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Abstract 

Esc heric hia coli is a Gr am-ne gati v e commensal bacterium of the normal microbiota of humans and animals. Howe ver, se veral E. coli 
strains are opportunistic pathogens r esponsib le for sev er e bacterial infections, including gastrointestinal and urinary tract infections. 
Due to the emergence of m ultidrug-r esistant ser otypes that can cause a wide spectrum of diseases, E. coli is considered one of the 
most tr oub lesome human pathogens w orldwide . Ther efor e, a mor e thor ough understanding of its virulence contr ol mechanisms is 
essential for the development of new anti-pathogenic str ate gies. Numerous bacteria rely on a cell density-dependent communication 

system known as quorum sensing (QS) to regulate several bacterial functions, including the expression of virulence factors. The QS 
systems described for E. coli include the orphan SdiA regulator, an autoinducer-2 (AI-2), an autoinducer-3 (AI-3) system, and indole, 
which allow E. coli to esta b lish differ ent comm unication pr ocesses to sense and r espond to the surr ounding envir onment. This r e vie w 

aims to summarise the current knowledge of the global QS network in E. coli and its influence on virulence and pathogenesis. This 
understanding will help to impr ov e anti-virulence str ate gies with the E. coli QS network in focus. 

Ke yw ords: Esc heric hia coli , quorum sensing, acyl-homoserine lactone, SdiA, AI-2, AI-3, indole 
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Introduction 

Esc heric hia coli is a Gr am-negativ e, r od-sha ped, and non- 
sporulating bacterium that belongs to the Gammaproteobacteria 
class and Enterobacteriaceae family (Gomes 2016 ). E. coli is the 
most abundant facultativ e anaer obic micr oor ganism associated 

with the human and animal intestinal microbiome (Kaper et al.
2004 ), pr oviding man y adv anta ges to their hosts as a symbiotic 
(Nicolas-Chanoine et al. 2014 ). Although E. coli includes com- 
mensal inhabitants of the normal microbiota of the digestive 
tr act, se v er al E. coli strains or serotypes are also opportunistic 
pathogens responsible for severe infections. For that, they con- 
stitute a major problem for the healthcare systems and animal 
industries worldwide (Denamur et al. 2021 ). Due to the pheno- 
typic plasticity of E. coli , se v er al ada pted clones hav e acquir ed 

specific virulence determinants by mobilizing genetic elements, 
leading to the emergence of new virulence factor combinations 
that produce a wide spectrum of diseases (Kaper et al. 2004 ,
Gomes et al. 201 6 ). Although these most successful pathotypes 
ar e or ganised based on differ ent criteria, they ar e further classi- 
fied into intra and extraintestinal pathogenic E. coli —InPEC and 

ExPEC, r espectiv el y (Nicolas-Chanoine et al. 2014 , Riley 2020 ). The 
InPEC gr oup encompasses se v er al toxin-pr oducing E. coli strains 
associated with enteric syndromes and haemorrhages, and are 
the major cause of diarrhoea and haemol ytic ur aemic syndr ome 
around the world (Kaper et al. 2004 , Sperandio 2010 , Sharma et al.
2016 , Yang et al. 2017 , Culler et al. 2018 ). The latest surveillance 
report of the European Centre for Disease Prevention and Control 
Recei v ed 2 September 2022; revised 2 June 2023; accepted 12 June 2023 
© The Author(s) 2023. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. All r
journals.permissions@oup.com 
 2022 ) has estimated for 2021 an ov er all r ate of 2.2 cases of
higa-toxin-producing E. coli infection per 100 000 population 

n Eur ope, r epr esenting a 37.5% incr ease compar ed with 2020
ECDC 2022 ). The highest notification rate of confirmed cases was
bserved in children aged 0–4 years, with 12.7 cases per 100 000
opulation for males and 10.8 cases per 100 000 population for
emales (ECDC 2022 ). Worldwide, 18 million disability-adjusted 

ife years were attributed to foodborne diarrhoeal disease agents,
articularly non-typhoid Salmonella and enteropathogenic E. coli ,
r EPEC (WHO, 2015 ). InPEC can produce biofilms on abiotic and
iotic surfaces, which promote their persistence in the gastroin- 
estinal tract for longer periods (Culler et al. 2018 ). Moreover,
hey ar e r esponsible for r ele v ant food and waterborne illness
utbreaks, causing important economic losses to farmers, the 
nimal industry, and clinical sectors worldwide (Yang et al. 2017 ).

As an extraintestinal pathogen, E. coli is the most frequent
gent ( ∼80%) of urinary tract infections (UTIs) in humans, with
 total of 404.61 (95% UI: 359.43–446.55) million of cases reported
n 2019 globally (Yang et al. 2022 ), and one of the most common
auses of Gr am-negativ e bacter aemia in hospitalized patients
Fo xman 2002 , Cro xen 2010 ). The y can also produce meningitis,
eonatal sepsis, and animal infections such as mastitis (Sharma 
t al. 2016 ). It has been described that E. coli and other Enter-
bacteriaceae are the first colonizing micr oor ganisms of the uri-
ary tract in UTIs, as well as in catheter-acquired UTIs (CAUTIs)

Nicolle et al. 2012 ). Urinary pathogenic E. coli (UPEC) are respon-
ible for many C AUTIs , particularly due to the ability to produce
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iofilms on different indwelling medical devices, such as urethral
nd intr av ascular catheters, causing se v er al pr oblems in health-
are facilities (Nicolle et al. 2005 , Mobley et al. 2009 , Nicolle et al.
012 , Reisner et al. 2014 , Delcaru et al. 2016 ). UPEC are also ca-
able of attac hing ur oepithelial cells , in vading urinary tissues ,
nd persisting by producing intracellular bacterial communities
r biofilm-like pods within the bladder cells (Amalaradjou and
enkitanarayanan 2013 , Sarkar et al. 2016 ). Recently, various E. coli
tr ains hav e been described as oncogenic risk factors and seem to
ontribute to the initiation of colorectal cancer (Kim et al. 2020 ). 

To complicate the situation, se v er al E. coli pathogens, par-
icularly those causing extraintestinal infections , ha ve devel-
ped resistance to every class of antibiotics used for the treat-
ent of human and animal infections (Nicolas-Chanoine et al.

014 ). Extended-spectrum β-lactamases (ESBL)-producers and
arba penem-r esistant E. coli strains have been included in the
hird position on the last global priority list of antibiotic-resistant
acteria for which alternative treatments are urgently needed

WHO, 2017 ). Aware of these facts, further r esearc h is needed to
ontribute to the de v elopment of new therapeutic alternatives in
n attempt to control and prevent E. coli infectivity and virulence.

Numerous bacterial species coordinate important biological
unctions including virulence factors, antibiotic biosynthesis,
lasmid transfer, luminescence, or biofilm formation, through a
ell density-dependent gene regulation system known as quorum
ensing (QS; Waters and Bassler 2005 , Williams et al. 2007 , P a pen-
ort and Bassler 2016 ). Bacteria pr oduce, r elease, and sense ex-
racellular small molecules called autoinducers (AIs), which are
ccumulated in the environment, to monitor their own popula-
ion. When the concentration of AIs r eac hes a thr eshold le v el,
he bacteria detect it and alter gene expr ession, a ppr oac hing the
ehaviour of a m ulticellular or ganism (Waters and Bassler 2005 )

Fig. 1 ). This traditional definition of QS is progressively chang-
ng, since QS accepts more complicated and compr ehensiv e r oles
n many bacterial processes (Hense and Schuster 2015 , Papen-
ort and Bassler 2016 , Mukherjee and Bassler 2017 , Striednig and
ilbi 2022 ). QS signals are termed AIs as part of their function

o induce their own synthesis via up-regulation of the genes re-
ponsible for QS signal production and the formation of a posi-
i ve auto-inducti ve loop. Moreover, the cell-to-cell signal molecule
efinition is r eserv ed for those small and diffusible AIs that play
 role in cell-to-cell communication (Winzer et al. 2002 ). There-
or e, car eful inv estigation is r equir ed to identify ne w signals that
rul y ar e part of QS AIs and differ entiate them fr om other sig-
al response mechanisms (Winzer et al. 2002 , Diggle et al. 2007 ).
ifferent kinds of signal molecules have been described as well
s diverse QS systems can appear to overlap in some bacte-
ia. For instance, three parallel QS circuits of the marine bac-
erium Vibrio harveyi conv er ge to control one set of genes that
n turn produce bacterial phenomena such as bioluminescence
Henke and Bassler 2004 ). In the same manner, the QS systems de-
cribed for E. coli include a LuxR homologue (the SdiA regulator),
 LuxS (synthetase)/autoinducer-2 (AI-2), and an autoinducer-3
AI-3) system (Kim et al. 2020 ) (Fig. 1 ). Indole has also been con-
idered a QS signal (Wang et al. 2001 ), but there are still contro-
 ersial issues, whic h w e discuss belo w, relating to whether it is
 r ele v ant metabolic signal or a QS molecule that acts in cell-
ensity-dependent comm unication pr ocesses. Since these QS sys-
ems seem to be involved in interspecific-, intra- and interspecific-
 or inter-kingdom communication processes, respectively, E. coli
an sense and adapt to the environment. Earlier reports have de-
cribed the involvement of QS in E. coli virulence and other bac-
erial functions in this bacterium. Ther efor e, understanding of
S cir cuits allo ws the inv estigation of differ entiated str ategies
ased on the application of anti-virulence/anti-pathogenic mech-
nisms . T he interference with these signalling mechanisms, or QS
nhibition, has been proposed as a promising approach to counter-
ct se v er al bacterial infectious diseases (Bjarnsholt and Givskov
007 , Dong et al. 2007 , Williams et al. 2007 , LaSarre and Federle
013 ). This study aims to r e vie w the current knowledge of the cell-
o-cell signalling systems in E. coli as well as their influence on dif-
erent biological functions related to virulence and pathogenesis.

diA-mediated QS system 

ost of the Gr am-negativ e bacteria present the typical LuxIR-
ype system that was first identified in the marine biolumines-
ent bacterium V. fischeri. This canonical QS system relies on the
resence of two genes: the signal synthase LuxI and the signal re-
eptor LuxR that detect N -acyl homoserine lactones (AHLs) (Ng
nd Bassler 2009 ) (Fig. 1 ). AHLs are the best-studied AIs and the
rimary QS signalling molecules used by Gr am-negativ e bacterial
pecies (Dong et al. 2001 ). These molecules are constituted by a
onserved homoserine lactone ring (HSL) connected to a lateral
cyl c hain, whic h confers the specificity to the QS signal (Dong et
l. 2001 , Whitehead et al. 2001 ). T hus , they pla y a crucial role in
he differential signalling recognition by LuxR-type receptors in
iverse bacterial species (Fuqua and Gr eenber g 2002 , Waters and
assler 2005 ). LuxIR homologues have been found and identified

n numerous Gram-negative bacteria and are already considered
art of an intr aspecific comm unication system. Ho w e v er, the QS
ystem in E. coli is poorly characterized in comparison with other
mportant pathogenic micr oor ganisms. 

