. Plates were incubated at 37°C for 48 h (no shaking) to ensure all cultures were completely outgrown. After incubation the pegs were washed once in wash buffer (25 mM Tris pH 7.5, 100 mM NaCl) and placed in 0.01% crystal violet for 15 min. Then, the pegs were washed three times in wash buffer and transferred to a fresh microtiter plate containing 180 μl 96% ethanol in each well. When the crystal violet was completely dissolved, the A590 of each well was measured along with the OD600 of each well of the growth plate. The optical densities from the growth plate were used to normalize the absorbance signals from the stained biofilm.



Motility Measurements

Mobility was measured on soft agar plates. One microliter outgrown culture was used to inoculate each plate by injection of 1 μl culture halfway into the agar in the center of the plate. Plates contained YT media (per liter: 8 g tryptone, 5 g yeast extract and 5 g NaCl) + 0.3% agar, and were supplemented with 100 μl/ml ampicillin and 1 mM IPTG for strains carrying plasmids. The plates were incubated approx. 16 h at 37°C before the spread of the bacteria was measured. Measurements were repeated several times with approximately 2 h in between to compensate for differences in the growth rates of different strains.



Translational Reporters

The glgC-gfp in-frame fusion was constructed by replacing the NsiI-NheI fragment of pXG10-SF (Supplementary Table 2) with the 5′UTR and first 30 nucleotides of the glgC coding sequence by restriction digestion and ligation. The pgaA-lacZ in-frame fusion was made by cloning the promoter of lacI along with a NheI restriction site into pGH253-kan (Supplementary Table 2) by replacing the EcoRI-BamHI fragment. Subsequently, the 5′UTR and first 30 nucleotides of the pgaA coding sequence was inserted using BamHI-NheI digestion. All primers used in the study are listed in Supplementary Table 3.



Beta-Galactosidase Measurement

Beta-Galactosidase (β-gal) activity was measured from overnight cultures harboring the translational fusion pgaA-lacZ, grown in test tubes in YT media (per liter: 8 g tryptone, 5 g yeast extract and 5 g NaCl) supplemented with 15 μg/ml kanamycin. The β-gal activity was measured using the fluorescent substrate 4-methylumbelliferone b-D-galactopyranoside (MUG), as described (Li et al., 2018). OD600 of the cultures was measured and used to normalize the corresponding β-gal values.



GFP Measurements

Fluorescence of GFP was measured from strains harboring the glgC-gfp translational fusion. Cultures were grown in MOPS minimal media supplemented with 0.2% glucose, 15 μg/ml chloramphenicol and 100 μg/ml ampicillin when needed, at 37°C shaking at 300 rpm in 96-well black microtiter plates with clear, flat bottoms (Costar) in a plate reader (Synergy H1, Biotek). OD600 and GFP fluorescence (excitation 470 nm and emission 510 nm) was measured simultaneously every 10 min. The values for GFP were normalized to the corresponding values for OD600. The normalized data was plotted against time and the area under the curve was calculated as a measure of relative GFP expression. The same amount of data points were used for each strain and only data where cultures were growing exponentially was used in the analysis.



RESULTS


Expression of RrA, B, F and Interaction With Hfq

Three out of seven ribosomal RNA (rRNA) operons from E. coli contain a sequence from the TLR-family downstream from the 5S gene (Supplementary Figure 1). These three sequences, named rrA, rrB and rrF respectively, are very similar in sequence (Figure 1). Furthermore, their location downstream of 5S, and their sequence, is highly conserved in many species of the Enterobacteriales, suggesting a specific role for these sequences and structures (Supplementary Figure 2).

We hypothesized that the sequences may function as sRNAs. To begin testing this hypothesis we first examined whether RNA molecules of defined sizes could be detected after processing of the primary rrn transcripts. Total RNA harvested from exponentially growing E. coli K-12 cultures was subjected to northern blot analysis. To detect RrA, RrB and RrF, here collectively referred to as RrA, B, F, we used a single probe, which is expected to detect all three sequences since they only differ at a few positions. As shown in Figure 2A (lane 1 and 2), a distinct band of 150–200 nt was observed, confirming that RrA, B, F can be detected after processing of the primary transcript. The size of the RrA, B, F RNA was estimated based on re-probing of the membrane for transcripts of known sizes (Figures 2A,B) and comparison to an RNA ladder (Figure 2C). Next, we asked whether the RrA, B, F RNAs interact with the RNA chaperone Hfq, like many well-characterized E. coli sRNAs (Bilusic et al., 2014). To enable pull-down of Hfq and analysis of co-purified RNAs, a biotinylation sequence (Beckett et al., 2008) was inserted in the chromosomal hfq gene. The C-terminally tagged Hfq protein (Hfq_bio) is functional, as shown by intact repression of an mRNA target by an Hfq-dependent sRNA in the tagged strain (Supplementary Figure 3). After affinity purification of Hfq_bio using a streptavidin resin, co-precipitated RNA was analyzed by northern blot analysis. Detection of the known Hfq-binding sRNAs OxyS and ChiX only in the co-precipitated RNA verified that Hfq-binding RNAs had been enriched in the Hfq pull-down assay (Figure 2B). Interestingly, the pull-down revealed that a shorter form of RrA, B, F (RrA, B, Fshort) was highly enriched on Hfq in addition to the band detected in total RNA (Figure 2A, lane 4). Further, to verify the identity of the bands on our northern blots found by the RrA, B, F, probe, we made a blot containing RNA from a strain overexpressing RrB from pRrB, a strain deleted for rrA, B, F, and several samples from the wildtype strain harvested at different stages of growth (Figure 2C). The blot verifies the identity of the bands and shows that RrA, B, F are only detected during exponential growth, where the rRNA operons are actively transcribed. During stationary phase, the transcriptional activity of rRNA operons is absent or very low (Baracchini and Bremer, 1991) but the 5S, 16S and 23S RNAs are stable molecules. Therefore the 5S rRNA detected during stationary phase in Figure 2C was transcribed during growth and serves as a qualitative loading control.

The ends of the longer RNA species were mapped using S1 nuclease protection assay (Berk and Sharp, 1977). As this assay was not sensitive enough to detect chromosomally expressed RrA, B, F, we used a strain overexpressing the 5S gene rrfB along with rrB from a plasmid. The S1 protected fragments are displayed in Figures 3A–C. Several bands spaced with one nucleotide intervals are seen, which is a common observation when using S1 nuclease transcript mapping (Green and Roeder, 1980; Aiba et al., 1981; Brosius et al., 1982) and is probably due to “end-nibbling” (Shenk et al., 1975). Thus, we define the transcript ends based on the longest protected bands. For the 5′ end the probe was shortened by 13 nt (Figure 3A). For the 3′ end the two different probes were shortened by 7 nt (Figure 3B) and 22 nt (Figure 3C), respectively. They both predict the same end. The 5′end of RrB was detected 3 nt downstream of the mature 3′end of the 5S transcript (see Figures 1, 3A). This site has been described as the initial RNase E processing site of the pre-5S RNA (Roy et al., 1983; Li and Deutscher, 1995) suggesting that the 5′ end of RrB is generated by RNase E cleavage. The 3′end of RrB was detected 13 nt downstream of its annotated 3′end (Figure 1). This 3′end was verified using two different probes (Figures 3B,C). These results predict that the most abundant RrA, B, F transcript in total RNA has a length of 173 nt, which is in good agreement with the northern blots shown in Figures 2A,C. We also carried out S1 analysis with probes antisense to the area between the two observed ends to detect any alternative transcript ends, but could not detect any (data not shown, the probes are shown in Figure 3D).

To determine the ends of the Hfq-enriched shorter version of RrA, B, F (RrA, B, Fshort) we used the circular RACE method (McGrath, 2011), coupled with next generation sequencing. As this method is PCR-based it requires substantially less input RNA than the S1 nuclease assay. Circular RACE yielded a variety of sequences mapping to rrA, B, F, of which the ten most abundant are shown in Figure 3E. The most abundant reads predict the Hfq-associated RrA, B, Fshort transcript to be 113–115 nt in length. This is in accordance with our observations from northern blots (Figure 2).

To detect the RrA, B, Fshort fragment in the total RNA fraction, we carried out another northern blot analysis using substantially more total RNA per lane than the one presented in Figure 2A. This blot showed three different species of the RrA, B, F RNA (Figure 4A): the 115 nt RrA, B, Fshort, the 173 nt fragment, and a longer version. We suspect that the longer version represents a processing intermediate that includes the T2 terminator sequence. Thus, the RrA, B, Fshort is not uniquely seen in the RNA fraction co-precipitating with Hfq but can also be detected in the total RNA fraction.
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FIGURE 4. RrA, B, Fshort is a shortlived transcript. (A) Northern blot made from total RNA harvested from a culture of MG1655. The culture was grown in MOPS minimal media supplemented with 0.2% glucose, 10 mg/l uracil. Rifampicin was added at 0 min to a concentration of 100 μg/ml. RNA was harvested at the indicated timepoints, right before and after rifampicin addition. Before RNA purification, spike-in cells overexpressing the tRNA gene selC were added to each experimental sample (see section “Materials and Methods”). 8–10 μg RNA was loaded in each lane. The blot was probed for RrA, B, F and tRNAselC as indicated. The arrow indicates the band used for quantification. The lane marked “C” only contain spike-in cells. (B) Quantification of northern blots. The half-life of RrA, B, F was estimated as the average half-life calculated from two independent experiments (Rep 1, Rep 2). Rep 2 is shown in panel (A). Independent biological replicates were obtained for all sample points except for the 10 min time point post rifampicin addition.


A short half-life of the RrA, B, F RNA could explain its low abundance relative to the rRNA transcripts expressed from the same operons and the absence of signal from stationary phase cells (Figure 2C). We measured the half-life of RrA, B, Fshort by monitoring the levels of RrA, B, Fshort upon transcription initiation blocking by addition of rifampicin to a culture in balanced growth (Figure 4). Indeed, we found that the half-life of RrA, B, Fshort was ∼2.5 min, which is very short relative to the rRNA transcripts that are stable on the time scale of hours during exponential growth (Piir et al., 2011).

Taken together, we conclude that the RrA, B, F RNAs can be detected in exponentially growing cells as at least two transcripts of ∼173 and ∼115 nt that appear to interact with Hfq and that the shorter variant RrA, B, Fshort has a half-life of about 2–3 min. The presence of RrA, B, F is therefore dependent on active rRNA transcription.



The Structure of RrA, B, F Is Conserved Within the Order of Enterobacteriales

In order to assess the conservation of RrA, B, F between species we did a BLAST search2 with rrB and the sequences surrounding the locus as input (see Supplementary Figure 2 and Supplementary Material). Both the sequence and the location of the rrB downstream of the gene encoding 5S was found to be conserved in at least 31 species from 12 genera, all belonging to the order of Enterobacteriales (Supplementary Figure 2). To evaluate the structural conservation of the RrA, B, F homologs we used the locARNA algorithm (Will et al., 2007, 2012; Raden et al., 2018) to predict a consensus structure (Figure 5). The consensus structure shows a high degree of structural conservation, particularly in the three stem loop structures named 2-4 in the figure, which could indicate a conserved function of the RNA.
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FIGURE 5. Conservation of sequence and structure of 30 RrB homologs found in Enterobacteria. The presented consensus structure was made using the algorithm LocARNA (Will et al., 2007, 2012; Raden et al., 2018) It is based on an alignment of 30 RrBshort homologs, from 30 different bacterial species, identified by BLAST search (see Supplementary Figure 2 and Supplementary Material to Figure 5). The base pairs of the locARNA structure are colored according to the level of structure and sequence conservation, as specified in the color legend. The hue indicates sequence conservation of the base pair (red: most conserved, purple: least conserved). The color saturation indicates the structural conservation of the base pair (High saturation: most conserved, low saturation: least conserved). Stem-loops are numbered as in Figure 6, Stem-loop 1 is not predicted to form in this consensus structure. Genera of the organisms included in the analysis are: Salmonella, Shigella, Klebsiella, Escherichia, Pectobacterium, Brenneria; the more distant: Citrobacter, Enterobacter, Providencia, Raoultella; and the most distant: Cedecea, Serratia and Hafnia.


We speculated that the enrichment of RrA, B, Fshort in RNA that had co-precipitated with Hfq could be due to a role for Hfq in chaperoning the correct folding of RrA, B, F, as shown for other RNAs (Geissmann and Touati, 2004; Soper and Woodson, 2008; Bordeau and Felden, 2014; Hoekzema et al., 2019). In this case, we would expect to see differences in the RrA, B, Fshort structure with and without Hfq. To experimentally investigate the structure of the 115 nt RrBshort RNA, we performed RNA structure probing in the presence or absence of Hfq (Figure 6). As shown in Figure 1B, RrAshort and RrBshort are identical in sequence, and differ by only two nucleotides from RrFshort. We therefore expect RrA, B, Fshort to serve identical functions, and arbitrarily chose the 115 nt long RrBshort from the rrnB operon for these experiments. An in vitro transcript of the RNA was incubated with increasing concentrations of Hfq, followed by exposure to the RNA cleavage agent Pb2+ that primarily hydrolyzes single-stranded RNA (Ciesiołka et al., 1998), or the endoribonuclease RNase III that predominantly hydrolyzes double-stranded RNA with a strong preference for helices of sufficient length (Robertson, 1990). Fragmented RNA was size-separated on a polyacrylamide gel and visualized by autoradiography (Figure 6A) In general, only subtle changes in the fragment pattern were observed upon Hfq addition (Figure 6A). The most notable Hfq-induced change was found in the Pb2+-treated samples at the apparent single-stranded region at nt 63-64, 66-68. This sequence displayed reduced hydrolysis by Pb2+ in the presence of Hfq (Figure 6A). In contrast, nt 53-56 showed slightly enhanced Pb2+ cleavage, upon addition of Hfq. Finally, nt 48-50 displayed slightly enhanced RNase III cleavage after incubation with Hfq (Figure 6A). The change in cleavage pattern observed at nt 63-68 as a consequence of Hfq addition could be interpreted as direct binding of Hfq in the area, leading to protection from Pb2+-induced cleavage. Alternatively, the main outcome of interaction with Hfq may be a structural rearrangement that allows the region around nt 63-68 to engage in intramolecular base-pairing. The structure probing data do not allow us to distinguish between these two potential effects of Hfq. To pursue the hypothesis that Hfq may facilitate a structural rearrangement of the region, we used the algorithm Mfold (Zuker, 2003)3 to predict the most thermodynamically favorable RrBshort structure with (Figure 6B) and without (Figure 6C) the constraint of a single-stranded region from nt 63-68 (open red triangles). The predicted structure for RrBshort in the absence of the constraint (Figure 6C) forms stem loop #2 predicted by the consensus structure (Figure 5), whereas the predicted structure given the structural constraint of a single-stranded region from nt 63-68, does not (Figure 6B). The structure shown in Figure 6B is not the energetically most favorable one. This leads us to suggest that Hfq could be involved in folding of the RrA, B, F in order for the RNA to attain its most thermodynamically favorable structure, namely that shown in Figure 6C, which shows the consensus stem-loop structure (stem loop #2) predicted by locARNA.
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FIGURE 6. Structure probing of RrBshort with and without Hfq. The RrBshort in vitro transcript was incubated with 0, 1.5, or 3 μM of Hfq6 before addition of the cleavage agent. The partly digested RNA was size-separated on a denaturing 8% polyacrylamide gel. An autoradiogram of the gel is shown in panel (A). C1 indicates the transcript in Pb2 + -buffer without addition of Pb2 +, C2 indicates the transcript in RNase III-buffer without addition of RNase III. T1 indicates the heated transcript treated with RNase T1 and OH indicates the transcript heated in alkaline buffer. Gray bars on the left side of the gel mark areas of Pb2 + protection, Pb2 + enhancement and RNase III enhancement. The nucleotide number with respect to the 5′ end is indicated at the right side of the gel. Intense bands at position 39 and 43 in all lanes can probably be attributed to background hydrolysis of the purified transcript before the analysis since they are abundant in all lanes. The structure of RrBshort was predicted by mfold with the constraint of a single-stranded region at nt 63-68 (B) or without any constraints (C). The predicted free energies of the structures are indicated. Triangles and stars mark Hfq-dependent structural changes as indicated. GGA sequence motifs are marked by green ellipses; see section “RrB binds to CsrA in vitro.”




RrB Binds to CsrA in vitro

In order to identify potential interaction partners of RrA, B, F besides Hfq, we used MS2 affinity purification coupled with either mass spectrometry or RNA sequencing (Said et al., 2009; Corcoran et al., 2012; Lalaouna et al., 2015). Here, an RNA of interest is expressed as a fusion with an MS2-aptamer sequence, to allow purification of in vivo formed RNA-RNA or RNA-protein complexes using immobilized MS2 protein (Bardwell and Wickens, 1990; Said et al., 2009). We constructed plasmid-borne versions of RrBshort, MS2-tagged at either the 5′-end or the 3′-end and affinity-purified the RNAs. Expression and purification of the tagged RNAs was verified by northern blotting (Supplementary Figure 4). RNAs co-purifying with RrBshort were identified by deep RNA sequencing (RNA-seq) and co-purifying proteins were identified by mass spectrometry. The results were compared to results for affinity purification of the MS2 RNA alone. While no specific enrichment was reproducibly detected in the RNA-seq analysis (data not shown), several proteins were specifically enriched in pull-downs with MS2-tagged RrBshort, the most strongly enriched protein being the RNA-binding post-transcriptional regulator CsrA (Table 1). Somewhat surprising, Hfq was not found among the enriched proteins. We verified that RrBshort binds Hfq in vitro by electrophoretic mobility shift assay (EMSA). The EMSA analysis showed that RrBshort bound Hfq in vitro but with substantially lower affinity than the established Hfq-binding sRNA OxyS (Supplementary Figure 5). We will return to this point in section “Discussion.”


TABLE 1. Proteins identified by MS2-affinity purification to co-purify with RrBshort.

[image: Table 1]The canonical CsrA binding motif identified both in S. typhimurium (Holmqvist et al., 2016) and E. coli (Dubey et al., 2005; Potts et al., 2017) contains a GGA sequence located in the loop of a stem-loop structure. Interestingly, the RrA, B, Fshort sequences have five GGA sequences, two of which are predicted to be located in the loops of stem-loop structures by the mfold and LocaRNA structure prediction algorithms (Figures 5, 6). Intriguingly, the structure probing experiments shown in Figure 6A suggest that the potential CsrA binding motif in loop 2 is only formed after interaction with Hfq.

The machine-learning-based algorithm InvenireSRNA (Fakhry et al., 2017) is designed to predict sRNAs of the CsrB/C family. To gauge how RrA, B, F rank in this algorithm compared to other E. coli non-coding RNAs, we provided the algorithm with a total of 2902 sequences, including all annotated E. coli sRNA sequences, the 22 TLR sequences, all sequences identified as CsrA-binding peaks from CLIP-seq data (Potts et al., 2017), and finally all intergenic regions of E. coli shorter than 1,000 bp. The results show that CsrB and CsrC both score high as expected (Table 2), while McaS and GadY both have low probability scores, suggesting that the features that make the latter acceptable binding partners for CsrA are not picked up by the algorithm. In accordance with the MS2-purification and structure prediction, RrAshort, RrBshort and RrFshort are predicted to bind CsrA with high probability and, remarkably, rank among the 16 highest scoring sequences in the analysis (Table 2). Notably, the remaining 19 members of the TLR family located in tRNA operons all obtained a probability score of <0.01, suggesting RrA, B, F are unique among the TLR family in their affinity for CsrA.


TABLE 2. Transcripts predicted to regulate CsrA by the algorithm InvenireSRNA (Fakhry et al., 2017).

[image: Table 2]To further validate the binding between RrBshort and CsrA we conducted EMSAs. In vitro transcribed RrBshort was incubated with increasing amounts of purified CsrA-3xFLAG and separated on non-denaturing gels. As seen in Figure 7A, an RrBshort-CsrA complex is observed from a concentration of 50 nM CsrA, and a complete shift is seen at 100–200 nM CsrA. At higher concentrations of CsrA, several complexes with higher molecular weights are visible. The number of different band sizes suggests that RrBshort has multiple binding sites for CsrA, which is expected based on our RNA structure predictions (Figures 5, 6). The binding relationship between CsrA and RrBshort is therefore complex but a first approximation of an overall KD from our data in Figure 7A is around 100 nM. We repeated the binding experiment using a mutant version of RrBshort, where three GGA sequences have been changed to “UUU” (number 1, 2 and 5 on Figure 6C), which includes the two motifs found in loops of stem structures. By only mutating the three GGA motifs found in single stranded regions, we do not expect this to have any consequences for the secondary structure of the RNA. The affinity for CsrA is clearly lower for this mutant compared to the wildtype RrBshort as the mutant does not show any shift within the tested range of CsrA concentrations. Note that part of the RNA is degraded at the highest CsrA concentration. We attribute this to residual activity of the RNase that was added during CsrA purification, see materials and methods. To further probe the specificity of RrBshort to CsrA we did competition binding experiments where a preformed CsrA-RrBshort complex (CsrA at 200 nM, RrBshort at 120 pM) was challenged with increasing concentrations of the unlabeled competitors RrBshort, RrBshort-3GGA and CsrB (Figure 7B). CsrB is believed to have ∼18 CsrA binding sites (Liu et al., 1997), a KD around 1 nM of binding to CsrA (Weilbacher et al., 2003) and thus we expect it to be a more efficient competitor than RrBshort. This is indeed what we observe, CsrB fully competes off the labeled RrBshort at a concentration of 3.13 nM, whereas a concentration of 50 nM is needed in the self-competition with RrBshort. RrBshort-3GGA show significantly less competition and is not able to fully compete the labeled RrBshort off CsrA within the range of concentrations tested.
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FIGURE 7. Electrophoretic mobility shift assays (EMSA) of RrBshort with CsrA. EMSA with 120 pM in vitro transcribed RNA and increasing concentration of CsrA-3xFLAG, as indicated. (A) EMSA of 32P-labeled RrBshort and an RrBshort mutant (RrBshort-3GGA) where three out of five GGA motifs where replaced with ‘UUU’, mixed with increasing concentration of CsrA-3xFLAG, as indicated. (B) A competition assay with 32P-labeled RrBshort (120 pM), CsrA (200 nM) and increasing concentration of the in vitro transcribed unlabeled RNAs: RrBshort, RrBshort-3GGA and the well-known CsrA-binding RNA CsrB. Note the differences in concentrations between the different competitor RNAs. The first lane contains no CsrA in any of the experiments. The stated CsrA concentrations refer to the concentrations of the homodimer.


With these binding assays we clearly show that RrBshort binds CsrA in vitro and that this interaction relies on the predicted binding sites located in single-stranded regions. The two remaining GGA motifs in the mutant RNA RrBshort-3GGA do not efficiently bind CsrA on their own. We suspect that these low affinity GGA sites may require nearby high affinity sites in order to bind CsrA, this type of binding has previously been described for the CsrA homolog RsmE (Duss et al., 2014).

In combination, our results from MS2 affinity purification, structure prediction, the InvenireSRNA algorithm, and the EMSAs strongly suggest that RrBshort, and likely RrA, B, Fshort, specifically interact with the post-transcriptional regulator CsrA.



Phenotypic Effects of Altered RrA, B, F Levels

We next asked whether RrA, B, F might act by sequestering CsrA, similarly to the effects of CsrB, CsrC, GadY and McaS. To this end, we constructed an E. coli mutant deleted for the chromosomal copies of rrA, B, F (see Materials and Methods). Additionally, to overexpress rrB in a fashion that would presumably allow normal processing of RrBshort, we cloned the rrB sequence including the 3′-half of the adjacent 5S gene and both terminators (T1 and T2) into a modified pUC18 plasmid (pJFR1, see Supplementary Table 2) to make pRrB.

Putative effects of RrB expression on the activity of CsrA were investigated by monitoring several CsrA-regulated phenotypes: growth rate, biofilm formation, motility, and post-transcriptional repression of the CsrA-regulated genes pgaA (Wang et al., 2005) and glgC (Baker et al., 2002). As a positive control, we moved a previously characterized csrA::kan allele (Romeo et al., 1993) into our wildtype strain (which is otherwise isogenic to the ΔrrA, B, F strain). The csrA::kan allele encodes a truncated version of CsrA which is known to have strongly reduced CsrA activity (Romeo et al., 1993). The results of these analyses are presented in Figure 8. In general, if RrA, B, F regulate CsrA activity in a manner similar to CsrB, we expect the phenotype of overexpression of rrB to display a similar tendency to that of the csrA::kan allele. Neither deletion nor overexpression of the rrA, B, F significantly affected the growth rate in minimal glucose medium (Figure 8A). For comparison, E. coli harboring a truncated CsrA have been reported to grow at approximately half the growth rate of the wildtype strain when glucose is the carbon source (Morin et al., 2016). The mutants lacking or overexpressing the rrA, B, F were also tested for motility on soft agar plates. Neither overexpression nor deletion of the rrA, B, F affected motility (Figure 8B). In contrast, the csrA::kan strain was severely impaired for motility as previously described (Romeo et al., 1993), although we note that this phenotype in our hands was very variable between replicate experiments.


[image: image]

FIGURE 8. Phenotypes of deletion and overexpression of the rrA, B, F genes. (A) Growth of the four indicated strains. Cultures were grown in MOPS minimal media supplemented with 0.2% glucose and 100 μg/ml ampicillin for strains harboring plasmids. The indicated generation times were calculated as the average of two independent replicates. (B) Motility of the indicated strains was assayed on soft YT agar (0.3%) plates. Color and contrast of the photo has been manipulated to more clearly visualize the zone of bacterial growth. (C) Amount of biofilm formed on “peg-lids” by the indicated strains was quantified using crystal violet staining and absorbance measurements. (D) Quantification of the fluorescence produced by cleavage of 4-methylumbelliferyl-β-D-galactopyranoside (MUG) by β-galactosidase for outgrown cultures of the indicated strains. All strains carried a plasmid with a translational fusion of the pgaA leader to lacZ (pTSS36). (E) Quantification of GFP-signal for strains growing in exponential phase. All stains carried the translational fusion of the glgC leader to sf-gfp on a plasmid (pTSS16). In all cases, statistical probability was calculated using a two-sided student’s t-test and is indicated (∗P < 0.05, ∗∗P < 0.01).


CsrA is a negative regulator of PGA (poly-β-1,6-N-acetyl-d-glucosamine)-mediated biofilm formation (Wang et al., 2005). In agreement with this, we found that the csrA::kan strain produces more biofilm than wildtype as measured by crystal violet staining (Figure 8C). The ΔrrA, B, F strain also formed significantly more biofilm than the wildtype. However, overexpression of RrB also showed somewhat increased biofilm formation, although the difference from the strain carrying the empty vector control was not statistically significant.

In connection with biofilm, translation of the pgaABCD mRNA, encoding the machinery for synthesis and transport of PGA, is known to be strongly repressed by CsrA (Wang et al., 2005). Indeed, we found > 20-fold higher activity of β-galactosidase from a pgaA-lacZ fusion in the presence of CsrB overexpression than in the wildtype strain (Figure 8D). A modest increase in β-galactosidase activity was also observed in the ΔrrA, B, F mutant. Again, overexpression of RrB resulted in a phenotype similar to that of the Δrr,AB,F mutant, pointing to a surprisingly similar effect on the pgaA-lacZ fusion of decreasing and increasing the RrA, B, F levels. There is good correlation between our data on biofilm formation and our data on the pgaA-lacZ fusion for all the strains (Figures 8C,D), as would be expected for CsrA-dependent regulation of biofilm (Wang et al., 2005).

Lastly, we tested the expression of GFP from a plasmid-borne translational glgC-gfp fusion during exponential growth, the growth phase where RrA, B, F accumulated (Figure 2C). The glgCAP operon encodes enzymes involved in glycogen metabolism, and is known to be repressed by CsrA (Baker et al., 2002). CsrB overexpression increases glgC-gfp expression substantially, while we observed slightly more GFP signal both upon deletion and overexpression of rrA, B, F (Figure 8E). In summary, we only observed minor phenotypic effects of changes in the expression of RrA, B, F. The RrA, B, F RNAs appear to modestly influence biofilm formation and expression from the CsrA-controlled pgaA and glgC mRNAs, but all three assays showed the same curious trend, namely that both deletion of rrA, B, F and overexpression of rrB resulted in a change consistent with modestly reduced CsrA activity. A plausible explanation for this unexpected similarity of phenotypes would be if RrB RNA expressed from the vector was processed into a form that exerted a different action on the tested properties than chromosomally expressed RrB. To address this hypothesis, we also tested expression of the glgC-gfp fusion in the presence of the pKK3535 plasmid that contains the entire rrnB operon, including rrB. Although the rRNA operon promoters are feedback-controlled and thus difficult to overexpress, this plasmid was expected to cause a relative increase in RrB levels, because the pKK3535 plasmid is responsible for approximately 50% of total rRNA synthesis even in the presence of the seven chromosomal rRNA operons (Steen et al., 1986). As shown in Supplementary Figure 5, overexpression of the rrnB operon resulted in increased glgC-gfp expression, and was thus consistent with reduced CsrA activity under this condition. In our hands, however, the strains containing pKK3535 had impaired growth rates (see Supplementary Figure 6A) and thus we did not pursue additional experiments with this plasmid.



The Concentration of RrA, B, F Increases Upon Translational Halt

The very modest effects of RrA, B, F on CsrA-controlled phenotypes suggest that if there is a physiological consequence of RrA, B, F interaction with CsrA then we might not have examined it under the proper growth conditions. In E. coli, rRNA expression is controlled by the second messenger ppGpp (Zhang and Bremer, 1995). A decrease in ppGpp levels leads to increased rRNA expression (as observed upon treatment with antibiotics specifically blocking translation (Kurland and Maaløe, 1962; Muto et al., 1975)). To test whether the ppGpp effect also applies to rrA, B, F, we induced translational arrest, either by chloramphenicol addition, or by expression of the toxin MazF, and investigated the level of RrA, B, F by northern blot analysis at several time points after induction. Chloramphenicol blocks translation by binding to ribosomes and inhibiting the peptidyl transferase activity (Das et al., 1966) while MazF leads to translational arrest by disrupting ribosome biogenesis and cleaving mRNAs (Culviner and Laub, 2018), thereby removing the template for translation. In both cases of translational arrest, we detect a strong increase in RrA, B, F transcript levels 20–80 min after the treatment (Figure 9). As an independent indicator of transcription from the rRNA operons, we also investigated the level of tRNAGlu. This tRNA is exclusively expressed from genes located in four rRNA operons (rrnB, rrnC, rrnE, rrnG), so we expected its expression pattern to resemble that of RrA, B, F. Indeed, the level of tRNAGlu also increases during translational arrest, albeit not nearly to the same extent as RrA, B, F (Figure 9).
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FIGURE 9. Levels of RrA, B, F after addition of chloramphenicol or induction of mazF expression. The strains MAS1081 (A) and TSS261 (MAS1081 + pMazF) (B) were grown in MOPS minimal media supplemented with 0.2% glucose or 0.4% glycerol, respectively. Treatment was induced by addition of either chloramphenicol (20 μg/ml) (A) or arabinose (0.1%) (B). RNA was harvested at the indicated times after treatment. Equal volumes of RNA (6–15 μg/lane) were separated on 6% denaturing polyacrylamide gels and northern blotted. The blots were probed for tRNAGlu and RrA, B, F as indicated on the figure. Quantification of the radioactivity signal in each lane is given relative to the average value of the steady-state levels and is shown below each lane. nd: not determined due to high background.




DISCUSSION

We identify three small genes that are co-transcribed from rRNA operons and processed to transcripts of defined lengths that bind the post-transcriptional regulator CsrA both in vitro and in vivo. As the transcription rate of rRNA is strictly correlated with the growth rate of E. coli (Potrykus et al., 2011), it is tempting to speculate that such short-lived sRNAs transcribed along with rRNA could function to align growth-rate-regulated transcription rates with other growth-phase-dependent processes in the cell, such as those regulated by CsrA. The relatively short half-life of RrA, B, F compared to other sRNAs makes biological sense if their abundance should reflect the transcriptional activity of the rRNA operons in real time.

We find a modest effect of overexpression of rrB on three of the CsrA-regulated phenotypes tested (Figure 8). The phenotypes observed upon overexpression of rrB agree with those expected from a mutant with modestly reduced CsrA activity. Such an apparent inhibition of CsrA upon overexpression of rrB could be due to binding of RrB to CsrA, resulting in regulation by titration in the classical way first described for CsrB/C. Direct binding between CsrA and RrBshort is experimentally supported by the results of our RNA affinity purification and EMSA analyses as well as theoretically supported by the InvenireSRNA prediction and the presence of consensus CsrA-binding motifs in the RrBshort structure. The fact that deletion of the rrA, B, F genes showed similar phenotypes to RrB overexpression is then counterintuitive (see Figure 8). Potentially, the chromosomally encoded form of RrB could fulfill a function for which the version of RrB expressed from our multicopy plasmid has a dominant negative effect (overriding the phenotype of the wildtype allele), in which case similar phenotypes of the chromosomal rrA, B, F deletions and the RrB overexpression could be expected. The curious effect or RrB overexpression was investigated further by introducing a plasmid expressing the entire rrnB operon (Supplementary Figure 6), which confirmed the results obtained by specific overexpression of RrB (Figure 8E). Since overexpression of rrB by two different cloning tactics affected the glgC-gfp fusion similarly, we conclude that deletion and overexpression of RrB both result in phenotypes consistent with reduced CsrA activity, but cannot currently provide a mechanistic explanation for this curious observation.

While we have demonstrated an interaction between the RrA, B, F RNAs and CsrA, deletion and overexpression of rrA, B, F show only modest changes of the CsrA-related phenotypes tested in this study. We want to note that CsrA is the major hub in a regulatory network with many inputs (Romeo and Babitzke, 2018). For that reason, one might not expect that the absence, or presence in excess, of RrA, B, F would lead to prominent phenotypes, but merely fine tuning of the activity of CsrA. Further, EMSA analyses (Figure 7) showed that CsrB totally competed RrBshort off CsrA at a ten-fold lower concentration than RrBshort itself (Figure 7B). This shows that CsrB is a higher-affinity CsrA binding partner than RrA, B, F and that we therefore might expect small effects, if any, of changes to the RrA, B, F levels in situations where CsrA-regulation by CsrB/C is at play.

Our northern analysis shows that RrA, B, F are most abundant when the rRNA operons are expressed, namely during exponential growth (Figure 2C), and especially upon treatments that lower ppGpp production by arresting translation (Figure 9). During translational halt, RrA, B, F levels increased more than the tRNAglu, which is also expressed solely from rRNA operons. This difference in the extent of induction could either mean that there is differential expression of the genes in the rRNA operons upon translational arrest, or, more likely, translational arrest may result in increased stability of the RrA, B, F sRNAs relative to tRNAglu by an unknown mechanism. Our data do not allow us to distinguish between these possibilities. Nevertheless, the experiments show that conditions exist in which the abundance of the RrA, B, F RNAs increase substantially. If they play a greater role in cell physiology than the fine-tuning of CsrA-regulated phenotypes shown in Figure 8, their impact should maybe be sought under such conditions, or at least under conditions where CsrB/C concentrations are low but the transcription rate of rRNA is high.

We find that rrA, B, F is well conserved in various different genera of bacteria including numerous pathogenic species. It is well known that growth-phase-dependent regulation is important for bacterial virulence (Dalebroux and Swanson, 2012; Kitamoto et al., 2016). Thus, if RrA, B, F is used as an indicator of growth rate in the cell, it could also potentially have a regulatory effect on the pathogenesis of these virulent stains.

A hallmark of all the members of the TLR family found in E. coli is the presence of a short (18–19 bp) repeated sequence identical to the 3′-end of the mature tRNA or rRNA from the same operon. For the tRNA or rRNA this 3′-end sequence is important for processing (reviewed in Mackie, 2013). The 3′-end of the 173-nt form of RrB was mapped 3 nt downstream of the repeated sequence that is identical to the final 18 bp of mature 5S RNA. As this repeated sequence and structure is known to be important for the RNase E cleavage immediately downstream of 5S, we suggest that the repeat in the RrB 3′-end is also recognized by RNase E, and that this explains the function of the repeated sequence.

RrBshort was enriched on Hfq in the co-purification experiment (Figure 2), and showed specific binding to Hfq by EMSA analysis (Supplementary Figure 5), which could suggest a role for Hfq in folding or processing of RrB. Hfq could affect folding and the kinetics of the processing but is not essential for processing since RrBshort was also observed in a Δhfq mutant (Supplementary Figure 7). Alternatively, the enrichment could reflect that RrBshort functions as a base-pairing sRNA to regulate one or more target RNAs, chaperoned by Hfq. GadY (Parker et al., 2017) and McaS (Jorgensen et al., 2013) are two recent examples of dual function sRNAs that can both function to bind and titrate out CsrA, and function as generic Hfq-dependent base-pairing sRNAs to regulate target mRNAs. Although we cannot rule out either option, we favor the former option, namely that Hfq participates in the folding or processing of RrB, which is also supported by our structure probing with and without Hfq (Figure 6). If Hfq assisted with pairing of RrBshort to a target RNA(s), we would have expected to detect the binding between RrBshort and Hfq in the mass spectrometry analysis of the proteins co-purifying with RrBshort, and the RNA-seq analysis could have revealed the target RNA(s). On the other hand, if the role of Hfq is to facilitate the refolding or processing of RrB, then the affinity of Hfq for the refolded product RrBshort need not be very high, why we speculate that competing binders with higher affinity, like the abundant CsrA protein, may have excluded binding of Hfq to RrBshort in the MS2-RNA affinity purification experiments.

The rrA, B, F genes are found downstream of the gene encoding 5S in three out of seven rRNA operons of E. coli. These three operons are furthermore the only three that contain two terminator sequences (T1 and T2), whereas the remaining four rRNA operons have a single terminator (Supplementary Figure 1; Lesnik et al., 2001). The significance of the dual terminators is not clear and has been puzzling since its discovery (Brosius et al., 1981; Brosius, 1984; Ghosh et al., 1991; Orosz et al., 1991). The termination efficiencies of each of the terminators from the rrnB operon have been measured. T1 was measured to terminate 87% of transcripts while T2 terminated 100% of transcripts (Orosz et al., 1991). As the rrA, B, F genes are located between the two terminators we suggest that this dual terminator arrangement could serve the purpose of regulating the expression of rrA, B, F. In this way, the expression of rrA, B, F will be directly linked to expression of rRNA and growth rate, but they would be expressed at a lower level than the rRNA, which are among the most highly transcribed genes in the cell. We point out that the dual terminators of ribosomal operon B, including the rrB gene, are among the most highly used transcription terminator sequences on plasmids for cloning and protein expression (Denèfle et al., 1987; Andrews et al., 1996; Rogers et al., 2015; Wille et al., 2015; Engstrom and Pfleger, 2017). Our demonstration that the RrA, B, F molecules can interact with at least two pleiotropic regulatory proteins in E. coli (Hfq and CsrA), warrants careful consideration of whether expression of such putative sRNAs from a high copy number plasmid is desirable for a given application.

Several studies on eukaryotic organisms have identified potential miRNAs transcribed as part of rRNA primary transcripts (Wei et al., 2013; Chak et al., 2015; Asha and Soniya, 2017), and the murine-specific miR-712, transcribed as a part of a spacer element in the pre-rRNA transcript, has been shown to be involved in endothelial inflammation and atherosclerosis (Son et al., 2013). To our knowledge, the RrA, B, F sRNAs described here represent the first report of sRNAs transcribed as part of rRNA primary transcripts in a prokaryote. In conclusion, three out of seven rRNA operons in E. coli contains an arrangement of dual terminators with small defined RNAs encoded in between, and these RNAs are conserved both in structure and sequence among species belonging to different genera of Enterobacteriales. We have found that these RNAs interact with both Hfq and CsrA but has been unable to demonstrate clear phenotypes of both deletion and overexpression mutants. We presume that the conservation among species indicate a function for the RNAs but that this function is still not fully understood.
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In eukaryotic organisms, transfer RNA (tRNA)-derived fragments have diverse biological functions. Considering the conserved sequences of tRNAs, it is not surprising that endogenous tRNA fragments in bacteria also play important regulatory roles. Recent studies have shown that microbes secrete extracellular vesicles (EVs) containing tRNA fragments and that the EVs deliver tRNA fragments to eukaryotic hosts where they regulate gene expression. Here, we review the literature describing microbial tRNA fragment biogenesis and how the fragments secreted in microbial EVs suppress the host immune response, thereby facilitating chronic infection. Also, we discuss knowledge gaps and research challenges for understanding the pathogenic roles of microbial tRNA fragments in regulating the host response to infection.
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INTRODUCTION

To thrive in harsh conditions, micro-organisms must respond to changes in the environment, including iron deprivation, nutrient starvation, and host immune responses. The transcriptional and post-transcriptional regulation by small RNAs (sRNAs) is a highly efficient mechanism to reshape microbial transcriptomes and metabolism in response to changes in the environment. Conventional microbial sRNAs are heterogeneous in size, ranging from 50 to 500 nt, and regulate gene expression by base-pairing with the translation initiation region or coding sequence of target mRNAs or by acting as sRNA sponges (Carrier et al., 2018). In the past decade, microbial non-coding sRNAs (ncRNAs) originating from intergenic regions have been characterized and reviewed extensively (Wagner and Romby, 2015; Carrier et al., 2018). Usually, ncRNAs from the intergenic regions have their promoters, and hence their expression is dictated by promoter activity and transcriptional regulators. Recently, it has become evident that intergenic regions are not the only source of microbial sRNAs. For example, sRNAs cleaved from 5' or 3' untranslated regions of mRNAs with regulatory roles have been reported (Ren et al., 2017; Manna et al., 2018).

Advancements in sRNA sequencing technologies and bioinformatics tools have led to the discovery of transfer RNA (tRNA)-derived fragments, leading to functional studies that have elucidated the regulatory roles of these fragments (Su et al., 2020). In eukaryotes and prokaryotes, tRNAs are the most abundant RNA species by the number of molecules (Neidhardt, 1996; Palazzo and Lee, 2015) and are evolutionarily conserved. Although most studies examining the role of tRNA-derived fragments have been conducted in mammals, in this mini-review, we focus on studies describing the biogenesis and cell-autonomous effects of microbial tRNA fragments. Also, we review papers that report the role of microbial tRNA fragments secreted in extracellular vesicles (EVs) and how they regulate gene expression in the host.

Extracellular vesicles secreted by microbes serve various functions, including intra-kingdom and inter-kingdom transfer of toxins, virulence factors, DNA, sRNAs, and tRNA fragments (Wang and Fu, 2019; Ahmadi Badi et al., 2020). There are several categories of EVs based on their origin, biogenesis, size (10–1,000 nm), and composition (Théry et al., 2018; Toyofuku et al., 2019). One of the main functions of EVs is to protect their RNA content from RNases present in the extracellular environment. In bacteria, the most studied EVs secreted by Gram-negative bacteria are outer membrane vesicles (OMVs) with a single bilayer derived from the outer membrane (Jan, 2017). Also, outer-inner membrane vesicles (O-IMVs), having a double bilayer composed of the outer and inner membranes, are secreted by Gram-negative bacteria, but only represent a very small fraction of EVs (Pérez-Cruz et al., 2015). OMVs and O-IMVs are ~100 nm vesicles that subserve various functions, including pathogen-pathogen interactions, and delivering virulence factors, sRNAs and tRNA fragments into host cells to modulate the host immune response (Kaparakis-Liaskos and Ferrero, 2015; Koeppen et al., 2016; Vitse and Devreese, 2020). Gram-positive bacteria and fungal pathogens also secrete EVs that contain sRNAs, tRNAs, and tRNA fragments (Peres da Silva et al., 2015; Resch et al., 2016; Alves et al., 2019; Rodriguez and Kuehn, 2020; Joshi et al., 2021). In sum, microbial EVs containing sRNAs and tRNA fragments deliver their contents to recipient cells, and a few studies have shown by transfecting synthetic RNA oligos and making sRNA-deletion mutants, that sRNAs and tRNAs regulate gene expression in eukaryotic host cells (Garcia-Silva et al., 2014a; Koeppen et al., 2016; Choi et al., 2017; Zhang et al., 2020).

This article summarizes the current stage of knowledge regarding the biogenesis of microbial tRNA fragments and their regulatory roles in pathogens and host cells. In addition, important knowledge gaps and research challenges regarding their roles in microbial pathogenesis will be discussed.



MICROBIAL tRNA FRAGMENTS AND THEIR BIOGENESIS

Transfer RNAs are 70–100 nucleotides (nt) long molecules with highly conserved sequences that form secondary cloverleaf and L-shaped three-dimensional structures (Fujishima and Kanai, 2014). Besides their well-known function as amino acid carriers to decode mRNA sequences in eukaryotes, numerous non-canonical roles of tRNAs have been identified, including tRNA fragment mediated gene silencing through an Argonaute-microRNA like mechanism (Maute et al., 2013) and both negative and positive effects on global regulation of protein translation (Yamasaki et al., 2009; Kim et al., 2017). The roles of tRNA fragments in eukaryotes have been extensively reviewed (Keam and Hutvagner, 2015; Su et al., 2020). tRNA fragments were first described in Escherichia coli in response to bacteriophage infection (Levitz et al., 1990). Over the past decades, using northern blot analysis and sRNA sequencing techniques, tRNA fragments have been found in all domains of life and are not random degradation products (Kumar et al., 2014). This article summarizes identified microbial tRNA fragments into three categories (Figures 1A–C). They are either derived from a polycistronic tRNA precursor transcript or a mature tRNA and include: (1) external transcribed spacer (ETS) and internal transcribed spacer (ITS) sequences, (2) 5' and 3' tRNA halves, and (3) 5' tRNA-derived fragments (5' tRFs) and 3' tRNA-derived fragments (3' tRFs).

[image: Figure 1]

FIGURE 1. An overview of microbial tRNA-derived fragments. (A–C) Three categories of tRNA fragments have been identified based on their origin and processing. Stable tRNA fragments can originate from polycistronic pre-tRNA transcripts or mature tRNAs. (A) ETS and internal transcribed spacer (ITS) sequences are excised from the pre-tRNA transcripts; however, no stable 5' ETS and ITS (dotted) have been reported. (B) Cleavage at the anticodon loops creates 5' tRNA half and 3' tRNA half fragments. (C) RNases cleave near D loops and T loops to generate 5' tRFs and 3' tRFs. (D) sRNA unique sequencing reads from P. aeruginosa strain PA14 cells and their OMVs. Non-coding sRNAs (ncRNAs) are not visible on the plot as they accounted for less than 0.02% of total reads. (E) tRNA fragment type distribution of unique reads mapped to PA14 tRNA genes in PA14 cells and OMVs. Sequence reads in (D) and (E) are from Koeppen et al. (2016). (F) Schematic representation of microbial tRNA fragment-mediated effects in pathogens and the pathogen-to-host interaction via EVs.


The first category of tRNA fragments is the spacer RNAs arising from the tRNA maturation process (Figure 1A). tRNA precursors contain a 5' ETS and a 3' ETS. Prokaryotic tRNA precursors from operons have ITS to separate tRNAs. Multiple ribonucleases, including RNase P and E, are required to generate mature tRNAs and release ETS and ITS (Esakova and Krasilnikov, 2010; Shepherd and Ibba, 2015).

The second category of tRNA fragments consists of 5' tRNA halves and 3' tRNA halves, which are products of endoribonuclease-mediated cleavage in the anticodon loop of mature tRNAs (Figure 1B). 5' tRNA halves are 32–40 nucleotides from the 5′ terminus of mature tRNAs, while 3' halves are 40–50 bases from the anticodon loop to the 3' terminus due to the variable region and 3'-CCA. Various anticodon ribonucleases (ACNases) targeting the anticodon loop have been identified. In E. coli, T4 phage infection activates PrrC, a tRNALys-specific ACNase, as one of the suicidal events to protect the population from infection (Morad et al., 1993). Colicin E5 and Colicin D secreted from E. coli are ACNases that cleave multiple tRNAs of competing E. coli strains in half (Ogawa et al., 1999; Tomita et al., 2000). Ogawa et al. (2020) revealed that the anticodon-loop sequence of tRNAArg determines its susceptibility to colicin D, and they also demonstrated that the cleaved tRNAArg occupies the ribosome A-site leading to the impairment of translation. Similarly, fungi secrete different ribotoxins that generate 5' tRNA halves and 3' tRNA halves which inhibit cell growth of nonself yeast cells (Lu et al., 2005; Chakravarty et al., 2014). Mycobacterium tuberculosis produces MazF-mt9 that cleaves tRNALys in half, which downregulates bacterial growth (Schifano et al., 2016). Ribotoxins including VapCs in M. tuberculosis, Shigella flexneri, and Salmonella enterica target the anticodon loop of different tRNAs to modulate translation (Winther and Gerdes, 2011; Winther et al., 2016).

The third category of tRNA fragments includes 5' tRFs and 3' tRFs. These tRFs are cleavage products near the D loop or in the T loop of mature tRNAs (Figure 1C). 5' tRFs start from the extreme 5' end into the D stem, D loop, or anticodon stem; hence, 5' tRFs usually range from 18 to 31 nt. 3' tRFs are defined as sRNAs derived from cleavage in the T loop with a 3'-CCA end and about 18–22 nt in length. MazF-mt9 toxin in M. tuberculosis has been reported to cleave tRNAPro to generate 5' tRFs (Schifano et al., 2016). Due to the size similarity between microRNAs (miRNAs) in eukaryotes and tRFs, the miRNA generation machinery has been implicated in generating 5' tRFs and 3′ tRFs. Dicer, which plays a major role in the maturation of miRNAs, also cleaves several mature tRNAs to generate tRFs in vertebrates (Cole et al., 2009; Shigematsu and Kirino, 2015). sRNA sequencing analyses comparing wildtype and Dicer knockout cells in different eukaryotes reveal that Dicer is dispensable for the biogenesis of the majority of 5' tRFs and 3' tRFs (Li et al., 2012; Kumar et al., 2014); however, in prokaryotes, the biogenesis of tRFs remains largely unknown at this time.



MICROBIAL tRNA FRAGMENTS AND THEIR CELL-AUTONOMOUS EFFECTS


Lalaouna et al. (2015) identified the first functional tRNA fragment from an ETS in E. coli and demonstrated that the 3' ETS of leuZ (3' ETSleuz) is an sRNA sponge that inhibits the activity of target sRNAs, RyhB, and RybB. RyhB and RybB regulate iron homeostasis and outer membrane integrity, respectively. To demonstrate the physiological role of 3' ETSleuZ in E. coli, the authors reported that it prevents cells from using succinate as the sole carbon source and decreases antibiotic colicin sensitivity. Importantly, they demonstrated that Hfq, a conserved bacterial RNA-binding protein, is required to form the tRNA fragment-sRNA target complex.


Gebetsberger et al. (2012) sequenced sRNAs co-purified with ribosomes of Haloferax volcanii, a halophilic archaeon, and identified multiple 5' tRFs. They found that cells grown under elevated pH have abundant 5' tRNAVal fragment, which binds to small ribosomal subunits to inhibit translation globally. In addition, the 5' tRNAVal fragment of H. volcanii also attenuates protein synthesis by S. cerevisiae and E. coli’s ribosomes (Gebetsberger et al., 2017). Also the 3' tRNAThr half from Trypanosoma brucei has a similar effect in H. volcanii and S. cerevisiae to mediate translation stimulation (Fricker et al., 2019). These reports suggest a functionally conserved mode of action across life domains. Similar regulatory roles of 5' tRFs and 3' tRFs in S. cerevisiae have also been identified. Several tRFs in yeast bind to the small ribosomal subunits and aminoacyl-tRNA synthetases to reduce global translation (Mleczko et al., 2018).

Although 5' and 3' tRNA halves have been identified in many studies, the cell-autonomous effects of tRNA halves are largely unknown. Studies in M. tuberculosis and Aspergillus fumigatus suggest that micro-organisms maintain their persistence in host cells or remain in a life stage by cleaving tRNAs in half (Jöchl et al., 2008; Winther et al., 2016). Selective human 5' tRNA halves identified in saliva have high sequence similarity to tRNAs of Fusobacterium nucleatum, an oral opportunistic pathogen. Co-culture of human 5' tRNA halves with F. nucleatum inhibits bacterial growth, likely through interference with bacterial protein biosynthesis (He et al., 2018). Several studies have also demonstrated that environmental stress increases cytosolic tRNA halves in microbes (Thompson et al., 2008; Garcia-Silva et al., 2010; Fricker et al., 2019; Raad et al., 2021); however, the function of 5' and 3' tRNA halves induced by stress remains elusive.

Taken together, these initial reports describing the ubiquity and the function of cytosolic tRNA fragments in microbial cells and the differential expression of specific tRNA fragments (summarized in Table 1) suggest their possible roles in bacterial homeostasis and in regulating the expression of virulence factors.



TABLE 1. Studies identifying and characterizing microbial transfer RNA (tRNA) fragments.
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EXTRACELLULAR VESICLES ARE IMPORTANT MEDIATORS OF INTERCELLULAR COMMUNICATION AND DELIVERY OF tRNA FRAGMENTS TO THE HOST

Intercellular communication mediated by EVs is an important aspect of host-pathogen interaction without direct cell-cell contact (Yáñez-Mó et al., 2015). Secretion of EVs as a mechanism of inter-kingdom and intra-kingdom communication is evolutionarily conserved, as organisms from prokaryotes, plants, and animal cells release EVs into the surrounding environment (Deatherage and Cookson, 2012; Gill et al., 2019; Woith et al., 2019). Identification of regulatory tRNA fragments in EVs has recently garnered attention and led to extensive sRNA content profiling of EVs secreted by Gram-negative and Gram-positive bacteria, fungi, and intracellular parasites (summarized in Table 1). Ghosal et al. (2015) performed the first comprehensive sRNA profiling comparing E. coli and their secreted OMVs. In E. coli OMVs, over 90% of sequence reads were mapped to tRNA fragments, and the authors reported differential packaging of tRNA fragments in OMVs. In a study sequencing sRNA in Pseudomonas aeruginosa (Koeppen et al., 2016), we found that tRNA fragments are more abundant than canonical ncRNAs (Figure 1D), and those tRNA fragments are differentially packaged in OMVs (Figure 1E). Moreover, we exposed human primary bronchial epithelial (HBE) cells to OMVs and used sRNA sequencing to demonstrate that tRNA fragments are the main P. aeruginosa sRNAs transferred from OMVs to host cells after exposure. Although tRNA fragments are only a small fraction of sRNAs in OMVs, their predominance in host cells suggests that tRNA fragments may have longer half-lives than other more abundant sRNAs. Moreover, EVs produced by Trichomonas vaginalis encapsulate abundant 5' tRNA halves and fuse with benign prostate hyperplasia (BPH-1) cells to deliver sRNAs (Artuyants et al., 2020). In addition, EVs secreted by Gram-positive bacteria, fungi, and even intracellular parasites also deliver protein toxins and sRNA products to host cells to modulate the host immune response (Rodrigues et al., 2008; Rivera et al., 2010; Silverman et al., 2010; Resch et al., 2016; Munhoz da Rocha et al., 2020).

Several studies have reported that tRNA fragments secreted in OMVs are involved in host-pathogen interactions. We demonstrated that sRNA52320, a 24-nt long 5' tRNAfMet fragment, is secreted by P. aeruginosa in OMVs that fuse with primary HBE cells and attenuates OMV-induced IL-8 secretion and recruitment of neutrophils into mouse lung by reducing the expression of mitogen-activated protein kinases (MAPK; Koeppen et al., 2016). In our study, we used miRanda, a miRNA target prediction algorithm, to reveal that the 5' tRNAfMet fragment has specific targets in the MAPK signaling pathway in the host, including MAP2K2, MAP2K3, MAP2K4, MAP3K7, and PIK3R2. An unbiased proteomics approach confirmed our target predictions. In addition, sR-2509025, a 31-nt 5' tRNAfMet fragment, is secreted by Helicobacter pylori in OMVs and is delivered to human gastric adenocarcinoma cells and diminish LPS-induced IL-8 secretion (Zhang et al., 2020). Intriguingly, the 5' tRNAfMet fragments identified from these two independent studies have a high sequence similarity, with only four nucleotides difference in the 24-nt long overlapping region. Moreover, Garcia-Silva et al. (2014a,b) demonstrated that tRNA halves in Trypanosoma cruzi EVs are delivered into HeLa cells where the 5' tRNAThr half modulates the immune response, including upregulating CXCL2 gene expression.

