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Abstract 

Vibrio cholerae is a major human pathogen causing the diarrheal disease , c holer a. Re gulation of virulence in V. cholerae is a multifaceted 

pr ocess inv olving gene expr ession c hanges at the tr anscriptional and post-tr anscriptional lev el. Wher eas v arious 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 sRNAs act by base-pairing with multiple target transcripts and this pr ocess typicall y r equir es 
the aid of an RNA-binding protein, such as the widely conserved Hfq protein. This re vie w article summarizes the functional roles of 
sRNAs in V. cholerae , their underlying mechanisms of gene expression control, and how sRNAs partner with transcription factors to 
modulate complex r egulator y pr ogr ams. In addition, w e will discuss re gulatory 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. 

Ke yw ords: small RNA, Hfq, base-pairing, post-transcriptional gene regulation, Vibrio cholerae 
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Main text 
Vibrio cholerae is a marine pathogen that causes millions of in- 
fections e v ery year. Choler a outbr eaks ar e fr equentl y associated 

with poor infr astructur e, lac k of access to sanitation, and contam- 
inated drinking water . Y emen is curr entl y experiencing the lar gest 
c holer a 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, c holer a 
outbr eaks hav e sur ged 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 r eac h 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 

discov er ed that contr ol pathogenesis of V. c holerae , that allow 

ada ptation to c hanging envir onments (e.g. during the tr ansmis- 
sion phase), and that cause the c holer a-specific disease symptoms 
(Harris et al. 2012 ). Among the latter, the c holer a toxin (encoded by 
the ctxAB genes) is the most thor oughl y studied virulence factor of 
V. cholerae as it is responsible for the strong diarrheal symptoms 
associated with c holer a infections . T he c holer a toxin belongs to 
the large class of AB-type toxins of pathogenic bacteria that bind 
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ntestinal epithelial cells via the B subunit of the toxin, whereas
he A subunit possesses enzymatic activity. In the case of c holer a
o xin, acti vity of the A subunit results in cAMP (cyclic adeno-
ine monophosphate) pr oduction, whic h in turn causes efflux of
hloride ions and water into the lumen of the small intestine
ausing diarrhea (Riv er a-Chav ez and Mekalanos 2019 ). The ctxAB
enes are encoded by the CTX ϕ pha ge, whic h has integr ated into
he genomes of many V. cholerae strains (Faruque and Mekalanos 
012 ). T hus , the emergence of virulence in V. cholerae largely relied
n horizontal gene transfer. 

Control of virulence and virulence-related functions in 

. c holerae r elies on various transcription factors and post-
r anscriptional r egulators that conv ert external and internal cues
nto a ppr opriate gene expr ession c hanges (Hsiao and Zhu 2020 ).
he majority of post-transcriptional regulators are small regula- 
ory RN As (sRN As) that associate with the conserved RNA-binding
rotein, Hfq (Bardill and Hammer 2012 ). Hfq functions as a molec-
lar matchmaker that facilitates base-pairing between an sRNA 

nd its target mRNAs (Holmqvist and Vogel 2018 , Kavita et al.
018 ). A single sRNA typicall y contr ols m ultiple tar get tr anscripts
P a penfort and Vogel 2009 , P a penfort and Melamed 2023 ), which
an be either activated or r epr essed. Tar get r epr ession by Hfq-
inding often involves base-pairing of the sRNA with the ribosome 
inding site (RBS) of the tar get, whic h bloc ks ribosome binding and
ranslation initiation (Waters and Storz 2009 ). Ho w e v er, v arious
ther mec hanisms hav e been r eported that allow target inhibi-
ion by bacterial sRNAs (Ng Kwan Lim et al. 2021 ). Similarly, the

olecular mec hanisms underl ying sRNA-mediated tar get activ a-
ion are diverse and can involve complex structural changes at
he sRNA and the tar get mRNA le v el (P a penfort and Vander pool
015 ). 
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Mutation of the hfq gene has been shown to limit the virulence
f numer ous micr obial pathogens (Chao and Vogel 2010 , P a pen-
ort and Vogel 2010 ) and this is also true for V. cholerae (Ding et
l. 2004 ). RNA coimm unopr ecipitation experiments using Hfq as
 bait r e v ealed ∼85 sRNAs inter acting with Hfq in V. c holerae (Hu-
er et al. 2020 ) and global RN A–RN A interaction studies (i.e. RIL-
eq; RN A interaction b y ligation and sequencing) indicated hun-
reds of Hfq-mediated base-pairing events (Huber et al. 2022 ).
her eas man y of these ar e likel y to constitute canonical inter-

ctions between sRNAs and their mRNA targets, other types of
nter action involv e tw o sRN As, indicating that certain sRN As act
s RNA sponges to restrict activity of other noncoding regulators
Figueroa-Bossi and Bossi 2018 ). 