E. coli does not produce AHLs due to the lack of a luxI gene, how-
 v er, it possesses an orphan receptor known as SdiA (suppressor
f cell division inhibitor), which can respond to AHLs released by
ther bacterial species (Dyszel et al. 2010 , Kim et al. 2014 ) (Fig. 2 A).
diA was first described as a transcriptional activator of the ft-
QAZ oper on, whic h encodes essential proteins for cellular divi-
ion (Wang et al. 1991 , Kanamaru et al. 2000 ). The positiv e r eg-
lation of the ftsQAZ operon produces an increment in the fre-
uency of septation e v ents in cells and also suppresses the effects
f se v er al endogenous cell division inhibitors . Moreo ver, the effect
f sdiA on the ftsQAZ operon is potentially increased in response
o AHLs, confirming the role of the AHL-mediated QS system in
he regulation of this operon (Sitnikov et al. 1996 , Yamamoto et al.
001 ). 

Pr e vious observ ations hav e demonstr ated that LuxR-type r eg-
lators need AHLs for stabilizing ov er all foldings and activating
he transcription of QS-regulated genes (Miller and Bassler 2001 ,
guyen et al. 2015 ). Normally, the AHL-LuxR complex dimerizes,
nd this is a r equir ement for LuxR family proteins to bind to DNA
nd activ ates tr anscription of QS-contr olled genes. Although SdiA
elongs to the LuxR famil y, anal ysis of the crystal structure re-
ealed that SdiA is properly folded, forming a stable dimer in
olution in vitro with or without AHLs (Kim et al. 2014 , Nguyen
t al. 2015 ). In addition, orphan or solo Lux regulators, including
diA, have also shown some basal activity in the absence of AHLs
Dyszel et al. 2010 , Hughes et al. 2010 , Sperandio 2010 ). Ho w ever,
diA is able to bind a wide range of exogenous AHLs enhanc-
ng the stability of SdiA and DNA-binding affinity and improv-
ng the transcriptional regulation ability of SdiA (Bez et al. 2023 ).
he promiscuity of SdiA together with these facts have opened up
he possibility of the existence of mor e differ ent ligands, compli-
ating the QS circuit regulation (Kim et al. 2014 , Bez et al. 2023 ).
or instance, a LuxR homolog from Photorhabdus spp. can detect
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Figure 1. Chemical structure of different signal molecules involved in E. coli . (A) N -acyl homoserine lactones play a crucial role in Gram-negative 
bacteria. AHLs are constituted by a conserved homoserine lactone ring connected to a lateral acyl chain with varieties in length (from 4 to 18 carbon 
atoms) and in oxo- or hydroxyl-substitutions . T hey are produced and recognized by the LuxI/LuxR homologous. E. coli does not produce AHLs but is 
able to sense these molecules through the SdiA regulator, participating in the inter-specific signalling communication. (B) Auto-inducer 2 (AI-2) derives 
from SAM by the LuxS synthase, which produces 4,5-dihydroxy-2,3-pentanedione (DPD) resulting after further rearrangements in the known AI-2 
molecules. E. coli AI-2 structure is the non-borated R -2-meth yl-2,3,3,4-tetrah ydroxytetrah ydrofuran ( R -THMF) and is recognized by the LsrB binding 
pr otein. Gr am-positiv e and Gr am-negativ e bacteria share the AI-2, which is responsible for both inter and intraspecies bacterial communication, 
serving as a universal signalling molecule in the coordination of cell behaviour among prokaryotic species. (C) Autoinducer-3 (AI-3) molecules family is 
produced by Tdh from threnonine. AI-3 participates in the communication processes between prokaryotic and eukaryotic cells, establishing an 
inter-kingdom communication. (D) Indole is produced from the tryptophane degradation by tryptophanase (TnaA) and is recognized by the CpxR/A 

two-component system and the IsrR receptor in E. coli. Several authors have considered indole as a QS signal molecule. Ho w ever, there is still 
contr ov ersy as to whether it is a mere signal involved in metabolism or whether it is really a QS signal involved in cell density-dependent 
comm unication pr ocesses. 
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non-AHLs signals such as dialk ylresor cinols, c yclohexanediones,
and α-pyrones (Kim and Park 2015 ). Apart from AHLs, the bind- 
ing of SdiA to other ligands, including the ubiquitous molecule 1- 
octanoyl-r ac-gl ycer ol (OCL), has been hypothesized (Hughes et al.
2010 , Sharma and Bearson 2013 , Nguyen et al. 2015 , Sabag-Daigle 
et al. 2015 ). Phylogenetic anal ysis has r e v ealed a conserv ed distri- 
bution of SdiA in se v er al gener a fr om the Enterobacteriaceae famil y 
(Styles et al. 2020 , Bez et al. 2023 ). Although SdiA is also present 
in Salmonella, Enterobacteria, Citrobacter , and Klebsiella spp., none of 
these genera presents a LuxI synthase in their genomes (Michael 
et al. 2001 , Sabag-Daigle et al. 2015 ). This led to the establish- 
ment of a new model of QS system, a phenomenon also known 

as eav esdr opping, in whic h the LuxI homologue is not pr esent 
(Smith et al. 2011 , Swearingen et al. 2013 , Gorelik et al. 2019 ). It 
has already been suggested that Lux solos could establish inter- 
specific communication, allowing these bacteria to sense other 
bacterial species and providing cues on the bacterial population 

structure and density by activating or repressing genes accord- 
ingly (Bez et al. 2023 ). Salmonella can detect other bacteria such 

as Pseudomonas aeruginosa , Yersinia enterocolitica, and Aeromonas hy- 
drophila through the SdiA regulator (Soares and Ahmer 2011 ). Sim- 
ilarl y, SdiA can r espond to synthetic AHLs or those exclusiv el y pr o- 
duced by other bacterial species (Van Houdt et al. 2006 , Dyszel 
et al. 2010 , Hughes et al. 2010 , Kim et al. 2014 ) (Fig. 2 ). The fact 
hat Lux orphans can detect and respond to signals produced by
ukaryotic hosts, self, or other microbial species (Whiteley et al.
017 ) may be a result of the great versatility of E. coli and its ability
o inhabit differ ent nic hes . Hence , E. coli establishes interspecific
acterial communication as an adaptive advantage in sensing 
he host environment and responding to QS signals produced by
ompeting or cooperating bacteria, to adapt to complex environ- 
ents, such as mammalian hosts (Lee et al. 2009 , Sperandio 2010 ,

harma and Bearson 2013 , Prescott and Decho 2020 , Bez et al.
023 ). Indeed, LuxR solos, including SdiA, are a source of adapta-
ion and de v elopment of ‘cr osstalk’ with micr oor ganism comm u-
ities and regulate k e y bacterial traits for fitness in the environ-
ent or hosts (Prescott and Decho 2020 , Bez et al. 2023 ).The latest

nal ysis hav e r e v ealed a r elationship between SdiA r eceptors and
heir ecological role, since all the described SdiA orthologs have
een detected in human- or terrestrial-isolated bacteria (Bez et 
l. 2023 ). Recently, another example of eavesdropping has been
escribed between E. coli (EPEC) and V. c holerae thr ough the AI-1.
oth pathogens share the common infectious site, and using the V.
holerae AI known as CAI-1, E. coli enhances its virulence by regulat-
ng its own population in a V. cholerae density-dependent manner.
o w e v er, this r esponse has not been found in the close entero-
aemorrhagic E. coli (EHEC) or Salmonella spp., indicating a more 
ensitiv e comm unication between competing pathogens, suc h as
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Figure 2. Sc hematic r epr esentation of the LuxR-type QS system in E. coli. Although E. coli does not pr esent a synthase that pr oduces AHLs (gr een 
hexagon), it can sense these QS signals produced by other bacterial species . T hrough the orphan SdiA regulator, E. coli can induce a signalling to 
regulate the expression of several genes, including the ftsQAZ operon, in a cellular density-dependent manner. Effects on E. coli virulence-associated 
genes and phenotypes mediated by the LuxR solo regulator SdiA are shown. Green arrows indicate positive regulation, red lines indicate gene or 
phenotype inhibition, and blue lines indicate a link between different phenotypes. ∗Biofilm regulation by SdiA is a controversial point in the literature 
as explained below. ∗∗Although SdiA plays a role in drug resistance regulation, the effect of AHLs on this phenotype (dotted line) needs to be 
confirmed. ROS: r eactiv e oxygen species. Cr eated with BioRender.com. 
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. cholerae and EPEC, to incr ease the opportunities to successfull y
olonise their hosts (Gorelik et al. 2019 ). 

Evidence suggests that SdiA is involved in the regulation of sev-
ral genes that present a role in several cellular functions, includ-
ng virulence, metabolism, motility, adherence, biofilm formation,
urviv al, m ulti-drug efflux, and defence mechanisms, in a cell
ensity-dependent manner (Kim et al. 2014 ) (Fig. 2 ). 

mpact of SdiA on acid resistance 

. coli pr esents differ ent acid-r esistance (AR) systems that enable
ts ability to deal with the acidic environment of the human and
nimal digestiv e tr act. In particular, the glutamate-dependent
cid resistance system or AR2, which is required for EHEC survival
ithin the acidic stomachs of mammalians, is the most effective
R system to withstand extr emel y acidic stress (Ma et al. 2020 ).
he AR2 system encompasses three genes ( gadA, gadB, and gadC)
hat are found in the acid fitness island, which also comprises sev-
r al r egulatory genes r elated to the AR2 system (Dyszel et al. 2010 ,
ughes et al. 2010 , Ma et al. 2020 ). SdiA has been proposed as a k e y

actor for E. coli to survive and colonize the gastrointestinal tract
f cattle, constituting a natural reservoir of E. coli, due to its ability
f resistance to acidic pHs (Hughes et al. 2010 ) (Fig. 2 ). In agree-
ent, insertion and deletion sdiA mutants in EHEC were defec-

ive for colonization of cattle compared to the wild-type strains,
ndicating a crucial role of this gene in the colonization of bovine
ntestine and persistence (Hughes et al. 2010 , Sharma and Bear-
on 2013 , Sabag-Daigle et al. 2015 ). Moreover, SdiA increases the
r anscription (activ ated upon AHLs) of se v er al genes involv ed in
he mentioned AR2 system in E. coli , including gadA, gadW, gadE,
hiD , and hdeA, to withstand with low pH environment (Dyszel et
l. 2010 , Sperandio 2010 , Smith et al. 2011 ) (Fig. 2 ). Recently, the
nhancement of the acid tolerance ability and the positive regu-
ation of gadW and gadY genes, the k e y components of the AR2
ystem, by SdiA have been confirmed (Fig. 2 ) (Ma et al. 2020 ). It
as also demonstrated that OC6-HSL improves acid resistance in
. coli K12 (Mayer et al. 2015 ), and C4, C6, OC6, OC8, and OC12-
SL significantl y incr ease the expr ession of gad genes (Van Houdt
t al. 2006 , Dyszel et al. 2010 , Hughes et al. 2010 , Sheng et al.
013 , Ma et al. 2020 ). Ho w e v er, the gad system can be activated
y SdiA e v en in the absence of QS signals, supporting that SdiA-
HL could need a second factor to activate the transcription of

he gad system (Dyszel et al. 2010 , Hughes et al. 2010 ). In a recent
ork using β-galactosidase reporter assa ys , it was observed that

he regulation of the gadW and gadY promoters occurs through
diA, and the presence of AHLs (C4 and OC12-HSL) enhances the
adW regulation (Ma et al. 2020 ). Ho w ever, further studies are re-
uired to confirm the specific interaction between SdiA and DNA
inding sites from the gad system (Ma et al. 2020 ). Inter estingl y,
his acid resistance regulation by the SdiA-QS system was not ob-
erved in avian pathogenic E. coli (APEC), probably because these
trains did not need to resist the low pH environments (Yang et al.
021 ). Given that lifestyles differ considerably between APEC and
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EPEC or EHEC, these strains could present a different regulation,
depending on their dissimilar infection routes (Yang et al. 2021 ). 