Considering the findings discussed above, we propose that tRNA fragments delivered by microbial EVs to host cells are a widespread mechanism utilized to hijack the host immune response to enhance survival (Figure 1F). Additional studies are required to test this hypothesis, including studies on how microbes regulate the biogenesis of tRNA fragments in response to different environmental stimuli, the molecular mechanisms of differential packaging of tRNA fragments in EVs, and the molecular mechanisms whereby microbial tRNA fragments regulate the eukaryotic host response to infection. It will be informative to determine if microbial tRNA fragments delivered to eukaryotic hosts utilize the same mechanisms that mammalian tRNA fragments utilize (Chen and Shen, 2020).



CONCLUSION AND PERSPECTIVES

Recent studies have demonstrated that tRNA fragments secreted by microbes in EVs regulate gene expression in various hosts, thus representing an important but underappreciated mechanism of host-pathogen interactions. Although progress has been made in elucidating the role of tRNA fragments in regulating gene expression in microbes and their hosts, there is much to be learned. For example, although sRNA sequencing has identified tRNA fragments in microbes and EVs, it is important to note current sequencing limitations and biases. First, most of the current approaches of preparing sRNA sequencing libraries rely on adaptor ligation, which requires 5' monophosphate and 3' OH of RNA molecules. This requirement limits the tRNA fragments that can be identified. For example, 5' ETS with 5' triphosphates and tRNA halves with 2-3-cyclic phosphate at the 3' end or 5' OH created by ACNases are not amenable to adaptor ligation. However, there are methods that use different enzymes to treat RNA samples before adaptor ligation to enrich RNA molecules with different end chemistries (Thomason et al., 2015; Shigematsu et al., 2018). Second, there are more than 90 post-transcriptional modifications found in tRNAs, which are required for their activity, and some of them impede reverse transcription during library preparation and RT-PCR experiments, which could lead to inaccurate profiling of tRNA fragments (Kellner et al., 2010; Lorenz et al., 2017). Also, the stable structure of tRNAs interferes with cDNA synthesis (Zheng et al., 2015; Behrens et al., 2021). Thus, new approaches are needed to identify tRNA fragments more thoroughly. In addition, better algorithms are needed to predict targets of tRNA fragments. Although tRNA fragments regulate gene expression by base-pairing with target genes in host cells, which is reminiscent of microRNA-mRNA interactions in eukaryotes, targeting algorithms for tRNA fragments should be improved due to a variety of factors. For example, sRNAs base-pair to targets with limited complementarity and conserved sequences called seed regions; however, the seed regions of tRFs and tRNA halves have not been fully characterized; thus, a better understanding of seed regions in tRNA fragments is required for a more accurate target prediction. With a better understanding of the targeting rules of tRNA fragments, it would be possible to generalize experiment findings on one tRNA fragment to other pathogens, given the highly conserved tRNA sequences in microbes (Saks and Conery, 2007).

Additional outstanding questions regarding the role of tRNA fragments in mediating host-pathogen interactions are worthy of note. Is the production and packaging of tRNA fragments into microbial EVs regulated? Does the nucleotide sequence or secondary structure determine differential packaging? How is the secretion of EVs regulated? How do microbial tRNA fragments regulate gene expression in eukaryotic cells? To what extent do microbial EVs in plasma regulate multiple organs? Do differences in EV isolation methods affect EV cargo and the effect of EVs on host cell biology? In this regard, the International Society of Extracellular Vesicles (ISEV) has published a suggested set of standards to increase rigor and reproducibility in EV research (Théry et al., 2018).

In conclusion, despite numerous publications demonstrating the existence of tRNA fragments in microbes and in secreted EVs, many details on the immunoregulatory role of tRNA fragments in regulating the host are unknown. We postulate that tRNA fragments are underappreciated molecules in microbial physiology and host-pathogen interactions (Figure 1F). We anticipate that a greater focus on these molecules in future investigations will lead to a more complete understanding of their roles in mediating host-pathogen interactions.
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The outer membrane protein OmpA is a virulence factor in many mammalian pathogens. In previous global RNA structure probing studies, we found evidence for a temperature-modulated RNA structure in the 5'-untranslated region (5'-UTR) of the Yersinia pseudotuberculosis ompA transcript suggesting that opening of the structure at host-body temperature might relieve translational repression. Here, we support this hypothesis by quantitative reverse transcription PCR, translational reporter gene fusions, enzymatic RNA structure probing, and toeprinting assays. While ompA transcript levels decreased at 37°C compared to 25°C, translation of the transcript increased with increasing temperature. Biochemical experiments show that this is due to melting of the RNA structure, which permits ribosome binding to the 5'-UTR. A point mutation that locks the RNA structure in a closed conformation prevents translation by impairing ribosome access. Our findings add another common virulence factor to the growing list of pathogen-associated genes that are under RNA thermometer control.
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INTRODUCTION

OmpA is a highly abundant and conserved outer membrane protein in Gram-negative bacteria (Smith et al., 2007). It has a barrel-like structure that confers porin activity. Apart from its function in the influx and efflux of various compounds, OmpA is a multifaceted protein with various other functions, hence its designation as a molecular Swiss army knife. For instance, it plays an important role in envelope stability. In Acinetobacter baumannii, it was shown that two highly conserved residues anchor OmpA to the peptidoglycan layer (Park et al., 2012). In addition, OmpA forms complexes with the outer membrane protein Pal, which also associates with the peptidoglycan layer via a conserved α-helical interaction motif (Clavel et al., 1998).

OmpA and OmpA-like proteins have been recognized as virulence factors and are considered as potential vaccine candidates (Confer and Ayalew, 2013). The mode of action by which OmpA contributes to virulence ranges from adherence to epithelial cells and invasion (Smith et al., 2007; Gaddy et al., 2009) to biofilm formation (Weiser and Gotschlich, 1991; Azghani et al., 2002). In Escherichia coli, OmpA contributes to the resistance against serum killing by binding to the C4b-binding protein, which inhibits excessive activation of the complement system (Weiser and Gotschlich, 1991; Prasadarao et al., 2002). A. baumannii OmpA confers serum resistance through the acquisition of factor H to the cell surface (Kim et al., 2009). In addition, secreted A. baumannii OmpA is able to facilitate apoptosis by inducing mitochondrial damage and the release of proapoptotic molecules, leading to epithelial cell death (Choi et al., 2005). In a mouse model, A. baumannii OmpA is important to induce death as demonstrated by a killing defect of an ompA deletion strain (Sánchez-Encinales et al., 2017). In E. coli K1, OmpA is required to cause neonatal meningitis by enabling invasion of brain microvascular endothelial cells and crossing the blood-brain barrier (Prasadarao et al., 1996). OmpA in Yersinia pestis and Yersinia pseudotuberculosis is important for intracellular survival within macrophages as shown by reduced survival of strains lacking ompA (Bartra et al., 2012).

The amount of OmpA and other porins in the outer membrane is tightly regulated in response to numerous external conditions. Like many other genes coding for outer membrane proteins, E. coli ompA is subject to posttranscriptional regulation by small RNAs (sRNAs; Guillier et al., 2006). The paradigm of this type of control is the regulation of the ompF mRNA by the MicF sRNA (Mizuno et al., 1984). The 5'-untranslated region (5'-UTR) of ompA base-pairs with the sRNA MicA, which destabilizes the ompA transcript and requires the help of the RNA chaperone Hfq (Rasmussen et al., 2005; Udekwu et al., 2005). A second Hfq-dependent sRNA involved in ompA regulation in E. coli is RseX, which also regulates the expression of another outer membrane protein gene called ompC (Douchin et al., 2006).

A fundamentally different mode of riboregulation was recently reported for the Shigella dysenteriae ompA gene, which is regulated by a fourU-type RNA thermometer (RNAT; Murphy et al., 2020). Shigella dysenteriae is a serious foodborne pathogen causing the diarrheal disease shigellosis, and the OmpA protein is involved in intracellular spreading of the pathogen (Ambrosi et al., 2012). The last 20 residues of the 133-nucleotides long 5'-UTR of the ompA transcript fold into a simple hairpin structure, in which four uridines pair with GGAG, a part of the Shine-Dalgarno (SD) sequence. This structure is sufficiently strong to inhibit ribosome access at environmental temperatures but labile enough to denature at a host-body temperature in order to facilitate efficient translation resulting in an elevated level of the virulence factor (Murphy et al., 2020).

Regulating the production of virulence factors like OmpA in response to temperature is a sensible strategy since a shift to 37°C is among the most consistent changes upon arrival in the warm-blooded host. Therefore, many pathogens have established various mechanisms to measure the ambient temperature at the DNA, RNA, or protein level (Steinmann and Dersch, 2013; Mandin and Johansson, 2020). A widely used strategy in numerous pathogenic bacteria is the translational control of virulence-associated genes by RNATs (Loh et al., 2018). The sequence and structure of these regulatory elements are surprisingly diverse. Even orthologous genes in related organisms are controlled by unrelated RNATs, and this is also the case for the ompA gene. While the Shigella ompA transcript is regulated by a fourU thermometer (Murphy et al., 2020), the RNAT upstream of ompA in Y. pseudotuberculosis presented here is structurally disparate but functionally equivalent. Like Shigella, Y. pseudotuberculosis is a notorious foodborne pathogen causing gut-associated diseases. A considerable number of Yersinia virulence genes are temperature regulated, often by riboregulatory processes (Knittel et al., 2018). We identified a very promising RNAT upstream of ompA by a global RNA structuromics approach, in which Y. pseudotuberculosis RNA structures were probed at three different temperatures (Righetti et al., 2016). Here, we set out to study the structure-function relationship of this temperature-labile element and show that it is a functional RNAT allowing induction of OmpA levels at increasing temperature.



MATERIALS AND METHODS


Bacterial Strains and Plasmids

Bacterial strains used in this study are listed in Table 1. Cells were grown in lysogeny broth (LB; 1% NaCl, 1% tryptone, and 0.5% yeast extract) at indicated temperatures. Cultures were supplemented with 150 μg/ml ampicillin when necessary. For the induction of the PBAD promoter, the medium was supplemented with L-arabinose to a final concentration of 0.01% (E. coli) or 0.1% (Y. pseudotuberculosis), respectively.



TABLE 1. Bacterial strains.
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Plasmid Construction

All utilized oligonucleotides and plasmids are summarized in Tables 2 and 3, respectively. Point mutations were generated by site-directed mutagenesis according to the instruction manual of the QuikChange® mutagenesis kit (Agilent Technologies).



TABLE 2. Oligonucleotide list.
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TABLE 3. Plasmid list.
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The ompA RNAT-bgaB fusion plasmid (pBO4435) was constructed by first amplifying the YPK_2630 (ompA) 5'-UTR including 30 bp of the ompA coding region (108 bp) with primer pairs ompA_UTR_fw/ompA_UTR_rev, digested with NheI and EcoRI and ligated into pBAD2-bgaB-His. The repressed ompA RNAT-bgaB (U38UC) fusion was constructed by site-directed mutagenesis with primer pair ompA_rep_fw/ompA_rep_rev using pBO4435 as a template.

The runoff plasmid for in vitro transcription of the ompA RNAT (pBO4920) was constructed by blunt-end ligation of a PCR-amplified DNA fragment (primer pair ompA_ro_fw/ompA_ro_rev), comprising the T7 RNA polymerase promoter, and the ompA RNAT including 30 bp of the ompA coding region, into the EcoRV restriction site of pUC18. Insertion of the repressive mutation (U38UC) into pBO4920 was achieved by site-directed mutagenesis (primer pair ompA_rep_fw/ompA_rep_rev).



Reporter Gene Activity Assay

Escherichia coli DH5α or Y. pseudotuberculosis YPIII cells carrying the ompA RNAT-bgaB fusion plasmids were grown overnight in LB supplemented with ampicillin at 25°C. Before being inoculated with an overnight culture to an optical density at 600 nm (OD600) of 0.1, LB media supplemented with ampicillin were pre-warmed to 25°C. After growth to an OD600 of 0.5, transcription was induced with 0.01% (E. coli) or 0.1% for (Y. pseudotuberculosis) L-arabinose, respectively. The culture was split and shifted to pre-warmed 100 ml flasks. After incubation for 30 min, 400 μl samples was subsequently taken for β-galactosidase assay, 2 ml samples for Western blotting, and 4 ml samples for RNA isolation. The β-galactosidase assay was carried out as described previously (Gaubig et al., 2011; Righetti et al., 2016).



Western Blot Analysis

Cell pellets were resuspended in 1 × SDS sample buffer (2% SDS, 0.1% bromophenol blue, 1% 2-mercaptoethanol, 25% glycerol, 50 mM Tris/HCl, and pH 6.8) according to their optical density (100 μl per OD600 of 1). After boiling for 10 min at 95°C, samples were centrifugated (10 min, 13,000 rpm) and the supernatant was separated by SDS gel electrophoresis in 5% stacking and 12% separating gels. Size-separated proteins were transferred by tank blotting onto a nitrocellulose membrane (Hybond-C Extra, GE Healthcare). An anti-His-HRP conjugate antibody (Bio-Rad) was used in a 1:4,000 dilution. Luminescence signals were detected by incubating membranes with Immobilon Forte Western HRP substrate (Millipore) and the FluorChem SP (Alpha Innotec).



RNA Extraction and Quantitative Reverse Transcription PCR

Total RNA was extracted using the peqGOLD TriFast reagent according to the manufacturer’s protocol. RNA samples were treated with Turbo™ DNase (TURBO DNA-free™ Kit, Invitrogen) to remove DNA contamination. cDNA synthesis was performed using the iScript™ cDNA synthesis Kit (Bio-Rad) according to the manufacturer’s protocol with 1 μg RNA per reaction. 2 μl of 1:10 diluted cDNA was mixed with 250 nM of each primer, 5 μl of 2× iTaq Universal SYBR Green Supermix, and 2.5 μl sterile water (Carl Roth). Amplification and detection were performed in a CFX Connect™ Real-Time System (Bio-Rad). Standard curves were used to calculate primer efficiency and determine the linear range of amplification. Relative transcript amounts were calculated using the primer efficiency corrected method (Pfaffl, 2001). The non-thermoregulated reference genes gyrB and nuoB were used for normalization.



In vitro Transcription

RNA for RNA structure probing and primer extension inhibition experiments were synthesized in vitro by runoff transcription with T7 RNA polymerase (Thermo Scientific) from EcoRV-linearized plasmids (listed in Table 3) as previously described (Righetti et al., 2016).



Enzymatic RNA Structure Probing

RNA structure probing of the 5'-UTR and 30 nt of ompA was performed as described previously (Twittenhoff et al., 2020ab). Briefly, in vitro transcribed and 5'-[32P]-labeled RNA (3,000 cpm) was mixed with buffer and tRNAs, preincubated for 5 min at the respective temperature, and treated with T1 (0.0017U; Invitrogen) or T2 (0.056U; MoBiTec) RNases for 5 min. For digestion with RNase T1 and RNase T2, a 5 × TN buffer (100 mM Tris acetate, pH 7, and 500 mM NaCl) was used. An alkaline hydrolysis ladder was prepared as described in Brantl and Wagner (1994), meaning 60,000 cpm of labeled RNA was mixed with tRNAs and ladder buffer (1M Na2CO3 and 1M NaHCO3; pH 9) incubated for 2 min at 90°C. The T1 ladder was generated by using 30,000 cpm-labeled RNA. The samples were heated with 2 μl sequencing buffer (provided with RNase T1) at 90°C. Afterward, the RNA was incubated with the T1 RNase for 5 min at 37°C. All reactions were stopped by the addition of formamide loading dye and denaturation at 95°C.



Primer Extension Inhibition Analysis (Toeprinting)

Toeprinting analysis was performed with 30S ribosomal subunits, in vitro transcribed RNA, and tRNAfMet (Sigma-Aldrich) according to a protocol as described before (Hartz et al., 1988). The 5'-[32P]-labeled oligonucleotide ompA_ro_rv, complementary to the 3' end of the ompA mRNA, was used as a primer for cDNA synthesis. The radiolabeled primer (0.16 pmol) was annealed to the ompA mRNA (0.08 pmol) and incubated with 30S ribosomal subunits (24 pmol) or Watanabe buffer [60 mM HEPES/KOH, 10.5 mM Mg(CH3COO)2, 690 mM NH4COO, 12 mM 2-mercaptoethanol, 10 mM spermidine, and 0.25 mM spermine] in the presence of tRNAfMet (8 pmol) at 25, 37, or 42°C for 10 min. After the addition of 2 μl MMLV-Mix [VD+Mg2+ buffer, BSA, dNTPs, and 800 U MMLV reverse transcriptase (Invitrogen)], cDNA synthesis was performed for 10 min at 37°C. The reaction was stopped by the addition of formamide loading dye, and the samples were separated on an 8% denaturing polyacrylamide gel. The Thermo Sequenase Cycle Sequencing Kit (Applied Biosystems) was used for sequencing reactions with plasmid pBO4920 as a template and radiolabeled primer ompA_ro_rv.




RESULTS


The ompA 5'-UTR Contains a Thermoresponsive RNA Structure, Which Facilitates Temperature-Dependent Regulation

A previously conducted global in vitro RNA structure probing analysis (Righetti et al., 2016) provided strong evidence for the existence of temperature-sensitive RNA structures in the 5'-UTRs of numerous mRNAs. One of the top candidates (rank #3 of chromosomally encoded mRNAs) discovered by this parallel analysis of RNA structures approach was the 5'-UTR of ompA. The RNA structure observed at 25°C was destabilized at higher temperatures (Figure 1A). This was especially prominent in the region around the SD sequence and in the early coding region. Here, the PARS profile dropped from positive to negative values indicative of a transition from a double-stranded (ds) to single-stranded (ss) conformation. This behavior is typical of zipper-like RNATs that facilitate ribosome binding at elevated temperatures (Kortmann and Narberhaus, 2012). The PARS analysis revealed an almost completely folded ompA 5'-UTR that is engaged in several stem-loop structures (Figure 1B). Strikingly, the SD sequence (53-GGAG-56) is imperfectly paired and contains a bulged adenine. It is very likely that this mismatched nucleotide in concert with four unpaired nucleotides (58-GUAA-61) between the SD sequence and the AUG start codon is key to the temperature sensitivity of this 5'-UTR.
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FIGURE 1. The ompA 5'-UTR contains a thermoresponsive RNA structure. (A) PARS profiles of the ompA RNAT (−62 nt to +30 nt from AUG) at 25, 37, and 42°C (Righetti et al., 2016). The potential SD sequence and the AUG are shown. A positive PARS score is indicative of a double-stranded (ds) conformation, whereas a negative PARS score suggests a single-stranded (ss) conformation. A drop from a positive score at 25°C to a negative score at 37°C suggests melting of a secondary structure. (B) PARS-derived secondary structure of the ompA RNAT at 25°C. The potential SD sequence is highlighted in yellow and its corresponding AUG in blue. –, AU pair; =, GC pair; and ○, GU pair. (C) Comparison of ompA transcript amount between 37 and 25°C by RNA sequencing (Nuss et al., 2015) and qRT-PCR (this study) of exponentially grown YPIII cells at 25 and 37°C, respectively. For qRT-PCR, the obtained data were normalized to gyrB and nuoB. qRT-PCR was prepared in biological triplicates and technical triplicates. (D) Translational control was measured by bgaB fusions. A schematic representation of the reporter gene fusion is displayed. The ompA RNAT was translationally fused to bgaB under control of the PBAD promotor. As a control, the lcrF RNAT fusion was used. The fusion plasmids were introduced into E. coli cells and grown to an OD600 of 0.5 at 25°C. Subsequently, transcription was induced by the addition of 0.01% L-arabinose and the cultures were split and transferred into pre-warmed flask at 25, 37, and 42°C, respectively. After 30 min of incubation, samples were taken for β-galactosidase assays and Western blot analysis. Experiments were carried out in biological triplicates. Mean and corresponding standard deviations are shown. Western blot membranes were stained with Ponceau S as a loading control. One representative Western blot is shown. Analysis was carried out in biological triplicates.


To examine the regulation of ompA in detail, we first checked, whether transcription of the gene is temperature-controlled by performing qRT-PCR on total RNA samples from Y. pseudotuberculosis YPIII after growth at 25 and 37°C (Figure 1C). Consistent with already existing RNA-seq results (Nuss et al., 2015), we observed a fold change around 0.6 (37 vs. 25°C) showing a reduction in ompA mRNA at a higher temperature.

The RNA structurome data, in contrast, suggested an upregulation of OmpA protein at 37°C due to the thermoresponsive nature of the ompA 5'-UTR. To test this hypothesis, we translationally fused the ompA 5'-UTR to the bgaB gene coding for a heat-stable His-tagged β-galactosidase downstream of the arabinose-inducible PBAD promotor and measured the β-galactosidase activity and protein amounts at 25°C and after a shift to 37 or 42°C. The well-studied lcrF RNAT of Y. pseudotuberculosis served as a positive control (Figure 1D). A clear increase in β-galactosidase activity and protein amount after the temperature shift supported the existence of a functional RNAT upstream of ompA able to confer translational repression at 25°C and induction at 37 or 42°C.



A Stabilizing Point Mutation Prevents RNAT Regulation

One way of verifying the contribution of a temperature-sensitive RNA structure in translational control is the construction of a stabilized version. Based on the PARS-derived secondary structure, we introduced a cytosine between U38 and A39 (called U38UC or “rep” for repressed variant) in the anti-SD sequence leading to a perfectly paired SD sequence without any mismatches (Figure 2A). The increased thermodynamic stability should prevent the RNA structure from melting at higher temperatures and thereby abolish RNAT functionality. Indeed, reporter gene assays revealed the absence of β-galactosidase protein and activity at 25 and 37°C in E. coli as well as in Y. pseudotuberculosis (Figure 2B). Apparently, the introduction of just one additional base pair was sufficient to abolish the temperature regulation. To solidify our claim that the 5'-UTR regulates translation (and not transcription or mRNA degradation), we analyzed the bgaB mRNA levels in all three tested Y. pseudotuberculosis strains by qRT-PCR and found that the transcript levels were the same at 25 and 37°C (Figure 2C).
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FIGURE 2. Mutation of the anti-SD sequence locks the RNAT in a closed conformation. (A) PARS-derived secondary structure of the ompA RNAT stem and the predicted stabilized structure at 25°C. The potential SD sequence is highlighted in yellow, the mutation site of the anti-SD sequence in red and the AUG in blue. (B) Translational control was measured by bgaB fusions. A schematic representation of the reporter gene fusion is displayed. The ompA RNAT was translationally fused to bgaB under control of the PBAD promotor. Additionally, a point mutation (U38UC) was introduced to stabilize the RNAT (rep). As a control, the lcrF RNAT fusion was used. The fusion plasmids were introduced into E. coli and Y. pseudotuberculosis YPIII cells and grown to an OD600 of 0.5 at 25°C. Subsequently, transcription was induced by the addition of 0.01% for E. coli or 0.1% for Y. pseudotuberculosis L-arabinose and the cultures were split and transferred into pre-warmed flask at 25 and 37°C, respectively. After 30 min of incubation, samples were taken for β-galactosidase assays, Western blot analysis, and qRT-PCR. Experiments were carried out in biological triplicates. Mean and corresponding standard deviations are shown. Western blot membranes were stained with Ponceau S as a loading control. One representative Western blot is shown. Analysis was carried out in biological triplicates. (C) Comparison of bgaB transcript amount between 37 and 25°C by qRT-PCR of exponentially grown YPIII cells harboring the ompA RNAT-bgaB fusion plasmids at 25 and 37°C, respectively. For qRT-PCR, the obtained data were normalized to gyrB and nuoB. qRT-PCR was prepared in biological triplicates and technical triplicates.




The ompA RNAT Opens at Higher Temperatures Around the SD Region

Next, we examined the structure and temperature-induced conformational changes in the RNAT by enzymatic RNA structure probing using in vitro transcribed and 5' end-labeled ompA RNA at 25, 37, and 42°C treated with RNases T1 (preferentially cleaves at unpaired guanines) and T2 (preferentially cleaves at unpaired adenines but also other ss residues; Figure 3A). The cleavage pattern supported the overall structure of the ompA 5'-UTR by prominent cleavage at 25°C in apical loops (e.g., C80 and G81). In accordance with the dynamic PARS-derived secondary structure (Figures 1A, 3B), residues around the SD sequence were sensitized against RNase cleavage at higher temperatures due to melting of the secondary structure. For example, nucleotides G53 and G55 were almost untouched by T1 at 25°C but efficiently cleaved at 37 and 42°C. Residual cleavage of the bulged A54 by T2 at 25°C massively increased at 37 and 42°C making it the most prominent cleavage product at high temperatures. Fully consistent with the reporter gene assays (Figure 2), the SD sequence of the rep variant was almost completely inaccessible to RNase cleavage demonstrating that melting of the RNAT is prevented by the point mutation, which locks the structure in a closed conformation.

[image: Figure 3]

FIGURE 3. Accessibility of the ribosome-binding site of ompA is increased at higher temperatures. (A) Enzymatic structure probing of the ompA RNAT (WT) and its stabilized version (REP) at 25, 37, and 42°C. In vitro transcribed RNA was 5'-[32P] labeled and treated with RNases T1 and T2, respectively. AL, alkaline ladder; T1L, RNase T1 cleavage ladder in sequencing buffer at 37°C; C, RNA treated with water instead of RNases – cleavage control. Ribosome-binding site is highlighted by a red box. Experiment was carried out at least three times. (B) PARS-derived secondary structure of the ompA RNAT at 25°C. The potential SD sequence is highlighted in yellow, the mutation site of the anti-SD sequence in red, and the AUG in blue. Distinctive nucleotide cleavage is indicated by black and white arrows.




The Ribosome Gains Access to the ompA Transcript at 37°C

The observed melting of the ompA 5'-UTR at higher temperatures (Figures 1A, 3) together with the reporter gene studies (Figures 1D, 2) strongly suggested increased translation initiation at higher temperatures. We employed primer extension inhibition assays (toeprinting) to demonstrate ribosome binding. In vitro transcribed ompA RNA was reversely transcribed from a radiolabeled oligonucleotide in the presence or absence of 30S ribosomal subunits at 25 and 37°C. Ribosomes bound to the mRNA are stabilized in a ternary complex with tRNAfMet and act as a roadblock for reverse transcription. This leads to premature termination of reverse transcription and thus shorter fragments (toeprints). As expected, in the presence of ribosomes, the toeprint signals in the appropriate distance from the AUG start codon were weak at 25°C but strong at 37°C (Figure 4). No toeprint signal, i.e., no ribosome binding, was found when the stabilized rep version was assayed. Instead, termination products independent of the presence of ribosomes appeared within the codon sequence, a phenomenon frequently observed downstream (considering the direction of the reverse transcriptase) of stable structures in stabilized RNATs (Böhme et al., 2012; Twittenhoff et al., 2020ab).

[image: Figure 4]

FIGURE 4. The ribosome binds to the ompA transcript at 37°C. Primer extension inhibition of the ompA RNAT (WT) and its stabilized version (REP) at 25 and 37°C with (+) and without (−) the addition of 30S ribosomal subunits. The signals represent the full-length reverse transcription (RT) product, the premature termination product, and the toeprint signal (caused by ribosome binding). ACGT lanes indicate sequencing reactions. Position of ATG and the toeprint signal is highlighted by red boxes. Experiment was carried out at least three times.





DISCUSSION

Sensing of and rapidly responding to the sudden external changes associated with host infection is crucial for enteric pathogens like Y. pseudotuberculosis. One parameter that predictably and reversibly changes during the transitions from the environment to a warm-blooded host and back into the environment is temperature. A fast and efficient way to reversibly modulate gene expression in response to temperature shifts is zipper-like RNATs because the mRNA is already available for translation (Grosso-Becera et al., 2015; Wei and Murphy, 2016; Loh et al., 2018). This is certainly the reason why RNATs are extremely widespread posttranscriptional control elements in numerous bacterial pathogens (Hoe and Goguen, 1993; Johansson et al., 2002; Böhme et al., 2012; Kouse et al., 2013; Loh et al., 2013; Weber et al., 2014; Wei et al., 2017; Twittenhoff et al., 2020a,b; Brewer et al., 2021).

Here, we describe the structural and functional features of an RNAT in the Y. pseudotuberculosis ompA transcript that was one of the prime candidates in our previous PARS study (Righetti et al., 2016). We were particularly interested in this candidate because a recent report demonstrated RNAT-controlled translation of ompA in S. dysenteriae (Murphy et al., 2020). Despite regulating the same gene, it is important to note that the Yersinia and Shigella RNATs are very different with respect to length, sequence, and structure. First, the S. dysenteriae ompA 5'-UTR is 133 nucleotides long, and the last 35 residues are sufficient to confer translational control. In contrast, the RNAT from Y. pseudotuberculosis is 92 nucleotides long and more densely folded. Second, the S. dysenteriae RNAT belongs to the fourU family showing the characteristic complementarity of the SD sequence to four consecutive uracil residues (Waldminghaus et al., 2007). The Y. pseudotuberculosis RNAT is not a member of this family. The inherent temperature lability is due to a bulged adenine residue in the center of the SD sequence, which pairs imperfectly with an anti-SD sequence comprised of CCUA. Introducing one additional residue that pairs with the exposed adenine completely eliminated the expression and heat induction even when sufficient ompA mRNA was present. This demonstrates the relevance of precisely balanced structural features in a functional RNAT to respond within the virulence-relevant temperature regime. Overall, the ompA thermometer is another interesting example of convergent evolution of RNATs as has previously been proposed for the regulation of CnfY-type toxins (Twittenhoff et al., 2020a
b).

Many enterobacterial outer membrane protein genes are under tight posttranscriptional regulation (Guillier et al., 2006; Vogel and Papenfort, 2006). A highly conserved sRNA also believed to control ompA in Yersinia species is MicA (Udekwu et al., 2005). It binds across the SD sequence and prevents ribosome binding, which facilitates RNaseE-mediated cleavage. The temperature-induced structural transition of the ompA 5'-UTR from a closed to an open conformation potentially adds another layer of posttranscriptional control. Under circumstances when MicA is abundant, the sRNA might interfere with translation initiation. The exact interplay between the ompA thermosensor, MicA (and maybe other sRNAs), the RNA chaperone Hfq, and RNases is not yet understood. The situation, however, is somewhat reminiscent of the Listeria prfA thermometer that – in its open form – is able to interact with the two sRNAs, SreA and SreB, which decreases the level of PrfA and thereby links virulence gene expression to nutrient availability (Loh et al., 2009).

Having OmpA under temperature regulation supports its role as a virulence factor. There is growing evidence that the outer membrane protein is involved in many pathogenesis-related processes in diverse Gram-negative bacteria (Krishnan and Prasadarao, 2012). It is involved in adherence to epithelial cells (Smith et al., 2007; Gaddy et al., 2009), mouse mortality (Sánchez-Encinales et al., 2017), and biofilm formation (Weiser and Gotschlich, 1991; Azghani et al., 2002). OmpA of pathogenic Yersinia species is a highly immunogenic protein and may be an excellent vaccine candidate, due to its cross-immunogenicity and intense immune response among Yersinia species (Chen et al., 2015). Furthermore, Y. pestis and Y. pseudotuberculosis ompA mutants are defective in surviving in macrophages, and the Y. pestis mutant is outcompeted by the wild-type strain in a mouse-infection model (Bartra et al., 2012).

Given the importance of OmpA for efficient pathogenesis, it may be a promising target for treatment of infections caused by Gram-negative bacteria. A recently identified OmpA inhibitor, cyclic hexapeptide AOA-2, inhibits adherence to eukaryotic cells and biofilm formation (Vila-Farrés et al., 2017). The compound attenuates virulence by reducing the dissemination between organs and decreases mouse mortality after A. baumannii, E. coli, and Pseudomonas aeruginosa infections. In combination with other antimicrobial agents, OmpA inhibitors might be helpful for combating multidrug-resistant bacteria and thereby reducing mortality caused by infections with Gram-negative pathogens.

A recent study on OmpA in Acinetobacter sp. linked ompA expression to oxidative stress (Shahryari et al., 2021). The authors suggested a protective effect by the poor permeability of the slow OmpA porin compared to other outer membrane proteins, such as OmpC, which is known to produce larger pores, at least in Salmonella (van der Heijden et al., 2016). A connection between OmpA and oxidative stress is interesting since pathogens are typically exposed to a multitude of reactive oxygen species (ROS) upon infection of a host. An intriguing finding of our RNA structurome analyses is the presence of potential RNATs upstream of various oxidative stress response genes (Righetti et al., 2016; Twittenhoff et al., 2020ab). This is unlikely to be a coincidence and suggests parallel ways of host-body temperature-induced protective measures against ROS attack. Following up on RNAT-mediated control of genes combating ROS in pathogenic bacteria might be a worthwhile subject of future studies.
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Bacteria adapt to the different environments encountered by rapid and tightly controlled regulations involving complex networks. A first line of control is transcriptional with regulators such as two-component systems (TCSs) that respond to physical and chemical perturbations. It is followed by posttranscriptional regulations in which small regulatory RNAs (sRNAs) may affect RNA translation. Streptococci are opportunistic pathogens for humans and farm animals. The TCS CiaRH is highly conserved among this genus and crucial in bacterial survival under stressful conditions. In several streptococcal species, some sRNAs belong to the CiaRH regulon and are called csRNAs for cia-dependent sRNAs. In this review, we start by focusing on the Streptococcus species harboring a CiaRH TCS. Then the role of CiaRH in streptococcal pathogenesis is discussed in the context of recent studies. Finally, we give an overview of csRNAs and their functions in Streptococci with a focus on their importance in bacterial adaptation and virulence.
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INTRODUCTION

Due to their importance in the regulation of gene expression, small non-coding regulatory RNAs (sRNAs) are present in all kingdoms of life. The sRNAs were discovered in prokaryotes long before the first short interfering RNAs (siRNAs) and microRNAs (miRNAs) in eukaryotes. Adaptation to the environment involves a complex regulatory network in which sRNAs play an essential role. A decade ago, the high number of sRNAs discovered in various bacterial species was surprising (Brantl, 2009). Interestingly, these sRNAs differ in length, structure, and mode of action (Gottesman and Storz, 2011). However, sRNAs, 50–500 nucleotides long molecules, are often involved in the regulation of several cellular pathways and allow bacteria to adapt and survive under stressful conditions. All sRNAs are classified in several groups according to their location in the genome and their modes of action (Storz et al., 2011). In 1984, the first chromosomally encoded sRNA was discovered in Escherichia coli: MicF. This sRNA inhibits the translation of OmpF messenger RNA (mRNA) encoding the major membrane porin, OmpF (Mizuno et al., 1984). To respond to environmental changes, bacteria must first sense these changes, and two-component regulatory systems (TCS) are known to perform this function (Stock et al., 2000).

Streptococcal species infect humans and farm animals. Although some of them are commensal, other are responsible for severe infections in humans (Krzyściak et al., 2013). In Streptococci, many TCSs have been found. The TCS CiaRH was identified to be involved in natural competence and general virulence (Patenge et al., 2013). It is widespread among Streptococci but not found in another bacterial genus. Interestingly, it controls the expression of sRNAs called cia-dependent sRNAs (csRNAs) (Halfmann et al., 2007). This review concerns csRNAs identified in streptococci. It starts by highlighting the most important streptococcal species harboring a CiaRH and then analyzes the CiaRH TCS roles. Finally, this review focuses on all csRNAs identified until now and their functions.



STREPTOCOCCUS SPECIES HARBORING A TCS CiaRH

The Streptococcus genus is composed of chain-forming gram-positive bacteria including a large number of species (>100). Although this genus includes beneficial species such as Streptococcus thermophilus, used in the food industry for the production of yogurt (Blomqvist et al., 2006), streptococci are opportunistic pathogens, often involved in severe diseases in humans and farm animals. The major species in human infections are Streptococcus pneumoniae, S. pyogenes, and S. agalactiae (Krzyściak et al., 2013). S. pneumoniae is the main cause of community-acquired pneumonia, meningitis, and acute otitis media. S. pyogenes (Group A Streptococcus), an exclusively human pathogen, is involved in mild (pharyngitis, skin infections) to severe fatal invasive infections, such as necrotizing fasciitis and streptococcal toxic shock syndrome. Groups C and G Streptococci, such as Streptococcus dysgalactiae subsp. equisimilis and Streptococcus equi, are microbiologically similar to S. pyogenes (Baracco, 2019). S. agalactiae (Group B Streptococcus), a commensal bacterium of the gastrointestinal and genitourinary tracts, is the leading cause of neonatal infections, causing pneumonia, bacteremia, and meningitis via maternal transmission. As S. pneumoniae, Streptococcus mutans, Streptococcus sanguinis, Streptococcus gordonii, Streptococcus mitis, Streptococcus oralis, and Streptococcus infantis belong to the physiological flora in the human oral cavity. S. mutans is an opportunistic commensal species responsible for biofilm formation causing dental caries but also infective endocarditis. Conversely, S. gordonii and S. sanguinis are non-cariogenic colonizers. Streptococcus gallolyticus (and less frequently Streptococcus lutetiensis), an opportunistic bacterium inhabiting the gastrointestinal tract, is one of the main causes of infective endocarditis and is strongly associated with colorectal cancer (Pasquereau-Kotula et al., 2018). Among Streptococci, including S. agalactiae and S. equi mentioned above, some species can also infect animals, as Streptococcus suis, responsible for severe invasive, and often lethal diseases in swine and humans and Streptococcus uberis, main agent of mastitis in dairy cows (Keane, 2019). These bacteria must colonize, invade, and persist in the host. But above all, they must adapt to environmental changes and the various types of stress they encounter. One of the mechanisms that bacteria use to adapt and survive is the regulation of gene expression through the sRNA-mediated two-component regulatory systems.



CiaRH: A STREPTOCOCCAL TWO-COMPONENT REGULATORY SYSTEM

TCS CiaRH was first identified in S. pneumoniae while selecting for cefotaxime resistance in spontaneous laboratory mutants. CiaH is a histidine protein kinase anchored in the cytoplasmic membrane that receives information from the environment. It transmits the information to CiaR, a cytoplasmic response regulator that translates the signal into a cellular response by regulating the expression of targeted genes (Figure 1; Guenzi et al., 1994). The amino-acid sequence identity of CiaH and CiaR from different species ranges between 48–71 and 77–85%, respectively (Riani et al., 2007). In several species, CiaRH is involved in biofilm formation. In fact, the presence of SpeA (streptococcal pyogenic exotoxin A) in S. pyogenes leads to down-regulation of CiaRH expression genes and attenuates the biofilm-forming capacity, suggesting a link between TCS expression and biofilm formation (Babbar et al., 2019). In S. sanguinis, the deletion of the ciaR gene up-regulates the expression of arginine biosynthesis genes resulting in the formation of a fragile biofilm (Zhu et al., 2017). In S. gordonii, the inactivation of SdbA, a thiol-disulfide oxidoreductase, up-regulates CiaRH, which in turn leads to enhanced biofilm formation (Davey et al., 2016a). In S. mutans, the inactivation of CiaH gene affects the dental biofilm formation, abolishes bacteriocin production and competence development, suggesting the involvement of CiaRH in these phenotypes (Qi et al., 2004). Actually, the up-regulation of CiaRH in sdbA mutant S. gordonii strain leads to bacteriocin expression shutdown whereas inactivation of CiaRH restores bacteriocin production. Involvement of the TCS in bacteriocin expression indicates its importance in bacterial competition in order to colonize the host (Davey et al., 2016b). CiaRH is also known to influence streptococcal stress tolerance. TCS is involved in tolerance to acid and thermal stress in S. mutans (Liu and Burne, 2009b). In S. gordonii, mutation of the TCS leads a greater susceptibility of the mutant to low pH and oxidative stress than the wild type (Liu and Burne, 2009a). Moreover, CiaRH is involved in resistance to the immune system, intracellular survival, and virulence. Actually, in CiaR-deficient S. agalactiae strains, resistance to the immune system and intracellular survival are affected (Quach et al., 2009; Mu et al., 2016). The deletion of CiaRH in S. suis enhances the bactericidal activity of macrophages and attenuates bacterial virulence in animal models (Li et al., 2011; Zaccaria et al., 2016). Furthermore, the transcription level of the TCS is significantly higher in virulent than in strains of low virulence (Dong et al., 2015). As for S. pneumoniae, the CiaRH system prevents autolysis triggered by different conditions and allows the maintenance of a stationary growth phase (Mascher et al., 2006). In S. pyogenes, a ciaH mutant strain binds more efficiently to HEp-2 epithelial cells than the wild type. The internalization rate of the mutant is increased within the same range (Riani et al., 2007). Conversely, the deletion of CiaRH in S. suis exhibits a decrease in adherence to HEp-2 epithelial cells (Li et al., 2011). These conflicting results could be explained in two different ways. First, CiaRH-mediated regulation can be different between streptococcal species and under different conditions. Second, inactivation of only one gene of the TCS (ciaH) does not allow for obtaining the same phenotype as when both are inactive. In fact, when ciaH is inactive, ciaR may respond to other regulators whereas when only ciaR is inactive, ciaH may regulate other sensors. To summarize, CiaRH is involved in many cellular processes, including β-lactam resistance, lytic processes, biofilm formation, bacteriocin production, natural competence, virulence, and resistance to the immune system (Dagkessamanskaia et al., 2004; Sebert et al., 2005; Quach et al., 2009; Li et al., 2011). In S. pneumoniae, a direct repeat sequence, TTTAAG-N5-TTTAAG, has been identified by in vitro and in vivo transcriptional mapping as essential for the binding of CiaR. Fifteen promoters are controlled by CiaR, five of them (the strongest) drive the expression of sRNAs, which are designated csRNAs for cia-dependent sRNAs (Halfmann et al., 2007).
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FIGURE 1. Regulation of csRNAs expression by TCS CiaRH after exposure of the cell to extracellular stimuli. First, the sensor CiaH detects extracellular stimuli such as pH variation and antibiotics exposure. CiaH transduces the signal to the regulator CiaR that interacts with promotor and allows csRNA expression. Then, csRNA interacts with target mRNA and allows or represses the translation. For example, in S. sanguinis, the csRNA1-1 interacts with the PilT mRNA and represses the translation of PilT protein inducing the reduction of biofilm formation. In S. pneumoniae, csRNA1 combined with csRNA2 and csRNA3 allows the repression of ComC translation, which reduces the natural competence of bacteria.




INVENTORY OF CSRNAS IDENTIFIED SO FAR

The sRNAs are classified into four major groups: CRISPRs (clustered regulatory interspaced, short palindromic repeats), riboswitches, protein-binding RNAs, and trans-acting RNAs. And the csRNAs belong to the trans-acting class and more precisely to the trans-encoded subclass. Trans-encoded RNAs are often expressed by genes located at a different locus from their target genes and thus share only a short and imperfect complementarity sequence with their target mRNAs. This imperfect complementarity allows trans-encoded RNAs to control more than one target mRNA and, therefore, to be part of complex regulatory networks. Trans-encoded RNAs, by forming a base association, affect the translation or the stability of the mRNAs. The interaction between an sRNA and its target mRNA leads to the inhibition of protein translation by blocking the ribosome binding site (RBS) or by inducing the degradation of the sRNA-mRNA duplex by RNases (Hui et al., 2014). Trans-encoded RNAs can also prevent mRNA degradation or activate mRNA translation by preventing the formation of an inhibitory structure that hides the RBS (Prévost et al., 2007). The FasX sRNA of S. pyogenes allows bacterial dissemination through two different mechanisms: first, by increasing ska mRNA stability, allowing the overexpression of streptokinase, and second, by hiding the RBS and decreasing pilus mRNA translation (Ramirez-Peña et al., 2010; Danger et al., 2015).

The five csRNAs, discovered in S. pneumoniae and validated by Northern blot analyses, are between 87 and 151 nucleotides long and have a high degree of similarity to each other. The presence of sequences complementary to RBS in these csRNAs indicates that they may control the initiation of translation. csRNA1 was shown to be a negative regulator of competence development (Tsui et al., 2010). The deletion of csRNA4 and csRNA5 revealed their role in autolysis control (Halfmann et al., 2007), and a mutant of csRNA5 was defective in a lung infection (Mann et al., 2012). The targets of these csRNAs were investigated by computational predictions with targetRNA and IntaRNA (Tjaden et al., 2006; Busch et al., 2008). Thirty-three predicted genes were tested by translational fusion, and six of them are possibly regulated by S. pneumoniae csRNAs (Schnorpfeil et al., 2013). The spr0081, spr0371, spr0551, and spr1097 genes encode membrane-spanning proteins that belong to different transporter families. The spr0159 gene encodes a protein harboring a DNA-binding domain and therefore is most likely to be a transcriptional regulator. The last one, spr2043 (ComC), encodes the competence-stimulating peptide precursor (CSP), suggesting a link between CiaRH and competence control, mediated by csRNAs (Figure 1; Håvarstein et al., 1995; Schnorpfeil et al., 2013). It has been shown that each of the csRNAs down-regulates the comC gene, but they are not as effective alone as they are all together (Schnorpfeil et al., 2013). However, the combination of three csRNAs, csRNA1, 2, 3, or csRNA1, 2, 4, is sufficient to decrease the competence of S. pneumoniae (Laux et al., 2015). Interestingly, duplicated csRNA was observed in Hungarian S. pneumoniae serotype 19A isolate. Indeed, an internal sequence duplication is the cause of the carriage and expression of longer version of csRNA5 (Brantl and Brückner, 2014).

In the study of Marx et al. (2010), the presence of the CiaR binding site located in the intergenic regions and followed by transcriptional terminator was investigated in 14 streptococcal genomes. Thus, 61 candidate genes potentially express csRNAs. Among them, four were predicted in all S. agalactiae strains: csRNA10, csRNA11, csRNA12, and csRNA13. Their expression was confirmed in NEM316 by RNA sequencing and the first three were also validated by Northern blot. The genes were renamed srn015, srn024, srn070, and srn085, respectively. The corresponding csRNAs were overexpressed at low pH (5.2), suggesting they could contribute to acid stress resistance (Rosinski-Chupin et al., 2015). However, no function and no targets have been assigned to them yet.

In S. sanguinis SK36, six csRNAs were predicted (csRNA1-1, csRNA1-2, csRNA1-3, csRNA2, csRNA7, and csRNA8) and confirmed by Northern blot (Marx et al., 2010). Target prediction and a luciferase reporter assay allowed the identification of the pilT gene, a constituent of the type IV pilus gene cluster, to be the target of S. sanguinis csRNA1-1. The interaction between csRNA1-1 and the pilT mRNA was proved by RNA-RNA electrophoretic mobility shift assay (EMSA). Furthermore, csRNA1-1 and csRNA1-2 arranged in tandem in S. sanguinis genome are probably duplicated genes that negatively regulate biofilm formation (Ota et al., 2017; Figure 1). This observation suggests the implication of csRNAs in the host colonization by this species and provides further evidence concerning the involvement of csRNAs in bacterial adaptation.

The csRNA genes in S. pyogenes MGAS315 (csRNA14, csRNA15, and csRNA25) were also predicted, and the expression of csRNA15 and csRNA25 was confirmed by RNA sequencing (Marx et al., 2010; Le Rhun et al., 2016).

Five csRNAs in S. mitis B6 (csRNA1, csRNA2, csRNA3, csRNA4, and csRNA5) and five other csRNAs in S. oralis Uo5 (csRNA1, csRNA2, csRNA3, csRNA4, and csRNA6) were predicted and confirmed by Northern blot (Marx et al., 2010).

Other csRNAs have been predicted in S. mutans UA159, S. suis 05ZYH33, S. gordonii, S. gallolyticus, S. dysgalactiae, S. equi, S. uberis, and S. thermophilus but not confirmed so far (Marx et al., 2010; Table 1 and Supplementary Table 1). The identification of csRNAs of new viridans streptococci obtained from primates indicates that all csRNAs predicted previously in S. mitis, S. gallolyticus, S. gordonii, and S. oralis are present in the new strains studied. Two species with unknown csRNAs contain csRNAs from other species. Indeed, S. infantis harbors four of the five S. oralis Uo5 csRNAs, and S. lutetiensis harbors the S. gallolyticus UCN34 csRNAs except for csRNA40 (Denapaite et al., 2016).


TABLE 1. csRNAs predicted in streptococcal species.

[image: Table 1]Except for S. pneumoniae and S. sanguinis, few studies regarding the role and targets of these csRNAs in other streptococci were conducted, although the importance of RNAs is highlighted.



DISCUSSION

The aim of this review is to carry out an inventory of the sRNAs regulated by the two-component regulatory system CiaRH present in streptococci. CiaRH TCS is conserved in all streptococci and controls many cellular processes including natural competence, virulence, and resistance to the immune system (Dagkessamanskaia et al., 2004; Sebert et al., 2005; Quach et al., 2009; Li et al., 2011). The csRNAs increase the regulatory networks of CiaR, which already directly controls more than 20 other genes (Halfmann et al., 2007). Promoters that drive the expression of the five csRNAs of S. pneumoniae are strongest in the CiaR regulon (Halfmann et al., 2007). The high proportion of sRNAs compared with other genes controlled by CiaRH indicates the importance of these csRNAs in bacterial regulation. Although csRNAs are predicted in various Streptococcus species and their importance highlighted, for most of them, no role or target has been identified until now. So far, only the csRNAs of S. pneumoniae and S. sanguinis have been investigated (Schnorpfeil et al., 2013; Laux et al., 2015; Ota et al., 2017). The study of csRNAs in those species has allowed the identification of different metabolic pathways in which csRNAs may be involved. Indeed, S. pneumoniae harbors five csRNAs, all implicated in competence development and thus, probably in horizontal transfer (Halfmann et al., 2007; Tsui et al., 2010). Moreover, two S. pneumoniae csRNAs (csRNA4 and csRNA5) seem to control bacterial autolysis (Halfmann et al., 2007). The involvement of csRNA5 in lung infection as well shows that each csRNA may be involved in different regulatory pathways (Mann et al., 2012). In this case, csRNA5 is on the one hand involved in competence development and on the other hand in virulence.

The investigation of S. pneumoniae csRNAs targets also allowed identifying different regulation pathways. According to the competence regulation previously mentioned, one target (ComC), encoding the competence-stimulating peptide precursor (CSP) was identified. This identification adds a proof concerning the involvement of S. pneumoniae csRNAs in horizontal transmission pathways. The Spr0159 target is most likely a transcriptional regulator: this suggests the involvement of the csRNAs in complex regulatory networks. Other identified targets (spr0081, spr0371, spr0551, and spr1097), encoding membrane spanning, belonging to different transporter families, indicate the possible involvement of csRNAs in stress resistance (Schnorpfeil et al., 2013). The four csRNAs identified in S. agalactiae NEM316 strain (srn015, srn024, srn070, and srn085) are overexpressed at low pH (5.2), suggesting their role in acid stress resistance (Rosinski-Chupin et al., 2015). Thus, the possible implication of csRNAs in stress tolerance in S. pneumoniae and S. agalactiae reveals a new regulation pathway in which csRNAs may play a role. In S. sanguinis, csRNAs are involved in host colonization by biofilm formation (Ota et al., 2017). This regulation of colonization by csRNAs has not yet been observed in other streptococcal species. Analysis of S. pneumoniae, S. agalactiae, and S. sanguinis csRNAs demonstrates that they are involved in a wide range of regulatory pathways. Indeed, the colonization, the virulence, the horizontal transfer, and maybe the resistance to environmental stress is affected by csRNAs. The various regulatory pathways in which csRNAs are involved can be explained by the diversity of csRNAs in each species and between streptococcus species. Moreover, as observed in S. pneumoniae, one csRNA can be involved in different regulatory pathways, thus increasing the complexity of regulatory networks.

The diversity of csRNAs between streptococcus species is remarkable (Table 1 and Supplementary Table 1). However, some species contain csRNAs from other species (S. infantis harbors csRNAs of S. oralis Uo5 and S. lutetiensis harbors the S. gallolyticus UCN34 csRNAs) (Denapaite et al., 2016). Moreover, S. oralis strains contain duplicated csRNAs genes. A genetic island of four genes is present between them but absent in strains without csRNAs gene duplication. Furthermore, this genetic island is integrated in S. infantis DD18 between two csRNAs (Denapaite et al., 2016). These data suggest that csRNAs are not only involved in gene regulation but may also contribute to horizontal gene transfers improving bacterial adaptation.

In some species, csRNAs display a high degree of similarity to each other (Figure 2). This similarity is observed more particularly in regions complementary to RBSs and AUG start codons, suggesting that csRNAs bind to mRNA target and inhibit translational initiation. This would be fully consistent with the regulatory mechanism most commonly associated with sRNAs (Gottesman and Storz, 2011; Storz et al., 2011).
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FIGURE 2. Alignments of csRNAs sequences by species by MultAlin. Nucleotides in red correspond to highly conserved sequences. Nucleotides in blue correspond to conserved sequences. Nucleotides in black correspond to non-conserved sequences.


Other bacterial regulators also control multiple sRNA genes. For example, LuxO of Vibrio harveyi controls the expression of five sRNA genes (Tu and Bassler, 2007). The presence of regulators involved in sRNA regulation in various species suggests the importance of these sRNAs in bacterial adaptation and, beyond that, in bacterial survival.

Virulence and resistance to antibiotics and to the immune system mediated by CiaRH are possibly carried out through csRNAs. The discovery of Cbf1 protein that stabilizes all csRNAs in S. pneumoniae provides additional proof of the importance of csRNAs (Hör et al., 2020). In conclusion, understanding the csRNA-dependent regulatory network may contribute to the development of strategies against bacterial infections by targeting these sRNAs (Warner et al., 2018).
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Dickeya dadantii is an important pathogenic bacterium that infects a number of crops including potato and chicory. While extensive works have been carried out on the control of the transcription of its genes encoding the main virulence functions, little information is available on the post-transcriptional regulation of these functions. We investigated the involvement of the RNA chaperones Hfq and ProQ in the production of the main D. dadantii virulence functions. Phenotypic assays on the hfq and proQ mutants showed that inactivation of hfq resulted in a growth defect, a modified capacity for biofilm formation and strongly reduced motility, and in the production of degradative extracellular enzymes (proteases, cellulase, and pectate lyases). Accordingly, the hfq mutant failed to cause soft rot on chicory leaves. The proQ mutant had reduced resistance to osmotic stress, reduced extracellular pectate lyase activity compared to the wild-type strain, and reduced virulence on chicory leaves. Most of the phenotypes of the hfq and proQ mutants were related to the low amounts of mRNA of the corresponding virulence factors. Complementation of the double mutant hfq-proQ by each individual protein and cross-complementation of each chaperone suggested that they might exert their effects via partially overlapping but different sets of targets. Overall, it clearly appeared that the two Hfq and ProQ RNA chaperones are important regulators of pathogenicity in D. dadantii. This underscores that virulence genes are regulated post-transcriptionally by non-coding RNAs.
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INTRODUCTION

Dickeya dadantii is a Gram-negative phytopathogenic bacterium responsible for soft rot disease in a wide range of plant species including economically important crops (e.g., potato, chicory, sugar beet) and many ornamental plants (Ma et al., 2007). It causes important production losses (Toth et al., 2011).

Virulence mechanisms of D. dadantii have been extensively studied (Ma et al., 2007). The infection process is divided in two distinct phases: (i) an asymptomatic phase when the bacterium penetrates into the host and progresses through intercellular spaces without multiplying substantially; and (ii) a symptomatic phase associated with strongly increased bacterial fitness and multiplication (Fagard et al., 2007). Globally, the four main steps of plant infection by Dickeya are the following: (i) adherence to the plant surface and entry into the plant tissues, via wound sites or through natural openings such as stomata, (ii) colonization of the apoplastic spaces between plant cells, (iii) suppression of the host defense response, and (iv) plant cell wall degradation (through degradative extracellular enzyme production, mainly pectate lyases) resulting in the development of disease symptoms. Each of these disease stages and life-history transitions requires the correct spatio-temporal production of the different adaptive and virulence factors (including those involved in adhesion, motility, stress resistance, and plant cell wall degradation) in response to various signals (changes in cell density, variation in environmental physico-chemical parameters, and host disease reaction) (Reverchon and Nasser, 2013).

To characterize the regulation of this pathogenic process, investigations on D. dadantii have mostly focused on its control by DNA-binding transcription factors (Reverchon and Nasser, 2013; Leonard et al., 2017) with a few additional studies about the regulatory role of chromosome dynamics (Ouafa et al., 2012; Jiang et al., 2015; Meyer et al., 2018). Knowledge of the post-transcriptional regulation of virulence factor production by sRNAs in D. dadantii is still in its infancy.

