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ABSTRACT  

Bacteria are an exceedingly diverse group of organisms whose molecular exploration is 

experiencing a renaissance. While the classical view of bacterial gene expression was relatively 

simple, the emerging view is more complex encompassing extensive post-transcriptional control 

involving riboswitches, RNA thermometers, regulatory small RNAs (sRNAs) associated with the 

RNA-binding proteins CsrA, Hfq and ProQ, as well as CRISPR/Cas systems that are programmed by 

RNAs. Moreover, increasing interest in members of the human microbiota and environmental 

microbial communities has highlighted the importance of understudied bacterial species with 

largely unknown transcriptome structures and RNA-based control mechanisms. Collectively, this 

creates a need for global RNA biology approaches that can rapidly and comprehensively analyze the 

RNA composition of a bacterium of interest. We review such approaches with a focus on RNA-seq as 

a versatile tool to investigate the different layers of gene expression in which RNA is made, 

processed, regulated, modified, translated, and turned over. 
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INTRODUCTION 

Not so long ago, the RNA compositions of bacteria were viewed as simple as these organisms 

themselves: being largely composed of the translation-related tRNAs, rRNAs, and mRNAs, 

complemented by a few common specialized RNAs found in RNase P, the signal recognition particle 

and the ribosome rescue system. Gene expression was thought to be controlled almost exclusively 

at the level of transcription; with the more mRNA being made, the more protein would be 

produced. Extensive, non-coding RNA-based post-transcriptional control, similar to the current 

scope of the microRNA and RNA interference pathways in eukaryotes (reviewed in Gorski et al., 

2017) was not expected to exist in bacteria. 

 Research over the past two decades has unveiled a complexity and richness of bacterial 

RNA molecules, mechanisms and functions that rival the RNA biology of eukaryotes. Embedded 

within the 5’ untranslated region (UTR) of their mRNAs, metabolite-sensing riboswitches, RNA 

thermometers and other types of attenuation and anti-termination systems respond to diverse 

cellular and environmental cues to modulate mRNA expression following the initiation of 

transcription (reviewed in Kortmann and Narberhaus, 2012; McCown et al., 2017; Serganov and 

Nudler, 2013; Sherwood and Henkin, 2016). Equally remarkable are the numbers and regulatory 

scope of small non-coding RNAs (sRNAs). Escherichia coli and Salmonella express 200–300 sRNAs 

(reviewed in Barquist and Vogel, 2015; see Box 1), equal to the number of transcription factors. 

These sRNAs modulate mRNAs via a variety of direct and indirect mechanisms, often in conjunction 

with the conserved RNA-binding proteins (RBPs) CsrA, Hfq and ProQ (reviewed in Olejniczak and 

Storz, 2017; Wagner and Romby, 2015). The sum of recent RNA-protein interactome studies 

suggest that, in E. coli and Salmonella, at least half of all mRNAs are subject to sRNA-mediated 

regulation (Hör and Vogel, 2017). In other words, bacteria host an unanticipated large network that 

resembles the scope of microRNA activity in eukaryotes. 

 The foundations of bacterial RNA biology were laid by detailed genetic and biochemical 

studies of individual transcripts in a relatively small number of model bacteria. While bottom-up 

analyses of individual transcripts such as by Northern blot detection remain of value, particularly in 

the quest to elucidate molecular mechanisms (reviewed in Jagodnik et al., 2017), the field has 

increasingly embraced global methods to experimentally study entire transcriptomes and discover 

RNA functions. There are obvious reasons why studying RNA on a global level is advantageous; it 

facilitates the transition from reductionist to systems level analyses, placing observations from 
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studying individual molecules or genomic loci into an overall cellular context. This not only helps to 

reveal their general importance but also uncovers major features of whole RNA classes. To provide 

a few examples, it was global RNA ligand profiling that defined Hfq-associated sRNAs as a distinct 

class of post-transcriptional regulators in bacteria (Zhang et al., 2003). Likewise, global RNA 

analysis highlighted the abundant tracrRNA in Streptococcus pyogenes (Deltcheva et al., 2011), a key 

component in developing CRISPR-Cas9 into a revolutionary genome editing tool (Jinek et al., 2012). 

More recently, a transcriptome-wide assessment of biochemical behavior guided the discovery of 

ProQ as a previously unrecognized global RBP in E. coli and Salmonella (Smirnov et al., 2016), two 

organisms in which post-transcriptional regulation had been intensively studied for decades 

already. 

 Experimental global RNA biology studies were pioneered using microarrays which provided 

the first transcriptome-wide pictures of mRNA transcript stability (Bernstein et al., 2002), overall 

transcriptome architecture (Selinger et al., 2000), gene expression changes under virulence 

conditions (Eriksson et al., 2003; Toledo-Arana et al., 2009), and sRNA networks (Wassarman et al., 

2001). With increased capillary sequencing capacity, massive cDNA cloning provided a 

complementary approach to bacterial sRNA discovery (Vogel et al., 2003). Around ten years ago, 

these approaches were gradually replaced by RNA-seq, a probe-independent technique that is more 

cost-effective, unbiased with respect to genome annotation, and with a greater dynamic range than 

possible using microarrays. By sequencing RNA after its conversion to cDNA, RNA-seq permits a 

single-nucleotide resolution and dynamic view of global gene expression, enabling the study of RNA 

systems in almost any organism of interest. 

The present review aims to use exemplary RNA-seq based studies to encourage 

bacteriologists to take similar routes to decipher the breadth of RNA species in their favorite 

organisms in a top-down manner. The rapid drafting of comprehensive RNA maps highlights 

individual post-transcriptional players whose in-depth study promises to reveal the overarching 

RNA principles of the bacterium of interest. To achieve this, we discuss methods that allow the 

global analysis of transcripts from their birth to their death as well as their involvement in 

regulatory networks (Figure 1, supplementary table 1). This seems to be particularly timely against 

the backdrop of the ongoing renaissance of bacteriology which places the spotlight on many poorly 

characterized and often unculturable bacteria from the human microbiota and environmental 

communities (Brown et al., 2015).  
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GENERAL GENE EXPRESSION 

Nowadays, genomes can be rapidly sequenced at relatively low cost, providing immediate insight 

into the general biochemical capabilities of almost any bacterium (reviewed in Koren and Phillippy, 

2015). However, understanding a bacterium’s functional cellular status also requires knowledge of 

its multiple RNA-based regulatory mechanisms that contribute to the dynamic and highly nuanced 

aspects of gene expression control. As outlined below, RNA-seq based strategies are particularly 

well suited to elucidate these control mechanisms on a global level. 