Impact of SdiA on E. coli colonization and 

survival in the gastrointestinal tract 
Ruminants, the most notable are cattle, are the primary hosts for 
E. coli EHEC, which they colonize asymptomatically using the LEE 
(locus for enterocyte effacement)-encoded type III secretion sys- 
tem. The LEE pathogenicity island encodes all the known viru- 
lence factors involved in attaching and effacing (A/E) lesions on 

host intestinal epithelia (Sharma and Bearson 2013 ). Among them,
intimin (an outer membrane protein required for adhesion), Tir 
(the intimin receptor), and the three secreted proteins EspA, EspB,
and EspD are the major virulence determinants of EHEC and EPEC 

(Kanamaru et al. 2000 ). Mor eov er, LEE island is constituted by sev- 
er al oper ons LEE1–LEE5 (Elliott et al. 2000 ), and their expr ession 

is regulated by the LEE-encoded positive regulator Ler (Sharma et 
al. 2010 ). The LEE-encoded genes, together with the gad system,
are necessary for EHEC colonization of cattle. SdiA regulates vari- 
ous virulence factors from LEE in EHEC and EPEC (Fig. 2 ). SdiA is a 
negativ e r egulator of the expr ession of EspD and intimin in EHEC,
since the ov er expr ession of SdiA leads to lo w er mRN A le v els of 
both (Kanamaru et al. 2000 ). The addition of AHLs (unmodified 

HSL, OC6, and OC8-HSL) also inhibits the expression of espA, espD,
and intimin genes, as well as r epr esses the transcription of the LEE 
operon via binding to the ler promoter region, which is required for 
the expression of all LEE genes (Kanamaru et al. 2000 , Hughes et 
al. 2010 , Sharma and Bearson 2013 ) (Fig. 2 ). 

Diverse studies have proposed an explicative and currently 
accepted model of the SdiA role in E. coli colonization of the 
bovine rumen (Hughes et al. 2010 , Sperandio 2010 , Styles et al.
2020 ). According to that, the regulation of the QS-related genes 
by SdiA is dependent on the differ ent concentr ations of QS sig- 
nals along the gastrointestinal tract, as explained below. E. coli is 
consumed by ruminants and r eac hes their rumen, wher e com- 
mensal and/or pathogenic Gr am-negativ e micr oor ganisms pr o- 
duce QS signals. Different AHLs were detected in the rumen (C6 
and C8-HSL) (Hughes et al. 2010 ). Also, AHLs-producers, such as P.
aeruginosa and A. h ydroph yla , w er e r ecentl y isolated fr om cattle ru- 
men and swine intestines (Elliot et al. 2000 , Yang et al. 2018 ), a con- 
tr ov ersial point of this model due to the pr e vious lac k of e vidence 
(Swearingen et al. 2013 ). Once in the rumen, QS signals detected 

by SdiA activate genes from the gad system that allow E. coli sur- 
vival in cow stomach as well as represses the LEE operon through 

the ler pr omoter r egion. This implies that SdiA regulates E. coli pas- 
sa ge thr ough the bovine gastr ointestinal tr act (Dyszel et al. 2010 ,
Hughes et al. 2010 , Sperandio 2010 , Sheng et al. 2013 , Conolly et 
al. 2015 , Nguyen et al. 2015 ). Then, LEE expression is necessary for 
colonization of the recto-anal junction, where AHLs are absent or 
in a low concentration (Hughes et al. 2010 , Nguyen and Speran- 
dio 2012 , Styles et al. 2020 ). Until now, QS signals have not been 

detected in the bovine intestines pr obabl y because they are hy- 
dr ol yticall y unstable in alkaline environments (Yates et al. 2002 ,
Hughes et al. 2010 , Swearingen et al. 2013 ), the presence of AHL- 
degrading enzymes (Nguyen and Sperandio 2013; Swearingen et 
al. 2013 ), or due to a lack of AHLs-producer microorganisms. Due 
to the low QS signals concentration, or failure of detection, gene 
regulation by SdiA is not active in the intestine and, consequently,
E. coli r eactiv ates the virulence factors encoded by LEE to attach to 
the host cell membrane (Kanamaru et al. 2000 ). While A/E lesion 

formation produces disease in humans through LEE activation, 
resulting in bloody diarrhoea and other health problems (Kaper 
t al. 2004 ), A/E lesions do not seem to affect cattle (Sperandio
010 ). These injuries could also promote the colonization of other
osts by releasing E. coli into the environment (Styles et al. 2020 ).

t should be noted that the kinetics of AHLs along the intestinal
ract should be analysed using new detection methods to confirm
he presence or absence of AHL in the mammalian intestine and
mpr ov e the understanding of this model. 

mpact of SdiA on drug resistance 

 he in volv ement of SdiA in m ultidrug r esistance has been r e-
orted in E. coli (Fig. 2 ). Resistance to fluoroquinolones is fre-
uentl y r elated to m ultidrug r esistance phenotypes in E. coli and
ther bacterial strains that produce ESBLs. Overexpression of sdiA 

ositiv el y r egulates the AcrAB efflux pump, whic h exudes dif-
erent quinolone antibiotics (Fig. 2 ) (Rahmati et al. 2002 , Tavío
t al. 2010 ). Indeed, when sdiA is expr essed fr om a plasmid, it
ould increase the resistance to several antibiotics, such as fluoro-
uinolones, c hlor amphenicol, as well as kanamycin and tetracy- 
line (Dyszel et al. 2010 ). On the other hand, an insertion sdiA mu-
ant was more sensitive to various antibiotics, including the fluo-
oquinolones class, and presented decreased levels of AcrB in the
 utant str ain (Rahmati et al. 2002 ). The decrease in AcrB in the
 utant str ain may also contribute to fluor oquinolone hypersensi-

ivity (Rahmati et al. 2002 ). Supporting this hypothesis, it has also
een proposed that SdiA might activate efflux pumps, through 

ncreasing acr gene expression, to enhance E. coli resistance, af-
er observing that the ov er expr ession of sdiA also incr eases r e-
istance to mitomycin C (Wei et al. 2001 ). Sur prisingl y, Dyszel et
l. ( 2010 ) could not find a regulation of AcrAB by SdiA, when it is
xpr essed fr om its natur al position in the c hr omosome or when
HLs are present, suggesting that SdiA regulation may change 
epending on the environmental or metabolic conditions (Dyszel 
t al. 2010 ). In other pathogens, including P. aeruginosa or Acineto-
acter baumannii, efflux pumps have already been linked to AHL-
ediated QS (Minagawa et al. 2012 , Mayer et al. 2020 ). Similarly,

r e vious studies have hypothesized that AcrAB might be involved
n the export of specific QS signals (Rahmati et al. 2002 ), propos-
ng a potential relationship between efflux pumps and QS in E.
oli. Ho w e v er, these authors also found that the null sdiA mutant
as not significantl y mor e sensitiv e to other differ ent antibiotics,
nd the sdiA ov er expr ession in an acrAB mutant did not decrease
uor oquinolone r esistance (Rahmati et al. 2002 ). This indicated
hat SdiA might regulate the expression of another efflux pump
r affect another pathway related to drug resistance (Rahmati et
l. 2002 ). Although the SdiA function on drug resistance has been
nvestigated by the effect of the sdiA mutation and SdiA comple-

entation, showing an effect of this QS system in E. coli virulence,
urther investigation is required to confirm the influence of the
HL addition for the drug-resistance phenotype. 

mpact of SdiA on E. coli motility 

otility is a virulence trait that allows both InPEC and ExPEC to
isperse, and r eac h ne w surfaces, as well as helps pathogenic
. coli strains to escape from host immune responses, inducing
he spread of the infection. In E. coli , active motility is depen-
ent on the fla gellum, whic h is r equir ed to swim in a liquid en-
ir onment and ov ercome the hydr odynamic forces (Beloin et al.
008 ). Flagellum-mediated motility and chemotaxis have already 
een proposed to contribute to UPEC virulence, since they are
tilized to ascend the urinary tract, and, in turn, enhance the
athogenesis of UTIs (Lane et al. 2005 , Spurbeck et al. 2013 ) . Sev-
r al authors hav e r eported the r epr ession of E. coli motility by the
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diA-mediated QS system (Fig. 2 ). Ov er expr ession of sdiA inhibits
he transcription of fliC, which encodes the major flagellar protein
nown as flagellin, and, as a consequence, reduces motility in E.
oli EHEC (Fig. 2 ) (Kanamaru et al. 2000 ). On the other hand, fliC
ranscription was significantly increased in an sdiA mutant, and
nsertion and deletion sdiA m utants wer e mor e motile compar ed
o the wild-strains in EHEC and atypical EPEC (aEPEC), support-
ng the negative effect of SdiA on E. coli motility (Lee et al. 2007 ,
harma et al. 2010 , Culler et al. 2018 ). Consistent with this r epr es-
or role, SdiA was described as a positive regulator of the ydiV ex-
ression in E. coli K12 (Zhou et al. 2008 ), a gene encoding a pro-
ein that r epr esses fla gellar motility and P fimbrial expr ession in
PEC (Spurbeck et al. 2013 ) (Fig. 2 ). AHL (OC6-HSL) or AI-1 from V.
sc heri also pr omoted ydiV expr ession in an SdiA-dependent man-
er (Zhou et al. 2008 ), supporting the role of the AHL-mediated QS
ystem in E. coli motility. 

mpact of SdiA on E. coli adherence 

HL-mediated QS has also been related to adherence phenotype
n E. coli (Fig. 2 ). Adherence to epithelial cells allows E. coli to colo-
ize different tissues and withstand the shear force of host fluids,
uch as urine (Spurbeck et al. 2013 ). Apart from the LEE genes,
he expression of flagellar and fimbriae (type I fimbriae, curli, and
onjugative pili), is also involved in the adherence phenotype (Be-
oin et al. 2008 , Sharma et al. 2010 ). Flagellar genes are repressed
y SdiA in E. coli K12 and EHEC, since fliC and fliE expression were
o wn-regulated b y SdiA (Fig. 2 ) (Kanamaru et al. 2000 , Dyszel et
l. 2010 ). In E. coli, curli fimbriae are encoded by two operons: the
sgBA and the csgDEFG (Beloin et al. 2008 ). CsgD , the activator and
r anscription r egulator of csgBA oper on, also contr ols cellulose
r oduction, whic h is related to biofilm matrix production (Laverty
t al. 2014 ). SdiA downr egulates curli expr ession thr ough r epr es-
ion of both csgBA and csgDEFG operons in E. coli K12, according
o a whole-transcriptome analysis (Fig. 2 ) (Lee et al. 2009 ). SdiA
lso sho w ed a negative effect on curli fimbriae since an sdiA dele-
ion produced an up-regulation of csgA gene expression in EHEC,
hich encodes the major structural component of curli fimbriae