Post-transcriptional regulation is defined as the control of gene expression at the RNA level and classically occurs through base-pairing interactions between regulatory RNAs (sRNAs) and mRNAs. This base pairing can have positive or negative effects on the stability and/or the translation of the targeted mRNA. These sRNAs can be broadly divided into two categories according to their genomic location: (i) cis-acting antisense sRNAs are transcribed from the opposite strand of their targets and act via extensive base pairing; and (ii) trans-acting sRNAs mostly originate from intergenic regions, display partial sequence complementarities with their mRNA targets and can regulate more than one target. The interactions between sRNAs and their targets are often assisted by specialized RNA-binding proteins called RNA chaperones.

A prominent bacterial RNA chaperone is the Hfq protein which contributes to regulation by trans-acting sRNAs in many bacteria (Updegrove et al., 2016). Hfq was first discovered in Escherichia coli as an essential host factor of the RNA bacteriophage Qbeta. Hfq impacts multiple steps, like changing RNA structure, bringing RNAs into proximity, neutralizing the negative charge of the two pairing RNAs, stimulating the nucleation of the first base pairs as well as facilitating the further annealing of the two RNA strands. While estimates of the number of Hfq vary from ≈20,000 to 60,000 (Kajitani et al., 1994; Ali Azam et al., 1999), it is clear that Hfq is limiting under most conditions (Wagner, 2013).

Other proteins with possible chaperone activity have been reported recently. For example, the monomeric ProQ protein of Salmonella enterica is an RNA-binding protein that interacts with and stabilizes over 50 highly structured antisense and trans-acting sRNAs (Smirnov et al., 2016). The cellular concentration of ProQ was estimated to be 2,000 copies per cell (Sheidy and Zielke, 2013). This protein was originally identified as being important for osmolyte accumulation in E. coli by increasing cellular levels of the proline transporter ProP (Milner and Wood, 1989; Kunte et al., 1999) and was later shown to possess RNA strand exchange and RNA annealing activities (Chaulk et al., 2011). Thus, ProQ was initially described as an RNA chaperone that controls ProP levels in E. coli. In Legionella pneumophila, the ProQ equivalent protein (called RocC) interacts with one trans-acting sRNA to control the expression of genes involved in natural transformation (Attaiech et al., 2016). ProQ belongs to the RNA-binding proteins of the FinO family. FinO has been studied for its role as an RNA chaperone in antisense regulation of F plasmid conjugation in E. coli (Mark Glover et al., 2015). As shown in S. enterica, ProQ seems to recognize stable RNA hairpins such as transcriptional terminators and reading the RNA structure rather than its sequence (Holmqvist et al., 2018).

While several recent studies have addressed a potential role of Hfq in the virulence of phytopathogenic bacteria like Agrobacterium tumefaciens (Wilms et al., 2012), Erwinia amylovora (Zeng et al., 2013), Pantoea ananatis (Shin et al., 2019), Pectobacterium carotovorum (Wang et al., 2018), and Xanthomonas campestris (Lai et al., 2018), nothing is known about the impact of Hfq and ProQ on D. dadantii virulence. Moreover, potential links between ProQ and the virulence of plant-pathogenic bacteria have never been established. To address these questions, we constructed and characterized hfq and proQ mutants. Loss of Hfq or ProQ resulted in drastically reduced virulence. This phenotype was associated with the alteration of several virulence determinants including pectate lyase production, motility, and adhesion. Additionally, analyses of mutants defective in the two proteins suggested that these two RNA chaperones might exert their effects via partially overlapping but different sets of targets.



MATERIALS AND METHODS


Bacterial Strains, Plasmids and Culture Conditions

The bacterial strains, plasmids, phages and primers used in this study are described in Supplementary Tables 1–3. E. coli and D. dadantii strains were grown at 37 and 30°C, respectively, in Lysogeny broth (LB) medium or in M63 minimal medium (Miller, 1972) supplemented with 0.1 mM CaCl2, 0.2% (w/v) sucrose and 0.25% (w/v) polygalacturonate (PGA, a pectin derivative from Agdia Biofords) as carbon sources. PGA induces the synthesis of pectate lyases, which are the essential virulence factors of D. dadantii. Sucrose has been chosen because it is one of the major sugars in the apoplast (Lohaus et al., 2001). When required, the media were supplemented with antibiotics at the following concentrations: ampicillin (Amp) 100 μg/mL, chloramphenicol (Cm) 20 μg/mL, kanamycin (Kan) 50 μg/mL. The media were solidified with 1.5 % (w/v) Difco agar. Liquid cultures were grown in a shaking incubator (220 r.p.m.). Bacterial growth in liquid medium was estimated by measuring turbidity at 600 nm (OD600) spectrophotometer Prim’ Light Secomam to determine growth rates.



Gene Knockout and Complementation of the Hfq- and ProQ-Encoding Genes in D. dadantii

The hfq gene was inactivated by introducing a uidA-Kan cassette into the unique BsrGI restriction site present in its open reading frame. The uidA-Kan cassette (Bardonnet and Blanco, 1992) includes a promoterless uidA gene that conserves its Shine Dalgarno sequence.

To create a △proQ::Cm mutant, segments located 500 bp upstream and 500 bp downstream of proQ were amplified by PCR using primer pairs P1-P2 and P3-P4 (Supplementary Table 3). Primers P2 and P3 included a unique restriction site for BglII and were designed to have a short 20-bp overlap of complementary sequences. The two separate PCR fragments were attached together by overlap extension polymerase chain reaction using primers P1 and P4. The resulting △proQ-BglII PCR product was cloned into a pGEMT plasmid to create plasmid pGEM-T-ΔproQ-BglII. The Cm resistance cassette from plasmid pKD3 (Datsenko and Wanner, 2000) was inserted into the unique BglII site of pGEM-T-ΔproQ-BglII to generate pGEM-T-ΔproQ::Cm (Supplementary Table 2).

We took care to select cassettes without transcription termination signals in order to avoid polar effects on downstream genes for both insertions. The insertions were introduced into the D. dadantii chromosome by marker exchange recombination between the chromosomal allele and the plasmid-borne mutated allele. The recombinants were selected after successive cultures in low phosphate medium in the presence of the suitable antibiotic because pGEMT (which is a pBR322 derivative) is very unstable in these conditions (Roeder and Collmer, 1985). Correct recombination was confirmed by PCR. Mutations were transduced into a clean D. dadantii 3937 genetic background using phage ΦEC2 (Supplementary Table 1; Resibois et al., 1984).

For complementation of the hfq and proQ mutations, the promoter and coding sequences of the proQ and hfq genes were amplified from D. dadantii 3937 genomic DNA using primers P5/P6 and P7/P8, respectively (Supplementary Table 3). The forward primers (P5 and P7) included a unique restriction site for NheI, and the reverse primers (P6 and P8) included a unique restriction site for HindIII. After digestion with NheI and HindIII, each PCR fragment was ligated into pBBR1-mcs4 previously digested by NheI and HindIII to generate pBBR1-mcs4::hfq and pBBR1-mcs4::proQ, respectively (Supplementary Table 2). Correct constructions were confirmed by sequencing.



Agar Plate Detection Tests for Pectate Lyase, Cellulase, Protease and Other Enzyme Assays

Protease activity was detected on medium containing skim milk (12.5 g L–1). Cellulase activity was detected on carboxymethylcellulose agar plates with the Congo red staining procedure (Teather and Wood, 1982). Pectate lyases were assayed on toluenized cell extracts. Pectate lyase activity was measured by recording the degradation of PGA into unsaturated products that absorb at 230 nm (Moran et al., 1968). Specific activity was expressed as nmol of unsaturated products liberated per min per mg of bacterial dry weight, given that an OD600 of 1 corresponded to 109 bacteria.mL–1 and to 0.47 mg of bacterial dry weight.mL–1.



Stress Resistance Assays

Stress resistance assays were performed as previously described (Duprey et al., 2019). Bacteria were cultured at 30°C in 96-well plates using M63S (M63 + 0.2% w/v sucrose), pH 7.0, as minimal medium. Bacterial growth (OD600) was monitored for 48 h using an Infinite® 200 PRO – Tecan instrument. Resistance to osmotic stress was analyzed using M63S enriched in 0.05 to 0.5 M NaCl. Resistance to oxidative stress was analyzed in the same medium by adding H2O2 concentrations ranging from 25 to 200 μM. The pH effect was analyzed using the same M63S medium buffered with malic acid at different pH values ranging from 3.7 to 7.0.



Biofilm Measurements

Biofilm formation was quantified using the microtiter plate static biofilm model. Bacteria were grown for 48 h at 30°C in 24-well plates in M63 medium supplemented with glycerol as the carbon source. Then, the supernatant was removed, and the biofilm was washed once with 1 mL of M63 medium and resuspended in 1 mL of the same medium. The percentage of adherence was then calculated as the ratio of the number of cells in the biofilm over the total number of cells, i.e., biofilm cells over planktonic cells. The amount of planktonic cells was estimated by measuring the optical density at 600 nm of the supernatant and the washing buffer. The amount of cells in the biofilm was estimated by measuring the OD600 of the biofilm resuspended in M63.



Motility and Chemotaxis Assays

For the proQ mutant, motility assays were performed on semi-solid LB agar plates. An overnight bacterial culture was prepared as described above, and then inoculated in the center of each of eight Petri dishes with a sterile toothpick. For motility experiments, 0.3 % agar plates were used. Halo sizes were examined after incubation at 30°C for 24 h. Motility indexes were calculated as the ratios of the mutant halo size over the wild type (WT) halo size.

For the hfq mutant, motility assays were performed in competition (to avoid the influence of bacterial growth), as previously described (Ashby et al., 1988). Briefly, 10 mL of bacteria in their exponential growth phase were washed twice in sodium-free buffer and then concentrated in 3 mL. Capillary assays were performed in competition in an equal 1:1 ratio. Suspension dilutions of chemotaxis assays were spotted onto LB agar medium supplemented when necessary, with antibiotics to select strains harboring plasmid or cassette. Different bacterial populations were thus enumerated on LB agar plates allowing the growth of both wild-type cells and hfq::uidA-Kan mutants and LB agar plates containing kanamycin allowing the growth of hfq::uidA-Kan mutants only. Motility indexes were calculated as the ratios of the number of hfq::uidA-Kan mutants over the number of wild-type cells. The number of wild-type cells was estimated by subtracting the number of growing cells on LB agar plates containing kanamycin (hfq mutants) from the number of growing cells on LB agar plates containing kanamycin (wild-type and hfq mutant).



Virulence Assays

Virulence assays were performed on wounded chicory leaves by depositing a drop of inoculum as previously described (Dellagi et al., 2005). Briefly, chicory leaves were wounded with a 2 cm incision using a sterile scalpel, inoculated with 5 106 bacteria and incubated at 30°C in a dew chamber at 100% relative humidity. Disease severity was determined 18 and 48 h after inoculation by collecting and weighing the macerated tissues. The bacteria were estimated by measuring turbidity at 600 nm (OD600 = 1 corresponds to 109 bacteria/mL–1).



Quantitative RT-PCR Analyses

Gene expression analyses were performed using qRT-PCR. Total RNAs were extracted and purified from cultures grown to the late exponential phase (OD600 = 0.8) as previously described (Maes and Messens, 1992; Hommais et al., 2008). Reverse transcription and quantitative PCR were performed using the REvertAid First Strand cDNA synthesis kit and the Maxima SYBR Green/ROX qPCR Master Mix (Thermo Scientific) with an LC480 Lightcycler (Roche). Primer specificity was verified by melting curve analysis. qPCR primers are listed in Supplementary Table 4.



Data Representation and Statistical Analysis

Boxplot representations were generated using R software (R Core Team, 2020) and the beeswarm package (Eklund, 2016). Statistical analysis was performed using Wilcoxon Mann-Whitney tests, and differences were considered significant when the P value < 0.05.



RESULTS


Analysis of D. dadantii Hfq and ProQ Protein Sequences and Their Genomic Contexts

Escherichia coli and Dickeya dadantii Hfq proteins displayed 83% identity. The highest identity level was in the N-terminal region (amino acids 1–74), which forms the core of the protein and contains its RNA-binding sites (Link et al., 2009). Most of the amino acids involved in RNA interactions were conserved except E18, which was K18 in D. dadantii (Supplementary Figure 1). D. dadantii ProQ was 68% identical with E. coli ProQ, with also high identity in the N-terminal FinO domain of ProQ, which is the primary determinant of its RNA-binding capacity (Chaulk et al., 2011; Gonzalez et al., 2017). In particular, the regions spanning residues 1–10 and 92–105, shown to interact with RNA, were highly conserved (Gonzalez et al., 2017). All the residues involved in the formation of a basic patch on the protein surface (R32, R69, R80, R100, K101, K107, and R114) – an important structure for interaction with RNAs – were conserved (Supplementary Figure 1).

The hfq and proQ genes are embedded in the same chromosomal context in D. dadantii as in other bacteria such as E. coli or S. enterica (Supplementary Figure 2). The hfq gene is part of the well conserved amiB-mutL-miaA-hfq-hflXKC cluster (Tsui and Winkler, 1994), while proQ is localized between yebR and prc. Inspection of the transcriptomes of D. dadantii under various physiological conditions (Reverchon et al., 2021) showed that transcription of hfq could be driven by (i) a promoter upstream of mutL, (ii) a promoter inside mutL and upstream of miaA, or (iii) two promoters inside miaA and upstream of hfq (Supplementary Figure 2). Considering the expression level of mutL-miaA-hfq genes, it appears that hfq was largely transcribed from the two promoters inside miaA and rarely co-transcribed with miaA. The downstream genes showed similar expression profiles and did not exhibit any promoter activity downstream of hfq, suggesting that they may be co-transcribed with hfq in the same way as in E. coli (RegulonDB1). Two promoters were found upstream of the proQ gene (one between proQ and yebR and one upstream of yebR) (Supplementary Figure 2B). Regarding the difference in read coverage obtained from RNA-seq experiments, yebR and proQ seemed to be largely transcribed separately (Supplementary Figure 2B). On the contrary, prc and proQ had similar coverage, and no transcription start site was found between them, supporting co-transcription similarly to what is observed in E. coli (RegulonDB, see text footnote 1). The polycistronic organization and promoters for both hfq and proQ were confirmed by direct RNA sequencing using the nanopore technology (R. Forquet, personal communication).



Phenotypic Characterization of the hfq and proQ Mutants

We first analyzed the growth characteristics of the hfq and proQ mutants. The WT, hfq and proQ strains were grown in LB rich medium and in M63 minimal medium supplemented with sucrose as the sole carbon source. Sucrose was chosen because it is one of the major sugars of the apoplast (Lohaus et al., 2001). While the proQ mutant and the WT grew similarly in both media, the hfq mutant exhibited delayed growth. However, in rich medium both the WT strain and hfq mutant reached the same optical density after being grown for 26 h (Figure 1A). In minimal medium with sucrose as the sole carbon source, the hfq mutant grew much more slowly than the WT, and reached the stationary phase at a lower optical density (Figure 1B). The growth defect of the hfq mutant was fully restored by complementation with plasmid pBBR-mcs4::hfq (Figure 1), indicating that the hfq::uidA-Kan insertion had no polar effects on downstream hflXKC genes. In contrast, transformation of the proQ mutant and WT strains with the pBBR-mcs4::proQ plasmid expressing proQ led to a lower growth rate, especially in minimal medium (Figure 1D). The two strains grew similarly in the absence of the pBBR-mcs4::proQ plasmid. This suggests that slight ProQ overexpression compromises growth irrespective of the genetic background. These data demonstrate that hfq mutation retards cellular growth, while proQ mutation does not. The effect was more pronounced in minimal medium compared to rich medium, suggesting that Hfq plays a more important role in the ability of D. dadantii to grow under conditions of nutrient limitation. A similar growth defect of hfq mutants has been observed in other bacteria such as P. carotovorum (Wang et al., 2018), A. tumefaciens (Wilms et al., 2012), X. campestris (Lai et al., 2018), P. ananatis (Shin et al., 2019) or E. amylovora (Zeng et al., 2013).
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FIGURE 1. Growth of the wild type, mutant and complemented strains in LB rich medium (A,C) and M63 minimal medium supplemented with sucrose (B,D). Overnight bacterial precultures were diluted to an OD600 of 0.03 in the same growth medium. OD600 measurements of the culture were made at regular intervals to determine growth rates. The experiment was repeated three times. The graph shows curves from one representative experiment. Error bars represent deviation of biological replicates.


Dickeya encounter various stresses during their pathogenic growth, so we assessed the stress resistance of the hfq and proQ mutants (Supplementary Figure 3). They both showed behaviors similar to the WT strain regarding pH and H2O2 stress resistance, but displayed a higher sensitivity to osmotic stress than the WT strain did. The hfq mutant displayed a 50% growth rate reduction on 0.4 M NaCl, while the WT strain was only slightly affected (20% growth rate reduction). This effect was even more pronounced at 0.5 M NaCl, with a growth rate reduction of 90% for hfq compared to 60% for the WT. The proQ mutant did not grow at 0.3 M NaCl and at higher NaCl concentrations (Supplementary Figure 3). Complementation experiments revealed that expression of hfq or proQ from an episome (plasmid pBBR-mcs4::hfq and pBBR1-mcs4::proQ) fully restored the osmotic resistance of the two mutants to the WT level (Supplementary Figure 3). We inferred that the two chaperones are involved in providing resistance to osmotic stress. Overall, this result is consistent but not identical with previous studies showing that Hfq and ProQ contribute to stress tolerance, including nutrient deprivation, osmotic stress and oxidative stress in Salmonella and E. coli (Chaulk et al., 2011; Smirnov et al., 2017).



Hfq and ProQ Are Required for Full Virulence of Dickeya dadantii

The virulence of the hfq and proQ mutants was tested on chicory leaves. The hfq mutant was severely impaired in virulence, and soft rot symptoms were drastically reduced (Figure 2A). Disease symptoms were observed following inoculation with the proQ mutant and the WT strain, but they were less severe in the proQ background. Quantitative results obtained by measuring the weight of macerated tissues showed a significant difference between the disease symptoms induced by each strain (p-value = 1.5e-3) (Figures 2B,C). As observed previously, the virulence defect of the hfq mutant was more severe than that of the proQ mutant, in as far as the hfq mutant did not exhibit any macerated tissue (p-value = 5.7e-4). Consequently, we did not weigh any macerated tissue in the hfq mutant. The soft rot symptoms caused by the hfq and proQ mutants did not increase over longer incubation times (48 h). The lower virulence of hfq and proQ was therefore not solely related to retarded cellular growth. Complementation experiments revealed that expression of hfq from an episome (plasmid pBBR-mcs4::hfq) fully restored the impaired virulence of the hfq mutant (Figure 2B). Likewise, expression of proQ from an episome (plasmid pBBR-mcs4::proQ) restored the impaired virulence of the proQ mutant (Figure 2B).
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FIGURE 2. Impact of Hfq and ProQ on D. dadantii virulence. Representative examples of symptoms induced by the wild type and mutant strains and weights of macerated tissues following infection by the hfq (A) and proQ mutants (B), the wild type strain and the respective complemented strains. Data were normalized based on the weights of macerated tissues from the wild-type strain. Chicory leaf assays were performed as described in the Materials and methods section with an incubation time of 18 h, and weights of macerated tissues were measured. The experiments were repeated three times with ten leaves tested in each replicate. Non-capital letters a and b are presented above the boxplots. Groups with the same letter are not detectably different (are in the same set) and groups that are detectably different get different letters (different sets). Note that if the groups have the same letter, this does not mean they are the same, just that there is no evidence of a difference for that pair (P < 0.05, Wilcoxon Mann-Whitney test).


Thus, the hfq and proQ genes are required for efficient pathogenic growth since both mutants were clearly impaired in initiating maceration and inducing soft rot symptoms, albeit to different extents.



Production of Late Virulence Factors, Pectate Lyase, Protease and Cellulase, Is Abolished in the hfq Mutant and Reduced in the proQ Mutant

Dickeya dadantii is known to use several essential virulence factors that collectively contribute to its ability to cause disease. These factors include production of cell-wall-degrading enzymes like pectate lyases, proteases and cellulase, which are responsible for soft rot symptoms. To clarify whether Hfq and ProQ have any influence on the production of key virulence factors, we compared enzyme activity in hfq and proQ mutant extracts with WT strain extracts (Figure 3A). Pectate lyase activity was abolished in the hfq mutant (p-value = 2.4e-7). This defect in pectate lyase activity was not a consequence of the growth defect of the hfq mutant since activities were normalized to cell density. Also, the levels of pectate lyase activity were significantly reduced in the proQ mutant compared to the WT (p-value = 2.0e-9) (Figure 3A). Reduced cellulase and protease activities were also observed on carboxymethylcellulose and skim milk agar plates for each mutant (Figure 3B). Complementation experiments showed that the impaired production of cell-wall-degrading enzymes was restored in hfq and proQ mutant cells transformed with the pBBR-mcs4::hfq and pBBR-mcs4::proQ plasmids, respectively (Figure 3). Therefore, the impaired pathogenicity of D. dadantii due to hfq and proQ mutations is linked with reduced production of late virulence factors in these mutant strains.
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FIGURE 3. Impact of Hfq and ProQ on cell-wall-degrading enzymes. (A) Pectate lyase activity in the wild type, mutant and complemented strains, expressed as percent of wild type strain specific activity. Experiments were repeated at least three times. Non-capital letters a, b, c, and d are presented above the boxplots. Groups with the same letter are not detectably different (are in the same set) and groups that are detectably different get different letters (different sets). Note that if the groups have the same letter, this does not mean they are the same, just that there is no evidence of a difference for that pair (P < 0.05, Wilcoxon Mann-Whitney test). (B) Protease production on medium containing skim milk, and cellulase production on carboxymethylcellulose agar plate with Congo red staining in the hfq and proQ mutants, the complemented strains and the wild type strain.




Early Virulence Determinants Such as Biofilm Production and Motility Are Also Impaired in the hfq and proQ Mutants

At the initial stage of infection, D. dadantii must adhere to the plant surface and enter into the apoplast. D. dadantii produces cellulose fibrils, which enable it to develop aggregates on the plant surface (Jahn et al., 2011; Prigent-Combaret et al., 2012). These aggregates are embedded in an extracellular polymeric substance (EPS) that maintains a hydrated surface around the bacteria and thus helps them to survive under conditions of desiccation (Condemine et al., 1999). Motility and chemotaxis are essential for D. dadantii when searching for favorable sites to enter into the plant apoplast. Therefore, we evaluated the consequences of the hfq or proQ mutations on motility and biofilm formation. The ability of the hfq and proQ mutants to swim was analyzed using capillary and soft agar assays, respectively. Incubation time during the capillary assays was short, so that we were able to overlook the impact of the growth defect between the hfq mutant and the WT strain. Soft agar assays were performed to test the motility of the proQ mutant, since similar growth rates were obtained for the proQ mutant and the WT strain. A motility index was calculated for both experiments (Figure 4A). It was equal to the motility of the mutant strain (number of cells in the capillary or size of the halo) divided by that of the WT strain. Both hfq and proQ showed reduced motility compared to the WT (−38 and −22%, respectively) and strains complemented with the respective inactivated gene expressed from an episome restored the ability to swim (90 and 98%, respectively). This reduced cell motility is in agreement with the behavior of hfq mutants of most pathogenic bacteria (Chao and Vogel, 2010; Vogel and Luisi, 2011; Sobrero and Valverde, 2012; Wagner, 2013; Updegrove et al., 2016).
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FIGURE 4. Impact of Hfq and ProQ on motility and biofilm formation. (A) Motility indexes of the hfq and proQ mutants. Motility experiments were performed in capillary assays for the hfq mutant and in soft agar plates for the proQ mutant. The motility index was equal to the motility results of the mutant strain (number of cells in the capillary or halo size) divided by the results of the WT strain. (B,C) Impact of the hfq and proQ mutations on biofilm formation. Assays were carried out in multi-well plates. Data were normalized relative to the adherence of the wild-type strain. The effect of heterologous complementation is also showed. Quantification of the cells present in the aggregates and in the planktonic fractions for the different strains. Experiments were repeated at least three times. Non-capital letters a, b, and c are presented above the boxplots. Groups with the same letter are not detectably different (are in the same set) and groups that are detectably different get different letters (different sets). Note that if the groups have the same letter, this does not mean they are the same, just that there is no evidence of a difference for that pair (P < 0.05, Wilcoxon Mann-Whitney test).


Flagellar motility negatively affects biofilm formation. Consequently, we monitored the consequences of the hfq or proQ mutations on the attachment of D. dadantii to the plastic coating of the microtiter plate well. From a metabolic point of view, biofilm formation reflects the trade-off between motility and exopolysaccharide (EPS) production. This trade-off was clearly unbalanced in favor of EPS production in the hfq mutant (p-value = 7.4e-7) and less severely so in the proQ mutant (p-value = 3.8e-2) (Figures 4B,C). Complementation experiments demonstrated that hfq expressed from an episome did not significantly reduce the increased biofilm forming capacity of the hfq mutant (Figure 4B). In contrast, overexpression of proQ from the episome slightly decreased the biofilm formation capacity of the proQ mutant and WT strain compared to the proQ mutant and to the WT strain without complementation (Figure 4C). These data suggest that the two RNA chaperones play different roles in D. dadantii biofilm formation.



Transcripts of Late Virulence Factors and Early Virulence Determinants Are Impaired in the hfq and proQ Mutants

Hfq and ProQ act post-transcriptionally, so we evaluated the mRNA amounts of various virulence genes in the hfq and proQ mutants by qRT-PCR. For genes mostly involved in the early stage of infection, we selected fliC which encodes flagellin, rhlA whose product is involved in the synthesis of a biosurfactant for swarming motility, and bcsA which encodes a protein involved in the production of cellulose fibrils important for adherence. Concerning late virulence genes, we retained pelD and pelE that encode pectate lyases, prtB and prtC that encode metalloproteases, celZ that encodes a cellulase, outC that encodes a compound of the type II secretion system which secretes pectinases and cellulase, kdgK that encodes the KDG kinase involved in the catabolism of polygalacturonate, and hrpN that encodes harpin which elicits the hypersensitive response. In line with the observed phenotypes, the RNA amounts of most genes were reduced in both mutants, much more drastically so in the hfq mutant than in the proQ mutant (Figure 5). The greater adherence of the hfq mutant was also correlated with the higher bcsA RNA amounts compared to the WT (increased by three-fold). However, celZ RNA amounts were similar in the hfq mutant and in the WT. Therefore, the reduced cellulase activity was not dependent on the celZ RNA amount but it could be partially due to reduced cellulase secretion because the outC RNA amount was low in the hfq mutant (decreased by 70%), or to decreased CelZ translation. In the proQ mutant, the amount of celZ and outC transcripts were slightly reduced (around 40%). Taken together, these results indicate that most of the observed phenotypes were correlated to a decrease in the mRNA amounts from virulence genes.
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FIGURE 5. RNA amounts in the hfq and proQ mutant strains. Gene expression levels relative to the WT strain were evaluated in the two mutants by RT-qPCR. (A) Genes encoding late virulence factors or associated with late virulence factors; (B) Genes encoding early virulence factors such as adherence and motility factors; (C) Expression levels of hfq and proQ were measured in the different mutants. Non-capital letters a, b, and c are presented above the histograms. Groups with the same letter are not detectably different (are in the same set) and groups that are detectably different get different letters (different sets). Groups can have more than one letter to reflect “overlap” between the sets of groups. Note that if the groups have the same letter, this does not mean they are the same, just that there is no evidence of a difference for that pair (P < 0.05, t-test).




The Effects of RNA Chaperones on Virulence Partially Overlap

The absence of Hfq or ProQ impaired virulence and modified the production of similar virulence factors. Consequently, we evaluated the behavior of a mutant inactivated for both hfq and proQ and assessed whether hfq and proQ could restore virulence in the double mutant. The virulence of the hfq proQ double mutant and mutant complemented by either hfq or proQ was tested on chicory leaves. The mutants were asymptomatic whatever the complementation 24 h post-infection, except the mutant proQ, that caused reduced soft rot symptoms as noticed earlier (Figure 2). However, 48 h post-infection, the proQ gene inserted in the hfq proQ mutant produced a weight of macerated tissues similar to the weight observed with the hfq mutant, whereas hfq complementation of the double mutant only slightly restored soft rot symptoms (Figure 6). Complementation by proQ did not restored virulence while complementation by hfq partially restored symptom.
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FIGURE 6. D. dadantii virulence assays 48 h post-infection. Virulence was evaluated on the single mutants, the double mutant, and the double mutant complemented by Hfq or ProQ. Chicory leaf assays were performed as described in the “Materials and Methods” section with an incubation time of 48 h. Representative examples of symptoms induced were shown and the weights of macerated tissues were measured. Experiments were repeated three times with at least seven leaves tested in each replicate. Non-capital letters a, b, and c are presented above the boxplots. Groups with the same letter are not detectably different (are in the same set) and groups that are detectably different get different letters (different sets). Note that if the groups have the same letter, this does not mean they are the same, just that there is no evidence of a difference for that pair (P < 0.05, Wilcoxon Mann-Whitney test).


Late and early virulence factors were also impaired in the double mutant, as expected. Compared to the hfq mutant, the double mutant showed a similar, perhaps higher reduction of protease, cellulase and pectinase activities (Figure 7A). Motility was also reduced, and adherence was increased compared to the WT (Figures 8A,C). In line with these phenotypes, the expression levels of the corresponding genes were modified: prtC, pelD and fliC RNA amounts decreased by at least five folds in the double mutant, and hrpN, celZ and outC RNA amounts decreased by about two folds (Figures 7B, 8 and Supplementary Figure 4). Overall, the expression levels of outC, pelD, bcsA, and fliC were similar in the double mutant and in the hfq mutant, whereas the expression levels of prtC celZ and hrpN decreased more than in the hfq mutant (Figures 7B, 8B and Supplementary Figure 4).
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FIGURE 7. Impact of the double mutant on late virulence factors. (A) Protease production on medium containing skim milk, cellulase production on carboxymethylcellulose agar plates with Congo red staining, and pectate lyase activity expressed as percent of wild type strain specific activity were evaluated in the double mutant and in the double mutant complemented by Hfq or ProQ. Experiments were repeated at least three times. Non-capital letters a, b, c, and d are presented above the boxplots and histograms. Groups with the same letter are not detectably different (are in the same set) and groups that are detectably different get different letters (different sets). Groups can have more than one letter to reflect “overlap” between the sets of groups. Note that if the groups have the same letter, this does not mean they are the same, just that there is no evidence of a difference for that pair (P < 0.05, Wilcoxon Mann-Whitney test). (B) expression levels of prtC, celZ, pelD, and outC measured by RT-qPCR in the double mutant and double mutant complemented by Hfq or ProQ. Expression levels were compared with those measured in the WT strain.
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FIGURE 8. Impact of the double mutant on early virulence factors. Phenotypes and expression levels were analyzed in the double mutant strain and the double mutant strain complemented by Hfq or ProQ. (A) Motility was evaluated on semi-solid LB agar plates; (B,D) Expression levels of genes were measured by RT-qPCR and compared with the wild type; (C) Adherence was evaluated and compared with the wild-type strain. Experiments were repeated at least three times. Non-capital letters a, b, c, and d are presented above the boxplots and histograms. Groups with the same letter are not detectably different (are in the same set) and groups that are detectably different get different letters (different sets). Groups can have more than one letter to reflect “overlap” between the sets of groups. Note that if the groups have the same letter, this does not mean they are the same, just that there is no evidence of a difference for that pair (P < 0.05, Wilcoxon Mann-Whitney test).


The protease, pectinase and motility phenotypes were restored by complementation with Hfq. Accordingly, prtC, pelD, and fliC RNA amounts increased significantly in the double mutant strain complemented by Hfq (Figures 7B, 8B). However, the cellulase phenotype was not complemented by the addition of Hfq, even if the expression level of celZ was restored to a level similar to those measured in the WT or the hfq mutant (Figure 7). The adherence phenotype and the expression level of bcsA were not complemented by an hfq gene expressed from a plasmid (Figure 8). ProQ complementation restored protease, cellulase and pectinase activities and adherence, but not motility. In accordance, the expression level of fliC was similar to the levels in the double mutant (Figure 8B), but the expression levels of bcsA, prtC, celZ, and hrpN increased in the complemented strain compared to the non-complemented double mutant (Figures 7, 8 and Supplementary Figure 4). Interestingly, the expression levels of genes outC and pelD were unexpectedly similar to those observed in the double mutant although phenotypes were restored.

We measured the expression levels of hfq and proQ in the different mutants. As expected, hfq and proQ expression was not detected in the respective mutant strains or in the double mutant, but a three-fold increase was observed for the gene expressed from the plasmid. proQ expression level increased in the strains defective in Hfq production, i.e., 3.5 fold in the single hfq mutant and around 12 fold in the double mutant complemented by proQ. These results can be explained by an additive effect of the hfq mutation and of proQ overexpression from the plasmid (Figure 1 and Supplementary Figure 4).

Overall, virulence assays, phenotypes and expression level measurements suggest that the two RNA chaperones Hfq and ProQ exert their effects via partially overlapping but different sets of targets (Figure 9).
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FIGURE 9. Overview of phenotypes and variation of expression levels associated with the inactivation of proQ and hfq. Dash indicates equivalent phenotype (or expression level), up arrow indicates an increase in phenotype (or expression level) and down arrow indicates a decrease in phenotype (or expression level). The double mutant, single mutants and complemented single mutants were compared to the behavior of the wild-type strain whereas double mutant complemented with proQ or hfq were compared to the behavior of the double mutant without any complementation. Expected behavior is indicated in blue, unexpected behavior is indicated in red. ND: Not determined.




DISCUSSION

We investigated the influence of the two RNA chaperones Hfq and ProQ on the virulence of the bacterial plant pathogen D. dadantii. Inactivation of the genes encoding these two chaperones led to lower production of cell-degrading enzymes acting as major virulence factors during D. dadantii pathogenic growth, and accordingly lower pathogenicity. Furthermore, both mutations altered osmotic stress tolerance and cell motility. However, the same mutations elicited different effects on cell growth and biofilm formation. Phenotypes were mostly correlated with altered expression of genes encoding virulence factors (hrpN, outC, pelD, pelE prtC, prtB), motility components (fliC and rhlA) and adherence components (bcsA), except celZ expression in the hfq mutant (Figure 9). Expression levels generally decreased less following inactivation of proQ than following inactivation of hfq, but both RNA chaperones affected similar virulence factors. So far, the involvement of ProQ in virulence has been only reported in Salmonella where it regulates motility directly by downregulating fliC mRNA and represses or activates the expression of virulence genes (genes localized in SPI and SPII, respectively). Accordingly, infection by a Salmonella proQ mutant resulted in a decreased invasion rate in eukaryotic cells (Westermann et al., 2019). The present study reports for the first time the involvement of ProQ in the virulence of a plant-pathogenic bacterium. The expression level of proQ does not seem to be significantly modified during the infection (Pédron et al., 2018). In D. dadantii, major virulence genes (pel, prt and cel) were repressed by ProQ, but contrary to what has been observed in Salmonella, the amount of fliC mRNA decreased in the proQ mutant. Differences in proQ mutant behavior according to species were also highlighted by comparing mutant strains in E. coli and D. dadantii: the proQ mutant displayed impaired biofilm formation in E. coli, whereas it displayed increased adherence in D. dadantii (Sheidy and Zielke, 2013). Overall, this illustrates the species specificities of the ProQ regulatory networks, as previously described (Attaiech et al., 2016; Smirnov et al., 2016; Holmqvist et al., 2018; Westermann et al., 2019). Specificities could be a consequence of a rather distinct sRNA landscape produced by these bacterial species, where only small numbers of sRNA homologs overlap (Leonard et al., 2019). In contrast to ProQ, Hfq proteins have already been reported to significantly reduce virulence in several plant-pathogenic bacteria like A. tumefaciens, E. amylovora, P. ananatis, X. campestris, and P. carotovorum. However, the role of Hfq still remains only partially understood (Wilms et al., 2012; Zeng et al., 2013; Zeng and Sundin, 2014; Lai et al., 2018; Wang et al., 2018; Shin et al., 2019). Additionally, D. dadantii strain defective of hfq has been shown to present a decreased fitness in planta (Royet et al., 2019). The phenotypes of the D. dadantii hfq mutant are similar to those of the P. carotovorum hfq mutant: hfq-defective strains present a decreased growth rate, low cellulase, protease and pectinase production, and altered biofilm formation and motility. Hfq should regulate directly or indirectly these functions post-transcriptionally using sRNAs. In D. dadantii, a recent study highlighted a feed-forward signaling circuit involving Hfq protein which post-transcriptionally regulates RsmB involved in the down-regulation of cell-degrading enzymes and type 3 secretion system (Yuan et al., 2019).

One interesting feature highlighted by this study is the interplay between the two RNA chaperones. The mitigated virulence of the double mutant was only slightly complemented by Hfq or ProQ, so we evaluated the ability of Hfq and ProQ to cross-complement each other regarding mitigation of virulence. ProQ partially complemented the hfq mutant, whereas episomal hfq did not complement the proQ mutant (Supplementary Figure 5). Overall, these results indicate that these two RNA chaperones might exert their effects via partially overlapping but different sets of targets. Although first reports indicate that the RNAs bound by ProQ generally differ from those bound by Hfq, recent studies have demonstrated an unexpected overlap of the sets of Hfq and ProQ targets in Salmonella and E. coli, with 30% of overlapping interactions (Westermann et al., 2019; Melamed et al., 2020). In line with these results, we identified potential ProQ-specific targets such as celZ, but also overlapping targets – the fliC, bcsA, pel, and prt genes. Nonetheless, the expression of the target genes was more highly impacted in the double mutant than in each single mutant, indicating putative additive effects of the two proteins. Additionally, analyses of the expression levels of these target genes in the double mutant complemented by each protein highlighted 3 classes of genes: (i) hrpN-like genes, whose expression level is restored by Hfq or ProQ, (ii) genes whose expression levels are restored at least partially only by Hfq (e.g., fliC, prtC, outC and pelE), and (iii) genes whose expression levels are partially restored only by ProQ (e.g., bcsA) (Figure 9). Although further studies aimed at identifying the direct targets of Hfq and ProQ in D. dadantii by in vivo crosslinking will clarify whether the virulence functions governed by ProQ represent a subset of those governed by Hfq, these data reinforce the assumption that the two proteins could have independent competing or complementary roles. ProQ and Hfq could be involved in different regulatory cascades, with branches converging at identical targets. Alternatively, both proteins could interact with the same mRNA. The site of interaction would not necessarily be identical: ProQ recognizes its targets in a sequence-independent manner, through RNA structural motifs found in sRNAs and internal to the coding sequence region or at the 3′ end of mRNAs (Holmqvist et al., 2018); whereas Hfq interacts with nascent transcripts in the 5′-UTR of the target RNA (Kambara et al., 2018). However, the two proteins could outcompete each other at a given terminator since they both have the propensity to bind intrinsic terminators of RNAs (Holmqvist et al., 2016).

Finally, it is noteworthy that an increased level of proQ was measured in the hfq mutant and in the double mutant complemented by proQ. This is of importance because the impact of ProQ on growth and biofilm production is shown to be highly dependent on the amount of ProQ protein produced in the cells. Here, we showed a correlation between a decrease in growth rate and a increase in the amount of proQ and the absence of hfq. Furthermore, the decrease level of proQ increases with the inactivation of hfq. Finally, the growth defect of the double mutant is complemented by hfq but not by proQ. At this point, we can only speculate, but these observations suggest that in addition to the overlapping, complementary, competing or even additive roles of these two RNA chaperones, Hfq could indirectly or directly regulate ProQ production. Further analyses of the complex regulatory network of Hfq and ProQ should take this possible regulation into account.
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Helicobacter pylori is a Gram-negative bacterial pathogen that colonizes the stomach of about half of the human population worldwide. Infection by H. pylori is generally acquired during childhood and this bacterium rapidly establishes a persistent colonization. H. pylori causes chronic gastritis that, in some cases, progresses into peptic ulcer disease or adenocarcinoma that is responsible for about 800,000 deaths in the world every year. H. pylori has evolved efficient adaptive strategies to colonize the stomach, a particularly hostile acidic environment. Few transcriptional regulators are encoded by the small H. pylori genome and post-transcriptional regulation has been proposed as a major level of control of gene expression in this pathogen. The transcriptome and transcription start sites (TSSs) of H. pylori strain 26695 have been defined at the genome level. This revealed the existence of a total of 1,907 TSSs among which more than 900 TSSs for non-coding RNAs (ncRNAs) including 60 validated small RNAs (sRNAs) and abundant anti-sense RNAs, few of which have been experimentally validated. An RNA degradosome was shown to play a central role in the control of mRNA and antisense RNA decay in H. pylori. Riboregulation, genetic regulation by RNA, has also been revealed and depends both on antisense RNAs and small RNAs. Known examples will be presented in this review. Antisense RNA regulation was reported for some virulence factors and for several type I toxin antitoxin systems, one of which controls the morphological transition of H. pylori spiral shape to round coccoids. Interestingly, the few documented cases of small RNA-based regulation suggest that their mechanisms do not follow the same rules that were well established in the model organism Escherichia coli. First, the genome of H. pylori encodes none of the two well-described RNA chaperones, Hfq and ProQ that are important for riboregulation in several organisms. Second, some of the reported small RNAs target, through “rheostat”-like mechanisms, repeat-rich stretches in the 5′-untranslated region of genes encoding important virulence factors. In conclusion, there are still many unanswered questions about the extent and underlying mechanisms of riboregulation in H. pylori but recent publications highlighted original mechanisms making this important pathogen an interesting study model.
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INTRODUCTION

Helicobacter pylori is a Gram-negative bacterium belonging to the epsilon-proteobacteria class recently proposed to be renamed as Campylobacterota (Waite et al., 2017). H. pylori is a microaerophilic and helical shaped microorganism that inhabits the stomach of half of the human population worldwide. H. pylori is transmitted between humans and generally acquired before the age of five. Infected individuals suffer from chronic gastritis that can remain asymptomatic throughout their lives in 85% of the cases or can evolve into a range of disorders including peptic ulcers or gastric adenocarcinoma, that is responsible for about 800,000 deaths every year worldwide (Robinson and Atherton, 2021). The severe pathologies associated to H. pylori infection, like cancer, generally occur after decades of chronic infection. H. pylori has evolved to persistently colonize the stomach, despite the harsh conditions of this hostile environment, such as a very low pH and constantly changing conditions, which indicates that it has a strong adaptation capacity. It was thus surprising to observe that H. pylori possesses few [only 16 (De la Cruz et al., 2017)] transcriptional regulators (Tomb et al., 1997). This is consistent with its small genome of only 1.67 Mb that encodes 1,576 open reading frames (ORFs) in the 26695 type strain and its unique human gastric niche. Given the reduced number of transcriptional regulators, post-transcriptional regulation has been proposed to play a major role in the control of gene expression in H. pylori (Pernitzsch and Sharma, 2012). H. pylori does not possess RNA chaperones like Hfq and ProQ, that are important factors in post-transcriptional regulation in many bacteria, including the model organism Escherichia coli (Quendera et al., 2020). This characteristic has been an impediment for rapid regulatory RNAs identification in H. pylori but it also hints to original mechanisms for post-transcriptional regulation, that we will address in this review and are summarized in Figures 1, 2.


[image: image]

FIGURE 1. Schematic representation of the general levels of post-transcriptional regulation in H. pylori. (A) Compartmentalization of RNA degradation, with the RNA degradosome composed of RNAse J (in green) and RhpA (in pink) localizing into foci at the inner membrane and the RNase R (in dark purple)-RhpA complex also binding the inner membrane. (B) RNA binding protein (RBP)-mediated regulation, where binding of an RBP (in blue) can cause a structural rearrangement in the RNA molecule that allows or prevents the expression of the proteins it encodes. (C) RNA degradation by both endo- and exoribonucleases, such as RNase J (in light green), which also depends on the phosphorylation state of the 5′-end of the mRNA molecules (RppH in light purple).



[image: image]

FIGURE 2. Schematic representation of examples of post-transcriptional regulation in H. pylori. (A) asRNA-mediated regulation that leads to the degradation of the mRNA-asRNA pair by an enribodonuclease such as RNase III, like in the case of the IsoA1-aapA1 Toxin-Antitoxin system. (B) asRNA-mediated regulation that leads to the formation of a premature terminator sequence that prevents the full transcription of the target gene (as in the case of the 5′-ureB antisense). (C) sRNA-mediated regulation, where sRNAs (encoded elsewhere in the genome apart from their targets) can either bind homopolymeric repeats upstream from the gene (like RepG) or at different regions within the coding sequence (like CncR1).




THE TRANSCRIPTOME OF H. PYLORI

The seminal work by Sharma et al. (2010) revealed the complexity of the transcriptome of this bacterium. They mapped 1,907 transcription start sites (TSSs) in H. pylori strain 26695 and revealed that 87.5% of the genes are expressed from 337 primary operons, some of which contain additional internal TSSs. Surprisingly, they also detected massive antisense transcription with at least one antisense TSS associated to approximately 46% of all ORFs, including housekeeping genes like 28% of tRNAs and the 5′-leader regions of the 23S and 16S rRNA precursors. Interestingly, most known riboswitches are absent in H. pylori, with the exception of a predicted thiamine pyrophosphate riboswitch upstream of pnuC. Riboswitches are elements in an RNA molecule that can alter their structure in response to an environmental signal, such as a temperature shift or the presence of certain metabolites, and as a consequence regulate the translation or degradation of this RNA molecule. Even so, there are 337 untranslated regions (UTRs) that are long enough to accommodate other cis-acting regulatory RNA structures (Sharma et al., 2010).

In addition to tRNAs, rRNAs, transfer-messenger RNA (tmRNA, an RNA molecule in charge of ribosome unstalling), RNase P, 6S RNA and the signal recognition particle RNA (SRP RNA), Sharma et al. (2010) detected hundreds of candidate non-coding RNAs (ncRNAs). These ncRNAs are transcribed from intergenic regions (small RNAs or sRNAs), antisense to ORFs (antisense RNAs, asRNAs) and sense within ORFs. The expression of 60 of these intergenic ncRNAs was validated (visualized by Northern blot), and more than 900 asRNAs were detected, a few of them being validated (Sharma et al., 2010). It is interesting to note that, even if such massive amounts of asRNAs were first detected in H. pylori, other bacteria have since then been shown to have even more asRNAs (Georg and Hess, 2018). The validated and characterized ncRNAs are summarized in Table 1.


TABLE 1. List of non-coding RNAs (ncRNAs) validated (visualized by Northern blot) in Helicobacter pylori.
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TOOLS TO STUDY THE TRANSCRIPTOME OF H. PYLORI

In the original description of the H. pylori transcriptome by Sharma et al. (2010), differential RNA sequencing (dRNA-seq) technologies were used to sequence and define TSSs, and such techniques have been further optimized since then (Bischler et al., 2015). First, in order to detect the widest range of TSSs, RNA was extracted from H. pylori grown under different conditions. Then prior to sequencing of cDNA libraries, RNAs were treated or not with terminator exoribonuclease. This enzyme specifically degrades 5′-P (monophosphate) RNA molecules [that usually result from processing of transcripts by ribonucleases (RNases)] but not 5′-PPP (triphosphate) RNA molecules (that result from transcription), thus allowing the detection of TSSs. Furthermore, the authors developed an online browser for the visualization of TSSs in H. pylori1 (Bischler et al., 2015).

As mentioned earlier, the main E. coli RNA-binding proteins (RBPs) participating in ncRNA-mediated regulation of gene expression, Hfq and ProQ, are absent in H. pylori (Quendera et al., 2020). Only a homolog of the RBP CsrA (Carbon storage regulator A) has been identified (Barnard et al., 2004). However, the complexity of the transcriptome suggests that other mechanisms and RBPs might be involved in post-transcriptional regulation in this organism.

Tools have been developed in recent years to identify novel RNA-RBP complexes in H. pylori (Rieder et al., 2012). One of these approaches was based on the purification of aptamer-tagged sRNAs by chromatography to identify their protein binding partners by mass spectrometry (Rieder et al., 2012). Complementarily, a method to FLAG-tag putative RBPs, co-immunoprecipitate them and sequence the associated RNA molecules was developed. Such tools permitted the detection of interactions between the S1 ribosomal protein and some mRNAs and sRNAs in H. pylori, as well as the identification of protein HP1334 as a binding partner of the abundant HPnc6910 sRNA (Rieder et al., 2012).



THE MEMBRANE-ASSOCIATED RNA DEGRADOSOME REGULATES ANTISENSE RNA ABUNDANCE

Despite progress in the detection of RNA species and their putative protein partners, nothing is known about the subcellular distribution of these elements in H. pylori. Different RNA molecules from the transcriptome of E. coli have been shown to display specific subcellular localization patterns, being targeted to the membrane, the cellular poles or distributed in the cytosol (Kannaiah et al., 2019). This likely plays a role in localizing their protein products and in regulating their expression and stability (Irastortza-Olaziregi and Amster-Choder, 2020). Bacterial RNA degradosomes, that are composed of at least one RNase and one DEAD-box RNA helicase protein that unwinds the target RNA, are central in the control of RNA decay and maturation (Tejada-Arranz et al., 2020a). The membrane localization of RNA degradosomes has been linked to the rate of degradation of different categories of transcripts including regulatory sRNAs (Moffitt et al., 2016), indicating a compartmentalization of RNA degradation and maturation that plays a role in transcriptome dynamics in prokaryotes. In H. pylori, we showed that the RNA degradosome, composed of the essential RNase J protein and of RhpA, the sole DEAD-box RNA helicase of this bacterium (Redko et al., 2013; El Mortaji et al., 2018), is compartmentalized at the inner membrane where it is assembled into foci whose formation is regulated and likely represent RNA degradation hubs (Tejada-Arranz et al., 2020b; Figures 1A,C). In addition, the 3′–5′ exoribonuclease RNase R was also associated to the H. pylori inner membrane (Tejada-Arranz et al., 2021; Figure 1A). The development of imaging techniques [reviewed in Fei and Sharma (2018)] for the study of the localization of RNA molecules in H. pylori is needed in order to assess how the transcriptome is distributed in H. pylori cells.

In H. pylori, we found that RNase J, the main RNase of its minimal RNA degradosome (Redko et al., 2013), is able to degrade many asRNAs (as well as mRNAs), with about 80% of them being upregulated more than 2-fold in an RNase J-depletion strain, and approximately 50% being regulated more than 4-fold (Redko et al., 2016). This suggests that a major level of regulation of the amount of these asRNAs relies on RNA degradosome-mediated degradation. Interestingly, sRNAs were found not to be preferred targets of this enzyme and are likely regulated through other mechanisms.



REGULATION BY RNA-BINDING PROTEINS (RBPS)

The only RBP that has been extensively studied in other bacteria and that is present in H. pylori is CsrA (Quendera et al., 2020). This protein is necessary for full H. pylori motility and survival under oxidative stress conditions. Accordingly, a strain lacking CsrA is defective for virulence in a mouse model (Barnard et al., 2004). More recent studies have found the reduced motility of a ΔcsrA strain to be associated with a defect in flagellar assembly due to a reduced expression of FlaA and FlaB (Kao et al., 2014) and to the dysregulation of the expression of a putative glycosyltransferase (Kao et al., 2017). In H. pylori, no CsrB/D-like sRNAs, which regulate CsrA activity in other organisms, were identified and thus the regulation of the activity of CsrA is not known in this organism. Nevertheless, the role of CsrA in asRNA- and sRNA-mediated regulation remains to be investigated. Other RBPs have been found in H. pylori, like the glycolytic enzyme aconitase that was shown to be important for full motility, oxidative stress response and lysozyme resistance (Austin and Maier, 2013; Austin et al., 2015; see Figure 1B).

A homolog of the RNA pyrophosphohydrolase, RppH, was also characterized in H. pylori. This enzyme targets the 5′-end of both mRNAs and sRNAs in the cell and cleaves the 5′-triphosphorylated end, yielding a 5′-monophosphorylated molecule that is targeted for degradation (Bischler et al., 2017; Figure 1C). In addition, mutants in this protein are more susceptible to hydrogen peroxide (Lundin et al., 2003) and are less able to invade gastric adenocarcinoma cells (Liu et al., 2012).



NON-CODING RNA-MEDIATED REGULATION OF GENE EXPRESSION

As mentioned above, the transcriptome of H. pylori contains >900 asRNA molecules and 60 validated sRNAs, with only one predicted riboswitch. Overall, there is little information about the molecular mechanisms by which asRNAs and sRNAs regulate gene expression and how their expression is regulated in H. pylori. Generally, these ncRNAs act by base-pairing with their target mRNAs (that can be transcribed from the opposite strand in the case of asRNAs or from somewhere else in the genome for the sRNAs) and hence altering their secondary structure, which might have consequences regarding their expression (ribosome accessibility) or stability (RNase accessibility). The few examples that have been analyzed in detail in H. pylori will be presented below.


Antisense RNA-Mediated Regulation of Gene Expression


Regulation of Type I TA Systems

Toxin-antitoxin (TA) systems are genetic modules that are widespread in prokaryotes. They encode a protein toxin and a cognate antitoxin that prevents the activity or expression of the toxin. The type I TA systems, in which the antitoxin is an asRNA, are highly represented on the H. pylori chromosome and several are strongly expressed (Sharma et al., 2010; Masachis and Darfeuille, 2019). Among them, the type I TA aapA1-isoA1 system has been extensively studied (Arnion et al., 2017; El Mortaji et al., 2020). The corresponding AapA1 toxin is a 30 aa-long hydrophobic peptide that, upon expression, targets the inner membrane and inhibits H. pylori growth (El Mortaji et al., 2020; Korkut et al., 2020). We have recently shown that this toxin triggers a morphological transition of H. pylori from its typical helical shape to round coccoid cells, that have been observed in response to stress as well as in human biopsies (El Mortaji et al., 2020). Our characterization of the toxin-induced coccoids suggests that they are viable cells that could correspond to dormant bacteria and might be responsible for H. pylori infections refractory to treatment.

Under normal growth conditions, different mechanisms that prevent the expression of the AapA1 toxin have been revealed (Arnion et al., 2017). Folding of the aapA1 full length transcript prevents its translation, unless its 3′-end is processed. This active aapA1 structure allows the formation of an extended duplex with the isoA1 asRNA that is degraded by RNase III, thus preventing AapA1 translation (Arnion et al., 2017; Figure 2A). The expression of AapA1 occurs under conditions that reduce the activity of the isoA1 promoter, namely oxidative stress and hence triggers H. pylori morphological transition (El Mortaji et al., 2020). Thus, the isoA1 asRNA is involved in regulating the transition of H. pylori cells into dormant forms that likely play an important role during colonization.

In another TA system from this family, aapA3-isoA3, the expression of the toxin is regulated by the formation of metastable structures in the aapA3 mRNA that transiently form during transcription and result in sequestration of the Shine-Dalgarno sequence, thereby also preventing unwanted toxin synthesis (Masachis et al., 2019).



Regulation of the Expression of the ureAB Operon by an asRNA

Urease is a major colonization factor for H. pylori. This nickel metalloenzyme catalyzes the hydrolysis of urea into ammonia and bicarbonate (de Reuse et al., 2013). Both compounds allow H. pylori to buffer its cytoplasm and thus resist the extremely low pH of its unique niche, the human stomach. Large amounts of urease are produced by H. pylori. However, its synthesis requires regulation to avoid a toxic alkalinization of the cytoplasm. Urease of H. pylori is composed of two structural units, UreA and UreB. These proteins are expressed from an operon that is adjacent to a second one encoding the so-called urease accessory proteins required for nickel incorporation into urease. Expression of ureAB is positively controlled by NikR, a nickel-responsive regulator (Muller et al., 2011; Jones et al., 2018) and by a two-component system (TCS) of the OmpR-EnvZ family (Bury-Moné et al., 2004) designated ArsRS in H. pylori (Pflock et al., 2006). Under low pH conditions, the ArsRS system activates the urease operons ensuring increased production of this enzyme under the condition where its activity is vital. Wen et al. (2011, 2013) have identified another level of regulation of the ureAB operon. At neutral pH, they demonstrated the expression of a 290 nucleotides (nt)-long asRNA to ureB that favors the accumulation of a truncated transcript of the ureAB operon lacking the ureB 3′-end (Figure 2B). Interestingly, the expression of this asRNA is negatively regulated by the ArsRS TCS in response to acidic pH. Electrophoretic mobility shift assays (EMSA) showed that unphosphorylated ArsR regulator protein indeed binds to the ureB-asRNA promoter region. They determined that the mechanism at play is base-pairing of the antisense 5′ureB-asRNA with the ureAB transcript and subsequent transcription termination of the sense ureAB mRNA that causes diminished urease production. These data highlight a dual control of urease production that is adjusted to the pH of the environment encountered by H. pylori, with activation of urease expression at acidic pH and repression at neutral pH.



