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Abstract

Vibrio cholerae is a major human pathogen causing the diarrheal disease, cholera. Regulation of virulence in V. cholerae is a multifaceted
process involving gene expression changes at the transcriptional and post-transcriptional level. Whereas various transcription factors
have been reported to modulate virulence in V. cholerae, small regulatory RNAs (sRNAs) have now been established to also participate
in virulence control and the regulation of virulence-associated processes, such as biofilm formation, quorum sensing, stress response,
and metabolism. In most cases, these sSRNAs act by base-pairing with multiple target transcripts and this process typically requires
the aid of an RNA-binding protein, such as the widely conserved Hfq protein. This review article summarizes the functional roles of
SsRNAs in V. cholerae, their underlying mechanisms of gene expression control, and how sRNAs partner with transcription factors to
modulate complex regulatory programs. In addition, we will discuss regulatory principles discovered in V. cholerae that not only apply

to other Vibrio species, but further extend into the large field of RNA-mediated gene expression control in bacteria.
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Main text

Vibrio cholerae is a marine pathogen that causes millions of in-
fections every year. Cholera outbreaks are frequently associated
with poor infrastructure, lack of access to sanitation, and contam-
inated drinking water. Yemen is currently experiencing the largest
cholera epidemic in recent history with more than 2.5 million sus-
pected cases and thousands of deaths between 2016 and 2021 ac-
cording to the World Health Organization (World Health Organi-
zation. Regional Office for the Eastern 2021). In addition, cholera
outbreaks have surged in Asia and Africa in 2022 and this trend
might well continue over the next years due the increasing num-
bers of natural disasters associated with climate change (World
Health Organization 2022).

The lifestyle of V. cholerae involves an aquatic phase where it
typically forms biofilms on chitin particles, which serve as a ma-
jor source of energy, carbon, and nitrogen (Lutz et al. 2013). In-
fection with V. cholerae is caused by ingestion of such particles or
contaminated food, allowing the pathogen to reach the intesti-
nal tract where it replicates and causes cholera-associated symp-
toms, such as diarrhea and vomiting. Once transmitted back into
the aquatic environment, a new infection cycle can be initiated
(Silva and Benitez 2016).

Over the past decades, numerous regulatory factors have been
discovered that control pathogenesis of V. cholerae, that allow
adaptation to changing environments (e.g. during the transmis-
sion phase), and that cause the cholera-specific disease symptoms
(Harris et al. 2012). Among the latter, the cholera toxin (encoded by
the ctxAB genes) is the most thoroughly studied virulence factor of
V. cholerae as it is responsible for the strong diarrheal symptoms
associated with cholera infections. The cholera toxin belongs to
the large class of AB-type toxins of pathogenic bacteria that bind

intestinal epithelial cells via the B subunit of the toxin, whereas
the A subunit possesses enzymatic activity. In the case of cholera
toxin, activity of the A subunit results in cAMP (cyclic adeno-
sine monophosphate) production, which in turn causes efflux of
chloride ions and water into the lumen of the small intestine
causing diarrhea (Rivera-Chavez and Mekalanos 2019). The ctxAB
genes are encoded by the CTX¢ phage, which has integrated into
the genomes of many V. cholerae strains (Faruque and Mekalanos
2012). Thus, the emergence of virulence in V. cholerae largely relied
on horizontal gene transfer.

Control of virulence and virulence-related functions in
V. cholerae relies on various transcription factors and post-
transcriptional regulators that convert external and internal cues
into appropriate gene expression changes (Hsiao and Zhu 2020).
The majority of post-transcriptional regulators are small regula-
tory RNAs (sRNAs) that associate with the conserved RNA-binding
protein, Hfq (Bardill and Hammer 2012). Hfq functions as a molec-
ular matchmaker that facilitates base-pairing between an sRNA
and its target mRNAs (Holmgvist and Vogel 2018, Kavita et al.
2018). A single sRNA typically controls multiple target transcripts
(Papenfort and Vogel 2009, Papenfort and Melamed 2023), which
can be either activated or repressed. Target repression by Hfg-
binding often involves base-pairing of the sSRNA with the ribosome
binding site (RBS) of the target, which blocks ribosome binding and
translation initiation (Waters and Storz 2009). However, various
other mechanisms have been reported that allow target inhibi-
tion by bacterial sRNAs (Ng Kwan Lim et al. 2021). Similarly, the
molecular mechanisms underlying sSRNA-mediated target activa-
tion are diverse and can involve complex structural changes at
the sRNA and the target mRNA level (Papenfort and Vanderpool
2015).
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Mutation of the hfq gene has been shown to limit the virulence
of numerous microbial pathogens (Chao and Vogel 2010, Papen-
fort and Vogel 2010) and this is also true for V. cholerae (Ding et
al. 2004). RNA coimmunoprecipitation experiments using Hfq as
a bait revealed ~85 sRNAs interacting with Hfq in V. cholerae (Hu-
ber et al. 2020) and global RNA-RNA interaction studies (i.e. RIL-
Seqg; RNA interaction by ligation and sequencing) indicated hun-
dreds of Hfg-mediated base-pairing events (Huber et al. 2022).
Whereas many of these are likely to constitute canonical inter-
actions between sRNAs and their mRNA targets, other types of
interaction involve two sRNAs, indicating that certain sSRNAs act
as RNA sponges to restrict activity of other noncoding regulators
(Figueroa-Bossi and Bossi 2018).

In this review article, we will discuss the various regulatory
roles of sSRNAs in V. cholerae and how they control crucial cellular
processes such as quorum sensing (QS), biofilm formation and vir-
ulence, stress response, and carbon metabolism (Fig. 1). Further,
we will outline open questions in the field and discuss potential
roles of yet uncharacterized RNA regulators in V. cholerae.

Regulatory RNAs involved in quorum
sensing

A crucial aspect of V. cholerae’s ability to cause disease is QS (Zhu et
al. 2002), i.e. the process of communication among microbes (Pa-
penfort and Bassler 2016). QS relies on the production, secretion,
and detection of signaling molecules, called autoinducers (Als)
(Whiteley et al. 2017). QS controls hundreds of genes in V. cholerae
(Papenfort et al. 2015, Ball et al. 2017, Herzog et al. 2019) and has
been linked to the activity of four key signaling molecules: Al-
2 [(25,4S)-2-methyl-2,3,3,4-tetrahydroxytetrahydrofuran borate],
CAI-1[(S)-3-hydroxytridecan-4-one], ethanolamine, and DPO (3,5-
dimethylpyrazin-2-ol) (Fig. 2A).

Al-2, CAI-1 and ethanolamine are detected by the membrane-
bound LuxPQ, CgsS, and CgsR receptors, respectively, and all
channel into the same signaling cascade (Jung et al. 2015). In the
absence of Al-2, CAI-1, or ethanolamine, the receptors function
as kinases that channel phosphate to the common phosphore-
lay protein LuxU, which further transfers the phosphate to the re-
sponse regulator, LuxO (Bridges et al. 2022). Phosphorylated LuxO,
in concert with the alternative sigma factor oV, induces the ex-
pression of four homologous sRNAs, named Qrrl-4 (quorum reg-
ulatory RNAs) (Lenz et al. 2004). Binding of a cognate Als converts
the receptors from kinases to phosphatases resulting in dephos-
phorylated LuxO (Boyaci et al. 2016). Thus, Qrr1-4 levels are high
atlow cell density when Als are scarce and decrease with increas-
ing cell density and Al concentrations.