 

Quantification and annotation of transcripts 

RNA-seq has revolutionized transcriptomics with its high sensitivity and quantitative digital output. 

For example, RNA-seq on total RNA from the gastric pathogen Helicobacter pylori provided the first 

full, single-nucleotide resolution transcriptome map of a bacterium (Sharma et al., 2010). RNA-seq 

rapidly became a popular approach to studying gene expression changes in many other pathogens 

(reviewed in Colgan et al., 2017; Westermann et al., 2017), examples of which include Bacillus 

anthracis (Passalacqua et al., 2009), Burkholderia cenocepacia strains isolated from patients (Yoder-

Himes et al., 2009), Vibrio cholerae in different animal models of infection and biofilm-related 

conditions (Mandlik et al., 2011; Papenfort et al., 2015), Pseudomonas aeruginosa at different 

growth temperatures (Wurtzel et al., 2012), and Salmonella Typhimurium under dozens of in vitro 

conditions mimicking host infection (Kröger et al., 2013). 

More recently, growing sequencing capacity has enabled the development of dual RNA-seq 

in which the full transcriptomes of a bacterial pathogen and its host are sequenced in tandem 

without prior physical separation (Westermann et al., 2017; Westermann et al., 2016; Figure 2). 

Dual RNA-seq enables the correlation of gene expression changes in the pathogen with those 

occurring in the host. When applied to Salmonella infection of human cells, dual RNA-seq not only 

discovered an sRNA (PinT) as being highly induced in intracellular bacteria but also predicted that 

PinT-mediated regulation of virulence genes alters JAK-STAT signaling in infected host cells 

(Westermann et al., 2016). Similarly, dual RNA-seq of Chlamydia trachomatis revealed the induction 

of several bacterial metabolic pathways such as riboflavin biosynthesis after invasion of the host 

cells as well as an active host response against the pathogen (Humphrys et al., 2013). Future 



6 
 

applications of this approach will likely focus on in vivo samples, such as the tissue dual RNA-seq 

recently established to study host-pathogen interaction in a mouse infection model of Yersinia 

pseudotuberculosis (Nuss et al., 2017). 

Due to its probe-independent nature, RNA-seq can identify novel putative genes and better 

define operon structures (Conway et al., 2014). This has accelerated the annotation of previously 

overlooked small open reading frames (sORFs) coding for small proteins of less than 50 amino 

acids (reviewed in Storz et al., 2014), and has revealed an abundant class of sRNAs from 3’ mRNA 

regions (Chao et al., 2012) as well as long antisense RNAs spanning whole genes or even operons 

(reviewed in Sesto et al., 2013). Moreover, modifications to RNA-seq protocols that enrich primary 

transcripts enable the identification of transcription start sites (TSSs) and the high-resolution 

annotation of genomes. For example, dRNA-seq (differential RNA-seq) enriches for 5’-triphosphate 

containing primary transcripts by pretreating RNA with terminator exonuclease, enabling the 

detection of TSSs, sub-operonic structures and the annotation of both coding and non-coding 

transcripts (reviewed in Sharma and Vogel, 2014). By employing a comparative dRNA-seq 

approach in several Campylobacter jejuni isolates the technique revealed single-nucleotide 

polymorphisms giving rise to strain-specific transcriptional output (Dugar et al., 2013). 

Alternatively, rather than removing processed RNAs, Cappable-seq enriches primary transcripts 

after labeling them with a biotin-tag. Applied to a mouse cecum sample, Cappable-seq yielded the 

first global TSS dataset of a gut microbiome (Ettwiller et al., 2016). A technical variation of this 

method called Capp-Switch visualized a wide-spread repositioning of TSSs in Clostridium 

phytofermentans upon a change in carbon source (Boutard et al., 2016). 

Knowledge of transcript 3’ ends not only improves gene annotation but may also provide 

insight into alternative regulatory structures such as riboswitches and attenuation mechanisms 

(reviewed in Naville and Gautheret, 2010). Term-seq directly sequences the 3’ ends of potentially 

all transcripts and through its ability to predict transcription termination events, has revealed 

many new antibiotic-triggered riboregulators within mRNAs in both bacterial monocultures and a 

microbiome (Dar et al., 2016). 

The above studies all assign termini after reconstructing full transcripts from individual 

short cDNA reads. By contrast, SMRT-seq (single molecule real time sequencing) directly defines 

the 5’ and 3’ ends after sequencing of full length transcripts (Iso-seq), irrespective of them being 

primary or processed RNA (Au et al., 2013). Similarly, nanopore sequencing is steadily improving 
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read length and quality (reviewed in Lu et al., 2016) and may soon yield the first high-resolution 

bacterial transcriptomes based on the sequencing of full-length transcripts. Furthermore, using 

nanopore sequencing, it is becoming possible to directly sequence RNA, eliminating the need to 

convert RNA to cDNA and consequently greatly reducing the steps and biases introduced during 

library preparation. These full-length transcript sequencing methods will be important to establish 

how much complexity exists in bacterial transcriptomes. Textbooks still tell us that most bacterial 

genes are assembled into operons with a single promoter driving their expression. However, with 

predictions of ~15,000 TSSs in bacteria with less than 5,000 genes (Conway et al., 2014; Ettwiller et 

al., 2016; Thomason et al., 2015), we have already significantly diverged from this traditional view, 

recognizing that the structure of bacterial transcriptomes is much more complex. 

 

RNA modifications 

RNA-seq based techniques are providing the first tools to globally detect base modifications 

potentially with single-nucleotide resolution in eukaryotic mRNAs. In the process generating 

excitement that cellular RNA modifications may play a broader role in post-transcriptional control 

than previously thought. In contrast, the vast majority of the ~60 RNA modifications known in 

bacteria derive from work on tRNA and rRNA and only little is known about possible functions of 

these modifications in other types of RNA (reviewed in Helm and Motorin, 2017; Marbaniang and 

Vogel, 2016; Roundtree et al., 2017). Currently, m5C and m6A are the only modifications that have 

been systematically and globally analyzed in bacteria. Combining chemical modification (bisulfite 

treatment) and RNA-seq after immunoprecipitation revealed m5C modifications in tRNA and rRNA 

in E. coli and B. subtilis (Edelheit et al., 2013). m5C is yet to be detected in bacterial mRNAs, but m6A 

may be present in hundreds of mRNAs in E. coli and P. aeruginosa (Deng et al., 2015). 