In this r e vie w article, we will discuss the v arious r egulatory
oles of sRNAs in V. cholerae and how they control crucial cellular
r ocesses suc h as quorum sensing (QS), biofilm formation and vir-
lence, str ess r esponse, and carbon metabolism (Fig. 1 ). Further,
e will outline open questions in the field and discuss potential

oles of yet uncharacterized RNA regulators in V. cholerae . 

egulatory RNAs involved in quorum 

ensing 

 crucial aspect of V. cholerae ’s ability to cause disease is QS (Zhu et
l. 2002 ), i.e. the process of communication among microbes (Pa-
enfort and Bassler 2016 ). QS relies on the production, secretion,
nd detection of signaling molecules, called autoinducers (AIs)
Whiteley et al. 2017 ). QS controls hundreds of genes in V. cholerae
P a penfort et al. 2015 , Ball et al. 2017 , Herzog et al. 2019 ) and has
een linked to the activity of four key signaling molecules: AI-
 [(2S,4S)-2-meth yl-2,3,3,4-tetrah ydroxytetrah ydrofuran borate],
 AI-1 [(S)-3-hydroxytridecan-4-one], ethanolamine , and DPO (3,5-
imethylpyrazin-2-ol) (Fig. 2 A). 

AI-2, CAI-1 and ethanolamine are detected by the membrane-
ound LuxPQ, CqsS, and CqsR r eceptors, r espectiv el y, and all
hannel into the same signaling cascade (Jung et al. 2015 ). In the
bsence of AI-2, CAI-1, or ethanolamine, the receptors function
s kinases that channel phosphate to the common phosphore-
ay protein LuxU, which further transfers the phosphate to the re-
ponse regulator, LuxO (Bridges et al. 2022 ). Phosphorylated LuxO,
n concert with the alternative sigma factor σN , induces the ex-
ression of four homologous sRNAs, named Qrr1-4 (quorum reg-
latory RNAs) (Lenz et al. 2004 ). Binding of a cognate AIs converts
he r eceptors fr om kinases to phosphatases r esulting in dephos-
horylated LuxO (Bo y aci et al. 2016 ). T hus , Qrr1-4 le v els ar e high
t low cell density when AIs are scarce and decrease with increas-
ng cell density and AI concentrations. 

The Qrr1-4 sRNAs interact with Hfq (Huber et al. 2020 ) and
ontr ol gene expr ession by base-pairing with trans -encoded tar-
et mRN As (Bar dill et al. 2011 , Shao et al. 2013 , Huber et al. 2022 ).
ith respect to QS, regulation of the hapR and aphA transcripts

re of major importance (Fig. 2 A). The hapR mRNA encodes a k e y
egulator of high cell density in V. cholerae (Ball et al. 2017 ) and
ase-pairing with the Qrr1-4 sRNAs results in inhibition of HapR
ynthesis (Lenz et al. 2004 ). In contrast, AphA is a central reg-
lator of low cell density behaviors and translation of the aphA
RNA is induced by base-pairing with the Qrr2-4 sRNAs (Ruther-

ord et al. 2011 ). Of note, Qrr1 is unable to activ ate aphA tr ans-
ation as it lacks a crucial base-pairing region located near the
’ end of the sRNA (Shao and Bassler 2012 ). In addition, the Qrrs
lso inhibit type VI secretion in V. cholerae through interaction with
he first mRNA ( vca0107 ) of the large type VI secretion cluster
Shao and Bassler 2014 ) and affect the production of the intra-
ellular small-molecule second messenger cyclic di-GMP by acti-
ating the vca0939 mRNA encoding a GGDEF domain-containing
rotein (Hammer and Bassler 2007 , Zhao et al. 2013 ). 

Wher eas the inter action of the Qrr sRNAs with the hapR and
phA mRNAs have been studied intensively over the past years
Bardill and Hammer 2012 ), recent high-throughput identifica-
ion of Hfq-assisted RN A–RN A inter actions r e v ealed se v er al ne w
arget mRNAs (Huber et al. 2022 ). For example, all four Qrr sR-
As inhibit the expression of cyaA , encoding adenylate cyclase,
hic h catal yzes the synthesis of cAMP. cAMP is a centr al r egu-

ator of carbon metabolism in many bacteria, including V. cholerae
Manneh-Roussel et al. 2018 ), and thus regulation of c yaA b y Qrr1-
 might well connect QS and carbon metabolism. These analyses
lso r e v ealed an additional base-pairing partner of Qrr1-4, which
s the QrrX sponge RNA (Fig. 2 A). Interaction of QrrX with the four
rr sRN As inv olves extended base-pairing and triggers RNase E-
ediated degradation of the RNA duplex (Huber et al. 2022 ). Tran-

cription of QrrX is induced by QrrT, a LysR-type transcriptional
egulator, whose activity might well rely on binding of a yet undis-
ov er ed ligand. Giv en that tight contr ol of Qrr1-4 expr ession is k e y
or QS signaling in V. cholerae and other Vibrios (Svenningsen et al.
009 , Feng et al. 2015 ), mutation of qrrX and/or qrrT (leading to
ncreased Qrr1-4 levels) affects QS dynamics and QS-associated
eha viors , such as biofilm formation (Huber et al. 2022 ). 