The Qrrl-4 sRNAs interact with Hfq (Huber et al. 2020) and
control gene expression by base-pairing with trans-encoded tar-
get mRNAs (Bardill et al. 2011, Shao et al. 2013, Huber et al. 2022).
With respect to QS, regulation of the hapR and aphA transcripts
are of major importance (Fig. 2A). The hapR mRNA encodes a key
regulator of high cell density in V. cholerae (Ball et al. 2017) and
base-pairing with the Qrr1-4 sRNAs results in inhibition of HapR
synthesis (Lenz et al. 2004). In contrast, AphA is a central reg-
ulator of low cell density behaviors and translation of the aphA
mRNA is induced by base-pairing with the Qrr2-4 sRNAs (Ruther-
ford et al. 2011). Of note, Qrrl is unable to activate aphA trans-
lation as it lacks a crucial base-pairing region located near the
5’ end of the sRNA (Shao and Bassler 2012). In addition, the Qrrs
also inhibit type VI secretion in V. cholerae through interaction with
the first mRNA (vca0107) of the large type VI secretion cluster
(Shao and Bassler 2014) and affect the production of the intra-

cellular small-molecule second messenger cyclic di-GMP by acti-
vating the vca0939 mRNA encoding a GGDEF domain-containing
protein (Hammer and Bassler 2007, Zhao et al. 2013).

Whereas the interaction of the Qrr sRNAs with the hapR and
aphA mRNAs have been studied intensively over the past years
(Bardill and Hammer 2012), recent high-throughput identifica-
tion of Hfg-assisted RNA-RNA interactions revealed several new
target mRNAs (Huber et al. 2022). For example, all four Qrr sR-
NAs inhibit the expression of cyaA, encoding adenylate cyclase,
which catalyzes the synthesis of cAMP. cCAMP is a central regu-
lator of carbon metabolism in many bacteria, including V. cholerae
(Manneh-Roussel et al. 2018), and thus regulation of cyaA by Qrrl-
4 might well connect QS and carbon metabolism. These analyses
also revealed an additional base-pairing partner of Qrr1-4, which
is the QrrX sponge RNA (Fig. 2A). Interaction of QrrX with the four
Qrr sRNAs involves extended base-pairing and triggers RNase E-
mediated degradation of the RNA duplex (Huber et al. 2022). Tran-
scription of QrrX is induced by QrrT, a LysR-type transcriptional
regulator, whose activity might well rely on binding of a yet undis-
covered ligand. Given that tight control of Qrr1-4 expression is key
for QS signaling in V. cholerae and other Vibrios (Svenningsen et al.
2009, Feng et al. 2015), mutation of qrrX and/or qrrT (leading to
increased Qrr1-4 levels) affects QS dynamics and QS-associated
behaviors, such as biofilm formation (Huber et al. 2022).

In contrast to Al-2, CAI-1, and ethanolamine, DPO signaling
is independent of LuxU and LuxO and depends on the LuxR-
type transcription factor VgmA and the VgmR sRNA (Papenfort
et al. 2015, 2017) (Fig. 2A). DPO belongs to the family of pyrazine
molecules known to be produced by bacteria, plants, and fungi
(Silpe et al. 2022). VgmA 1is the receptor of DPO in V. cholerae and
DPO is also detected by a VgmA homolog encoded on bacterio-
phage VP332 (Papenfort et al. 2017, Silpe and Bassler 2019, Wu et
al. 2019, Huang et al. 2020, Duddy et al. 2021). Binding of DPO to
VgmaA allows transcription of the VgmR sRNA, which also binds
Hfq (Papenfort et al. 2015, Huber et al. 2020). VgmR regulates mul-
tiple target mRNAs including vpsT (encoding a central regulator
of biofilm formation, see below), as well as aphA, which is also
a target of the Qrr2-4 sRNAs. However, whereas Qrr2-4 induce
AphA production, VgmR inhibits translation initiation of the aphA
mRNA (Herzog et al. 2019). This scheme is in line with the regula-
tory logic of QS in V. cholerae as the Qrr sSRNAs are expressed at low
cell density (when Al concentrations are low), while VgmR expres-
sion requires high DPO, which are typically associated with high
cell densities. Additional targets of VgmR have been documented
suggesting additional roles of this SRNA in motility, carbon utiliza-
tion, and O-antigen synthesis (Papenfort et al. 2015, Herzog et al.
2019, Huber et al. 2022).

Taken together, post-transcriptional gene expression control
and specifically the activity of Hfg-binding sRNAs are essential
for signal integration and overall QS performance in V. cholerae. Of
note, the Al synthases, the receptors, as well as the transcriptional
and post-transcriptional regulators discussed in this section are
often conserved among different Vibrio species (Nguyen and Jacq
2014). Therefore, it is possible that the RNA-based mechanisms
governing QS in V. cholerae will also apply to other organisms.

Small RNA-mediated control of virulence
and biofilm formation

The ability to form biofilms and the control of virulence factor
expression are two highly interconnected processes in V. cholerae,
and both processes receive input from QS (Silva and Benitez 2016).
Specifically, AphA and HapR, which are controlled by the Qrrl-
4 and VgmR sRNAs (see above section and Fig. 2A), are critical
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Figure 1. Size and regulatory role of sSRNAs in V. cholerae. Functionally characterized sSRNAs from V. cholerae have been grouped according to their size

and regulatory functions. The sRNAs are shown as boxes and were color-coded regarding their physiological roles. The size of each sRNA is indicated
as subscript.
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Figure 2. (A) Regulatory roles of sSRNAs in QS of V. cholerae. At low Al concentrations (CAI-1, ethanolamine, and AI-2), the inner membrane receptors
(CgsS, CgsR, and LuxPQ) act as kinases and phosphorylate LuxU. In addition, LuxU is also phosphorylated by VpsS. Phosphorylated LuxU channels the
phosphate to LuxO, which activates the transcription of the Qrr sSRNAs. The Qrr sRNAs destabilize the hapR transcript and activate the aphA mRNA.
The levels of Qrr sRNAs is negatively controlled by the RNA sponge, QrrX, which is controlled by QrrT. The Qrr sRNAs also activate the vca0939 mRNA,
which increases cyclic di-GMP in the cell. Cyclic di-GMP binds to and activates the VpsT transcription factor, inducing biofilm formation. The Qrr sSRNA
also down-regulate type VI secretion by inhibiting the vca0107 mRNA. Expression of the VgmR sRNA is controlled by the VgmA, which required
binding of the DPO Al for full activity. VgmR inhibits the expression of the vpsT and aphA mRNAs. (B) Vibrio cholerae sSRNAs associated with virulence
gene expression. AphA in concert with AphB activates the expression of the tcpPH operon. TcpPH are inner membrane proteins that together with
ToxR activate the toxT gene. ToxT activates the expression of the ctxAB (encoding the cholera toxin) and tcpA-F (encoding the toxin-coregulated pilus)
operons. ToxT also activates the expression of the TarA and TarB sRNAs. TarA inhibits the expression of the ptsG transporter, whereas TarB controls
tepF and, indirectly, the production of the CBASS genes. (C) The VadR sRNA controls biofilm formation and cell curvature. Transcription of the vadR

gene is activated by the VxrAB operon. VadR reduces cell curvature by inhibiting the production of CrvA protein and down-regulates biofilm formation
by reducing the expression of rbmA, vpsL, and vpsU.
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for the regulation of biofilm formation and virulence in V. cholerae.
Here, AphA functions as activator, whereas HapR acts as a repres-
sor of both processes (Kovacikova and Skorupski 2002a, Ruther-
ford et al. 2011). Thus, at low cell density the genes for biofilm for-
mation and virulence gene expression are induced, but are inhib-
ited when the concentrations of cells and Al molecules increase.

With respect to pathogenicity, AphA acts on top of a cascade of
transcription factors that ultimately lead to cholera toxin produc-
tion (Fig. 2B). Together with AphB (a LysR-type transcription fac-
tor), AphA activates the transcription of the tcpPH operon, encod-
ing two membrane-bound regulators (Kovacikova and Skorupski
2001). TcpP then partners with another transmembrane regulator,
called ToxR, to activate the toxT gene (Hase and Mekalanos 1998).
ToxR expression is modulated by the RNA-binding protein, CsrA,
however, it is currently not clear if this process involves direct in-
teraction of CsrA with the toxR transcript (Mey et al. 2015). ToxT
is the main activator of ctxAB, and thus cholera toxin production
(Weber and Klose 2011). In addition to ctxAB, several other genes
are part of the ToxT regulon, including tcp, encoding a type IV
bundle-forming pilus, i.e. critical for intestinal colonization (Tay-
lor et al. 1987). ToxT also controls the expression of two Hifg-
associated sRNAs, called TarA and TarB (ToxT-activated RNAs).
TarA down-regulates the ptsG mRNA (encoding a major glucose
transporter) (Richard et al. 2010) and other potential target mR-
NAs have recently been reported (Huber et al. 2022). TarB was
identified in a genome-wide screen for ToxT-dependent genes in V.
cholerae and is also positively regulated by the transcription factor
(Bradley et al. 2011). Mutation of tarB has a mild positive effect on
the colonization of the mouse small intestine by V. cholerae, which
might be associated with negative regulation of the tcpF mRNA
(encoding a secreted colonization factor) by TarB. TarB has also
been reported to modulate the expression of the genes associated
with the CBASS (cyclic oligonucleotide-based antiphage signaling
system) bacteriophage defense system located on a genomic is-
land called, VSP-1 (Vibrio seventh pandemic island-1) (Davies et
al. 2012, O'Hara et al. 2022).