Sharma et al. 2010 ). In a gr eement, se v er al authors hav e demon-
trated that SdiA is a repressor of adherence in EHEC , aEPEC , by
sing deletion sdiA mutants and sdiA overexpression (Kanamaru
t al. 2000 , Sharma et al. 2010 , Sharma and Bearson 2013 , Culler
t al. 2018 ). Furthermore, when AHLs (OC6 and OC8-HSL) were
dded, the transcription of csgA, csgD, and fimA (type I fimbria)
enes was reduced in wild-type aEPEC strains, supporting the curli
 epr ession by SdiA (Culler et al. 2018 ). 

mpact of SdiA on biofilm formation by E. coli 
. coli is responsible for producing several infections and plays
 k e y r ole in bacterial persistence due to its ability to pr oduce
iofilms (Sharma et al. 2016 ). Among the biofilm-related determi-
ants in E. coli , curli, fimbriae, type I fimbriae, motility capability,
nd pol ysacc haride pr oduction ar e included (Beloin et al. 2008 ,
uller et al. 2018 ). SdiA seems to be a r epr essor of biofilm, since

nsertion and deletion mutants of sdiA resulted in an increase in
iofilm formation by E. coli K12 and EHEC, as se v er al authors have
eported (Lee et al. 2007 , Sharma et al. 2010 , Culler et al. 2018 )
Fig. 2 ). Supporting this hypothesis, various studies have verified
hat the addition of exogenous AHLs (C4, C6, C8, OC8, C10, C12,
nd OC12-HSL) reduced biofilm formation by E. coli (Moons et al.
006 , Lee et al. 2007 , 2009 ). In a gr eement, a differ ent r ole for SdiA
as been suggested between planktonic and biofilm cells . T hus ,
 reduction of early biofilm formation was observed through the
 epr ession of curli genes mediated by SdiA, whereas the expres-
ion of these curli fimbriae was induced in planktonic E. coli cells
Lee et al. 2009 ). Ho w e v er, contr ov ersial r esults r egarding SdiA and
iofilm regulation were found in the literature, since a few au-
hors observed no effect of insertion and deletion sdiA mutants
n biofilm production or just observed the opposite effect of SdiA
Suzuki et al. 2002 , Sabag-Daigle et al. 2012 , Spurbeck et al. 2013 ).
egar ding UPEC strains, another w ork has also supported the pos-

tiv e r egulation of biofilm by SdiA (Vinothkannan et al. 2018 ). In
his case, biofilm inhibition was reported after the addition of
 QS inhibitor, pr esumabl y due to a competition with the puta-
i ve nati ve AHL of the SdiA regulator (Vinothkannan et al. 2018 ).
he biofilm reduction by sdiA deletion was associated with a de-
r eased expr ession of uvrY and csrB genes , in volved together with
he CsrA, and CsrC in the carbon stor a ge r egulatory or Csr sys-
em (Suzuki et al. 2002 ). CsrA has been shown to suppress biofilm
ormation, leading to their dispersal. Besides, its activity is antag-
nized through CsrB and CsrC by sequestering CsrA (Wei et al.
001 , Beloin et al. 2008 ) (Fig. 2 ). Diverse authors have proposed that
he UvrY pr otein, fr om the BarA/UvrY two-component system, is
lso necessary for the de v elopment of E. coli biofilm (Suzuki et al.
002 , Beloin et al. 2008 ). T hese authors ha ve suggested a biofilm
ormation regulation mediated by SdiA, which would antagonize
he CsrA effect through the CsrB and UvrY activation, and in turn,
ould activate biofilm formation (Suzuki et al. 2002 , Beloin et al.
008 ). As UvrY participates in defence mechanisms against reac-
i ve o xygen species (ROS) (Fig. 2 ), the regulation of SdiA by other
ignals a part fr om AHLs has also been pr oposed, suc h as the oxi-
ation state of the cell. Indeed, although the binding of SdiA to the
vrY pr omoter has alr eady been confirmed, the binding affinity
as reduced in the presence of oxidizing agents (Kim et al. 2014 ).
hese contradictory results related to biofilm regulation by SdiA,
ould be attributed to differences in biofilm models, experimental
onditions , or strains . Furthermore , most laboratory E. coli strains
re poor biofilm formers; hence, the biofilm-forming ability of this
icr oor ganism may be underestimated, complicating the assess-
ent of the real effects of the AHL-mediated QS system. 
In conclusion, the SdiA-QS system plays a crucial role in sev-

ral virulence-associated phenotypes in E. coli, including acid re-
istance, colonization, and survival in the gut, drug resistance,
otility, adher ence, and biofilm pr oduction. As a solo LuxR r ecep-

or, SdiA senses AHLs produced by other microorganisms to ac-
iv ate or r epr ess virulence genes accordingl y. In addition, se v er al
tudies have demonstrated that AHLs are involved in the regula-
ion of these phenotypes by binding SdiA. 

I-2-mediated QS system 

part from the AHL-mediated QS system, E. coli presents a sec-
nd QS circuit, which is constituted by a two-component regula-
ory system and is mediated by the autoinducer-2 (AI-2) (Fig. 1 ).
umer ous Gr am-positiv e and Gr am-negativ e bacteria hav e been

ound to produce and release this QS signalling molecule that is
idely distributed among bacterial kingdoms and controls dif-

erent bacterial functions (Xavier and Bassler 2005 , Zuo et al.
019 ). These features have led to the hypothesis that AI-2 is re-
ponsible for both inter and intraspecies bacterial communica-
ion, serving as a universal signalling molecule in the coordina-
ion of cell behaviour among prokaryotic species (Sharma et al.
016 , Zhang et al. 2020 ). AI-2 deriv es fr om S -adenosyl methion-
ne (SAM) by the S- ribosyl homocysteine lyase or LuxS synthase,
hich plays a major role in its production, and by the S -adenosyl
omocysteine nucleosidase or Pfs (Sharma et al. 2016 , Zuo et al.
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Figure 3. AI-2 QS system in E. coli . (1) LuxS catalyses the reaction to produce 4,5-dihydroxy-2,3-pentanedione (DPD) and homocysteine from 

S -adenosyl-methionine (SAM). DPD spontaneously cyclizes to form in E. coli the DPD deri vati ve S -THMF-borate, or AI-2 (dark red triangle) that is 
transported by the TqsA protein and is accumulated extracellularly. (2) When the threshold concentration is reached, AI-2 is internalized by the Lsr 
ABC-type transporter, and then, AI-2 is phosphorylated by the LsrK kinase into an activated molecule that promotes its own uptake by binding to the 
LsrR. LsrF and LsrG are required for the further process of phosphorylated AI-2. (3) Phospho-AI-2 is the inducer of a signalling pathway to activates the 
transcription of several genes, including the lsr operon. By binding and inactivating LsrR, the repression of the lsr operon is blocked, then, lsr genes are 
transcribed, and the AI-2 uptake is increased. The AI-2-LsrR binding also enhances drug resistance by TEM-type β-lactamase . Moreo ver, AI-2 promotes 
surface colonization and adherence through positive regulation of LEE gene expression and galactitol transport genes. By binding to the global 
regulators LsrF and LsrK, AI-2 also promotes aggregation, biofilm formation, adherence, and colonization through up-regulation of colanic acid gene 
( wza ) and auto-a ggr egation gene ( flu ). By binding the receptor protein LsrB, AI-2 promotes chemotactic rescponse via Tsr chemoreceptor, which in turn 
incr ease a ggr egation and biofilm formation. (4) Thr ough the motility QS r egulator (MqsR), AI-2 activ ates QseB/QseC two-component system, whic h 
also participates in the regulation of the flagellar genes ( fli genes) and the master regulon flhDC , and the proton exchange conductor for flagellum 

movement (MotA), all involved in E. coli motility and biofilm formation. QseB/C also increases curli expression via curli fibres regulator ( crl ), which 
pr omotes a ggr egation and possibl y (dotted arr ow) stim ulates motility. Cr eated with BioRender.com. 
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2019 , Hu et al. 2022 ) (Fig. 3 ). In brief, LuxS produces homocysteine 
and 4,5-dihydr oxy-2,3-pentanedione (DPD), whic h cyclizes spon- 
taneously and undergoes further rearrangements to form the gen- 
er all y called AI-2 (Xavier and Bassler 2005 ). AI-2 molecules from 

se v er al bacterial species may differ in their structure; ho w ever, all 
of them are derived from the DPD. Until no w, tw o AI-2 structures 
bound to the corresponding bacterial receptors have been de- 
scribed, the bor on-containing DPD deriv ativ e S -2–methyl-2,3,3,4- 
tetr ahydr oxytetr ahydr ofur an-bor ate ( S -THMF-bor ate) r ecognized 

by LuxP and present only in Vibrio spp., and the non-borated 

R -2-meth yl-2,3,3,4-tetrah ydroxytetrah ydrofuran ( R -THMF) recog- 
nized by LsrB and found in enteric bacteria, and members of sev- 
eral other families (Chen et al. 2002 , Zhang et al. 2020 , Khera 
et al. 2022 ) (Fig. 1 ). Ho w e v er, both AI-2 structur es ar e pr esent
in some bacterial species that can use one or the other due to 
the r a pid interconv ersion between the two AI-2 forms (Xavier 
and Bassler 2005 , Zhang et al. 2020 ). Similar to other QS sys- 
tems, when AI-2 r eac hes a thr eshold concentr ation in the envir on- 
ment, a signal transduction cascade is triggered resulting in a co- 
ordinated genetic expression in the bacterial population. Se v er al 
r am-negativ e bacteria, including Salmonella Typhimurium , Vibrio 
pp., Enterococcus faecalis, and E. coli , have shown identical biosyn-
hetic pathways and biochemical intermediates in AI-2 synthe- 
is . After its synthesis , AI-2 is transported outside the cell by the
r ansporter QS pr otein TqsA (YdgG), and AI-2 is accum ulated in
he media (Herzberg et al. 2006 , Zhou et al. 2008 , Khera et al.
022 ). Extracellular AI-2 peaks are observed during the mid- to
ate-exponential phase and with a quick decrease during the en-
ry into the stationary phase in E. coli (Li et al. 2007 ). This oc-
urs because the extracellular AI-2 can be taken up inside the
ell through the luxS -regulated (Lsr) transporter, an ATP-binding 
assette (ABC) transporter (Xavier and Bassler 2005 , Li et al. 2007 ,
harma et al. 2016 ) (Fig. 3 ). Transporter proteins (LsrABCD) for AI-2
ptake are encoded by the lsr operon, which is regulated by cyclic
MP (cAMP)/cyclic AMP r eceptor pr otein (CRP) and pr oteins tr an-
cribed from the lsrRK operon. The lsrRK operon is located imme-
iatel y upstr eam of lsr and div er gentl y tr anscribed (Wang et al.
005 , Li et al. 2007 , Zhou et al. 2008 ) (Fig. 3 ). Once inside the cell,
I-2 is phosphorylated by the cytoplasmic kinase LsrK into an ac-

ivated molecule that promotes its own uptake by binding to the
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sr r epr essor (LsrR) (Zhou et al. 2008 , Sharma et al. 2016 , Witsø
t al. 2016 , Stephens et al. 2019 ). Phosphorylated AI-2 inactivates
srR, resulting in the transcription of lsr- regulated genes and in
he increase in the uptake of AI-2 (Sharma et al. 2016 , Witsø et
l. 2016 ) (Fig. 3 ). LsrF and LsrG are needed for further process of
hosphorylated AI-2, degrading AI-2 into Co-A and dihydroxyace-
one phosphate (Zhou et al. 2008 , Jani et al. 2017 ). Deletion of lsrF
nd lsrG genes together with ov er expr ession of LsrK and LsrACDB
an be combined to engineer E. coli cells with increased AI-2 up-
ake and AI-2 sensitivity, leading to activation of protein expres-
ion at lo w er AI-2 le v els, as a r ecent stud y has shown (Ste phens
t al. 2019 ). 