In contrast to AI-2, CAI-1, and ethanolamine, DPO signaling
s independent of LuxU and LuxO and depends on the LuxR-
ype transcription factor VqmA and the VqmR sRNA (P a penfort
t al. 2015 , 2017 ) (Fig. 2 A). DPO belongs to the family of pyrazine
olecules known to be produced by bacteria, plants, and fungi

Silpe et al. 2022 ). VqmA is the receptor of DPO in V. cholerae and
PO is also detected by a VqmA homolog encoded on bacterio-
ha ge VP882 (P a penfort et al. 2017 , Silpe and Bassler 2019 , Wu et
l. 2019 , Huang et al. 2020 , Dud d y et al. 2021 ). Binding of DPO to
qmA allows transcription of the VqmR sRNA, which also binds
fq (P a penfort et al. 2015 , Huber et al. 2020 ). VqmR r egulates m ul-

iple target mRNAs including vpsT (encoding a central regulator
f biofilm formation, see below), as well as aphA , which is also
 target of the Qrr2-4 sRN As. Ho w ever, whereas Qrr2-4 induce
phA production, VqmR inhibits translation initiation of the aphA
RNA (Herzog et al. 2019 ). This scheme is in line with the regula-

ory logic of QS in V. cholerae as the Qrr sRNAs are expressed at low
ell density (when AI concentrations are low), while VqmR expres-
ion r equir es high DPO, whic h ar e typicall y associated with high
ell densities. Additional targets of VqmR have been documented
uggesting additional roles of this sRNA in motility, carbon utiliza-
ion, and O-antigen synthesis (P a penfort et al. 2015 , Herzog et al.
019 , Huber et al. 2022 ). 

Taken together, post-transcriptional gene expression control
nd specifically the activity of Hfq-binding sRNAs are essential
or signal integration and overall QS performance in V. cholerae . Of
ote , the AI synthases , the receptors , as well as the transcriptional
nd post-transcriptional regulators discussed in this section are
ften conserved among different Vibrio species (Nguyen and Jacq
014 ). Ther efor e, it is possible that the RNA-based mechanisms
overning QS in V. cholerae will also apply to other organisms. 

mall RNA-mediated control of virulence 

nd biofilm formation 

he ability to form biofilms and the control of virulence factor
xpr ession ar e two highl y interconnected pr ocesses in V. c holerae ,
nd both processes receive input from QS (Silva and Benitez 2016 ).
pecificall y, AphA and Ha pR, whic h ar e contr olled by the Qrr1-
 and VqmR sRNAs (see above section and Fig. 2 A), are critical
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Figure 1. Size and regulatory role of sRNAs in V. cholerae . Functionally characterized sRNAs from V. cholerae have been grouped according to their size 
and regulatory functions . T he sRNAs are shown as boxes and were color-coded regarding their physiological roles . T he size of each sRNA is indicated 
as subscript. 

Figure 2. (A) Regulatory roles of sRNAs in QS of V. cholerae . At low AI concentrations (C AI-1, ethanolamine , and AI-2), the inner membrane receptors 
(CqsS, CqsR, 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 sRNAs . T he Qrr sRNAs destabilize the hapR transcript and activate the aphA mRNA. 
The le v els of Qrr sRNAs is negativ el y contr olled b y the RN A sponge, QrrX, whic h is contr olled b y QrrT. The Qrr sRN As also activate the vca0939 mRN A, 
whic h incr eases cyclic di-GMP in the cell. Cyclic di-GMP binds to and activates the VpsT transcription factor, inducing biofilm formation. The Qrr sRNA 

also down-regulate type VI secretion by inhibiting the vca0107 mRNA. Expression of the VqmR sRNA is controlled by the VqmA, which required 
binding of the DPO AI for full activity. VqmR inhibits the expression of the vpsT and aphA mRNAs. (B) Vibrio cholerae sRNAs 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 
To xR acti vate the toxT gene. To xT acti v ates the expr ession of the ctxAB (encoding the c holer a to xin) and tcpA-F (encoding the to xin-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 
tcpF and, indir ectl y, the pr oduction of the CBASS genes . (C) T he VadR sRNA contr ols biofilm formation and cell curv atur e. Tr anscription of the v adR 
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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or the regulation of biofilm formation and virulence in V. cholerae .
ere, AphA functions as activator, whereas HapR acts as a repres-

or of both processes (K o vaciko va and Skorupski 2002a , Ruther-
ord et al. 2011 ). T hus , at low cell density the genes for biofilm for-

ation and virulence gene expression are induced, but are inhib-
ted when the concentrations of cells and AI molecules increase. 

With respect to pathogenicity, AphA acts on top of a cascade of
ranscription factors that ultimately lead to cholera toxin produc-
ion (Fig. 2 B). Together with AphB (a LysR-type transcription fac-
or), AphA activates the transcription of the tcpPH operon, encod-
ng two membrane-bound regulators (K o vaciko va and Skorupski
001 ). TcpP then partners with another tr ansmembr ane r egulator,
alled ToxR, to activate the toxT gene (Hase and Mekalanos 1998 ).
oxR expression is modulated by the RNA-binding protein, CsrA,
o w e v er, it is curr entl y not clear if this pr ocess involv es dir ect in-
eraction of CsrA with the toxR transcript (Mey et al. 2015 ). ToxT
s the main activator of ctxAB , and thus c holer a toxin production
Weber and Klose 2011 ). In addition to ctxAB , se v er al other genes
re part of the ToxT regulon, including tcp , encoding a type IV
undle-forming pilus , i.e . critical for intestinal colonization (Ta y-
or et al. 1987 ). ToxT also controls the expression of two Hfq-
ssociated sRNAs, called TarA and TarB (To xT-acti vated RNAs).
arA down-regulates the ptsG mRNA (encoding a major glucose
r ansporter) (Ric hard et al. 2010 ) and other potential target mR-
As have recently been reported (Huber et al. 2022 ). TarB was