Immunoprecipitation of RNA with an anti-m6A antibody followed by RNA-seq revealed m6A in the 

middle of ORFs as well as in multiple sRNAs. This contrasts with observations in eukaryotes where 

m6A primarily occurs around stop codons and in 3’ UTRs (Dominissini et al., 2012). The function of 

these modifications within bacterial mRNAs is elusive; it also remains to be established whether 

bacteria possess dedicated sets of writer, reader and eraser proteins such as those that control 

mRNA modifications and functions in eukaryotes (reviewed in Cao et al., 2016). 

Beyond transcript modifications at internal positions, mass spectrometry and chemical 

screening have revealed that, unexpectedly, some E. coli and Streptomyces venezuelae transcripts 
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contain a 5’-NAD or 5’-CoA end instead of the characteristic 5’-triphosphate or 5’-monophosphate 

groups (reviewed in Jäschke et al., 2016). Through NAD captureSeq it was shown that 5’-NAD 

capped RNAs populate the classes of sRNA and mRNA, albeit not tRNA and rRNA (Cahová et al., 

2015). Unlike the 7-methlyguanylate cap of eukaryotic mRNAs, the bacterial 5’-NAD cap is likely 

incorporated into bacterial transcripts by RNA polymerase (RNAP) via non-canonical initiating 

nucleotides (Bird et al., 2016) and later removed by the Nudix family hydrolase NudC (Cahová et al., 

2015). Although the 5’-NAD modification seems abundant, reaching >25% in specific RNAs (Cahová 

et al., 2015), its physiological role is not understood; absence of NudC, which should stabilize such 

transcripts, has no measurable effect on their stability in the cell. However, while RNA-seq based 

profiling of base modifications is in its infancy in bacteria, it is an area poised for growth given that 

many protocols can be adapted from the fast-moving field of “epitranscriptomics” in eukaryotes 

(reviewed in Helm and Motorin, 2017). 

 

RNA structuromics 

In contrast to RNA modifications, the impact of RNA structure on several cellular processes is better 

understood. During protein synthesis, RNA structure influences the accessibility of the translation 

initiation site, which can be modulated by trans-acting RNA or protein factors. In addition, RNA 

structural changes underlie cis-regulation by riboswitches and RNA thermometers and are often 

crucial for bacteria to sense their environment. SHAPE (selective 2'-hydroxyl acylation analyzed by 

primer extension) has become the gold standard for the identification of structures of specific 

transcripts (reviewed in Weeks and Mauger, 2011), although it currently cannot be performed on a 

genome-wide scale. In order to enable RNA structure profiling of an entire transcriptome, classical 

methods that infer base pairing status within individual transcripts by treatment with purified 

nucleases or chemical probes are now being increasingly coupled to RNA-seq (reviewed in Ignatova 

and Narberhaus, 2017; Strobel et al., 2016). 

Global analysis of RNA structure in vitro using PARS (parallel analysis of RNA structure) has 

been described for E. coli (Del Campo et al., 2015) and Y. pseudotuberculosis (Righetti et al., 2016). 

Digesting total RNA with RNases specific for single- or double-stranded regions followed by RNA-

seq showed that the coding sequence (CDS) of E. coli mRNAs contain dsRNA to a similar extent as 

the 5’ and 3’ UTRs. While such structures in the CDS may not generally stall elongating ribosomes 
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(as inferred from a lack of footprints in ribosome profiling data), they seem to promote mRNA 

accumulation through increasing RNA stability (Del Campo et al., 2015). 

Extensive RNA secondary structure within CDSs in vivo was also detected by RNA-seq after 

treatment with DMS (dimethyl sulfate), which modifies unpaired adenine and cytosine nucleobases 

(Burkhardt et al., 2017). DMS-seq revealed a general anticorrelation between translation efficiency 

and the extent of CDS structure, and varying degrees of structure within a single polycistronic 

mRNA that may cause up to 100-fold difference in protein synthesis rates for individual cistrons 

(Burkhardt et al., 2017; Li et al., 2014). Furthermore, these approaches can be adapted to 

investigate specific RNA structures such as RNA G-quadruplexes in vivo, which seem to be depleted 

in the genomes of E. coli, Pseudomonas putida and Synechococcus, stimulating debate on their in vivo 

relevance (Guo and Bartel, 2016). 

 Bacterial mRNAs can contain temperature-sensitive structures (RNA thermometers) that 

sequester the Shine-Dalgarno sequence of mRNAs to prevent or enhance translation initiation 

depending on the temperature. Such temperature-sensing regulatory mechanisms are often 

exploited by pathogens to modify their metabolism and pathogenicity upon entering a warm-

blooded host (reviewed in Kortmann and Narberhaus, 2012). In a first global experimental search 

for new RNA thermometers, PARS was applied to RNA isolated from Y. pseudotuberculosis, in vitro 

folded at 25 °C (environment), 37 °C (virulence) or 42 °C (heat-shock), revealing 16 RNA 

thermometers in this enterobacterial pathogen (Righetti et al., 2016). 

 

Translational control 

In addition to transcriptional control, gene expression is extensively regulated at the level of 

translation. With the development of ribosome profiling (Ingolia et al., 2009), it is now possible to 

precisely and quantitatively measure the translation of almost all mRNAs in a cell, providing 

unprecedented, and in some cases a more complex, view of translation (reviewed in Brar and 

Weissman, 2015). In ribosome profiling, the in vivo positions of extracted ribosomes on RNA are 

determined by sequencing the ~30 nt nuclease-protected mRNA fragments that remain after 

ribonuclease treatment. The density of cDNA reads from a given mRNA reflects the amount of 

protein synthesized. 
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 This quantitative nature of ribosome profiling provides a means to calculate absolute 

protein synthesis rates and predict proteomes (Li et al., 2014). Based on absolute synthesis rates 

for >96% of expressed proteins, bacterial cells appear to precisely fine-tune individual translation 

rates to ensure stoichiometric levels of protein complex subunits. For example, there is a tenfold 

variation in ribosome densities across the polycistronic transcript that encodes the F0F1 ATP 

synthase complex, whose subunit stoichiometry ranges from 1 (for example subunit a) to 10 

(subunit c) (reviewed in Junge and Nelson, 2015), and which ensures the correct ratio of translated 

subunits. Similar translational control is seen for 92% of multi-protein complexes, including both 

cytosolic and membrane proteins (Li et al., 2014). Due to the near-codon resolution of ribosome 

profiling, it is now possible to assemble a picture of the dynamic movement of ribosomes along an 

mRNA. Increased ribosome density around the start and stop codons in E. coli, presumably reflects 

the slower kinetics of translation initiation and termination in comparison to elongation. Moreover, 

the technique has proven useful to globally study the factors and regulatory mechanisms involved 

in ribosome pausing (Buskirk and Green, 2017; Li et al., 2012; Mohammad et al., 2016; Oh et al., 

2011). For example, ribosomal profiling in the absence of a critical elongation factor revealed the 

influence of the strength and spatial location of the pause within stretches of proline codons 

(Elgamal et al., 2014; Woolstenhulme et al., 2015). Likewise, ribosome profiling has provided 

insight into both translation initiation, identifying ~150 new start sites in E. coli (Nakahigashi et al., 

2016) and translation termination, uncovering specific roles for the three release factors of E. coli 

under different conditions (Baggett et al., 2017). Furthermore, the detection of new frameshifting 

events unveiled how the same E. coli copA mRNA can produce both a copper transporter and a 

chaperone protein in response to copper availability (Meydan et al., 2017). 