Another sRNA with possible roles in virulence of V. cholerae is
CoaR (cholerae osmolarity and acidity related regulatory RNA) (Xi
et al. 2020). Transcription of coaR is regulated by the EnvZ/OmpR
two-component system and mutation of coaR resulted in reduced
colonization of infant mouse intestines. Of note, coaR was previ-
ously identified as Vcr058 and the V. cholerae El Tor genome carries
a second identical copy of this gene on the same chromosome,
named Vcr061 (Papenfort et al. 2015). In addition, both sRNAs, i.e.
Vcr058 and Ver061, are associated with overlapping antisense sR-
NAs, called Vcr057 and Vcr060, respectively. It is, thus not clear
which of these sRNAs are involved in virulence regulation and if
Vcr058 and Vcr061 are both regulated by EnvZ/OmpR.

Similar to virulence gene control, regulation of biofilm forma-
tion in V. cholerae requires QS and also involves AphA and HapR
(Hammer and Bassler 2003). Specifically, AphA induces the ex-
pression of the upsT gene, encoding a transcriptional regulator
that activates the genes needed for biofilm formation (Casper-
Lindley and Yildiz 2004, Yang et al. 2010). In contrast, HapR down-
regulates upsT and inhibits biofilm formation (Srivastava et al.
2011). Thus, given that the Qrr sRNAs activate aphA and re-
press hapR, they also induce biofilm formation (Bardill et al. 2011)
(Fig. 2A). By the same token, QrrX indirectly modulates biofilm for-
mation by inhibiting Qrr1-4 (Huber et al. 2022). The Qrr sSRNAs fur-
ther facilitate biofilm formation by activating the diguanylate cy-
clase Vca0939, which synthesizes cyclic di-GMP (Zhao et al. 2013).
Cyclic di-GMP binds to and promotes VpsT activity and thereby

fosters the transcription of biofilm-associated genes (Krasteva et
al. 2010).

In contrast to Qrrl-4, VgmR acts as a repressor of biofilm pro-
duction via repression of two target mRNAs (Fig. 2A). First, VgmR
inhibits the translation of the vpsT mRNA and thereby blocks
biofilm formation (Papenfort et al. 2015). Second, VgmR down-
regulates aphA (Herzog et al. 2019). AphA is a transcriptional ac-
tivator of vpsT (Yang et al. 2010) and thus VgmR, aphA, and vpsT
constitute a feed-forward loop that allows tight control of VpsT
synthesis in the presence of DPO. Indeed, synthetic DPO can in-
hibit biofilm formation in V. cholerae (Papenfort et al. 2017).

Another Hfg-dependent sRNA that down-regulates biofilm for-
mation in V. cholerae is VadR (VxrB activated small RNA) (Fig. 2C).
However, contrary to Qrrl-4, QrrX, and VgmR, VadR expression
is independent of QS. Instead, transcriptional activation of vadR
relies on the VxrAB two-component system (Peschek et al. 2020).
VxrAB signaling is triggered by cell wall damaging antibiotics and
mechanical stress and promotes high-level tolerance against -
lactam antibiotics (Dérr et al. 2016, Harper et al. 2022). It also
positively regulates virulence, type VI secretion, and biofilm for-
mation (Cheng et al. 2015, Teschler et al. 2017). VadR base-pairs
and inhibits the expression of several genes involved in biofilm
formation, including rbmA (encoding a biofilm matrix protein),
upsL, and vpsU (both involved biofilm matrix synthesis). Indeed,
VadR over-expression strongly inhibits biofilm formation (Peschek
et al. 2020). VadR also down-regulates the translation of the crvA
mRNA, encoding a periplasmic protein that self-assembles into
filaments to induce the characteristic cell curvature of V. cholerae
(Bartlett et al. 2017, Martin et al. 2021). Accordingly, mutation of
vadR results in increased cell curvature, which was linked with de-
creased survival of V. cholerae upon penicillin G challenge (Peschek
et al. 2020). In summary, the VadR sRNA likely acts to coordi-
nate cell shape, antibiotic tolerance, and biofilm formation in V.
cholerae.

Maintaining outer membrane homeostasis
via oE-dependent small RNAs

The outer membrane (OM) of Gram-negative bacteria is a critical
barrier to the outside environment and allows for the selective
passage of molecules in and out of the cell (Sun et al. 2022). Trans-
port via the OM is mediated by porins, which are abundant outer
membrane proteins (OMPs). Preservation of OM homeostasis is re-
quired for bacterial survival, and thus tightly regulated by several
envelope stress response systems (Mitchell and Silhavy 2019).

One of the most thoroughly studied envelope stress response
system is controlled by the alternative sigma factor, of (encoded
by rpoE). In the inactive state, oF is sequestered at the inner mem-
brane by RseA, its cognate antisigma factor (Saha et al. 2021)
(Fig. 3). There are various stresses (e.g. misfolded OMPs) that trig-
ger RseA proteolysis and thereby release of ¢f into the cytoplasm.
Here, of associates with the core RNA polymerase enzyme to
regulate dozens of genes, including several sRNAs (Frohlich and
Gottesman 2018).

In Escherichia coli and Salmonella enterica, oF activates the ex-
pression of three Hfg-dependent sRNAs, called MicA, RybB, and
MicL (Johansen et al. 2006, Papenfort et al. 2006, Thompson et
al. 2007, Udekwu and Wagner 2007, Guo et al. 2014). All three
sRNAs inhibit the translation of mRNAs encoding OMPs (among
others), and thereby reduce the synthesis of new OMPs when
the oF response is induced. Of note, several OMP-encoding mR-
NAs have been documented to be highly stable in the absence
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Figure 3. o*-dependent sRNAs control OM homeostasis in V. cholerae.
Accumulation of misfolded OMPs triggers proteolysis of the antisigma
factor, RseA, releasing oF into the cytoplasm. Here, o associates with
RNA polymerase (RNAP) to activate, among other genes, the expression
of micV and vrrA. MicV and VrrA inhibit the production of several OMPs
and thereby support OM homeostasis under stress conditions.

of stress, which could explain the need for post-transcriptional
down-regulation of these mRNAs when the integrity of the mem-
brane is compromised (Papenfort et al. 2006, Gogol et al. 2011).

The roles of of and related stress response systems have also
been studied in V. cholerae (DeAngelis et al. 2018). Here, deletion
of the rpoE gene strongly attenuates virulence in an infant mouse
model and has been associated with the occurrence of suppressor
mutations that lower OMP production (Kovacikova and Skorup-
ski 2002b, Davis and Waldor 2009). The o regulon of E. coli con-
tains ~80 genes and similar numbers have been determined for V.
cholerae (Rhodius et al. 2006, Peschek et al. 2019). Among these are
two Hfg-binding sRNAs, named VIrA and MicV (Fig. 3). VITA was
initially identified as an inhibitor of OmpA synthesis and mutation
of the urrA gene activated the production of OM vesicles and facil-
itated the colonization of infant mice (Song et al. 2008). Follow-up
studies showed that VrrA also reduces the production of OmpT
(Song et al. 2010), the cytoplasmic stationary phase survival factor
Vrp (Sabharwal et al. 2015), and multiple other targets including
the Lpp major OM lipoprotein (Peschek et al. 2019).