Other Antisense RNAs

Another example concerns rRNA maturation in H. pylori. A strongly expressed asRNA overlapping the leader region of the 23S-5S rRNA precursor has been identified and found to be conserved (Sharma et al., 2010; Iost et al., 2019). It was demonstrated that this asRNA interacts with an rRNA precursor, forming an intermolecular complex that is cleaved by RNase III. This pairing induces further specific cleavages of the rRNA precursor and the degradation of the 23S asRNA. Whether this asRNA plays a regulatory function in rRNA maturation is still unclear as it is dispensable for H. pylori growth and for proper rRNA maturation under laboratory conditions. However, it might have a fine-tuning function by facilitating the degradation of processed fragments or a quality control role by favoring appropriate rRNA folding, that might become more evident under different growth conditions (Iost et al., 2019).

Other asRNAs were first identified in silico and then found to be expressed. They were predicted to target the flagellar motor switch gene (fliM) and fumarase (fumC), potentially regulating the expression of these genes (Xiao et al., 2009).



Trans-Acting Regulatory sRNAs of H. pylori


RepG, A sRNA That Targets Simple Repeat Sequences (SRRs)

Besides transcriptional regulators, gene expression can be modulated by variations in the length of repeated nucleotide sequences, the “simple sequence repeats” (SSRs), located in their 5′-UTR that modify the stability or translation of the mRNA; or located in the promoter region, affecting the spacing of promoter elements or transcription factors binding sites. Phase variation of SSRs is due to slipped strand mispairing during replication and is used by many pathogens as an adaptive mechanism in which the most favorable expression is selected. Genes encoding bacterial surface structures or DNA Restriction-Modification enzymes are among the most frequently regulated by SSRs. The group of Sharma et al. (2010) identified and characterized the first sRNA that mediates post-transcriptional regulation by targeting a G-repeat stretch that is located in the 5′-UTR of the bicistronic tlpB-hp0102 operon (Pernitzsch et al., 2014, 2021; Figure 2C). This operon encodes the TlpB chemotaxis receptor and the HP0102 protein that was shown to function as a glycosyltransferase involved in lipopolysaccharide (LPS) O-chain biosynthesis (Pernitzsch et al., 2021). The precise fucosyltransferase activity of HP0102 was shown (Li et al., 2019). The sRNA designated RepG (REgulator of Polymeric G-repeats) is highly conserved in H. pylori. In contrast, the length of the G-repeat stretch upstream tlpB-hp0102 is highly variable among H. pylori strains and in sequential isolates from human patients, indicating that this region indeed undergoes phase variation during infection. Direct binding and base pairing of RepG to the 5′-UTR SSR region was demonstrated. Most interestingly, they showed that depending on the length of the G repeat, the binding of RepG can either mediate activation or repression of the tlpB-hp0102 operon and that this regulation acts at the translational level (Pernitzsch et al., 2014, 2021). In a recent publication, in collaboration with our group (Pernitzsch et al., 2021), the HP0102 glycosyltransferase was shown to be essential for colonization of the mouse model by H. pylori and to modulate LPS O-chain synthesis. The gradual modulation of H. pylori LPS through RepG regulation impacts bacterial resistance to membrane-targeting antibiotics and the exposure of Lewis antigens that contribute to the host immune recognition of this pathogen. In conclusion, these studies establish an original mechanism of post-transcriptional regulation by RepG, a trans-acting sRNA, that mediates a gradual rather than ON/OFF switch of the expression of its targets enabling H. pylori to adapt to its host.



NikS/HPnc4160, A sRNA Regulating Major Virulence Factors in H. pylori

Two recent publications report the characterization of a sRNA (HPnc4160) that regulates the expression of major H. pylori virulence factors (Eisenbart et al., 2020; Kinoshita-Daitoku et al., 2021). HPnc4160 was previously identified as a highly transcribed sRNA (IsoB) expressed from the opposite strand of a poorly expressed small ORF (AapB) as a part of a probably “degenerated” type I TA system (Sharma et al., 2010; Vannini et al., 2017). HPnc4160 is strongly conserved in H. pylori and harbors a length-variable T stretch upstream its −10 promoter sequence. The expression of HPnc4160 was shown to be repressed by NikR in response to nickel (Eisenbart et al., 2020) through direct binding of this transcriptional regulator to the sRNA promoter (Vannini et al., 2017). Therefore, HPnc4160 was renamed NikS (Eisenbart et al., 2020). The T stretch preceding the HPnc4160/NikS sRNA was variable in length in strains isolated from patients or during Mongolian gerbil colonization (Eisenbart et al., 2020; Kinoshita-Daitoku et al., 2021); this length variation affects the sRNA expression. Both studies identified the targets of this sRNA by mRNA and protein expression analysis. Genes encoding major virulence and colonization factors were found to be targeted by HPnc4160/NikS, [five in Eisenbart et al. (2020) and eight in Kinoshita-Daitoku et al. (2021); see Table 1]. Both studies identified cagA, encoding the oncoprotein CagA, as a target and found that the expression of several outer membrane proteins, some being potential adhesins, is targeted. Eisenbart et al. identified in addition vacA, encoding the vacuolating cytotoxin, as being directly regulated by HPnc4160/NikS. Post-transcriptional repression by HPnc4160/NikS base pairing to five mRNA leaders was demonstrated, which results in translation inhibition (Eisenbart et al., 2020). In vitro EMSA and structure probing analysis validated the direct HPnc4160/NikS interaction with several of its targets (Eisenbart et al., 2020; Kinoshita-Daitoku et al., 2021). However, the two publications present divergent data on the targeting site in cagA, in the 5′ UTR region for Eisenbart et al. (2020) and intragenic for Kinoshita-Daitoku et al. (2021), which implies different underlying regulatory mechanisms. Both studies validate that the control of cagA expression by HPnc4160/NikS indeed impacts H. pylori pathogenicity. In vitro infection of different cell types by H. pylori revealed that HPnc4160/NikS decreases CagA-dependent bacterial internalization, reduces cell colonization and epithelial barrier disruption (Eisenbart et al., 2020) and also decreases the level of phosphorylated CagA, IL8 production and the associated CagA-induced hummingbird phenotype (Kinoshita-Daitoku et al., 2021). During mouse colonization by H. pylori, the number of repeats of HPnc4160/NikS varies with a trend to expansion while a deletion of this sRNA favors short term colonization. The selective pressure that drives these variations in vivo still needs to be identified. Finally, the T-repeats were found to be significantly longer in strains isolated from patients with gastric cancer than in “non-cancer” strains. In conclusion, HPnc4160/NikS is a sRNA acting as a master regulator of the adaptation of H. pylori to the colonization of its host.



CncR1, A sRNA Regulating Motility and Adhesion to Host Cells

The H. pylori cag pathogenicity island (cag PAI) is a 40 kb DNA element that encodes a type IV secretion system. The cag PAI is a major virulence determinant of H. pylori that allows for the delivery of bacterial effector molecules into host gastric epithelial cells, in particular the oncoprotein CagA encoded within the cag PAI.

Both groups of Sharma et al. (2010) and Vannini et al. (2014) have identified, within the cag PAI, a ncRNA expressed within the 5′-UTR of cagP. This 213 nt-long sRNA is abundant and conserved in H. pylori. It was designated HPnc2630 in strain 26695 (Sharma et al., 2010) and was renamed CncR1 for “cag non-coding RNA 1” in strain G27 where it was characterized (Vannini et al., 2016). Vannini et al. (2016) showed that the expression of the CncR1 sRNA is directed by the cagP promoter and regulated as a function of growth through direct binding of the essential orphan response regulator HsrA (HP1043). Transcriptomic analysis of a ΔcncR1 mutant identified 71 deregulated genes. Enrichment in downregulated genes related to host-pathogen interactions was observed in addition to upregulation of genes involved in the assembly and regulation of the flagellar apparatus including FliK, a flagellar hook-length control protein. They validated that CncR1 negatively regulates H. pylori motility functions. Using EMSA and RNase T1 foot-printing experiments, direct targeting of the sRNA on different regions of the fliK mRNA was demonstrated (Figure 2C). Finally, CncR1 is required for full bacterial adhesion to host cells. In conclusion, the CncR1 sRNA modulates H. pylori virulence through opposite effects on motility and adhesion which might be relevant to signals related to growth phase or bacterial density where bacteria move to a new colonization site.



CONCLUSION

Relatively few studies have been published on riboregulation in H. pylori. However, the established properties make it a fascinating microorganism to study. The huge number of genes for which a cis-asRNA is expressed is still intriguing, some of them certainly have regulatory roles on the expression of the complementary mRNA but many RNAs that are produced by pervasive transcription may have other functions. The post-transcriptional mode of gene regulation where a sRNA targets homopolymeric repeats within 5′-UTR is original. This mechanism and other variations linking RNA-mediated control and SSRs are most probably widespread in H. pylori and will certainly be found in other bacteria in the future. In H. pylori, RepG has other targets, several antisense TSSs were shown to overlap SSRs and some sRNA candidates have internal repeats (Sharma et al., 2010; Pernitzsch et al., 2014, 2021). These data, together with what is known about the SSR-controlled NikS/HPnc4160 sRNA, reveal that bacterial phase variation, which is associated to host adaptation, impacts gene expression at several levels. Finally, since no RNA chaperone facilitating sRNA-mRNA base-paring has been reported so far in H. pylori, the question of discrimination of the targets, in particular those with low complexity, such as SSRs, remains open.
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The success of the major opportunistic human Staphylococcus aureus relies on the production of numerous virulence factors, which allow rapid colonization and dissemination in any tissues. Indeed, regulation of its virulence is multifactorial, and based on the production of transcriptional factors, two-component systems (TCS) and small regulatory RNAs (sRNAs). Advances in high-throughput sequencing technologies have unveiled the existence of hundreds of potential RNAs with regulatory functions, but only a fraction of which have been validated in vivo. These discoveries have modified our thinking and understanding of bacterial physiology and virulence fitness by placing sRNAs, alongside transcriptional regulators, at the center of complex and intertwined regulatory networks that allow S. aureus to rapidly adapt to the environmental cues present at infection sites. In this review, we describe the recently acquired knowledge of characterized regulatory RNAs in S. aureus that are associated with metal starvation, nutrient availability, stress responses and virulence. These findings highlight the importance of sRNAs for the comprehension of S. aureus infection processes while raising questions about the interplay between these key regulators and the pathways they control.
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INTRODUCTION

Staphylococcus aureus is a major opportunistic human pathogen capable of causing an extensive array of human infections, ranging from easy-treatable sinusitis to life-threatening endocarditis or septicemia. Its versatility in colonizing diverse human organs relies on the temporally coordinated expression of numerous virulence factors allowing the bacterium to adhere, invade and disseminate into host tissues. Regulation of virulence factors expression is conducted by two-component systems (TCS), transcriptional regulators and in particular small regulatory RNAs (sRNAs). These include cis-acting RNAs such as antisense RNAs or riboswitches, and trans-acting RNAs (Carrier et al., 2018; Jørgensen et al., 2020).

The latter generally control multiple messenger RNAs, especially by targeting their Shine–Dalgarno (SD) sequence, which results in translational repression and/or stability modulation. Indeed, many staphylococcal sRNAs contain a characteristic C-rich sequence complementary to the SD sequence of targeted mRNAs (Geissmann et al., 2009). In many bacteria, sRNA:mRNA interactions are mediated by the chaperones Hfq or ProQ. However, the role of Hfq in S. aureus is still controversial and ProQ is not present (Christopoulou and Granneman, 2021). Even though staphylococcal Hfq is able to bind some sRNAs in vivo and in vitro, it does not facilitate sRNA-mRNA interactions (Bohn et al., 2007). In addition, its deletion has no effect on sRNA-mediated regulation and did not present any specific phenotype. The dispensability of Hfq may result from longer and, consequently more stable, sRNA-mRNA duplexes than the ones requiring Hfq in Escherichia coli (Jousselin et al., 2009).

The functions of sRNAs in gene regulation and physiological responses in bacteria are now well established. Their ability to regulate specific metabolic pathways and stress responses makes them ideal candidates to regulate virulence in pathogenic bacteria. Indeed, in S. aureus the bi-functional sRNA RNAIII is the main intracellular effector of the quorum sensing system and controls temporal expression of virulence genes, in addition to containing the open reading frame (ORF) for the phenol soluble modulin (PSM) hemolysin delta (Bronesky et al., 2016). Besides, RNAIII, RsaA, SprC, SprD; Teg49 and SSR42 contribute to different facets of virulence regulation in animal models of infection (Desgranges et al., 2019).



DISCOVERY OF SRNA IN STAPHYLOCOCCUS AUREUS

The use of predictive bioinformatic searches, microarrays and expression studies led to the discovery of the first sRNAs in S. aureus (Pichon and Felden, 2005; Geissmann et al., 2009; Nielsen et al., 2011). Then, the advances in high-throughput sequencing technologies opened the door to a whole new era in the small RNA field (Desgranges et al., 2020). It not only helped and accelerated the discovery of further RNAs with regulatory functions in S. aureus (Abu-Qatouseh et al., 2010; Beaume et al., 2010; Bohn et al., 2010; Howden et al., 2013; Carroll et al., 2016; Mäder et al., 2016), but also facilitated their characterization by promoting global analyses of transcriptional changes they induce. sRNAs are commonly encoded in intergenic regions or are originated from 3′ or 5′-UTR of mRNAs and are associated to the regulation of numerous metabolic pathways and virulence. Accessibility of these sequencing techniques accumulated huge transcriptomic data. However, the lack of a consensual and fully annotated S. aureus genome added to a missing unified sRNA nomenclature led to numerous redundancies and misannotated sRNAs. To overcome this matter, Sassi et al. (2015) designed the Staphylococcus Regulatory RNA Database (SRD) which provides a simple and non-redundant list of sRNAs identified in S. aureus. Sequences of transcribed sRNAs were compiled from various RNAseq analyses to yield a non-redundant catalog of ca. 500 sRNAs assigned with a single identifier. This list is drastically reduced to 50 when only trans-acting sRNAs are considered (Liu et al., 2018). Unfortunately, most putative 5′/3′-UTR-derived sRNAs are discarded here. Very recently, Carroll’s team re-analyzed published RNAseq and ribosome profiling data scrutinizing the expression and stability or capacities to encode peptides of 303 sRNAs in different conditions, showing their diversity in behavior and functions (Sorensen et al., 2020). Altogether, these studies raise issues about the poor annotation of staphylococcal genome concerning sRNAs. Furthermore, the effort of the scientific community in sequencing genomes of many staphylococcal isolates will considerably improve it.



DIVING INTO SRNA NETWORKS

To unravel the functions of a newly identified sRNA, it is necessary to define its partners. The identification of RNA candidates as direct targets of sRNAs would provide hints of their roles and pathways, in which a specific sRNA might be involved. Several experimental techniques have been recently developed to characterize sRNA targetomes in bacteria, mostly based on the pull-down of chaperone proteins such as Hfq followed by sequencing of associated RNAs (Desgranges et al., 2020). In S. aureus, preference was given to a distinct approach, which relies on the co-purification of binding partners with a biotinylated/tagged sRNA. These methods called MAPS (Lalaouna et al., 2015; Mercier et al., 2021) and Hybrid-trap-seq (Rochat et al., 2018) have been used to determine the interactome of various sRNAs in S. aureus, generating ever more complex regulatory networks picturing many events: one sRNA involved in different pathways, several sRNA involved in the same pathway or sRNAs associated with one another (Figure 1). This has highlighted the complexity and intertwined nature of sRNA networks in S. aureus, which most certainly accounts for the versatility of this pathogen.
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FIGURE 1. The complexity and entanglement of regulatory RNA (sRNA) networks in Staphylococcus aureus. Expression of sRNAs (in gray circles) are induced by environmental signals including antibiotics, host immune system responses, exposure to reactive species (NO, O2–) and nutrient availability. Together with transcriptional factors (solid circle) or two-component systems, sRNAs control capsule synthesis, biofilm production, carbon metabolism, oxidative stress response or virulence and then form intricate regulatory networks.


Overall, of the numerous sequences for potential sRNAs, only a small fraction has been experimentally confirmed and many more remain to be characterized. In this work we will review the current state of the art of the sRNA world from S. aureus, featuring those involved in virulence, nutrient availability, metal starvation and stress responses. We will focus predominantly on recent results deciphering functions of staphylococcal sRNAs, while others were extensively reviewed in Guillet et al. (2013), Tomasini et al. (2013), and Desgranges et al. (2019).



THE QUEST OF POWER: A LARGER ARSENAL OF SRNAS REGULATING VIRULENCE: TEG41 AND SSR42

Besides the well described RNAIII, RsaA, Teg49 and SprC/D (Desgranges et al., 2019), two sRNAs, Teg41 and SSR42, appeared recently to regulate virulence in S. aureus. Teg41 is a 205 nt-long sRNA that is divergently transcribed from the locus encoding alpha phenol soluble modulins (αPSM), highly potent pore-forming toxins exhibiting cytolytic activity (Zapf et al., 2019). The deletion of 24 nts in its 3′ end is sufficient to lower αPSM production at the protein level, reduce hemolytic activity and attenuate virulence in a murine abscess model. Conversely, Teg41 overexpression enhances hemolytic activity by increasing αPSM protein levels. In silico predictions suggest the binding of Teg41 after the start codon of αPSM4, the 4th gene of the operon and most abundant αPSM. However, this interaction remains to be confirmed as well as the activation mechanism of psmα4. Several hypotheses are raised, such as a positive regulation where Teg41 would stabilize the PSM transcript to facilitate its translation or induce conformational changes to free the ribosome binding site (RBS) together with an unknown partner. This would be the first time that an sRNA has been directly linked to the regulation of αPSM, since only protein regulators such as MgrA or AgrA are known to regulate the transcription of mRNA encoding these toxins (Jiang et al., 2018). Interestingly, the teg41 gene is restricted to S. aureus and the very closely related Staphylococcus argenteus, and this conservation seems to correlate with the presence of the αPSM locus. This suggests that both might be genetically linked (Zapf et al., 2019).

The 1,232 nt-long SSR42 belongs to the family of small stable RNAs (SSR), a group of regulatory RNAs induced and/or stabilized during stress-related conditions such as log-phase growth, heat/cold shock or stringent response (Anderson et al., 2006; Morrison et al., 2012). SSR42 is stabilized during stationary phase where it mostly represses expression of several virulence genes through an indirect yet undescribed mechanism, probably by regulating transcriptional regulators of these virulence factors (Morrison et al., 2012). This sRNA is also required for hemolysis and for virulence in a murine model of skin infection. SSR42 is located directly upstream and in an antiparallel orientation from the gene encoding Rsp, the repressor of surface proteins, a regulator of hemolysis that positively controls the production of hla via the agr system (Li et al., 2015). Rsp activates the expression of SSR42 in presence of antibiotics as oxacillin. Consecutively, SSR42 enhances hemolysis by acting indirectly on the hla promoter during stationary phase (Horn et al., 2018). SSR42 therefore places itself in line with regulators such as SaeR and SarA for transcriptional activation of hla and RNAIII for its translation. Besides, SSR42 stabilizes the sae transcript encoding the major transcriptional regulator of hla through a yet unknown mechanism (Horn et al., 2018). This suggests that modulation of sae transcript impacts Hla production. SSR42 therefore participates in the complex regulation of hla transcription in response to antibiotics even though the molecular mechanisms remain elusive.



RSAC, THE MISSING LINK BETWEEN MANGANESE HOMEOSTASIS AND OXIDATIVE STRESS

RsaC length is highly variable across S. aureus isolates due to the presence of repeated sequences at its 5′ end and, consequently, ranges from 584 to 1,116 nts (Lalaouna et al., 2019). Remarkably, the characterization of RsaC provided the missing link between manganese homeostasis and oxidative stress response. The mutation of mntABC, coding for the major manganese ABC transporter, was previously reported as detrimental for Mn acquisition, but also for oxidative stress resistance (Handke et al., 2018). Lalaouna et al. (2019) demonstrated that RsaC derives from the 3′ untranslated region of mntABC after cleavage by the double-stranded ribonuclease RNase III. In manganese-limiting conditions, RsaC negatively regulates the non-essential Mn-containing superoxide dismutase A (SodA), which is involved in reactive oxygen species detoxification (O2– to H2O2). Concurrently, RsaC favors the SodM-dependent oxidative stress response, an alternative SOD enzyme using either Fe or Mn as cofactor. Besides helping maintain the appropriate cellular Mn2+ concentration, it restores the ROS detoxification pathway and counteracts Mn sequestration by host immune cells.

Noteworthy, RsaC could also interconnect and balance various metallostasis systems (Fe and Zn) (Lalaouna et al., 2019), but is apparently not involved in the MntABC-mediated increased resistance to copper (Al-Tameemi et al., 2021).



THE BLURRED LINE BETWEEN METABOLISM AND VIRULENCE: RSAD, RSAE, RSAI, AND RSAG

RsaD, a 176 nt-long sRNA, is conserved in multiple staphylococcal species (Geissmann et al., 2009). It accumulates in the late exponential phase of growth and is highly expressed in strains with an active σB factor, which is responsible of the regulation of genes involved in stress response in S. aureus. Nonetheless, the exact mechanism of rsaD regulation by this factor remains uncertain. More recently, Augagneur et al. (2020) observed that expression of rsaD is repressed by CodY, a global regulator activated by branched amino-acids and GTP and regulating genes involved in primary metabolism and virulence (Brinsmade, 2017). The promoter region of rsaD contains a putative CodY binding motif, which was detected in at least 15 staphylococcal species, indicating that the regulation of rsaD by CodY is probably conserved (Augagneur et al., 2020). In addition, RsaD is activated during nitric oxide (NO) stress, sensed by the TCS SrrAB (Bronesky et al., 2019) and possibly by the quorum sensing system Agr (Marroquin et al., 2019). Thus, RsaD seems to assimilate multiple signals from the environment. To determine the physiological functions of RsaD, in silico analyses using RNA Predator, TargetRNA2 and IntaRNA identified alsS, which is positively regulated by CodY and whose product is involved in carbon metabolism, as a possible target. RsaD binds the RBS of alsSD mRNA through its C-rich region and inhibits its translation initiation, leading to a decrease in AlsS enzymatic activity (Augagneur et al., 2020). Thus, by repressing RsaD, CodY permits AlsS synthesis. When glucose is in excess, AlsSD (acetolactate synthase/decarboxylase) generates acetoin (a neutral-pH compound) from pyruvate and therefore protects bacteria from death due to acidification of the cytoplasm by increased acetate production. Then, in these conditions, RsaD must be repressed for survival. This work revealed the trans-acting regulatory activity of RsaD on at least one mRNA and highlights the balancing role of this sRNA in carbon overflow and its implications in cell survival (Augagneur et al., 2020). All these mechanisms by which RsaD might be regulated, integrate, and respond to different environmental cues remain to be unveiled. Its place in the complex regulatory RNA networks of S. aureus awaits to be established.

RsaE is a highly conserved sRNA among the Firmicute phylum. This striking conservation emphasizes the crucial role of RsaE in metabolism adaptation. First discovered in S. aureus, this 93 nt long sRNA is composed of two UCCCC motifs critical for its interaction with the RBS of its mRNA targets (Geissmann et al., 2009; Rochat et al., 2018). Its expression depends on the activation of the TCS SrrAB that responds to low oxygen concentration and NO exposure (Kinkel et al., 2013). A similar activation pattern is described in B. subtilis with its homolog RoxS (Durand et al., 2015). In addition, RoxS is repressed by the NAD + /NADH sensor Rex whose binding site is conserved, which suggests that Rex could fulfill a similar role in S. aureus.

RsaE is involved in the regulation of central metabolic pathways, in particularly by negatively regulating numerous enzymes of the TCA cycle and folate metabolism (Geissmann et al., 2009; Bohn et al., 2010; Rochat et al., 2018). Among its targets, RsaE inhibits the translation of rocF mRNA, which encodes an arginase responsible of converting arginine into ornithine (Rochat et al., 2018). Furthermore, the absence of RsaE stimulates growth rate in a medium containing exclusively 18 amino acids (all except glutamine and asparagine) as sole carbon sources, positioning RsaE as a major repressor of amino-acid catabolism.

Surprisingly, RsaE is processed in S. epidermidis and B. subtilis but apparently not in S. aureus (Rochat et al., 2018). In S. epidermidis, the processed form of RsaE (RsaEp) expands its targetome with the transcripts of the main biofilm repressor IcaR or of the succinyl-CoA synthetase SucCD, an enzyme involved in TCA cycle (Schoenfelder et al., 2019). Interestingly, both mRNAs only interact with RsaEp. In B. subtilis, RNase Y is responsible of RoxS cleavage, however, in a S. aureus RNase Y mutant strain, the levels of RsaE or its targets are not impacted (Marincola et al., 2012). Still, a processed RsaE could act on yet unknown mRNAs. Altogether, RsaE interferes with the TCA cycle by directly inhibiting related enzymes and by limiting the production of amino-acid alternative substrates. It has been suggested in S. aureus and in B. subtilis that RsaE balances NAD + /NADH ratio when environmental stimuli (such as O2 concentration or NO exposure) trigger a metabolism slowdown (Durand et al., 2015).

Additionally, RsaE interacts with another sRNA named RsaI involved in sugar metabolism control (Rochat et al., 2018; Bronesky et al., 2019), that could potentially connect the regulation network of both sRNAs. It cannot be excluded that RsaE or RsaI could behave as an sRNA sponge of one another, promoting the decay or sequestration of the other partner. RsaI is a 144 nt long sRNA conserved among the Staphylococcacea family. The expression of RsaI is repressed by the catabolite control protein A (CcpA) in presence of glucose (Bronesky et al., 2019). When glucose has been metabolized, RsaI inhibits the translation of the main glucose uptake protein GlcU and activates enzymes acting in glucose fermentation. On the other hand, RsaI represses FN3K expression, a protein protecting the bacterium from the damages caused by high glucose concentration, positioning RsaI at the core of regulatory pathways of sugar metabolism. Interestingly, RsaI binds the 3′UTR of icaR mRNA and thus promotes biofilm formation by a mechanism which is still unsolved (Bronesky et al., 2019). To note, the icaR messenger was pulled out with RsaE in vitro, and sequencing suggested that it interacts with the 5′UTR of icaR such as in S. epidermidis (Rochat et al., 2018). Knowing that RsaE and RsaI form a duplex, further experiments would be necessary to decipher the intricacy of regulatory lines among all these RNAs.

In addition to RsaE, RsaD (see above) and the glucose-6-phosphate induced sRNA RsaG were enriched with RsaI in MAPS, but the relevant significance of these interactions has not been explained yet (Bronesky et al., 2019). Interestingly, it has been suggested that RsaI promotes the expression of NO detoxification or anaerobic metabolism enzymes as an indirect effect of its interaction with RsaE, RsaD and RsaG. Nevertheless, shared signals and targets between these sRNAs imply tight connections and that all these regulatory networks would rationally impact each other at different levels, connecting sugar metabolism and stress responses.



CONCLUSION

In the recent years, several tools were developed to decipher the functions of staphylococcal sRNAs. They revealed that sRNAs sense and reply to different environmental stimuli and that they mostly control mRNA translation to remodel metabolomic pathways to adapt and survive in harsh environments conditions.

The more the identified sRNAs are studied, the clearer it becomes that there is no isolated node in regulatory network or pathway, but a myriad of interconnections that we are only at the beginning to acknowledge. Exciting discoveries await for us in the years to come, as all these interrelationships will be straightened out and a clearer map of sRNA interactions will be drawn.

In the meantime, many questions about the sRNA world in S. aureus remain to be addressed. The significance of RNA-binding proteins in all these networks is still very uncertain, besides the established role of RNase III in sRNA maturation and target degradation. However, there could be holes in the puzzle that might be filled in by some of these proteins, which may help explaining unsolved sRNA-dependent mechanisms of action.

The study of the complex regulatory networks of S. aureus, in which sRNAs are at the center, is undoubtedly essential for understanding its virulence and adaptation mechanisms and will ultimately guide us in the design of treatments to fight this pathogen.
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Virulence gene expression of Yersinia pseudotuberculosis changes during the different stages of infection and this is tightly controlled by environmental cues. In this study, we show that the small protein YmoA, a member of the Hha family, is part of this process. It controls temperature- and nutrient-dependent early and later stage virulence genes in an opposing manner and co-regulates bacterial stress responses and metabolic functions. Our analysis further revealed that YmoA exerts this function by modulating the global post-transcriptional regulatory Csr system. YmoA pre-dominantly enhances the stability of the regulatory RNA CsrC. This involves a stabilizing stem-loop structure within the 5′-region of CsrC. YmoA-mediated CsrC stabilization depends on H-NS, but not on the RNA chaperone Hfq. YmoA-promoted reprogramming of the Csr system has severe consequences for the cell: we found that a mutant deficient of ymoA is strongly reduced in its ability to enter host cells and to disseminate to the Peyer’s patches, mesenteric lymph nodes, liver and spleen in mice. We propose a model in which YmoA controls transition from the initial colonization phase in the intestine toward the host defense phase important for the long-term establishment of the infection in underlying tissues.
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INTRODUCTION

Enteropathogenic yersiniae, Yersinia enterocolitica and Yersinia pseudotuberculosis are fecal-oral pathogens that can cause food-borne infections in animals and humans with symptoms ranging from self-limiting enteritis, mesenterial lymphadenitis to autoimmune responses (Bottone, 1997; Koornhof et al., 1999; Galindo et al., 2011). Both Yersinia species initiate infection after oral uptake in the gastrointestinal tract by tight adhesion to the mucosal surface of the intestine, which is followed by rapid internalization and translocation through M-cells of the intestinal epithelium (Pepe and Miller, 1993; Marra and Isberg, 1997; Koornhof et al., 1999). Migration through M-cells leads to the accumulation of the bacteria in underlying lymphatic tissues (Peyer’s patches) and their dissemination to mesenteric lymph nodes, liver and spleen (Barnes et al., 2006; Trülzsch et al., 2007).

Upon ingestion, Yersinia encounters changing growth conditions including elevated temperature as well as variations of nutrients and ions within the intestinal tract. Yersinia senses changes of environmental parameters to determine its localization and adapt expression of pathogenicity factors and survival strategies accordingly (Marceau, 2005; Heroven and Dersch, 2014; Chen et al., 2016). Some of the most important virulence properties are encoded on the virulence plasmid pYV (pIB1). They are predominantly expressed at 37°C upon contact with host immune cells after the bacteria entered the gut-associated lymphatic tissues (Straley and Perry, 1995; Kusmierek et al., 2019; Volk et al., 2019; Schneiders et al., 2021). Among them are the adhesion factor YadA, the structural components of a functional type three secretion system (T3SS) and the antiphagocytic Yersinia outer proteins (Yops) - the effectors which are secreted and translocated by the T3S machinery (Cornelis, 2006; Bliska et al., 2013). Expression of these virulence genes is activated by the AraC-type transcriptional regulator LcrF (VirF) (Lambert de Rouvroit et al., 1992; Hoe and Goguen, 1993; Böhme et al., 2012; Schwiesow et al., 2015) (Figure 1).


[image: image]

FIGURE 1. Influence of YmoA on the global gene expression in Y. pseudotuberculosis. (A) Proportion of gene classes up- or downregulated by YmoA. Genes showing overall fold-changes ≥ 2.0 are included in the displayed diagram of gene classes. (B) Schematic scheme of the global influence of YmoA on virulence-relevant genes. YmoA activates the synthesis of the early-phase virulence RovA, leading to expression of colonization factors such as invasin. In contrast, later-stage virulence factors, e.g., YadA, Yops, or T3SS, which are essential to combat triggered immune responses, are silenced by YmoA through repression of the transcriptional activator LcrF. Moreover, YmoA is implicated in many other virulence-relevant metabolic and stress adaptation processes. This control network allows switching of virulence gene expression by variations of YmoA levels. The dark arrow displays activation of the gene expression or protein synthesis; T represents repression or inactivation. Gray arrows indicate control of metabolic and stress adaptation processes by YmoA. (C) RNA of early stationary cultures of strains YPIII and YP50 (ΔymoA) in LB medium at 25°C was prepared and six independent samples were pooled. qRT-PCR was carried out in triplicates. Gene expression levels were normalized to levels of the sopB transcript and are given as relative values ΔymoA/wild-type. Mean ± SD of three independent experiments are displayed.


Other virulence factors, including smooth lipopolysaccharides, flagellar motility, iron uptake and storage, enterotoxin (Yst) and the cell internalization factor invasin are predominantly expressed at moderate temperatures during stationary phase, conditions, which are more typical for the environmental life-style of the bacteria (Straley and Perry, 1995; Marceau, 2005; Heroven and Dersch, 2014; Chen et al., 2016). This class of virulence factors appears to be required for the initial stages of infection and seems to assure rapid and efficient colonization and penetration of the intestinal epithelial layer shortly after infection. The molecular mechanisms, regulating the expression of the virulence genes during the different stages of the infection are still far from being understood. However, over the last years it became evident that a complex regulatory network including the carbon storage regulator (Csr) system plays a crucial role in the control of virulence-associated traits initiating intestinal colonization and dissemination into deeper tissues (Heroven et al., 2008, 2012a; Nuss et al., 2014, 2017a, b; Kusmierek and Dersch, 2017; Kusmierek et al., 2019).

The Csr system is a global regulatory system that consists of (i) the dimeric RNA-binding protein CsrA, that binds to and thus regulates translation and stability of target mRNAs, and (ii) the untranslated regulatory Csr-RNAs CsrB and CsrC that antagonize CsrA function (Heroven et al., 2012a; Kusmierek and Dersch, 2017; Romeo and Babitzke, 2018; Pourciau et al., 2020). Both CsrB and CsrC bind multiple CsrA dimers. This sequestration of CsrA reduces the pool of free CsrA which is able to interact with other target mRNAs without changing the overall level of CsrA. The Csr system was first identified to control the expression of the virulence regulator RovA of Y. pseudotuberculosis (Heroven et al., 2008). RovA, a member of the SlyA/Hor family of DNA-binding proteins, acts as an activator of the primary cell internalization factor invasin, the PsaA adhesin (pH6 antigen) and many other factors contributing to Yersinia virulence in the early stages of the infection (Nagel et al., 2001; Cathelyn et al., 2006, 2007; Yang et al., 2010). CsrA-mediated influence on rovA expression occurs through indirect control of the LysR-type regulator RovM (Heroven and Dersch, 2006; Heroven et al., 2008). Further analysis revealed a complex control system in which the regulatory RNAs CsrC and CsrB are regulated by the global cAMP-binding repressor protein (Crp) and the two-component system BarA/UvrY or PhoQ/PhoP in response to nutrients/metabolites and ions (Heroven et al., 2008, 2012b; Bücker et al., 2014; Nuss et al., 2014).

Virulence-promoting processes are activated by the CsrABC-RovM-RovA cascade in the very early colonization stages of the infection. Once bacteria have reached the lymphatic tissues these virulence traits are no longer needed and hence are downregulated during ongoing infection stages. In this phase, virulence plasmid-encoded LcrF-induced defensive pathogenicity factors are upregulated to protect the pathogen against the attack of the host immune system. How reprogramming of virulence gene expression is controlled in the course of the infection is still unknown, however, it is emerging that the small protein YmoA (Yersinia modulator A; 9 kDa, 67 aa) participates in this process. YmoA shares extensive homology with the Escherichia coli Hha protein, and belongs to a group of low-molecular-weight proteins involved in the regulation of bacterial pathogenicity and virulence-associated physiological traits (Cornelis et al., 1991; de la Cruz et al., 1992; Mikulskis and Cornelis, 1994; Madrid et al., 2002, 2007; Lawal et al., 2013). YmoA was first identified as a thermosensitive repressor of lcrF, encoding the main transcriptional activator of the pYV-encoded later-stage virulence genes, and the Y. enterocolitica enterotoxin gene yst (Cornelis et al., 1991; de la Cruz et al., 1992; Cornelis, 1993; Mikulskis et al., 1994; Jackson et al., 2004; Böhme et al., 2012). Thermal control is mediated by rapid degradation of YmoA by Lon and Clp proteases at a host temperature of 37°C (Jackson et al., 2004; Böhme et al., 2012). Later on, several studies demonstrated that YmoA interacts with a small portion of the nucleoid-structuring and global regulatory protein H-NS, and this generates YmoA/H-NS heteromeric complexes with somewhat different target specificity (Madrid et al., 2002; Nieto et al., 2002; Ellison and Miller, 2006). This suggests that YmoA has a more global role and evolved to fine-tune the activity of H-NS to adapt expression of virulence-associated traits in response to temperature. More recently, is has been reported that YmoA/Hha together with YmoB/TomB(YbaJ) bears the characteristics of a bonafide type II toxin-antitoxin (TA) system, which is involved in biofilm and persister cell formation in E. coli and in persistence and programmed cell death in Salmonella enterica serovar Typhimurium (García-Contreras et al., 2008; Marimon et al., 2016).

In this study, we demonstrate that YmoA plays a key role in the control Yersinia pathogenesis. YmoA is part of a complex regulatory network and controls more than 289 genes, many of them implicated in virulence. In addition to its inhibitory effect on antiphagocytic T3SS-associated virulence factors, YmoA was found to promote the induction of the CsrABC-RovM-RovA regulatory cascade, which is important for the expression of early-stage virulence genes through control of CsrB and CsrC RNA levels. We postulate that YmoA in Y. pseudotuberculosis plays a crucial role switching expression from RovA-activated early-stage virulence genes toward LcrF-induced virulence genes important for host defense.



MATERIALS AND METHODS


Cell Culture, Media and Growth Conditions

Overnight cultures of E. coli were routinely grown at 37°C, Yersinia strains were grown at 25°C or 37°C in LB (Luria Bertani) broth if not indicated otherwise. The antibiotics used for bacterial selection were as follows: ampicillin 100 μg ml–1, chloramphenicol 30 μg ml–1, tetracycline 5 μg ml–1, kanamycin 50 μg ml–1, and gentamicin 50 μg ml–1. HEp-2 cells were cultured in RPMI 1640 media (Sigma) supplemented with 5% new-born calf serum (Invitrogen) and 2 mM glutamine at 37°C in the presence of 5% CO2.



Plasmid Constructions

All DNA manipulations, restriction digestions, ligations and transformations were performed using standard genetic and molecular techniques (Miller, 1992; Sambrook, 2001). Plasmid DNA was purified using a Qiagen kit. Restriction and DNA-modifying enzymes were obtained from Roche, Promega or New England Biolabs. The oligonucleotides used for amplification by PCR, sequencing and primer extension were purchased from Metabion (Martinsried, Germany). PCR reactions were performed routinely in a 100 μl mix for 25 cycles using Taq polymerase or Phusion High-Fidelity DNA polymerase (New England Biolabs) according to the manufacturer’s instructions. PCR products were purified with the QIAquick PCR purification kit (Qiagen, Germany) before and after digestion of the amplification product. Sequencing reactions were performed by Agowa (Berlin, Germany) or GATC (Konstanz, Germany).

Plasmids used in this study are listed in Supplementary Table 1 and primers for plasmid generation are listed in Supplementary Table 2. Plasmids pAKH106, pAKH107, pKB20, pAKH76 and pAKH104 carry PCR generated fragments harboring csrC promoter regions from nucleotide −355 (primer 3) to nucleotide +39 (primer 5), +61 (primer 6), +71 (primer 7), +81 (primer 8) and +254 (primer 9), respectively. The fragments were digested with EcoRI and SalI and cloned into the corresponding sites of pHT124. The hfq+ plasmids pAKH115 and pAKH119 were constructed by insertion of a PCR fragment amplified with primer 10 and primer 11 into the vector pACYC184 and pHSG575 digested with SalI and BamHI.

To generate pKB4, the ymoA gene was amplified from chromosomal DNA of YPIII using primer 1 and 2 and inserted into the SalI/BamHI sites of pHSG575. To generate pKB17, a csrC fragment harboring an internal deletion from nucleotide +24 to +57 was amplified using primers 3 and 12 and cloned into the EcoRI/SalI sites of pHT124. To express the csrC gene under the control of the tet promoter, csrC was amplified with primers 13 (including the tet promoter sequence) and 14. The resulting fragment was cloned into the SalI/BamHI sites of vector pHSG575, generating pKB47. The csrC gene, including the 5′-regulatory region, was amplified with primers 15 and 16 and inserted into the BamHI/SalI site of pHSG576, resulting in pKB59. Subsequently, the region from position +24 to +57 within the csrC gene was deleted by three-step-PCR. First, the upstream region was amplified by primers 15 and 17 (encoding the deleted region), and the downstream region was amplified with primer 18 (encoding the deleted region) and primer 16. Next, up- and downstream fragments were mixed with primers 15 and 16 to generate the csrC deletion fragment, which was inserted into the SalI/BamHI sites resulting in pKB49. The Ptet:lacZ containing vector pTT1 was constructed by the insertion of a DNA fragment amplified with primers 23 and 24 into the PstI/EcoRV sites of pTS03. The sequence and the correct orientation of all cloned fragments were proven by DNA sequencing.



Construction of the Y. pseudotuberculosis Deletion Mutants

The Y. pseudotuberculosis mutant strains were constructed with the RED recombinase system as described previously (Datsenko and Wanner, 2000; Derbise et al., 2003) and are all derived from wild-type strain YPIII. First, a kanamycin cassette was amplified by PCR with primers homologous to the resistance gene encoded on pKD4 followed by homologous sequences of adjacent regions of the target gene (for primer see Supplementary Table 3). The PCR fragment was transformed into Y. pseudotuberculosis YPIII pKD46. Chromosomal integration of the fragment was selected by plating on LB supplemented with kanamycin. Subsequently, mutant derivatives were cured of the temperature-sensitive plasmid pKD46 by cultivation at 37°C. To remove the resistance gene at its FLP recognition sites the mutants were transformed with the helper plasmid pCP20 encoding the FLP recombinase. For thermal induction of FLP synthesis and subsequent removal of the temperature-sensitive plasmid pCP20, mutants were incubated at 37°C.

To generate YP73 and YP75, a ΔymoA fragment was inserted into YP69 (YPIII ΔcsrB) and YP72 (YPIII ΔrovM), respectively. First, the kanamycin resistance gene was amplified using primer pairs 25/26 for YP73 and YP75 (see Supplementary Table 3). Next, the Yersinia genomic DNA was used as a template to amplify 500-bp regions flanking the target genes ymoA (see Supplementary Table 3). The upstream fragment was amplified with a primer pair of which the reverse primer contained additional 20 nt at the 5′-end which were homologous to the start of the kanamycin resistance gene, the downstream fragment was amplified with a primer pair of which the forward primer contained additional 20 nt at the 5′-end which were homologous to the end of the kanamycin resistance gene (for primer see Supplementary Table 4). In the next step, a PCR reaction was performed with the forward primer and the reverse primer using the upstream and downstream PCR products of the target gene and the kan gene fragment as templates. The PCR fragment was transformed into Y. pseudotuberculosis YPIII pKD46 and chromosomal integration of the fragments was selected by plating on LB supplemented with kanamycin. The selection of the mutants and removal of the kanamycin resistance gene was performed as described (Datsenko and Wanner, 2000).



RNA Isolation and Northern Detection

Overnight cultures were grown to stationary phase (OD600 of 3). 2.5 ml culture were withdrawn, mixed with 0.2 volume of stop solution (5% water-saturated phenol, 95% ethanol) and snap-frozen in liquid nitrogen. After thawing on ice, bacteria were pelleted by centrifugation (2 min, 14.000 rpm, 4°C), and RNA was isolated using the SV total RNA purification kit (Promega) as described by the manufacturer. RNA concentration and quality were determined by measurement of A260 and A280. Total cellular RNA (10 μg) was mixed with loading buffer (0.03% bromophenol blue, 4 mM EDTA, 0.1 mg/ml EtBr, 2.7% formaldehyde, 31% formamide, 20% glycerol in 4 × MOPS buffer) and was separated on agarose gels (1.2%), transferred overnight onto positively charged membranes (Roche) in 20 × SSC and UV cross-linked. Prehybridization, hybridization to DIG-labeled DNA probes and membrane washing were conducted using the DIG luminescent Detection kit (Roche) according to the manufacturer’s instructions. The csrC and csrB transcripts were detected with a DIG-labeled PCR fragment (DIG-PCR nucleotide mix, Roche) with primer pair 23/24 and 25/26 (Supplementary Table 2), respectively.



RNA Stability Assay

RNA stability assay was used to compare degradation of the CsrC RNA between wild-type and different mutant strains. A YPIII overnight culture was mixed with rifampicin at a final concentration of 500 μg/ml to inhibit transcription. At certain time points after blockage of transcription, samples were withdrawn and total RNA was prepared for Northern blot analysis as described above. The half-life of CsrC was calculated by least squares analysis of semi-logarithmic plots of RNA concentration versus time.



Primer Extension Analysis to Test CsrB and CsrC Stability

Primer extension analysis was performed to determine the steady-state level and the stability of the CsrB and CsrC RNA from strains YPIII and YP80 (YPIII Δhfq). At an OD600 of 2.0 (early stationary phase), rifampicin was added to a final concentration of 500 μg ml–, after 0, 10, 20, 30, and 60 min, 2 ml aliquots were withdrawn and total RNA was extracted of the samples using the SV total RNA purification kit (Promega) as described by the manufacturer. Annealing was performed with 5 μg extracted RNA and the 5′-Dig-labeled oligonucleotides (primer 5′-CTGAAGACACATCTTCC-3′ for CsrB, primer 5′- CCTGAGTAACTGTGCTCC-3 for CsrC, and primer 5′-CCCACACTACCATCGGCGC-3′ for 5S RNA) in 20 μl of 1x First Strand Buffer (Invitrogen) by slow cooling of the sample (0.01°C/sec) including 8 mM dNTPs with 200 U Superscript II reverse transcriptase (Invitrogen) was added and incubated for 1 h at 42°C. The size of the Dig-labeled reaction products was determined on a denaturing 4% DNA sequencing gel by a detection procedure as described (Heroven et al., 2008).



Expression and Purification of the Y. pseudotuberculosis YmoA and H-NS Protein

KB4 (Δhns, ΔstpA, and Δhha) transformed with pAKH77 or pAKH11 was grown at 37°C in LB broth to an A600 of 0.6. Anhydrotetracycline was added (0.2 μg/ml) to induce the expression of YmoA-Strep-Tag and/or 2 mM IPTG was used to induce H-NS-His6 expression. For purification of the YmoA-H-NS heterodimer KB4 transformed with pAKH77 and pAKH11 was used for overexpression of the YmoA and H-NS protein. The cells were grown for an additional 3 h before being harvested. The purification procedure for the Strep-tagged YmoA protein was performed according to the manufacturer’s instructions (IBA GmbH, Germany). H-NS purification was performed as described (Heroven et al., 2004). The purity of the YmoA and the H-NS protein was estimated to be >95%.



RNA/DNA Retardation Assays

For RNA-binding studies the purified YmoA and H-NS proteins were dialyzed against the RNA-binding buffer (10 mM Tris-HCl pH 7.5; 3 mM M DTT; 7,5% glycerol; 100 mM KCl; 100 mM MgCl2). The CsrC RNA for RNA band shift analysis was obtained by in vitro transcription from a PCR fragment as described (Heroven et al., 2008; Böhme et al., 2012). The csrC transcript (extending 150 nt downstream of the transcriptional start site of csrC) and the control transcript (extending 117 nt downstream of the transcriptional start site of the 5S rRNA gene) were synthesized in vitro using the Fermentas TranscriptAid T7 High Yield Transcription Kit from PCR products of the target regions. Primers 29/30 and 31/32 were used for amplification of the csrC and 5S RNA control fragment from chromosomal DNA of YPIII. The RNA transcripts were extracted with phenol:chloroform, precipitated with ethanol and stored in DEPC-treated water. The RNA-binding reactions included the CsrC (1.1 μM) and 5S rRNA transcripts (1 μM), 1× RNA-binding buffer and increasing concentrations of the H-NS and YmoA proteins. In the following, they were incubated for 30 min at room temperature and immediately loaded on 8% polyacrylamide gels.

For DNA-binding studies, the purified YmoA and H-NS proteins were dialyzed against the DNA-binding buffer (10 mM Tris-HCl, pH 7.5, 1 mM EDTA, 5 mM dithiothreitol, 5% glycerol, 10 mM NaCl, 1 mM MgCl2, 100 μg/ml BSA). Defined PCR fragments, carrying portions of the csrC regulatory region and the csiD region of E. coli K-12 CC118λpir (negative control), were mixed in an equimolar ratio and incubated with increasing amounts of purified YmoA and/or H-NS for 20 min at room temperature and used for DNA band shift assays as described by (Böhme et al., 2012).



Microarray Analysis and Data Analysis

Sequences used for the design of the microarrays (Agilent, 8 × 15K format), containing three different 60 nt oligonucleotides for all 4,172 chromosomal genes (ORFs > 30 codons) of the Y. pseudotuberculosis YPIII genome and six probes for the 92 genes of the virulence plasmid pYV of Y. pseudotuberculosis strain IP32953, were obtained from the NCBI Genome Genbank (NC_010465 and NC_006153). The ORF-specific oligonucleotides were designed using the web design application eArray from Agilent1. 16 independent cultures of Y. pseudotuberculosis YPIII and the ymoA mutant strain were grown in LB at 25°C to OD600 0.8, total RNA was isolated from samples using the SV total RNA purification kit (Promega), and RNA concentration and quality was determined with an Agilent 2100 Bioanalyzer using the RNA Nano6000 kit as described by the manufacturers. Total RNA of four independent samples was pooled. 1 μg of the pooled samples was used for RNA-labeling with Cy5 (for wild-type RNA) and Cy3 (for mutant RNA) using the ULSTM Fluorescent Labeling Kit for Agilent Arrays (Kreatech). Non-incorporated Cy5/Cy3 was removed by KREApure purification columns as suggested by the manufacturers. The degree of labeling was determined by a Nanodrop (Peqlab). Subsequently, 300 ng Cy5-labeled RNA and 300 ng Cy3-labeled RNA were mixed, fragmented and hybridized to custom-made Agilent microarray slides (8 × 15K) using the Agilent gene expression hybridization kit as described by the manufacturer. Direct use of labeled RNA for array hybridization was chosen to avoid bias obtained by cDNA library formation. In general, four biological replicates were used for each experiment. After washing and drying of the microarray slide, data were scanned using Axon GenePix Personal 4100A scanner and array images were captured using the software package GenePix Pro 6.015.

The processing of the resulting microarray data was performed using the software package R2 in combination with the ‘‘Bioconductor’’ software framework3 (Gentleman et al., 2004). Preprocessing based on the marray package employing the read.GenePix function. Control code for probe selection was adapted to the custom-made Agilent microarray system and a quality control was performed to check for hybridization artifacts and large-scale differences between the microarrays of one experiment. A two-color intensity-dependent normalization (“Lowess” normalization) was applied and if necessary supplemented by scale normalization between different microarrays as described (Yang et al., 2002). Differentially expressed genes were obtained using the limma package and the lmFit function for linear modeling. eBayes was used for significance calculations (Smyth, 2004). The overall fold-changes of a gene represented by at least three probes are given as median values for all probes. A cut-off of fold-change ≥ 2 (P-value of >0.001) was chosen to determine YmoA-dependent genes/operons and the set of resulting differential expressed genes was analyzed employing the topGO package for Gene Ontology (GO) term enrichment (Alexa et al., 2006). MIAME compliant array data were deposited in Gene Expression Omnibus (GEO) database and are available via the following accession number: GSE35043.



Quantitative RT-PCR

One step real-time RT-PCR was performed in triplicate with RNA preparations of six independent cultures using a Rotor-Gene Q thermo cycler (Qiagen). For qRT-PCR analysis RNA was prepared from bacterial cells grown to early stationary phase at 25°C using Qiazol and the chloroform/phenol extraction method. Quantitative RT-PCR was carried out with the SensiFast SYBR No-ROX One-Step Kit (Bioline, Germany) applying the 3-step cycling protocol according to the manufacturer. Gene specific-primers used for qRT-PCR amplification are listed in Supplementary Table 3 and were designed to produce a 200–250 bp amplicon with Y. pseudotuberculosis YPIII cDNA as template. The amount of PCR product was quantified by measuring fluorescence of SYBR Green dye. Reported gene expression levels were normalized to levels of the sopB transcript. This gene was used as it exhibited identical expression levels in the wild-type and the ymoA mutant under used experimental conditions. Standard curves were detected during every run for each gene tested and established by comparing transcript levels in serial dilutions of total RNA from a control sample. The relative expression of each gene was calculated as described (Pfaffl, 2001).



β-Galactosidase and Alkaline Phosphatase Assays

The activity of the inv-phoA fusion encoded on plasmid pPD297 and the β-galactosidase activity of the lacZ fusion constructs were measured in permeabilized cells as described previously (Manoil, 1990; Miller, 1992). The activities were calculated as follows: β-galactosidase activity OD420 ⋅ 6.75 ⋅ OD600–1 ⋅ Δt (min)–1 ⋅ Vol (ml)–1; alkaline phosphatase activity OD420 ⋅ 6.46 ⋅ OD578–1 ⋅ Δt (min)–1 ⋅ Vol (ml)–1.



Gel Electrophoresis, Preparation of Cell Extracts and Western Blotting

For immunological detection of the YmoA, RovA, RovM, and invasin proteins, Y. pseudotuberculosis cultures were grown under specific environmental conditions as described. Cell extracts of equal amounts of the bacteria were prepared and separated on a 15% (RovA, Hfq), 12% (RovM) or 10% (invasin) SDS-PAGE (Sambrook, 2001). The low molecular weight proteins (YmoA and CsrA) were separated by 20% TRICINE-PAGE as described recently (Schagger, 2006).

Subsequently, the samples were transferred onto an Immobilon-P membrane (Millipore) and probed with a polyclonal antibodies directed against RovA, RovM, Hfq, CsrA, and YmoA, or a monoclonal antibody 3A2 directed against invasin as described recently (Heroven and Dersch, 2006). The cell extracts used for Western blotting were also separated by SDS-PAGE and stained with Coomassie blue to ensure that the protein concentrations in the different cell extracts are comparable; about 10 μg protein was applied of each sample.



Cell Invasion Assay

In preparation of the cell adhesion and uptake assay, 5 x 104 HEp-2 cells were seeded and grown overnight in individual wells of 24-well cell culture plates (Nunc). Cell monolayers were washed three times with phosphate-buffered saline (PBS) and incubated in binding buffer (RPMI 1640 medium supplemented with 20 mM HEPES pH7.0 and 0.4% bovine serum albumin) before infection with bacteria. Approximately 106 bacteria were added to the monolayer and incubated at 37°C. Bacterial uptake was assessed 30 min after infection as the percentage of bacteria, which survived a gentamicin treatment versus the input cell number as described previously (Dersch and Isberg, 1999). The experiments were routinely performed in triplicate.



Mouse Infections

Yersinia pseudotuberculosis YPIII (wild-type) and YP50 (ymoA mutant) were grown overnight at 25°C, washed in sterile PBS and used for intragastrical inoculation of 6–8 weeks old female BALB/c mice (Janvier, France) using a ball-tipped feeding needle. To assess the impact of an ymoA deletion in Y. pseudotuberculosis on tissue colonization, different groups of BALB/c mice were infected with 5 × 108 bacteria of each strain. In co-infection experiments mice were orally inoculated with an equal mixture of strains YPIII and YP50, each at a dosage of 5 × 108 CFU. Three days post infection, mice were sacrificed using CO2. Mesenterial lymph nodes, liver and spleen were recovered. Isolated Peyer’s patches were washed with sterile PBS, incubated in 100 μg/ml gentamycin for 30 min and washed intensively with sterile PBS three-times. Organs were weighed and homogenized for 30 s in sterile PBS using a Polytron PT 2100 homogenizer (Kinematica, Switzerland). Subsequently, they were plated on Yersinia selective agar (Oxoid, Germany) in three serial dilutions with or without kanamycin. Colony forming units were determined and are given in cfu per gram organ/tissue. The competitive index in comparison to the wild-type strain YPIII was calculated as described (Monk et al., 2008).



Ethics Statements

Animal work was performed in strict accordance with the German regulations of the Society for Laboratory Animal Science (GV-SOLAS) and the European Health Law of the Federation of Laboratory Animal Science Associations (FELASA). The animal study was reviewed and approved by the Niedersächsisches Landesamt für Verbraucherschutz und Lebensmittelsicherheit: animal licensing committee permission no. 33.9.42502-04-055/09.




