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Abstract: Small RNAs (sRNAs) are essential regulators in the adaptation of bacteria to environmental changes and act by binding targeted mRNAs through base complementarity. Approximately
550 distinct families of sRNAs have been identified since their initial characterization in the 1980s,
accelerated by the emergence of RNA-sequencing. Small RNAs are found in a wide range of bacterial
phyla, but they are more prominent in highly researched model organisms compared to the rest of
the sequenced bacteria. Indeed, Escherichia coli and Salmonella enterica contain the highest number
of sRNAs, with 98 and 118, respectively, with Enterobacteriaceae encoding 145 distinct sRNAs, while
other bacteria families have only seven sRNAs on average. Although the past years brought major
advances in research on sRNAs, we have perhaps only scratched the surface, even more so considering RNA annotations trail behind gene annotations. A distinctive trend can be observed for genes,
whereby their number increases with genome size, but this is not observable for RNAs, although they
would be expected to follow the same trend. In this perspective, we aimed at establishing a more
accurate representation of the occurrence of sRNAs in bacteria, emphasizing the potential for novel
sRNA discoveries.
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1. Introduction
Small RNAs (sRNAs) are important post-transcriptional regulators involved in many
cellular mechanisms such as biofilm formation, adaptation to environmental changes and
virulence [1]. They modulate gene expression by base-pairing with their target mRNA
either with perfect (cis-acting) or partial (trans-acting) complementarity. Cis-acting sRNAs
(better known as antisense RNAs; asRNAs) are encoded in the opposing strand of their
target mRNAs, whereas trans-acting sRNAs are in a different locus. The latter tend to target
multiple mRNAs and often rely on the help of chaperone proteins such as Hfq or ProQ
in Gram-negative bacteria [2]. Here, we focused on trans-acting sRNAs, though a similar
analysis dedicated to asRNAs is available in the Supplementary Material (Supplementary
Material Table S1–S3 and Figure S1).
The effects of sRNA binding to its mRNA target are manifold. Small RNAs are between
50 and 300 nucleotides, and they have an impact on the translation of their target mRNA,
more often via downregulation of protein synthesis than upregulation [3]. The binding of
an sRNA to its target can prevent the ribosome from reaching the ribosome binding site
(RBS) either by directly obstructing its access or by promoting a structural change that leads
to its sequestration, therefore preventing translation from occurring [4,5]. Inversely, this
binding could result in changes in the secondary structure of an mRNA, releasing an RBS
that would otherwise be sequestered [6]. An sRNA-Hfq complex can also promote RNA
degradation by the recruitment of ribonuclease E (RNAse E) [7]. Small RNA binding can
also lead to ribosome stalling, which can reveal downstream RNAse E sites and promote
target mRNA degradation [8]. All this to say, sRNAs’ modes of action are diverse and rely
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on regulatory mechanisms that affect mRNA stability, degradation, or accessibility to the
ribosome and RNA-binding proteins.
In Gram-negative bacteria, sRNAs regulation is often facilitated by chaperone proteins Hfq and ProQ. Homologs of the protein Hfq are found in approximately 50% of all
sequenced bacteria [9], whereas ProQ is specific to Gram-negative microorganisms [10].
We hypothesized that sRNAs could be found in all Gram-negative bacteria encoding for
either chaperone proteins. Even if it is present in Gram-positive bacteria, Hfq does not
seem to operate in the same manner as in Gram-negative bacteria [10]. The identification of
RNA-binding proteins in Gram-positive bacteria with a similar impact on gene regulation
as Hfq and ProQ is an important missing factor in paving the way to novel sRNA discovery.
It was suggested that the protein CsrA could fulfill this function in Gram-positive bacteria,
but research is lacking. In fact, it was only demonstrated that CsrA could promote the
interaction between the sRNA SR1 and its target in B. subtilis [11].
The first characterized sRNA, MicF, was described approximately 40 years ago. Initially identified as a “repressor RNA”, MicF is an sRNA that regulates an important outer
membrane protein in Escherichia coli, OmpF [12–14]. Since this first breakthrough, numerous
sRNAs have been identified; the rate of these discoveries has increased since the advent of
next-generation sequencing, which permitted RNA-sequencing. However, their discovery
mainly focused on model organisms such as Escherichia and Salmonella species, overlooking other bacteria that also have the potential to encode numerous sRNAs. We wanted
to estimate whether we are far from the true number of sRNAs by getting an overview
outside these common models. By demonstrating the biases toward model organisms and
pathogens, we hope to pique the interest of other non-coding RNA enthusiasts and pave
the way for new sRNAs discoveries.
2. Prevalence of sRNAs in Bacteria
Information about sRNAs annotated in bacterial genomes compiled for this article
was procured from RiboGap [15] (queries are available in Supplementary Material, Table
S4). This database facilitates the inspection of non-coding regions in prokaryotes. The
compilation of annotated sRNAs in RiboGap comes from Rfam, a database compiling
sequences from structural RNA families [16], and is limited to available annotations. However, additional sRNAs are predicted within RiboGap compared to Rfam since homology
searches were executed on all prokaryotic genomes available in NCBI [17] from covariance
models of the entire sRNA collection in Rfam.
Rfam allowed us to examine the prevalence of sRNAs in a wide range of bacteria,
but other organism-specific databases exist. To name a few, sRNAMap is a web-based
application for Gram-negative bacteria only [18], whereas sRNAdb [19] is specific to
Gram-positive bacteria. RegulonDB [20] and Ecocyc [21] compile sRNAs from E. coli,
while published data on sRNAs in Staphylococci with a focus on Staphylococcus aureus are
gathered in the SRD database [22]. BSRD also contains a repertoire of small bacterial RNA,
but most of its data are homologs found in Rfam [23]. We, therefore, chose to work with
Rfam to obtain a sense of the extent of sRNAs in bacteria, but it is worth mentioning that
other databases are available when the research is more focused on a particular organism,
although this is generally limited to model organisms. This article also focuses on sRNAs
with an E-value lower than 0.0005, to remove any sRNAs with poor homology prediction.
Since the characterization of the first sRNA in the 1980s, numerous sRNAs have been
discovered in a wide range of bacterial phyla, including 549 distinct sRNA families listed
in Rfam. Proteobacteria and Terrabacteria groups encode the highest number of distinct
sRNAs (Table 1).
Bacteria from the phylum Proteobacteria and the Terrabacteria phylum group both
encode many distinct sRNAs (345 and 210, respectively). It comes as no surprise that
the Terrabacteria super-phylum group stands out from others in terms of the number of
annotated sRNAs since it encompasses approximately two-thirds of all identified species,
including all Gram-positive bacteria and most spore-producing bacteria [24]. It also in-
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cludes human pathogens such as Clostridium, Staphylococcus and food and waterborne
pathogens such as Listeria and Campylobacter [24]. Proteobacteria is a well-studied phylum
since it is predominant in the human gut microbiome and often associated with multiple
intestinal and extraintestinal diseases [25] and includes many human pathogens, such as
those from the genera Bordetella, Brucella, Burkholderia, Francisella, Helicobacter, Neisseria,
Rickettsia, Salmonella and Yersinia [25], which would explain incentives to study them.
Table 1. Number of distinct annotated sRNAs in different phylum.