dentified in a genome-wide screen for To xT-de pendent genes in V.
holerae and is also positively regulated by the transcription factor
Bradley et al. 2011 ). Mutation of tarB has a mild positive effect on
he colonization of the mouse small intestine by V. c holerae , whic h

ight be associated with negative regulation of the tcpF mRNA
encoding a secreted colonization factor) by T arB. T arB has also
een reported to modulate the expression of the genes associated
ith the CB ASS (c yclic oligonucleotide-based antiphage signaling

ystem) bacteriophage defense system located on a genomic is-
and called, VSP-1 ( Vibrio se v enth pandemic island-1) (Davies et
l. 2012 , O’Hara et al. 2022 ). 

Another sRNA with possible roles in virulence of V. cholerae is
oaR (c holer ae osmolarity and acidity r elated r egulatory RNA) (Xi
t al. 2020 ). Tr anscription of coaR is r egulated by the EnvZ/OmpR
wo-component system and mutation of coaR resulted in reduced
olonization of infant mouse intestines. Of note, coaR was pr e vi-
usly identified as Vcr058 and the V. cholerae El Tor genome carries
 second identical copy of this gene on the same c hr omosome,
amed Vcr061 (P a penfort et al. 2015 ). In addition, both sRNAs, i.e.
cr058 and Vcr061, are associated with overlapping antisense sR-
As, called Vcr057 and Vcr060, r espectiv el y. It is, thus not clear
hich of these sRNAs are involved in virulence regulation and if
cr058 and Vcr061 are both regulated by EnvZ/OmpR. 

Similar to virulence gene contr ol, r egulation of biofilm forma-
ion in V. cholerae requires QS and also involves AphA and HapR
Hammer and Bassler 2003 ). Specifically, AphA induces the ex-
ression of the vpsT gene, encoding a transcriptional regulator
hat activates the genes needed for biofilm formation (Casper-
indley and Yildiz 2004 , Yang et al. 2010 ). In contr ast, Ha pR down-
egulates vpsT and inhibits biofilm formation (Srivastava et al.
011 ). T hus , given that the Qrr sRNAs activate aphA and re-
ress hapR , they also induce biofilm formation (Bardill et al. 2011 )

Fig. 2 A). By the same token, QrrX indir ectl y modulates biofilm for-
ation by inhibiting Qrr1-4 (Huber et al. 2022 ). The Qrr sRNAs fur-

her facilitate biofilm formation by activating the diguanylate cy-
lase Vca0939, which synthesizes cyclic di-GMP (Zhao et al. 2013 ).
yclic di-GMP binds to and promotes VpsT activity and thereby
osters the transcription of biofilm-associated genes (Krasteva et
l. 2010 ). 

In contrast to Qrr1-4, VqmR acts as a repressor of biofilm pro-
uction via r epr ession of two target mRNAs (Fig. 2 A). First, VqmR

nhibits the translation of the vpsT mRNA and thereby blocks
iofilm formation (P a penfort et al. 2015 ). Second, VqmR down-
egulates aphA (Herzog et al. 2019 ). AphA is a transcriptional ac-
ivator of vpsT (Yang et al. 2010 ) and thus VqmR, aphA , and vpsT
onstitute a feed-forw ar d loop that allo ws tight control of VpsT
ynthesis in the presence of DPO. Indeed, synthetic DPO can in-
ibit biofilm formation in V. cholerae (Papenfort et al. 2017 ). 

Another Hfq-dependent sRNA that down-regulates biofilm for-
ation in V. cholerae is VadR (VxrB activated small RNA) (Fig. 2 C).
o w e v er, contr ary to Qrr1-4, QrrX, and VqmR, VadR expression

s independent of QS. Instead, transcriptional activation of vadR
elies on the VxrAB two-component system (Peschek et al. 2020 ).
xrAB signaling is triggered by cell wall damaging antibiotics and
ec hanical str ess and pr omotes high-le v el toler ance a gainst β-

actam antibiotics (Dörr et al. 2016 , Harper et al. 2022 ). It also
ositiv el y r egulates virulence, type VI secr etion, and biofilm for-
ation (Cheng et al. 2015 , Teschler et al. 2017 ). VadR base-pairs

nd inhibits the expression of se v er al genes involv ed in biofilm
ormation, including rbmA (encoding a biofilm matrix protein),
psL , and vpsU (both involved biofilm matrix synthesis). Indeed,
adR ov er-expr ession str ongl y inhibits biofilm formation (Pesc hek
t al. 2020 ). VadR also down-r egulates the tr anslation of the crvA
RNA, encoding a periplasmic protein that self-assembles into

laments to induce the c har acteristic cell curv atur e of V. cholerae
Bartlett et al. 2017 , Martin et al. 2021 ). Accordingl y, m utation of
 adR r esults in incr eased cell curv atur e, whic h was linked with de-
r eased surviv al of V. c holerae upon penicillin G c hallenge (Pesc hek
t al. 2020 ). In summary, the VadR sRN A likely acts to coor di-
ate cell shape, antibiotic tolerance, and biofilm formation in V.
holerae . 

