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Abstract

Escherichia coli is a Gram-negative commensal bacterium of the normal microbiota of humans and animals. However, several E. coli
strains are opportunistic pathogens responsible for severe bacterial infections, including gastrointestinal and urinary tract infections.
Due to the emergence of multidrug-resistant serotypes that can cause a wide spectrum of diseases, E. coli is considered one of the
most troublesome human pathogens worldwide. Therefore, a more thorough understanding of its virulence control mechanisms is
essential for the development of new anti-pathogenic strategies. 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 establish different communication processes to sense and respond to the surrounding environment. This review
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 improve anti-virulence strategies with the E. coli QS network in focus.
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Introduction

Escherichia coli is a Gram-negative, rod-shaped, and non-
sporulating bacterium that belongs to the Gammaproteobacteria
class and Enterobacteriaceae family (Gomes 2016). E. coli is the
most abundant facultative anaerobic microorganism associated
with the human and animal intestinal microbiome (Kaper et al.
2004), providing many advantages 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
tract, several 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, several adapted clones have acquired
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. 2016). Although these most successful pathotypes
are organised based on different criteria, they are further classi-
fied into intra and extraintestinal pathogenic E. coli—InPEC and
EXPEC, respectively (Nicolas-Chanoine et al. 2014, Riley 2020). The
InPEC group encompasses several toxin-producing E. coli strains
associated with enteric syndromes and haemorrhages, and are
the major cause of diarrhoea and haemolytic uraemic syndrome
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

(2022) has estimated for 2021 an overall rate of 2.2 cases of
shiga-toxin-producing E. coli infection per 100000 population
in Europe, representing a 37.5% increase compared with 2020
(ECDC 2022). The highest notification rate of confirmed cases was
observed in children aged 0—4 years, with 12.7 cases per 100000
population for males and 10.8 cases per 100 000 population for
females (ECDC 2022). Worldwide, 18 million disability-adjusted
life years were attributed to foodborne diarrhoeal disease agents,
particularly non-typhoid Salmonella and enteropathogenic E. coli,
or EPEC (WHO, 2015). InPEC can produce biofilms on abiotic and
biotic surfaces, which promote their persistence in the gastroin-
testinal tract for longer periods (Culler et al. 2018). Moreover,
they are responsible for relevant food and waterborne illness
outbreaks, causing important economic losses to farmers, the
animal industry, and clinical sectors worldwide (Yang et al. 2017).

As an extraintestinal pathogen, E. coli is the most frequent
agent (~80%) of urinary tract infections (UTIs) in humans, with
a total of 404.61 (95% UI: 359.43-446.55) million of cases reported
in 2019 globally (Yang et al. 2022), and one of the most common
causes of Gram-negative bacteraemia in hospitalized patients
(Foxman 2002, Croxen 2010). They can also produce meningitis,
neonatal sepsis, and animal infections such as mastitis (Sharma
et al. 2016). It has been described that E. coli and other Enter-
obacteriaceae are the first colonizing microorganisms of the uri-
nary tract in UTIs, as well as in catheter-acquired UTIs (CAUTIs)
(Nicolle et al. 2012). Urinary pathogenic E. coli (UPEC) are respon-
sible for many CAUTIs, particularly due to the ability to produce
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biofilms on different indwelling medical devices, such as urethral
and intravascular catheters, causing several problems in health-
care facilities (Nicolle et al. 2005, Mobley et al. 2009, Nicolle et al.
2012, Reisner et al. 2014, Delcaru et al. 2016). UPEC are also ca-
pable of attaching uroepithelial cells, invading urinary tissues,
and persisting by producing intracellular bacterial communities
or biofilm-like pods within the bladder cells (Amalaradjou and
Venkitanarayanan 2013, Sarkar et al. 2016). Recently, various E. coli
strains have been described as oncogenic risk factors and seem to
contribute to the initiation of colorectal cancer (Kim et al. 2020).
To complicate the situation, several E. coli pathogens, par-
ticularly those causing extraintestinal infections, have devel-
oped resistance to every class of antibiotics used for the treat-
ment of human and animal infections (Nicolas-Chanoine et al.
2014). Extended-spectrum B-lactamases (ESBL)-producers and
carbapenem-resistant E. coli strains have been included in the
third position on the last global priority list of antibiotic-resistant
bacteria for which alternative treatments are urgently needed
(WHO, 2017). Aware of these facts, further research is needed to
contribute to the development of new therapeutic alternatives in
an attempt to control and prevent E. coli infectivity and virulence.
Numerous bacterial species coordinate important biological
functions including virulence factors, antibiotic biosynthesis,
plasmid transfer, luminescence, or biofilm formation, through a
cell density-dependent gene regulation system known as quorum
sensing (QS; Waters and Bassler 2005, Williams et al. 2007, Papen-
fort and Bassler 2016). Bacteria produce, release, and sense ex-
tracellular small molecules called autoinducers (Als), which are
accumulated in the environment, to monitor their own popula-
tion. When the concentration of Als reaches a threshold level,
the bacteria detect it and alter gene expression, approaching the
behaviour of a multicellular organism (Waters and Bassler 2005)
(Fig. 1). This traditional definition of QS is progressively chang-
ing, since QS accepts more complicated and comprehensive roles
in many bacterial processes (Hense and Schuster 2015, Papen-
fort and Bassler 2016, Mukherjee and Bassler 2017, Striednig and
Hilbi 2022). QS signals are termed Als as part of their function
to induce their own synthesis via up-regulation of the genes re-
sponsible for QS signal production and the formation of a posi-
tive auto-inductive loop. Moreover, the cell-to-cell signal molecule
definition is reserved for those small and diffusible Als that play
a role in cell-to-cell communication (Winzer et al. 2002). There-
fore, careful investigation is required to identify new signals that
truly are part of QS Als and differentiate them from other sig-
nal response mechanisms (Winzer et al. 2002, Diggle et al. 2007).
Different kinds of signal molecules have been described as well
as diverse QS systems can appear to overlap in some bacte-
ria. For instance, three parallel QS circuits of the marine bac-
terium Vibrio harveyi converge to control one set of genes that
in turn produce bacterial phenomena such as bioluminescence
(Henke and Bassler 2004). In the same manner, the QS systems de-
scribed for E. coli include a LuxR homologue (the SdiA regulator),
a LuxS (synthetase)/autoinducer-2 (Al-2), and an autoinducer-3
(AI-3) system (Kim et al. 2020) (Fig. 1). Indole has also been con-
sidered a QS signal (Wang et al. 2001), but there are still contro-
versial issues, which we discuss below, relating to whether it is
a relevant metabolic signal or a QS molecule that acts in cell-
density-dependent communication processes. Since these QS sys-
tems seem to be involved in interspecific-, intra- and interspecific-
, or inter-kingdom communication processes, respectively, E. coli
can sense and adapt to the environment. Earlier reports have de-
scribed the involvement of QS in E. coli virulence and other bac-
terial functions in this bacterium. Therefore, understanding of