1

Phylum Group

sRNAs

Acidobacteria
Aquificae
Calditrichaeota
Dictyoglomi
FCB group 1
Fusobacteria
Nitrospirae
PVC group 2
Proteobacteria
Spirochaetes
Synergistetes
Terrabacteria group
Thermodesulfobacteria
Thermotogae

4
1
1
1
16
2
3
8
345
6
1
210
1
1

FCB group stands for Fibrobacteres, Chlorobi, and Bacteroidetes, whereas
mycetes, Verrucomicrobia, and Chlamydiae.

2

PVC group represents Plancto-

Most species have a relatively small number of distinct sRNAs annotated within
their genome (Supplementary Material Figure S2A), whereas those with the highest sRNA
occurrences are within the phylum Proteobacteria and Terrabacteria group (Table 1). If we
disregard those overrepresented phyla, the remaining bacteria have an average of only
1 to 2 sRNAs encoded in their genome (Supplementary Material Figure S2A). From that
list, most are non-pathogenic and are not considered model organisms. However, there
are a few exceptions, including those responsible for the sexually transmitted infections
(STI), chlamydia and syphilis (Chlamydia trachomatis [26] and Treponema pallidum [27], respectively), a bacteria associated with dog bite infections (Capnocytophaga sp. [28]) as well
as plant (Liberibacter sp. [29]), poultry (Riemerella sp. [30]) and fish (Tenacibaculum sp. [31])
pathogens. This list also includes model organisms in specific fields of research, such as
Chlorobaculum sp., which is used to study sulfur metabolism and photosynthesis [32], as
well as Porphyromonas sp., used to study the interaction of anaerobic bacteria with host
cells [33]. Despite their relevance as pathogens and in fundamental research, the presence
of sRNAs has not been examined in these species. A genome-wide transcriptomic study
was realized in Chlamydia trachomatis, identifying 43 candidate sRNAs [34], but only one
is referenced within the Rfam database, IhtA [35]. It would be interesting to dedicate
future sRNA studies to these bacteria since they have a very small number of annotated
sRNAs. Conversely, numerous bacterial strains from the major Gram-negative phylum
Proteobacteria encode for large numbers of sRNAs (Figure 1).
Figure 1 represents the potential to discover novel sRNAs, where the underwater
portion of the iceberg depicts the sRNAs that remain to be found if all strains contain
similar quantities of sRNAs as the most well-studied bacteria. Given chaperone proteins
ProQ and Hfq are highly conserved in Gram-negative bacteria [36,37], we feel comfortable
making this extrapolation since the occurrence of either or both chaperone proteins in
the genome of bacteria could be a good indication of the presence of sRNAs. We also
represented the potential for sRNA discovery in bacteria from other phyla (Supplementary
Material Figure S2). However, given the chaperone protein ProQ is absent in Gram-positive
bacteria [37], this extrapolation is less reliable. Despite the fact that an Hfq homolog is
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Proteobacteria
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Model organism to study host-pathogen interactions
[40]
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[48]
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pathogen,
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could
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missing
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Terrabacteria
group

Streptococcus

55

Staphylococcus

46

Genus

Responsible for most cases of pneumonia worldwide
Table 2. Description of genus encoding for the most distinct sRNAs.
Most prevalent cause of infection in hospitalized patient

[44]
[42]