aintaining outer membrane homeostasis 

ia σE -dependent small RNAs 

he outer membrane (OM) of Gr am-negativ e bacteria is a critical
arrier to the outside environment and allows for the selective
assage of molecules in and out of the cell (Sun et al. 2022 ). Trans-
ort via the OM is mediated by porins, whic h ar e abundant outer
embr ane pr oteins (OMPs). Pr eserv ation of OM homeostasis is r e-

uired for bacterial survival, and thus tightly regulated by several
nv elope str ess r esponse systems (Mitc hell and Silhavy 2019 ). 

One of the most thor oughl y studied env elope str ess r esponse
ystem is controlled by the alternative sigma factor, σ E (encoded
y rpoE ). In the inactive state, σ E is sequestered at the inner mem-
rane by RseA, its cognate antisigma factor (Saha et al. 2021 )

Fig. 3 ). Ther e ar e v arious str esses (e.g. misfolded OMPs) that trig-
er RseA pr oteol ysis and ther eby r elease of σ E into the cytoplasm.
ere, σ E associates with the core RNA polymerase enzyme to

egulate dozens of genes, including se v er al sRN As (F r öhlic h and
ottesman 2018 ). 
In Esc heric hia coli and Salmonella enterica , σ E activates the ex-

ression of three Hfq-dependent sRNAs, called MicA, RybB, and
icL (Johansen et al. 2006 , P a penfort et al. 2006 , Thompson et

l. 2007 , Udekwu and Wagner 2007 , Guo et al. 2014 ). All three
RNAs inhibit the translation of mRNAs encoding OMPs (among
thers), and thereby reduce the synthesis of new OMPs when
he σ E response is induced. Of note, several OMP-encoding mR-
As have been documented to be highly stable in the absence
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F igure 3. σ E -dependent sRN As contr ol OM homeostasis in V. c holerae . 
Accumulation of misfolded OMPs triggers proteolysis of the antisigma 
factor, RseA, releasing σ E into the cytoplasm. Here, σ E associates with 
RNA pol ymer ase (RNAP) to activ ate , 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. 
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of str ess, whic h could explain the need for post-tr anscriptional 
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 σ E and related stress response systems have also 
been studied in V. cholerae (DeAngelis et al. 2018 ). Here, deletion 

of the rpoE gene str ongl y attenuates virulence in an infant mouse 
model and has been associated with the occurrence of suppressor 
mutations that lo w er OMP production (K o v acik ov a and Sk orup- 
ski 2002b , Davis and Waldor 2009 ). The σ E 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 Hfq-binding sRNAs, named VrrA and MicV (Fig. 3 ). VrrA was 
initially identified as an inhibitor of OmpA synthesis and mutation 

of the vrrA gene activated the production of OM vesicles and facil- 
itated the colonization of infant mice (Song et al. 2008 ). Follow-up 

studies sho w ed 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 
σ E 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 r eac h 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 tar get r egulation can be explained by two highly similar base- 
pairing sequences in the sRNAs that mediate target mRNA recog- 
nition. Inter estingl y, an almost identical base-pairing sequence is 
also present in the RybB sRNA of E. coli and Salmonella (P a pen- 
fort et al. 2010 ), suggesting that sRNAs might carry conserved 

base-pairing domains that specify their r egulatory r ole in the cell 
(Pesc hek et al. 2019 ). Ther e ar e also se v er al tar get mRNAs that 
ar e contr olled by either MicV or VrrA. For example, regulation of 
the accessory colonization factor, acfA , is specific to VrrA, whereas 
prtV , encoding a virulence-related metalloprotease, requires 
only MicV. 
mall RNAs regulating carbon metabolism 

acteria can colonize v arious envir onments and have evolved
umer ous r egulatory str ategies to cope with nutrient av ailabil-

ty in their environment. As for pathogenic bacteria, they rely
n their host for nutrients supply, highlighting the role of bacte-
ial metabolism during infection as an essential aspect to under-
tand pathogenesis. An increasing number of sRNAs have been 

escribed to be involved in carbon metabolism (Bobrovskyy and 

ander pool 2013 , P a penfort and Vogel 2014 , Durica-Mitic et al.
018 ), including se v er al examples fr om V. c holerae . 