AI-2 participates in the virulence of numerous bacteria (Wa-
ers and Bassler 2005 , Rutherford and Bassler 2012 ), including
. coli , where it also has an effect on se v er al phenotypes, suc h
s motility, biofilm production, and persistence (Laganenka and
ourjik 2018 , Stephens et al. 2019 , Khera et al. 2022 ). AI-2 has
een found in the gastrointestinal tract since it is produced by
any gut-associated bacteria and is recognized by se v er al bacte-

ial species as an important signal in this complex environment
Walters and Sperandio 2006b , Bansal et al. 2008 , Stephens et al.
019 ). AI-2 was able to alter the composition of the gut micro-
iome after antibiotic treatment in a mouse model (Thompson
t al. 2015 ). Ad ditionally, AI-2 influences the survi val of E. coli ,
p-regulating the expression of several genes involved in E. coli
irulence (Bansal et al. 2008 , Soni et al. 2008 ) (Fig. 3 ). Further-
or e, the pr esence of AI-2 can affect the expr ession of mam-
alian cell genes in the gut, regulating the immune response

Zargar et al. 2015 ). This study has reported that AI-2 up-regulated
he expression of the inflammatory interleukin IL-8 and then sig-
ificantl y down-r egulated it, indicating a modulation of the im-
 une r esponse by AI-2 (Zar gar et al. 2015 ). Comm unication pr o-

esses betw een eukary otes and prokary otes occur in both direc-
ions since eukaryotic cells also use cell-to-cell signalling based
n se v er al differ ent hormones . T he mammalian epithelium can
roduce an AI-2 mimic, which stimulates AI-2-dependent pheno-
ypes in V. harveyi and Salmonella Typhimurium (Ismail et al. 2016 ).
his evidence suggests that hosts can trigger QS-controlled be-
aviours in their associated flora, and at the same time, the host-
ssociated bacteria can force the host to induce QS-controlled
henotypes by producing the mimic (Defoirdt 2018 ). QS circuits
an also be mimicked using different molecules as AIs to regulate
pecific bacterial behaviours in a cell-density dependent man-
er. For instance, a bacterial population has been pr ogr ammed
y a successfully designed QS circuit, using sulphide as an AI (Liu
t al. 2019 ). 

By using hormones as messengers for eukaryotic cellular com-
unication, bacteria can cause opportunistic infections in their

osts depending on hormone concentrations (Yang et al. 2014 ).
 hus , the ability of E. coli to exploit host-produced signals and
se them to regulate its virulence genes accordingly is not sur-
rising (Walters and Sperandio 2006a , 2006b , Karavolos et al.
013 ). This capacity provides an advantage to bacteria since
hey would not need to r eac h higher cell densities to produce
heir own AIs (Karavolos et al. 2013 ). Pathogenic E. coli strains
resent a significantly low infectious dose compared to other en-
eric bacterial pathogens, estimated to be as few as 10–100 mi-
r oor ganisms for EHEC (Walters et al. 2006 a). These low densi-
ies do not r eac h the quorum needed for their own QS activa-
ion. Ther efor e, this unusuall y low number could be explained
y the ability of pathogenic E. coli to detect AI signals pro-
uced by other species present in the environment (Sperandio
t al. 2002b ). 
I-2 role in surface colonization and adherence 

ue to the presence of AI-2 in the gastrointestinal tract together
ith the increment of EHEC genes involved in colonization, AI-2
as been related to E. coli colonization, a process in which adher-
nce is a pr er equisite (Ka per et al. 2004 ). Genes associated with
urface colonization in E. coli , such as colanic acid ( wza ) and galac-
itol transport genes, together with adherence to epithelial cells,
 ere sho wn to be increased b y the presence of AI-2 (Bansal et al.
008 ) (Fig. 3 ). Furthermor e, incr eased adher ence of pathogenic E.
oli to epithelial cells has been reported to be induced by AI-2 sig-
alling (Sircili et al. 2004 ). Both EPEC and EHEC possess a LuxS/AI-
 system that regulates the expression of their LEE and intimin
enes, as studies with luxS deletion and complementation have
hown (Sperandio et al. 1999 , Han et al. 2013 ). LEE genes are up-
 egulated upon exposur e to AI-2 in EHEC, supporting the impor-
ance of AI-2 as a k e y signal in gastrointestinal infections (Kendall
t al. 2007 , Bansal et al. 2008 ) (Fig. 3 ). Ho w e v er, this QS system does
ot activate cell division genes as SdiA (Kanamaru et al. 2000 ). The
uxS/AI-2 system activates the expression of the three operons
EE 1, 2, and 3 that encode type III secretion components but not
he LEE 4, which encodes esp genes (Sperandio et al. 1999 , Kana-

aru et al. 2000 ). In contrast, other authors observed that AI-2 did
ot activate LEE 1 genes transcription or ler expression (Sperandio
t al. 2003 , Walters and Sperandio 2006b ). 

Interactions of AIs and stress hormones with bacterial and host
dr ener gic r eceptors seem to contribute to the maintenance of
icrobial endocrine homeostasis and avoidance of dysbiosis (Kar-

volos et al. 2013 ). For instance, it was shown that increased AI-2
roduction by engineering E. coli promotes Firmicutes over Bac-
eroidetes gut colonization (Bivar 2018 ). Since Firmicutes are rel-
 v ant for many gut functions, this effect regulates the balance
etween the microbiota as well as the gut homeostasis r ecov ery
Biv ar 2018 ). Mor eov er, significant AI-2 pr oduction by a gut com-

ensal bacterium can also limit V. cholerae infections, repressing
e v er al QS-dependent colonization factors (Hsiao et al. 2014 ). 

Expression of E. coli virulence factors could also be controlled
y the SdiA and AI-2-mediated QS systems depending on the
ta ges of gr owth, as a fe w authors hav e observ ed. At the mid-
xponential growth phase, AI-2 could activate different virulence
eterminants to allow EHEC colonization. When the stationary
hase is r eac hed, AI-2 has already been broken down, and viru-

ence factors might be regulated by the AHL-mediated QS system
hat would have been acting during this stage (Kanamaru et al.
000 ). Additionall y, the tempor al r egulation of the AI-2 uptake and
ignalling (Bansal et al. 2008 ) could complicate the understand-
ng of the results . T he interpretation of the results is often hard
ince it is still unknown if AI-2 could be detected by all bacte-
ia to use it as a signal, or a cue, or whether it is produced as
aste or metabolite that only in some cases serves as a true sig-
al molecule (Walters and Sperandio 2006b , Whiteley et al. 2017 ,
efoirdt 2018 ). Given the pleiotropic effects that luxS produces in
HEC, the luxS mutation produces an effect not only on QS genes
ut on other genes involved in metabolic pathwa ys , complicating
he current understanding of the AI-2 role in the E. coli QS system.
s a result, not all the reported phenotypes for luxS m utants ar e a
onsequence of the loss of AI-2 production (Karavolos et al. 2013 ).

I-2 participates in E. coli chemoreception and 

ggregation 

he AI-2 receptor protein LsrB bound to AI-2 has been proposed
o interact with the periplasmic sensory domain of the c hemor e-
eptor Tsr to driv e c hemotactic r esponses in E. coli (Hegde et al.
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2011 ) (Fig. 3 ) . A luxS deletion was not able to synthesize AI-2 and 

was also defective in a ggr egation (Hegde et al. 2011 ), as well as 
deletions of lsrR and lsrK genes lead to a defect in E. coli auto- 
a ggr egation (Li et al. 2007 ). T hus , chemotaxis to w ar ds the self- 
produced AI-2 can mediate auto-a ggr egation of E. coli , serving as 
a c hemoattr actant that r ecruits planktonic cells to gr ow cell a g- 
gr egates thr ough this LsrB binding (La ganenka et al. 2016 , Jani et 
al. 2017 ). Indeed, E. coli cells lacking tsr and lsrB genes are com- 
pletel y defectiv e in AI-2 c hemotaxis (Hegde et al. 2011 , Witsø et 
al. 2016 , Jani et al. 2017 ). Notabl y, c hemotaxis, as well as motility,
also enhances the capacity of auto-a ggr egation in E. coli at physi- 
ological cell densities, a bacterial behaviour that allows commu- 
nal cell behaviours such as gene exchange, antibiotic degrada- 
tion, or QS pr ocesses (P ark et al. 2003 , La ganenka et al. 2016 ). High 

densities within a ggr egates pr omote AI-2 signalling compar ed to 
non-a ggr egating cells . Hence , E. coli can use auto-a ggr egation to 
r eac h a minimal density r equir ed for QS activation (Laganenka 
et al. 2016 ). A r ecent work has r e v ealed that CheY pr otein, whic h
is involved in chemotactic response, and AI-2 signalling (through 

lsrB ) promote E. coli colonization of the murine gut, supporting the 
AI-2 role in these virulence-associated phenotypes (Laganenka 
et al. 2023 ). 

AI-2 role in E. coli biofilm and motility 

Most of the bacteria are found as aggregates or surface-attached 

communities of microorganisms, being very uncommon to find in- 
dividual bacterial cells in the environment. AI-2 has been shown 

to be linked to biofilm formation by E. coli (González Barrios 
et al. 2006 , Niu et al. 2013 ) . Auto-a ggr egation and chemotaxis 
through AI-2 contribute to producing surface-attached biofilms 
(Laganenka et al. 2016 , 2023 ). Indeed, auto-aggregation and co- 
a ggr egation wer e r eported at low densities in the earl y sta ges 
of the formation of mixed biofilms by E. coli and E. faecalis , both 

pathogens from mammalian hosts (Laganenka and Sourjik 2018 ).
AI-2 produced by E. faecalis enhanced E. coli auto-a ggr egation and 

r esulted in coa ggr egation between both species, indicating a k e y 
role of AI-2 in mixed biofilms (Laganenka and Sourjik 2018 ). How- 
e v er, c hemotaxis mediated by AI-2 is necessary but does not seem 

essential to completely induce the density-dependent behaviours 
r equir ed for biofilm production in this bacterium (Jani et al. 2017 ).
On the other hand, insertion and deletion mutants of luxS have 
produced defects in biofilm formation by E. coli (Niu et al. 2013 ,
Jani et al. 2017 ), confirming a link between this QS system and 

biofilm production (Fig. 3 ). LsrR and LsrK proteins act as global 
regulators of gene expression, sensing the internalized AI-2 sig- 
nal, and causing an effect on the expression of downstream genes 
that participate in a ggr egation, attac hment, and biofilm pr oduc- 
tion (Li et al. 2007 , Laverty et al. 2014 ) (Fig. 3 ). Indeed, it has been 

observed that insertion lsrR and lsrK mutations affected biofilm 

arc hitectur e, r educing the biofilm thickness and biomass by the 
regulation of biofilm-associated genes, including wza (responsible 
for colanic acid) (Fig. 3 ) and the auto-a ggr egation gene flu (Li et al.
2007 ). Likewise, insertion and deletion mutants of lsrR, lsrK, lsrC,
and lsrG genes that encode components r equir ed for sensing AI-2 
were also defective in biofilm formation (Jani et al. 2017 ). 