Nb of distinct sRNAs 1 Foodborne human pathogens causing
Description
Ref
central nervous system
Listeria
35
[43]
Proteobacteria
infections
Salmonella
119
Model
organism
to study
host-pathogen
interactions
[40]
Most-studied Gram-positive bacteria,
model
organisms for
cellular
Bacillus
26
[45]
development
Escherichia
99
Most
well-understood bacteria
[38]
Citrobacter
88
Third
most
common
urinary
pathogen
Enterococcus
25
Principal cause of the healthcare-associated death worldwide
[48,50] [46]
1 The number represents the quantity of
Shigella
85
Causative
pathogen
ofinshigellosis
[47]
distinct annotated
sRNAs
all bacterial strains within this genus. Only
sRNAs with a E-value lower than 0.0005
were considered.
Enterobacter
78
Responsible
for nosocomial infections
[48]
Klebsiella
74
Nosocomial pathogen, model organism to study drug resistance
[49]
Terrabacteria group
Streptococcus
55
Responsible for most cases of pneumonia worldwide
[44]
Staphylococcus
46
Most prevalent cause of infection in hospitalized patient
[42]
Foodborne human pathogens causing central nervous system infecListeria
35
[43]

Bacillus

26

Enterococcus

25

Most-studied Gram-positive bacteria, model organisms for cellular
development
Principal cause of the healthcare-associated death worldwide

The number represents the quantity of distinct annotated sRNAs in all bacterial strains w
this genus. Only sRNAs with a E-value lower than 0.0005 were considered. 6 of 14
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sRNA
Ysr197

Description
Yersinia sRNA 197

5_ureB_sRNA

-

sX9

Rfam ID
RF02849

sRNA Expression
Expressed in exponential phase
Downregulate expression of operon
RF02514
ureAB

Xanthomonas sRNA sX9 RF02228

Ysr224

Yersinia sRNA 224

RF02770

Ysr141

Yersinia sRNA 141

RF02675

isrK
Flavo-1
BASRCI153

isrK Hfq binding RNA RF01394
Brucella sRNA CI153

RF01705
RF02604

Temperature-responsive
Influence the expression of Yop-Ysc
type III secretion system (T3SS) (critical system for virulence)
Stationary phase, low oxygen, low
magnesium
Putative target: BAB1_1361

Discovered in
Yersinia pseudotuberculosis
Helicobacter pylori

Xanthomonas campestris pv.
vesicatoria (Xcv)
Yersinia pseudotuberculosis
Yersinia pestis
Salmonella typhimurium
Bacteroidetes
Brucella abortus
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Table 3. Description of top 20 most prevalent sRNAs in bacteria.
sRNA

Description

Rfam ID

sRNA Expression

Discovered in

Ref

Ysr197

Yersinia sRNA 197

RF02849

Expressed in exponential phase

Yersinia
pseudotuberculosis

[52]

5_ureB_sRNA

-

RF02514

Downregulate expression of
operon ureAB

Helicobacter pylori

[84]

sX9

Xanthomonas sRNA
sX9

RF02228

-

Xanthomonas
campestris pv.
vesicatoria (Xcv)

[58]

Ysr224

Yersinia sRNA 224

RF02770

Temperature-responsive

Yersinia
pseudotuberculosis

[52,54]

Yersinia pestis

[55]

Ysr141

Yersinia sRNA 141

RF02675

Influence the expression of
Yop-Ysc type III secretion
system (T3SS) (critical system
for virulence)

isrK

isrK Hfq binding
RNA

RF01394

Stationary phase, low oxygen,
low magnesium

Salmonella
typhimurium

[41,56]

Flavo-1

-

RF01705

-

Bacteroidetes

[82]

BASRCI153

Brucella sRNA CI153

RF02604

Putative target: BAB1_1361

Brucella abortus

[57]

GlmZ_SraJ

GlmZ RNA activator
of glmS mRNA

RF00083

activator of glmS mRNA

Escherichia coli

[54,60–62]

t44

-

RF00127

-

Escherichia coli

[63]

GlmY_tke1

GlmZ RNA activator
of glmS mRNA

RF00128

activator of glmS mRNA

Escherichia coli

[54,60–62]

BASRCI408

Brucella sRNA CI408

RF02599

Putative target: BAB1_2002

Brucella abortus

[57]

RF00057

Iron metabolism [67], regulates
siderophore production and
virulence [69], persistence
regulation [70]

Escherichia coli

[64–70]

RF02076

-

Salmonella sp.

[56]

RyhB

STnc100

-

Gammaproteobacterial
sRNA STnc100

CsrB

CsrB/RsmB RNA
family

RF00018

Binds the CrsA protein

Escherichia coli

[54,71–77]

Bacillaceae-1

-

RF01690

-

Bacteroidetes

[82]

OmrA-B

-

RF00079

Target several genes encoding
outer membrane proteins

Escherichia coli

[64,78–80]

CsrC

-

RF00084

Binds the CrsA protein

Escherichia coli

[64,81]

Ysr276

Yersinia sRNA 276

RF02850

-

Yersinia
pseudotuberculosis

[52]

WsnRNA46

Wolbachia sRNA 46

RF02625

Expressed in cells infected by
parasitic microbe Wolbachia

Wolbachia sp.