An exciting application of ribosome profiling is investigating the functions of ribosome 

subpopulations, such as those bound by a specific regulatory factor. Cross-linking the E. coli 

chaperone trigger factor to the nascent peptide chain followed by affinity-purification of the 

resulting ribosomal complexes revealed that trigger factor only binds to the nascent peptide chain 

around 100 amino acids after translation initiation (Oh et al., 2011). A conceptually similar analysis 

provided the first global evidence for the signal recognition particle being a crucial factor for 

correct targeting of almost all inner membrane proteins (Schibich et al., 2016). 

 Ribosome profiling will likely impact other related areas such as the identification of sORFs 

whose products have largely escaped proteomic discovery (reviewed in Storz et al., 2014). In this 
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way it complements mass spectrometric studies such as the label-free, quantitative E. coli proteome 

(Schmidt et al., 2016), increasing the potential of these approaches. Moreover, even in a well-

annotated genome such as that of E. coli, the technique identified additional ORFs, including 

upstream ORFs which are expected to have regulatory roles (Oh et al., 2011). Furthermore, 

substitution of the commonly used micrococcal nuclease with the toxin RelE, which cuts mRNAs 

exclusively in the A site of the ribosome, promises to increase the resolution of ribosome profiling 

to discern reading frames in bacteria (Hwang and Buskirk, 2017). 

 

RNA processing and decay 

RNA turnover not only establishes an equilibrium between transcript synthesis and protein output, 

it also enables bacteria to get rid of unwanted transcripts to quickly adapt to changing 

environmental conditions. Despite the fundamental nature of RNA decay, bacteria lack a universally 

conserved set of RNases for mRNA degradation; most contain a low specificity endonuclease that 

cleaves single-stranded RNA (RNase E/G, RNase Y), a double-stranded RNA-targeting endonuclease 

(RNase III), at least one 3’ exonuclease (PNPase, RNase II, RNase R) and an oligoribonuclease that 

degrades very short RNA fragments (reviewed in Mohanty and Kushner, 2016). Transcripts are 

predominantly protected from degradation from the 3’ end by the presence of stem loops and most 

Gram-negative bacteria do not contain 5’→3’ exonucleases. Typically, mRNA degradation occurs by 

consecutive endonucleolytic cleavages followed by 3’→5’ degradation of the newly exposed ends. 

While their 5’-triphosphate end stabilizes primary transcripts, most processed transcripts are 5’-

monophosphorylated which makes them more susceptible to RNA decay (reviewed in Hui et al., 

2014; Silva et al., 2011). 

 RNA-seq after in vivo treatment with the RNAP initiation inhibitor rifampicin has globally 

determined mRNA decay rates in Bacillus cereus (Kristoffersen et al., 2012) and E. coli (Chen et al., 

2015). The average lifetime of an mRNA in exponentially growing E. coli is ~2.5 min, but increases 

during stationary phase (Chen et al., 2015). Remarkably, this approach permits the simultaneous 

calculation of transcription elongation rates, which together with kinetics of mRNA decay can be fed 

into a quantitative model of co-transcriptional degradation (Chen et al., 2015). 

With respect to targets of specific RNA decay pathways, several studies have used RNA-seq 

to quantify transcript steady-state levels in strains deleted for the RNase of interest (Chen et al., 
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2016; Lasa et al., 2011; Leskinen et al., 2015; Liu et al., 2014; Pobre and Arraiano, 2015; Redko et 

al., 2016), for the Nudix enzyme RppH whose RNA pyrophosphohydrolase activity initiates decay at 

the 5’ end of transcripts (Bischler et al., 2017), or for poly(A)polymerase whose activity at RNA 3’ 

ends promotes degradation (Maes et al., 2017); the caveat being that such approaches cannot 

distinguish between direct or indirect substrates. Strategies to overcome this problem include the 

isolation of particular RNAs of interest, such as double-stranded RNA from wildtype and RNase III 

knockout E. coli strains (Lybecker et al., 2014), or pulling down RNA with a catalytically inactive 

albeit RNA-binding competent RNase III variant (Lioliou et al., 2012). These latter studies not only 

confirmed RNase III’s crucial role in antisense regulation (Lybecker et al., 2014), but also uncovered 

unexpected new targets amongst structured RNAs and sRNAs (Lioliou et al., 2012). As described 

further below, the stringency of the approach can be improved by coupling a UV cross-linking step 

to covalently link an RNase such as RNase E to interacting RNA (Waters et al., 2017). 

RNA-seq can also be used to reveal the general cleavage preferences of an RNase of interest. 

Indeed, much effort has gone into identifying cleavage sites by comparing RNA 5’ ends between 

wildtype and RNase mutant strains (Chao et al., 2017; Clarke et al., 2014; DiChiara et al., 2016; 

Khemici et al., 2015; Le Rhun et al., 2017; Linder et al., 2014; Schifano et al., 2014). A recent 

example introduced TIER-seq (transiently inactivating an endoribonuclease followed by RNA-seq) 

in order to globally profile the RNase E cleavage products in a Salmonella strain in which this 

essential enzyme can be inactivated by a temperature shift. The obtained genome-wide cleavage 

map revealed a ruler-and-cut mechanism of RNase E, where a consensus motif with a uridine 2 nt 

downstream of the cleavage site is crucial for RNase E cleavage in vivo and in vitro. Importantly, 

TIER-seq predicts 22,000 cleavage sites from just a single growth condition, i.e. several hundred 

times the number of previously known in vivo sites of this intensely-investigated RNA turnover 

enzyme (Chao et al., 2017). While our knowledge of RNase activity in vivo is currently dominated by 

findings from E. coli and B. subtilis, global studies such as the ones described above facilitate the 

discovery of the true complexity of RNA processing and decay in bacteria. 