QS circuits allows the investigation of differentiated strategies
based on the application of anti-virulence/anti-pathogenic mech-
anisms. The interference with these signalling mechanisms, or QS
inhibition, has been proposed as a promising approach to counter-
act several bacterial infectious diseases (Bjarnsholt and Givskov
2007, Dong et al. 2007, Williams et al. 2007, LaSarre and Federle
2013). This study aims to review the current knowledge of the cell-
to-cell signalling systems in E. coli as well as their influence on dif-
ferent biological functions related to virulence and pathogenesis.

SdiA-mediated QS system

Most of the Gram-negative bacteria present the typical LuxIR-
type system that was first identified in the marine biolumines-
cent bacterium V. fischeri. This canonical QS system relies on the
presence of two genes: the signal synthase LuxI and the signal re-
ceptor LuxR that detect N-acyl homoserine lactones (AHLs) (Ng
and Bassler 2009) (Fig. 1). AHLs are the best-studied Als and the
primary QS signalling molecules used by Gram-negative bacterial
species (Dong et al. 2001). These molecules are constituted by a
conserved homoserine lactone ring (HSL) connected to a lateral
acyl chain, which confers the specificity to the QS signal (Dong et
al. 2001, Whitehead et al. 2001). Thus, they play a crucial role in
the differential signalling recognition by LuxR-type receptors in
diverse bacterial species (Fuqua and Greenberg 2002, Waters and
Bassler 2005). LuxIR homologues have been found and identified
in numerous Gram-negative bacteria and are already considered
part of an intraspecific communication system. However, the QS
system in E. coli is poorly characterized in comparison with other
important pathogenic microorganisms.

E. coli does not produce AHLs due to the lack of a luxI gene, how-
ever, it possesses an orphan receptor known as SdiA (suppressor
of cell division inhibitor), which can respond to AHLs released by
other bacterial species (Dyszel et al. 2010, Kim et al. 2014) (Fig. 24A).
SdiA was first described as a transcriptional activator of the ft-
SQAZ operon, which encodes essential proteins for cellular divi-
sion (Wang et al. 1991, Kanamaru et al. 2000). The positive reg-
ulation of the ftsQAZ operon produces an increment in the fre-
quency of septation events in cells and also suppresses the effects
of several endogenous cell division inhibitors. Moreover, the effect
of sdiA on the ftsQAZ operon is potentially increased in response
to AHLs, confirming the role of the AHL-mediated QS system in
the regulation of this operon (Sitnikov et al. 1996, Yamamoto et al.
2001).