RESULTS


The Modulator YmoA Has a Global Influence on Gene Expression of Y. pseudotuberculosis

In a previous study we showed that YmoA directly represses transcription of the regulator of lcrF, which is encoded on the Yersinia virulence plasmid (pYV) and controls expression of the antiphagocytic T3SS machinery and effectors (Böhme et al., 2012). However, despite its influence on lcrF expression, the overall influence of YmoA on Y. pseudotuberculosis virulence was still unknown. In the context of a previous study addressing the influence of different early-stage virulence regulators (CsrA, Crp, and RovA) on gene expression of Y. pseudotuberculosis YPIII (Bücker et al., 2014), we also investigated the effect of YmoA on the Yersinia transcriptome. The analysis was performed with Y. pseudotuberculosis wildtype strain YPIII and the isogenic ymoA mutant (YP50) grown at 25°C to late exponential phase, conditions under which YmoA production was found to be high (Supplementary Figure 1). In total 289 genes showed twofold or greater difference in transcript abundance between the wild-type and the ΔymoA strain. Among them, 227 genes (79%) were up-regulated and 62 (21%) were down-regulated in the ymoA mutant (Supplementary Table 4), indicating that YmoA is an important global regulator implicated in the control of fitness- and virulence-relevant processes. Classification according to genome annotation of Y. pseudotuberculosis YPIII showed that altered genes belong to several functional categories (Figure 1A and Supplementary Table 4). About 31% of all YmoA-dependent transcripts (90 genes) are related to virulence. As expected from previous studies (de la Cruz et al., 1992; Cornelis, 1993), 42 genes of the virulence plasmid encoding the structural components of the type III secretion system (yscA-L, yscO-S, and yscU), the intracellularly delivered Yop effector proteins and their chaperones (yopE, sycE, yopH, yopJ, yopO, sycO, yopK, and yopM), regulators of the secretion system (yscW-lcrF, lcrQ, yopN-sycN-tyeA-yscXY, and lcrDRGVH-yopBD), and the adhesin YadA were upregulated in the ymoA mutant. Notably, multiple virulence plasmid-encoded putative resolvases and transposase genes were also upregulated in the ymoA mutant (Supplementary Table 4), suggesting that YmoA did not only control expression of the T3SS-Yop injectisome via its influence on LcrF (Böhme et al., 2012), but seems to have a more global effect.

In addition, many chromosomally encoded virulence genes were differentially regulated in the absence of YmoA. Among them were genes for potential adhesins (ail, ailB, psaA, yadC, and yadF) and fimbriae/pili (ybgP, fimA1-3, fimC, fimD, smfA1-2, and csgG), the cnfY gene encoding a cytotoxic necrotizing factor and the insecticidal toxin genes tcaAB, as well as genes for iron/heme acquisition (hasA and bfr), LPS/O-antigen synthesis (wzz, manB, gne, wbyL, manC, fcl, gmd, and wbyK) and autoinducer synthesis (lsrRBFG, ypsI/ytbI). In addition, genes encoding Hcp1 family effectors and different operons for type VI secretion systems (hcp1 and imp genes), flagella assembly and chemotaxis genes (flhDC, fliETFZ, and flgDCB) were upregulated in the ymoA deficient strain (Figures 1A,B and Supplementary Table 4). These data were validated with a subset of identified YmoA-dependent genes using qRT-PCR with sopB as control as sopB was not affected by YmoA according to the microarray analysis [Figure 1C, YPK_0604 (l-psp; 9.3-fold), grpE (3-fold), dnaJ (4.8-fold), and dnaK (2.8-fold)].



YmoA Controls the CsrABC-RovM-RovA Regulator Signaling Cascade in Y. pseudotuberculosis

Among the identified YmoA-dependent virulence genes were early-stage pathogenicity factors of Yersinia, which are predominantly expressed at lower temperature in vitro. Several of them, including the virulence regulator gene rovA (Supplementary Table 4), have been shown to be controlled by the Csr system (Heroven et al., 2008, 2012a; Bücker et al., 2014). This suggested that YmoA might be implicated in the control of the CsrABC-RovM-RovA regulatory cascade (Figure 2A). To prove this assumption, we first compared intracellular YmoA, RovM and RovA levels between wild-type (YPIII), the ymoA mutant (YP50) and the complemented strain YP50 (ΔymoA) pAKH71 (ymoA+). As shown in Figures 2B–D, expression of the negative regulator RovM is significantly increased in the absence of YmoA, which in turn leads to a strong reduction of the amount of RovA. Influence on RovM and RovA levels could be fully complemented by the ymoA+ plasmid. Interestingly, the intracellular amount of YmoA is very low in Y. pseudotuberculosis YPIII under growth conditions simulating the early-stage of infection (Figure 2B and Supplementary Figure 1), but this concentration seems sufficient to promote RovA synthesis to levels similar to pymoA+ containing strains (Figure 2D), with significantly higher amounts of YmoA (Figure 2B).
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FIGURE 2. Analysis of RovA and RovM levels in Y. pseudotuberculosis in the presence or absence of YmoA. (A) Regulatory components controlling rovA expression in Y. pseudotuberculosis are illustrated and assumed influence of YmoA on the regulatory cascade is indicated by ‘?’. (B–D) Whole-cell extracts from overnight cultures of Y. pseudotuberculosis wild-type and mutant strain YP50 (ΔymoA) transformed with pACYC184 (V) or pAKH71 (ymoA+) grown at 25°C were prepared and analyzed by Western blotting with a polyclonal antibody directed against YmoA (B), RovM (C), and RovA (D). A molecular weight marker is loaded on the left. (E) Whole-cell extracts from overnight cultures of the Y. pseudotuberculosis wild-type (YPIII), and the rovA (YP3), ymoA (YP50), rovM (YP41), and rovM/ymoA (YP73) mutant strains were prepared. RovA in the extracts were detected by Western blotting using polyclonal antibodies directed against these proteins. A prestained molecular weight marker is loaded on the left. Unspecifically detected proteins (c) were used as loading control.


While a deletion of ymoA alone abrogated RovA synthesis, it had no influence on rovA expression in the rovM/ymoA double mutant; in the contrary higher RovA level were detected similar to the rovM mutant (Figure 2E). This demonstrated that YmoA exerts is effect mainly via RovM. This was somewhat surprising as YmoA was found to interact with the nucleoid-structuring protein H-NS (Nieto et al., 2002) which is known to control rovA expression directly (Heroven et al., 2004) (Figure 2A). In fact, overexpression of a dominant-negative N-terminal H-NS fragment (H-NS∗) – a knock-out is deleterious to Y. pseudotuberculosis – reduced H-NS-mediated rovA silencing as shown previously (Heroven et al., 2004). This led to an increase of RovA levels in the Y. pseudotuberculosis wild-type, but not in the ymoA mutant (Supplementary Figure 2).

Expression of the rovM gene was shown to be under control of the Yersinia Csr system, comprising the two regulatory ncRNAs, CsrB, and CsrC, and the RNA-binding protein CsrA (Heroven et al., 2008) (Figure 3A). The CsrB and CsrC RNAs both sequester the CsrA RNA-binding protein resulting in reduced RovM synthesis. To determine whether YmoA acts on rovM via the Yersinia Csr system, we compared the amount of CsrA and expression of the csr RNA genes between wild-type and the ymoA mutant. While no changes of CsrA levels were detectable (Figure 3B), a mild increase in CsrB and a strong reduction of CsrC could be observed in a ΔymoA strain compared to the wild-type (Figures 3C,D).
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FIGURE 3. Influence of YmoA on the synthesis of CsrA and the Csr-type RNAs of Y. pseudotuberculosis. (A) Illustration of potential YmoA influence on RovM synthesis via the CsrABC system. (B) Whole-cell extracts from overnight cultures of Y. pseudotuberculosis wild-type and mutant strain YP50 (ΔymoA) transformed with pACYC184 (V) or pAKH71 (ymoA+) grown at 25°C were prepared and analyzed by Western blotting with as a polyclonal antibody directed against CsrA YP50 (ΔymoA). YP53 (ΔcsrA) was used a negative control, and an unspecifically detected protein (c) served as loading control. (C,D) Total RNA of Y. pseudotuberculosis YPIII and YP50 (ΔymoA) carrying the empty vector pAKH85 (V) and YP50 pAKH71 (pymoA+), YP51 (ΔcsrB) and YP48 (ΔcsrC) was prepared, separated on agarose gels and a CsrB- or CsrC-specific probe was used to detect CsrB (C) or CsrC (D) by Northern blotting. The 16S rRNAs are shown as RNA loading control. Used RNA marker is indicated on the left.




YmoA Has a Positive Effect on CsrC Levels

As both Csr-RNAs have a negative influence on each other (Heroven et al., 2008), we first addressed whether YmoA affects only the expression of CsrC RNA, which in turn inhibits the synthesis of CsrB. In fact, identical changes were observed on CsrC and RovM levels in a ymoA and a csrB/ymoA mutant strain, implying that YmoA exerts its major effect on the Csr regulon through regulation of CsrC (Supplementary Figure 3).

To determine whether this positive effect of YmoA on CsrC occurs on the transcriptional or post-transcriptional level (Figure 4A), we analyzed expression of csrC-lacZ transcriptional fusions harboring csrC fragments with varying 3′ endpoints (+4, +39, +61, +71, +81, or +254). In general, elongation of the csrC fragment led to a continuous decrease of csrC-lacZ expression (Figure 4B), suggesting that csrC sequences destabilize or reduce translation of the lacZ RNA and/or lead to a premature termination of transcription. Furthermore, we found that absence of YmoA had no significantly different effect on csrC-lacZ reporter fusions which included the first ≤61 nucleotides of csrC, whereas expression of fusions, containing the first 71 nucleotides or more, was more than twofold reduced. Computational secondary structure analyses of the csrC transcript predict that nucleotides from position +24 to +57 form a hairpin structure (Figure 4C). Expression of mutant variants of csrC(+81)-lacZ fusion and csrC in which nucleotides +24 to +57 were deleted became independent of YmoA (Figures 4B,D). This suggests the presence of (i) a stabilizing element or (ii) a transcriptional terminator within the 5′-sequences of the CsrC RNA which is affected by YmoA. The fact that (i) the 5′-hairpin region has a positive influence on the overall expression of csrC and (ii) truncated CsrC species could not be detected in the ymoA mutant suggested that YmoA enhances CsrC RNA stability through the stem loop segment. To confirm YmoA-mediated post-transcriptional control of CsrC, csrC was expressed under the control of a plasmid-encoded tetracycline promoter (Ptet). To ensure expression was only derived from the plasmid, culturing conditions were chosen under which the chromosomal csrC gene is fully repressed (Heroven et al., 2008). While expression of the control gene lacZ under Ptet control was identical in the wildtype and the ymoA mutant (Supplementary Figure 4A), considerably higher levels of CsrC were detectable in the wild-type when expressed from the identical Ptet expression plasmid (Supplementary Figure 4B). This also suggested that YmoA acts on CsrC on the post-transcriptional level.
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FIGURE 4. YmoA-mediated control of CsrC occurs on the post-transcriptional level. (A) Model for YmoA influence on CsrC on the transcriptional or post-transcriptional level. Increased CsrC levels can result from increased transcription or decreased degradation of CsrC. (B) Plasmids harboring transcriptional csrC-lacZ fusions with varying 3′-ends of the csrC gene and a csrC(+81)-lacZ fusion with a Δ(+24–+57) deletion (pKB17) were transformed into Y. pseudotuberculosis YPIII and YP50 (ΔymoA). Strains were grown overnight at 25°C and transcriptional activity of the different fusions was determined by β-galactosidase assays. β-galactosidase activity is given in μmol min–1 mg–1 for comparison. The data represent the average ± SD from at least three different experiments each done in duplicate. The statistical significances between the wild-type and the ymoA mutant were determined by the ANOVA test. P-values: ∗∗∗: <0.001. (C) Secondary structure prediction of the CsrC RNA from nucleotide +1 to +76 generated by Mfold. The single-stranded regions including the most highly conserved GGA element of CsrA binding sites are indicated by numbers. The arrows indicate the 5′ and 3′ end of the Δ(+24–+57) deletion. (D) Y. pseudotuberculosis strains YPIII (wild-type), YP50 (ΔymoA), and YP53 (ΔcsrA) harboring pKB59 (csrC+) or pKB49 (csrCΔ+24–+57) were grown in LB at 25°C overnight. Total RNA of the strains was extracted, separated on agarose gels and a CsrC-specific probe was used to detect the CsrC RNA by Northern blotting. The 16S rRNAs are shown as RNA loading control.


To further analyze the influence of YmoA on CsrC (Figure 5A), CsrC levels were determined by Northern blotting after transcription of Ptet:csrC was blocked by rifampicin. As shown in Figure 5B, the CsrC RNA was slowly degraded in the Y. pseudotuberculosis wild-type strain with a half-life of about 100 min, whereas CsrC was less stable in the ymoA mutant and decayed with a half-life of about 45–50 min. Presence of five potential CsrA-binding sites (GGA motif) within the 5′-hairpin region of the CsrC transcript (Figure 4C), suggested that the interaction and sequestration of CsrA could also increase the stability of the CsrC RNA. Northern blot analysis further revealed that CsrA is important for CsrC abundance as CsrC is not detectable in the ΔcsrA mutant (Figure 4D). To further characterize CsrA influence on CsrC stability, we induced csrC expression under the control of Ptet by anhydrotetracycline (AHT). After transcription was blocked by rifampicin, the CsrC transcript was much more rapidly degraded in the csrA mutant compared to wildtype (Figure 5C). In comparison, the influence of CsrA on CsrC stability was much more pronounced than that of YmoA (Figures 5B,C). Hence, it seemed possible that presence of YmoA influences the function of CsrA. To test this assumption, we tested whether CsrA overexpression is able to complement a ymoA mutant strain or whether YmoA overproduction can complement csrA deficiency by comparing CsrC levels in the different recombinant strains. As shown in Figure 5D, overexpression of YmoA was not able to complement csrA deficiency, whereas CsrC RNA synthesis was partially complemented when CsrA was overproduced in the ymoA mutant. This suggested that loss of YmoA can be overcome by an increase of CsrA-binding to the CsrC RNA. Based on these results, it is possible that YmoA has an influence on the activity of CsrA, e.g., by controlling an RNA chaperone assisting in CsrA-binding or folding of the CsrC RNA.
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FIGURE 5. YmoA and CsrA increase the stability of the CsrC RNA. (A) Model for YmoA-dependent CsrC stabilization. (B,C) The stability of the CsrC RNA expressed under the control of the tet promoter was compared between Y. pseudotuberculosis strain YPIII (wild-type) and YP50 (ΔymoA) (B) or YP53 (ΔcsrA) (C) and CsrC RNA stability was analyzed over time by Northern blotting with a CsrC- specific probe. A representative Northern blot of three independent experiments is shown in the upper panel. 16S and 23S rRNA were used as loading controls. The band corresponding to the CsrC transcript was quantified using the BioRAD Image LabTM Software and was plotted versus time of extraction (in minutes) to calculate the half-life of the sRNA indicated by dotted lines (lower panel). (D) Y. pseudotuberculosis strains YPIII, YP50 (ΔymoA), and YP53 (ΔcsrA) harboring vector pHSG576 (V), a ymoA+ (pKB4) or csrA+ derivative (pKB60) were cultivated overnight in LB medium at 25°C. Total RNA of the strains was extracted, separated on agarose gels and a CsrC-specific probe was used to detect the CsrC ncRNA by Northern blotting. Used RNA marker is marked on the left. The 16S and 23S rRNAs are shown as RNA loading control.




The RNA Chaperone Hfq Acts Differently and Independently of YmoA on CsrC

One molecule that has been shown to assist in folding of Csr/Rsm-type RNAs, CsrA/RsmA binding and increases the stability and abundance of Csr/Rsm-type RNAs in Pseudomonas aeruginosa is the ubiquitous hexameric RNA-chaperone Hfq (Sonnleitner et al., 2006; Sorger-Domenigg et al., 2007). Hence, it seemed possible that YmoA exerts its stabilizing influence on CsrC via upregulation of Hfq (Figure 6A). As shown in Figure 6B, no or only very low amounts of the CsrC RNA were detected in an Δhfq mutant strain. This resulted in a dramatic increase of RovM and decrease of RovA levels and all these effects could be complemented by an hfq+ plasmid (Supplementary Figure 5). To elucidate how Hfq affects the Csr-RNAs, we performed a primer extension analysis to test whether absence of Hfq affects the abundance of CsrB and CsrC when transcription was blocked. Although slightly more CsrB transcript was found in the hfq mutant, the CsrB RNA seemed to be more rapidly degraded in the absence of Hfq (Figure 6C). In contrast, overall CsrC levels were significantly reduced in the Δhfq strain, but the half-life of the transcript was not influenced by Hfq (Figure 6C). This strongly indicated that Hfq has a positive influence on csrC transcription, but not on CsrC RNA stability. In agreement with this assumption we found that expression of the csrC(+4)-lacZ fusion harboring only the first four nucleotides of the csrC gene was downregulated in the hfq mutant (Figure 6D). Complementation assays further demonstrated that neither YmoA nor Hfq could compensate the effect of the hfq or the ymoA knock-out mutation on the abundance of the CsrC RNA (Figure 6E). Based on this observation, we concluded that Hfq and YmoA act differently and independently on CsrC.
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FIGURE 6. Hfq influence on CsrB and CsrC stability and cooperation with YmoA. (A) The model illustrates possible influence of YmoA on CsrC abundance via or independent of Hfq. (B) Y. pseudotuberculosis strain YPIII (wt) and YP80 (Δhfq) carrying the vector pAKH85 (pV) or its hfq+ derivative (pAKH115) were grown overnight in LB medium. Total RNA of the samples was isolated, separated on agarose gels and the CsrC RNA was detected by Northern blotting using a CsrC-specific probe. The 23S rRNAs is shown as RNA loading control. (C) Y. pseudotuberculosis strain YPIII (wt) and YP80 (Δhfq) were grown in LB at 25°C to early stationary phase, rifampicin was added in a final concentration of 500 μg ml–1 and aliquots were withdrawn at indicated time points. Total RNA was extracted and used for primer extension analysis. Samples without addition of labeled primers for 5S rRNA (Δ 5S rRNA), csrB (ΔcsrB), and CsrC (ΔcsrC) were used as controls. The reaction products were separated on 4% DNA sequencing gels. The positions of the transcripts are indicated. (D) Y. pseudotuberculosis strain YPIII (wt) and YP80 (Δhfq) carrying the vector pAKH85 (pV) or its hfq+ derivative (pAKH115) and the csrC-lacZ fusion (pAKH103) were grown in LB at 25°C overnight. β-Galactosidase activity of the cultures was determined (upper panels) and is given in μmol min–1 mg–1 for comparison. The data represent the average ± SD from at least three different experiments each done in duplicate. The statistical significances between the wild-type and the ymoA mutant were determined by the ANOVA test. P-values: ∗∗∗: <0.001. (E) Y. pseudotuberculosis strains YPIII, YP50 (ΔymoA) and YP80 (Δhfq) harboring vector pHSG575 (V), a ymoA+ (pKB4) or hfq+ derivative (pAKH119) were cultivated overnight in LB medium at 25°C. Total RNA of the strains was prepared, separated on agarose gels and a specific probe was used to detect the CsrC RNAs by Northern blotting. The 16S and 23S rRNAs are shown as RNA loading control.




H-NS Influences CsrC Stability

As members of the YmoA/Hha protein family are able to form heteromeric complexes with H-NS (Nieto et al., 2002), we wanted to know whether YmoA acts through H-NS on CsrC. If so, changes in the active amounts of H-NS should influence CsrC RNA levels in Y. pseudotuberculosis. As shown in Figure 7A, the intracellular CsrC level was reduced in the presence of the dominant negative hns∗ allele and increased upon hns overexpression. Moreover, low abundance of CsrC in the ymoA mutant was further reduced by hns∗, whereas overexpression of H-NS is able to compensate for the loss of YmoA and led to CsrC levels similar to the wild-type strain (Figure 7A). Furthermore, a significant reduction of csrC(+81)-lacZ expression, was observed in the absence of ymoA which could be compensated by overexpression of hns (Figure 7B). However, the identical changes of YmoA and H-NS levels had no influence on csrC(+4)-lacZ expression, indicating that both regulatory factors act through the csrC fragment including positions +5 to +81.
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FIGURE 7. H-NS has a positive influence on csrC. (A) Y. pseudotuberculosis strain YPIII and YP50 (ΔymoA) harboring the empty vector (V), a hns* (pAKH31) or hns+ (pAKH74) overexpression construct were cultivated overnight in LB medium at 25°C. Total RNA of the strains was prepared, separated on agarose gels and a specific probe was used to detect the CsrC RNA by Northern blotting. The 16S rRNA is shown as RNA loading control. (B) Expression of csrC(+4)-lacZ and csrC(+81)-lacZ was analyzed in overnight cultures of Y. pseudotuberculosis strains YPIII (wild-type) and YP50 (ΔymoA) harboring vector pACYC184, pAKH85 or its hns+ derivative pAKH74 grown in LB at 25°C. β-galactosidase activity from the overnight cultures was determined and is given as relative expression for comparison. The data represent the average ± SD from at least three different experiments each done in duplicate. Data were analyzed by the ANOVA test, ∗∗∗P < 0.001.


As loss of YmoA did not influence H-NS levels (Supplementary Figure 6), we first assumed that YmoA enhances H-NS activity through YmoA-H-NS complex formation, and this could have a positive influence on CsrC level. Although YmoA and H-NS were shown to act predominantly on the transcriptional level, it has also been demonstrated that H-NS and paralogous proteins such as StpA can bind specifically to RNA and affect their folding and/or susceptibility to nuclease cleavage by RNases (Zhang et al., 1996; Mayer et al., 2002; Brescia et al., 2004). We tested whether YmoA and/or H-NS of Y. pseudotuberculosis could bind to the CsrC RNA in vitro. For this purpose, purified CsrC RNA transcript was incubated with increasing concentrations of the Yersinia H-NS and/or YmoA proteins. Both proteins were overexpressed and purified from E. coli strain KB4 deficient of all E. coli H-NS/Hha family proteins. However, neither H-NS alone nor in complex with YmoA was found to bind specifically to the CsrC RNA (Supplementary Figure 7A), whereas specific H-NS-dependent high molecular weight complexes were identified with a yscW promoter control fragment as reported previously (Böhme et al., 2012), demonstrating that the H-NS protein is active (Supplementary Figure 7B). This strongly suggests that YmoA and H-NS influence on CsrC is indirect, e.g., occurs through a factor controlling CsrC stability.



Regulation of CsrC by YmoA and CsrA Depends on Environmental Parameters

Next, we analyzed how YmoA and CsrA cooperate in the control of CsrC in response to different environmental parameters. To do so, we monitored the amount of CsrA and YmoA in the wild-type under different growth conditions. Synthesis of CsrA was slightly dependent on growth phase control resulting in moderately higher protein levels during stationary phase, but temperature and media composition had no considerable effect (Supplementary Figure 1). In contrast, YmoA protein levels were strongly dependent on temperature and growth phase, and at 37°C also on nutrient composition of the medium. Maximal amount of YmoA were observed at moderate temperature, in complex medium during exponential growth whereas no YmoA was detectable at 37°C in minimal medium (Supplementary Figure 1). To analyze the influence of the two regulatory factors in more detail, we determined CsrA, YmoA, and CsrC levels along the bacterial growth curve at 25 and 37°C in complex medium. At 25°C, highest CsrC levels were detected during stationary phase (8–12 h), whereas at 37°C CsrC levels were maximal during late exponential phase (6 h), but decreased upon entry into stationary phase (Figure 8). As, the intracellular concentration of CsrA remained at the same or even higher level, the decrease of CsrC amounts seems to result mainly from the strong reduction of YmoA levels during stationary phase, which is more pronounced at 37°C than at 25°C. The latter is the result of temperature-regulated proteolysis of YmoA mainly by the Lon protease but to a minor extent also by the ClpP protease (Supplementary Figure 8), similar to what has been described for the YmoA protein of Yersinia pestis (Jackson et al., 2004).
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FIGURE 8. Comparison of the environmental control of CsrA, YmoA, and CsrC synthesis. Y. pseudotuberculosis strain YPIII was diluted 1:100 from an overnight culture and was grown in LB at 25 and 37°C. Every 2 h, samples were withdrawn for whole cell extract and total RNA preparations (A) and the OD600 of the cultures was determined to monitor growth (B). (A) Total RNA of the samples was separated on agarose gels and the CsrC RNA was detected by Northern blotting using a CsrC-specific probe. Whole cell extracts were separated on 18% TRICINE polyacrylamide gels and analyzed by Western blotting with a polyclonal antibody directed against YmoA and CsrA. The CsrC RNA band and the YmoA and CsrA protein bands are indicated by arrows. (B) OD600 of the cultures used for the upper analysis was plotted over time to illustrate and compare the different growth phases.




The Modulator YmoA Is Crucial for Virulence

Transcriptome analysis and subsequent investigation revealed that YmoA not only inhibits the expression of the pYV-encoded antiphagocytic T3SS-associated virulence factors important to resist innate immune cell attacks through, but also modulates the expression of multiple colonization factors crucial for the initial infection phase (Supplementary Table 4). In fact, absence of YmoA strongly reduced synthesis of the RovA-dependent internalization factor invasin (InvA) (Figures 9A,B) which decreased the ability of Y. pseudotuberculosis to invade human cells by 50% (Figure 9C). This suggested that YmoA acts as a key virulence modulator which supports reprogramming from the initial colonization into the host defense mode.
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FIGURE 9. Influence of ymoA on the virulence of Y. pseudotuberculosis. Y. pseudotuberculosis wild-type strain YPIII and the mutant strain YP50 (ΔymoA) harboring the inv-phoA fusion plasmid pPD297 and the empty vector control pACYC184 (V) or the ymoA+ plasmid pAKH71 were grown overnight in LB medium at 25°C. (A) Alkaline phosphatase activity from overnight cultures was determined and is given in μmol min–1 mg–1. The data represent the average SD from at least three different experiments each done in duplicate. The statistical significances between the wild-type and the ymoA mutant were determined by the ANOVA test. P-values: ***: <0.001. (B) In parallel, whole cell extracts of the strains were prepared and analyzed by Western blotting with a monoclonal antibody directed against invasin. A molecular weight marker is loaded on the left. (C) HEp-2 cells were infected with wild-type Y. pseudotuberculosis, ΔymoA Y. pseudotuberculosis and E. coli K-12 and relative invasion was calculated. Each bar represents the average of three independent experiments relative to the invasion rate promoted by the Y. pseudotuberculosis wild-type strain, defined as 1.0. The statistical significances between the wild-type and the ymoA mutant were determined by the Students-test. P-values: **: <0.01. (D) BALB/c mice were infected intragastrically with an inoculum of 5⋅108 CFU of Y. pseudotuberculosis wild-type YPIII and the ymoA mutant YP50. Colonization of Peyer’s patches (PP), mesenteric lymph nodes (MLN), liver and spleen after 3 days of infection is displayed. (E) For co-infection experiments, an inoculum with 1⋅109 CFU of an equal mixture comprising Y. pseudotuberculosis wild-type YPIII and the ymoA mutant strain YP50 was infected into BALB/c mice via the orogastric route. After 3 days of infection, mice were sacrificed and the number of bacteria in homogenized host tissues and organs was determined by plating. Data are represented in scatter plots of numbers of CFU per gram as determined by counts of viable bacteria on plates. The statistical significances between the wild-type and the ymoA mutant were determined by the Mann–Whitney-test. P-values: *: <0.05; **: <0.01; ***: <0.001. (F) Data are graphed as competitive index values for the tissue samples from one mouse. Solid lines indicate median values. A competitive index score of 1 denotes no difference in the virulence compared to YPIII. Underlined values indicated the competitive index scores of the ymoA mutant relative to the wild-type.


To further define the overall influence of ymoA on bacterial pathogenesis, we compared the ability to colonize lymphatic tissues and organs between the Y. pseudotuberculosis wild-type strain YPIII and an isogenic ymoA-deficient strain (YP50) in a mouse infection model. First, we examined success of the infection in BALB/c mice 3 days after oral uptake of 5 × 108 bacteria by quantifying the number of bacteria that reached and survived in the Peyer’s patches (PP), the mesenterial lymph nodes (MLN), liver and spleen (Figure 9D). Significantly reduced numbers of the ymoA mutant bacteria were recovered from the MLNs and the organs. Attenuation of the ymoA mutant strain was even more evident when competition experiments were performed with 1 × 109 bacteria in an inoculum of an equal mixture of the wild-type and the ymoA-deficient strain (Figure 9E). Ten times less bacteria of the mutant were identified in the PPs and the MLNs, and only few numbers of bacteria were able to reach liver and spleen. Calculations of the competitive index of the mutant relative to wild-type clearly indicated that presence of YmoA is advantageous for the colonization of Y. pseudotuberculosis in all tested organs (Figure 9F).




DISCUSSION

Rapid adaptation of the gene expression profile by bacterial pathogens to changing environments within their hosts is a prerequisite to persist and establish a successful infection. Complex regulatory networks including global transcriptional and post-transcriptional regulatory factors orchestrate global cellular changes and control expression of virulence factors in close association with stress adaptation and metabolic functions. The carbon storage regulator (Csr) system composed of the RNA-binding protein CsrA and at least two regulatory RNAs (CsrB and CsrC) play a central role in the control of many host-pathogen interactions (Lucchetti-Miganeh et al., 2008; Kusmierek and Dersch, 2017; Romeo and Babitzke, 2018; Pourciau et al., 2020). In this report, we show that the Yersinia modulating protein YmoA is crucial for the control of Csr-type regulatory RNAs and reprograms virulence-relevant functions important for different stages of the infection (Figure 1B).

The YmoA protein of Yersinia belongs to a class of small proteins which modulate virulence gene expression in Enterobacteriaceae in response to environmental changes, e.g., temperature (Madrid et al., 2007). YmoA has a high amino acid sequence identity to and a similar overall fold consisting of four helices to Hha of E. coli which was identified as repressor of α-hemolysin production and other virulence genes (Mourino et al., 1996; Sharma and Zuerner, 2004; McFeeters et al., 2007). Also, the Yersinia YmoA protein is a key regulator of pathogenicity factors. It was identified as a thermosensitive transcriptional silencer for lcrF expression. LcrF is a key regulator for the pYV-encoded temperature-induced T3SS and yop effector genes important to prevent the immune defense after entry of the gut-associated lymphatic tissues (Mikulskis et al., 1994; Jackson et al., 2004; Böhme et al., 2012). Hence, by controlling lcrF expression, YmoA regulates one of the most crucial pathogenicity factors for infection of the human host. In this study, we show that YmoA also activates expression of virulence genes important for host tissue colonization during early stages of the infection. YmoA induces expression of the virulence regulator gene rovA and the RovA-dependent invA gene by downregulation of the LysR repressor RovM, and this is mediated through YmoA-dependent changes of the global post-transcriptional Csr system (Figure 10). YmoA was found to enhance the stability of the CsrC RNA and this was shown to involve sequences within the 5′-region of the CsrC RNA predicted to form an extended stem-loop.
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FIGURE 10. Influence of YmoA on the CsrABC-RovM-RovA-InvA cascade in Y. pseudotuberculosis. YmoA is a global virulence regulator of Y. pseudotuberculosis which is expressed under environmental conditions reflecting the initial stages of infection. It activates the synthesis of early-phase cell internalization factor invasin (InvA) which is important for colonization. This seems to occur together with H-NS, which is known to form heteromeric complexes with YmoA, through regulation of the degradation of the regulatory RNA CsrC at the first stem-loop structure of the CsrC RNA. Influence of YmoA on CsrC occurs independently of Hfq, which was also involved in Csr system control. YmoA and H-NS influence on CsrC is indirect and most likely occurs through RNA-processing factors. As a consequence of YmoA-mediated CsrC upregulation the CsrA-RovM-RovA regulator cascade is activated, leading to expression of colonization factors such as invasin. Dark arrows display direct activation, T represents repression, and dashed arrows indicate (indirect) activation by an unknown molecular mechanism.


Turnover of regulatory RNAs is a highly regulated process. Potential pathways for modulation include recruitment or inhibition of RNA decay enzymes (RNases), formation of stabilizing RNA secondary structures and/or alteration of the expression, activity or localization of RNA-binding factors. In E. coli and Salmonella enterica serovar Typhimurium, CsrB and CsrC decay involves the essential enzyme RNase E, a single-strand-specific endoribonuclease, which associates with the 3′–5′ processive exonuclease polynucleotide phosphorylase (PNPase), the glycolytic enzyme enolase, and an RNA helicase (RhlB/CsdA) to form an RNA-degrading complex (degradosome) (Suzuki et al., 2006; Viegas et al., 2007). Processing of the Salmonella CsrC RNA at one of the longer 3′ stems is also RNase III-dependent (Viegas et al., 2007). Here, we show that a 5′-terminal segment between nt +24 and +57 of the Yersinia CsrC RNA which is able to form a stem-loop structure is important for its stabilization. It is likely that the accessibility of potential ribonuclease cleavage sites is inhibited by this structured RNA element. However, none of the genes for RNase III (rnc), PNPase (pnp), and RNase E (rne) were differently expressed in the ΔymoA mutant (Supplementary Table 4). As this part of the RNA varies significantly from E. coli and Salmonella CsrC and no smaller CsrC transcripts were detectable, it seems that CsrC decay mechanism in Yersinia differs from the other CsrC RNAs.

As absence of the hairpin sequence in the csrC gene eliminates YmoA influence on CsrC stabilization, it is also possible that YmoA controls RNA-binding proteins, protecting CsrC from decay. Although the abundance of CsrB and CsrC of Y. pseudotuberculosis is positively affected by the RNA chaperone Hfq, we show that YmoA acts independently of Hfq. As Hfq is still able to induce csrC(+4)-lacZ fusion, it is more likely that Hfq activates csrC expression indirectly through control of (an)other sensory or regulatory RNA(s). We further found that also the RNA-binding protein CsrA is crucial for CsrC abundance in Yersinia, and absence of YmoA could be partly overcome by CsrA overexpression. This implies that stabilization of CsrC by CsrA might either impede the activity of a YmoA-dependent destabilizing factor or CsrA might act as a stabilization factor itself. The most highly conserved element of CsrA binding sites is a GGA sequence. Five GGA motifs are located within the stabilizing 5′ region of the CsrC RNA, one in the loop, two at the 5′- and 3′-end of the hairpin structure and one at the start and end of the sequence (Figure 4C), which could assist in the formation of the stabilizing RNA element and/or protection of RNase cleavage sites. In this case, sequestration of CsrA to other target sequences would destabilze CsrC. Although overall CsrA levels remain unchanged in the absence of YmoA (Figure 3B), it is possible that global transcriptional changes of 289 genes detected in the ΔymoA mutant – the great majority (79%) of which were upregulated – are associated with a significant increase of alternative CsrA target transcripts, which would reduce the availability of free CsrA to bind and stabilize the CsrC transcript. Similarly, CsrB and CsrC synthesis in E. coli is positively regulated by CsrA, but their stability was essentially identical between wild-type and the csrA mutant. This indicated that CsrA does not directly affect CsrB and CsrC RNA degradation in this organism (Gudapaty et al., 2001; Weilbacher et al., 2003).

Several years ago, Saxena and Gowrishankar (2011) showed that overexpression of the YmoA/Hha paralog YdgT suppressed the phenotypes of rho and nusG mutants. They suggest a model whereby YdgT modulates Rho-dependent transcription termination, by compensating for Rho loss (Saxena and Gowrishankar, 2011). Following the E. coli model, YmoA would increase transcriptional termination, what is not observed with csrC. Nonetheless, the hairpin structure of CsrC could be involved in premature transcriptional termination which could be inhibited by YmoA. However, no short, truncated CsrC transcripts have been identified with CsrC-specific probes.

Several studies further indicate that the global YmoA/Hha modulators exert their effect through heterocomplex formation with H-NS (Nieto et al., 2002; Madrid et al., 2007). As YmoA was also found to be structurally similar to H-NS, it was further suggested that YmoA may intercalate into higher-order structures by substituting for an H-NS dimer (McFeeters et al., 2007). H-NS is a highly abundant DNA-binding protein, which binds and polymerizes along AT-rich, curved DNA sites and acts as global regulator of gene expression in response to environmental signals (Bouffartigues et al., 2007; Fang and Rimsky, 2008). Heterocomplex formation with YmoA modifies the biological activity of H-NS and reduces or increases its ability to repress transcription (Nieto et al., 2002; Banos et al., 2008). Alike YmoA, H-NS controls the amount of CsrC and complements the decrease of CsrC levels in an ymoA mutant, indicating that YmoA and H-NS most likely acts in a cooperative manner to modulate transcription of factors controlling CsrC decay.

More recently, YmoA/Hha, together with YmoB/TomB(YbaJ) encoded in the same operon, was found to constitute a type II toxin-antitoxin (TA), which is implicated in the formation of persister cells and biofilms by repressing type I fimbriae expression in related Enterobacteriaceae (García-Contreras et al., 2008; Marimon et al., 2016). In E. coli, TomB(YbaJ) transiently interacts with the YmoA homolog Hha and initiates spontaneous oxidation of a conserved Cys residue leading to a destabilization of Hha. Its function can be replaced by the TomB homolog YmoB of Yersinia (Marimon et al., 2016). Interestingly, the abundance of the ymoB transcript is strongly (81-fold) increased in the absence of ymoA (Supplementary Table 4), indicating a negative autoregulatory loop. This reveals also the possibility that enhanced degradation of CsrC and changes of RovM, RovA and InvA levels in the ΔymoA mutant could be promoted through upregulation of YmoB. The overall contribution of the TA system is not yet fully understood, but induction of the TA loci by environmental stress conditions led to the idea that these systems enhance bacterial fitness under adverse conditions and play roles in pathogenesis (Norton and Mulvey, 2012). Our work showing that YmoA manipulates the global post-transcriptional Csr system, influences multiple fitness- and virulence-relevant components and has a strong effect on virulence, supports this assumption.

Our transcriptome analysis revealed a global impact of YmoA on early and later stage virulence genes. This includes virulence traits important for host tissue colonization such as cell adhesion and invasion factors (invasin, Ail, PsaA adhesin, and fimbriae), toxins and type VI secretion system components as well as immune cell defense strategies (T3SS-Yops). Moreover, a variety of genes for stress responses experienced in the initial stage of the infection (oxidative stress, starvation, and pH) are activated by YmoA, whereas factors promoting translation and proper folding of proteins (e.g., heat stress/shock genes) are repressed. In addition, metabolic activities related to the amino acid/nitrogen metabolism and assimilation are activated, whereas the metabolism of many carbon sources is repressed by YmoA (Figures 1B,C and Supplementary Table 4). This reprogramming implicates control of the Csr system which (i) plays a central role coordinating virulence gene expression with adaptative responses functions for different nutritional demands and stress resistance during infections (Lucchetti-Miganeh et al., 2008; Timmermans and Van Melderen, 2010; Bücker et al., 2014; Kusmierek and Dersch, 2017) and (ii) promotes transition between different physiological stages of pathogens, e.g., the switch from an acute to a chronic infection or from a transmission into an intracellular replication state (Molofsky and Swanson, 2003; Goodman et al., 2004; Laskowski and Kazmierczak, 2006; Mulcahy et al., 2008; Brencic and Lory, 2009; Sahr et al., 2009).

One important environmental parameter, which induce global alterations in the gene expression and reprogramming between the different virulence-related stages of Yersinia, is temperature (Nuss et al., 2015; Schmühl et al., 2019). As YmoA turnover by the ClpP and Lon proteases is modulated by temperature (Jackson et al., 2004) (Supplementary Figure 8), it is tempting to speculate that YmoA plays a crucial role adjusting the Csr regulon in response to temperature which is pivotal for the establishment of a successful infection.

Based on our analysis we assume that thermosensitive YmoA promotes expression of very early-stage virulence-relevant traits to promote initiation of the infection. Subsequent degradation of YmoA at 37°C within the host will then trigger an upregulation of pathogenicity factors, i.e., toxin CNFY and the antiphagocytic T3SS/Yop machinery, and improve use of carbon sources, which are crucial for the establishment of the infection in the intestine and underlying lymphoid tissues. Co-induction of mechanisms that promote protein translation and folding may guarantee a rapid and highly efficient production of these virulence traits. This global impact of YmoA on virulence was visible in non-competitive mouse infection studies and was even more noticeable in competitive assays in which the ymoA mutant was clearly outcompeted by the wild-type. Many questions concerning the molecular interactions between YmoA and the Csr system, and significance of YmoA-controlled genes for virulence remain to be solved. Yet, it is foreseeable that the YmoA-Csr control network is a valuable target for antibacterial therapeutics to block the bacteria at specific stages during infection.
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Supplementary Figure 1 | Influence of the growth medium, growth phase and temperature on YmoA synthesis. Y. pseudotuberculosis strain YPIII was grown in LB or minimal medium A (MMA) to exponential (OD600 = 0.8) or stationary phase at 25 and 37°C. Whole cell extracts of the cultures were prepared, proteins were separated on 18% TRICINE polyacrylamide gels and analyzed by Western blotting with a polyclonal antibody directed against YmoA and CsrA. Cell extracts of an ymoA and a csrA mutant strain were used as controls. A used prestained molecular weight marker is indicated on the left. Unspecifically detected proteins (c) were used as loading control.

Supplementary Figure 2 | YmoA has no influence on rovA expression through H-NS. Y. pseudotuberculosis strain YPIII and YP50 (ΔymoA) harboring the empty vector (V), or a dominant negative hns∗ allele (pAKH31) were cultivated overnight in LB medium at 25°C. Whole cell extracts were prepared, separated by SDS-PAGE and analyzed by Western blotting with a polyclonal antibody directed against RovA. Cell extracts of a rovA mutant was used as control. Unspecifically detected proteins (c) were used as loading control.

Supplementary Figure 3 | Influence of YmoA on the Csr system occurs through CsrC. Y. pseudotuberculosis strains YPIII (wild-type), YP50 (ΔymoA), YP69 (ΔcsrB), and YP75 (ΔcsrB and ΔymoA) were grown in LB at 25°C overnight. (A) Total RNA of the strains was extracted, and CsrC transcripts were detected by Northern blotting with a CsrC-specific probe. The 16S rRNAs are shown as RNA loading control. (B) In parallel, whole-cell extracts were prepared from the cultures and analyzed by Western blotting with a polyclonal antibody directed against RovM. A molecular weight marker is loaded on the left. Unspecifically detected proteins (c) were used as loading control.

Supplementary Figure 4 | YmoA has a positive effect on CsrC stability. (A) Y. pseudotuberculosis strains YPIII (wild-type) and YP50 (ΔymoA) harboring a Ptet:lacZ expression construct (pTT1) were grown to exponential phase in minimal medium at 25°C in the presence of 0.5 nM anhydrotetracycline. β-galactosidase activity from the overnight cultures was determined and is given in μmol min–1 mg–1 for comparison. The data represent the average ± SD from at least three different experiments each done in duplicate. (B) Y. pseudotuberculosis strains YPIII (wild-type) and YP50 (ΔymoA) harboring the empty vector (pHSG576) or a Ptet:csrC expression construct (pKB47) were grown to exponential phase in minimal medium at 25°C in the presence of 0.5 nM anhydrotetracycline. Total RNA of the strains was extracted and CsrC was detected by Northern blotting with a CsrC-specific probe. The 16S and 23S rRNAs are shown as RNA loading control.

Supplementary Figure 5 | Hfq influence on RovA and RovM levels. Y. pseudotuberculosis strain YPIII and YP80 (Δhfq) carrying the vector pAKH85 (pV) or its hfq+ (pAKH115) were grown in LB at 25°C overnight. Whole-cell extracts from the overnight cultures were prepared and analyzed by Western blotting with polyclonal antibodies directed against RovA or RovM. Unspecifically detected proteins (c) were used as loading control.

Supplementary Figure 6 | YmoA influence on Hfq production. Y. pseudotuberculosis strain YPIII and YP50 (ΔymoA) carrying the vector pAKH85 (pV) or its ymoA+ derivative (pAKH71) were grown in LB at 25°C overnight. Whole-cell extracts from the overnight cultures were prepared and analyzed by Western blotting with a polyclonal antibody directed against Hfq. An unspecifically detected protein (c) was used as loading control.

Supplementary Figure 7 | Analysis of YmoA and H-NS binding to CsrC and yscW. (A) CsrC RNA (+1 to +150) and a 5S RNA fragment serving as a negative control as well as (B) the yscW-lcrF promoter fragment and a csiD fragment of E. coli serving as negative control were incubated without or with increasing amounts of purified Y. pseudotuberculosis YmoA in the presence or absence of H-NS or H-NS alone. The samples were separated on 8% polyacrylamide gels. The positions of the gene fragments are indicated, and the formation of higher molecular complexes is shown by an arrow.

Supplementary Figure 8 | Temperature-dependent YmoA degradation. Whole cell extracts from overnight cultures of Y. pseudotuberculosis strains YPIII (wild-type), YP63 (ΔclpP), YP64 (Δlon) and YP67 (ΔclpP Δlon) grown in LB at 25 and 37°C were prepared, separated by 20% TRICINE-PAGE and analyzed by Western blotting using a polyclonal anti-YmoA antibody. Whole cell extract of an overnight culture of YP50 (ΔymoA) was used as negative control. A molecular weight marker was loaded on the left, the YmoA protein is indicated by an arrow. Unspecifically detected proteins (c) were used as loading control.
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Bacterial gene expression is under the control of a large set of molecules acting at multiple levels. In addition to the transcription factors (TFs) already known to be involved in global regulation of gene expression, small regulatory RNAs (sRNAs) are emerging as major players in gene regulatory networks, where they allow environmental adaptation and fitness. Developments in high-throughput screening have enabled their detection in the entire bacterial kingdom. These sRNAs influence a plethora of biological processes, including but not limited to outer membrane synthesis, metabolism, TF regulation, transcription termination, virulence, and antibiotic resistance and persistence. Almost always noncoding, they regulate target genes at the post-transcriptional level, usually through base-pair interactions with mRNAs, alone or with the help of dedicated chaperones. There is growing evidence that sRNA-mediated mechanisms of actions are far more diverse than initially thought, and that they go beyond the so-called cis- and trans-encoded classifications. These molecules can be derived and processed from 5' untranslated regions (UTRs), coding or non-coding sequences, and even from 3' UTRs. They usually act within the bacterial cytoplasm, but recent studies showed sRNAs in extracellular vesicles, where they influence host cell interactions. In this review, we highlight the various functions of sRNAs in bacterial pathogens, and focus on the increasing examples of widely diverse regulatory mechanisms that might compel us to reconsider what constitute the sRNA.
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INTRODUCTION: A HISTORICAL OVERVIEW OF REGULATORY RNA DISCOVERIES

The central dogma of molecular biology states that DNA is replicated or transcribed into RNA, and that RNA is translated into proteins (Crick, 1958, 1970). This has contributed to the understanding (or perhaps widespread belief) that RNAs are just unstable intermediates (Pennisi, 2010). However, extensive research into these molecules has revealed that their purpose is not always to be translated. This has resulted in the identification of a new class called noncoding RNAs, which have gradually been shown to have a seemingly infinite range of biological functions and mechanisms of action (Cech and Steitz, 2014).

The first discoveries and characterizations of noncoding RNAs appeared in the late 1950s with the publication of studies on tRNA (Hoagland et al., 1958) and then rRNA (Cotter et al., 1967), both involved in protein translation. Various small noncoding RNAs (sRNAs) were subsequently identified in prokaryotes, with some being defined as regulatory RNAs due to their involvement in modulating bacterial metabolism (Wassarman et al., 1999). This was the case for 4.5S, transfer-messenger RNA (tmRNA), ribonuclease P (RNaseP) RNA, and 6S, all initially identified by fractionation in the late 1960s (Hindley, 1967). 4.5S is a 114-nucleotide (nt) component of the signal recognition particle (SRP) involved in protein secretion (Luirink and Dobberstein, 1994). It is essential, normally associates with ribosomes, and processed to be functional. tmRNA is a highly stable RNA that requires processing at the 5' and 3' ends by RNaseP and RNaseIII, respectively (Wassarman et al., 1999). It has sequential tRNA- and mRNA-like properties, and is involved in trans-translation for rescue of stalled ribosomes and protein degradation promotion (Janssen and Hayes, 2012). Initially identified as “10Sb” (Hindley, 1967), RNaseP is an essential RNA processed at the 3' end by RNaseE, and it forms a ribonucleoprotein complex with the RNaseP protein (Altman et al., 1989). RNaseP is responsible for the maturation of tRNA 5' termini, an essential step preceding the aminoacylation of mature tRNAs. In vitro studies on RNaseP revealed that the RNA moiety is the catalytic subunit (Guerrier-Takada et al., 1983), paving the way for the concept of ribozyme and later to that of the RNA world (Gilbert, 1986). One distinctive feature of RNaseP is that the RNA moiety recognizes a tRNA-like structure rather than Watson-Crick complexes, thus permitting the cleavage and maturation of 4.5S RNA or tmRNA or else the development of RNaseP-mediated RNA therapeutics through gene-selective mRNA cleavage (Augagneur et al., 2012; Kole et al., 2012; Derksen et al., 2015). The first non-rRNA, non-tRNA to be sequenced was 6S RNA from Escherichia coli (Brownlee, 1971), although it took almost 30 years for its role in sequestering the σ70 subunit of RNA polymerase to be demonstrated (Wassarman et al., 1999).

Meanwhile, other sRNAs including Spot42 and MicF were being discovered in E. coli (Ikemura and Dahlberg, 1973; Mizuno et al., 1984), and RNAI and RNAIII were soon thereafter discovered in the pathogen Staphylococcus aureus (Novick et al., 1989, 1993). As sRNAs were being discovered in virtually all bacteria, their regulatory mechanisms and biological functions began to be elucidated, bringing this class into the spotlight. Typically, sRNAs bind their target(s) (most often other RNAs by base-pairing and in a limited number of cases proteins) to modulate their expression at post-transcriptional level by influencing their stability and/or translation. However, it turns out that as a great variety of mechanisms was unraveled, a profusion of sRNA sub-categories emerged, and these regulatory RNAs began to be characterized as cis-encoded, trans-encoded, cis-acting, trans-acting, or even as sRNA-binding proteins. In eukaryotes, a similar abundance of non-mRNAs have been described. These include microRNAs, small interfering RNAs, Piwi-interacting RNAs, small noncoding RNAs, long noncoding RNAs, and circular RNAs, with these last ones acting as microRNA sponges in the cytoplasm (Chen et al., 2015; Burenina et al., 2017). It is therefore clear that the term “RNA” encompasses molecules that have a plethora of biological traits and mechanisms in both prokaryotes and eukaryotes (Cech and Steitz, 2014). In this review, we summarize, in a non-exhaustive manner, the current knowledge on sRNAs in bacterial pathogens, with a particular focus on S. aureus, Listeria monocytogenes, and Salmonella. We use specific examples to describe some usual and unusual features of this heterogenous group of transcripts whose precise categorization appears to be much more complicated than initially expected.



sRNA REGULATION IS REQUIRED FOR A VARIETY OF BIOLOGICAL FUNCTIONS

Small regulatory RNAs are often described according to categories based on genome localization and their featured regulatory mechanisms. In this review, we take an opposite view, and start by discussing the diversity of biological functions in which sRNAs play a role. They are not constitutively expressed, but instead respond to environmental variations to modulate the gene expression of numerous targets (Wagner and Romby, 2015). These specific conditions include transition to the stationary phase, thermal shock, oxidative stress, and many other environmental challenges. Although, there are few sRNAs conserved over the bacterial kingdom (structural “housekeeping” sRNAs such as 6S, tmRNA, and RNaseP), they are often species- or order-specific. They have substantial advantages over transcription factors (TFs); they require less energy for production since translation initiation is unnecessary; they can act faster and reversibly; and they can still bind to multiple targets, which allow them to regulate a wide range of biological functions.


sRNAs and Their Involvement in Virulence

In bacterial pathogens, it was an open question whether sRNAs were required for regulating virulence, either as activators or repressors. As sRNA molecular targets were being identified and regulatory functions in multiple pathways revealed, evidence has progressively emerged regarding their role in the direct or indirect control of virulence factors or the TFs that regulate virulence.

In S. aureus, the main sRNA involved in the commitment to virulence and quorum-sensing (QS) is RNAIII, an unusual 514-nt RNA that has an internal sequence coding for δ-hemolysin (Novick et al., 1993). RNAIII responds to cell density through the agr QS system and its TF, AgrA. The sRNA accumulates during bacterial growth, reaching a maximal concentration during the post-exponential phase (Singh and Ray, 2014). In doing this, it coordinates the transition from colonization to infection by directly or indirectly reprogramming the expression of a large set of genes (Bronesky et al., 2016; Table 1). Among the various virulence factors, RNAIII represses the expression of the TF Rot (Geisinger et al., 2006; Boisset et al., 2007), a repressor of numerous exotoxins that positively controls surface proteins such as Spa (Saïd-Salim et al., 2003; Oscarsson et al., 2006). By inhibiting this TF, RNAIII indirectly activates exotoxin production and inhibits surface protein expression. RNAIII and Rot inverted effects allow an effective switch between defense and offensive mode called Double Selector Switch (DSS; Nitzan et al., 2015). RNAIII also represses the expression of Spa, Coa, LytM, and Sbi by inhibiting ribosome binding or sometimes by promoting mRNA degradation (Table 1). Conversely, it upregulates the expression of α-hemolysin (Hla; α-toxin; Morfeldt et al., 1995) and MgrA TF, which inhibits surface protein expression (Luong et al., 2006; Gupta et al., 2015). We describe the actual mechanisms of actions against these targets later on in this review.



TABLE 1. Targets regulated by RNAIII.
[image: Table1]

Other S. aureus, sRNAs participate in virulence gene regulation, including SprD, the sRNA expressed from a pathogenicity island (Pichon and Felden, 2005). SprD downregulates the expression of Sbi, an immune evasion factor, at translational level (Chabelskaya et al., 2010). In the same study, the authors showed that the deletion of SprD resulted in the generation of a less-virulent strain in the mouse model of infection. This suggests that SprD controls the expression of other factors through yet-unknown mechanisms. Interestingly, Sbi is tightly controlled by both SprD and RNAIII, which are not expressed in S. aureus under the same conditions, and this suggests complementary roles for these two sRNAs in Sbi expression (Chabelskaya et al., 2014). Several other examples of sRNAs that positively or negatively control virulence exist in this bacterium, including SSR42, SprC, and RsaA (Morrison et al., 2012; Romilly et al., 2014; Le Pabic et al., 2015; Das et al., 2016).

In another low GC-content human pathogen L. monocytogenes, several sRNAs contribute to virulence (Toledo-Arana et al., 2007, 2009; Gripenland et al., 2010; Mellin and Cossart, 2012; Quereda and Cossart, 2017). First line of evidences came out with the deletions of blood-induced rli38 and rliB, which resulting in attenuated or increased tissue colonization in a mouse model of infection, respectively. A study of Listeria’s intracellular transcriptome during growth in macrophages identified a large set of sRNAs, three of which (Rli31, Rli33-1, and Rli50) are directly associated with virulence (Mraheil et al., 2011). In addition, during intracellular growth, the blood-induced sRNA Rli27 upregulates the expression of Lmo0514, a cell-wall protein that has a pivotal role in virulence, as it is required for survival in plasma and for virulence in mice (Quereda et al., 2014, 2016).