On the other hand, deletion of luxS , but not lsrB , produced a 
reduction in motility by E. coli (Sperandio et al. 2001 , Han et al.
2013 , Laganenka et al. 2016 ) (Fig. 3 ). Given that AI-2 presence in- 
creases motility and chemotactic recognition in EHEC, it has been 

suggested that AI-2 could participate in its migration to host ep- 
ithelial cells (Bansal et al. 2008 ), supporting the link between AI- 
2 and E. coli virulence . Moreo ver, it was observed that an APEC 
 utant str ain with the deleted lsr oper on was also defectiv e in
otility and AI-2 uptake (Zuo et al. 2019 ). Further, a deletion lsr
 utant down-r egulates the expr ession of genes involv ed in APEC

athogenicity, supporting an association between lsr operon and 

. coli virulence (Zuo et al. 2019 ). 
Although the relationship between the AHL-QS system and the 

I-2-QS system in E. coli remains unknown, the ydiV gene and
AMP ar e involv ed in the inter action between both QS systems
Zhou et al. 2008 ). Although a luxS or lsrR deletion mutants did
ot affect sdiA gene expression, it seems that the SdiA-AHL com-
lex activates ydiV , repressing flagellar motility and P fimbrial ex-
ression and regulating the AI-2 QS system through the control
f intr acellular cAMP concentr ation (Zhou et al. 2008 ). A double-
eletion sdiA-ydiV mutant inhibits the AI-2 QS system in E. coli by
roducing a significant decrease in intracellular cAMP concentra- 
ion (Zhou et al. 2008 ). Consistent with that, SdiA, together with
diV participates in the activation of gene expression of the cyclic
MP r eceptor pr otein (CAP) and Cya, the enzyme that synthe-
izes cAMP (Zhou et al. 2008 , Spurbeck et al. 2013 ). Environmental
ues, such as glucose, also participate in these signalling path-
a ys , since sdiA and ydiV expr ession decr eases when glucose is
dded to the culture (Zhou et al. 2008 ). Recently, an inhibitory ef-
ect of lactic acid on EHEC biofilm was also observ ed thr ough the
uppression of QS genes expression, such as sdiA and luxS genes
Liu et al. 2021 ). 

In addition, a link between biofilm and motility regulation has
een observed in E. coli. AI-2 significantly enhances biofilm mass
hrough the motility QS regulator gene MqsR, which in turn regu-
ates fla gellar mov ement and motility in E. coli through the QS reg-
lators QseB and QseC (Sperandio et al. 2002b , González Barrios
t al. 2006 , Sharma et al. 2016 ) (Fig. 3 ). This QseBC two-component
ystem participates in the control of the master flagellar regulon
 flhDC) tr anscription. Mor eov er, QseBC r egulates the transcription
f genes involved in flagellar expression, including genes such as
iA, fliC , or motA, that encode the sigma factor, flagellin, and the
r oton exc hange conductor for fla gellum mov ement, r espectiv el y.
qsR stim ulates QseB, whic h activ ates flhDC expr ession binding

tself to the flhDC promoter (Clarke and Sper andio 2005 ), pr omot-
ng E. coli motility and improving flagellar motion and motility
y MotA (Fig. 3 ). Through the regulation of MotA, AI-2 increases
agellar motion, motility, as well as biofilm production. There- 
ore, MqsR can be considered a mediator between AI-2 and motil-
ty (González Barrios et al. 2006, Sharma et al. 2016 ). In addition,

qsR induces curli expression through the crl gene, a transcrip-
ional regulator for curli fibres, and possibly stimulates motility 
hrough csrA (González Barrios et al. 2006 , Li et al. 2007 ) (Fig. 3 ). The
uxS deletion sho w ed in gener al r educed motility than a wild-type
train, and consistent with that, the down-regulation of flhD , fliA ,
nd fliC has been noticed in an insertion luxS mutant (Sperandio
t al. 2001 ). MotA transcription is also down-regulated in the luxS
eletion, and its expression is restored by complementation or AI-
 addition, supporting the role of AI-2 in E. coli motility (Speran-
io et al. 2001 ). Finall y, pr otein TqsA, whic h exports AI-2 and is

nduced in E. coli biofilms (Fig. 3 ), was also found to negativ el y r eg-
late the expression of flagellum and motility genes, type I fim-
riae, and curli production (Herzberg et al. 2006 , Zhou et al. 2008 ,
harma et al. 2016 ). 

I-2 involvement in stress conditions, phage 

efence, and E. coli drug resistance 

I-2 has been related to osmotic stress tolerance in E. coli since a
uxS m utant impr ov ed specific str ess r esistance of EHEC (P ark et
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l. 2017 ). Ho w e v er, this differ ence in vitro was not observed in vivo ,
ndicating that AI-2 may experience some interference by other
ompounds or metabolites from the commensal microbiota (Park
t al. 2017 ). Auto-a ggr egation thr ough AI-2 also impr ov es physi-
al protection against o xidati ve stress (Laganenka et al. 2016 ). A
ecent study has observed that transcription levels of lsrR signif-
cantl y decr eased under hydr ogen per oxide (H 2 O 2 ) stress condi-
ions (Wang et al. 2021 ). Mor eov er, the surviv al r ate of a deletion
srR mutant was significantly higher compared to the wild-type in
he presence of H 2 O 2 . These results have suggested an adaptation
f E. coli to o xidati v e str ess conditions by r educing the lsrR expr es-
ion (Wang et al. 2021 ). Ho w e v er, further r esearc h is needed to un-
erstand how E. coli could down-regulate the lsrR expression under
hese stress conditions (Wang et al. 2021 ). Catabolite r epr ession is
lso important to manage the environmental stress in E. coli and
s controlled by the alternative subunit of RNA pol ymer ase ( σ S )
RpoS) (Laverty et al. 2014 ). RpoS has already been associated with
S in other bacteria, such as P. aeruginosa or Vibrio spp. (Laverty et
l. 2014 , Defoirdt 2018 ). In E. coli, catabolite r epr ession can nega-
iv el y r egulate AI-2 uptake thr ough the RpoS r egulator (Wang et
l. 2005 ). 

Since AI-2 is also involved in metabolic pathwa ys , a recent
tudy has demonstrated that AI-2 promotes host defence against
hages in E. coli (Ding et al. 2021 ). T hese authors ha ve also de-
cribed that the AI-2 receptor LsrB plays a role in maintaining the
alance of cellular metabolism, indicating that it is essential for
he phage defence mechanisms through AI-2 and also suggesting
 link between phage susceptibility and QS (Ding et al. 2021 ). 

The ESBL is one of the most common known mechanisms that
onfers E. coli resistance to several drugs. It has been suggested a
ink between antibiotic resistance and AI-2, since exogenous AI-2
nhanced the antibiotic resistance of E. coli in an LsrR-dependent
anner (Xue et al. 2016 ). T hat is , in the presence of β-lactam

ntibiotics, AI-2 up-regulates the transcription of TEM-type β-
actamase through LsrR (Xue et al. 2016 ). Mor eov er, in the pr es-
nce of drugs, exogenous AI-2 addition increased bacterial cell
ensities together with the cell gr owth r ate, and the antibiotic
esistance in the drug-resistant E. coli was enhanced in response
o AI-2. This also suggests that long-term exposure to drugs may
rive E. coli to develop an improved survival strategy (Xue et al.
016 ). Supporting the role of AI-2 in antibiotic resistance of E. coli ,
nother study has described that the presence of imidazole, a fu-
an carbocyclic analogue of AI-2, can interfere with this regulatory
ffect on bacterial drug resistance (Yu et al. 2018 ). In the pres-
nce of ampicillin, exogenous imidazole inhibited the regulatory
ffect of AI-2 on TEM-type β-lactamase, and e v en decr eased the
. coli resistance to ampicillin of a clinical E. coli strain resistant
o β-lactam antibiotics, resulting in a lo w er survival rate (Yu et al.
018 ). A recent work has observed a relationship between the Pfs
r otein, involv ed in AI-2 synthesis, and the increase of β-lactam
esistance in an APEC strain (Hu et al. 2022 ). Ho w ever, AI-2 does
ot participate in this resistance effect (Hu et al. 2022 ), indicating
hat new studies are needed to elucidate this process. 

In conclusion, the AI-2-QS system participates in the regula-
ion of se v er al virulence-associated phenotypes in E. coli , includ-
ng surface colonization, adherence and biofilm formation, stress
nd drug r esistance, pha ge defence, c hemor eception, and motility.

I-3-mediated QS system 

esides the AHL and AI-2 QS systems, the autoinducer 3 (AI-3)
as been identified in E. coli , which is known to control differ-
nt virulence traits in this bacterium (Witsø et al. 2016 , Gorelik
t al. 2019 ). In contrast to the AHL and AI-2 systems involved in
nterspecies communication, it seems that the AI-3 system par-
icipates in the communication between prokaryotic and eukary-
tic cells (Sperandio et al. 2003 , Walters et al. 2006 ), establishing
n inter-kingdom communication (Clarke et al. 2006 , Sperandio
010 , Lustri et al. 2017 ). As in the pr e vious QS systems, when AI-3
 eac hes a critical concentration threshold, bacteria sense and re-
pond to this signal by changing their gene expression patterns
n a coordinated manner (Fig. 4 ). Different biosynthesis path-
a ys ha v e alr eady been pr oposed to elucidate the AI-3 formation

Hernandez and Sintim 2020 ). Recentl y, thr eonine dehydr ogenase
Tdh) and essential tRNA synthetases have been shown as the
esponsible for producing substrates, which react spontaneously
o form the AI-3 molecules family (Hernandez and Sintim 2020 ,
im et al. 2020 ) (Fig. 1 ). As with other QS signals, AI-3 is produced
y se v er al commensal and pathogenic E. coli , including EPEC and
HEC. In addition, analogues of AI-3 are also distributed in Gram-
egative and Gram-positive bacteria, including other enteric bac-
eria such as Klebsiella pneumoniae, Shigella spp ., Salmonella spp ., or
nterobacter cloacae (Walters and Sperandio 2006b , Kim et al. 2020 ).
ecently, it has been observed that AI-3 can act as markers of cel-

ular str ess, pr oducing div erse imm unological effects on primary
uman tissues (Kim et al. 2020 ). 