 

REGULATORY NETWORKS OF SMALL RNAS 

It is well established that potentially all bacteria contain a multitude of sRNAs that regulate mRNA 

expression. Multiple sRNAs often function in the same pathway, which gives rise to complex 

regulatory networks similar to those seen for eukaryotic microRNAs. Understanding the full scope 
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and organization of these networks requires the global identification of the cellular targets of 

sRNAs, their RBP partners and their integration into known regulons (reviewed in Beisel and Storz, 

2010; Bossi and Figueroa-Bossi, 2016; Nitzan et al., 2017). 

 

Regulation by sRNAs 

Although several bioinformatics tools are available for in silico predictions of base pairing between 

sRNAs and their potential targets, these algorithms often suffer from high false-positive rates (Pain 

et al., 2015). Moreover, algorithms based on functional enrichment and network analysis depend on 

sequence conservation between species (Wright et al., 2013) and are therefore not suitable for 

species-specific sRNAs such as those in the horizontally acquired virulence-associated regions of 

pathogens (reviewed in Fröhlich and Papenfort, 2016). 

Several experimental approaches have been developed to determine sRNA targets in a 

global manner, the most popular of which is pulse-expression (Massé et al., 2005; Papenfort et al., 

2006). Here, an sRNA of interest is transiently overexpressed and rapid changes in RNA levels are 

detected, with the assumption that these mRNAs are direct targets (Figure 3); this approach can 

even be applied to bacteria that replicate inside eukaryotic cells (Westermann et al., 2016). While 

the observed regulation can still be indirect, this can be partially circumvented by including a seed 

mutant, in which the base pairing interaction between the sRNA and its targets are disrupted, to 

uncover potential off-target effects, as done for the Salmonella sRNA GcvB (Sharma et al., 2011). 

Moreover, mRNAs may change in a cascade because their cognate sRNA is regulated, as seen with 

numerous mRNAs that went up when GcvB was depleted after pulse-expression of its RNA sponge, 

SroC (Miyakoshi et al., 2015a). This latter study highlights the importance of profiling the entire 

transcriptome, not just protein-coding regions, in pulse-expression-based target search. 

While standard pulse-expression detects putative targets, which are impacted at the level of 

RNA stability, it can be adapted to capture those that are translationally regulated through, for 

example, genome-wide profiling of protein synthesis rates. One option is metabolic labeling 

followed by protein analysis, but it is limited to the number of proteins that become sufficiently 

labeled during the short pulse of sRNA expression. Ribosome profiling with its genome-wide 

coverage overcomes this limitation; when applied to the MicL sRNA in E. coli it revealed 

translational repression of the major lipoprotein mRNA as its sole target (Guo et al., 2014). 
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Similarly, a combination of RNA-seq and ribosome profiling uncovered two dozen putative new 

mRNA targets for the iron homeostasis regulator RyhB, many of which are only regulated at the 

level of protein synthesis (Wang et al., 2015b). 

 With respect to finding targets of individual sRNAs, two approaches have recently emerged 

as viable alternatives to pulse-expression. One exploits the fact that many sRNAs can readily be 

tagged in vivo with an MS2 aptamer, which enables their recovery together with interacting 

proteins or transcripts from a cell lysate (Said et al., 2009). In the MAPS (MS2 affinity purification 

coupled with RNA sequencing) approach, potential RNA interactors of an MS2-tagged sRNA are 

identified by RNA-seq. The pioneering application of MAPS in E. coli not only captured previously 

known targets of the RybB and RyhB sRNAs but also discovered 3’ fragments of tRNA precursors 

that buffer their activity (Lalaouna et al., 2015). MAPS has also been applied to a Gram-positive 

bacterium, revealing direct targets of the Staphylococcus aureus sRNA RsaA (Tomasini et al., 2017). 

The conceptually related GRIL-seq (global small non-coding RNA target identification by 

ligation and sequencing) approach also captures RNA targets by expressing an sRNA in vivo (Han et 

al., 2016). However, co-expression of T4 RNA ligase covalently ligates the sRNA and its targets, so 

they can be sequenced as chimeric RNAs. Although the total number (~3,500) of recovered 

interacting RNAs seems high for all of these to be direct targets of a single sRNA, of the top 40 

candidate transcripts identified by GRIL-seq analysis of P. aeruginosa PrrF1, an iron-homeostasis 

sRNA, 34 encoded for iron-related proteins. Furthermore, almost half of these top 40 GRIL-seq 

targets were also found to be differentially expressed in a PrrF1 deletion background, arguing for a 

high hit rate of this method (Han et al., 2016). 

Using RNA-seq in E. coli to investigate the global targets of Rho, an RNA-binding ATPase 

involved in transcription termination, revealed ~350 genes that are affected by Rho activity 

(Sedlyarova et al., 2016). Unexpectedly, sRNA-mediated modulation of Rho termination sites 

identified a new way for sRNAs to feed-back on transcription, causing antitermination and the 

expression of the target mRNA. While this study successfully inferred cases of sRNA-mediated 

antitermination from global data, more specialized methodology would be desirable to specifically 

unravel potential new sRNA-related mechanisms at the level of transcriptional initiation, 

elongation, or pausing. 
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sRNA interactome 

Assuming that most bacteria express hundreds of sRNAs, identifying their targets one by one 

increasingly feels like an onerous task. Fortunately, many sRNAs and their mRNA targets associate 

with a globally acting regulatory protein such as Hfq or ProQ for their function (reviewed in 

Olejniczak and Storz, 2017; Wagner and Romby, 2015). In principle, this codependence provides a 

means to generate a snapshot of entire RBP-dependent post-transcriptional regulons in a single 

experiment, which should be especially useful when embarking on an uncharacterized organism. 

In its simplest version, such global RBP-centered interactome maps can be obtained by RIP-

seq (RNA immunoprecipitation followed by RNA-seq; Figure 4) which has been amply used to pull 

down Hfq-interacting RNAs (Bilusic et al., 2014; Chao et al., 2012; Sittka et al., 2008; Zhang et al., 

2013). In addition to intergenic sRNAs, Hfq RIP-seq captured sRNAs that overlapped with 3’ regions 

of mRNA genes, a class of sRNAs that is now turning out to play important physiological functions 

(Chao and Vogel, 2016; Grabowicz et al., 2016; Guo et al., 2014; Miyakoshi et al., 2015a). This 

approach has been successfully applied to several more RBPs with sRNA-related functions to 

reveal, for example, a new sRNA circuitry for natural competence in Legionella species (Attaiech et 

al., 2016) or the sequestration of an RNase E adaptor protein by GlmY sRNA in E. coli (Göpel et al., 

2013). In C. jejuni, the technique facilitated the discovery of the 5’ UTR of a motility-related mRNA 

that, in the absence of CsrB-like sRNAs, acts as the major antagonist of the translational regulator 

CsrA (Dugar et al., 2016). Given the ease of RIP-seq, the method has been used to profile the RNA 

targets of an entire RBP family, the six cold shock proteins (CSPs) present in Salmonella. Even at 

relatively low depth, this analysis guided the discovery of the essential though redundant virulence 

functions of the proteins CspC and CspE (Michaux et al., 2017). 