In Gram-negative pathogens, most studies have focused on Salmonella Typhimurium and enterohemorrhagic E. coli (EHEC). In Salmonella, IsrM is a pathogenicity island-encoded sRNA with interesting features (Gong et al., 2011). Although, non-essential during growth in vitro, it is upregulated during infection, with high levels in the ileum. IsrM targets the SpoA and HilE mRNAs, which control the expression of Salmonella pathogenicity island 1 (SPI-1) genes. Deletion of isrM affects the bacterial invasion of epithelial cells, intracellular replication/survival in macrophages, and virulence in mice. In E. coli O157:H7 strain, several sRNAs are involved in virulence (Sauder and Kendall, 2018). Interestingly, the functions regulated by sRNAs differ in nonpathogenic E. coli and in EHEC, where core genome-encoded sRNAs can regulate virulence factors carried in pathogenicity islands. These include GlmY and GlmZ, sRNAs which control amino-sugar metabolism in nonpathogenic E. coli (Gruber and Sperandio, 2015) as well as being involved in type III secretion machinery in EHEC (Gruber and Sperandio, 2014). Similar to S. aureus, EHEC contains pathogenicity island-encoded sRNAs such as the antisense sRNAs Arl and sRNA350, both of which regulate bacterial virulence (Tobe et al., 2014; Bhatt et al., 2016). Additionally, some sRNAs such as DicF have both core genome-encoded and pathogenicity island-encoded copies (Melson and Kendall, 2019). When oxygen is limited, DicF binds pchA mRNAs, which encode a transcriptional activator of the type III secretion system. This allows access to the pchA ribosome binding site (RBS), promoting the expression of the activator and thereby increasing virulence (Melson and Kendall, 2019). Recent work on the sRNA, RyfA revealed its roles in virulence (mouse model) and survival (in human primary macrophages), both carried out by regulating genes coding for cell surface proteins and biofilm formation (Bessaiah et al., 2021). Other examples of sRNAs involved in virulence were reported in Pseudomonas aeruginosa, Vibrio cholerae, and Helicobacter pylori, and these have been thoroughly discussed in several articles and reviews (Pitman and Cho, 2015; Svensson and Sharma, 2016; Vannini et al., 2016; Ferrara et al., 2017; Quereda and Cossart, 2017; Zhao et al., 2018; Kinoshita-Daitoku et al., 2021).



The Role of sRNAs in Host-Pathogen Interactions

In most of the examples discussed above, researchers began by identifying sRNAs and their targets in laboratory conditions or using in silico strategies before moving on to testing sRNA-deleted strains in animal models. These laboratory conditions only partially reproduce environmental cues, so some sRNA functions may be underestimated. Recently, the advent of deep-sequencing technologies filled in many blanks, enabling the study of sRNA expression and functions directly during host-pathogen interactions. Originally, the sRNA EsrF was predicted from transcriptomic data generated during EHEC infection of HeLa cells (Yang et al., 2015). EsrF senses high ammonium concentrations in the colon and promotes bacterial motility, host cell adhesion, and virulence in the colon (Jia et al., 2021). In Salmonella, dual RNA sequencing (RNA-seq) analysis revealed an activation of PinT during infection (Westermann et al., 2016). Similar to RNAIII, this sRNA plays an important role in chronological control of virulence factor expression in order to push the bacteria from the invasive to the virulent mode. PinT controls the SPI-1 and SPI-2 effectors required for intracellular survival, and causes pervasive changes in ~10% of the host’s coding and noncoding transcripts. A recent study using a novel MS2 affinity purification coupled with RNA sequencing (MAPS) technique (Lalaouna et al., 2017) in macrophages elegantly identified SteC, a novel PinT ligand that affects host actin rearrangement during infection (Correia Santos et al., 2021). The use of such new techniques should be extended to other pathogens, paving the way for the discovery of more sRNAs and new and better knowledge about their biological functions.

Another interesting thing about sRNAs is that their delivery into host cells from outer membrane vesicles allows them to modulate host-pathogen communications. While the characterization of sRNA content in extracellular vesicles is quite recent, links between sRNAs and host immune response were reported in P. aeruginosa, H. pylori, and Vibrio fischeri (Koeppen et al., 2016; Moriano-Gutierrez et al., 2020; Zhang et al., 2020). The RNA cargo of S. aureus was also recently characterized, revealing that the sRNAs RNAIII, RsaC, and SsrA (tmRNA) predominate. This suggests additional functions for these sRNAs in the control of immune host response (Joshi et al., 2020; Luz et al., 2021), as suggested in earlier reviews (Ellis and Kuehn, 2010; Avila-Calderón et al., 2015).



sRNA-Mediated Antimicrobial Responses and Resistance

Although, the study of sRNAs and their roles in pathogenicity has inspired growing interest and uncovered new features, the biological functions of sRNAs go far beyond virulence. Besides being pathogenic, the emergence of bacterial strains resistant to antibiotic treatments is a serious public health issue, and several studies have therefore looked for correlations between sRNA expression and antibiotic challenges. These contributions to a better understanding of bacterial resistance and the role of sRNAs in these networks were recently reviewed (Felden and Cattoir, 2018).

In Salmonella, four sRNAs (sYJ5, SroA, sYJ75, and sYJ118) are upregulated when subjected to half the MIC of tigecycline (Yu and Schneiders, 2012), and the genetic deletion of sroA leads to reduced viability in the presence of that antibiotic. SroA exhibits the structural characteristics of a riboswitch, although its mechanism of action has not yet been characterized. In E. coli, RyhB is induced upon iron starvation, and it represses the expression of a large set of genes as well as participating in iron homeostasis (Massé and Gottesman, 2002; Chareyre and Mandin, 2018). During iron starvation, it is also involved in sensitivity to colicin Ia, an E. coli-specific bacteriocin produced to kill other E. coli strains (Salvail et al., 2013). To do this, RyhB binds cirA mRNAs, thereby activating its translation. CirA is a colicin Ia receptor and allows its translocation into the cell. Another study reported on the role of RyhB in antibiotic resistance after testing four classes of antibiotics (aminoglycosides, β-lactams, fluoroquinolones, and tetracycline; Chareyre et al., 2019). The authors showed that during iron starvation ryhB mutants were more susceptible to the aminoglycoside gentamicin as a result of the derepression of respiratory complexes Nuo and Sdh.

In P. aeruginosa, at least three sRNAs are known to be required for carbapenem resistance (Zhang et al., 2017; Sonnleitner et al., 2020). In the first study, Hi-GRIL-seq identified Sr0161 and ErsA as sRNA repressors of OprD, a porin involved in carbapenem antibiotic uptake. Their roles were functionally demonstrated in their respective deleted strains, in which meropenem susceptibility was significantly increased (Zhang et al., 2017). In the same article, Sr006 was shown to be involved in resistance to polymyxin B through the translation activation of PagL, an enzyme involved in lipopolysaccharide synthesis. In the second study, the sRNA CrcZ was shown to regulate carbapenem susceptibility through an indirect mechanism (Sonnleitner et al., 2020). By sequestering the Hfq protein when the preferred carbon source is exhausted, CrcZ prevents Hfq-mediated translational repression of OprP, another porin involved in carbapenem entry. Other studies have emphasized the role of sRNAs in P. aeruginosa and other Enterobacteriaceae, and are summarized in a recent review (Mediati et al., 2021).

In S. aureus, antibiotic exposure causes the specific expression of several sRNAs in the multidrug-resistant strain JKD6008 (Howden et al., 2013). Recently, the same authors identified a set of 18 sRNAs whose expressions vary under linezolid treatment (Gao et al., 2020). Although, no phenotypic variations were observed after genetic deletions of these sRNAs, which questions their actual roles in antibiotic resistance/adaptation, other studies have given direct evidence of direct sRNA involvement in antibiotic resistance. Depending on the strain, the sRNA SprX is encoded in one or more copies, and it inhibits translation of the SpoVG TF involved in glycopeptide and oxacillin resistance (Eyraud et al., 2014). The direct role of this sRNA was confirmed, as its deletion leads to moderately increased resistance, while its overexpression results in glycopeptide susceptibility. Antibiotic treatment failure is also largely attributed to the formation of persister cells, a subpopulation which is transiently tolerant of various antibiotic classes following entry into dormancy. A recent work identified the RNA antitoxin SprF1 in S. aureus as an RNA factor promoting persistence when challenged by ciprofloxacin and vancomycin at high doses (20x and 80x the MIC, respectively; Pinel-Marie et al., 2021). The authors demonstrated that this sRNA binds 70S ribosomes to slow translation and favor the entry into persistence, allowing survival until the antibiotic treatment is discontinued.



sRNAs Span Many Other Functions

Studies of sRNAs in bacterial pathogens spotlight those involved in virulence or antibiotic resistance. However, many are involved in the regulation of other biological functions, especially fitness and adaptation. This is the case for instance for RsaE, RsaI, and RsaD in S. aureus. RsaE is the sRNA of about 100 nt which was identified by bioinformatics in intergenic regions (Geissmann et al., 2009), and which is conserved in Bacillales (Bohn et al., 2010). Transcriptomic and 2D-DIGE analysis of an rsaE mutant showed that this sRNA is involved in the regulation of several pathways connected to central metabolism, including the TCA cycle and metabolism of folate and malate. The first two targets to be characterized were the operon-encoded mRNAs oppA and oppB (Geissmann et al., 2009; Bohn et al., 2010). A subsequent search for molecular targets uncovered its role in arginine catabolism, with the arginase RocF downregulated when RsaE binds the mRNA (Rochat et al., 2018). In Staphylococcus epidermidis, a species which could become a threat due to spreading multidrug-resistant strains (Lee et al., 2018), RsaE participates in the regulation of the composition of the extracellular matrix (Schoenfelder et al., 2019). To do so, the sRNA undergoes processing which results in two forms regulating different targets (Lee et al., 2018). While the longer transcript interacts with lrgA mRNA (Rice et al., 2005) to cause both RNA decay and translational attenuation, the shorter species binds icaR mRNA (Cue et al., 2012) to inhibit translation. Staphylococcus aureus RsaI is the sRNA whose expression is tightly controlled by CcpA, a global regulator of carbon catabolite repression (Seidl et al., 2009; Bronesky et al., 2019). It is inhibited under high concentrations of glucose, and this is alleviated during the growth stationary phase (Geissmann et al., 2009). An in-depth characterization of the targetome using MAPS uncovered mRNA targets involved in sugar metabolism, glucose uptake, and biofilm formation, including mRNA transcription factors and remarkably, other sRNAs such as RsaE, RsaD, and RsaG (Bronesky et al., 2019). Among the target characterized, RsaI primirally acts as a post-transcriptional repressor. RsaD was discovered at the same time with other Rsa sRNAs (Geissmann et al., 2009). It might be part of the RsaI regulon, and is induced upon nitric oxide challenge (Bronesky et al., 2019). A study of the CodY regulon identified RsaD as a direct molecular target, and computational tools enabled the authors to find various RsaD mRNA targets including alsS, which encodes α-acetolactate synthase (Augagneur et al., 2020). Through post-transcriptional repression of alsS, RsaD redirects carbon overflow metabolism and regulates cell death during exposure to a weak acid stress.

In Salmonella Typhimurium, RydC was the first sRNA characterized as a regulator of membrane stability, binding cfa mRNAs and encoding cyclopropane fatty-acid (CFA) synthase (Fröhlich et al., 2013). Unlike most of the sRNAs discussed above, RydC upregulates CFA synthase by stabilization its mRNA. Other sRNAs such as RybB and MicA maintain envelope homeostasis (Papenfort et al., 2006), with RybB spurring the degradation of omp mRNAs upon activation of the envelope stress response, while MicA controls their decay.

SgrS is another sRNA that promotes the expression of some of its targets (Papenfort et al., 2013). This sRNA is involved in glucose homeostasis through the activation and repression of several targets (Vanderpool and Gottesman, 2004). SgrS was first identified as a repressor of the phosphotransferase system (PTS), preventing the translocation of sugars into cells when the intracellular concentration of phosphorylated sugars is too high (Vanderpool and Gottesman, 2004). The sRNA also activates the translation of YigL, a phosphatase involved in detoxification of phosphosugars, thereby allowing diffusion of dephosphorylated sugars outside the cell membrane (Papenfort et al., 2013). While GlmY and GlmZ are both involved in virulence in EHEC (see section above on sRNAs and Their Involvement in Virulence), they also have other conserved regulatory activities in nonpathogenic E. coli, including amino sugar metabolism and cell envelope synthesis (Urban and Vogel, 2008; Göpel et al., 2014; Sauder and Kendall, 2018).

Initially identified in nonpathogenic E. coli, RyhB is involved in iron homeostasis, a critical factor in cellular processes (Massé and Gottesman, 2002). It is under the control of Fur, the TF that represses iron acquisition genes and RyhB when iron is abundant. RyhB downregulates iron-storing and iron-using proteins and these are therefore indirectly activated when Fur represses RyhB. In Salmonella, two paralogs have been identified: RyhB-1 and RyhB-2 (Kim, 2016). These share a 33-bp sequence with perfect identity, and can thus regulate the same targets (Kim and Kwon, 2013). Although their promoters are recognized by Fur, their expression profiles vary (Padalon-Brauch et al., 2008): ryhB-1 is induced under iron-depleted conditions or oxidative stress, while maximal ryhB-2 expression is seen during the stationary phase. Additional roles for RyhB paralogs were reported in Salmonella (Kim, 2016). These include involvement in nitrate homeostasis (Teixidó et al., 2010), oxidative stress, intracellular survival in macrophages, and control of SPI-1 and Type III secretion system gene expression (Leclerc et al., 2013; Calderón et al., 2014; Peñaloza et al., 2021).

DapZ is an 80-nt sRNA identified in Salmonella and transcribed from the 3' region of dapB (Chao et al., 2012). It is involved in the uptake of nutrient and signaling molecules. Via base-pairing, DapZ modulates the synthesis of ABC transporters Opp and Dpp, which encode oligopeptide and dipeptide permeases, respectively.

The ensemble of sRNA studies highlights their roles in many biological functions ranging from virulence to antibiotic resistance, and even including the regulation of TF expression and transcription termination. While sRNA research involving bacterial pathogens has often concentrated on virulence or antibiotic resistance because of public health issues, they are actually involved in all aspects of bacterial biology. There are about as many sRNAs discovered as TFs factors inventoried, which indicates that sRNAs are among the key players in transcriptional and post-transcriptional regulation of gene expression.

Just as there has been a large number of biological functions identified, the functional categorization of their mechanisms of production or regulation is broad and diverse, with new features constantly unraveled. sRNAs are a heterogeneous group of transcripts with lengths usually ranging from 50 to 500 nucleotides. They are usually highly structured, have greater stability than mRNAs, and use their base-pairing abilities to interact with and regulate their targets. To promote interaction with a target, a chaperone is sometimes necessary (Kavita et al., 2018). Based on their features, they can be categorized in multiple manners. In the following sections, we will first present the canonical features and mechanisms of action, then use selected examples to illustrate original features to showcase the diversity and versatility uncovered at the same time as the discovery of sRNAs exploded, suggesting that more surprises are in store.




sRNAs THAT INTERACT WITH PROTEINS

While most sRNAs use base-pairing to activate or repress the expression of their targets, some bind proteins to form ribonucleoprotein complexes (Pichon and Felden, 2007). These complexes are involved in the metabolism of DNA (regulation of plasmids and DNA transfers), RNAs, and proteins. When it comes to RNA metabolism, sRNAs can be involved in transcription through 6S sRNAs, in RNA maturation via RNAseP, or subject to decay when recognized by endo- or exo-ribonucleases (Wassarman et al., 1999; Hausmann et al., 2017; Redder, 2018; Le Scornet and Redder, 2019). In addition, some are assisted by trans-acting chaperones to facilitate recognition of “bait” and “prey” (Pichon and Felden, 2007). At protein level, they are important for global translation machinery and quality control (including tmRNAs involved in ribosome rescue), for protein trafficking with SRP and 4.5S RNA, and for sequestration of global regulators. Most of these characteristics are beyond the scope of this review, and we will just discuss the need for protein chaperones to stabilize interactions as well as the role of sRNAs in protein sequestration, both usually found in Gram-negative bacteria.


The Role of Protein Chaperones in Stabilizing RNA–RNA Interactions

In Gram-negative bacteria, the activity of numerous sRNAs relies on them acting in concert with a RNA chaperone protein. The most prevalent of these is Hfq, often referred to as the “RNA matchmaker” (Updegrove et al., 2016). Hfq is a homohexameric ring-shaped protein with at least three different RNA-binding domains shared between the rim and the proximal and distal faces of the hexamer (Gorski et al., 2017; Carrier et al., 2018). The proximal face specifically recognizes U-rich tracts, often associated with rho-independent transcription terminators, whereas the distal face anneals sRNAs through A-rich regions. Similar to the proximal face, the rim of the hexamer also binds U-rich regions. Not only does the binding with Hfq stabilize the sRNA and protect it from RNases, but also its ability to bind simultaneously with mRNAs and favors the formation of mRNA-sRNA duplexes. Indeed, this feature allows for the appropriate presentation of the sRNA seed region to an mRNA target, which in turn affects mRNA stability or translation (Figure 1). With the help of Hfq, only a short and conserved sRNA seed sequence is necessary for annealing with the target and promotion of regulatory activity. For instance, just seven nucleotides are responsible for the degradation of omp mRNAs by RybB (Balbontín et al., 2010; Papenfort et al., 2010). In addition to its RNA chaperone activity, Hfq can also directly influence translation by binding the 5' UTR of cirA mRNAs as well as participate in RNaseE recruitment to induce the rapid degradation of target mRNAs (Ikeda et al., 2011; Salvail et al., 2013). This indicates a novel role and mechanisms of action for this sRNA, and these are extensively discussed in a recent review by Ng Kwan Lim et al. (2021).
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FIGURE 1. Schematic overview of Hfq-dependent small regulatory RNA (sRNA) complex formation and the resulting effects on target mRNAs.


Whether Hfq was the sole RNA chaperone, which was answered using a Grad-seq, technology first used in Salmonella (Smirnov et al., 2016). This enabled the discovery of several sRNAs such as RaiZ, associated with ProQ RNA-binding protein. The authors demonstrated that RaiZ represses the expression of the histone-like protein HU-α and that ProQ acts as a chaperone in RaiZ transcription stabilization rather than facilitating base-pairing. RIL-seq then enabled a redefinition of the interactomes of Hfq and ProQ, revealing their overlapping and competing roles (Melamed et al., 2020). In other Gram-negative bacteria such as Legionella and meningococcus, identification and exploration of ProQ and ProQ-like proteins has demonstrated that Hfq is not the only player in the RNA-binding hub (Attaiech et al., 2016; Bauriedl et al., 2020).

Conversely, the need for the RNA chaperone to enhance sRNA-mRNA interactions seems marginal in Gram-positive bacteria, as no Hfq homologs exist in streptococci or lactobacilli (Mellin and Cossart, 2012). Investigations into Hfq functions in S. aureus and Bacillus subtilis using deleted strains did not result in any significant phenotypes, and several Hfq-independent sRNAs have now been described (Bohn et al., 2007; Rochat et al., 2015). However, studies in L. monocytogenes did reveal a functional albeit sometimes minor role for Hfq in sRNA-mediated regulation or tolerance to stress and virulence (Christiansen et al., 2004; Mandin et al., 2007). Co-immunoprecipitation coupled to enzymatic RNA sequencing produced the first evidence of interaction between Hfq and three sRNAs (Christiansen et al., 2006). Among these, LhtA regulates the translation and degradation of its mRNA targets through an Hfq-dependent antisense mechanism (Nielsen et al., 2010, 2011). In contrast, the multicopy sRNA LhrC identified in the same screen (Christiansen et al., 2006) does not require Hfq to stabilize its interaction with lapB, its target mRNA (Sievers et al., 2014). Together, these results indicate a controversial and probably dispensable role for Hfq in post-transcriptional control of gene expression in several Gram-positive species. This points to major differences in sRNA-mediated regulation between Gram-negative and Gram-positive bacteria, or perhaps to the existence of other RNA chaperones (Jørgensen et al., 2020) yet to be discovered.



Sequestration of Proteins by sRNAs

Small regulatory RNAs do not necessarily anneal to the RNA chaperone to enhance target recognition. They can bind proteins to inhibit their action by mimicking the structures of their target mRNAs, although examples of this are limited, and mostly restricted to Gram-negative bacteria. For instance, the homodimeric RNA-binding protein CsrA is sequestered by CsrB and CsrC sRNAs, which antagonize its activity (Liu et al., 1997; Weilbacher et al., 2003). This CsrA carbon storage regulator normally represses gene expression by direct binding with the translation initiation region of its mRNA targets, and only a few examples of gene activation have been reported (Pourciau et al., 2020). This sRNA is associated with post-transcriptional control of its targets rather than the transcriptional control usually described for TFs, and it affects translation initiation, RNA stabilization, and transcription termination. For optimal sequestration of the protein, CsrB and CsrC sRNAs contain multiple CsrA-binding sites, with ~18 in CsrB. That sRNA harbors repeated sequence elements, including a GGA motif present in the loop of hairpin structures or in single-stranded regions (Romeo, 1998). These GGA seeds decoy the CsrA target motifs usually present near the SD sequence of target sRNAs. Similar decoy seed regions are found in several CsrB homologs in various bacterial species (Babitzke and Romeo, 2007; Janssen et al., 2018; Müller et al., 2019; Sonnleitner et al., 2020). sRNAs in the CsrB family have an impact on the CsrA regulon and on various physiological functions such as biofilm formation, host-microbe interaction, and virulence (Vakulskas et al., 2015). Their expression relies on the BarA/UvrY two-component system, increasing under nutrient limitation or cellular stress, and decreasing through RNA degradation in the presence of the preferred carbon source (Pourciau et al., 2020). In addition, a reciprocal regulation was also revealed, as free CsrA is mandatory for CsrB/C synthesis. Unusually, sRNAs in the Csr family have short half-lives, allowing for the rapid adjustment of CsrA activity in response to environmental cues. Ultimately, it has been shown that CrsB homologs do not necessarily sequester CsrA. In P. aeruginosa, CsrZ antagonizes Hfq, resulting in differential carbapenem susceptibility during growth on different carbon sources (Sonnleitner et al., 2020). More roles were reported for CsrA in B. subtilis, where it allows the formation of complexes between the sRNA and its mRNA target, therefore, working as an Hfq-like or ProQ-like RNA chaperone (Müller et al., 2019). Additionally, some sRNAs belong to type III toxin-antitoxin (TA) systems in which the regulatory RNA binds and sequesters its cognate toxin (Brantl and Jahn, 2015).




CLASSIFICATION OF BASE-PAIRING ACTING sRNAs ACCORDING TO THEIR ORIGINS AND MECHANISMS OF ACTION

Base-pairing sRNAs are expressed from a large variety of loci, and they can be generated from the genome or plasmids (Tomizawa et al., 1981). Within the genome, they are transcribed from both the core genome and accessory genomes such as pathogenicity islands (Pichon and Felden, 2005), and either antisense to their target or trans-encoded from a locus distant to their cognate targets.


Antisense-Encoded sRNAs and Their Mechanisms of Action

Antisense-encoded sRNAs (asRNAs), also called cis-encoded antisense RNAs, are encoded on the DNA strand opposite to their mRNA target. They share extensive and perfect complementary with part of their mRNA target, allowing efficient regulation without usually requiring the RNA chaperone. They were originally discovered in plasmids and other genetic mobile elements such as phages and transposons (Tomizawa et al., 1981; Brantl, 2002), but we now know that they are present throughout in the genome. For some asRNAs, additional targets transcribed from distant loci have been reported, indicating that they can also act as trans-encoded sRNAs. asRNAs have a large range of lengths, from ~50 to several thousand nucleotides. They can be transcribed from a DNA strand whose coordinates are within the coding region (CDS) of the opposite strand, overlapping with a CDS (at the 5' or 3' UTR), or in the case of the very long RNAs (lasRNAs), antisense to a complete operon (Dühring et al., 2006; Figures 2A–D). Their identification is challenging, as wide antisense transcription was reported in several pathogens including S. aureus, making it difficult to distinguish between “true” asRNAs (having their own promoters) and transcriptional noise (Lasa et al., 2011). Of the thousands of asRNAs identified in a single species, only a tiny subset has been functionally characterized. Plasmid-encoded asRNAs are often constitutively expressed and involved in specific biological functions such as plasmid replication, conjugation, post-segregational killing, and transposition (Wagner et al., 2002). Conversely, genome-encoded asRNAs are primarily linked to the functions of the protein encoded from the opposite strand, and their expression is modulated under specific conditions (Brantl, 2007). Most often, asRNAs are responsible for post-transcriptional regulation and they exhibit a large array of mechanisms of actions that include transcription attenuation or inhibition, modification of mRNA decay, RNA pseudoknot formation, and primer maturation inhibition (Brantl, 2007; Figure 3). In a few cases, activating mechanisms have been reported. Similar mechanisms of action have also been described for trans-encoded sRNAs. We will not discuss the inhibition of primer maturation here, as this mechanism of action is mostly restricted to plasmid replication and is not generally applicable to most asRNAs or trans-encoded sRNAs.

[image: Figure 2]

FIGURE 2. Diversity in antisense RNA (asRNA) genomic locations and lengths. (A) Position of an intragenic asRNA. (B) An asRNA complementary to and overlapping the 5' untranslated region (UTR). (C) An asRNA complementary to and overlapping the 3' UTR. (D) A long asRNA (lasRNA) covers multiple genes. (E) In the concept of the excludon, an lasRNA controls the expression of an mRNA expressed from the opposite strand, and also encodes mRNA. cds, coding sequence.
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FIGURE 3. Diverse regulatory mechanisms are employed by cis-encoded antisense RNAs (asRNAs). (A) Premature transcription termination results in transcription attenuation. (B) When ribosomal loading is blocked, translation is inhibited. (C) Modification of mRNA decay after mRNA stabilization or RNase recruitment. (D) RNA pseudoknot formation leads to modified RBS accessibility. cds, coding sequence and RBS, ribosome binding site.



Transcription Attenuation

Transcription attenuation occurs when a termination structure is formed in the target mRNA after asRNA annealing (Figure 3A). This was first observed as a means to control copy numbers in staphylococcal and streptococcal plasmids (Novick et al., 1989; Brantl et al., 1993; Brantl, 2002). In these bacteria, rep mRNAs can adopt two mutually exclusive conformations depending on the presence or absence of the asRNA. Expression of the asRNA induces a terminating stem-loop that causes the premature termination of rep transcription upstream from the RBS, thereby preventing translation initiation. Conversely, in the absence of the asRNA, the natural conformation of rep mRNA prevents stem-loops from forming. This structure enables the transcription of full-length rep mRNA, permitting translation and therefore plasmid replication. Such a mechanism of action has been reported in the post-transcriptional control of the virulence gene icsA in Shigella flexneri (Giangrossi et al., 2010), as well as in iron transport in the fish pathogen Vibrio anguillarum (Stork et al., 2007). That first study identified RnaG, an asRNA expressed from the opposite strand of iscA. Upon RnaG expression, the formation of a heteroduplex induces the formation of an intrinsic terminator, thus leads to transcription termination (Giangrossi et al., 2010). In the second study, the expression of the asRNA RNAβ enabled transcription termination within the fatDCBA-angRT transport and siderophore biosynthesis operon, resulting in approximately 17-fold higher expression levels of fatDCBA genes than angRT ones (Stork et al., 2007).



Translation Inhibition

Translation inhibition is probably the most well-known RNA-mediated mechanism employed to post-transcriptionally regulate gene expression (Figure 3B). Here, the asRNA presents perfect complementarity with the RBS of the mRNA transcribed from the opposite strand, so it competes with ribosome loading. Several examples have been described in plasmidic asRNAs, such as RNAII which controls plasmid pLS1 replication by binding the repB RBS (Brantl, 2007). A similar mechanism was reported in FinP, an asRNA which represses the expression of TraJ by blocking ribosomal access to traJ mRNA, inhibiting conjugation. For optimal regulation in this case, the FinO RNA chaperone is necessary to facilitate RNA–RNA duplex formation and to protect FinP against RNaseE-mediated RNA degradation (Arthur et al., 2003).



Modification of mRNA Decay

The binding of the asRNA to its complementary mRNA target also modifies mRNA decay (Brantl, 2007; Figure 3C). Most often, repression is observed through endoribonuclease cleavage of RNA. Indeed, double-stranded RNAs and the asRNA-mRNA heteroduplex are substrates of RNase III. This enzyme preferentially recognizes long dsRNA segments, which are then cleaved. In S. aureus, genome-wide antisense transcription activity was shown to be coupled with RNase III processing of mRNA/asRNA duplexes (Lasa et al., 2011). Such a mechanism may be involved in the post-transcriptional modulation of mRNA counts, as this duplex formation causes at least 75% of the mRNAs to be specifically cleaved by RNase III. In the same study, the authors reported similar trends in B. subtilis, Enterococcus faecalis, and L. monocytogenes. RNase E is another RNase that participates in mRNA decay. A good example is that of the Salmonella asRNA AmgR, expressed from the opposite strand of mgtC (Lee and Groisman, 2010; Figure 4A). During phagocytosis, the PhoPQ two-component system senses low concentrations of Mg2+, leading to signal transduction and the induction of the expression of several genes including the mgtCBR operon (Alix and Blanc-Potard, 2008). In addition, PhoP activates the expression of AmgR, which binds mgtC mRNAs, and favors its degradation via RNase E but not RNase III. In the absence of AmgR, the operon is transcribed, promoting bacterial virulence (Lee and Groisman, 2010). Although, the preferred mode of action is the promotion of RNA degradation, there have also been reports of inhibition of mRNA degradation and therefore of positive post-transcriptional effects of asRNAs (Sesto et al., 2013; Svensson and Sharma, 2016).
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FIGURE 4. Examples of the mechanism of actions employed by asRNAs. (A) Regulation of the mgtCBR operon and the role of AmgR in degradation of mgtC mRNA. (B) Schematic representation of the flagellum biosynthesis excludon downregulated by the long asRNA Anti0677.


In bacterial pathogens, several examples of asRNAs overlapping an RBS have been described, and they go beyond plasmid replication-related functions (Thomason and Storz, 2010; Lejars and Hajnsdorf, 2020). This is the case in Pseudomonas, Salmonella, Shigella, Clostridioides difficile, L. monocytogenes, and S. aureus, although precise demonstrations of this mechanism of action are lacking, and it is often linked to transcript abundance variations, as recently reviewed (Lejars and Hajnsdorf, 2020). This indicates that translation inhibition and mRNA decay are often concomitant, as we will see for RNAIII in the next section.



RNA Pseudoknot Formation

RNA pseudoknot formation can be altered by the presence of asRNAs (Asano and Mizobuchi, 1998a,b). In this case, conformational changes are responsible for regulation as well as for transcription attenuation (Figure 3D), with the translation of repZ dependent on the formation of a pseudoknot upstream of the RBS. Binding of the asRNA Inc. to repZ mRNA blocks the formation of this pseudoknot and thus prevents translation (Brantl, 2007).



The Excludon

In addition to the canonical localizations and mechanisms of action, a novel concept in bacterial asRNA-mediated gene regulation has also emerged: the excludon (Sesto et al., 2013; Toledo-Arana and Lasa, 2020). This was first delineated in L. monocytogenes soon after the identification of a group of lasRNAs (Wurtzel et al., 2012). In an excludon, transcription of lasRNAs is initiated from a promoter located on the opposite strand of the CDS (Figure 2E). One interesting feature of the excludon is that transcription continues beyond the overlapping region, also encompassing the coding regions located downstream from the actual asRNA locus. Through this atypical mode of biogenesis, the transcript possesses dual functions, with the 5' antisense regulator of the gene(s) expressed from the opposite strand, while the 3' moiety encodes one or more proteins. Several excludons are reported in L. monocytogenes, and the functions encoded within the locus (i.e., lasRNA and mRNA) are closely related (Sesto et al., 2013). In that pathogen, excludons were shown (or predicted) to be involved in flagellum biosynthesis, a permease-efflux pump, or utilization of carbon sources. As these examples have already been well-described (Sesto et al., 2013), we will just discuss the mechanism of action employed in the biosynthesis of flagella (Figure 4B), extracellular appendages important for cell motility, biofilm formation, and host cell invasion (O’Neil and Marquis, 2006; Lemon et al., 2007). The excludon is composed of four genes expressed from the positive strand that encodes the flagellum export apparatus, lmo0675, lmo0676, lmo0677, and lmo0678. Two genes of this operon are encoded divergently, including the mogR transcriptional regulator of the flagellum export apparatus (Figure 4B). The lasRNA Anti0677 is expressed from a σB-dependent promoter far upstream from mogR and as an antisense of lmo0677. When bacteria are not subjected to stress, the flagellum export apparatus operon is under the sole control of the transcriptional repressor MogR. Under stress conditions, σB promotes transcription of Anti0677, leading to an efficient switch-off of the flagellum production through direct antisense inhibition of the operon and increased MogR expression in both mogR mRNAs and Anti0667 lasRNAs. Recently, a similar “noncontiguous operon” organization leading to transcriptional interference coupled with endoribonuclease-mediated cleavage was reported in S. aureus (Sáenz-Lahoya et al., 2019).



sRNAs in Type I Toxin-Antitoxin Systems

Several asRNAs belong to type I TA systems. Type I TA modules are composed of a stable toxic peptide and a labile asRNA that inhibits toxin expression, although the existence of divergently expressed genes leading to the expression of a trans-encoded sRNA has also been reported (Brantl and Jahn, 2015). Initially discovered on plasmids, where their role in post-segregational killing prevents plasmid loss during cell division, overexpression of these systems induces small membrane-damaging peptides, which leads to cell death, global translation inhibition, and commitment to persistence. Their mechanisms of action often rely on a perfect complementarity between the RNA antitoxin and the mRNA target, and are associated with translation inhibition and dsRNA-degradation of the heteroduplex through RNase III recruitment (Wen and Fozo, 2014). However, several new features have also been reported, particularly in S. aureus.

The type I TA SprA/SprAAS system identified in a pathogenicity island (Pichon and Felden, 2005), exemplified the fact that an asRNA regulates in trans the translation of its cognate antitoxin (Sayed et al., 2012). Here, the two genes overlap at their 3' ends, suggesting that the putative mechanism of action is not the annealing of the RNA antitoxin onto the RBS. Structural probing of SprA1 RNAs showed the presence of two pseudoknots and a 5' stem-loop that unfavored RBS accessibility. Upon SprA1AS binding, an internal RNA pseudoknot of SprA1 unfolds and forms a helix with SprA1AS. Surprisingly, gel retardation assays and mutational analysis revealed that by imperfect base-pairing, the non-overlapping region of SprA1AS binds the antitoxin to the RBS, preventing ribosome loading and translation. Therefore, in a trans-encoded manner, the cis-encoded asRNA SprA1AS negatively regulates the translation of its cognate antitoxin. A similar cis-trans mechanism of action was also reported in the SprA2/SprA2AS type I TA module (Germain-Amiot et al., 2019).

The SprG/F TA module is another intriguing example of the TA system, in which, the RNA antitoxin can acts in trans and exert several functions. This system was originally characterized by its perfect base complementarity between the 3' end of each RNA and for not competing with ribosome loading (Pinel-Marie et al., 2014). However, the authors showed that this was sufficient to destabilize mRNA and toxic peptide levels, even if the mechanism was not precisely defined. In a more recent study, SprF1 was demonstrated to have a novel trans-effect on ribosomes and polysomes (Pinel-Marie et al., 2021). A purine-rich sequence in the antitoxin is responsible for binding ribosomes, which results in global translation initiation interference and increased tolerance to antibiotics, thereby enabling the formation of persister cells. This new finding suggests that type I antitoxin RNA functions are not restricted to regulation of their cognate toxins.




Trans-Encoded sRNAs

Trans-encoded sRNAs are associated with intergenic regions and are relatively easy to identify experimentally or via predictive tools, since they have distinctive features including a consensus promoter region and U-tract following inverted repeated sequences (intrinsic terminator). Their biogenesis occurs at a locus distant from their targets, so their seed sequences share partial complementarity with them. These sRNAs thus usually regulate more than one mRNA through some of the mechanisms detailed for asRNAs. This partial complementarity, which could represent an apparent weakness, is in the most cases circumvented with the help of RNA chaperones. These sRNAs transcribed from intergenic regions represent the largest set of functionally characterized molecules in the bacterial kingdom. They are expressed under specific conditions to fine-tune gene expression and are highly structured, which may contribute to their increased stability (Waters and Storz, 2009). Typically, they have one or more stem-loops, some of which have cytosine-rich motifs that favor interaction with the RBSs of their targets (Geissmann et al., 2009). As mentioned above, trans-encoded sRNAs are involved in a large set of functions, with repression the most common outcome, although examples of activation have also been reported.


Trans-Encoded sRNA Activators

While considered marginal, there are growing examples of trans-encoded sRNAs that permit increased translation and/or mRNA stabilization (Figure 5A). Activation of sRNA base-pairing is typically associated with the 5' UTR, although targeting of the coding sequence is also possible (Papenfort and Vanderpool, 2015).
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FIGURE 5. Mechanisms of action used by trans-encoded sRNAs. (A) In post-transcriptional activation, sRNA binding of an mRNA target results in either increased RBS accessibility or protection of an mRNA-cleavable site. (B) Repression of gene expression by trans-encoded sRNAs occurs when the sRNA binds an mRNA target, resulting either in translation inhibition by preventing ribosome loading or else recruitment of an RNase for mRNA degradation.


Activation via the 5' UTR involves two mechanisms of action. The first is an anti-antisense mechanism that induces structural modifications to enable the unfolding of an intrinsic structure that inhibits translation. This leads to the release of the occluded RBS, thus enhanced ribosomal access. This has been observed with RNAIII in S. aureus (Morfeldt et al., 1995), further discussed below, as well as with Rli27 in L. monocytogenes (Quereda et al., 2014). Rli27 is involved in cell-wall formation during a pathogen’s intracellular lifestyle. It activates the cell wall-encoding protein Lmo0514 via binding of its 5' UTR, thus unmasking the RBS and promoting Lmo0514 production inside eukaryotic cells. The second mechanism of 5' UTR-activation is mRNA stabilization, an even a less-described phenomenon in which sRNA target-binding protects it from RNases and therefore from cleavage. This is seen with RydC in Salmonella (Fröhlich et al., 2013). There, RydC adopts a pseudoknot structure at its 5' end that contains a seed sequence involved in recognizing a 5' UTR located far upstream from the RBS of cfa mRNA, which encodes CFA synthase. This seed pairing activates Cfa expression by mRNA stabilization through the mRNA cleavage protection provided by RNase E. In Clostridium perfringens, another mechanism of action was reported for the stabilization of the mRNA colA, which encodes collagenase toxin (Obana et al., 2010). In this pathogen, the 3' region of VR-RNA binds colA to mediate cleavage of the mRNA 78 nt upstream the A of initiation codon, resulting in the release of a more stable mRNA.

Other sRNAs activate translation by base-pairing with the coding sequence. In E. coli and Salmonella, the sRNA SgrS involved in sugar homeostasis displays several distinctive features (Papenfort et al., 2013). Like RNAIII, it has dual functions, acting both as a trans-encoded sRNA as well as encoding the small protein SgrT. Among the known targets of SgrS is the second gene of the bicistronic operon pldB-yigL, which is under its positive control and encodes a phosphatase. Under normal conditions, the transcript is processed by RNase E, resulting in yigL transcript level adjustments. When the concentration of phosphorylated sugars increases, regulation is needed to avoid cell toxicity, so SgrS is expressed. It binds the coding sequence to stabilize the yigL transcript by masking a cleavage site recognized by RNase E, thereby preventing its degradation. The increased phosphatase activity lowers sugar phosphate levels and causes the excretion of non-phosphorylated sugars. At the same time, SgrS effectively controls sugar phosphate levels by repressing the expression of three other targets involved in sugar transport, once again demonstrating the versatility of sRNAs as regulators.



Trans-Encoded sRNA Repressors

Repression by trans-encoded sRNAs involves transcription attenuation, translation repression, and mRNA degradation (Figure 5B). Regulatory signals are often contained within the 5' UTR of target mRNAs. The most common mechanism of action in this group is the repression of translation initiation, with sRNAs binding the RBS to prevent loading by the 30S ribosomal subunit. This binding sometimes encompasses the AUG codon, although any interaction surrounding the RBS and AUG up to five codons into the coding sequence is inhibitory (Hüttenhofer and Noller, 1994; Bouvier et al., 2008). Several seed regions/sequence patterns have been described for these trans-encoded sRNAs, and the association of single-stranded RNAs to form heteroduplexes is not the only one. The patterns usually reflect the structural shape of RNAs and include several hairpin loops that require additional features. For instance, “kissing complexes” (loop–loop interactions between sRNAs and mRNAs) can occur when GC-rich sequences present in the sRNA loop associate with the RBS of their target (Lioliou et al., 2010).

To facilitate complex formation, sRNAs (and sometimes mRNAs) have to unfold to generate double-stranded heteroduplexes, which are thermodynamically favorable. C-rich conserved sequences were identified in stem-loops and shown to be involved in the recognition of G-rich sequences such as the RBSs of mRNA targets. This was first proved in E. coli for the repression of fhlA by OxyS (Altuvia et al., 1998), then later on in multiple pathogens including L. monocytogenes, Salmonella, H. pylori, V. cholerae, and S. aureus (Papenfort et al., 2008, 2015; Geissmann et al., 2009; Pernitzsch et al., 2014; Sievers et al., 2014). In S. aureus, bioinformatic and phylogenetic analyses were used to identify a conserved unpaired UCCC motif present in the apical loop of several sRNAs, and this was interpreted to be the potential signature of Hfq-independent sRNAs in Gram-positive bacteria (Geissmann et al., 2009; Jørgensen et al., 2020). The role of this motif in the repression of translation was demonstrated for the sRNA RsaE (Geissmann et al., 2009). In L. monocytogenes, LhrC sRNAs contain three redundant CU-rich motifs, with one in a stem-loop, another on a single-strand region, and the last occurring in the terminator (Sievers et al., 2014). These sites are important for the translational repression of LapB at the RBS, and another study showed that LhrC translationally represses OppA via RBS binding of two of the three CU-rich motifs (Sievers et al., 2015). However, there are also examples of sRNAs blocking translation by masking the RBS with seed sequences that do not exhibit strong C-rich motifs. In Salmonella, IsrM, the sRNA involved in virulence, represses the expression of hilE and sopA mRNAs using two different seeds, which seem to have random C-distributions although they still sequester the RBS (Gong et al., 2011). The presence of two seeds in IsrM indicates that sRNAs can have several regulatory domains. In S. aureus, the multifaceted sRNA RsaI expressed under glucose-limited conditions displays similar properties, with two distinct regulatory domains (Bronesky et al., 2019). The first is a typical unpaired CU-rich sequence that base pairs with the RBSs of most of the identified mRNA targets (sugar uptake and metabolism). The second is a G-rich sequence that binds the CU-rich tracts of other sRNAs such as RsaD, RsaG, RsaH, and RsaE, indicating the potential existence of other mechanisms of actions for controlling sRNA functions.

Apart from the ribosome binding site, other target regions do exist. For instance, sRNAs can bind their mRNA targets upstream from the RBS, within the coding region or at the 3' UTR. The Salmonella sRNA GcvB contains the GU-rich sequence that interacts with the CA-rich sequences of its target mRNAs (Sharma et al., 2007). For at least one target, gltl mRNA, the sRNA specifically recognizes a sequence far upstream from the RBS (~50 nt) that actually acts as a translational enhancer sequence. Still in Salmonella, examples of sRNAs binding coding sequences several nucleotides downstream from the RBS were also reported. In that bacterium, MicC sRNAs repress ompD mRNAs via binding to codons 23–26, which is sufficient for repression (Pfeiffer et al., 2009). By doing so, MicC increases RNase E-dependent ompD mRNA decay rather than repressing translation. Interestingly, the SdsR sRNA also represses ompD using a similar mechanism between the 15th and 26th codons (Fröhlich et al., 2012).

The sRNA can also bind the 3' UTR of an mRNA to modulate its expression. For instance, S. aureus RsaI binds the 3' UTR of the mRNA icaR, which encodes a transcriptional repressor of exopolysaccharide production (Bronesky et al., 2019). Although the mechanism of action is yet not understood, this binding contributes to the translational repression of IcaR either by preventing the action of trans-acting activators (proteins or RNAs) or by indirectly stabilizing the interaction between the 5' and 3' UTRs of icaR mRNAs, known to sequester the RBS.

Along with translation inhibition, sRNA-mediated regulation often involves degradation by RNases. Untranslated mRNAs are subjected to RNA degradation since the absence of polysomes does not protect RNAs from RNAses (Deana and Belasco, 2005). Furthermore, the sRNA-mRNA duplex can be used to recruit RNaseE as the means to control RNA decay (Morita et al., 2005; Bandyra et al., 2012). Some sRNAs are then co-degraded with their targets, some are recycled like enzymes, and the fate of the others depends on their molecular target (Massé et al., 2003; Feng et al., 2015). In addition to RNase E, roles for RNase III and RNase Z were also reported in target RNA degradation (Dutta and Srivastava, 2018).

Altogether, study of trans-encoded sRNAs reveals that they can act anywhere on their mRNA targets and that any parts of their sequences can have regulatory functions, implying unlimited possibilities for their mechanisms of action.




Cis-Acting Regulatory Elements of mRNAs: Riboswitches, Thermosensors, and T Boxes

Although not considered to be sRNAs, riboswitches are pivotal players in RNA-mediated regulation of gene expression, and as we will see later, their extraordinary versatility lets them closely link with sRNAs. Riboswitches are natural aptamers usually identified in the 5' UTR of some mRNAs in both Gram-positive and Gram-negative bacteria. They are cis-acting elements regulating at the transcriptional and/or translational levels the expression of their downstream genes. To do this, they sense by physical interaction metabolite variations, then modify their secondary structures to form two mutually exclusive RNA conformations (Mironov et al., 2002; Winkler et al., 2002; McDaniel et al., 2003; Nudler, 2006). They contain two distinct functional domains: a metabolite-sensing domain, and an expression platform. Ligand binding induces conformational changes that lead to transcription termination or inhibition of translation initiation. One interesting feature of riboswitches is their conserved sensing domain and the variability of their expression platform. This is the case for the riboswitch that senses thiamine pyrophosphate (TPP): its sensing domain specifically and selectively binds TPP, while its expression platform induces transcription termination in Gram-positive bacteria and suppresses translation initiation in Gram-negative bacteria (Serganov et al., 2004; Nudler, 2006). Another specific feature of riboswitches is their ability to bind ligands without the need to establish Watson-Crick base pairs. The riboswitch folds into a very specific configuration that allows target metabolite recognition and sequestration due to the hydrogen bonds of RNA bases and ribose sugars. Riboswitches are widespread and diverse, as a plethora of effectors have been identified (TPP, SAM, FMN, sugars, divalent ions, etc.). Usually, they control the expression of genes that have functional links with their effector.

The canonical description of the riboswitch mode of action was overturned by the discovery that they can act as RNA thermometers and pH meters, thus they can be active without necessarily requiring metabolite sensing. RNA thermometers generally fold in a temperature-dependent manner to generate alternative conformations that affect translation (Kortmann and Narberhaus, 2012). The first example of an RNA thermometer was identified in the pathogen L. monocytognes (Johansson et al., 2002). In this study, the authors showed that the switch into virulence orchestrated by PrfA, the master regulator of virulence, is actually dependent on a conformational change of the 5' UTR of its cognate mRNA. At 30°C, the prfA 5' UTR adopts a secondary structure that masks the RBS, acting as a translation repressor. At 37°C, the energy provided by the increased temperature is sufficient to cause a structural switch that enables translation of the TF. Additional thermometers are found in many pathogens such as Salmonella Typhi and S. aureus (Hussein et al., 2019; Brewer et al., 2021; Catalan-Moreno et al., 2021), and have been extensively reviewed (Loh et al., 2018).

The first 5' UTR element to be identified in the late 1990s was the T-box, which controls the expression of genes involved in amino acid biosynthesis or use. They are typically upstream aminoacyl-tRNA synthetase transcripts, are widely distributed in Gram-positive bacteria, and they respond to the accumulation of uncharged tRNAs when cognate amino acid concentrations are too low. Contrary to metabolite-sensing riboswitches, T-boxes bind uncharged tRNAs by base-pairing with their anticodons and with the acceptor-end T/D loops to stabilize an anti-terminator element, allowing synthesis of full-length mRNA. In Clostridium acetobutylicum (André et al., 2008) and later in L. monocytogenes (Mellin et al., 2013), exploration of T-box riboswitches led to the discovery of a novel mechanism of action, with cis elements involved in antisense RNA control located downstream (these turned out to be SAM riboswitches) and on the opposite strand of the gene. Other unexpected riboswitch mechanisms of action is reviewed here (Mellin and Cossart, 2015).




UNCONVENTIONAL REGULATORY RNA BIOGENESIS AND FUNCTIONS

The term “sRNA” was often restricted to those species transcribed from intergenic regions, or as antisense to a coding sequence. Ongoing efforts to identify novel sRNAs and to decipher their mechanisms of action has demonstrated that they harbor an even broader than expected variety of structural traits, biological functions (and even sometimes dual functions), and modes of biogenesis. For instance, studies have shown that RNA regulators are also produced from 5' to 3' UTRs (Miyakoshi et al., 2015b; Heidrich et al., 2017; Carrier et al., 2018).


The Fascinating Case of RNAIII in Staphylococcus aureus

RNAIII is one of the best-characterized sRNAs in pathogens and probably even in bacteria. It was first described in 1993, when it was defined as the intracellular effector of the Agr system (Novick et al., 1993). It is one of the most representative examples of the sRNA with distinctive futures. RNAIII is a 514-nt long dual-function sRNA whose expression is regulated by growth phase and cell density through QS. RNAIII acts at a post-transcriptional level by using antisense mechanisms, which lead to translation inhibition and/or modification of target RNA stability (Figure 6). RNAIII positively or negatively regulates a large number of targets through various mechanisms, and has a complex structure with 14 stem-loops (Benito et al., 2000) of which three contain C-rich sequences. These three hairpins, H7, H13, and H14, are involved in translation repression, preventing ribosomes from loading onto target RBSs. The first stem-loop (H1) is required for RNAIII stability, while H14 acts as an intrinsic transcription terminator. H3, H4, and H5 are responsible for the definition of this sRNA as dual-function, another sRNA subgroup which has been extensively reviewed (Gimpel and Brantl, 2017; Raina et al., 2018). These three stem-loops encode δ-hemolysin (Hld), which is a toxin made of 26 amino acids arranged into an α-helix structure, and which permeabilizes host cells (Figure 6). Interestingly, there is not a perfect transcription-translation coupling between hld mRNA biogenesis and translation of the Hld peptide. Although the cause for this is not completely understood, it was reported that deletion of the 3' end of RNAIII abolishes this delay, suggesting either that a third party is involved (Balaban and Novick, 1995) or that the 5' and 3' regions of RNAIII are (or serve as) cis-regulatory elements. RNAIII is under the positive transcriptional control of AgrA and accumulates in bacteria over the course of the growth phase, reaching its maximal transcript levels during the post-exponential phase (Dunman et al., 2001). With its versatile effects, RNAIII orchestrates the transition between colonization and infection by repressing early virulence genes and activating other virulence factors (Table 1).

[image: Figure 6]

FIGURE 6. The RNAIII paradigm: activation and repression of gene expression is carried out by a dual-function sRNA encoding δ-hemolysin. The hld coding sequence is blue.



RNAIII Target Repression

RNAIII represses the expression of several genes involved in virulence (adhesion or immune evasion), including Rot TF (Table 1). The mechanism of action is always translation repression, with RBS binding in order to prevent ribosome loading and translation initiation. In most cases, duplex formation is followed by rapid degradation of the mRNA target through the recruitment of RNase III (Bronesky et al., 2016), although the mechanism differs for the regulation of Sbi and perhaps also for LytM (Boisset et al., 2007; Chabelskaya et al., 2014).

Repression of Spa involves the 3' end domain of RNAIII (Huntzinger et al., 2005). Spa is one of the major surface proteins involved in host interactions as well as virulence (Foster, 2005). Based on sequence complementary, the deletion of RNAIII’s H13 stem-loop abolishes regulation by RNAIII. This repressive hairpin sequesters the spa RBS to prevent translation initiation, although efficient repression requires RNase III. A similar repression mechanism involving H13 and RNase III was reported for SA1000, which encodes a fibrinogen-binding protein (Boisset et al., 2007). Repression of Rot, the repressor of toxin Rot requires hairpins H7, H13, and H14, who form kissing complexes to permit translation repression and RNase III cleavage (Boisset et al., 2007). To do this, H7 and H13 enable the formation of a loop–loop interaction with the 5' UTR of rot, while H14 is involved in a loop–loop interaction with the mRNA RBS. Two loop–loop interactions are needed for efficient translation inhibition, and binding of RNAIII with rot induces a specific signature for RNase III cleavage. Rot is known to inhibit the production of several exotoxins after their transcription as well as to enhance Spa expression. Therefore, RNAIII inhibition of Rot indirectly promotes exotoxin expression and represses surface protein production.

As with Rot, RNAIII repression of Coa involves two stem-loops (H7 and H13), although the structural conformations differ between these examples (Chevalier et al., 2010). In this case, H13 sequesters the coa RBS through canonical imperfect double-strand base-pairing and this is sufficient to block the formation of ribosomal initiation complexes. Additionally, H7 forms a loop–loop interaction with the 3' end of coa, and both RNAIII-coa complexes serve as templates for RNase III.

RNAIII regulation of LytM is less documented. While bioinformatic predictions suggest that stem-loop H13 is involved (Boisset et al., 2007), and it is known that the lytM RBS is an RNAIII target (Chunhua et al., 2012), the precise mechanism of action and the putative involvement of RNase have not yet been determined.

Sbi is another target repressed by RNAIII (Chabelskaya et al., 2014), and it is negatively regulated by SprD sRNAs (Chabelskaya et al., 2010). Sbi protein participates in anti-opsonization effects by binding immunoglobulins (Foster, 2005). Three distant RNAIII domains interact with sbi mRNAs, with two annealing regions located within the sbi coding region and one on the RBS to block translation initiation. Since RNAIII and SprD are not expressed at the same time, these studies highlight a cooperative role of these two sRNAs to precisely control Sbi expression suggesting the presence of complex sRNA control networks in bacteria.



RNAII Activation of Gene Expression

In addition to its inhibitory roles, RNAIII can also directly activate several targets. This is true in the case of Hla, whose expression is reduced in a mutant lacking RNAIII (Morfeldt et al., 1995). RNAIII binds hla mRNAs to prevent the formation of a structure that would sequester the RBS, thereby promoting RBS accessibility and translation. Unlike the mechanism involving repression, here the 5' end (H2 in RNAIII) is required for base-pairing with hla. Map (also known as Eap) is another target that is stimulated by RNAIII (Liu et al., 2011). To activate Map expression, RNAIII binds the 5' UTR of map using its hairpin H4, which suggests a structural modification that enables ribosomal loading, although the mechanism of action has not yet been unraveled. RNAIII was also shown to positively regulate MgrA (Gupta et al., 2015), the TF which inhibits surface proteins, autolysis, and biofilm formation, as well as promoting capsule synthesis (Bronesky et al., 2016). Interestingly, MgrA also activates the expression of Agr and thus indirectly RNAIII (Ingavale et al., 2005). RNAIII stabilizes mgrA RNAs by double-strand base-pairing using both its 5' and 3' ends (Bronesky et al., 2016), with each end interacting simultaneously with the 5' UTR of mgrA mRNA to allow mRNA stabilization and translation.

RNAIII thus differs from the conventional dogma about sRNAs in many ways. It contains a coding sequence, and is therefore considered as a dual-function sRNA. It is longer than most sRNAs, and has a complex structure containing several hairpins, which are crucial for gene repression. Its gene repression mechanism involves translation initiation control and is often associated with RNase III cleavage. The 5' end is thought to be involved in gene activation via mRNA stabilization and translation activation, while the 3' end is involved in both activation and the repression mechanisms. The 3' end is also important for RNAIII’s own stability, and therefore may be a key cis element for Hld production. Finally, little is known regarding the role of the other hairpins, suggesting that there may be additional features left to discover.




5' UTR-Derived sRNAs

5' UTRs are normally considered to be riboswitches, cis-acting elements. The first major evidence of the sRNA produced from a 5' UTR was the cleavage of the two SAM riboswitches SreA and SreB in L. monocytogenes (Loh et al., 2009). In that report, the biogenesis of SreA and that sRNA’s mechanism of action were described extensively. During methionine starvation, SAM concentrations are relatively low, leading to the formation of an anti-terminator structure that enables the transcription of the downstream gene. When the concentrations of this ligand increase along with methionine biosynthesis, SAM binds the riboswitch. This allows structural rearrangement and transcription termination, and results in the accumulation of SreA, an sRNA transcript of 229 nts which has trans-acting features. Remarkably, SreA controls the expression of the virulence TF PrfA by binding the 5' UTR of its mRNA, while PrfA exerts a positive control on SreA expression. This shows that some cis-acting regulators can be cleaved to act in trans in response to environmental cues. Another example of a riboswitch-producing trans-acting sRNA was reported in L. monocytogenes (Mellin et al., 2014). The authors showed that in the absence of the ligand, a riboswitch binding vitamin B12 is cleaved and releases Rli55. In turn, Rli55 expression prevents the expression of the eut genes involved in ethanolamine use and whose expression depends on vitamin B12 availability. To do this, Rli55 sequesters EutV, a regulatory protein which binds eut mRNAs to prevent premature termination of transcription. A similar mechanism for regulating eut via protein sequestration was described in E. faecalis, although there an adenosyl cobalamine-binding riboswitch releases EutX trans-acting sRNAs (DebRoy et al., 2014). In S. aureus, the sRNA Teg49 is derived from the 5' UTR region of TF sarA mRNA (Beaume et al., 2010; Kim et al., 2014). The expression of sarA is under the control of the three promoters P1 through P3, with P3 important for expression during the post-exponential growth phase. Teg49 is transcribed from P3 and is probably the result of RNase III processing. Another study indicated a role of Teg49 in virulence, although the mechanism of action is not clearly understood (Manna et al., 2018).