Transcription of both, VrrA and MicV, is directly controlled by
oF and both share a large set of target mRNAs (Song et al. 2008,
Peschek et al. 2019), many of which have to transfer into or across
the inner or OM to reach their final destination. In addition, MicV
and VrrA also reduce the levels of the rpoE mRNA, thus creating
a negative feedback loop that limits their own expression under
continued stress conditions (Peschek et al. 2019). This redundancy
in target regulation can be explained by two highly similar base-
pairing sequences in the sRNAs that mediate target mRNA recog-
nition. Interestingly, an almost identical base-pairing sequence is
also present in the RybB sRNA of E. coli and Salmonella (Papen-
fort et al. 2010), suggesting that sRNAs might carry conserved
base-pairing domains that specify their regulatory role in the cell
(Peschek et al. 2019). There are also several target mRNAs that
are controlled by either MicV or VrTA. For example, regulation of
the accessory colonization factor, acfA, is specific to ViTA, whereas
prtV, encoding a virulence-related metalloprotease, requires
only MicV.
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Small RNAs regulating carbon metabolism

Bacteria can colonize various environments and have evolved
numerous regulatory strategies to cope with nutrient availabil-
ity in their environment. As for pathogenic bacteria, they rely
on their host for nutrients supply, highlighting the role of bacte-
rial metabolism during infection as an essential aspect to under-
stand pathogenesis. An increasing number of SRNAs have been
described to be involved in carbon metabolism (Bobrovskyy and
Vanderpool 2013, Papenfort and Vogel 2014, Durica-Mitic et al.
2018), including several examples from V. cholerae.

Csr (carbon storage regulator) is a regulatory system that con-
trols carbon storage and flux and is involved in biofilm formation
and motility, as well as QS by modulating Qrr14 levels through
LuxO (Lenz et al. 2005, Babitzke and Romeo 2007). The effector of
this system, the CsrA protein, is an RNA-binding protein thatinter-
acts with GGA motifs in its target transcripts and modulates their
stability and/or translation efficiency (Romeo and Babitzke 2018).
In E. coli, CsrA controls the expression of several transcription fac-
tors involved in glycogen synthesis and catabolism, gluconeoge-
nesis, and glycolysis. CsrA displays a wide phylogenetic distribu-
tion among eubacterial species, reflecting its extensive regulatory
impact on bacterial metabolism (Sobrero and Valverde 2020). Ac-
tivity of CsrA is controlled by CsrB and CsrC, two sRNAs that con-
tain 22 and 9 CsrAbinding sites, respectively. By sequestering CsrA
away from its targets, CsrB and CsrC control the metabolic status
of the cell (Papenfort and Vanderpool 2015). In V. cholerae, three
homologues sRNAs, CsrB, CsrC, and CsrD, were identified to act
redundantly by titrating CsrA protein (Lenz et al. 2005).

Transcription of the csTBCD genes is controlled by the VarS/VarA
two component system, which has documented roles in QS regu-
lation, cell shape maintenance, and virulence factor production in
V. cholerae (Lenz et al. 2005, Jang et al. 2010, Mey et al. 2015, Lemos
Rocha et al. 2022). Although the complete set of RNAs ligands of
CsrA in V. cholerae is currently unknown, it is interesting to note
that CsrA interacts with and improves the translation of the varA
mRNA. Increased VarA levels are likely to promote CsrBCD expres-
sion, which in turn antagonize CsrA activity (Butz et al. 2019). This
feedback loop might help to limit the levels of free CsrAin the cell.

Global transcriptome analysis of V. cholerae cells expressing a
mutated CsrA protein revealed hundreds of deregulated genes,
and coimmunoprecipitation experiments showed binding of CsrA
to mRNAs encoding global transcriptional regulators (Butz et al.
2021). For example, CsrA interacts with the rpoE and rpoS tran-
scripts encoding stress-activated alternative sigma factors, as well
as the mRNA encoding FlIrC, which is a key regulator of flagellar
gene expression (Fig. 4A).

Chitin is a major carbon and nitrogen source for V. cholerae in
aquatic environment and is known to induce competence. Up-
take and utilization of chitin requires a complex cascade of fac-
tors with many intertwining interactions (Blokesch 2012, Le Roux
and Blokesch 2018) (Fig. 4B). Many of the downstream genes re-
quired for the assimilation of chitin are governed by ChiS, a chitin-
sensing membrane-embedded one-component system (Klancher
et al. 2020). In the presence of chitin, ChiS activates another tran-
scription factor, called TfoS, which in turn induces the expres-
sion of TfoR, an Hfg-binding and trans-acting sSRNA (Dalia et al.
2014, Yamamoto et al. 2014, Huber et al. 2020). TfoR then en-
hances the translation of tfoX by binding to its 5UTR and exposing
its Shine Dalgarno (SD) sequence (Yamamoto et al. 2011). Subse-
quently, TfoX in conjunction with CRP, a global transcription fac-
tor of carbon utilization, activates the expression of competence
genes (Blokesch 2012).
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of the citric acid cycle, whereas VcdR functions as a base-pairing sRNA inhibiting the expression of PTS-type carbohydrate transporters.

CRP also controls the expression of two regulatory sSRNAs in V.
cholerae (Fig. 4B). Specifically, CRP inhibits the expression of the spf
(encoding the Spot 42 sRNA) and vcdRP genes, the latter of which
belongs to the growing class of dual RNA regulators (Venkat et al.
2021). Dual RNAs are trans-acting regulatory RNAs that also en-
code a small protein (Raina et al. 2018, Gray et al. 2022). The RNA
component of VedRP (VedR) exerts its function by base-pairing
with multiple target mRNAs using a conserved stretch of 4 cy-
tosines at its 3’ end. Specifically, VcdR represses the expression
of the PTS (phosphotransferase carbohydrate transporter) sugar
transporters (PtsG, NagE and TreB), as well as the phosphor-carrier
proteins PtsH and Ptsl involved in glycolysis. The small protein
VedP interacts with and enhances the activity of the citrate syn-
thase enzyme (encoded by gltA), the first enzyme of the citric
acid cycle. Taken together, VcdRP acts as a modulator of both the
citric acid cycle and glycolysis pathway, thereby maintaining a
balance of the overall carbon metabolism in V. cholerae (Venkat
et al. 2021).

Another sRNA that helps V. cholerae to adapt to changes in
carbon source availability is MtlS. This sRNA is transcribed an-
tisense from mtlA gene, encoding a mannitol transporter. MtlA is
a cis-encoded sRNA, and thus has perfect complementarity to the
S'UTR of mtlA and inhibits its expression post-transcriptionally
by sequestering the RBS (Chang et al. 2015). When mannitol is the
sole carbon source, expression of mtlA is induced, which reduces
MtlS levels, likely involving a mechanism of transcription interfer-
ence (Zhang and Liu 2019).

Small RNAs derived from the 3'UTR of
mMmRNAs

There are various technologies to identify small RNA regulators in
bacteria (Altuvia 2007, Sharma and Vogel 2009). Among these, the
development of high-throughput sequencing technologies has al-

lowed a major breakthrough as it provided a single nucleotide res-
olution view on bacterial transcriptomes, which also enabled the
detection and annotation of sRNAs in a wide-range of microorgan-
isms (Barquist and Vogel 2015). In addition, computational anal-
ysis of bacterial transcriptomes revealed a large number of SRNA
candidates originating from the 3'UTR of coding sequences (HOr et
al. 2020, Menendez-Gil and Toledo-Arana 2020, Ponath et al. 2022).

Several 3'UTR-derived sRNAs have also been studied in V.
cholerae and many of them interact with Hfq (Huber et al. 2020).
There are two general pathways of how 3'UTR-derived sRNAs are
produced: first, the sSRNA gene has its own promoter, and thus its
transcription is independent of the upstream gene, or second, the
SRNA is expressed together with its upstream gene(s) and the full-
length transcript is processed by ribonucleases, such as RNase E,
to generate the mature sRNA (Ponath et al. 2022) (Fig. 5A). Both
types of 3'UTR-derived sRNAs exist in V. cholerae and four exam-
ples (MicX, FarS, OppZ, and CarZ) have been studied in greater de-
tail. Specifically, MicX was the first reported 3'UTR-derived SRNA
and carries its own promoter, which is located in the vca0943
(malG) gene (Davis and Waldor 2007, Papenfort et al. 2015). Never-
theless, MicX is also processed by RNase E giving rise to at least
three sRNA isoforms that accumulate in the cell. The main tar-
get of MicX is the OMP-coding vc0972 mRNA (Davis and Waldor
2007), however, recent RIL-Seq analysis indicated additional tar-
get mRNA candidates (Huber et al. 2022).