AI-3 was first described in EHEC, where it is involved in the con-
rol of its pathogenesis (Sperandio et al. 2003 , Lustri et al. 2017 )
Fig. 4 ). A linkage between AI-2 and AI-3 QS systems has also been
bserv ed. Ne v ertheless, the luxS deletion causes a higher effect
n metabolism compared to AI-3 (Walters et al. 2006 ). AI-3 is pro-
uced by the human gastrointestinal microbiota, as revealed by
 study with anaerobic faeces culture in a simulated intestinal
cosystem, and cross signals with the host hormones e pine phrine
nd nore pine phrine (Sperandio et al. 2003 ). Both e pine phrine
nd nore pine phrine belong to the class of hormones called cat-
cholamines. EHEC can sense these hormones, as well as AI-3, by
he bacterial regulator QseC from the QseBC two-component sys-
em (Fig. 4 ). In response to these signals, QseC increases its au-
ophosphorylation and regulates its own transcription (Clarke et
l. 2006 ). This regulator acts as a bacterial adr ener gic r eceptor and
riggers the activation of several virulence genes in a coordinated

anner (Witsø et al. 2016 , Kim et al. 2020 ) (Fig. 4 ). 
Epine phrine and nore pine phrine hormones have also been

hown to promote growth and virulence in E. coli (Freestone et
l. 1999 ), as well as to impr ov e motility and adherence to HeLa
ells in EHEC (Clarke et al. 2006 , Bansal et al. 2007 ). A qseC mu-
ant was defective in motility phenotype (Yang et al. 2014 ), and
imilarly, AI-3 and e pine phrine positi vely regulate virulence and
a gellar gene expr ession (Sper andio et al. 2003 ). QseBC also acti-
 ates tr anscription of the fla gellar r egulon r esponsible for swim-
ing motility in EHEC (Clarke and Sperandio 2005 ) (Fig. 4 ). In-

eed, QseC is considered a global regulator involved in the expres-
ion of se v er al genes and pathogenesis in vivo , since insertion and
eletion qseC mutants have shown a more attenuated infection

n animal models (Clarke et al. 2006 , Rasko et al. 2008 , Machado
t al. 2019 ). Although transcription of EHEC virulence genes is in-
uced by AI-3 and e pine phrine, neither of the two had any ef-
ect on promoting virulence in a deletion qseC mutant, support-
ng the involvement of AI-3/QseC in E. coli virulence (Rasko et al.
008 ). QseC is also an important sensor kinase for the passage
hr ough the gastr ointestinal tr act, and it seems to participate in
. coli infection. The blocking of QseC through a QseC autophos-
horylation inhibitor ( N -phen yl-4-{[(phen ylamino) thioxomethyl]
mino}—benzenesulfonamide or LED209) in an enter oa ggr egativ e
. coli (EAEC) strain led to a lo w er colonization efficiency in a
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Figure 4. Sc hematic r epr esentation of the AI-3/e pine phrine/nore pine phrine system that participates in inter-kingdom communication in E. coli. A 

biosynthetic proposal for the formation of AI-3 is shown. AI-3 is produced from threonine (Thr) by Tdh resulting in AI-3. AI-3, hormones such as 
nore pine phrine or e pine phrine, and other metabolites such as phosphate , sulphate , or ethanolamine are sensed by the two-component systems 
QseBC and/or QseEF, which initiate a complex signalling cascade resulting in the control of se v er al virulence phenotypes in E. coli. Then, A/E lesions on 
intestinal epithelial cells through LEE genes are produced, motility through flagellar regulon is improved, biofilm production increases, and the Shiga 
toxin secretion is activated. The QseA regulator also participates in the AI-3 system in E. coli , which activates the expression of LEE genes resulting in 
A/E lesions formation. Created with BioRender.com. 
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murine model (Machado et al. 2019 ). In agreement, an insertion 

qseC m utant pr esented similar r esults to the wild-type strain after 
the addition of this QseC inhibitor (Machado et al. 2019 ). Mor eov er,
this inhibitor sho w ed potential effects to control the biofilm for- 
mation by UPEC and EAEC (Curtis et al. 2014 ), indicating that the 
QseBC system is also r ele v ant to biofilm formation. Indeed, the 
addition of epinephrine/nor epinephrine incr eased biofilm thick- 
ness changing the biofilm architecture from scattered colonies to 
a biofilm of flatter a ggr egates in wild-type E. coli (Yang et al. 2014 ).
Ho w e v er, the addition of these hormones to the deletion qseC mu- 
tant, whic h lac ks the ability to sense them, was not able to stim- 
ulate biofilm production (Yang et al. 2014 ). To further complicate 
this signalling cascade, QseB can modulate the activation of flag- 
ellar r egulon ( flhDC ) expr ession, giv en that QseB binds to different 
binding sites in the target promoters according to its phosphoryla- 
tion state (Hughes et al. 2010 ) (Fig. 4 ). QseB regulates the expres- 
sion of flagella, but only when there is enough concentration of 
QseB and is in the phosphorylated state, where the flagellar regu- 
lon is activated completely (Hughes et al. 2010 , Lustri et al. 2017 ).

Downstream of QseBC, there is another sensor kinase known 

as QseE from the two-component system QseEF that upon sens- 
ing e pine phrine initiates a complex signalling cascade resulting in 

a coordinated expression of virulence genes (Hughes et al. 2010 ) 
Fig. 4 ). QseE can be phosphorylated by QseC and also increases its
utophosphorylation after sensing e pine phrine , phosphate , and
ulphate (Reading et al. 2009 , Hughes et al. 2010 ). Although QseE
oes not respond to AI-3 and is not involved in motility or flagella
 egulation, QseE pr esents a k e y r ole in the expr ession of genes in-
olved in A/E lesions and the expression of Shiga toxin through the
txAB genes (Reading et al. 2009 , Hughes et al. 2010 ) (Fig. 4 ). The
seBC system was described in EHEC , EPEC , E. coli K12, and also

n UPEC (Hadjifr angisk ou et al. 2011 ). AI-3 and QseC homologs ar e
lso found in div erse bacteria, man y of them animal and plant
athogens (Clarke et al. 2006 , Rasko et al. 2008 , Curtis et al. 2014 ,
ustri et al. 2017 , Kim et al. 2020 ), suggesting a r ele v ant r ole in
nter-kingdom signalling. Ne v ertheless, QseE homologues could 

nly be found in enteric bacteria (Hughes et al. 2010 ). This fact
 e v eals the importance of sensing and responding to signalling
olecules between prokaryotes and eukaryotes, as they have co- 

xisted for millions of years (Karavolos et al. 2013 ). Indeed, a syn-
rgistic effect between AI-3 and the e pine phrine/nore pine phrine
ormones was suggested, indicating that both combined signals 
ould allow a more efficient infection (Walters and Sperandio 
006a ). 

In the AI-3/e pine phrine/nore pine phrine regulatory cascade,
nother regulator is involved. QseA belongs to the LysR family of
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ranscription factors and is present in EHEC , EPEC , and K12. This
 egulator activ ates tr anscription of the ler r egulator and conse-
uently all the LEE genes (Sperandio et al. 2002a ) (Fig. 4 ). Although

nsertion qseA mutants were still capable of producing A/E lesions,
 significantl y r educed secr etion of Tir, EspA, and EspB was ob-
erved in an insertion qseA mutant compared to the wild-type
train, leading to a remarkable reduction in the type III secretion
ystem. This effect could be r estor ed with qseA complementation
n EPEC and EHEC (Sperandio et al. 2002a ). QseA activates the tran-
cription of LEE1 by its binding dir ectl y upstr eam to one of its pro-
oter r egions (Sper andio et al. 2002a ). Ho w e v er, further r esearc h

s needed to know if QseA is dir ectl y activ ating ler transcription
r if it is acting via another r egulator. Recentl y, ethanolamine has
een shown to be involved in this QS circuit, since QseC, QseE, and
seA, and LEE genes, were up-regulated by ethanolamine addition

o E. coli cultures (Kendall et al. 2012 ) (Fig. 4 ). Other bacteria, such
s V. cholerae , Salmonella spp., or Enterococcus spp., present different
echanisms to sense ethanolamine to control their gene expres-

ion, improving their fitness inside the host (Watve et al. 2020 ). Al-
hough in E. coli the specific mechanism of this gene regulation is
ot completely understood, it seems that EHEC not only uses this
omponent as a carbon and/or nitrogen source, but also as a sig-
alling molecule to activate virulence gene expression, conferring
 competitive adv anta ge for colonization regarding the commen-
al flora (Kendall et al. 2012 ). 

To conclude, the AI-3-dependent QS system has r ecentl y been
escribed to influence the control of different phenotypes asso-
iated with E. coli virulence . T hese include colonization, motility,
nd biofilm formation. 

mpact of indole in E. coli virulence 

ndole has been considered a QS signal in E. coli, since Wang et al.
 2001 ) described that indole activated the QS loci astCADBE, tnaAB,
nd gabDTP involved in the uptake, synthesis, and catabolism
f amino acids to generate pyruvate or succinate , pro viding en-
rgy to starving cells, and hypothesized that indole might be im-
ortant for energy production in the stationary phase (Wang et
l. 2001 ). Ho w e v er, if it is a real QS signal remains unclear be-
ause of contradictory results found in the literature, which will
e explained in detail below (Sabag-Daigle et al. 2012 , Kim and
ark 2015 , Zarkan et al. 2020 ). Indole is produced from trypto-
han degradation by the enzyme tryptophanase (TnaA). Previous
tudies hav e r eported an inter action between indole and SdiA in
ontrolling biofilm production, proposing that SdiA could act in
oth intra- and inter-species communication (Martino et al. 2003 ,
ee et al. 2009 , Chu et al. 2012 ). It has been observed that indole
 epr essed biofilm formation in E. coli. Indeed, a study has sug-
ested that E. coli uses SdiA to monitor indole and AHLs to control
iofilms without confirming whether indole binds itself to SdiA

Lee et al. 2007 ). Since ov er expr ession of sdiA led to a significant
ecrease in tnaA expression together with reduced indole pro-
uction, a link between SdiA and indole was proposed (Lee et al.
009 ). On the contrary, it has been described that indole promotes
iofilm formation in other pathogens such as P. aeruginosa or V.
 holerae , pr oposing a differ ent r egulation depending on the bacte-
ial species . T hen, the influence of indole on E. coli via SdiA was
iscarded, since the enhancement of E. coli growth in competition
ssays between E. coli and P. aeruginosa through indole has been
ttributed to the direct action of indole on P. aeruginosa (Chu et al.
012 ). In a gr eement, the sdiA deletion itself sho w ed a significant
ffect on biofilm formation by E. coli. Although high indole concen-
rations can inhibit AHL activity in E. coli, the biofilm regulation by
ndole is not SdiA-dependent, since SdiA is not able to respond to
ndole (Sabag-Daigle et al. 2012 ). Indole has also been related to
he AI-2 system in E. coli , and it has been proposed as an important
ignal for EHEC infections (Bansal et al. 2007 ). YliH (BssR) and YceP
BssS) ar e pr oteins that r epr ess E. coli motility, biofilm, and surface
ov er a ge by E. coli (Domka et al. 2006 ). These proteins have also
een proposed to participate in the regulation of indole as well
s in the uptake and export of AI-2 through a cAMP-dependent
athway (Domka et al. 2006 ). The latest findings indicate that the
resence of indole inhibits the folding of some proteins related
o QS, including LuxR regulators, and promotes protein degrada-
ion, reducing the stability of LuxR receptors (Kim and Park 2015 ).
ence, the binding of AHLs to LuxR r egulators, suc h as SdiA, can
r e v ent the effects of indole (Kim and Park 2015 ), supporting the
ole of AHLs in SdiA stability as discussed abo ve . 