Based on the first discoveries, 5' UTR-derived sRNAs are probably more present in Gram-positive pathogens. It was proposed that the relative absence of such sRNAs in Gram-negative pathogens is explained by the fact that most sRNAs studies have been designed based on Hfd-binding. This binding usually occurs with the 3' poly(U) tail of sRNAs located downstream from intrinsic terminators, and these are likely to be absent in 5' UTR-derived sRNAs. Additionally, the need for Hfq-binding was questioned (Carrier et al., 2018). The mystery was solved in P. aeruginosa with a screen that attempted to map transcription termination sites affected by homoserine lactone quorum sensing (Thomason et al., 2019). Term-seq analysis identified RhlS as a novel Hfq-dependent sRNA expressed from the 5' UTR of rhll, an actor in the Rhl two-component system related to quorum sensing. Interestingly, RhlS is not derived from a riboswitch, but is induced when homoserine lactone concentrations increase. RhlS not only controls the translation of its downstream gene (rhll), but also regulates the translation of fpvA mRNAs transcribed from a distant locus and which encode a siderophore pyoverdine receptor, although the mechanism of action here is still unclear. Finally, recent work on E. coli focusing on the identification of 3' ends from 5' UTRs revealed the presence of trans-acting sRNA sponges (Adams et al., 2021).



3' UTR Is a Reservoir of Trans-Acting sRNAs

Expression of 3' UTR-derived sRNAs occurs frequently in bacteria, and the number of examples is growing quickly. Over the past few years, their identification has become easier with the development of high-throughput screenings such as Term-seq, RIL-seq, RIP-seq, and CLASH (Dar et al., 2016; Melamed et al., 2016; Hoyos et al., 2020). These sRNAs act in various physiological regulons including amino acid transport and biogenesis. They are categorized into two classes depending on whether they have their own promoters (type I) or if they are produced by mRNA processing (type II; Miyakoshi et al., 2015b). While type I sRNAs seem completely independent of the gene encoded upstream when it comes to biogenesis the functions they regulate, the expression of type II sRNAs depends on the initial mRNA transcription. So far, more type II molecules have been discovered, and most 3' UTR-derived sRNAs have been discovered in Gram-negative bacteria. Post-transcriptional regulation by 3' UTR elements was recently reviewed (Menendez-Gil and Toledo-Arana, 2020).


Type I 3' UTR-Derived sRNAs

This type of 3' UTR-derived sRNA contains its own promoter, located either within the coding sequence or immediately downstream. In 2012, Hfq co-immunoprecipitation of transcripts followed by RNA-seq analysis enabled the discovery of novel sRNAs whose RNA sequences mapped with the 3' region of mRNAs (Chao et al., 2012). During this screen, the authors identified DapZ, an 80-nt sRNA transcribed from its own promoter and that overlaps the dapB 3' UTR. Although they share the same terminator, their transcription is independent of each other. DapZ modulates the synthesis of ABC transporters of Opp and Dpp by base-pairing with their cognate mRNAs. One interesting feature of DapZ is that it contains a repressing seed sequence (G/U-rich domain) similar to that of GcvB sRNA, a global regulator of amino acid transport and biosynthesis genes, so they recognize the same targets. This indicates that despite being independent, the two sRNAs can have complementary functions.

In S. aureus, a search for novel transcripts uncovered an intricate organization in the Newman strain, with an unusual condensed sRNA cluster (Srn_9342 to Srn_9346; Bronsard et al., 2017). Using 5' RACE mapping combined with TEX and polyphosphatase treatments, the authors were able to show that the Srn_9342 transcription start site is located within the coding region of the upstream gene. This was supported by the identification of a putative sigma B binding site (Mader et al., 2016). Interestingly, Srn_9342 is expressed in two forms having different lengths and sharing the same 5' extremity, although the mechanism of biogenesis of each form and their respective functions remain to be elucidated. In this specific example, two terminators were predicted (Bronsard et al., 2017), with one sharing the upstream coding sequence as occurs in typical type I 3' UTR-derived sRNAs, and the other specific to the long sRNA species, indicating another variation in sRNA biogenesis within this category.



Type II 3' UTR-Derived sRNAs

This type of sRNA is derived from RNase E cleavage of an mRNA. An example is CpxQ, a ~60 nt-long transcript generated through cleavage of the 3' UTR of cpxP mRNA and which requires Hfq for optimal maturation as well as protection from further RNA decay (Chao and Vogel, 2016). Both CpxQ sRNAs and CpxP proteins are involved in inner membrane homeostasis, with the protein acting as a chaperone for misfolded proteins in the periplasm, and the sRNA controlling their expression in the cytosol. Thus, unlike with type I 3' UTR-derived sRNAs, CpxQ synthesis depends on cpxP transcription, and these two elements cooperate to carry out the same function. In S. aureus, after cleavage by the double-stranded RNase III, the sRNA RsaC is released from the 3' UTR of the mntABC operon, which encodes the major manganese ABC transporter (Lalaouna et al., 2019). This sRNA is intriguing, as its length varies between isolates due to the presence of a variable number of repeats within its internal RNA sequence. The 3' domain of RsaC was found to be involved in translational repression of sodA mRNA during manganese starvation, thereby modulating the response to oxidative stress.

The regulatory functions of these 3' UTR-derived sRNAs are often linked to the biological roles of their associated upstream genes (Menendez-Gil and Toledo-Arana, 2020). They therefore autoregulate the expression of their associated genes at the post-transcriptional level, inhibit translation by base-pairing, and serve as negative feedback controls (Chao and Vogel, 2016; Miyakoshi et al., 2019; Hoyos et al., 2020; Wang et al., 2020). As the description of this sub-class of sRNAs is relatively new, it is expected that its ranks will increase in the future.




sRNAs Excised/Expressed From Coding Sequences

While the examples cited above pertain to biogenesis from the 3' UTR or at least from the 3' end of mRNA coding regions, in-depth study of the transcriptomes of E. coli, Enterobacter aerogenes, and Salmonella Typhimurium uncovered the biogenesis of decay-generated noncoding RNAs (decRNAs) from coding regions situated far from mRNA 3' ends (Dar and Sorek, 2018). The authors identified a set of conserved sequences generated through RNase E activity and predicted to interact with the RNA chaperones Hfq and ProQ. A search for transcriptional start sites using 5' RNA-seq mapping uncovered numerous sRNAs transcribed from within coding sequences in several species including Borrelia burgdorferi and Leptospira interrogans (Adams et al., 2017; Zhukova et al., 2017). However, the functions of this novel type of sRNAs remain to be elucidated.



sRNA Processing to Produce Novel sRNAs or Additional Functions

In S. aureus, Srn_9342 is not the only sRNA transcribed into two forms (Bronsard et al., 2017), and similar properties were observed for both RsaA (Romilly et al., 2014) and RsaE (Schoenfelder et al., 2019). While transcriptional readthrough was just hypothesized for Srn_9342 and RsaA, post-transcriptional modification was actually demonstrated for RsaE. In S. epidermidis, RsaE is normally transcribed as a transcript ~110-nt long, but it can undergo processing to release a transcript of ~80 nt which lacks the 5' end. Biogenesis of this second form enables the expansion of the original RsaE targetome. The full-length sRNA specifically regulates antiholin-encoding lrgA mRNA by binding the RBS, preventing ribosome loading, and influencing mRNA levels. Conversely, the processed RsaE interacts with the 5' UTR of icaR and sucCD mRNAs, which encode the IcaR repressor of biofilm formation and the succinyl-CoA synthetase of the TCA cycle, respectively.



sRNA Sequestration by Other RNAs (Sponge RNAs)

As for any genes, we expect sRNA genes and transcripts to require fine regulation. Several TFs were identified as regulators of sRNA transcription, but regulation or sequestration of sRNAs by other RNAs is a relatively new topic of investigation. Research into type II 3' UTR-derived sRNAs engendered the concept of bacterial sponge RNAs, which soak up other sRNAs rather than just proteins in order to suppress their regulatory functions (Azam and Vanderpool, 2015). The first sponge to be characterized was chb, which sequesters the sRNA ChiX (Figueroa-Bossi et al., 2009). ChiX represses the expression of ChiP, a porin involved in the uptake of chitosugars. In the absence of chitosugars, ChiX represses ChiP since it is not needed. When chitosugars are present, the chBCARFG operon is transcribed, and an intercistronic spacer sequence between chbB and chbC acts as a sponge for ChiX, allowing ChiP expression. Later on, a study reported the case of SroC, a type II 3' UTR-derived sRNA that activates up to 26 targets, while repressing 14, an unusually high number of targets (Miyakoshi et al., 2015a). The authors showed that SroC acts as a sponge of GcvB, the sRNA involved in amino-acid metabolism, and the most repressed of the SroC targets. The intriguing feature is that SroC is produced from the gltJKL operon, an mRNA target of GcvB, indicating an elegant cross-talk mechanism. When produced, SroC binds GcvB by base-pairing, allowing the recruitment of RNase E and subsequent GcvB degradation and derepression of its targetome. In other words, GcvB sequestration permits the indirect activation of most of the 26 targets identified in the screen, indicating that sRNAs can function using mechanisms similar to some TFs that repress other repressors to activate gene expression. In a second study, SroC was shown to sequester another sRNA, MgrR, by binding its seed sequence (Acuña et al., 2016). In addition to this sponge activity, SroC also indirectly regulates the expression of other targets functionally related to the GcvB targetome (Miyakoshi et al., 2015a). Interestingly, GcvB is also controlled by the AgvB bacteriophage-encoded sponge RNA (Tree et al., 2014), which adds another layer of complexity: a sponge RNA can mitigate several sRNAs, and a single sRNA can be sequestered by more than one sponge RNA.

Besides 3' UTR mRNA-related biogenesis, sRNA sponges can also be generated from diverse loci such as tRNA transcripts, either mature or precursor tRNA (Lalaouna et al., 2015). During the maturation of the glyW-cystT-leuZ polycistronic pre-tRNA, a 3' external transcribed spacer sequence (3' ETSleuZ) is released and acts as a sponge for RyhB and RybB sRNAs to reduce transcriptional noise during non-inducing conditions. RybB is also sponged by RbsZ, the sRNA associated with Hfq and ProQ (Melamed et al., 2020). Recent studies in the model organism E. coli demonstrated the presence of sRNA sponges ChiZ and IspZ deriving from 5' UTRs (Adams et al., 2021), suggesting that sponge RNAs can be produced from any part of the genome. They can thus be produced independently since they contain their own promoters, they can be processed from an existing transcript, they may belong to intergenic spacer regions or intergenic tRNA spacers, or they can be generated from 3' UTRs (Denham, 2020).

With the concept of sponge, it appears that the bioavailability of the mRNA target and the presence of a sponge RNA are important parts of sRNA-mediated gene regulation. The discovery of sRNA sponges is still recent, and more breakthroughs are expected in the near future, which should help us understand their importance in regulatory networks.



Mediation of Transcription Termination

In E. coli (and perhaps in all bacteria), sRNAs can affect gene expression through a variety of mechanisms of action. Another example of this extraordinary diversity is the ability of some sRNAs to mediate transcription termination. Study of the transcriptional regulation of the chiPQ operon by ChiX sRNAs revealed that by pairing with the 5' end of its mRNA target, the sRNA induces Rho-dependent transcription termination (Bossi et al., 2012). The actual mechanism of action relies on the inhibition of ribosome binding, decreasing ribosomes at the Rho utilization site thus increasing Rho-dependent transcription termination. Conversely, other examples of positive regulation have been reported, with DsrA, ArcZ, and RprA regulating rpoS expression by preventing Rho from binding to the mRNA, while the sRNAs continue to bind the 5' UTRs (Sedlyarova et al., 2016). Transcription termination regulation by sRNAs was recently reviewed (Chen et al., 2019; Bossi et al., 2020).



Clusters of Regularly Interspaced Short Palindromic Repeat

Although, there has been an explosion of information about sRNA modes of action and expression, the general rule was that since RNA is the product of DNA transcription, it only rarely retroactively affects DNA. This dogma has been overturned with the discovery of clusters of regularly interspaced short palindromic repeats (CRISPRs), which provide immunity to bacteria by recognizing any re-invasion of nucleic acids (Barrangou et al., 2007). In CRISPR, a guide RNA (crRNA) is crucial for the recognition of foreign DNA or RNA (from bacteriophages, plasmids, or mobile genetic elements), enabling its cleavage by the Cas9 nuclease (Brouns et al., 2008). Following processing, the foreign sequence is integrated into the genome in a CRISPR array usually located close to the Cas system. The CRISPR array is composed of spacer sequences corresponding to foreign DNAs serving as immune memory, and which are flanked by DNA repeats. The DNA-encoded CRISPR system thus involves RNA-mediated recognition of foreign nucleic acids, and functions as a defense system.




CONCLUDING REMARKS

Over the past few decades, a tremendous shift has taken place in how we define RNA species. Although, they were long dismissed as simple messengers, the first in-depth characterizations of non-coding RNAs have paved the way for fascinating discoveries about their functions, which range from essential roles in translation machinery to global regulatory functions. Genome-wide and high-throughput screenings have enabled a rapid evolution in knowledge, and the establishment of new rules. They helped reveal an extraordinary diversity in types of non-coding RNAs and showed that they use an abundance of mechanisms of action. Non-coding RNAs include rRNAs, tRNAs, 6S RNA, ribozymes, riboswitches, CRISPRs, and sRNAs. In terms of viability, sRNAs are often non-essential, but they are valuable for rapid and cost-effective regulation of gene expression in response to environmental cues. Therefore, they appear to be key players, adding another layer to gene expression control. Within sRNAs, a large number of classes and sub-classes have been created as a result of novel discoveries about their genomic locations, biogenesis, and modes of action, and these go way beyond protein classifications based solely on function and domain presence. In each sRNA category, there are a variety of mechanisms of action (with some appearing in several categories), and a large diversity of functions. The boundaries between sub-classes, between sRNAs and riboswitches or CRISPRs, sometimes appear very thin, particularly as novel mechanisms of action or biogenesis are constantly discovered. It is now accepted that their biogenesis can occur from any locus in the genome or in plasmids, and from any type of RNA molecule. Although categorization into multiple and highly specific types permits the organization of information, it may be detrimental for a rapid and simple presentation of what constitutes the sRNA. Cech and Steitz (2014) attempted to summarize the definition of sRNAs based on their most general function, base-pairing with mRNAs to regulate gene expression. However, this definition is limited, as it does not include protein-binding sRNAs. Perhaps just minor adjustments are enough to ensure consensus around a definition expansive enough to avoid obsolescence. Bacterial sRNAs are any RNA molecules that interact with other actors to regulate gene expression.
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Pseudomonas aeruginosa is one of the most critical opportunistic pathogens in humans, able to cause both lethal acute and chronic lung infections. In previous work, we indicated that the small RNA ErsA plays a role in the regulatory network of P. aeruginosa pathogenicity in airways infection. To give further insight into the lifestyle functions that could be either directly or indirectly regulated by ErsA during infection, we reanalyzed the categories of genes whose transcription appeared dysregulated in an ersA knock-out mutant of the P. aeruginosa PAO1 reference strain. This preliminary analysis indicated ErsA as a candidate co-modulator of denitrification and in general, the anaerobiosis response, a characteristic physiologic state of P. aeruginosa during chronic infection of the lung of cystic fibrosis (CF) patients. To explain the pattern of dysregulation of the anaerobic-lifestyle genes in the lack of ErsA, we postulated that ErsA regulation could target the expression of Anr, a well-known transcription factor that modulates a broad regulon of anoxia-responsive genes, and also Dnr, required for the transcription activation of the denitrification machinery. Our results show that ErsA positively regulates Anr expression at the post-transcriptional level while no direct ErsA-mediated regulatory effect on Dnr was observed. However, Dnr is transcriptionally downregulated in the absence of ErsA and this is consistent with the well-characterized regulatory link between Anr and Dnr. Anr regulatory function is critical for P. aeruginosa anaerobic growth, both through denitrification and fermentation of arginine. Interestingly, we found that, differently from the laboratory strain PAO1, ErsA deletion strongly impairs the anaerobic growth by both denitrification and arginine fermentation of the RP73 clinical isolate, a multi-drug resistant P. aeruginosa CF-adapted strain. This suggests that P. aeruginosa adaptation to CF lung might result in a higher dependence on ErsA for the transduction of the multiple signals to the regulatory network of key functions for survivance in such a complex environment. Together, our results suggest that ErsA takes an upper place in the regulatory network of airways infection, transducing host inputs to biofilm-related factors, as underlined in our previous reports, and to functions that allow P. aeruginosa to thrive in low-oxygen conditions.

Keywords: Pseudomonas aeruginosa, small RNA, Anr, cystic fibrosis, anoxia adaptation


INTRODUCTION

The small RNA (sRNA) ErsA of Pseudomonas aeruginosa is associated with the regulation of bacterium-host interaction traits, such as biofilm maturation, motility (Falcone et al., 2018), and resistance to carbapenem antibiotics (Zhang et al., 2017; Sonnleitner et al., 2020). A key role of ErsA in the regulatory network of P. aeruginosa pathogenicity was recently assessed (Ferrara et al., 2020). The deletion of ErsA leads to P. aeruginosa virulence attenuation both in vitro and in vivo (Ferrara et al., 2020). The significant impairment of P. aeruginosa in biofilm formation and maturation resulting from ErsA deletion can explain the involvement of ErsA in acute infection and immune response activation (Ferrara et al., 2020). The ErsA role in biofilm regulation is supposed to involve the downregulation of the AlgC enzyme (Ferrara et al., 2015) and the activation of the AmrZ regulon (Falcone et al., 2018). However, the ErsA role in the host-pathogen interaction is not only limited to biofilm regulation but influences also the envelope composition of P. aeruginosa by direct negative regulation of oprD mRNA (Zhang et al., 2017; Sonnleitner et al., 2020). Moreover, recent transcriptomics data (Falcone et al., 2018) suggest a broader regulatory network influenced by ErsA since the ErsA deletion can affect other aspects of P. aeruginosa lifestyle when coping with, for example, an oxygen-restricted environment, such as the airways of cystic fibrosis (CF) patients (Govan and Deretic, 1996; Worlitzsch et al., 2002).

The complex matrix of biofilm structure and thick mucus in CF lungs impede oxygen diffusion and generate a hypoxic microenvironment. It was shown that microaerophilic and anaerobic conditions are predominant in the sputum of CF patients (Yoon et al., 2002; Alvarez-Ortega and Harwood, 2007; Hassett et al., 2009). It has been known for a long time that P. aeruginosa, being a facultative anaerobe, can thrive in such CF environment within mucus plugs and biofilm (Schobert and Jahn, 2010) and besides anoxia and hypoxia are thought to be essential for full biofilm establishment (Stewart and Franklin, 2008).

In case of limiting or no oxygen availability, denitrification allows P. aeruginosa to respire nitrates or nitrites (Carlson and Ingraham, 1983; Davies et al., 1989; Zumft, 1997). When these are also absent, P. aeruginosa can moderately support anaerobic growth and survival through the activation of the arginine fermentation pathway (Vander Wauven et al., 1984; Luthi et al., 1990) and pyruvate fermentation (Eschbach et al., 2004; Supplementary Figure S1, schematizing the complex anaerobic metabolism of P. aeruginosa).

The expression of the enzymes for growth and survival in anaerobic environments is coordinated by the transcriptional factor Anr, a global oxygen-sensing transcription factor that plays the role of the master regulator of anaerobiosis-related genes (Galimand et al., 1991; Zimmermann et al., 1991; Ye et al., 1995; Platt et al., 2008; Trunk et al., 2010). Anr is essential for P. aeruginosa anaerobic growth on both nitrate and arginine (Filiatrault et al., 2006) and responsible for the activation of the ackA-pta operon for pyruvate fermentation in response to oxygen limitation (Eschbach et al., 2004; Filiatrault et al., 2006). Moreover, it controls the expression of dnr and narL genes, encoding two transcription factors required for the activation of the denitrification machinery and the regulation of other genes linked to anaerobic metabolism (Schreiber et al., 2007; Arai, 2011; Tribelli et al., 2019).

In this work, we expand the knowledge on the regulatory network of ErsA and show its additional role in the regulation of Anr and consequently of anaerobic metabolism and denitrification processes. Therefore, ErsA is not only correlated to anaerobiosis as transcriptionally activated under reduced oxygen conditions (Ferrara et al., 2015), but it also transduces the low-oxygen cue toward the Anr regulon acting as a positive post-transcriptional regulator of the anr mRNA. Furthermore, we show that, beyond a certain threshold of ErsA abundance, the RNA-binding protein Hfq cooperates with ErsA in Anr activation. This role of Hfq is added to the one exercised post-transcriptionally per se by Hfq on Anr. Finally, ErsA deletion strongly impairs the anaerobic growth by both denitrification and arginine fermentation of the RP73 clinical isolate, a multi-drug resistant P. aeruginosa CF-adapted strain. This suggests that P. aeruginosa adaptation to CF lung might result in a higher dependence on ErsA for the regulation of anaerobic metabolism.



MATERIALS AND METHODS


Bacterial Strains and Culture Conditions

Bacterial strains and plasmids used in this study are listed in Supplementary Table S1. P. aeruginosa and E. coli strains were routinely grown in Luria-Bertani broth (LB) at 37°C. For selective E. coli growth, ampicillin, gentamicin, and chloramphenicol were added at 100, 20, and 25μg/ml, respectively. For selective Pseudomonas growth, carbenicillin and gentamicin were added at 300 and 60μg/ml, respectively. For PBAD induction in vector plasmid pGM931, arabinose was added to a final concentration of 10mm.

Anaerobic cultivations of P. aeruginosa strains were performed in Oxoid anaerobiosis jars at 37°C, using agar plates prepared with Brain Heart Infusion (BHI)-rich medium supplemented with 100mm KNO3 to allow anaerobic respiration or without KNO3 to test arginine fermentation. For the anaerobic growth assay, cell cultures of P. aeruginosa RP73 (Bianconi et al., 2015) and RP73 ΔersA (Ferrara et al., 2020), PAO1 (Stover et al., 2000), and PAO1 ΔersA (Ferrara et al., 2015) with an OD600 of 1 (corresponding to 1×109CFU/ml) were serially diluted until 10−6; 2μl of each dilution was spotted and incubated for 72h. For total RNA extraction from anaerobically grown cell cultures of PAO1 and PAO1 ΔersA (Ferrara et al., 2015), the strains were plated at the confluence and incubated for 72h. The anaerobic atmosphere was induced by the Oxoid AnaeroGen sachet. Control testing of anaerobiosis was performed using the Oxoid Anaerobic indicator in the jar as a visual check that anaerobic conditions have been achieved and maintained.



Plasmid Constructions

The oligonucleotides used in this study are listed in Supplementary Table S2. Plasmids pBBR1-anr::sfGFP and pBBR1-dnr::sfGFP expressing anr::sfGFP and dnr::sfGFP translational fusions, respectively, under the PLtetO-1 constitutive promoter were constructed as follows. A DNA fragment including the 31-nt UTR along with the first 22 codons (66nt) of the anr open reading frame (66nt) was PCR amplified from PAO1 genomic DNA with oligos 2/3, digested with NsiI/NheI, and cloned into the sfGFP reporter vector pXG10-SF (Corcoran et al., 2012) giving rise to plasmid pXG10-anr::sfGFP. With the same procedure, a DNA fragment including the 116-nt UTR and the first 32 codons (96nt) of the dnr open reading frame was amplified with oligos 4/5, digested NsiI/NheI, and cloned into the sfGFP reporter vectors pXG10-SF giving rise to plasmid pXG10-dnr::sfGFP. The DNA fragments spanning from the PLtetO-1 promoter to the end of the sfGFP reporter gene were amplified by PCR, respectively, from pXG10-anr::sfGFP and pXG10-dnr::sfGFP with oligos 6/7, digested ClaI/XbaI, and cloned into the low-copy number shuttle vector pBBR1-MCS5 (Kovach et al., 1995) giving rise to constructs pBBR1-anr::sfGFP and pBBR1-dnr::sfGFP, respectively. All constructs were verified by sequencing (Eurofins Genomics) using either oligos 7 or 8.



In vitro Assays of sRNA/mRNA Interactions

Purified RNA for RNA/RNA interaction assays was prepared by T7 RNA polymerase transcription of gel-purified DNA fragments. DNA fragments for anr mRNA and ErsA RNA preparations were amplified from P. aeruginosa PAO1 genomic DNA with oligo pairs 9/10 and 11/12, respectively. Each transcription reaction was performed with the Riboprobe® System-T7 (Promega) with 300ng of DNA template. Synthesized RNA was purified using the RNeasy MinElute Cleanup Kit (Qiagen). Purified RNA was checked by denaturing polyacrylamide gel electrophoresis and quantified using Eppendorf Biospectrometer. Electrophoretic Mobility Shift Assay to analyze ErsA/anr mRNA interactions was performed in 10μl of reactions containing 1×RNA-binding buffer (10mm Tris–HCl, pH 7, 100mm KCl, 10mm MgCl2, and 10% glycerol), purified ErsA RNA and increasing amounts of purified anr mRNA, or yeast tRNA (Ambion). Binding reactions were incubated at 37°C for 20min, then loaded into a native 6% polyacrylamide gel (acrylamide-bis ratio 29:1) in 0.5×TBE buffer (45mm Tris-borate, pH 8.0, 1mm EDTA), and electrophoresed using a Mini-Protean Electrophoresis System (Bio-Rad) at 4°C and 180V for 90min. RNAs were transferred into a GeneScreen plus nylon hybridization transfer membrane (Perkin Elmer) using a semi-dry electroblotting (Fastblot B33, Biometra) set at 25V, 400mA for 1h, and UV-crosslinked to the membrane with a Stratalinker 1800 UV Crosslinker (Stratagene). The blotting membrane was hybridized with a biotinylated anti-ErsA probe (oligo 1) using the North2South Chemiluminescent Hybridization and Detection kit (Thermo Scientific) according to the manufacturer’s instructions. After the addition of the Streptavidin-HRP conjugate, the ErsA bands were visualized by mixing equal volumes of luminol/enhancer solution and stable peroxide solution and acquiring images with a ChemiDoc Touch Imaging System (Bio-Rad) using ImageLab analysis software.



In vivo Assays of sRNA/mRNA Interactions

Fluorescence measurements in P. aeruginosa strains PAO1 wild type (Stover et al., 2000), PAO1 ΔersA (Ferrara et al., 2015), and PAO1 hfq− (Sonnleitner et al., 2003) carrying the sfGFP translational fusions with target genes were carried out as follows. To test the sRNA/target interaction in planktonic cells of aerobically grown cultures, strains carrying the reporter pBBR1-anr::sfGFP or pBBR1-dnr::sfGFP alone, or combined with either pGM931 (Qiu et al., 2008; Delvillani et al., 2014; Ferrara et al., 2020) or pGM-ersA (Ferrara et al., 2015), were inoculated in 15ml tubes filled with 5ml of LB at an OD600 of 0.1 and grown at 37°C in a rotatory shaker. Samples were taken after 6 and 24h (Ferrara et al., 2015). For the testing of anaerobically grown cultures, strains were inoculated at an OD600 of 0.4 in 50ml flasks filled with 10ml of LB medium supplemented with 100mm KNO3. The anaerobic atmosphere was induced by Oxoid AnaeroGen sachet. Control testing of anaerobiosis was assessed by the Oxoid Anaerobic Indicator. Samples were taken after 2days of static anaerobic growth at 37°C. The collected samples were centrifuged, washed twice, and resuspended in PBS (10mm Na3PO4, 150mm NaCl) to OD600 of 1. Samples were then serially diluted 1.33-fold (corresponding to OD600 of 0,75, 0.5, and 0.25). 200μl of aliquots was transferred to black polystyrene 96-well microplates with a clear, flat bottom (Corning). At least three biological replicates were used for every experimental set. The absorbance (Abs595) and fluorescence polarization (FP485/535) were measured in an EnSight Multimode Plate Reader (PerkinElmer) using Kaleido data acquiring software. GFP activity was expressed in arbitrary units (AU) as FP485/535/Abs595.

To test fluorescence in surface-grown cells, the strains were spotted on agar plates of BHI supplemented with or without 100mm KNO3 and incubated at 37°C for 72h. Cells were collected from spots, resuspended in PBS, and assayed as described above.



RNA Isolation and Quantitative RT-PCR Analysis

Quantitative RT-PCR analysis (qRT-PCR) was performed on total RNA extracted from P. aeruginosa PAO1 wild type and ΔersA surface-grown cells under anaerobic conditions for 72h. Immediately after opening the jar, cells were removed from plates, resuspended in RNAprotect Cell Reagent (Qiagen), incubated, for 5min at room temperature, pelleted by centrifugation, and stored at −80°C until use. RNA extraction was performed as described previously in Ferrara et al. (2015). The quality and concentration of the extracted RNA were assessed by a Biospectrometer (Eppendorf).

cDNA was synthesized from 1μg of total purified RNA using Superscript III Reverse Transcriptase (Invitrogen) according to the manufacturer’s instructions. qRT-PCR was performed in triplicate using SYBR Green PCR Master Mix (Bio-Rad) on a CFX Connect Real-Time System (Bio-Rad). Oligo pairs 13/14 (Vitale et al., 2008), 15/16 (Tribelli et al., 2019), and 17/18 (Jackson et al., 2013) were used for amplification of 16S, anr, and dnr, respectively. The reaction procedure involved incubation at 95°C for 5min and 39cycles of amplification at 95°C for 15s, 58°C for 20s, and 72,5°C for 30s. The calculation of the relative expression of anr and dnr genes in the PAO1 ΔersA mutant vs. the wild-type strain was performed first normalizing mRNA amounts to 16S ribosome RNA (ΔCT) and then relating the ΔCT in the ΔersA mutant to the wild type (ΔΔCT).




RESULTS


The Regulation of Denitrification and Anaerobiosis in P. aeruginosa Is a Target of ErsA RNA

The transcriptome profiling of the aerobically grown PAO1 wild-type strain vs. the corresponding ΔersA mutant showed more than 160 differentially expressed genes (DEGs) (Falcone et al., 2018). These data were collected from bacterial cells incubated at 37°C until the onset of the stationary phase (OD600 =2.7; Falcone et al., 2018).

For a more comprehensive understanding of the ErsA-dependent regulatory networks, we performed a new functional categorization of the above-mentioned DEGs. This analysis revealed 52 DEGs associated with growth or survival under anaerobic conditions (Table 1). Among these, some genes belong to the denitrification and nitrate metabolism (narK1, narH, narI, narJ, narL, and nirN), the fermentation pathways of arginine and pyruvate (arcD, ackA), and the universal stress response (uspL/PA1789, uspM/PA4328, uspN/PA4352, and uspO/PA5027). Out of 52 anaerobiosis-linked DEGs, 44 and 5 were already known to be up- or downregulated under anaerobic growth, respectively (Alvarez-Ortega and Harwood, 2007; Platt et al., 2008; Trunk et al., 2010; Crespo et al., 2017; Tribelli et al., 2019).



TABLE 1. Differentially expressed genes (DEGs) in the PAO1 wild-type vs. the ΔersA mutant strains belonging to regulons responsive to anoxic conditions.
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The majority of the DEGs known to be induced by anaerobic conditions was downregulated in the ΔersA strain. Vice versa, DEGs repressed in anaerobiosis and appeared upregulated in the ΔersA strain. Exceptions are the nirN gene for nitrite respiration, and the last genes of the nar operon (narH, J, and I) for nitrate respiration, which are upregulated by anaerobiosis, and appear also upregulated in the ΔersA mutant strain. Besides, as evidenced in Tables 1, 23 and 3 DEGs induced and repressed by anoxia, respectively, are under the transcriptional control of the master regulator of anaerobiosis, Anr (Trunk et al., 2010). Finally, the heat-shock protein IbpA and the transcription regulator PsrA (involved in the positive regulation of RpoS and the TTSS) were included among DEGs not belonging to the Anr regulon.

Taken together, this more accurate analysis of the comparative transcriptional profiling between PAO1 wild-type and ΔersA mutant strains suggested that the overall anaerobic metabolism in P. aeruginosa and particularly the denitrification processes could be co-regulated by ErsA. Despite the list of anaerobically regulated DEGs in Table 1 is reasonably not exhaustive since bacterial cells were grown in aerobic conditions before RNA extraction (Falcone et al., 2018), this evidenced that ErsA influences a peculiar set of genes belonging to the regulon of the transcription factor Anr. Specifically, the pattern of upregulated and downregulated genes in the PAO1 ΔersA strain seemed to be consistent with positive post-transcriptional regulation of anr mRNA by ErsA. This suggested that Anr expression could be directly targeted by ErsA. Furthermore, since Anr is the master regulator in anaerobiosis of a broad regulon of anoxia-responsive genes (Platt et al., 2008; Trunk et al., 2010) including also the transcription factor DNR (Supplementary Figure S1), which is indeed responsible for the transcription activation of the denitrification machinery (Trunk et al., 2010), we speculated that ErsA might additionally regulate DNR expression.



ErsA Targets Anr mRNA and Positively Regulates Anr Expression

The results of the analysis described above suggested that anr and dnr mRNAs could be targeted by ErsA. To assess preliminarily the interaction between ErsA RNA and the two candidate target mRNAs, the web tool IntaRNA (Wright et al., 2014) was used. The modeling of the interaction between the full-length ErsA and anr mRNA comprehensive of 5' untranslated region (5'-UTR) predicted that the 34-nt long U-rich unstructured domain II of ErsA (Ferrara et al., 2015) could, from nt 31 to 54, extensively base-pair with the open reading frame region of anr mRNA, from nt +28 to +49 relative to the translational start site AUG (Figure 1A). To validate this sRNA/mRNA interaction in vivo, we used a robust two-plasmid reporter system suited for P. aeruginosa in our previous works (Ferrara et al., 2015, 2017). To this end, we generated a translational fusion between the first 22 codons of anr open reading frame linked to its 5'-UTR and the superfolder variant gene of the green fluorescent protein (sfGFP; Corcoran et al., 2012) under the control of the heterologous constitutive promoter PLtetO-1. We comparatively assayed the anr::sfGFP fusion in planktonic cells, grown in aerobic conditions, of wild-type and ΔersA mutant strains and observed no significant differences in fluorescence levels. Then, the fluorescence expressed by the anr::sfGFP fusion was assayed in P. aeruginosa PAO1 strains, still grown in planktonic and aerobic conditions, in the absence and presence of ErsA overexpression from the arabinose inducible pGM-ersA vector (Ferrara et al., 2015). As shown in Figure 1B, ErsA overexpression by pGM-ersA conferred an approximately 2-fold increase in GFP activity compared to the strain harboring the control vector pGM931 (Qiu et al., 2008; Delvillani et al., 2014). Since spurious activating interactions of ErsA with the sfGFP open reading frame were ruled out (Ferrara et al., 2015), these results strongly suggested a positive direct modulation of anr mRNA by ErsA. Since a non-planktonic growth, e.g., adherent to a surface in form of either biofilm or colony can strongly influence P. aeruginosa physiology and gene expression, we assayed the anr::sfGFP fusion in P. aeruginosa cells grown as extended colonies on agar plates, either in aerobic or anaerobic conditions. As shown in Figure 2A, no significant differences in fluorescence levels of the anr::sfGFP fusion between wild-type and ΔersA mutant strains were observed in both conditions. However, ErsA overexpression from the arabinose inducible pGM-ersA vector resulted in a significantly higher magnitude of induction of the anr::sfGFP fusion (Figure 2B) than the planktonic conditions (Figure 1B), namely, 5- (surface-grown cells) vs. 2-fold (planktonic cells). This enhanced effect of ErsA overexpression was independent of the presence of oxygen (Figure 2B). Overall, these results suggested that, above a certain abundance threshold, ErsA can enhance Anr mRNA translatability and the ErsA-mediated stimulation is more efficient when cells grow aggregated on a surface.
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FIGURE 1. Interaction of ErsA with anr mRNA. (A) The sRNA ErsA consists of four domains named I, II, III, and IV, and three steam and loop structures called SL1, SL2, and SL3. ErsA is predicted to bind to anr mRNA using part of its U-rich unstructured domain II that locates between the two stem and loop structures SL1 and SL2. The ErsA region from nt 31 to nt 54 is predicted to bind within the coding sequence of anr mRNA, from nt +28 to +49 downstream the translation start site (ATG) by IntaRNA software. (B) Comparison of the fluorescence polarization expressed in arbitrary units (AU) resulting from the translational fusion anr::sfGFP in aerobically grown planktonic PAO1 wild-type (dark gray bars) and PAO1 hfq− (light gray bars) cells, in the absence (pGM931) and the presence (pGM-ersA) of ErsA overexpression. In the PAO1 wild-type background, ErsA overexpression from pGM-ersA results in an increase of the reporter activity compared to PAO1 harboring the empty vector pGM931. The absence of the molecular chaperone Hfq results in a lack of reporter activation by ErsA overexpression compared to wild-type. Significance by one-way ANOVA with post-hoc Tukey’s honestly significant difference is indicated: *p<0.05; **p<0.01; and ***p<0.001. (C) Comparison of the fluorescence polarization expressed in arbitrary units (AU) resulting from the translational fusion anr::sfGFP in PAO1 wild type (dark gray bars) and PAO1 hfq− (light gray bars) without ErsA overexpression. The lack of Hfq in the presence of ErsA levels that do not stimulate anr::sfGFP results in the reduction of the reporter activity. Statistical significance by t-test is indicated as: *p<0.05. (D) In vitro interaction between ErsA RNA and anr mRNA by an electrophoretic mobility shift assay. 0.3pmol of ErsA RNA was incubated at 37°C for 20min with increasing amounts of anr RNA (0, 0.3, 0.6, 1.08, 2.1, and 4.2pmol; lanes 3–8) or, as a negative control, yeast tRNA (1 and 4pmol; lanes 1 and 2) and loaded into a native 6% polyacrylamide gel. Nucleic acids were transferred into GeneScreen plus nylon hybridization membranes. The sRNA/mRNA interactions were tested using biotinylated oligonucleotide probes pairing with the ErsA RNA. Free ErsA shows multiple electrophoretic forms. With the addition of the target RNA, free ErsA bands #1 and #2 disappear (black arrowheads #1 and #2), and other bands corresponding to the sRNA/mRNA complexes appear (red arrowheads #1 and #2).
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FIGURE 2. Analysis of the ErsA-mediated modulation of the anr::sfGFP and dnr::sfGFP translational fusions in surface-grown and planktonic cells, in both aerobic and anaerobic conditions. Fluorescence polarization in arbitrary units (AU) resulting from the translational fusions in PAO1 wild-type and ΔersA strains, and in PAO1 strains with wild-type background harboring the pGM-ersA vector for ErsA overexpression, or the empty vector pGM931 are reported. (A) Comparison of the fluorescence resulting from the translational fusion anr::sfGFP in surface-grown PAO1 wild-type and ΔersA mutant cells. (B) Comparison of the fluorescence resulting from the translational fusion anr::sfGFP in surface-grown PAO1 wild type harboring the pGM-ersA vector for ErsA overexpression, or the empty vector pGM931. (C) Comparison of the fluorescence resulting from the translational fusion dnr::sfGFP in surface-grown PAO1 wild-type and ΔersA mutant cells. (D) Comparison of the fluorescence resulting from the translational fusion dnr::sfGFP in surface-grown PAO1 wild type harboring the pGM-ersA vector for ErsA overexpression, or the empty vector pGM931. (E) and (F) Comparison of the fluorescence resulting from the translational fusion dnr::sfGFP in planktonic PAO1 wild-type and ΔersA mutant cells, and PAO1 wild type harboring the pGM-ersA vector for ErsA overexpression, or the empty vector pGM931, respectively. Statistical significance by t-test is indicated as: ****p<0.0001.


Furthermore, we aimed to evaluate whether the activity of the RNA chaperone Hfq could influence the ErsA-mediated activation of anr expression. This is because the regulatory activity of ErsA was shown to be dependent on Hfq for other targets (e.g., algC, amrZ, and oprD; Ferrara et al., 2015; Falcone et al., 2018; Sonnleitner et al., 2020) and it has been deduced that Hfq stimulates the expression of anr by an unknown mechanism since Anr was less expressed in an hfq− mutant of P. aeruginosa than in the corresponding wild type (Sonnleitner et al., 2011). The positive influence of Hfq on Anr expression was reconfirmed in our experimental system. As shown in Figure 1C, the fluorescence levels expressed by the translational fusion anr::sfGFP were significantly lower in the hfq− than in the wild-type background. These results suggested that Hfq plays per se a direct and positive post-transcriptional regulatory role on anr.

Besides, differently from the wild type, the overexpression of ErsA from pGM-ersA in an hfq− background (Sonnleitner et al., 2003) showed no effects on fluorescence levels generate by the anr::sfGFP fusion (Figure 1B). Despite Hfq contributes to ErsA stability (Ferrara et al., 2015), overexpression of ErsA from pGM-ersA in an hfq− strain reaches levels similar to those of the wild type (Ferrara et al., 2015). Therefore, the Anr activation failure by ErsA in the absence of effective Hfq was a genuine effect which strongly indicated that the ErsA-mediated activation of anr expression is an Hfq-dependent mechanism.

To assess in vitro the ErsA/anr mRNA interaction, the whole ErsA RNA and the anr mRNA region spanning −31 (5'-UTR) to +66 were synthesized in vitro, mixed, and analyzed on native polyacrylamide gels. We mixed fixed amounts of ErsA RNA with increasing concentrations of target anr mRNA. As shown in Figure 1D, ErsA showed multiple electrophoretic forms, with two prevalent fast-migrating bands, #1 and #2. After the addition of increasing amounts of the target anr mRNA, bands #1 and #2 progressively decreased in intensity, and bands corresponding to the sRNA/mRNA complexes appeared accordingly. No extra-bands formed when increasing amounts of control tRNAs preparation were mixed with ErsA RNA. This indicated that ErsA and anr RNAs can specifically interact.

We also modeled a possible interaction of ErsA with dnr mRNA. The IntaRNA tool predicted that an interval similar to the above nt of the unstructured region of ErsA could couple with the open read frame of dnr, from nt 16 to 38 downstream AUG start codon (Supplementary Figure S2). To test in vivo this prediction, we generated a dnr::sfGFP translational fusion cloning the whole 5'-UTR of the dnr gene and 96nt of its open reading frame, corresponding to the first 32 amino acids of Dnr, fused to sfGFP. As in the case of anr, we compared the fluorescence of the dnr::sfGFP reporter in surface-grown cells of the wild-type and ΔersA strains under aerobic and anaerobic conditions, and no relevant differences were detected between the two strains (Figure 2C). However, differently from anr::sfGFP, ErsA overexpression had no effects on sfGFP expression (Figure 2D). We performed the same experiments with planktonic cells either in either aerobic or anaerobic conditions and again no effects of ErsA deletion or overexpression were detected, respectively (Figures 2E,F). Overall, these assays did not evidence any regulatory activity of ErsA on the translational fusion dnr::sfGFP.



Effects of ErsA Regulation on Anr and Dnr Genes at the Transcription Level in Denitrification Conditions

The results presented above with the anr::sfGFP translational fusion revealed no decrease in the translation of Anr in the ΔersA background under any oxygen conditions tested, either in planktonic or surface-grown cells. However, these tests may suffer from sensitivity when evaluating downregulations due to the stability of the reporter gene product vs. the detection of upregulation which is less affected by the half-life of the reporter. Therefore, to evaluate the ErsA-mediated regulation of Anr in physiological conditions of denitrification, we assessed whether the loss of ErsA and the ensuing expected decrease of translation rate could influence negatively the anr mRNA abundance in anaerobiosis. According to the well-characterized regulatory link between Anr and Dnr during anaerobic growth, i.e., the dnr gene is transcriptionally activated by Anr, the dnr mRNA levels were also expected to decrease in the ΔersA background. On these bases, we evaluated the mRNA levels of both anr and dnr expressed under anaerobic conditions in surface-grown cells of the PAO1 wild-type and ΔersA strains. Total RNAs were extracted from cell cultures grown for 3days in agar plates with BHI supplemented with 100mm KNO3 in a jar for anaerobiosis and analyzed by qRT-PCR. As shown in Table 2, the expression of anr showed a 1.26-fold decrease in the ΔersA mutant relative to the wild-type strain. This was accompanied by a 1.53-fold decrease in dnr expression again in the ΔersA mutant.



TABLE 2. Relative expression of anr and dnr in wild-type vs. ΔersA PAO1 strains determined by qRT-PCR.
[image: Table2]

These results are consistent with positive ErsA-mediated regulation of Anr in denitrification conditions. According to the well-known effect that translation potential affects mRNA stability, it is conceivable that the anr mRNA is more prone to degradation because of lower translatability in the absence of ErsA. Lower levels of Anr would lead to a lower degree of activation of the transcription of dnr and thus to a decrease in the abundance of dnr mRNA.



ErsA Plays a Critical Role in the Growth of a CF-Adapted P. aeruginosa Strain in Denitrification and Arginine Fermentation Conditions

Although it was possible to detect the regulatory effects of ErsA on Anr and, subsequently, on Dnr during anaerobic respiration (Table 2), this ErsA role did not appear to be critical for P. aeruginosa PAO1 growth in these conditions. Since the experiments described above were not suited to quantitatively compare the growth efficiency between PAO1 wild-type and the ΔersA mutants, we repeated the bacterial cell plating on BHI supplemented with KNO3 and incubated in anaerobiosis by spotting calibrated volumes of serial dilutions of quantified cell suspensions. We aimed also to assay in this way the other more virulent reference P. aeruginosa PA14 strain and the corresponding ΔersA mutant (Ferrara et al., 2015). As anticipated, no substantial differences in growth rate and efficiency under denitrification conditions were detected between both PAO1 (Figure 3) and PA14 and their corresponding ΔersA mutants. However, some important metabolic pathways occurring in low-oxygen conditions, such for instance denitrification, are perturbed by the competition for Hfq by the sRNA CrcZ, which can result in diminished anoxic growth and biofilm formation in P. aeruginosa (Pusic et al., 2016). It was indeed speculated that the Hfq sequestration-mediated function of CrcZ in limiting biofilm formation might be associated with the adaptive microevolution of P. aeruginosa for long-term persistence in the harsh environment of the CF airways (Pusic et al., 2016). Therefore, we wondered whether the regulatory effects of ErsA on Anr might be critical for the growth of a clinical strain of P. aeruginosa adapted for CF. To this end, we performed the calibrated bacterial cell plating on BHI supplemented with KNO3 and incubation in anaerobiosis comparing the P. aeruginosa multi-drug resistant clinical isolate RP73 (Bianconi et al., 2015) with the corresponding ΔersA mutant strain (Ferrara et al., 2020). As shown in Figure 3, RP73 ΔersA is strongly impaired in growing under denitrification conditions compared to wild type as evidenced by colonies extremely smaller and plating efficiency at least 10-fold lower. In the absence of KNO3 without oxygen, we also evaluated arginine fermentation for both PAO1 and RP73 and the corresponding ΔersA mutants. As shown in Figure 3, differently from PAO1, the loss of ErsA in RP73 strongly impairs also arginine fermentation, the other energy process for which Anr is critical. Despite the ersA gene deletion in the polA-engB intergenic region shows no polar effects on flanking genes (Falcone et al., 2018) and the mutagenesis protocols that we used to generate it are suited to hinder secondary off-site mutations (Ferrara et al., 2015), we evaluated the effects on denitrification capacity of the RP73 ΔersA strain following the reintroduction of the ersA gene expressed from pGM-ersA. As shown in Figure 3, pGM-ersA could complement the nitrate respiration in the RP73 ΔersA, further supporting the notion that ErsA regulation is key for denitrification in the RP73 CF-adapted strain. Taken together, this suggested that P. aeruginosa adaptation to CF lung might result in a higher dependence on ErsA for the regulation of anaerobic energy metabolism.
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FIGURE 3. ErsA deletion impairs anaerobic growth in the RP73 clinical isolate. 2μl of cultures of the wild-type P. aeruginosa clinical isolate RP73 and PAO1 along with the corresponding ∆ersA mutants, serially diluted 10-fold, were spotted into BHI agar plates supplemented with 100mm KNO3 to allow anaerobic respiration or without KNO3 addition to assess arginine fermentation capacity. Plates were incubated under aerobic (+O2) or anaerobic (−O2) conditions. The presented results are representative of three independent experiments.





DISCUSSION

The sRNA ErsA is inducible by different cues relevant for airway infection, such as, for instance, envelope stress and shift from aerobic to anaerobic conditions (Figure 4). This environmental response is translated by ErsA in the modulation of biofilm dynamics through the activation of the AmrZ regulon (Falcone et al., 2018), the repression of a crossroad, the enzyme AlgC, of important pathways for the biosynthesis of sugar precursor leading to exopolysaccharides production (Ferrara et al., 2015), and of carbapenem resistance, via the negative regulation of porin OprD (Zhang et al., 2017). For its role in biofilm regulation, ErsA has been implicated as an important player in the regulatory network of P. aeruginosa pathogenicity in airway infection (Ferrara et al., 2020). With this work, we add a new piece to the ErsA role of transducing environmental signals into physiological responses showing that ErsA positively regulates Anr levels. Since Anr is the master regulator of the anaerobic response of P. aeruginosa, with a regulon of approximately 170 predicted transcription units (Trunk et al., 2010), ErsA rises to the role of a key co-mediator of the P. aeruginosa anaerobic metabolism.
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FIGURE 4. The ErsA regulatory network in P. aeruginosa. Acting as a post-transcriptional modulator, ErsA influences several virulence traits of P. aeruginosa, related to biofilm formation, repression of swarming and twitching motility, antibiotic resistance, and metabolic adaptation to low-oxygen environments typical of CF lung infection. ErsA modulates alginate and exopolysaccharides (Pel and Psl) production by activating the AmrZ regulon and through the fine-tuning of AlgC levels. The regulatory circuit is mediated by the envelope stress-responsive sigma factor σ22, which in P. aeruginosa triggers ErsA levels and is responsible for the transcription of amrZ mRNA and the activation of algC through the regulator AlgR. ErsA negatively regulates the expression of the major porin oprD, responsible for the uptake of carbapenem antibiotics, thus leading to increased resistance to meropenem. By unknown mechanisms, ErsA contributes also to ceftazidime and cefepime resistance, two antibiotics that belong to the class of cephalosporins. ErsA modulates the expression of genes for anaerobic growth and survival. Low-oxygen levels trigger the transcription of ErsA, which positively modulates the expression of the transcription factor Anr, the master regulator of anaerobiosis. Activation of Anr by dimerization is also promoted by low-oxygen tension. Other genes involved in anaerobic adaptation are also regulated by ErsA by an unknown mechanism. The signal that activates ErsA expression under an anaerobic or low-oxygen environment is still unknown. We speculate that ErsA expression can be controlled by transcription factors like Anr, Dnr, or NarXL (blue dotted arrows). A putative NarL box (TACCGCT) is present from 179 to 173nt upstream of the ersA transcription start site.


Furthermore, this work highlights how ErsA can constitute a flexible regulatory node linked to the adaptive plasticity of P. aeruginosa. This is evidenced by the fact that the lack of ErsA dramatically impacts the possibility to grow by anaerobic nitrate respiration and arginine fermentation of a strain adapted to the CF lung environment, RP73, and not of reference strains, such as PAO1 and PA14. This phenomenon is coupled with the results of our previous work where the lack of ErsA in RP73 induced sensitivity to the antibiotics ceftazidime, cefepime, meropenem, and ciprofloxacin, suggesting that ErsA could contribute to P. aeruginosa adaptation to long-term antibiotic treatment undergone by CF patients. Dynamicity of the regulatory networks of bacterial functions for long-term persistence in the CF lung environment is frequently observed during the adaptive radiation of P. aeruginosa in such context where bacteria endure various attacks, encompassing oxidative stresses, immune responses, and prolonged antibiotic treatments. Our results suggest that the genetic adaptation to CF lung occurred in the strain RP73 might have led to a higher dependence on ErsA for the transduction of the multiple signals to the regulatory network of key functions for survivance in such a complex environment. In addition, other factors linked to ErsA might be critical for denitrification regulation in the CF-adapted RP73 and not in the reference strain PAO1.

From a mechanistic point of view, we can speculate that ErsA expression in response to environmental factors, such as anaerobiosis and possibly other cues in CF lungs, can be modulated to compensate for physiological adaptations involving a decrease in the amounts of effective Hfq, which is known to have a large regulon (Sonnleitner et al., 2006) and a pivotal role in P. aeruginosa physiology (anaerobic metabolism included) and virulence (Sonnleitner et al., 2003; Pusic et al., 2016). A key regulator impacting the abundance of effective Hfq is the sRNA CrcZ that acts as a decoy to abrogate Hfq-mediated translational repression of catabolic genes (Sonnleitner and Blasi, 2014) and indeed mediating the carbon catabolite repression (CCR) mechanism in P. aeruginosa but also implementing Hfq sequestration for the cross-regulation of the panoply of Hfq-dependent physiological processes (Pusic et al., 2016). For example, high levels of CrcZ and therefore low abundance of active Hfq were evoked to explain the limitation of anoxic biofilm formation and this scenario could occur in the adaptation of P. aeruginosa to the CF lung (Pusic et al., 2016). In this context, the regulatory node of ErsA could co-adapt and become critical to compensate for the limiting amount of effective Hfq.

The mediating role of Hfq in anaerobic metabolism appears to be large and important. The absence of Hfq results in an increased abundance of transcripts encoded by the nar, nap, and nor operons, encoding enzymes required for denitrification. Besides, several nuo transcripts, encoding subunits of the NADH dehydrogenase, were downregulated in the absence of Hfq (Pusic et al., 2016). Incidentally, the NADH dehydrogenase is required for anaerobic growth in the presence of nitrate, contributes to the intracellular redox balance, i.e., the NADH/NAD+ ratio, and is linked to the energizing processes of the membrane and ATP synthesis. Furthermore, it was reported that Hfq stimulates the expression of anr by an unknown mechanism (Sonnleitner et al., 2011).

Our results strongly suggest that this regulation is directly given by Hfq at the post-transcriptional level. Furthermore, beyond a certain threshold of abundance, we show that ErsA participates in the positive regulation of Anr through an Hfq-dependent mechanism. Also for anr mRNA, the role of Hfq chaperone could be that of favoring the ErsA/anr mRNA interaction pathway which may result in enhanced translatability of the anr mRNA due, for example, to the increased accessibility of the translation start site. This positive ErsA-mediated effect would be a component of the anr mRNA stabilization and consistent with the decrease in anr mRNA abundance in the lack of ErsA. Besides, we can postulate an additional interplay between ErsA and Hfq in the post-transcriptional regulation of Anr based on reciprocal recruitment on anr mRNA which might stabilize the transcript and participates further in the positive effects on Anr translation.

Therefore, this work suggests the correlation between the property of ErsA of being transcriptionally activated under reduced oxygen conditions (Ferrara et al., 2015), and its role in participating in the transduction of the low-oxygen cue toward the Anr regulon, acting as a positive post-transcriptional regulator of the anr mRNA. However, other environmental signals modulating ErsA could be important in the fine-tuning of the Anr regulon.

From the point of view of the P. aeruginosa anaerobic lifestyle during airways infection, it was shown that a Δanr mutant is attenuated in a mouse pneumonia model of acute infection (Jackson et al., 2013). Besides, the anr gene deletion leads to defective biofilm formation, while increased Anr activity results in enhanced biofilm formation (Jackson et al., 2013). Despite the differences in the experimental setting of infections, the strong attenuation of acute infection that we reported for the PAO1 ΔersA mutant (Ferrara et al., 2020) is consistent with the P. aeruginosa behavior in the absence of Anr described previously. The lack of ErsA-mediated regulation of several factors, including Anr, could prevent the formation of biofilm-like aggregates that assemble on airway surfaces (Tran et al., 2014) and promote mucosal colonization leading to bypassing the epithelial barrier and thus invasion and systemic dissemination (Sadikot et al., 2005).