Addition of a UV cross-linking step to covalently link protein-RNA interactions as performed 

in CLIP-seq improves conventional RIP-seq in several ways. Not only does it increase stringency by 

enabling protein purification under denaturing conditions, but it can also better pinpoint binding 

sites because the cross-linked nucleotide often reveals itself by a characteristic mutation in the 

cDNA (reviewed in König et al., 2012). In bacteria, CLIP-seq has been used to profile RNA ligands of 

Hfq in enterohemorrhagic E. coli (EHEC) and Salmonella (Holmqvist et al., 2016; Tree et al., 2014), 

uncovering positional and sequence preferences of Hfq in both sRNAs and mRNAs. For Salmonella 

CsrA, CLIP-seq recovered >500 mRNAs and cemented AUGGA located in apical loops as the major 

recognition motif of this protein (Holmqvist et al., 2016). 
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Although CLIP-seq is able to identify the sRNAs bound to an RBP under a given condition, 

the challenge remains to identify the RNA transcripts that are bound by the sRNAs to provide an 

overview of the sRNA interactome. To overcome this, ligation of sRNAs to their target RNAs 

produces chimeric molecules that, once sequenced, map to distinct genomic loci revealing the post-

transcriptional network associated with an RBP. Application of RIL-seq (RNA interaction by ligation 

and sequencing) identified ~2,800 putative RNA interactions associated with E. coli Hfq, increasing 

the previously known sRNA interactome by an order of magnitude in a single experiment (Melamed 

et al., 2016). In addition to expected targets, RIL-seq produced many surprises: previously 

identified cis-antisense RNAs that also regulate in trans or a 3’ UTR-derived RNA sponge of the well-

characterized Spot42 sRNA. Alternatively, CLASH (cross-linking, ligation, and sequencing of 

hybrids) uses a more stringent purification protocol to capture sRNA-RNA duplexes (Waters et al., 

2017). CLASH of RNase E in EHEC not only enriched known sRNA-RNA interactions, it also captured 

multiple mRNA targets of an EHEC-specific sRNA, unveiling its functions in iron homeostasis and 

colicin resistance. Importantly, even though these studies used different E. coli strains, target 

proteins and methods, they find a comparable number of sRNA-mRNA hybrids making them 

excellent choices for the global identification of sRNA targets. 

The next step in identifying RNA-RNA interactions will be to develop approaches that are 

independent of their association with specific proteins. Very recently, this has been achieved by 

modification of the original GRIL-seq protocol; the resulting Hi-GRIL-seq omits the protein-based 

enrichment of RNA-RNA hybrids and so reports both Hfq-dependent and Hfq-independent sRNA 

interactions in P. aeruginosa (Zhang et al., 2017). Alternatively, the modified CLASH approach in 

which AMT (4'-aminomethyl trioxsalen) cross-links interacting RNAs in vivo (Liu et al., 2017) 

before the subsequent ligation of interacting RNAs and library preparation should enable RNA-seq 

of hybrid molecules on a genome-scale to chart global RNA-RNA networks. 

 

Identification of new RBPs 

The basis for RIP-, CLIP-, RIL-seq and CLASH methods is that they require prior knowledge of an 

RBP, which is often not the case in lesser studied bacteria (reviewed in Wagner and Romby, 2015). 

While there has been tremendous progress with genome-wide searches for RBPs and RNA-binding 

domains in eukaryotes, the underlying methods often rely on functional transcripts to have a 

poly(A) tail, which is not the case in bacteria (reviewed in Smirnov et al., 2017a). To overcome this 
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limitation, one solution is to bioinformatically predict possible RBPs and then verify them using 

CLIP-seq (Tawk et al., 2017). 

Grad-seq (gradient profiling by sequencing) takes an alternative approach by first defining 

major functional RNA classes which can then be targeted to identify new RBPs (Smirnov et al., 

2016). Grad-seq partitions native cellular lysates, including RNA-protein complexes, according to 

their molecular weight and shape on a glycerol gradient. Subsequent fractionation and analysis by 

RNA-seq and mass spectrometry of each fraction allows visualization of in-gradient distributions of 

all RNAs (Figure 5). Ideally, transcripts that are targeted by the same RBP will cluster together, and 

can then be used as baits to identify the RBP by, for example, MS2-affinity chromatography (Said et 

al., 2009). 

Surprisingly, despite decades of research into the RNA biology of E. coli and Salmonella, 

Grad-seq revealed a new global RNA chaperone in these bacteria, ProQ. ProQ binds highly 

structured RNAs largely distinct from those recognized by CsrA or Hfq, the other two known global 

RNA chaperones, many of which are of unknown function (Smirnov et al., 2016; Smirnov et al., 

2017b). Moreover, ProQ-like proteins are present in many other bacteria with diverse life styles 

(Attaiech et al., 2017; Gonzalez et al., 2017; Olejniczak and Storz, 2017), promising a diversity of 

unexplored physiological functions of this new third domain of post-transcriptional control in 

bacteria. 

 

DATA INTEGRATION 

The above-described methods generate a huge amount of global data on post-transcriptional 

control. The next challenge is to exploit them in an integrative manner. For example, sRNAs 

comprise regulatory networks similar in size and complexity to those of transcription factors 

(reviewed in Beisel and Storz, 2010). They are often interdependent, with genetic circuits being 

composed of both RNAs and proteins to produce specific regulatory logic outputs. In most cases the 

complexity of these networks can only be understood by integrating data obtained from different 

experimental conditions and time-points (reviewed in Nitzan et al., 2017). Cross-comparisons of 

available post-genomic data sets can provide insight into potential sRNA functions which can be 

elusive due to a lack of phenotypes in knockout mutants (reviewed in Barquist and Vogel, 2015). 
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A first key step towards integrative studies is ensuring that data are publicly available, 

normally through searchable databases. There are notable efforts such as SalCom for Samonella 

gene expression data (Kröger et al., 2013; Srikumar et al., 2015) or standardized reference 

transcriptome databases for selected members of major prokaryotic phyla (Cohen et al., 2016). 