Recent articles using Citrobacter rodentium and EHEC have
escribed that exogenous indole is sensed by the CpxAR
wo-component system, constituted by the membrane-bound
istidine-sensor-kinase CpxA and the response regulator CpxR

Kumar and Sperandio 2019 , Kumar et al. 2022 ) (Fig. 5 ). Pre-
iously, the CpxR/CpxA two-component system was related to
. coli resistance to antimicrobial peptides, including protamine
Weatherspoon-Griffin et al. 2014 ). CpxA autophosphorylates it-
elf and phosphorylates the CpxR that activates LEE genes ex-
ression by binding a regulatory region of ler regulator (Kumar
t al. 2022 ) (Fig. 5 ). At physiological concentrations found in the
astr ointestinal tr act, indole has been r eported to inhibit the
pxA/CpxR function. T hat is , CpxA acts as a phosphatase by sens-

ng indole, dephosphorylating itself and the r egulator CpxR, whic h
 esults in bloc king LEE genes expr ession, whic h is r equir ed to form
/E lesions on enterocytes (Kumar and Sperandio 2019 ). In agree-
ent, indole at high concentrations (1.5 mM) represses LEE tran-

cription genes compared to low concentrations (50 μM) that pro-
ote LEE genes transcription (Platenkam and Mellies 2018 ). This

tudy has also reported a novel indole sensing regulator ( isrR ), pre-
iously known as ygeV , which is a predicted orphan regulator that
ay act independently of CpxA (Kumar et al. 2022 ). In the absence

f endogenous indole, IsrR activates LEE genes together with the
 har acteristic pedestal-like structure formation by actin accumu-
ation that are involved in A/E lesions (Kumar et al. 2022 ). Ho w ever,
srR-dependent LEE induction is inhibited in the presence of en-
ogenous indole (Kumar et al. 2022 ) (Fig. 5 ). 

Although it has been described that the efflux of indole from
. coli is mediated by the AcrEF pump and that the main pathway
or indole transport into the cell is via the Mtr permease (Wang
t al. 2001 ), Kumar et al. ( 2022 ) have hypothesized another work-
ng model of indole regulation in which exogenous indole diffuses
hrough the outer membrane and is sensed by CpxA. Exogenous
ndole can r eac h the cytoplasm thr ough diffusion and dir ectl y in-
eract with IsrR. The indole produced by EHEC and the presence
f a pool of endogenous indole inhibit IsrR activation of virulence
enes. In the absence of indole, IsrR acts as an activator of LEE
enes allowing IsrR to fine-tune the expression of virulence genes
nder variable indole conditions. Indole treatment also promoted

naA up-regulation (Kumar et al. 2022 ). Moreover, the CpxA/CpxR
wo-component system is also stimulated by a number of signals,
ncluding serotonin, high osmolarity, ethanol, n -butanol, copper,
lkaline pH, amino-glycoside antibiotics, membrane/periplasmic
rotein, and phospholipid disruptions, among others (Platenkam
nd Mellies 2018 , Kumar et al. 2022 ). The search for an indole re-
eptor was one of the crucial points for se v er al authors to consider
ndole as a QS signal. Although it was r ecentl y discov er ed, ther e
re still several doubts in the literature to consider indole not only
s an important signal involved in cellular metabolism but as a
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Figure 5. Sc hematic r epr esentation of the indole system that participates in inter-kingdom comm unication pr ocesses in E. coli . Indole is produced by 
the tryptophanase enzyme (TnaA) from tryptophane. Exogenous indole, as well as se v er al signals, is sensed by the CpxA/CpxR two-component 
system. CpxA autophosphorylates itself and phosphorylates the CpxR activating LEE genes expression by binding a regulatory region of ler regulator. 
At physiological concentrations found in the gastrointestinal tract, indole has been reported to inhibit the CpxA/CpxR function, blocking LEE 
expression. On the other hand, endogenous indole is sensed by the novel indole sensing regulator IsrR, an orphan regulator that may act 
independently of CpxA. In the absence of endogenous indole, IsrR activates LEE genes and A/E lesions production. Ho w ever, IsrR-dependent LEE 
induction is blocked in the presence of endogenous indole. Indole also plays a role in other E. coli phenotypes including biofilm and motility; ho w e v er, it 
is not known if this effect is mediated by the CpxA/R two-component system or via the IsrR r egulator. Cr eated with BioRender.com. 
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true QS signal. For instance, IsrR only responds to endogenous in- 
dole (Kumar et al. 2019 ). According to that, the accumulation of in- 
dole in the external medium is less r ele v ant, while the intracellu- 
lar concentration of indole is crucial for E. coli viability as revealed 

a pulse signalling mechanism of indole (Gaimster et al. 2014 ). In 

E. coli , a tnaA mutant that has lost the ability to produce indole 
pr esented r educed surviv al and the addition of 1 mM indole was 
not sufficient to r estor e long-term survival (Gaimster et al. 2014 ).
That study r e v ealed that during the tr ansition fr om exponential 
to stationary phase, cells tr ansientl y experienced a v ery high con- 
centration ( > 50 mM) of indole, and that this pulse is required for 
long-term stationary phase viability in E. coli . But, the accumu- 
lation of indole is caused by enhanced production rather than a 
simple increase of cell numbers (Gaimster et al. 2014 ). Hence, this 
concentration is sufficient to inhibit growth and division by an 

ionophor e-based mec hanism and cause the cells to enter station- 
ary phase before resources are exhausted (Gaimster et al. 2014 ).
Indole signalling presents two action modes: A long-lasting but 
low-le v el signal (persistent) or a transient and high-le v el signal 
(pulse) (Zarkan et al. 2020 ). Given that pulse signalling is indepen- 
dent of cell density, indole seems to fail again to meet the criteria 
for either QS signal (Winzer et al. 2002 , Diggle et al. 2007 , Zarkan 

et al. 2020 ). A few authors have also proposed that indole could al- 
low E. coli to adapt to environments with poor nutrients and where 
the breakdown of amino acids serves as an energy source , thus ,
it might act as a starvation signal in bacterial species (Speran- 
io et al. 2001 , Wang et al. 2001 , Diggle et al. 2007 , Defoirdt 2018 ).
or eov er, indole is accumulated at a much higher concentration

ompared to other signals that mostly work at the micromolar 
ange for their physiological effect, questioning its role as a QS
ignal (Kim and Park 2015 ). In addition, up to our knowledge, the
unction of this compound in coordinated behaviour of a micro-
ial population has not been described (which are requirements 
or a true QS signalling molecule). Wang et al. ( 2001 ) hypothesized
hat it may act as an extra QS system involved in the stationary
hase. Ne v ertheless, these findings suggest that the functions of

ndole as either a QS signal dependent on coordinated behaviours
r a metabolic signal still r equir e further clarification. 

To conclude, although indole plays a role in various bacterial
unctions, such as biofilm formation, sporulation, plasmid sta- 
ility, and antibiotic resistance (King and P ark 2015 ), further r e-
earch is also required to enlighten if the role of indole in different
henotypes, such as motility or biofilm formation is mediated via
srR or CpxA/CpxR system and to pr ovide mor e knowledge about
he role of exogenous and endogenous indole regulation on E. coli
irulence. 

oncluding remarks 

S enables bacteria to orc hestr ate collectiv e beha viours , being a
 e y component of the global gene regulatory networks. In this re-
ie w, we hav e summarized the involv ement of the differ ent QS
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ystems in E. coli pathogenesis and virulence. Ho w e v er , the inter -
onnection among all the QS pathways and the specific role of
ach circuit in the global QS network remains unclear. A com-
letel y differ ent r egulation of E. coli virulence has been observed
epending on AHLs, AI-2, AI-3 systems, or indole. Bacteria had to
e v elop se v er al str ategies to persist in envir onments inhabited by
an y differ ent or ganisms; ther efor e, inter-kingdom comm unica-

ion would appear as a necessity to perceive these en vironments ,
djusting their physiology accordingl y. The pr esence of mor e than
ne QS circuit may be the result of a long evolution that results in
he control of these delicately balanced interactions. Using multi-
le QS circuits that conv er ge to contr ol se v er al bacterial functions
ould provide a fine-tuning, multiplying the possible QS input re-

ponses , and impro ving the monitoring of the environmental con-
itions. Although the use of se v er al signals would seem function-
ll y r edundant, these specific circuit arr angements could impr ov e
he robustness of the QS system r egulation, pr e v enting signal per-
urbation. In E. coli, the different QS systems are interconnected,
ossibly due to the necessity of a tight control of gene expression
ediated by eac h QS system. Howe v er, the function of each QS

ir cuit is har d to inter pr et since it is still unknown if AI or sig-
als could be detected by all bacteria to use them as a signal, or
 cue, or if they are produced as a metabolite which takes part in
e v er al metabolic pathways and only in a few cases act as true
S signals . T hus , it is also complicated to determine which genes
hanged their expression level as a result of a true communication
ignal and which genes responded to metabolite concentrations
roduced by other microorganisms. On the other hand, the high
mergence of antibiotic resistance requires the development of
e w tar gets to r einforce nov el ther a peutic str ategies to inhibit mi-
robial pathogenicity. Due to the involvement of QS in virulence-
ssociated phenotypes of E. coli , the interference of QS circuits
as been proposed as an attr activ e tar get for de v eloping anti-
athogenic strategies to control E. coli pathogenic strains. Several
trategies can be developed to interfere with QS circuits, including
i) interference of signal synthases, (ii) interception or degradation
f the signals by enzymes or chemical degradation, and (iii) chem-
cal inhibitors or antagonists that block or reduce receptor activ-
ty, which can or cannot be used syner gisticall y with other anti-
irulence agents as an approach to control and prevent E. coli viru-
ence . Here , we report the impact of cell-to-cell signalling systems
n E. coli and the current knowledge of their role on different bio-
ogical functions related to virulence and pathogenesis. Although
e v er al QS inhibitors wer e r eported as drug candidates, the knowl-
dge of the broad QS network in E. coli and all the components in-
olv ed, whic h we encompass in this r e vie w, will help to address
e w drug str ategies . QS signal synthases , autoinducers , regula-
ors, and other genes that participate in the AHL/SdiA, AI-2, AI-3,
nd indole circuits appear to be attractive target candidates to in-
 estigate ne w anti-virulence str ategies. Ho w e v er, further r esearc h
hould take into account the relationship among the different QS
egulators in the same bacterial species to elucidate the specific
mpact of each one and to complete the QS map in E. coli . In ad-
ition, se v er al questions should be addressed, including (1) when
acteria use one or another QS cir cuit; (2) ho w bacteria can switch
n their QS systems, taking into account the temporal regulation
f the AI signalling and the differ ent r egulation of phenotypes de-
ending on the QS signal; (3) why do bacteria prioritize one circuit
r another one to activate or inhibit target phenotypes?; (4) how
he circuits function—do they act in a concerted manner or do
he y work inde pendently?; (5) or what is the exact role of each QS
ircuit in the global QS regulatory network—are one of them reg-
lated by another one? Hence , in vestigation along these lines will
urther advance our understanding of the complicated QS regu-
atory mechanisms in relevant pathogens such as E. coli and will
nable the knowledge of the sophisticated relationship between
acteria and their hosts. Research is needed to understand these
omplex comm unication pr ocesses, and it would help to de v elop
e w anti-pathogenic str ategies to tar get this intricate QS network
nd control the virulence of this pathogen. 
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