Csr (carbon stor a ge r egulator) is a r egulatory system that con-
rols carbon storage and flux and is involved in biofilm formation
nd motility, as well as QS by modulating Qrr14 le v els thr ough
uxO (Lenz et al. 2005 , Babitzke and Romeo 2007 ). The effector of
his system, the CsrA protein, is an RNA-binding protein that inter-
cts with GGA motifs in its target transcripts and modulates their
tability and/or translation efficiency (Romeo and Babitzke 2018 ).
n E. coli , CsrA controls the expression of several transcription fac-
ors involved in glycogen synthesis and catabolism, gluconeoge- 
esis, and gl ycol ysis. CsrA displays a wide phylogenetic distribu-
ion among eubacterial species, reflecting its extensive regulatory 
mpact on bacterial metabolism (Sobr er o and Valv erde 2020 ). Ac-
ivity of CsrA is controlled by CsrB and CsrC, tw o sRN As that con-
ain 22 and 9 CsrAbinding sites, r espectiv el y. By sequestering CsrA
 wa y from its targets, CsrB and CsrC control the metabolic status
f the cell (P a penfort and Vander pool 2015 ). In V. c holerae , thr ee
omologues sRNAs, CsrB, CsrC, and CsrD, were identified to act
 edundantl y by titrating CsrA protein (Lenz et al. 2005 ). 

Transcription of the csrBCD genes is controlled by the V arS/V arA
wo component system, which has documented roles in QS regu-
ation, cell shape maintenance, and virulence factor production in 

. cholerae (Lenz et al. 2005 , Jang et al. 2010 , Mey et al. 2015 , Lemos
ocha et al. 2022 ). Although the complete set of RNAs ligands of
srA in V. cholerae is currently unknown, it is interesting to note

hat CsrA interacts with and improves the translation of the varA
RNA. Incr eased VarA le v els ar e likel y to pr omote CsrBCD expr es-

ion, which in turn antagonize CsrA activity (Butz et al. 2019 ). This
eedback loop might help to limit the levels of free CsrA in the cell.

Global tr anscriptome anal ysis of V. c holerae cells expr essing a
 utated CsrA pr otein r e v ealed hundr eds of der egulated genes,

nd coimm unopr ecipitation experiments sho w ed binding of CsrA
o mRNAs encoding global transcriptional regulators (Butz et al.
021 ). For example, CsrA interacts with the rpoE and rpoS tran-
cripts encoding str ess-activ ated alternativ e sigma factors, as well
s the mRNA encoding FlrC, which is a k e y regulator of flagellar
ene expression (Fig. 4 A). 

Chitin is a major carbon and nitrogen source for V. cholerae in
quatic environment and is known to induce competence. Up- 
ake and utilization of chitin requires a complex cascade of fac-
ors with many intertwining interactions (Blokesch 2012 , Le Roux
nd Blokesch 2018 ) (Fig. 4 B). Many of the downstream genes re-
uired for the assimilation of chitin are governed by ChiS, a chitin-
ensing membrane-embedded one-component system (Klancher 
t al. 2020 ). In the presence of chitin, ChiS activates another tran-
cription factor, called TfoS, which in turn induces the expres-
ion of TfoR, an Hfq-binding and trans -acting sRNA (Dalia et al.
014 , Yamamoto et al. 2014 , Huber et al. 2020 ). TfoR then en-
ances the translation of tfoX by binding to its 5 ′ UTR and exposing

ts Shine Dalgarno (SD) sequence (Yamamoto et al. 2011 ). Subse-
uently, TfoX in conjunction with CRP, a global transcription fac-
or of carbon utilization, activates the expression of competence 
enes (Blokesch 2012 ). 
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Figure 4. (A) Csr-associated regulation of gene expression. CsrA is an RNA-binding protein that interacts with various transcripts in the V. cholerae , 
including the mRNAs encoding rpoE , rpoS , and flrC . Activity of CsrA is anta gonized by thr ee r egulatory RNAs (CsrB/C/D), whose tr anscription is 
controlled by the VarAS two-component system. (B) Regulation of carbon uptake and utilization by Hfq-binding sRNAs. Sensing of c hitin-deriv ed 
metabolites is ac hie v ed by the membrane-associated ChiS and TfoS proteins. TfoS activates the synthesis of the TfoR sRNA, which base-pairs with 
and activates the tfoX mRNA. TfoX together with the CRP transcription factor (and cAMP) induce competence gene expression in V. cholerae . CRP also 
inhibits the transcription of spf (encoding Spot 42) and vcdRP . VcdRP is a dual RNA, whose small protein component (VcdP) activates the GltA protein 
of the citric acid cycle, whereas VcdR functions as a base-pairing sRNA inhibiting the expression of PTS-type carbohydrate transporters. 
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CRP also controls the expression of two regulatory sRNAs in V.
 holerae (Fig. 4 B). Specificall y, CRP inhibits the expr ession of the spf
encoding the Spot 42 sRNA) and vcdRP genes, the latter of which
elongs to the growing class of dual RNA regulators (Venkat et al.
021 ). Dual RNAs are trans -acting regulatory RNAs that also en-
ode a small protein (Raina et al. 2018 , Gray et al. 2022 ). The RNA
omponent of VcdRP (VcdR) exerts its function by base-pairing
ith multiple target mRNAs using a conserved stretch of 4 cy-

osines at its 3 ′ end. Specificall y, VcdR r epr esses the expr ession
f the PTS (phosphotr ansfer ase carbohydr ate tr ansporter) sugar
r ansporters (PtsG, Na gE and Tr eB), as well as the phosphor-carrier
roteins PtsH and PtsI involved in glycolysis . T he small protein
cdP interacts with and enhances the activity of the citrate syn-

hase enzyme (encoded by gltA ), the first enzyme of the citric
cid cycle. Taken together, VcdRP acts as a modulator of both the
itric acid cycle and gl ycol ysis pathway, ther eby maintaining a
alance of the ov er all carbon metabolism in V. cholerae (Venkat
t al. 2021 ). 