Similarly, the RNAcentral database integrates data from 25 databases such as Rfam (Kalvari et al., 

2017) and the European Nucleotide Archive (Silvester et al., 2017), providing a curated platform to 

search for bacterial non-coding RNAs (The RNAcentral Consortium, 2017). EcoCyc is a literature-

based database for E. coli, containing information about its genome, gene regulation and metabolic 

pathways (Keseler et al., 2017). That said, the sheer amount of different bacterial species makes it 

exceptionally difficult to provide similar high quality, in-depth databases for each of them. 

Therefore, a critical task for the burgeoning field of global bacterial RNA biology is to develop novel 

innovative approaches for data sharing and making them fully accessible to the community rather 

than building complete databases for individual species. 

These accessible data can subsequently be exploited in multiple ways. For example, for 

reconstructing global regulatory networks from large compendia of gene expression data 

(reviewed in De Smet and Marchal, 2010). One recent study used the ArrayExpress database 

(Kolesnikov et al., 2015) and applied eADAGE (ensemble version of analysis using denoising 

autoencoders of gene expression) to a collection of ~1,000 P. aeruginosa gene expression samples 

from ~80 distinct media and ~130 distinct strains (Tan et al., 2017). This unsupervised machine 

learning algorithm extracted robust gene expression signatures, leading to the identification of a 

previously unknown response to moderate phosphate concentrations, highlighting the power of 

collectively analyzing large collections of gene expression data. 

Another way of taking advantage of global data is by not only looking at many data sets, but 

also integrating different methodological approaches. For example, the INFO (integrative FourD 

omics) approach combines transcriptomics with proteomics and CLIP-seq using multiple strains, 

time-points and a stress condition and was recently used to analyze the target network of the CsrA 

regulatory system for carbon storage in E. coli (Sowa et al., 2017). Interestingly, the ~140 potential 

direct targets of CsrA identified here were only found in the combined data set, whereas the 

individual data sets missed many of the interactions, emphasizing the power of integrative 

approaches (Sowa et al., 2017). Nevertheless, it is clear that we are only at the beginning of 

leveraging the full potential of global datasets towards a systems view of bacterial RNA biology. 
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OUTLOOK 

According to a recent estimate, Earth may be home to upward of 1 trillion microbial species, a large 

proportion of which are bacteria (Locey and Lennon, 2016). Their exact number does not really 

matter here—it is clear that even a million uncharacterized bacterial species would dwarf the 

number of model species (~10) whose RNA biology has been explored in more depth. These 

bacteria not only populate a vast diversity of habitats such as soil, water, hot springs or arctic 

under-ice lakes, they also live in various symbiotic and parasitic relationships with other 

organisms. To achieve an understanding of how the shape and function of bacterial transcriptomes 

contribute to this enormous diversity in lifestyle, the global approaches described above strive to 

characterize potentially all transcripts in a single experiment. It is now technically feasible to 

comprehensively annotate the primary transcriptional features and unveil the major RNA regulons 

and auxiliary RBPs of any bacterium of interest within a few months. This seems particularly timely 

as the current success of culturing bacteria keeps increasing the number of potential model species 

(Browne et al., 2016; Lagier et al., 2016) for which many of those techniques are equally applicable. 

One thing that is becoming clear, and is exemplified by the natural diversity that is currently 

emerging within functionally similar CRISPR-Cas systems (Burstein et al., 2017; Mohanraju et al., 

2016), is that our current knowledge of RNA-based regulatory systems may only be the tip of the 

bacterial RNA biology iceberg. 

As we take on this formidable challenge of investigating more and more bacterial species, 

yet another is just around the corner: single-cell RNA-seq assaying the transcriptomes of thousands 

of individual cells is currently revolutionizing the eukaryotic gene expression analysis. The first 

proof-of-principle studies (Kang et al., 2015; Wang et al., 2015a) aside, the technique is yet to be 

fully established for bacteria for which poly(A)-based priming of cDNA synthesis, as commonly 

used in eukaryotes (reviewed in Saliba et al., 2014), is not an option. But once achieved, single-cell 

RNA-seq may soon be developed further to determine bacterium-to-bacterium variations of post-

transcriptional events such as sRNA-mRNA pairing or RBP association the same way we have 

outlined it in this review for the profiling of entire populations. 
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BOX 1: Overview of small RNAs 

There are now five major classes of regulatory RNAs in bacteria: the first two include sRNAs that 

associate with Hfq or ProQ, and act by short base pairing to regulate the translation or stability of 

trans-encoded mRNAs (reviewed in Attaiech et al., 2017; Olejniczak and Storz, 2017; Updegrove et 

al., 2016). Targeting of multiple mRNAs seems to be the rule rather than the exception, and some 

Hfq-associated sRNAs may regulate more than 50 mRNAs, or ~1% of all genes, in E. coli and 

Salmonella (reviewed in Wagner and Romby, 2015). The third major class is the CsrB-like sRNAs 

that antagonize CsrA, a global translational repressor protein encoded in the majority of bacterial 

genomes (reviewed in Romeo et al., 2013). The combined results of RNA ligand profiling for CsrA, 

Hfq, and ProQ in Salmonella suggest that these three sRNA classes alone may—directly or 

indirectly—modulate post-transcriptionally at least half of the genome under one or another 

growth condition. 6S RNA, which modulates RNAP activity (reviewed in Cavanagh and Wassarman, 

2014), and CRISPR RNAs, which guide the genome-defense activity of CRISPR-Cas complexes 

(reviewed in Charpentier et al., 2015), constitute the remaining two major classes of bacterial 

sRNAs. 

These major sRNA classes are complemented by a variety of other non-coding RNAs that act 

in cis or trans on mRNAs (reviewed in Wagner and Romby, 2015), or sequester proteins (DebRoy et 

al., 2014; Mellin et al., 2014; Short et al., 2013). As a result, sRNAs are now established as adding 

another significant category of RNA output from a bacterial genome, in addition to the classic 

triumvirate of mRNA, rRNA, and tRNA. However, their sheer diversity in length, sequence and 

function, combined with the lack of unifying features such as the coding region of mRNAs, poses a 

major challenge for biocomputational sRNA annotation of known bacterial genome sequences. This 

problem has increased due to the recent discoveries of many functional sRNAs that originate from 

other transcript classes, for example, riboswitches in mRNA 5’ regions (Loh et al., 2009), remnants 
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of tRNA precursors (Lalaouna et al., 2015), or the many sRNAs that originate from the 3’ regions of 

mRNA loci (reviewed in Miyakoshi et al., 2015b). 

 

FIGURE LEGENDS 

Figure 1. The power of global RNA biology. 

Global RNA biology approaches can be used to study different aspects of RNA synthesis, 

metabolism, function and decay. RBS, ribosome binding site. RBP, RNA-binding protein. ORF, open 

reading frame. RNAP, RNA polymerase. 