[59]

P26

Pseudomonas sRNA
P26

RF00630

-

Pseudomonas
aeruginosa

[83]

3. Biases towards Model Organisms and Pathogens
In order to demonstrate that research intensity is biased toward model organisms,
pathogens, and closely related species, we looked at the number of annotated genes and
RNAs in bacteria (Figure 4).
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Expectedly, the number of annotated genes increases proportionally with the genome
size, with on average one gene per kb and a relative standard deviation (RSD) of 7%
(Figure 4A). The top species with the most annotated sRNAs (Figure 2) from Proteobacteria
and Terrabacteria groups (blue and black dot, respectively, Figure 4A) tend to have slightly
higher numbers of genes for a given genome length. We also graphed the number of
annotated RNAs compared to the fragment size, which highlights the disparity in the
annotation of RNA versus protein-coding genes. There is, on average, one annotated RNA
every 25 kb with a relative standard deviation of 47%, emphasizing how spread out the
values are from the average number, ranging from ~1/10 kb to ~1/100 kb (Figure 4B).
Information about RNA families comes from RiboGap [15] and is derived from Rfam
(except for terminators, which can be found in RiboGap but were not included in these
results). In principle, we should expect a similar trend for RNAs (Figure 4B) as for genes
(Figure 4A), i.e., the number of annotated RNAs should increase proportionally with
fragment size. However, it is clearly not the case here, emphasizing how RNA annotations
trail behind gene annotations.
Annotations are dependent on the research intensity associated with each strain: the
fact that some RNAs are not annotated does not mean that they are not present, but simply
that they have yet to be identified. When we emphasize the species with the most annotated
sRNAs in their genome (black and blue dots, Figure 4B), they also tend to be those that
have the highest number of RNAs in general for a given fragment length. Therefore, their
large number of annotated sRNAs likely results from high research intensity. We recreated
Figure 4, this time emphasizing bacteria labeled as human pathogens in RiboGap [15]
(Supplementary Material Figure S4). Even if there are large incentives to study human
pathogenic bacteria, only a handful of model organisms were well characterized. There is
still room for novel RNAs discovery even among numerous pathogens, as suggested by
the fact that the number of annotated RNAs does not necessarily increase as expected with
fragment size.
4. Conclusions and Perspectives
Small RNAs are important for gene regulation and modulation of responses to environmental changes. They are found in numerous bacterial phyla, especially Proteobacteria and
Terrabacteria groups. However, we underestimate their prevalence because of the focus
on model organisms and pathogens. Genera encoding for the highest number of sRNAs
are human pathogens (Salmonella, Escherichia, Citrobacter, Shigella, Enterobacter, Klebsiella,
Streptococcus, Staphylococcus and Listeria, amongst others) or model organisms (Bacillus,
Escherichia, Salmonella and others). Only a small fraction of all bacteria encode for numerous
sRNAs, but it would be surprising that others would not have the same variety of regulatory RNAs, especially if they encode for the RNA chaperone proteins Hfq and/or ProQ.
Moreover, the diversity of sRNAs is anticipated to be much greater since most sRNAs are
unique to limited taxonomic groups. For instance, the species that encode the most distinct
sRNAs within the phylum Proteobacteria are all from the same family, Enterobacteriaceae.
Expectedly, species associated with high research intensity are also those with the
largest number of annotated genes (relative to genome size) and even more so of RNAs,
but what was less obvious before is how much RNA annotations fall behind gene annotations. By increasing RNA studies of infrequently studied bacteria, we could improve our
capacity to annotate sRNAs and our knowledge of the extent of RNA families in bacteria,
including sRNAs.
Even if there is still much to learn on sRNAs in major experimental models, our goal
was to highlight the potential to discover novel sRNAs by stressing that current findings
are focused on model organisms and pathogens. It was also an opportunity to take stock of
the extent of our knowledge. Although there are fewer incentives to study bacteria that
are neither models nor pathogens nor of direct industrial interest, new sRNA discoveries
could deepen our comprehension of genetic regulation and perhaps lead to new and
fascinating mechanisms. Furthermore, beyond the E. coli and B. subtilis models, there are
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numerous organisms that provide important models for specific biological processes. A few
examples include Methylorubrum extorquens for the metabolism of 1-carbon compounds [85],
Myxococcus xanthus for bacterial social behavior [86], Azotobacter vinelandii for nitrogen
fixation [87] or Mycoplasma genitalium for minimal organisms [88]. RNA-seq and sRNA
discovery methodologies permitted transcriptome-wide evaluation of potential sRNAs,
even if further experimental validation requires a significant amount of work. Small RNAs
should still be in the spotlight of research in relation to non-coding RNA-mediated genetic
regulation because we have just scratched the surface of their full potential and likely have