Another sRNA that helps V. cholerae to adapt to changes in
arbon source availability is MtlS. This sRNA is transcribed an-
isense from mtlA gene, encoding a mannitol transporter. MtlA is
 cis- encoded sRNA, and thus has perfect complementarity to the
 

′ UTR of mtlA and inhibits its expr ession post-tr anscriptionall y
y sequestering the RBS (Chang et al. 2015 ). When mannitol is the
ole carbon source, expression of mtlA is induced, which reduces
tlS le v els, likel y involving a mechanism of transcription interfer-

nce (Zhang and Liu 2019 ). 

mall RNAs derived from the 3 

′ UTR of 
RNAs 

her e ar e v arious tec hnologies to identify small RNA r egulators in
acteria (Altuvia 2007 , Sharma and Vogel 2009 ). Among these, the
e v elopment of high-thr oughput sequencing tec hnologies has al-
o w ed a major br eakthr ough as it provided a single nucleotide res-
lution view on bacterial transcriptomes, which also enabled the
etection and annotation of sRNAs in a wide-range of micr oor gan-

sms (Barquist and Vogel 2015 ). In addition, computational anal-
sis of bacterial transcriptomes revealed a large number of sRNA
andidates originating from the 3 ′ UTR of coding sequences (Hör et
l. 2020 , Menendez-Gil and Toledo-Arana 2020 , Ponath et al. 2022 ).

Se v er al 3 ′ UTR-deriv ed sRNAs hav e also been studied in V.
 holerae and man y of them inter act with Hfq (Huber et al. 2020 ).
her e ar e two gener al pathw ays of ho w 3 ′ UTR-derived sRN As are
roduced: first, the sRNA gene has its own promoter, and thus its
ranscription is independent of the upstream gene, or second, the
RNA is expressed together with its upstream gene(s) and the full-
ength transcript is processed by ribonucleases, such as RNase E,
o generate the mature sRNA (Ponath et al. 2022 ) (Fig. 5 A). Both
ypes of 3 ′ UTR-derived sRNAs exist in V. cholerae and four exam-
les (MicX, FarS, OppZ, and CarZ) have been studied in greater de-
ail. Specifically, MicX was the first reported 3 ′ UTR-derived sRNA
nd carries its own pr omoter, whic h is located in the vca0943
 malG ) gene (Davis and Waldor 2007 , P a penfort et al. 2015 ). Ne v er-
heless, MicX is also processed by RNase E giving rise to at least
hree sRNA isoforms that accumulate in the cell. The main tar-
et of MicX is the OMP-coding vc0972 mRNA (Davis and Waldor
007 ), ho w e v er, r ecent RIL-Seq analysis indicated additional tar-
et mRNA candidates (Huber et al. 2022 ). 

Similarl y, onl y r elativ el y fe w tar get mRNAs hav e been r eported
or FarS, OppZ, and CarZ. In contrast to MicX, FarS, OppZ, and
arZ do not have their own promoters, and thus are cotranscribed
ith their preceding coding genes. In the case of FarS, the up-

tream gene is fabB encoding β-ketoacyl-ACP synthase involved
n fatty acid biosynthesis (Fig. 5 B). Tr anscription of f abB –f arS is ac-
ivated by FadR, a major transcriptional regulator of fatty acid

etabolism, and the transcript is processed by RNase E to re-
ease the mature FarS sRNA (Huber et al. 2020 ). Together with
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Figure 5. (A) 3 ′ UTR-derived sRNAs in V. cholerae . Left: MicX is a 3 ′ UTR-derived sRNA, i.e. produced from its own promoter. MicX is further processed by 
RNase E into additional isoforms. Right: Transcription of the FarS, CarZ, and OppZ sRNAs is controlled by the promoter of their upstream genes. RNase 
E-mediated cleav a ge of the r espectiv e mRNAs is r equir ed for matur ation of these sRNAs . (B) T he F arS sRNA regulates fatty acid metabolism. F arS is 
expr essed fr om the pr omoter of its upstr eam gene, f abB , whose tr anscription is activ ated by FadR. The matur e sRNA is gener ated by RNase E. FarS 
base-pairs and inhibits fadE whose transcription is inhibited by FadR. (C) Gene autoregulation by the OppZ sRNA. OppZ is produced from the 3 ′ UTR of 
the oppABCDF operon and base-pairs with the intergenic region between the oppA and oppB mRNAs. OppZ binding inhibits oppBCDF expression by 
promoting Rho-dependent transcription termination. OppZ does not affect the oppA mRNA. 
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Hfq, FarS base-pairs with two target mRNAs, vc1740 and vc2231 ,
both of which encode F adE acyl-CoA dehydrogenase. F adE is in- 
volved in fatty acid degradation and transcription of the corre- 
sponding genes is inhibited by FadR. T hus , FadR, f abB–f arS , and 