Figure 2. Analysis of general RNA properties. 

Starting with bacterial total RNA, different RNA-seq techniques provide a means to rapidly and 

globally investigate transcript expression, discovery, modification, structure, translation, 

processing and turnover. ORF, open reading frame. 

Figure 3. Global investigation of sRNA functions and targets. 

Top left: MAPS and GRIL-seq detect direct targets of sRNAs. Top right: Inhibition of Rho followed by 

RNA-seq reveals transcripts whose transcription is terminated by Rho. Deletion of sRNAs further 

reveals their role in the control of Rho-dependent termination by blocking access to the nascent 

transcript. Bottom: Pulse-expression of an sRNA followed by RNA-seq detects directly and 

indirectly regulated targets based on changes in RNA levels. Additional pulse-expression of an sRNA 

seed mutant refines target identification by revealing transcripts that change independently of the 

seed. Ribosome profiling after pulse-expression of an sRNA identifies targets that are regulated on 

the translational level. RBS, ribosome binding site. 

Figure 4. Techniques to study RBPs. 

RNAs associated with a particular RBP can be identified by immunoprecipitation of a tagged RBP 

followed by RNA-seq (RIP-seq). With the incorporation of an additional UV cross-linking step, CLIP-

seq identifies the precise binding site and motif of the RBP. In order to uncover RNA-RNA 

interactions that occur on an RBP, RIL-seq and CLASH ligate the interacting RNAs and sequence the 

resulting chimeras. Novel approaches are required to discover RBPs in an unbiased manner; Grad-
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seq guides RBP identification by biochemical partitioning of a cell’s RNA-protein complexes, 

resulting in clusters of similar RNAs whose RBP partner can then be analyzed by downstream 

experiments. 

Figure 5. Grad-seq guides the discovery of RBPs. 

Grad-seq resolves RNPs based on their biochemical properties such as their sedimentation 

behavior in a glycerol gradient. Then, dimensionality reduction methods such as principle 

component analysis reveal clusters of RNAs that behave similarly in a gradient and thus potentially 

exist in similar complexes (data adapted from Smirnov et al. (2016)). These sedimentation profiles 

of RNAs are often dictated by the proteinaceous component(s) of an RNA-protein complex, meaning 

that RNAs belonging to the same cluster can be used as bait for downstream pull-down experiments 

and the enriched RBPs identified via mass spectrometry (MS). The full suite of RNAs that associate 

with the RBP can subsequently be identified using additional genome-wide methods such as CLIP-

seq. 

 

Table S1. Overview of RNA-seq methods to study bacterial RNA biology on a genome scale. Related 

to Figure 1. 
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SUPPLEMENTARY	TABLE	1:	Overview	of	RNA‐seq	methods	to	study	bacterial	RNA	biology	

on	a	genome	scale	

Process	of	interest	 Method Description Informative	reference

Transcript	
annotation/identification	

Capp‐Switch	
sequencing	

Detection	of	transcript	
5’	ends	

(Boutard	et	al.,	2016)	

Cappable‐seq (Ettwiller	et	al.,	2016)

dRNA‐seq (Sharma	et	al.,	2010)

Term‐seq	
Detection	of	transcript	

3’	ends	
(Dar	et	al.,	2016)	

Iso‐seq Full‐length	
transcriptome	
sequencing	

Neither	technique	has	
been	applied	to	
bacteria,	yet	

Nanopore	(direct)	
RNA‐seq	

RNA	modification	

Bisulfite‐seq	
Detection	of	m5C	
modifications	

(Edelheit	et	al.,	2013)	

NAD	captureSeq	
Detection	of	5’	NAD	

caps	
(Cahová	et	al.,	2015)	

PA‐m6A‐seq	
Detection	of	m6A	
modifications	

(Deng	et	al.,	2015)	

RNA	structure	

DMS‐seq	
Analysis	of	RNA	

secondary	structures	

(Burkhardt	et	al.,	
2017)	

PARS	
(Del	Campo	et	al.,	

2015)	

Translational	control	 Ribosome	profiling	
Analysis	of	translation	

rates	
(Li	et	al.,	2014)	

RNA	decay	

RNA‐seq	after	
inhibition	of	
transcription	

Global	analysis	of	RNA	
decay	rates	

(Chen	et	al.,	2015)	

RNA‐seq	of	RNase	
knockout	and	wildtype	

strains	

Analysis	of	the	effect	of	
an	RNase	on	steady	
state	RNA	levels	

(Lasa	et	al.,	2011)	

RNA‐seq	of	specifically	
enriched	RNAs	from	
RNase	knockout	and	
wildtype	strains	

Analysis	of	the	
influence	of	an	RNase	
on	a	specific	RNA	pool	

(Lybecker	et	al.,	2014)	

RNA‐seq	of	RNase	
knockout	and	wildtype	
strains	with	5’	end‐

mapping	

Identification	of	the	
targets	and	cleavage	
motif	of	an	RNase	

(Linder	et	al.,	2014)	

TIER‐seq (Chao	et	al.,	2017)

sRNA	targetome	(RNA‐
centric)	

Pulse‐expression	
Identification	of	direct	
and	indirect	sRNA	

targets	

(Westermann	et	al.,	
2016)	
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GRIL‐seq Identification	of	direct	
sRNA	targets	

(Han	et	al.,	2016)

MAPS (Lalaouna	et	al.,	2015)

sRNA‐mediated	
transcriptional	regulation	

RNA‐seq	after	
inhibition	of	Rho	in	
sRNA	knockout	and	
wildtype	strains	

Analysis	of	the	
regulation	of	Rho	by	

sRNAs	

(Sedlyarova	et	al.,	
2016)	

RBPb	targetome	

RIP‐seq	
Identification	of	RBP	

targets	
(Sittka	et	al.,	2008)	

CLIP‐seq	
Identification	of	RBP	
targets	and	its	binding	

motif	

(Holmqvist	et	al.,	
2016)	

sRNA	targetome	(protein‐
centric)	

CLASH Identification	of	sRNA‐
target	interactions	
facilitated	by	an	RBP	

(Waters	et	al.,	2017)

RIL‐seq	 (Melamed	et	al.,	2016)	

Pathogen‐host	interaction	 Dual	RNA‐seq	

Simultaneous	analysis	
of	host	and	pathogen	
transcriptomes	during	

infection	

(Westermann	et	al.,	
2016)	

Single	cell	transcriptomics	
RNA‐seq	of	single	
bacterial	cells	

Analysis	of	the	
transcriptome	of	a	
single	bacterial	cell	

(Wang	et	al.,	2015)	
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