an underappreciation of the true complexity of the regulation of gene expression by sRNAs
in bacteria.
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Krzyściak, W.; Pluskwa, K.; Jurczak, A.; Kościelniak, D. The pathogenicity of the Streptococcus genus. Eur. J. Clin. Microbiol. Infect.
Dis. 2013, 32, 1361–1376. [CrossRef] [PubMed]
Errington, J.; van der Aart, L.T. Microbe Profile: Bacillus subtilis: Model organism for cellular development, and industrial
workhorse. Microbiology 2020, 166, 425. [CrossRef]
Ranjan, K.P.; Ranjan, N. Citrobacter: An emerging health care associated urinary pathogen. Urol. Ann. 2013, 5, 313–314. [CrossRef]
Killackey, S.A.; Sorbara, M.T.; Girardin, S.E. Cellular Aspects of Shigella Pathogenesis: Focus on the Manipulation of Host Cell
Processes. Front. Cell. Infect. Microbiol. 2016, 6, 38. [CrossRef]
Sanders, W.E., Jr.; Sanders, C.C. Enterobacter spp.: Pathogens poised to flourish at the turn of the century. Clin. Microbiol. Rev.
1997, 10, 220–241. [CrossRef]
Bi, D.; Jiang, X.; Sheng, Z.-K.; Ngmenterebo, D.; Tai, C.; Wang, M. Mapping the resistance-associated mobilome of a carbapenemresistant Klebsiella pneumoniae strain reveals insights into factors shaping these regions and facilitates generation of a ‘resistancedisarmed’model organism. J. Antimicrob. Chemother. 2015, 70, 2770–2774. [CrossRef]
García-Solache, M.; Rice, L.B. The Enterococcus: A Model of Adaptability to Its Environment. Clin. Microbiol. Rev. 2019, 32,
e00058-18. [CrossRef]
Achtman, M.; Zurth, K.; Morelli, G.; Torrea, G.; Guiyoule, A.; Carniel, E. Yersinia pestis, the cause of plague, is a recently emerged
clone of Yersinia pseudotuberculosis. Proc. Natl. Acad. Sci. USA 1999, 96, 14043–14048. [CrossRef] [PubMed]
Nuss, A.M.; Heroven, A.K.; Waldmann, B.; Reinkensmeier, J.; Jarek, M.; Beckstette, M.; Dersch, P. Transcriptomic Profiling of
Yersinia pseudotuberculosis Reveals Reprogramming of the Crp Regulon by Temperature and Uncovers Crp as a Master Regulator
of Small RNAs. PLoS Genet. 2015, 11, e1005087. [CrossRef] [PubMed]
Arnvig, K.B.; Young, D.B. Identification of small RNAs in Mycobacterium tuberculosis. Mol. Microbiol. 2009, 73, 397–408. [CrossRef]
[PubMed]
Righetti, F.; Nuss, A.M.; Twittenhoff, C.; Beele, S.; Urban, K.; Will, S.; Bernhart, S.H.; Stadler, P.F.; Dersch, P.; Narberhaus, F.
Temperature-responsive in vitro RNA structurome of Yersinia pseudotuberculosis. Proc. Natl. Acad. Sci. USA 2016, 113, 7237–7242.
[CrossRef] [PubMed]
Schiano, C.A.; Koo, J.T.; Schipma, M.J.; Caulfield, A.J.; Jafari, N.; Lathem, W.W. Genome-Wide Analysis of Small RNAs Expressed
by Yersinia pestis Identifies a Regulator of the Yop-Ysc Type III Secretion System. J. Bacteriol. 2014, 196, 1659–1670. [CrossRef]
Sittka, A.; Lucchini, S.; Papenfort, K.; Sharma, C.M.; Rolle, K.; Binnewies, T.T.; Hinton, J.C.D.; Vogel, J. Deep Sequencing Analysis
of Small Noncoding RNA and mRNA Targets of the Global Post-Transcriptional Regulator, Hfq. PLoS Genet. 2008, 4, e1000163.
[CrossRef]
Dong, H.; Peng, X.; Wang, N.; Wu, Q. Identification of novel sRNAs in Brucella abortus 2308. FEMS Microbiol. Lett. 2014, 354,
119–125. [CrossRef]
Schmidtke, C.; Findeiss, S.; Sharma, C.M.; Kuhfuß, J.; Hoffmann, S.; Vogel, J.; Stadler, P.F.; Bonas, U. Genome-wide transcriptome
analysis of the plant pathogen Xanthomonas identifies sRNAs with putative virulence functions. Nucleic Acids Res. 2011, 40,
2020–2031. [CrossRef]
Mayoral, J.G.; Hussain, M.; Joubert, D.A.; Iturbe-Ormaetxe, I.; O’Neill, S.L.; Asgari, S. Wolbachia small noncoding RNAs and their
role in cross-kingdom communications. Proc. Natl. Acad. Sci. USA 2014, 111, 18721–18726. [CrossRef]
Reichenbach, B.; Maes, A.; Kalamorz, F.; Hajnsdorf, E.; Görke, B. The small RNA GlmY acts upstream of the sRNA GlmZ in
the activation of glmS expression and is subject to regulation by polyadenylation in Escherichia coli. Nucleic Acids Res. 2008, 36,
2570–2580. [CrossRef]
Rivas, E.; Klein, R.J.; Jones, T.A.; Eddy, S.R. Computational identification of noncoding RNAs in E. coli by comparative genomics.
Curr. Biol. 2001, 11, 1369–1373. [CrossRef]
Urban, J.H.; Vogel, J. Two Seemingly Homologous Noncoding RNAs Act Hierarchically to Activate glmS mRNA Translation.
PLOS Biol. 2008, 6, e64. [CrossRef] [PubMed]
Tjaden, B.; Saxena, R.M.; Stolyar, S.; Haynor, D.R.; Kolker, E.; Rosenow, C. Transcriptome analysis of Escherichia coli using
high-density oligonucleotide probe arrays. Nucleic Acids Res. 2002, 30, 3732–3738. [CrossRef] [PubMed]
Argaman, L.; Hershberg, R.; Vogel, J.; Bejerano, G.; Wagner, E.H.; Margalit, H.; Altuvia, S. Novel small RNA-encoding genes in
the intergenic regions of Escherichia coli. Curr. Biol. 2001, 11, 941–950. [CrossRef]
Davis, B.M.; Quinones, M.; Pratt, J.; Ding, Y.; Waldor, M.K. Characterization of the Small Untranslated RNA RyhB and Its Regulon
in Vibrio cholerae. J. Bacteriol. 2005, 187, 4005–4014. [CrossRef] [PubMed]
Gottesman, S. Micros for microbes: Non-coding regulatory RNAs in bacteria. Trends Genet. 2005, 21, 399–404. [CrossRef]
[PubMed]
Massé, E.; Gottesman, S. A small RNA regulates the expression of genes involved in iron metabolism in Escherichia coli. Proc. Natl.
Acad. Sci. USA 2002, 99, 4620–4625. [CrossRef]
Neuhaus, K.; Landstorfer, R.; Simon, S.; Schober, S.; Wright, P.R.; Smith, C.; Backofen, R.; Wecko, R.; Keim, D.A.; Scherer, S.
Differentiation of ncRNAs from small mRNAs in Escherichia coli O157:H7 EDL933 (EHEC) by combined RNAseq and RIBOseq—
ryhB encodes the regulatory RNA RyhB and a peptide, RyhP. BMC Genom. 2017, 18, 216. [CrossRef]