Similarly, only relatively few target mRNAs have been reported
for FarS, OppZ, and CarZ. In contrast to MicX, FarS, OppZ, and
CarZ do not have their own promoters, and thus are cotranscribed
with their preceding coding genes. In the case of FarS, the up-
stream gene is fabB encoding g-ketoacyl-ACP synthase involved
in fatty acid biosynthesis (Fig. 5B). Transcription of fabB-farS is ac-
tivated by FadR, a major transcriptional regulator of fatty acid
metabolism, and the transcript is processed by RNase E to re-
lease the mature FarS sRNA (Huber et al. 2020). Together with
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Hfq, FarS base-pairs with two target mRNAs, vc1740 and vc2231,
both of which encode FadE acyl-CoA dehydrogenase. FadE is in-
volved in fatty acid degradation and transcription of the corre-
sponding genes is inhibited by FadR. Thus, FadR, fabB-farS, and
the fadE genes constitute a mixed feed-forward loop that modu-
lates the transition from fatty acid degradation to biosynthesis in
V. cholerae (Huber et al. 2020).

Regulation of genes associated with their own expression also
applies to the OppZ and CarZ sRNAs. However, in contrast to FarS
(and other 3'UTR-derived sRNAs), OppZ and CarZ are involved in
autoregulation by base-pairing with their own polycistronic mR-
NAs. Specifically, OppZ and CarZ are produced from the 3'UTRs of
the oppABCDF and carAB transcripts, respectively, and accumula-
tion of the mature sRNAs requires RNase E and Hifq (Hoyos et al.
2020, Huber et al. 2020). Whereas CarZ base-pairs with the 5UTRs
of the carAB mRNA to inhibit CarAB translation, OppZ interacts

with the intergenic region between the oppA and oppB cistrons
to down-regulate OppBCDF synthesis while leaving OppA produc-
tion unaffected (Hoyos et al. 2020) (Fig. 5C). Both sRNAs also regu-
late their own expression. Specifically, base-pairing of the sRNAs
with their respective targets leads to inhibition of translation ini-
tiation, which in turn facilitates Rho-dependent transcription ter-
mination resulting in reduced sRNA synthesis (Fig. 5C). This mech-
anism of gene autoregulation acts at the post-transcriptional level
and is independent of transcriptional regulators. Interestingly,
RIL-Seq analyses in V. cholerae suggest that several other mRNAs
contain 3'UTR-derived sRNAs that control their own translation
(Huber et al. 2022) and similar cases can be found in the RIL-Seq
datasets of E. coli and S. enterica (Melamed et al. 2016, Melamed
et al. 2020, Matera et al. 2022), suggesting that this mechanism of
gene regulation could be a common feature among 3'UTR-derived
sRNAs that interact with Hfqg.
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Summary and outlook

The identification and characterization of sRNAs has been pio-
neered in model organisms such as E. coli and S. enterica, which
established sRNAs as central players in nearly all areas of mi-
crobial physiology (Waters and Storz 2009, Hor et al. 2020). In
V. cholerae and related Vibrios, work on regulatory RNAs for long
has focused on sRNAs controlling QS- and pathogenicity-related
processes (Bardill and Hammer 2012, Perez-Reytor et al. 2016). In
contrast, several studies over the past few years have established
equally broad roles for sRNAs in V. cholerae including the various
aspects outlined in this article.

In addition to the numerous Vibrio-specific SRNAs discussed
above, the genome of V. cholerae also carries several sSRNA genes
that are highly conserved and have been studied previously in
other organisms. For example, the RyhB sRNA has been shown to
support iron homeostasis by inhibiting the translation of mRNAs
encoding nonessential iron-binding proteins under iron-limiting
conditions (Chareyre and Mandin 2018). RyhB likely serves an
analogous function in V. cholerae, but also affects biofilm formation
(Davis et al. 2005). Similarly, the Spot 42 and GcvB sRNAs (Papen-
fort and Vogel 2011, Prasse and Schmitz 2018), involved in carbo-
hydrate and nitrogen metabolism, respectively, are conserved and
expressed in V. cholerae (Papenfort et al. 2015), however, no detailed
analysis of their physiological roles have been performed. How-
ever, recently published data from RIL-Seq analyses suggest that
their regulatory functions have been conserved as well, showing
a strong enrichment for candidate target transcripts involved in
carbon metabolism for Spot 42 and nitrogen metabolism for GevB
(Huber et al. 2022).

The RIL-Seq analyses also included dozens of previously char-
acterized interactions involving well-studied sRNAs, as well as
novel sRNAs that require further investigation (Huber et al. 2022).
For example, Vcr043, an Hfg-binding sRNAs identified in a tran-
scriptomic study (Papenfort et al. 2015, Huber et al. 2020), was
discovered to bind to and activate the rpoS mRNA (Han and Lory
2021), yet it is unknown how this interaction affects RpoS regu-
lation in V. cholerae. In addition, as outlined above for the CstBCD
SsRNAs, not all sSRNAs in V. cholerae interact with Hfq. For example,
the FlaX sRNA is encoded downstream of the flaA flagellin gene
and involved in motility of V. cholerae (Dong and Mekalanos 2012),
however, the molecular underpinnings of these findings remain to
be investigated.

In summary, gene regulation involving sRNAs is required for
almost all aspects of V. cholerae’s lifestyle and physiology. Impor-
tantly, there are still dozens of annotated, yet uncharacterized sR-
NAs, in this organism suggesting a plethora of unexplored regu-
latory interactions. How these sSRNAs shape gene regulation in V.
cholerae (and possibly other related species) will require further in-
vestigations and might well involve unexpected regulatory mech-
anisms and additional RNA binding proteins. For instance, the
global RNA binding ProQ (Holmgvist et al. 2020) is conserved in V.
cholerae, however, its role in gene expression control has not been
explored.

Acknowledgments

We thank all members of the Papenfort lab for helpful discus-
sions and comments on the manuscript. We acknowledge sup-
port by DFG (PA2820/1-2, SPP2002, SPP2389, and EXC2051, Project
ID 390713860), the Vallee Foundation, and the European Research
Council (StG-758212).

Conflicts of interest statement. None declared.

References

Altuvia S. Identification of bacterial small non-coding RNAs:
experimental approaches. Curr Opin Microbiol 2007;10:
257-61.

Babitzke P, Romeo T. CsrB sRNA family: sequestration of RNA-
binding regulatory proteins. Curr Opin Microbiol 2007;10:
156-63.

Ball AS, Chaparian RR, van Kessel JC. Quorum sensing gene reg-
ulation by LuxR/HapR master regulators in Vibrios. ] Bacteriol
2017;199:e00105-17.

Bardill JP, Hammer BK. Non-coding sRNAs regulate virulence in the
bacterial pathogen Vibrio cholerae. RNA Biol 2012;9:392—-401.

Bardill JP, Zhao X, Hammer BK. The Vibrio cholerae quorum sensing re-
sponse is mediated by Hfg-dependent sSRNA/mRNA base pairing
interactions. Mol Microbiol 2011;80:1381-94.

Barquist L, Vogel J. Accelerating discovery and functional analysis
of small RNAs with new technologies. Annu Rev Genet 2015;49:
367-94.

Bartlett TM, Bratton BP, Duvshani A et al. A periplasmic poly-
mer curves Vibrio cholerae and promotes pathogenesis. Cell
2017;168:172-85.e115.

Blokesch M. Chitin colonization, chitin degradation and chitin-
induced natural competence of Vibrio cholerae are subject to
catabolite repression. Environ Microbiol 2012;14:1898-912.