In this work, we also propose that the role of ErsA in regulating the anaerobic physiology of P. aeruginosa is broader than the upstream co-modulation of Anr regulon, whose most important regulatory member is undoubtedly Dnr. Indeed, the transcriptional profile of the ersA mutant also shows a dysregulation of genes not belonging to Anr regulon but still involved in anaerobic metabolism (Falcone et al., 2018). It is therefore plausible that ErsA exerts other regulatory functions, acting as a direct or indirect regulator of the genes listed in Table 1. Other unlisted genes may also be direct targets that have not been detected due to a “below-threshold” concentration of ErsA in the wild-type strain or to unimpaired mRNA stability in the ersA mutant. The algC gene is a representative example of the second case, whose mRNA levels are comparable in the ersA mutant and the wild type (Ferrara et al., 2015).

In summary, the list of known ErsA-regulated genes is becoming more and more populated (Figure 4) and with this work, it has extended to anaerobic metabolism. It is evident that important ErsA-modulated P. aeruginosa phenotypes are related to both acute and chronic airway infection and, associated with the latter, to adaptive microevolution in the CF environment.
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Transcript tag Gene name(s) Function AXITA AxrrB AxrrA AxrrB
GBAA_3479 Putative ArsR-family transcriptional regulator - - +7.43
GBAA_1295 inhA1 Immune inhibitor metalloprotease +4.52 +1.02 +5.63
GBAA_1132 aceA Isocitrate lyase +4.08 - +5.05
GBAA_5606 Putative aminopeptidase +3.92 - +4.99
GBAA_2827 Putative chitin binding protein +3.21 +0.98 +4.89
GBAA_1854 ilvA Threonine ammonia-lyase +2.56 - +4.53
GBAA_4149 Putative hydrolase +2.62 - +4.44
GBAA_2633 Putative cysteine deoxygenase +2.06 - +4.44
GBAA_3709-GBAA_3710 hutG-hut! Formiminoglutamase-imidazolonepropionase +3.21 - +4.22
GBAA_1853 ilvD Dihydroxy-acid dehydratase +2.26 - +4.04
GBAA_2366- GBAA_2367 Hypothetical protein-putative oxalate:formate antiporter —4.23 - —1.48
GBAA_5690 Putative holin —4.63 - —-1.2
GBAA_5689 Putative membrane protein —-5.6 - —-1.6

aHyphens indicate a non-significant difference in transcript expression.
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sRNA sequence? sRNA sRNA mRNA® mRNA sequence?®d mRNA mRNA Energyf p-value?
start® end® start® end®
XrrA
Seed region # 1
aGUCAUUGAGAACUUGAuU 34 17 asnO2 aUAGUAACUCUUUAACU —72 —56 —-11.97 0.008
Seed region # 2
CCUCu UUUCUACCG-AUagCGa 92 72 GBAA_4468 GGAG-GGAGAUGGCaUGgaGC —-14 +7 —13.21 0.003
UAUACCUCUUUUCUaCCg 96 79 GBAA_5301 UUAUGGAGAAAAGGaGG -27 —11 —14.83 0.001
aUACCUCUUUucUACc 95 80 GBAA_0656 gGUGGAGAAGUUAUGa —-12 +4 —11.58 0.01
Seed region # 3
aUUCCCUCAAUCAAUAUU 177 160 GBAA_3451 aGGGGGAGUUA-UUAUAuU -15 +2 —14.81 0.001
uCUUUaUUCCCUCa 182 169 hutU UGAGAaAAGGGAGa —21 -8 —-13.72 0.002
U-CUUUAUUCCCUc 182 170 inhat AgGAAAUAAGGGAU —-12 +2 —11.54 0.01
XrrB
AUGGUaCCCCUUUg 194 180 GBAA_2549 UACUAaGGGGGAAa -19 —6 —-13.7 0.002

aComplementarity between sequences is shown in uppercase letters. Dashes indicate a break in the complementarity region.
bindicates start and end of complementarity region on the sRNA, relative to the SRNA transcriptional start site.
CTranscripts exhibiting a fold-change of >4.0 in at least one SRNA-null strain were selected for analysis.
dNucleotides that are part of the translational start codon of the mRNA are shown in bold.

®Indicates start and end of complementarity region on the mRNA, relative to the mRNA translational start site.
fThermodynamic energy (kcal/mol) of hybridization between sRNA and mRNA, as calculated by TargetRNA2.
9indicates probability that the SRNA and mRNA interaction occurs by chance (p-value cutoff was 0.05), as calculated by TargetRNA2.
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Relative expression® (2:57)

Strain

anr dnr
PAO1 wild type 1.00 1.00
PAO1 AersA 079 065

"The calculation of the relative expression of the anr and dir genes in the AersA mutant
vs. the WT strain was performed as described by the 2+ method (Livak and
Schmittgen, 2001; Vitale et al. 2006). Values represent the average of two independent
experiments where GRT-PCR amplifcation of each sample was performedin (technical)
trickcate reactions





OPS/images/fmicb-11-610036/fmicb-11-610036-g008.jpg
>

Percent survival

CFU/g of tissue

Liver
100+ — Parent 101 —
"""""""" - AXITA 10°
------ A et
751 -t AXITAAXIrB 2 10: -.*‘- i e e
2 10 iy ®
£ 100
50 S 108
..... o
2 4o+
% I 2
O e
S SeAneamivon 1 B T
o+ et I . .
0 24 48 72 96 120 144 168 192 216 24 & > )
f$0 +\§ 93‘
) . . 4 &
Time (hours post infection) v\d
Lung D Kidney E Spleen
*
T P 1 101 10
10° . 109
10104 | g Adrad e oom . o .
108 . e 108 -.ﬁ- A N
10° % 4 o o —=—
108 . T DA a2 107 a2 107 Coee
107 4 PR ST .
108 S 108 S 108
108 D 404 2 g0
1o¢ g 108 g 103
10 102 102
102 L1 R PP A0 g cevrree e
101 -------------------------------------------------- 10“ 100
10 i N 4 . + + . * ¢
% *
Q’('\\ d?‘ ‘& &0(\ ‘(v {5& @,(\ ‘\?‘ ‘\5&
< »* o4 8 v v < 4 ¥
d?‘ (\?‘ 0\
5 & F





OPS/images/fmicb-11-610036/fmicb-11-610036-t001.jpg
Strains or  Relevant characteristics? Source
Plasmids

Strains

Ames B. anthracis (pXO17F, pXO2+) lvins et al., 1990

UTAS Ames-derivative, inhA1::specR Pflughoetft et al., 2014

UTA22 Ames-derivative, AatxA Dale et al., 2018

UTA37 Ames-derivative with atxA-FLAG Raynor et al., 2018
expressed from the native locus

UTA38 UTA37-derivative, AxrrB This work

UTA39 UTA37-derivative, AxrrA This work

UTA41 UTA37-derivative, AXrrAAXTB This work

UTA44 Ames-derivative, AacpA Raynor et al., 2018

ANR-1 B. anthracis (pXO17F, pX02~) Welkos et al., 2001

UTr434 ANR-1-derivative, AxrrB This work

UTr435 ANR-1-derivative, AxrrA This work

UT436 ANR-1-derivative, AxrrAAxmB This work

UT440 ANR-1-derivative, Ahfq1 This work

uT437 ANR-1-derivative, Ahfq2 This work

UT438 ANR-1-derivative, Ahfg3 This work

uT471 ANR-1-derivative, Ahfq1 Ahfg2 Ahfg3 This work

Plasmids

pHY304 Heat-sensitive vector used for deletion of Ho et al., 1989

indicated loci by homologous
recombination; Erm"
pUTEG57 Expression vector with IPTG-inducible lac ~ Pflughoetft et al., 2011
operon promoter; Spec”
pUTE1205  pUTE6G57-derived expression vector This work
containing xrrA sequence under the
control of the lac operon promoter; Spec”

8A mutants were created by markerless deletion of coding sequences using
pHY304-derived constructs.
bErm indiicates resistance to erythromycin.
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Strain XrrA Half-life XrrB Half-life rpsO Half-life

(minutes)? (minutes)? (minutes)?
Parent 20+ 1.1 21.24+1.5 21+1.2
Ahfq1 20.4 +0.9 20.2+0.2
Ahfq2 25.1+4.4 23+ 34
Ahfq3 247 + 4.6 214+ 3.4
Ahfq1 ARfg2 ARfg3 23+ 1.6 252 +£2.3

aHalf-lives reported are the average of three biological replicates, shown in minutes.
Standard deviation in sSRNA and rpsO mRNA half-lives is indicated as +minutes.
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Description
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Anr

Anaerobic response by"

Low O,

References.

PAT196
PA2127
PA2663
PA3006
PA3458
PA3B79

PA3973
PA4596

probable transcription reguiator

cgrA, cuph gene regulator A CgrA

PPYR, psl and pyoverdine operon
regulator PpyR

psrA, transcription regulator PsrA
probable transcription reguiator
narL, two-component response
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2019
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Trunk et al,, 2010
Alvarez-Ortega and Harwood,
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2007; Tribeli et al., 2019

Trunk et al, 2010; Tribeli et al.,
2019

Alvarez-Ortega and Harwood,
2007; Crespo et al., 2017; Trivelli
etal., 2019
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metallo-p-lactamase superfamily
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D

Trunk et al., 2010; Tribell et al.,
2019

PA1673 Bacteriohemerythrin D -1.29 U Tmnk etal, 2010; Triveli et al.,

PA4STT transfer protein TraR o -1.59 u u Tk et . 2010; Troeli et .,
2019

PA1597 dienelactone hydrolase D -152 Aarez-Ortega and Harwood,

2007; Tribeli et al., 2019

PA3126 ibpA, heat-shock protein IbpA D -264 Tunketal., 2010
PA4385 9r0EL, GroEL protein D -137 D Avarez-Ortega and Harwood,
2007; Tiibeli et al,, 2019
PA4TE0 dna, DnaJ protein ) -123 D Avarez-Ortega and Harwood,
2007; Tribelli et al., 2019
PA4TE1 dnak, DnaK protein ) -172 D Avarez-Ortega and Harwood,

2007; Tribeli et al., 2019

PAOS79 1psU, 30S ribosomal protein S21 u 1.41 D D Trunk et al., 2010
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2007; Tribeli et al., 2019
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PA0B36 ackA, acetate kinase D -1.57 u Trunk et al., 2010; Tribelli et al.,
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dependent) 2019
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PASATS Acetylransierase D -165 U u Trunk et al., 2010; Tribeli et al.,
2019
PA0200 hypothetical protein -126 Trunk et al., 2010; Tribeli et al.,
2019
PAOS26 oneP D -1.96 u Aarez-Ortega and Harwood,
2007; Tribeli et al,, 2019
PA1789 hypothetical protein ) -157 u u Trunk et al., 2010; Tribeli et al.,
2019
PA2753 hypothetical protein D u u Trunk et al., 2010
PA2754 conserved hypothetical protein D U u Trunk et al., 2010
PA29T hypothetical protein D U u Tunk et al., 2010
PASST2 hypothetical protein D u Trunk etal., 2010
PA4328 hypothetical protein D u u Trunk et al., 2010; Tribelli et al.,
2019
PA4352 conserved hypothetical protein D -142 u u Trunk et al., 2010; Tribeli et al.,
2019
PA438T fsA, cytoplasmic membrane D -1.39 u Trunk et al., 2010
protein
PAS027 hypothetical protein D -2.00 u u Trunk et al., 2010
PA5446 hypothetical protein D =217 u Trunk et al., 2010

D, downregulation; U, upregulation
*Log: of Fold Change (FC) calculated as ratio of expression in AersA vs. wt
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ncRNA sRNA or Demonstrated target Phenotypes regulated Expression regulation References
asRNA (when known)
tmRNA - Stalled ribosomes Competence; oxidative and Induction under acidic Thibonnier et al. (2008)
antibiotic stress tolerance conditions
6S RNA - RNA polymerase Global regulator of Sharma et al. (2010)
transcription
SRP RNA - SRP Membrane protein targeting Sharma et al. (2010)
I1SOA1 asRNA aapAT (Type | TA system) Growth and morphology Repression by hydrogen Sharma et al. (2010),
(coccoid transition) peroxide Amion et al. (2017), El
Mortaiji et al. (2020)
I1SOA3 asRNA aapA3 (Type | TA system) Growth Sharma et al. (2010),
Masachis et al. (2019)
23S asRNA asRNA 23S-5S rRNA precursor lost et al. (2019)
1G-443 asRNA antisense to fliM Xiao et al. (2009)
1G-524 asRNA antisense to fumC Xiao et al. (2009)
RepG/HPNnc5490 sRNA tipB-hp0102 Chemotaxis, LPS biosynthesis  As a function of growth Sharma et al. (2010),
and resistance to antibiotics phase, accumulates in Pernitzsch et al. (2014,
coccoid forms 2021)
NikS/HPnc4160 asRNA cagA, vacA, horfF, hofC, horB, Bacterial internalization, Phase-variable expression Eisenbart et al. (2020),

(IsoB) hopE, omp14, hpg27_1238, colonization and epithelial and regulated by NikR Kinoshita-Daitoku et al.

hp1227, hp0410, helpy_1262 barrier disruption, production (2021)
of phosphorylated CagA in
host cells
5'ureB-sRNA asRNA ureB Urease activity Expression at neutral pH, Wen et al. (2011), Wen
negatively regulated by the et al. (2013)
ArsRS TCS
CncR1/HPnc2630 sRNA fliK Motility and adhesion to host Growth phase regulated by ~ Sharma et al. (2010),
cells HsrA (orphan response Vannini et al. (2014, 2016)
regulator)
ISOA2 asRNA aapA2 (Type | TA system) Sharma et al. (2010)
IsoA4 asRNA aapA4 (Type | TA system) Sharma et al. (2010)
I1SOA5 asRNA aapA5 (Type | TA system) Sharma et al. (2010)
I1SOAB asRNA aapA6 (Type | TA system) Sharma et al. (2010)
HPnc1200 asRNA rplUu Sharma et al. (2010)
HPnc6270 asRNA cstA Sharma et al. (2010)
HPnc3200 asRNA hp0637 Sharma et al. (2010)
HPnc3210 asRNA hp0637 Sharma et al. (2010)
HPnc2240 asRNA Hp0488 Sharma et al. (2010)
HPnc2250 asRNA Hp0488 Sharma et al. (2010)
HPnc5970 asRNA Hp1116 Sharma et al. (2010)
HPnc6000 asRNA Hp1116 Sharma et al. (2010)
HPnc2450 asRNA Hp0513 Sharma et al. (2010)
HPnc1470 asRNA Hp0357 Sharma et al. (2010)
HPnc7450 asRNA HProé Sharma et al. (2010)
HPnc3320 asRNA Hp0660 Sharma et al. (2010)
HPnc1810 asRNA Hp0423 Sharma et al. (2010)
HPnc7520 asRNA Hp1412 Sharma et al. (2010)
HPnc6910 sRNA Sharma et al. (2010),

Rieder et al. (2012)

Non-characterized sRNAs identified in Sharma et al. (2010)

HPnc6670, HPNc2090, HPnc2420, HPnc4590, HPnc7830, HPnc1810, HPnc6160, HPNc4870, HPnc7430, HPnc1880, HPNc5490, HPNc6670, HPNnc2630, HPNc2640,
HPnc0260 HPnc0270, HPnc1200, HPnc1820, HPnc7510, HPNnc2250, HPnc5970, HPnc2440, HPne3110, HPne3200, HPne3210, HPNc3830, HPNc3840, HPnc4510,
HPnc4850, HPnc4870, HPnc5300, HPne5580, HPnc6160, HPnc6270, HPnc6630, HPNc6620, HPnc7 100, HPnc7230, HPnc7430, HPnc7770, HPnc7890, HPnc7830,
HPnc4620, HPnc4630, HPnc0580, HPne7830, HPnc0580, HPnc1990, HPnc1980, HPnc0470, HPncO480, HPNc0490, HPnc2420, HPne3560, HPne5000, HPne5130,
HPnc5140, HPne5310, HPne5800, HPne5810, HPNne6870, HPnc7300, HPnc7700, HPnc7720, HPnc7670, HPnc7680, HPnc0710, HPnc1070, HPnec3020, HPnc3880,
HPnc4860, HPNc5960.

An online browser for the visualization of TSSs in H. pylori is available at http://www.imib-wuerzburg.de/research/hpylori/ (Bischler et al., 2015).
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Name Purpose Plasmid Sequence (5' ~ 3)
Forward primer to amplfy the 5' UTR of YPK_2630
ompA_UTR i (ompA) plus 30 bp of ompA coding region (620 pBO4435 TTGCTAGCATTTTAAGCAAGGGCTTAGC
+30 bp from ATG)
Reverse primer to ampify the ' UTR of YPK_2630
ompA_UTR_rev  (ompA) pius 30 bp of ompA coding region (620 pBO4435 TTGAATTCCACTGCTAATGCGATAGCT
+30 bp from ATG)
ompA rep_fw  Mutagenes’s forward primer to introduce the BO4451 pBO4G21  GCTTTTAAAGCTCATTGCCTOATTTGGATGATAATGAGG
gk mutation U3BUC into YPK_2630 (ompA) 5' UTR & L
Mutagenesis forward primer to introduce the
OmpA_rep_rev mutation U3BUC into YPK_2630 (ompA) 5' UTR pBO4451 pBO4921 CCTCATTATCATCCAAATGAGGCAATGAGCTTTAAAAGC
Forward primer to amplify YPK_2630 (ompA) 5'
ompArofw  UTRwitha T7 promoter for the construction of the  pBO4920 AGAAATTAATACGACTCACTATAGGGATTTTAACCAAGGGCTTAGC
runolff plasmids
YPK_2630 (ompA) 5' UTR +30 bp from ATG;
reverse primer with ECoRV sie for the construction
OMPAIOIRY ot 1 runoff plasmid for structure probing and pBO4920 AGATATECACTECTARTCOBATAGST
primer extension inhibition
AT ompatw  FOTVerd primer for etection of YPK 2630 ompd) AT TSGR
by QRT-PCR
RT_ompA rev ij’:fppo';“e' foridataction B YPK. 2630 0mpd). CTTTAGAAACCAGGTAGTCACGCACG
RT_bgaB fw  Forward primer for detection of bgaB by gRTPCR  — GACTGCAACTAGTCCAGCTTGGTTTG
RT_bgaB rov  Reverse primer for detection of bgaB by GRTPCR  — CTACTGCCAAACGAGAGAATGACACC
AT nuop f  Fovard pimer fordetecton of YPK_1561 (o) _ RS
by qRT-PCR
AT nuop rey  Reverse primer for detection of YPK_1661 (woB) _ T ——
by QRT-PCR
Forward primer for dotection of YPK_0004 (gyr8)  _
LB TOGOCGTGAAGGTARAGTTC
AT.g oy PevrSe prmerfordetecion of YPK_ 0004 GyB) O ——

by qRT-PCR
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Plasmid
pUCT8
PBAD2-bgaB-His
pBO3146
pBO4435
pBO4451

pBO4920

pBO4921

Relevant characteristics

Cloning vector; Ap"

bgaB reporter gene veator, AP/, araC, Paso promoter, His-Tag at the G-terminal of BgaB
'PBAD2-bgaB-His; ICR between pYV0075(yscH) and pYVOO76(crf) plus 9 bp of erF coding region
(12310 49 bp from lerF ATG)

PBAD2-bgaB-His; 5' UTR of YPK_2630 (ompA) plus 30 bp of ompA coding region (~62 to +30 bp from
ompA ATG)
PBAD2-bgaB-His; 5' UTR of YPK_2630 (ompA) plus 30 bp of cnfY coding region (~62 to +30 bp from ompA

ATG), mutant Rep U38UC
PUC18; YPK_2630 (ompA) 5' UTR plus coding region (~62 to +30 bp from ompA ATG); runof plasmid for
structure probing and primer extension inhibition

PUC18; YPK_2630 (ompA) 5' UTR plus coding region (~62 to +30 bp from ompA ATG), mutant Rep U3BUC;
runoff plasmid for structure probing and primer extension inhibition

Reference
Yanisch-Perron et al., 1985
Righetti et al., 2016
Righetti et al., 2016

This study

This study

“This study

This study
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Strain Relevant characteristics  Reference

Yersinia pseudotuberculosis  pIB1, wid type Bolin et al., 1982
YPIl
Escherichia coli DH5a SUPE44, AlacU169 Hanahan, 1983

(WB0aCZAM15), hsoR17,
recA1, gyrA96, thi1, and relA1
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S. dysgalactiae subsp. Equisimilus GGS_12
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csRNA14 AGCCGARRAATARTTTCTTTTTACAGARCTCCTARTAGGARTCTTGGTTTACCARGGTTCTTATTTTT
csRNALS IITl:ﬂml:liliTI'TIH'.‘I:mCG'I'TEﬁﬁﬂﬁm‘lmfI"I'CCtTTGTTTTCCtITTlCMmICICt TGGECACCTATCCTCTTAGGTGCCCTCCCTTATTARGCCTARTCAGT ===
csRNAL6  ATCCTTAATCGRATARGTGTTTGEACGACAGGGAGAGGAGT === mmmemmeeeemeem—e= [T TAACACCTTTCTCT TAGACCGARAC TCATCTTATTCATCCCCTCC TA==CTTGATARGG====-
csRNAL7  ATCCTARAC===mmm e e e e e e | [T T TCTTTTTCAGARRTCTCATATTCTCCTARRRCART TTCTTATTCCATTGCTTTRGGAGAGTATTTRRAAR
CONSENSUS  4ueeeeB@BCouersnnnrrsrnsnersanenssssnnssssnasssnssnssssssesssboCClattafitRaalctetitlacacctaaactaalaggaticticecttactaagetlaalaagt,vu.e
131 140 150 160 164

| = e e |
csRNA1d
cSRNALS =======TCGLCGACTGETTAGGCTTTTT
CcSRNALE =====e=TCTCGCATGAGCGAGGCCTTATTGTT
csRNA17 AGTAGCCTTGACCAGTGTCAGAGCTACTITTTTT
Consensus .......tcgecca.bgge.aggetbitt, ...,

S. equi subsp. equi 4047 \

1 10 20 30 40 50 60 70 80 90 100 105
|- i i |
csRNA17 ATCCTARATARTTGGTTACCTARTGATARCTAATTTTTTCATAACCTCCTTCCTARAARCGATGTCAGGGCAGTCAGGATTGATTGCTGTTATGGCATCRTTTTT
csRNA18 ATCCTARARTTTTTC mmmmm e e e e [ TT T TCATARATC TCCTGCARRAGCC TTGATTTTGT
Consensus ATCCTARATAATTC.ssvseveseesessssess I TTTICATARACCCCCTCLAARNAaCEaRaTCARER e essssssssssssssssssssssssssssses

S. equi subsp. zooepidemicus MGCS10565

1 10 20 30 40 50 60 70 80 90 100 111
[ Tt e e e |
csRNA18 ATCCTARATTTTTCTTTTTC ===ATARATCTCCTGCRARAGCCTTGATTTATCAGGGCTTTTGCTTTTTT
csRNAL19  ATCCTARATAATTGGTTACCTAATGATAACTA===~==ATTTTTTTATARCCTCCTTCCTARAAACGATGTCAGGGCAGTCGGGATTGAT TGCTGTTATGGCATCGTTTTT
csRNA20  ATCCTARATAGAGCGGT TCTTCACCAGACCGCCGGGAGARTGGAATCCCTCGTTTTCCCTTTTCATARTCTCCCGGECCTCTAGTGCTTTTGCGCTAGAGGTCTTTTT
Consensus ATCCTAAATa, LbegbTbeck ,a,.8.8.C0000000e@uba. ala,atl betbeccta, catghT, Te.cgbg.cToeb G bbbt TTge, sbos gRa batl, .,

S. suis 05ZYH33
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Immmwm*wmmmw—m-ml
csRNAZ6  ARGCTAGRAATAGCGAGACTTTTACTGAAATAGTTTCARTATCGTCATCCGTARGAGE TRAARGCTCAARCGGCTGECATATCTTTTCARTCCTTATCTCTARGTCGCARGCGACARGGAC TAGGEATTAT
csRNA27  ARGCTAGARATAGCGARCARCT T LT T T T e e e e e e e e e e e e e e e e e [ (]
csRNA28 ATTCTTTTICAT

TeAT

Consensus  aagcLagaaalagega..... BL ol e ssucsensenesesssrssessssssssssssssssnseassssssssssssssnssssssssssssssessssssesnsnsssnssarssns abea...

| e e
csRNAZ6  ATARTCTCCT-GAGAATACTGGACTCACTGAGTCTGETATTTT
csRNA27 ATARTCTCCTAGAGAACAGTCGGCCGCGETCGGCTGTTTT
csRNAZ28  ATARTCTCCACGGARGCAGTCGACATGTTCGGCTGTTTTCATTTTT

Consensus ATAATCTCCL,GaglacRgTeBaC, ... .b, G.cbptTeE LL, ..
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S. uberis 0140J
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ATCCTAGCARTAGEACCCLTAR=mmmmmmmmm e TRR T TCTTC T T T TCATARRCE TECTAGT = e e UG AAAAARCGACCC T TRCCCGAGGG T

ATCCTARATAACGGTCTCCCARACCGTTGGGGARGATARGTTCCCTCTTATCTCCCTTTTCATARATCTCCTGAGCATCCTAGCARTAGGATGCTCACACTTTTRAAAAACAGACTCTTTTATCAGAGTC
ATCCTAARAAT Afl==—=mmmmmeeme— e e e e e e e e eeeeeeeeeeeee ([ TT T T ICATARATC TCACA===————————ee—e e e e e e e IAGACC TCCAACATATCC TG T TGGA
ATCCTRaaaAt aggacceclad, saessrsrssesesssssssass s LABLLEctel TTTCATAAACCTCCLAAE. ceeeesssescssnssssssnsnssssflanaflanacaate, Liteccatghgt

1'.31 l‘i’
RGTTTTTTT
CGTTTTT
TGITTTITTT
GGTCTTTT
LGTETTTE,,

S. thermophilus CNRZ1066

csRNA33
csRNA34
csRNA37
csRNA36
csRNA3S
Consensus

} 10 20 30 a0 50 60 70 80 S0 100 110 120 13’:
D i e T ettt e
ATCCTAARACTTTTCTTT T====TCATARATCTCC TGAGNGGGTCGAC: TAGTGTCGATCCTCTTATITIT

ATCCTARAARRCT TTTTT====TCATARATCTCC TARARTAAC TGCACCCCARARG T TAGACAGARAARTCTAACT T TT ~eseescscccncccncnsnnnnnssnnnnnsnemeee=(GHGTGTTTT
CCCCTARATAACTTTTAC--==TGARCACTTTTCAGTAAGTCTCGTTGGCT TRCACTTTTTGTAGARCARCGARCTTTTCTTTTTCATARTCTCCARRRGAGCTCARCATGATGTGTTGGRTTCTTTTT

ATCCTAGTARRGCAGC TAGCTTTTGTGAGC TRGRAGGTGRACATAAT TTTTTCATARCARAT TTCCCCTARGARAGTC TRGCARTCTAGGCTTTTTT

ATCCTARATARCTTTTTTCATTTTCATARTC TCCTARGAGGCGET COARGT ==mmsmmmennnnnnnncncncnnncnnncn e nnnne e snenaneneaeneneaneenesaeeses=GGTCGCCTTTT
«04CCLAO, AACLLLLEL o4 o ot o8, L 00LCTCCLAO Mgy sy o BCe s atlinaaaataite, eeCoda,bbbL,..

T LT LT TTTT T PP PPN

S. lutetiensis 033
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A e |
ATCCTAARACTTT: == e [ LT T T TTCATARTC TCCAGCARGAGCAC TG TATAGACAGTGTTCTTGCTTTTT
ATCCTARATAGCGGTTCTCCCAARCCGL TGGGARTTEGCTCTTTTGGAGTTATTCCCTTTTCATARATCTCCTGGACATGAT TGARRAATCATETCCTTCCCTTTTTARGCCGCTAGCTCCCARTAGLGE
ATTCCTARRACT TTCACAACTAGCTTTGCTAGT TTGACGT TCATCTAGARC TCCCAAT TTAGATGRATGTATCTTTTTCATAATCTCCTTARAGTCTAGCTACTCCAGC TAGGLT
sesssssssssssssss ICCLAAAACLLT,, a8,k gct b, L. g, L 8. LectTLTcatRatccocat.,  fghtell, ThtAta.teat . L. . T CLTTELA, .o v v e o CLEC, o s LOR. 4 o
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Species Strain cSRNA Screening Confirmed by~ Length(nt)  Direct Mechanism of Regulatory  References
method target action function
. preumoniae A6 csANAT PredictReguion  Northern blot Ed comC, Transtational Autolysisand  Halfmann et al, 2007;
D39 csRNA2 server % $pro0s1, repression by competence  Manx et al., 2010; Teui
csANAS % $pr0159, base pairing modulation et al, 2010; Schnorpfel
csRNAG % bmQ, and etal, 2013
csRNAd 148 sprios7
CcSANAS
S. agalactiae. NEMG16 CSANATO Non-coding ANA-seq, 145 ND ND ND Manc ot al, 201
CSRNATT ANA gene Northern blot % Pichon et al, 201
csANATZ finder 118 Rosinski-Chupin et al.,
CSANAT3 218 2015
S mitis 86 CSRNAT Non-coding Northern blot 3 N ND [} Marx et ., 2010
csANA2 RNA gene o7
cSRNAS finder )
csANAG %
CSANAS 146
S mits SF100 sANAZ Non-coding NC % ND ND ND Manx ot al,, 2010
CsANAG RNA gene 200
finder
S. oralis Uos CSRNAT Non-coding Northern blot % [ ND ND Varx et al., 2010
csANAZ RNAgene %
csRNA3 finder 100
csANAG %
CSANAG 200
S. sanguinis K36 GSRNAT-1 Non-coding Northern biot 89 piT Putative Inhibition of  Manx etal, 201
RNA gene transiational biofim etal, 2017
finder repression by formation
base pairing
CsANAT-2 Non-coding Ed N ND ND Marx et al, 2010
CcsANAT-G RNA gene Northern blot &
csANAZ finder %
CSANAT 8
cSANAS 176
S pyogenes MGAS315  csANATA Non-coding ANAseq 8 No ND ND Manc et al, 201
CSANATS RNAgene 142 Le Rhun et al, 2016
csANAZS finder 129
S. gordoni st Chalis SRNAT Non-coding NC 7 [ NO NO Marx etal, 2010
substr. CHT csRNAZ-1 RNA gene %
CSRNA2-2 findler 94
CSANAT 0
csANAT 58
csANAZ2 202
S. mutans UAIS9  csRNA23-1  Nom-coding Ne 9 ND ND ND Mancot al, 2010
CcsANAZS-2 ANA gene 81
csANAZY finder 152
. galloiyicus UoNgs CSANAS Non-coding NG 3 ND ND ND Mar ot al, 2010
CcSANATS RANA gene &
cSANASS Lid 138
CSANAGY 118
sRNAO-1 65
CsANA4O-2 7
S. dysgalactiae subsp. Equisimils  GGS_124  GsANATA Non-coding NC ] ND N ND Marx et al, 2010
CSRNAIS RNA gene 141
CSANAIG Lid 127
csANATT "
S oqui subsp. equi 4047 CSANATS Non-coding NC 50 ND ND N Marx ot al, 2010
RANA gene
CSANATT pis 105
S. equi subsp. zooepidemicus MGCS10565  csRNAITS Non-coding NC &7 ND ND ND Manx ot al, 2010
CSANATO RANA gene 105
cSRNAZO ok 108
S suis 057YHGE  csANAZG Non-coding NG 172 ND ND NO Manc et al,, 2010
csANAZT ANA gene kel
CSRNAZS e 58
S uberis 0140 CsANAZO Non-coding NG 8 ND ND NO Mar ot al, 2010
CSANASO ANA gene P
CSRNAS1 finder o7
csANAG2 140
S. thermophius EQ CSANAS Non-coding NG 60 ND ND ) Manc et al,, 2010
plasmid pSIO ANA gene
finder
S thermophius. CNRZI0B6  csANASS Non-coding NC 3 ND ND ND Marxet al, 2010
CsRNAGE RNAgene P
CSRNASS finder o
cANASG o
CSANAGT 127
S lutetiensis 033 CSANA9  BLASTanalysis NC & ND [} ND Denapaite etal, 2016
SRNATS 6
cSRNA3S 187
csANA3Y 119
. infantis GTC8ag GsANAZ  BLAST andlysis NC % ND ND NO Donapaite et al, 2016
CSANAS 100
csRNAY £
csANAG 200

NC, Not confirmed: ND, Not determined.
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S. pneumoniae R6

csRNAL
csRNA3
csRNAS
csRNA4
csRNA2
Consensus

csRNAL
csRNA3
csRNAS
csRNA4
csRNA2

Consensus
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ATTRARTARAGACCTCCTARCTTTATTTRATARA-ATCCTARACTTTT TTCATCACARTCTCCTAATGAR====——=-
GTTACAAGARGACCTCCTARCTTGTTGTAACARATATCCTARACT T T T=m e e e e e e e e e e e e e | T T TTCATARTARTC TCCC TATAGA= ===
ATTARATARAGACCTCCTAATATTATT TGARACAGATAACACTGAAT TRGTTTGARTTTGATTTTCATCTARTATCTTTATTTAATGAACTCCTARACTTTTTCATAATARTCTCCT TCARAA=~-=--
CATAARGT TRAGAAGACCTTRACT TRARCTCCTAAR===mmmmmm e e e L TTTTTCATAATARTC TCCCTATARARATAAR
ARRRACTCCACCTGATTGGGTGEAGT TAAGGGAG === mmmm e e e e e e e e e e e e e ~=ATTAT TATGAARARGAARRGT TTRGGATTTTAT
.atta,atafagacctCoTafictt .at.taataafl.ab...8..eeeblociciescrscsssosssssssssssssssssssssssssssssssssdCibbitcataftfatetocttataafl,.. ...

131 140 150 159
|ttt e |
GCCACCCAATCAGGTGGCTTTTTT
GTCACCGCATTCGGTGGCTTTTTT
GTCGCCTGTATGGGTGGCTTTTAT
GTCGCCCARTCAGGCGGCTTATTT
TRARTARAGT TRGGRAGGTCTTTATTTAAT
gtcacc.aatbabbtGhet TETLT, ...

S. agalactiae NEM316

csRNALO
csRNA13
csRNA12
csRNALL
Consensus

csRNALD
csRNAL3
csRNAL2
csRNALL
Consensus

II. 10 20 30 40 50 60 70 80 90 100 110 120 lBlIJ
e e T e e o e
ATCCTARAATAAGCGGT TTATCCTAGCCGT TAGGARAATATTATCCTARA======—<TTATTTTCCTTTTTCATARATCTCCTGAGARAAGT TAATA=———m e m e e e e e e
ATCCTARRACTTTTCTTTTCATARATCTCCARCARACACCTTGTCTACCGCARGGTGTTTGTTTTTGCTTCTAGT TTATCGTTICTGACAATTTAARTGTCAGATAGTTGTTTGRAATGTCTACTTTATGE
ATCCTARRCTTTT T = e CATARARTC TCCAGARAGARCAC TRAGTATTTTGG TG T T TTTTCTAT T T TGARAGCATAC T fimmmm e e e e
AT T AR T AR T e e e e e e TTTCT T TTCATGT TC T T TGT T TTACTGATGARGAACAATCT s
ATCCTAARSL ALt . e v eseencscssessssssCALALLALCE .COE s eaasebTabbTELctTgtTotTebaTctacTgagaafla . abRat . ceseeseosroonsassscrsasnssssennse
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| o e e |
=ACTTTTCTCARCCCTTTTTCCARCCCACTATCGCTACCGGTGCTAGTGGGTTTTT
TRATATRACCCTARTATCATACGACCTACACTCGTTACGCACTAGARRGTARAT TRCATGATTTCATTTGAARATGTTRGTARATCAT
—————— e == CARC TRCGARARACCAGARAGT TRRTRCTTTCTGGTTTTTT
ettt —mm e CCTRATATTTGCARCTCATAATGAT TTGAGTTGCATTTTTT
ssssssssssssssssssssssssssCaC, Lo, Lacccaagatagtgaatactl ,abgabbl ot o ciiosrsonssnnsnrss

csRNAL
csRNA2
csRNA3
csRNAS
csRNA4
Consensus

csRNAL
csRNA2
csRNA3
csRNAS
csRNA4
Consensus
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| I
ATTARATAAAGACCTCCTARmmmmmm e m e e e e T T TAT T TAATGAA-ATCC TARARCTTTTTTCATCATAATCTCC TAA==~TGAR=
ATTARATAAAGACCTCCTAR==mmmmmm e e e e e e e e e e e e e e e e e eeeeeeeeee( [ TTATTTAATARA-ATCCTARACTTTTCTTTTTCATAATAATCTCCCT-TAAC-
GTTACAAGAAGACCTCLTAR=mmm e e e e ae e e a e a e o e oo e eeeeeeeeeeeee=( | TGTTGTAACARATATCCTARACTTTTCTTTTTCATARTAATCTCCCTATAAR=
ATTARATARAGACCTCCTARTATTATTTGARACAGATAACTCTGATTTAGTTTGAATTTGATTTTCATCTARTATCTTTATTTARTAGAACTCCTARACTTT T=====TCATAATAATCTCCTGCARRARA-

ATARGTTAAGARGACL | TR=eemeemcccncccn e cc e c e e e e e s nc e e cena e e e ennnsneeaeeees L TTRRRC TCCTARRACT T T====TTCATARTARTCTCCCTATRARA
At TRAaLAAAGACCLLLTAN, seuvereerssncnscsssnessssssssascsssnsnsssssanassssssssClbbatitfataafl, aTCCTARRCLTTT LL LTCATAATaALCTecCL JLafia,

}31 140 150 160 16«:
B et e
=== GTCACCCAATCAGGTGGCTTTTTT
TCCACCCARTCAGGTGGAGTTTTTT
GTCACCGCATTCGGTGGCTTTITTT
GTCACCTGTCTGGGTGGCTTTT
AATARRGTCGCCCARTCAGGCGGCTTATTTTTTT
vessesgtlallcaatcabbtGhct TETEEL, ..

S. mitis SF100

csRNA2

Consensus

csRNA2
csRNAG
Consensus
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D S e e |
T TR T RIRRIGAICT T U T oo et 5 0 st et ananammsaessll, TT TR T T
ATTAAATARRGACCTCCTAATACTCTTCGARRATCTCATCARCCTTCGTTAGAGTCGACTTAACTARCGATAGTTATGCTTGCATCTATCTGCCTAGTCTGATTTCGATTTTCATTGAGTACCCTTTATT

ATTARATARRGACCTCCTAR, s oevserssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsassssssnsssnssnsssnssnsssnsesCITTATT

131 140 150 160 170 180 190 201
S i T S S ——]
TARTGARATCCTARRCTTTTCTTTTTCATAATARTCTCCCTAAAGAGGCCACCCARTCAGGTGGLTTTTTT
TARTGARRTCCCARARCTTTTCTTTTTCATCATARTCTCC-TAARGARGTCACCCARTCAGGTGECTTTTTT
TARTGARATCCcARACTTTTICTTTTTCATAATARTCTCE , TARAGARaGeCACCCARTCAGGTGGCTTTTTT
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S. oralis Uo5
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TAATAGRAARTCCTAAACT T T T==——-TCATAATARTCTCCT~———--AGGGARGL TRCCATGAGGGTAGCTTTTCTTTT
TARTGAA-ATCCTAARCTTTTCTTTTTCATARTARTCTCCCTA-———ARGARGCCACCCARTCAGGTGECTTTTTY
TARCARATATCCTARRCTTTTCTTTTTCATARTAATCTCCCTAmm==TT-ARGTCACCCCATTGGGTGGCTTTTITIT
TTARTGAARTCCCAARCTTTTCTTTTTCATCATARTCTCC-TA=---~ARGARGTCACCCARTCAGGTGGCTTTTTT
~ACTTARACTCCTAARACT T T----TTCATARTARTCTCCCTATRARRATAARGTCGCCCARTCAGGCGECTTRTTTTTT
taat, aflaaTCCLARACLTTTeLLt L TCATARTARTCTCCcL A, . . 4. gafigtCacClaat.cabitgGCTTLTLTE .

S.

csRNA1-1
csRNA1-2
csRNA7

csRNAL-3

Consensus

csRNA1-1
csRNA1-2
csRNA7
csRNAB
csRNA1-3

Consensus

sanguinis SK36
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——————— B i P S BBl A S A e B O B
ATCAARTGARGCCC-CCTAAC—————————m——————————————— — e TTTGT TTGATA—ATCCTAARCTTTTTCATAR
ATCARATGRARGACCTCETARC—mr—erernonononononoinoioiiinnonononoronroeororonrorronrnernrnreonrnrnreronrenrernrnoronreonrnrnrnrornonrnononroineeeeeeee —— TTTRTTTGATAGARRTCL TRARCTTTT TCATAR
RAAGTTARGARR=~=T TAf=—==cmeccca e aa e ca e nan e e e e e an e e ananaananeanaaeseeel | TRACTCCTRARACT T TTTTCTTTT TRARARA

ARATCAARGARAGAGGTGGGACCAATGACARTGTRARCATCCCTTARARTCCTGTARTCAARGC TTGAAGAC TAGARGACCTGCGAGGTATGTGT T TCTCARRGAATAATTTAGARTTTTTTCATCA
GCARARGCCACCAC T GGG T G T T T L= e e e GGAGAT TAT TATGAARAAG======TTTAGGAT TTTTARA
ARARARACCGCCARTTGGGCGRTTCTTAT e ~AGGGAGATTAT TATGAARARGAAARGT TTTAGGATTTCTAAA
2+0+00LCA00LBAAEARELE. LOBC. s etsastsssnsasssnsesssnssssssssssssssssssssssssssssssssssssssnssssssssblifab, aaatfAganat. titaa.ttTTcaaall

131 140 150 160 170 18082
Y
TAATCTCCCATAAAGGCCAC========CCAATCCGGTGGTCTTTTT
TARTCTCCCATAARGGCCAC~===~-=-CCAATCCGGTGGTCTTTTT
TARTCTCCCTACARARAGCL ====--—-ACCAARCGGTGETTTTT
TRAAATCTCCTAARCAAATCACARGCTTCACCCARTTGETGARGTTTTTTT
CAAAGT TA==mmmm e e e m e e e e e emee=GGAGGTCTTTGTTTATG
CAAAGT TA=mmeme e e e e e e e e e = GGAGATC T TTGTTTATG
LARACLOCC, L888, 4 sCAC. 4 s e s e OO, COltGgteTTTEL, ...

S. pyogenes MGAS315

1 10 20 30 a0 50 60 70 80 90 100 110 120 130
I e e e S |

csRNAL4  AGCCGARARATAATTTCTTTTTACAGARCTCCTAATAGGARTCTTGGTTTACCAAGGTTCTTATTTTT

csRNA1S  ATCCTARAARGCGGT TTACCTAARCCGT TGGGAGAATAGGTTTTCCCCTTGRTTTTCCCTITICATARATCTCCTGEGCACCTATCCTCGTAGETGLCCTCCCTTGTTTAAACCTGACCAGT TARCCGGL

csRNA2S  ATTCCTTARTAGGA=======TARGTATTTGGTTGTAGARGTATCGTCTTAARCTAATGCTATCTCARCCCGATTCCCATCTTATTCAC======~CCCTCCTATACCGATARGGTCTCACARAGTGTGR
Consensus  , .teCt.Afafig,a .ttt . Taaacagtigg, .gafitAgbtale.te. Tt actaa. gbl. . Teataa. te, b, v sClab CoCunee et COCLEC, \bee s 8.80ssesaCBus Bana B

131 140143
| e |

csRNA14

csRNALS  TGGTTAGGTTTTT

csRNA2S GACCTTATTTITTT
Consensus ,...t..,tEELL
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S. gordonii str. Challis substr. CH1
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ARARARGCCACCGATGGTGAC-=TTTTGGGGAGAT TATTATGARARAGAT TAGGAT--—-ACTATCARATARART TRGGAGT TTTTATTTGAT
ARGRARACCACCTTTCARGGTGGTTTTCGGGAGATTATTATGARARAGAARAGT TTTAGGAT TTCTAARCAAAGT TAGGAGATCTTTGTTTATG
CATARACARRAGACCTCCTRACTTTGTTTAGARATCCTARARCTTTTCTT
CATARGTTARGRATACT TAGC T T==———GARCTCCTARARCTTTTCTT
ATCTTARAAGAAAAGAGGACAGTCCARTGACAATARATAATCATAGCTCCCCARACTTTTCACTTTTCCCCACTCARGARACATANGTAGTARARAGCARARGCAGCARATARAATATTTARRAARATTT

teesassetestseetestttssttretttesNestetteattsetsttentssetsstssssssssessanssssssssCalaagll agaa.L.claaat. a, tbagaa,ticttana,bat, ...
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TTTCATARTAATCTCCCTAT =mwmmm=fAGARCCGCCCAATTGGCGGTTTTTTT
TTTCATAATAATCTCCCTAR======~AAGACCACCCARTCAGGTGGTCTTTTC
TITCATCTARATCTCCTAAATTAARTARATARATCTGARAGAGCTGGARGT TTTARACTTCCAGCTCTTTTT
ATCCTAARATTTTTCATARTCTCCTARARAGC TCCCARGATTCTTGGT Gmmem e mmmnmen GETTTTTTT
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Riboswitches and thermosensors

PrfA 127
thermosensor

SAM riboswitch 229
(SreA)

Lysine 198
riboswitch
(LysRS)

Vitamin B1o 230
riboswitch of
AspocR

Vitamin B1o 200
riboswitch of
RIi55

CspA 101
thermosensor

regulatory 5’ UTR
hly NA

regulatory 3" UTR
hly NA

aArrows indicate the sense of the gene on the genome; data acc. to Toledo-Arana, modified; “’ indicate localization of a riboswitch.
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Conditions that inducet
or repress| expression®

Early stationary phase of
growth 1

ND

Cefuroxime 4

High osmolarity 1
Bile

Acid 1

Ethanol 4

Blood 1

Intracellular growth in
macrophages 1
Hemin stress ¢
Intracellular growth in
macrophages 1
Blood 1

Stationary phase of growth 4
High osmolarity 4

Intestinal lumen 1t
Blood 1
Cefuroxime 4

Intestinal lumen 1
Blood 1
Low oxygen conditions 1

ND

Stationary phase of growth 4

High osmolarity 1
ethanol 1
Stationary phase of growth 1

Stationary phase of growth ¢
Intestinal lumen 1
Intracellular growth in
macrophages 1

Oxidative stress 1

Growth with other bacteria 1

Intestinal lumen 4
Blood 1

Intracellular growth in epithelial

cells 1
Intracellular growth in
macrophages 1

Intracellular growth in
macrophages 1

Stationary phase of growth 1
Blood 4

Oxidative stress 1

ND

Intracellular growth in
macrophages 1

Intestinal lumen 4 blood 1
Intracellular growth in
macrophages |,

Low BCAA concentration 4

Stationary phase of growth ¢

37°C ¢
infection 4

Involvement in particular
processes/relevant comment

Transition from log to stationary phase;

Chitinolytic activity;
Induction IFN-f

ND

Resistance to cefuroxime;

Virulence;
Heme toxicity

Virulence

ND

Virulence;
Related to CRISPR in a
PnpA-dependent manner

ND

ND

Inhibition of growth through repressing

isoleucine biosynthesis

Survival in blood plasma

Virulence;
Lysozyme resistance

Virulence; oxidative stress response;

resistance to cefuroxime;
Strong IFN-B induction

Virulence

Virulence;
IFN-B induction

Lincomycin resistance

ND

Control of BCAA biosynthesis;

virulence; stress adaptation; biofim

formation; IFN-p induction

Control of motility

Virulence

Exponential phase of growth 4 Virulence

Stationary phase of growth |,

SAM 4

Intracellular growth in
macrophages
Intestinal lumen 4
blood?t

Lysine 4
Intracellular growth in
macrophages |,

Intestinal lumen4
Propanediolt

Blood 1
Intracellular growth in
macrophages |

26°C or below 1

37°C ¢

Infection 1

37°C ¢
Infection 4

ND

Propanediol utilization;
Vitamin By biosynthesis

Ethanolamine utilization;
Virulence

Cold stress tolerance

Virulence

Virulence
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Microbial species
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Trypanosoma cruzi

Tiypanosoma cruzi

Escherichia coli (MG1655)

Escherichia coli (MG1655)

Candida albicans, Cryptococcus
neoformans, Paracoccidloides
brasilensis, Saccharomyces cerevisiae

Leishmania donovani, Leishmania
brazilensis

Pseudomonas aeruginosa

Escherichia coli (UPEC) strain 636

Mycobacterium tubercuiosis

Mycobacterium tuberculosis

Haloferax volcani

Saccharomyces cerevisiae

Trypanosoma brucei

Bradyrhizobium japonicum (ihizobium)

Escherichia coli

Helicobacter pylori J99

Trichomonas vaginalis

Escherichia coli (MG1655)

5'and 3 tRNA halves from multiple
tRNAS during conidiogenesis were
detected by northern blot analysis
5'and 3 tRNA halves from multiple
tRNAs were detected by northern biot
analysis during oxidative stress and
stationary phase.

About 25% of small RNAS (sRNAS)
sequenced in the Unicellular parasites
were 5' tRNA halves from three specific
tRNA isoacceptors.

tRNA fragments were the second most
abundant class in extracellular vesicles
(EVs). A highlevel of tRNA halves from
specific tRNA isoacceptors suggests
differential packaging.

Abundant tRNA fragments were found
in both E. coli cells and outer
membrane vesices (OMVS). Over 90%
of SRNA reads in OMVs were mapped
10tRNA fragments.

Excised 3' external transcribed spacer
(ETS) of leuZ (3' ETSIeuZ, 53 nt-long)
was co-purified with sRNAs RyhB, and
RybB.

A high abundance of &' tRF Arginine
(CCU) was found in fungal EVs. SRNA
reads mapped to tRNAS account for
20-60% of all reads.

About 25-45% of all reads in the
Leishmania EVs were mapped to tRNA
fragments. Among those, 5' tRNA
halves from a small subset of the same
tRNA isoacceptors accounted for the
majorty of reads.

Muliple tRNA fragments were etected
in microbes and OMVs. sRNA2320, a
5 tANAM fragment and a 5' tRNAM
half were diferentially enriched in the
OMVs compared to the cells.

In EVs, 27% of SRNA reads were
mapped to tRNA fragments, and only
0.23% reads were mapped to mature
intact tRNAs.

Multiple tRNA haives were identiied by
using deep sequencing and northern
blot analyses

MazF-mt9 toxin cleaves tRNA""* and
RNAY2 in the D loop and anticodon
loop, respectively.

Multiple 5' tRNA-derived fragments
(tRFs) were co-purified with ribosomes
and detected by SRNA sequencing and
northern biot analyses.

Multiple ' tRFs and 3' tRFs were co-
purified with ribosomes and detected
by norther blot analyses.

tRNA halves were significantly induced
during nutrient deprivation. 3 tRNA™
half was the most abundant SRNAS.

Rhizobial tRFs were identified in
‘soybean nodules.

The susceptibilty of four £ coll tRNAY
isoacceptors to colicin D, an anticodon
nuclease, was tested.

3 tANA half and 5 tRNAY fragment
were identified as the most abundant
and differentially packed sRNAs in EVs.

Around 88.2% of SRNA reads in EVs
were mapped to tRNA fragments.

Multiple tRNA fragments were detected
in total RNA of cells from different
growth stages,

Proposed function and relevant
findings of tRNA fragments

The cleavage of tRNAs into halves
causes conidial tRNA depletion leading
to the resting stage of A. fumigatus
tRNA cleavage is not a function of
quality control and unlikely to inhibit
protein synthesis.

Nutritional stress induces a significant
increase of tANA halves.

5'tRNA halves are transferred between
parasites 10 host cells via EVs. 5 tRNA
halves affect gene expression pattems
in host cells.

The first report providing detailed
profiing of the RNA content in E. coli
cells and their OMVs and suggesting
selective tRFs are packed into EVs.

3 ETSleuz is excised from the pre-
RNA transcript and acts as an SRNA
sponge in E. coli to suppress the
activity of sSRNAs modulating
tricarboxylic acid cycle fluxes and
antibiotic sensitiy.

Arginine tANA (CCU) is required to
synthesize the heat shock protein at high
temperatures through the regulation of
translational frameshift. The production
of 3 tRF from this tRNA is suggested to
affect fungal gene expression.

tRNA fragments and other SRNAS in
EVs are delivered into macrophages.

A5 tRNA™ fragment is transferred into
host cells where it targets the LPS-
induced MAPK pathway to reduce IL-8
secretion.

Detailed profiing of total RNA in EVs
secreted by uropathogenic £. coli adds
to the growing evidence of host-
pathogen interactions mediated by
SRNASs in EVs.

Twelve anticodon nucleases cleave
essential tRNAS o halt protein synthesis
leading to survival in host cells.

The cleavage of specific tRNAs arrests
translation and bacterial growth.

5 tRNA™ fragment production is
induced at elevated pH, and the
fragment binds to small ribosomal
subunits to attenuate global translation.
1RFs binds to small ibosomal subunit
and aminoacy-tRNA synthetases to
attenuate global translation.

3 tRNA™ half associates with
ribosomes to stimulate translation
during the recovery from nutrtional
stress.

Rhizobial §' and 3' tRFs are positive
regulators of piant nodulation mediiated
by AGO1.

Cleaved tRNA*? occupies ribosomal
A-site and thus impairs protein
translation.

SR-2509025, a 5'tRNA fragment, is
transferred from OMVs into human
gastric adenocarcinoma cels and
reduced the OMV-induced IL-8
secretion.

5'tRNA halves are the most abundant
SRNAS in EVs. The delivery of RNA
cargo from EV to host cells is via lipid
raft-dependent endocytosis.

Multiple tRFs are enriched in the
stationary but not exponential phase:
suggesting the possible role of
maintaining the stationary phase as well
as the bacterial stress response.
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MS2-RrB RrB-MS2

Protein #1 #2 #1 #2 Average
csrA 868 6.83 5,80 3,55 6,22
gapA 1,04 1,88 603 3,49 3,11
iuC 4,75 3,75 128 198 2,94
rpsM 381 2,60 4,75 0,13 2,82
PSS 640 2,71 1,40 2,63
SUCA 2,79 185 2,62 2,33 2,40
deaD -0,05 5,04 3,85 2,21
rpsA 3,90 414 2,01
gpmA EAa 1,93
dnak 1,01 2,84 3,56 185

hq 181 22 [l =8 =

RrBsh° was tagged with the MS2 sequence at either the 5'-end (MS2-RrB) or the
3'-end (RrB-MS2). The co-purifying proteins were identified and quantified by mass
spec. The table presents the ten proteins most highly enriched on average, in these
pull downs compared to pull downs using the MS2 transcript alone. The data for
Hfq is also included. The numbers in the table represent the log2-transformed ratio
of intensities between the sample and the MS2 transcript alone, after normalization
to the total number of fragments analyzed in each sample. Color tones represent
the degree of co-purification: red color (positive values) indicates relative more
peptides co-purifying with RrB compared to the MS2 transcript alone, whereas
blue color (negative values) indicates less co-purification.
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speA chip-SEQ 0.9507
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setA_leuD 0,8794
OmpX chip-SEQ 0.872
lhr_grxD 0.8634
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CsrC sRNA 0.8435
zapB chip-SEQ 0.8308
csrC chip-SEQ 0.7979
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yqfE_argP 0.6407
RrA, Bshort 0.6245
Rrfshort 0.5833
McaS 0.005
GadY 0.0003

The input into InvenireSRNA was all annotated sRNAs, the 22 TLR sequences,
all sequences identified as peaks in a comprehensive CsrA CHIP-seq experiment
(Potts et al., 2017) and all intergenic regions of E. coli shorter than 1,000 bp (2902
sequences in total). The table displays the 16 highest-scoring transcripts from the
analysis, and the sRNAs McaS and GadY, along with the associated probability
scores. Intergenic regions are named by the two genes flaking them, separated by
“_”and CHIP-seq peaks by addition of “chip-SEQ” to the gene name. Note that
CsrB/C are present twice as they are included as full-length sequences from the
list of SRNAs and as peak regions from the CHIP-seq data.
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