Int. J. Mol. Sci. 2022, 23, 4448

69.
70.

71.

72.

73.

74.
75.
76.

77.
78.
79.
80.
81.

82.
83.
84.
85.

86.
87.

88.
89.
90.
91.
92.
93.
94.

13 of 14

Porcheron, G.; Habib, R.; Houle, S.; Caza, M.; Lépine, F.; Daigle, F.; Massé, E.; Dozois, C.M. The Small RNA RyhB Contributes to
Siderophore Production and Virulence of Uropathogenic Escherichia coli. Infect. Immun. 2014, 82, 5056–5068. [CrossRef]
Zhang, S.; Liu, S.; Wu, N.; Yuan, Y.; Zhang, W.; Zhang, Y. Small Non-coding RNA RyhB Mediates Persistence to Multiple
Antibiotics and Stresses in Uropathogenic Escherichia coli by Reducing Cellular Metabolism. Front. Microbiol. 2018, 9, 136.
[CrossRef]
Cui, Y.; Chatterjee, A.; Liu, Y.; Dumenyo, C.K.; Chatterjee, A.K. Identification of a global repressor gene, rsmA, of Erwinia
carotovora subsp. carotovora that controls extracellular enzymes, N-(3-oxohexanoyl)-L-homoserine lactone, and pathogenicity in
soft-rotting Erwinia spp. J. Bacteriol. 1995, 177, 5108–5115. [CrossRef] [PubMed]
Cui, Y.; Chatterjee, A.; Yang, H.; Chatterjee, A.K. Regulatory network controlling extracellular proteins in Erwinia carotovora subsp.
carotovora: FlhDC, the master regulator of flagellar genes, activates rsmB regulatory RNA production by affecting gacA and
hexA (lrhA) expression. J. Bacteriol. 2008, 190, 4610–4623. [CrossRef] [PubMed]
Heroven, A.K.; Sest, M.; Pisano, F.; Scheb-Wetzel, M.; Steinmann, R.; Böhme, K.; Klein, J.; Münch, R.; Schomburg, D.; Dersch, P.
Crp Induces Switching of the CsrB and CsrC RNAs in Yersinia pseudotuberculosis and Links Nutritional Status to Virulence.
Front. Cell. Infect. Microbiol. 2012, 2, 158. [CrossRef] [PubMed]
Liu, M.Y.; Gui, G.; Wei, B.; Preston, J.F.; Oakford, L.; Yüksel, U.; Giedroc, D.; Romeo, T. The RNA Molecule CsrB Binds to the
Global Regulatory Protein CsrA and Antagonizes Its Activity in Escherichia coli. J. Biol. Chem. 1997, 272, 17502–17510. [CrossRef]
Mei, L.; Xu, S.; Lu, P.; Lin, H.; Guo, Y.; Wang, Y. CsrB, a noncoding regulatory RNA, is required for BarA-dependent expression of
biocontrol traits in Rahnella aquatilis HX2. PLoS ONE 2017, 12, e0187492. [CrossRef]
Yang, S.; Peng, Q.; Zhang, Q.; Yi, X.; Choi, C.J.; Reedy, R.M.; Charkowski, A.O.; Yang, C.-H. Dynamic Regulation of GacA in Type
III Secretion, Pectinase Gene Expression, Pellicle Formation, and Pathogenicity of Dickeya dadantii (Erwinia chrysanthemi 3937).
Mol. Plant-Microbe Interact. 2008, 21, 133–142. [CrossRef]
Yuan, X.; Khokhani, D.; Wu, X.; Yang, F.; Biener, G.; Koestler, B.J. Cross-talk between a regulatory small RNA, cyclic-di-GMP
signalling and flagellar regulator FlhDC for virulence and bacterial behaviours. Environ. Microbiol. 2015, 17, 4745–4763. [CrossRef]
Guillier, M.; Gottesman, S. Remodelling of the Escherichia coli outer membrane by two small regulatory RNAs. Mol. Microbiol.
2005, 59, 231–247. [CrossRef]
Holmqvist, E.; Reimegård, J.; Sterk, M.; Grantcharova, N.; Römling, U.; Wagner, E.G.H. Two antisense RNAs target the
transcriptional regulator CsgD to inhibit curli synthesis. EMBO J. 2010, 29, 1840–1850. [CrossRef]
Wassarman, K.M.; Repoila, F.; Rosenow, C.; Storz, G.; Gottesman, S. Identification of novel small RNAs using comparative
genomics and microarrays. Genes Dev. 2001, 15, 1637–1651. [CrossRef]