Bobrovskyy M, Vanderpool CK. Regulation of bacterial metabolism
by small RNAs using diverse mechanisms. Annu Rev Genet
2013;47:209-32.

Boyaci H, Shah T, Hurley A et al. Structure, regulation, and inhi-
bition of the quorum-sensing signal integrator LuxO. PLoS Biol
2016;14:€1002464.

Bradley ES, Bodi K, Ismail AM et al. A genome-wide approach to dis-
covery of small RNAs involved in regulation of virulence in Vibrio
cholerae. PLoS Pathog 2011;7:€1002126.

Bridges AA, Prentice JA, Wingreen NS et al. Signal transduction net-
work principles underlying bacterial collective behaviors. Annu
Rev Microbiol 2022;76:235-57.

Butz HA, Mey AR, Ciosek AL et al. Regulatory effects of CsrA in Vibrio
cholerae. Mbio 2021;12:€03380-20.

Butz HA, Mey AR, Ciosek AL et al. Vibrio cholerae CsrA directly regu-
lates varA to increase expression of the three nonredundant Csr
small RNAs. Mbio 2019;10:e01042-19.

Casper-Lindley C, Yildiz FH. VpsT is a transcriptional regulator re-
quired for expression of vps biosynthesis genes and the develop-
ment of rugose colonial morphology in Vibrio cholerae O1 El Tor. J
Bacteriol 2004;186:1574-8.

Chang H, Replogle JM, Vather N et al. A cis-regulatory antisense
RNA represses translation in Vibrio cholerae through extensive
complementarity and proximity to the target locus. RNA Biol
2015;12:136-48.

Chao Y, Vogel J. The role of Hfq in bacterial pathogens. Curr Opin
Microbiol 2010;13:24-33.

Chareyre S, Mandin P. Bacterial iron homeostasis regulation by sR-
NAs. Microbiol Spectr 2018;6:29573257.

Cheng AT, Ottemann KM, Yildiz FH. Vibrio cholerae response regulator
VxrB controls colonization and regulates the Type VI secretion
system. PLoS Pathog 2015;11:e1004933.

Dalia AB, Lazinski DW, Camilli A. Identification of a membrane-
bound transcriptional regulator that links chitin and natural
competence in Vibrio cholerae. Mbio 2014;5:01028-01013.

Davies BW, Bogard RW, Young TS et al. Coordinated regulation of
accessory genetic elements produces cyclic di-nucleotides for V.
cholerae virulence. Cell 2012;149:358-70.



Davis BM, Quinones M, Pratt J et al. Characterization of the small
untranslated RNA RyhB and its regulon in Vibrio cholerae. ] Bacteriol
2005;187:4005-14.

Davis BM, Waldor MK. High-throughput sequencing reveals suppres-
sors of Vibrio cholerae rpoE mutations: one fewer porin is enough.
Nucleic Acids Res 2009;37:5757-67.

Davis BM, Waldor MK. RNase E-dependent processing stabilizes
MicX, a Vibrio cholerae SRNA. Mol Microbiol 2007;65:373-85.

DeAngelis CM, Saul-McBeth ], Matson JS. Vibrio responses to extracy-
toplasmic stress. Environ Microbiol Rep 2018;10:511-21.

Ding Y, Davis BM, Waldor MK. Hfq is essential for Vibrio cholerae
virulence and downregulates sigma expression. Mol Microbiol
2004;53:345-54.

Dong TG, Mekalanos JJ. Characterization of the RpoN regulon reveals
differential regulation of T6SS and new flagellar operons in Vibrio
cholerae O37 strain V52. Nucleic Acids Res 2012;40:7766-75.

Dorr T, Alvarez L, Delgado F et al. A cell wall damage response me-
diated by a sensor kinase/response regulator pair enables beta-
lactam tolerance. Proc Nat Acad Sci USA 2016;113:404-9.

Duddy OP, Huang X, Silpe JE et al. Mechanism underlying the DNA-
binding preferences of the Vibrio cholerae and vibriophage VP882
VgmA quorum-sensing receptors. PLoS Genet 2021;17:e1009550.

Durica-Mitic S, Gopel Y, Gorke B. Carbohydrate utilization in bacte-
ria: making the most out of sugars with the help of small regula-
tory RNAs. Microbiol Spectr 2018;6:29573258.

Faruque SM, Mekalanos JJ. Phage-bacterial interactions in the evolu-
tion of toxigenic Vibrio cholerae. Virulence 2012;3:556-65.

Feng L, Rutherford ST, Papenfort K et al. A qrr noncoding RNA de-
ploys four different regulatory mechanisms to optimize quorum-
sensing dynamics. Cell 2015;160:228-40.

Figueroa-Bossi N, Bossi L. Sponges and predators in the small RNA
World. Microbiol Spectr 2018;6:30003868.

Frohlich KS, Gottesman S. Small regulatory RNAs in the enterobac-
terial response to envelope damage and oxidative stress. Microbiol
Spectr 2018;6:29992897.

Gogol EB, Rhodius VA, Papenfort K et al. Small RNAs endow a tran-
scriptional activator with essential repressor functions for single-
tier control of a global stress regulon. Proc Natl Acad Sci USA
2011;108:12875-80.

Gray T, Storz G, Papenfort K. Small proteins; big questions. J Bacteriol
2022;204:€0034121.

Guo MS, Updegrove TB, Gogol EB et al. MicL, a new sigmaE-dependent
sRNA, combats envelope stress by repressing synthesis of Lpp,
the major outer membrane lipoprotein. Genes Dev 2014;28:
1620-34.

Hammer BK, Bassler BL. Quorum sensing controls biofilm formation
in Vibrio cholerae. Mol Microbiol 2003;50:101-4.

Hammer BK, Bassler BL. Regulatory small RNAs circumvent the con-
ventional quorum sensing pathway in pandemic Vibrio cholerae.
Proc Natl Acad Sci USA 2007;104:11145-9.

Han K, Lory S. Toward a comprehensive analysis of posttranscrip-
tional regulatory networks: a new tool for the identification of
small RNA regulators of specific mRNAs. Mbio 2021;12:e03608-20.

Harper CE, Zhang W, Shin J-H et al. VxrAB signaling in Vibrio cholerae is
activated by diverse mechanical stimuli. Biophys ] 2022;121:403a.

Harris JB, LaRocque RC, Qadri F et al. Cholera. Lancet 2012;379:2466—
76.

Hase CC, Mekalanos JJ. TcpP protein is a positive regulator of vir-
ulence gene expression in Vibrio cholerae. Proc Natl Acad Sci USA
1998;95:730-4.

Herzog R, Peschek N, Frohlich KS et al. Three autoinducer molecules
act in concert to control virulence gene expression in Vibrio
cholerae. Nucleic Acids Res 2019:47:3171-83.

Ghandour and Papenfort | 9

Holmgqvist E, Berggren S, Rizvanovic A. RNA-binding activity and reg-
ulatory functions of the emerging sRNA-binding protein ProQ.
Biochim Biophys Acta Gene Regul Mech 2020;1863:194596.

Holmagqvist E, Vogel J. RNA-binding proteins in bacteria. Nat Rev Mi-
crobiol 2018;16:601-15.

HOr ], Matera G, Vogel J et al. Trans-acting small RNAs and their ef-
fects on gene expression in Escherichia coli and Salmonella enterica.
EcoSal Plus 2020;9:32213244.

Hoyos M, Huber M, Forstner KU et al. Gene autoregulation by 3’ UTR-
derived bacterial small RNAs. Elife 2020;9:58836.

Hsiao A, Zhu J. Pathogenicity and virulence regulation of Vibrio
cholerae at the interface of host-gut microbiome interactions. Vir-
ulence 2020;11:1582-99.

Huang X, Duddy OP, Silpe JE et al. Mechanism underlying autoinducer
recognition in the Vibrio cholerae DPO-VgmA quorum-sensing
pathway. J Biol Chem 2020;295:2916-31.

Huber M, Frohlich KS, Radmer ] et al. Switching fatty acid metabolism
by an RNA-controlled feed forward loop. Proc Natl Acad Sci USA
2020;117:8044-54.