the fadE genes constitute a mixed feed-forw ar d loop that modu- 
lates the tr ansition fr om 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 sRN As. Ho w e v er, in contr ast to FarS 
(and other 3 ′ UTR-derived sRN As), OppZ and CarZ are inv olved in 

autoregulation by base-pairing with their own pol ycistr onic mR- 
NAs. Specifically, OppZ and CarZ are produced from the 3 ′ UTRs of 
the oppABCDF and carAB tr anscripts, r espectiv el y, and accum ula- 
tion of the mature sRNAs r equir es RNase E and Hfq (Ho y os et al.
2020 , Huber et al. 2020 ). Whereas CarZ base-pairs with the 5 ′ UTRs 
of the carAB mRNA to inhibit CarAB translation, OppZ interacts 
ith the intergenic region between the oppA and oppB cistrons
o down-regulate OppBCDF synthesis while leaving OppA produc- 
ion unaffected (Ho y os et al. 2020 ) (Fig. 5 C). Both sRNAs also regu-
ate their own expr ession. Specificall y, base-pairing of the sRNAs
ith their r espectiv e tar gets leads to inhibition of translation ini-

iation, which in turn facilitates Rho-dependent transcription ter- 
ination resulting in reduced sRNA synthesis (Fig. 5 C). This mech-

nism of gene autoregulation acts at the post-transcriptional level 
nd is independent of transcriptional regulators. Interestingly,
IL-Seq analyses in V. cholerae suggest that several other mRNAs
ontain 3 ′ UTR-derived sRNAs that control their own translation 

Huber et al. 2022 ) and similar cases can be found in the RIL-Seq
atasets of E. coli and S. enterica (Melamed et al. 2016 , Melamed
t al. 2020 , Matera et al. 2022 ), suggesting that this mechanism of
ene regulation could be a common feature among 3 ′ UTR-derived
RNAs that interact with Hfq. 
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ummary and outlook 

he identification and c har acterization of sRNAs has been pio-
eered in model organisms such as E. coli and S. enterica , which
stablished sRNAs as central players in nearly all areas of mi-
robial physiology (Waters and Storz 2009 , Hör et al. 2020 ). In
. c holerae and r elated Vibrios , work on r egulatory RNAs for long
as focused on sRNAs controlling QS- and pathogenicity-related
rocesses (Bardill and Hammer 2012 , Perez-Reytor et al. 2016 ). In
ontr ast, se v er al studies over the past few years have established
quall y br oad r oles for sRNAs in V. c holerae including the v arious
spects outlined in this article. 

In addition to the numerous Vibrio -specific sRNAs discussed
bo ve , the genome of V. cholerae also carries several sRNA genes
hat are highly conserved and have been studied previously in
ther organisms . For example , the RyhB sRN A has been sho wn to
upport iron homeostasis by inhibiting the translation of mRNAs
ncoding nonessential iron-binding proteins under iron-limiting
onditions (Char eyr e and Mandin 2018 ). RyhB likel y serv es an
nalogous function in V. cholerae , but also affects biofilm formation
Davis et al. 2005 ). Similarly, the Spot 42 and GcvB sRNAs (Papen-
ort and Vogel 2011 , Prasse and Schmitz 2018 ), involved in carbo-
ydr ate and nitr ogen metabolism, r espectiv el y, ar e conserv ed and
xpr essed in V. c holerae (P a penfort et al. 2015 ), ho w e v er, no detailed
nalysis of their physiological roles have been performed. How-
 v er, r ecentl y published data from RIL-Seq analyses suggest that
heir regulatory functions have been conserved as w ell, sho wing
 strong enrichment for candidate target transcripts involved in
arbon metabolism for Spot 42 and nitrogen metabolism for GcvB
Huber et al. 2022 ). 

The RIL-Seq analyses also included dozens of pr e viousl y c har-
cterized interactions involving well-studied sRNAs, as well as
ovel sRNAs that require further investigation (Huber et al. 2022 ).
or example, Vcr043, an Hfq-binding sRNAs identified in a tran-
criptomic study (P a penfort et al. 2015 , Huber et al. 2020 ), was
iscov er ed to bind to and activate the rpoS mRNA (Han and Lory
021 ), yet it is unknown how this interaction affects RpoS regu-
ation in V. cholerae . In addition, as outlined above for the CsrBCD
RNAs, not all sRNAs in V. cholerae interact with Hfq. For example,
he FlaX sRNA is encoded downstream of the flaA flagellin gene
nd involved in motility of V. cholerae (Dong and Mekalanos 2012 ),
o w e v er, the molecular underpinnings of these findings remain to
e investigated. 

In summary, gene regulation involving sRNAs is r equir ed for
lmost all aspects of V. cholerae ’s lifestyle and physiology. Impor-
antl y, ther e ar e still dozens of annotated, yet unc har acterized sR-
As, in this organism suggesting a plethora of unexplored regu-

atory interactions. How these sRNAs shape gene regulation in V.
holerae (and possibly other related species) will require further in-
estigations and might well involve unexpected regulatory mech-
nisms and additional RNA binding proteins. For instance, the
lobal RNA binding ProQ (Holmqvist et al. 2020 ) is conserved in V.
holerae , ho w ever, its role in gene expression control has not been
xplored. 
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