Weilbacher, T.; Suzuki, K.; Dubey, A.; Wang, X.; Gudapaty, S.; Morozov, I.; Baker, C.S.; Nagdellis, D.; Babitzke, P.; Romeo, T. A
novel sRNA component of the carbon storage regulatory system of Escherichia coli. Mol. Microbiol. 2003, 48, 657–670. [CrossRef]
[PubMed]
Weinberg, Z.; Wang, J.X.; Bogue, J.; Yang, J.; Corbino, K.; Moy, R.H.; Breaker, R.R. Comparative genomics reveals 104 candidate
structured RNAs from bacteria, archaea, and their metagenomes. Genome Biol. 2010, 11, R31. [CrossRef] [PubMed]
Livny, J.; Brencic, A.; Lory, S.; Waldor, M.K. Identification of 17 Pseudomonas aeruginosa sRNAs and prediction of sRNA-encoding
genes in 10 diverse pathogens using the bioinformatic tool sRNAPredict2. Nucleic Acids Res. 2006, 34, 3484–3493. [CrossRef]
Wen, Y.; Feng, J.; Sachs, G. Helicobacter pylori 50 ureB-sRNA, a cis-Encoded Antisense Small RNA, Negatively Regulates ureAB
Expression by Transcription Termination. J. Bacteriol. 2012, 195, 444–452. [CrossRef] [PubMed]
Vuilleumier, S.; Chistoserdova, L.; Lee, M.-C.; Bringel, F.; Lajus, A.; Zhou, Y.; Gourion, B.; Barbe, V.; Chang, J.; Cruveiller, S.;
et al. Methylobacterium Genome Sequences: A Reference Blueprint to Investigate Microbial Metabolism of C1 Compounds from
Natural and Industrial Sources. PLoS ONE 2009, 4, e5584. [CrossRef] [PubMed]
Saïdi, F.; Jolivet, N.Y.; Lemon, D.J.; Nakamura, A.; Belgrave, A.M.; Garza, A.G.; Veyrier, F.J.; Islam, S.T. Bacterial glycocalyx
integrity drives multicellular swarm biofilm dynamism. Mol. Microbiol. 2021, 116, 1151–1172. [CrossRef] [PubMed]
Setubal, J.C.; dos Santos, P.; Goldman, B.S.; Ertesvåg, H.; Espin, G.; Rubio, L.M.; Valla, S.; Almeida, N.; Balasubramanian, D.;
Cromes, L.; et al. Genome Sequence of Azotobacter vinelandii, an Obligate Aerobe Specialized To Support Diverse Anaerobic
Metabolic Processes. J. Bacteriol. 2009, 191, 4534–4545. [CrossRef]
Hutchison, C.A., III; Chuang, R.-Y.; Noskov, V.N.; Assad-Garcia, N.; Deerinck, T.J.; Ellisman, M.H. Design and synthesis of a
minimal bacterial genome. Science 2016, 351, aad6253. [CrossRef]
Ahmad, H.; Masroor, T.; Parmar, S.A.; Panigrahi, D. Urinary tract infection by a rare pathogen Cedecea neteri in a pregnant female
with Polyhydramnios: Rare case report from UAE. BMC Infect. Dis. 2021, 21, 637. [CrossRef]
Aiba, H. Mechanism of RNA silencing by Hfq-binding small RNAs. Curr. Opin. Microbiol. 2007, 10, 134–139. [CrossRef]
Bouché, F.; Bouché, J.P. Genetic evidence that DicF, a second division inhibitor encoded by the Escherichia coli dicB operon, is
probably RNA. Mol. Microbiol. 1989, 3, 991–994. [CrossRef] [PubMed]
Datta, N.; Kontomichalou, P. Penicillinase synthesis controlled by infectious R factors in Enterobacteriaceae. Nature 1965, 208,
239–241. [CrossRef] [PubMed]
Delihas, N.; Forst, S. MicF: An antisense RNA gene involved in response of Escherichia coli to global stress factors. J. Mol. Biol.
2001, 313, 1–12. [CrossRef] [PubMed]
Dühring, U.; Axmann, I.M.; Hess, W.R.; Wilde, A. An internal antisense RNA regulates expression of the photosynthesis gene
isiA. Proc. Natl. Acad. Sci. USA 2006, 103, 7054–7058. [CrossRef] [PubMed]

Int. J. Mol. Sci. 2022, 23, 4448

95.
96.
97.
98.
99.
100.
101.
102.

103.
104.
105.
106.
107.
108.
109.
110.
111.
112.
113.
114.
115.