Huber M, Lippegaus A, Melamed S et al. An RNA sponge controls quo-
rum sensing dynamics and biofilm formation in Vibrio cholerae.
Nat Commun 2022;13:7585.

Jang J, Jung KT, Yoo CK et al. Regulation of hemagglutinin/protease
expression by the VarS/VarA-CsrA/B/C/D system in Vibrio cholerae.
Microb Pathog 2010;48:245-50.

Johansen J, Rasmussen AA, Overgaard M et al. Conserved small non-
coding RNAs that belong to the sigmaE regulon: role in down-
regulation of outer membrane proteins. ] Mol Biol 2006;364:1-8.

Jung SA, Chapman CA, Ng WL. Quadruple quorum-sensing inputs
control Vibrio cholerae virulence and maintain system robustness.
PLoS Pathog 2015;11:€1004837.

Kavita K, de Mets F, Gottesman S. New aspects of RNA-based regula-
tion by Hfq and its partner sRNAs. Curr Opin Microbiol 2018;42:53—
61.

Klancher CA, Yamamoto S, Dalia TN et al. ChiS is a noncanoni-
cal DNA-binding hybrid sensor kinase that directly regulates the
chitin utilization program in Vibrio cholerae. Proc Natl Acad Sci USA
2020;117:20180-9.

Kovacikova G, Skorupski K. Overlapping binding sites for the viru-
lence gene regulators AphA, AphB and cAMP-CRP at the Vibrio
cholerae tcpPH promoter. Mol Microbiol 2001;41:393-407.

Kovacikova G, Skorupski K. Regulation of virulence gene expression
in Vibrio cholerae by quorum sensing: hapR functions at the aphA
promoter. Mol Microbiol 2002b;46:1135-47.

Kovacikova G, Skorupski K. The alternative sigma factor sigma(E)
plays an important role in intestinal survival and virulence in
Vibrio cholerae. Infect Immun 2002a;70:5355-62.

Krasteva PV, Fong JC, Shikuma NJ et al. Vibrio cholerae VpsT regulates
matrix production and motility by directly sensing cyclic di-GMP.
Science 2010;327:866-8.

Le Roux F, Blokesch M. Eco-evolutionary dynamics linked to horizon-
tal gene transfer in Vibrios. Annu Rev Microbiol 2018;72:89-110.
Lemos Rocha LF, Peters K, Biboy J et al. The VarA-CsrA regula-
tory pathway influences cell shape in Vibrio cholerae. PLoS Genet

2022;18:€1010143.

Lenz DH, Miller MB, Zhu J et al. CsrA and three redundant small
RNAs regulate quorum sensing in Vibrio cholerae. Mol Microbiol
2005;58:1186-202.

Lenz DH, Mok KC, Lilley BN et al. The small RNA chaperone Hfq and
multiple small RNAs control quorum sensing in Vibrio harveyi and
Vibrio cholerae. Cell 2004;118:69-82.

Lutz C, Erken M, Noorian P et al. Environmental reservoirs and mech-
anisms of persistence of Vibrio cholerae. Front Microbiol 2013;4:375.



10 | microLife, 2023, Vol. 4

Manneh-Roussel J, Haycocks JRJ, Magan A et al. CAMP receptor pro-
tein controls Vibrio cholerae gene expression in response to host
colonization. Mbio 2018;9.doi: 10.1128/mbio.00966-18.

Martin NR, Blackman E, Bratton BP et al. CrvA and CrvB form a
curvature-inducing module sufficient to induce cell-shape com-
plexity in Gram-negative bacteria. Nat Microbiol 2021;6:910-20.

Matera G, Altuvia Y, Gerovac M et al. Global RNA interactome of
Salmonella discovers a 5"'UTR sponge for the MicF small RNA that
connects membrane permeability to transport capacity. Mol Cell
2022;82:629-44.e624.

Melamed S, Adams PP, Zhang A et al. RNA-RNA interactomes of
ProQ and Hfq reveal overlapping and competing roles. Mol Cell
2020;77:411-25.e417.

Melamed S, Peer A, Faigenbaum-Romm R et al. Global mapping of
small RNA-target interactions in bacteria. Mol Cell 2016;63:884—
97.

Menendez-Gil P, Toledo-Arana A. Bacterial 3’UTRs: a useful resource
in post-transcriptional regulation. Front Mol Biosci 2020;7:617633.

Mey AR, Butz HA, Payne SM. Vibrio cholerae CsrA regulates ToxR levels
in response to amino acids and is essential for virulence. Mbio
2015;6:e01064.

Mitchell AM, Silhavy TJ. Envelope stress responses: balancing dam-
age repair and toxicity. Nat Rev Microbiol 2019;17:417-28.

Ng Kwan Lim E, Sasseville C, Carrier MC et al. Keeping up with RNA-
based regulation in bacteria: new roles for RNA binding proteins.
Trends Genet 2021;37:86-97.

Nguyen A, Jacg A. Small RNAs in the Vibrionaceae: an ocean still to
be explored. Wiley Interdiscip Rev RNA 2014;5:381-92.

O’Hara BJ, Alam M, Ng WL. The Vibrio cholerae Seventh Pandemic Is-
lands act in tandem to defend against a circulating phage. PLoS
Genet 2022;18:€1010250.

Papenfort K, Bassler BL. Quorum sensing signal-response systems in
Gram-negative bacteria. Nat Rev Microbiol 2016;14:576-88.

Papenfort K, Bouvier M, Mika F et al. Evidence for an autonomous 5’
target recognition domain in an Hfg-associated small RNA. Proc
Natl Acad Sci USA 2010;107:20435-40.

Papenfort K, Forstner KU, Cong JP et al. Differential RNA-seq of Vibrio
cholerae identifies the VgmR small RNA as a regulator of biofilm
formation. Proc Natl Acad Sci USA 2015:112:E766-75.

Papenfort K, Melamed S. Small RNAs, large networks: posttranscrip-
tional regulons in Gram-negative bacteria. Annu Rev Microbiol
2023;77:36944261.

Papenfort K, Pfeiffer V, Mika F et al. SigmaE-dependent small RNAs
of Salmonella respond to membrane stress by accelerating global
omp mMRNA decay. Mol Microbiol 2006;62:1674-88.

Papenfort K, Silpe JE, Schramma KR et al. A Vibrio cholerae
autoinducer-receptor pair that controls biofilm formation. Nat
Chem Biol 2017;13:551-7.

Papenfort K, Vanderpool CK. Target activation by regulatory RNAs in
bacteria. FEMS Microbiol Rev 2015;39:362-78.

Papenfort K, Vogel J. Multiple target regulation by small noncoding
RNAs rewires gene expression at the post-transcriptional level.
Res Microbiol 2009;160:278-87.

Papenfort K, Vogel J. Regulatory RNA in bacterial pathogens. Cell Host
Microbe 2010;8:116-27.

Papenfort K, Vogel J. Small RNA functions in carbon metabolism and
virulence of enteric pathogens. Front Cell Infect Microbiol 2014;4:91.

Papenfort K, Vogel ]J. Sweet business: spot42 RNA networks
with CRP to modulate catabolite repression. Mol Cell 2011;41:
245-6.

Perez-Reytor D, Plaza N, Espejo RT et al. Role of non-coding regulatory
RNA in the virulence of human pathogenic Vibrios. Front Microbiol
2016;7:2160.

Peschek N, Herzog R, Singh PK et al. RNA-mediated control of cell
shape modulates antibiotic resistance in Vibrio cholerae. Nat Com-
mun 2020;11:6067.

Peschek N, Hoyos M, Herzog R et al. A conserved RNA seed-pairing
domain directs small RNA-mediated stress resistance in enter-
obacteria. EMBO ] 2019;38:€101650.

Ponath F, Hor J, Vogel J. An overview of gene regulation in bacteria
by small RNAs derived from mRNA 3’ ends. FEMS Microbiol Rev
2022;46:fuac017.

Prasse D, Schmitz RA. Small RNAs involved in regula-
tion of nitrogen metabolism. Microbiol Spectr 2018;6. doi:
10.1128/microbiolspec.rwr-0018-2018.

Raina M, King A, Bianco C et al. Dual-function RNAs. Microbiol Spectr
2018;6:30191807.

Rhodius VA, Suh WC, Nonaka G et al. Conserved and variable func-
tions of the sigmaE stress response in related genomes. PLoS Biol
2006;4:€e2.

Richard AL, Withey JH, Beyhan S et al. The Vibrio cholerae virulence
regulatory cascade controls glucose uptake through activation of
TarA, a small regulatory RNA. Mol Microbiol 2010;78:1171-81.

Rivera-Chavez F, Mekalanos JJ. Cholera toxin promotes pathogen ac-
quisition of host-derived nutrients. Nature 2019;572:244-8.

Romeo T, Babitzke P. Global regulation by CsrA and its RNA antago-
nists. Microbiol Spectr 2018;6:29573256.

Rutherford ST, van Kessel JC, Shao Y et al. AphA and LuxR/HapR
reciprocally control quorum sensing in Vibrios. Genes Dev
2011;25:397-408.

Sabharwal D, Song T, Papenfort K et al. The VrrA sRNA controls a
stationary phase survival factor Vrp of Vibrio cholerae. RNA Biol
2015;12:186-96.

Saha S, Lach SR, Konovalova A. Homeostasis of the Gram-negative
cell envelope. Curr Opin Microbiol 2021;61:99-106.

Shao Y, Bassler BL. Quorum regulatory small RNAs repress type VI
secretion in Vibrio cholerae. Mol Microbiol 2014;92:921-30.

Shao Y, Bassler BL. Quorum-sensing non-coding small RNAs use
unique pairing regions to differentially control mRNA targets. Mol
Microbiol 2012;83:599-611.

Shao Y, Feng L, Rutherford ST et al. Functional determinants of the
quorum-sensing non-coding RNAs and their roles in target regu-
lation. EMBO ] 2013;32:2158-71.

Sharma CM, Vogel ]J. Experimental approaches for the discovery
and characterization of regulatory small RNA. Curr Opin Microbiol
2009;12:536-46.

Silpe JE, Bassler BL. A host-produced quorum-sensing autoinducer
controls a phage lysis-lysogeny decision. Cell 2019;176:268-
80.e213.

Silpe JE, Duddy OP, Papenfort K. Microbial communication via
pyrazine signaling: a new class of signaling molecules identified
in Vibrio cholerae. Israel ] Chem 2022;€202200063. https://doi.org/10
.1002/1jch.202200063.

Silva AJ, Benitez JA. Vibrio cholerae biofilms and cholera pathogenesis.
PLoS Negl Trop Dis 2016;10:e0004330.

Sobrero PM, Valverde C. Comparative genomics and evolutionary
analysis of RNA-binding proteins of the CsrA family in the genus
Pseudomonas. Front Mol Biosci 2020;7:127.

Song T, Mika F, Lindmark B et al. A new Vibrio cholerae sSRNA mod-
ulates colonization and affects release of outer membrane vesi-
cles. Mol Microbiol 2008;70:100-11.

Song T, Sabharwal D, Wai SN. VrrA mediates Hfg-dependent regula-
tion of OmpT synthesis in Vibrio cholerae. ] Mol Biol 2010;400:682-8.

Srivastava D, Harris RC, Waters CM. Integration of cyclic di-GMP and
quorum sensing in the control of vpsT and aphA in Vibrio cholerae.
] Bacteriol 2011;193:6331-41.


https://doi.org/10.1002/ijch.202200063

Sun J, Rutherford ST, Silhavy TJ et al. Physical properties of the bac-
terial outer membrane. Nat Rev Microbiol 2022;20:236-48.

Svenningsen SL, Tu KC, Bassler BL. Gene dosage compensation cal-
ibrates four regulatory RNAs to control Vibrio cholerae quorum
sensing. EMBO J 2009;28:429-39.

Taylor RK, Miller VL, Furlong DB et al. Use of phoA gene fusions to
identify a pilus colonization factor coordinately regulated with
cholera toxin. Proc Natl Acad Sci USA 1987;84:2833-7.

Teschler JK, Cheng AT, Yildiz FH. The two-component signal trans-
duction system VxrAB positively regulates Vibrio cholerae biofilm
formation. J Bacteriol 2017;199:1-16.

Thompson KM, Rhodius VA, Gottesman S. SigmaE regulates and
is regulated by a small RNA in Escherichia coli. ] Bacteriol
2007;189:4243-56.

Udekwu KI, Wagner EG. Sigma E controls biogenesis of the antisense
RNA MicA. Nucleic Acids Res 2007:35:1279-88.

Venkat K, Hoyos M, Haycocks JR et al. A dual-function RNA balances
carbon uptake and central metabolism in Vibrio cholerae. EMBO ]
2021;40:€108542.

Waters LS, Storz G. Regulatory RNAs in bacteria. Cell 2009;136:615—
28.

Weber GG, Klose KE. The complexity of ToxT-dependent transcrip-
tion in Vibrio cholerae. Ind ] Med Res 2011;133:201-6.

Whiteley M, Diggle SP, Greenberg EP. Progress in and promise of bac-
terial quorum sensing research. Nature 2017;551:313-20.

World Health Organization. Disease outbreak news; cholera - global
situation. World Health Organization, 2022.

World Health Organization. Regional Office for the Eastern Mediter-
ranean. Cholera situation in Yemen: April 2021. Cairo: World
Health Organization. Regional Office for the Eastern Mediter-
ranean, 2021.

Ghandour and Papenfort | 11

Wu H, Li M, Peng C et al. Large conformation shifts of Vib-
rio cholerae VgmA dimer in the absence of target DNA
provide insight into DNA-binding mechanisms of LuxR-
type receptors. Biochem Biophys Res Commun 2019;520:
399-405.

Xi D, Li Y, Yan J et al. Small RNA coaR contributes to
intestinal colonization in Vibrio cholerae via the two-
component system EnvZ/OmpR. Environ Microbiol 2020;22:
4231-43.

Yamamoto S, Izumiya H, Mitobe ] et al. Identification of a chitin-
induced small RNA that regulates translation of the tfoX gene,
encoding a positive regulator of natural competence in Vibrio
cholerae. ] Bacteriol 2011;193:1953-65.

Yamamoto S, Mitobe J, Ishikawa T et al. Regulation of natural com-
petence by the orphan two-component system sensor kinase
ChiS involves a non-canonical transmembrane regulator in Vibrio
cholerae. Mol Microbiol 2014;91:326-47.

Yang M, Frey EM, Liu Z et al. The virulence transcriptional activa-
tor AphA enhances biofilm formation by Vibrio cholerae by ac-
tivating expression of the biofilm regulator VpsT. Infect Immun
2010,78:697-703.

Zhang MG, Liu JM. Transcription of cis antisense small RNA MtIS in
Vibrio cholerae is regulated by transcription of its target gene, mtlA.
] Bacteriol 2019;201:€00178-19.

Zhao X, Koestler B], Waters CM et al. Post-transcriptional activation of
a diguanylate cyclase by quorum sensing small RNAs promotes
biofilm formation in Vibrio cholerae. Mol Microbiol 2013;89:989—
1002.

Zhu J, Miller MB, Vance RE et al. Quorum-sensing regulators control
virulence gene expression in Vibrio cholerae. Proc Natl Acad Sci USA
2002;99:3129-34.

Received 19 April 2023; revised 2 June 2023; accepted 13 June 2023

© The Author(s) 2023. Published by Oxford University Press on behalf of FEMS. This is an Open Access article distributed under the terms of the Creative Commons
Attribution-NonCommercial License (https://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any
medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com


https://creativecommons.org/licenses/by-nc/4.0/
mailto:journals.permissions@oup.com

	Main text
	Regulatory RNAs involved in quorum sensing
	Small RNA-mediated control of virulence and biofilm formation
	Maintaining outer membrane homeostasis via E-dependent small RNAs
	Small RNAs regulating carbon metabolism
	Small RNAs derived from the 3UTR of mRNAs
	Summary and outlook
	Acknowledgments
	References