14 of 14

Faubladier, M.; Bouché, J.-P. Division inhibition gene dicF of Escherichia coli reveals a widespread group of prophage sequences in
bacterial genomes. J. Bacteriol. 1994, 176, 1150–1156. [CrossRef]
Georg, J.; Hess, W.R. cis-antisense RNA, another level of gene regulation in bacteria. Microbiol. Mol. Biol. Rev. 2011, 75, 286–300.
[CrossRef]
Gerhart, E.; Wagner, H.; Nordström, K. Structural analysis of an RNA molecule involved in replication control of plasmid Rl.
Nucleic Acids Res. 1986, 14, 2523–2538. [CrossRef]
Hajjar, R.; Ambaraghassi, G.; Sebajang, H.; Schwenter, F.; Su, S.-H. Raoultella ornithinolytica: Emergence and resistance. Infect.
Drug Resist. 2020, 13, 1091. [CrossRef]
Jiang, X.; Liu, X.; Law, C.O.; Wang, Y.; Lo, W.U.; Weng, X.; Chan, T.F.; Ho, P.; Lau, T.C. The CTX-M-14 plasmid pHK01 encodes
novel small RNAs and influences host growth and motility. FEMS Microbiol. Ecol. 2017, 93, fix090. [CrossRef]
Khanna, A.; Khanna, M.; Aggarwal, A. Serratia marcescens-a rare opportunistic nosocomial pathogen and measures to limit its
spread in hospitalized patients. J. Clin. Diagn. Res. JCDR 2013, 7, 243.
Kittle, J.; Simons, R.W.; Lee, J.; Kleckner, N. Insertion sequence IS10 anti-sense pairing initiates by an interaction between the 50
end of the target RNA and a loop in the anti-sense RNA. J. Mol. Biol. 1989, 210, 561–572. [CrossRef]
Kluyver, T.; Ragan-Kelley, B.; Pérez, F.; Granger, B.E.; Bussonnier, M.; Frederic, J.; Kelley, K.; Hamrick, J.B.; Grout, J.; Corlay, S.
Jupyter Notebooks—A Publishing Format for Reproducible Computational Workflows; IOS Press: Amsterdam, The Netherlands, 2016;
Volume 2016.
Light, J.; Molin, S. Post-transcriptional control of expression of the repA gene of plasmid R1 mediated by a small RNA molecule.
EMBO J. 1983, 2, 93–98. [CrossRef] [PubMed]
Liu, J.M.; Livny, J.; Lawrence, M.S.; Kimball, M.D.; Waldor, M.K.; Camilli, A. Experimental discovery of sRNAs in Vibrio cholerae
by direct cloning, 5S/tRNA depletion and parallel sequencing. Nucleic Acids Res. 2009, 37, e46. [CrossRef] [PubMed]
Mandin, P.; Repoila, F.; Vergassola, M.; Geissmann, T.; Cossart, P. Identification of new noncoding RNAs in Listeria monocytogenes
and prediction of mRNA targets. Nucleic Acids Res. 2007, 35, 962–974. [CrossRef] [PubMed]
Murashko, O.N.; Lin-Chao, S. Escherichia coli responds to environmental changes using enolasic degradosomes and stabilized
DicF sRNA to alter cellular morphology. Proc. Natl. Acad. Sci. USA 2017, 114, E8025–E8034. [CrossRef] [PubMed]
Nordgren, S.; Slagter-Jäger, J.G.; Wagner, E.G.H. Real time kinetic studies of the interaction between folded antisense and target
RNAs using surface plasmon resonance. J. Mol. Biol. 2001, 310, 1125–1134. [CrossRef] [PubMed]
Sharma, C.M.; Hoffmann, S.; Darfeuille, F.; Reignier, J.; Findeiß, S.; Sittka, A.; Chabas, S.; Reiche, K.; Hackermüller, J.; Reinhardt,
R. The primary transcriptome of the major human pathogen Helicobacter pylori. Nature 2010, 464, 250–255. [CrossRef]
Tétart, F.; Bouché, J.P. Regulation of the expression of the cell-cycle gene ftsZ by DicF antisense RNA. Division does not require a
fixed number of FtsZ molecules. Mol. Microbiol. 1992, 6, 615–620. [CrossRef]
Thomason, M.K.; Storz, G. Bacterial antisense RNAs: How many are there, and what are they doing? Annu. Rev. Genet. 2010, 44,
167–188. [CrossRef]
Thompson, D.K.; Sharkady, S.M. Expanding spectrum of opportunistic Cedecea infections: Current clinical status and multidrug
resistance. Int. J. Infect. Dis. 2020, 100, 461–469. [CrossRef]
Vanderpool, C.K. Physiological consequences of small RNA-mediated regulation of glucose-phosphate stress. Curr. Opin.
Microbiol. 2007, 10, 146–151. [CrossRef] [PubMed]
Vanderpool, C.K.; Gottesman, S. The novel transcription factor SgrR coordinates the response to glucose-phosphate stress.
J. Bacteriol. 2007, 189, 2238–2248. [CrossRef] [PubMed]
Wickham, H. ggplot2: Elegant Graphics for Data Analysis; Springer: Berlin/Heidelberg, Germany, 2016.
Zhang, Q.; Zhang, Y.; Zhang, X.; Zhan, L.; Zhao, X.; Xu, S.; Sheng, X.; Huang, X. The novel cis-encoded antisense RNA AsrC
positively regulates the expression of rpoE-rseABC operon and thus enhances the motility of Salmonella enterica serovar typhi.
Front. Microbiol. 2015, 6, 990. [CrossRef] [PubMed]