Previous observations have demonstrated that LuxR-type reg-
ulators need AHLs for stabilizing overall foldings and activating
the transcription of QS-regulated genes (Miller and Bassler 2001,
Nguyen et al. 2015). Normally, the AHL-LuxR complex dimerizes,
and this is a requirement for LuxR family proteins to bind to DNA
and activates transcription of QS-controlled genes. Although SdiA
belongs to the LuxR family, analysis of the crystal structure re-
vealed that SdiA is properly folded, forming a stable dimer in
solution in vitro with or without AHLs (Kim et al. 2014, Nguyen
et al. 2015). In addition, orphan or solo Lux regulators, including
SdiA, have also shown some basal activity in the absence of AHLs
(Dyszel et al. 2010, Hughes et al. 2010, Sperandio 2010). However,
SdiA is able to bind a wide range of exogenous AHLs enhanc-
ing the stability of SdiA and DNA-binding affinity and improv-
ing the transcriptional regulation ability of SdiA (Bez et al. 2023).
The promiscuity of SdiA together with these facts have opened up
the possibility of the existence of more different ligands, compli-
cating the QS circuit regulation (Kim et al. 2014, Bez et al. 2023).
For 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. They 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 Al-2 structure is the non-borated R-2-methyl-2,3,3 4-tetrahydroxytetrahydrofuran (R-THMF) and is recognized by the LsrB binding
protein. Gram-positive and Gram-negative bacteria share the Al-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 (Al-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. However, there is still
controversy as to whether it is a mere signal involved in metabolism or whether it is really a QS signal involved in cell density-dependent

communication processes.

non-AHLs signals such as dialkylresorcinols, cyclohexanediones,
and a-pyrones (Kim and Park 2015). Apart from AHLs, the bind-
ing of SdiA to other ligands, including the ubiquitous molecule 1-
octanoyl-rac-glycerol (OCL), has been hypothesized (Hughes et al.
2010, Sharma and Bearson 2013, Nguyen et al. 2015, Sabag-Daigle
et al. 2015). Phylogenetic analysis has revealed a conserved distri-
bution of SdiA in several genera from the Enterobacteriaceae family
(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 eavesdropping, in which the LuxI homologue is not present
(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-
ilarly, SdiA can respond to synthetic AHLs or those exclusively pro-
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

that Lux orphans can detect and respond to signals produced by
eukaryotic hosts, self, or other microbial species (Whiteley et al.
2017) may be a result of the great versatility of E. coli and its ability
to inhabit different niches. Hence, E. coli establishes interspecific
bacterial communication as an adaptive advantage in sensing
the host environment and responding to QS signals produced by
competing or cooperating bacteria, to adapt to complex environ-
ments, such as mammalian hosts (Lee et al. 2009, Sperandio 2010,
Sharma and Bearson 2013, Prescott and Decho 2020, Bez et al.
2023). Indeed, LuxR solos, including SdiA, are a source of adapta-
tion and development of ‘crosstalk’ with microorganism commu-
nities and regulate key bacterial traits for fitness in the environ-
ment or hosts (Prescott and Decho 2020, Bez et al. 2023).The latest
analysis have revealed a relationship between SdiA receptors and
their ecological role, since all the described SdiA orthologs have
been detected in human- or terrestrial-isolated bacteria (Bez et
al. 2023). Recently, another example of eavesdropping has been
described between E. coli (EPEC) and V. cholerae through the AI-1.
Both pathogens share the common infectious site, and using the V.
cholerae ATknown as CAI-1, E. coli enhances its virulence by regulat-
ing its own population in a V. cholerae density-dependent manner.
However, this response has not been found in the close entero-
haemorrhagic E. coli (EHEC) or Salmonella spp., indicating a more
sensitive communication between competing pathogens, such as
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Figure 2. Schematic representation of the LuxR-type QS system in E. coli. Although E. coli does not present a synthase that produces AHLs (green
hexagon), it can sense these QS signals produced by other bacterial species. Through 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. x+Although SdiA plays a role in drug resistance regulation, the effect of AHLs on this phenotype (dotted line) needs to be

confirmed. ROS: reactive oxygen species. Created with BioRender.com.

V. cholerae and EPEC, to increase the opportunities to successfully
colonise their hosts (Gorelik et al. 2019).

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

Impact of SdiA on acid resistance

E. coli presents different acid-resistance (AR) systems that enable
its ability to deal with the acidic environment of the human and
animal digestive tract. In particular, the glutamate-dependent
acid resistance system or AR2, which is required for EHEC survival
within the acidic stomachs of mammalians, is the most effective
AR system to withstand extremely acidic stress (Ma et al. 2020).
The AR2 system encompasses three genes (gadA, gadB, and gadC)
that are found in the acid fitness island, which also comprises sev-
eral regulatory genes related to the AR2 system (Dyszel et al. 2010,
Hughes et al. 2010, Ma et al. 2020). SdiA has been proposed as a key
factor for E. coli to survive and colonize the gastrointestinal tract
of cattle, constituting a natural reservoir of E. coli, due to its ability
of resistance to acidic pHs (Hughes et al. 2010) (Fig. 2). In agree-
ment, insertion and deletion sdiA mutants in EHEC were defec-
tive for colonization of cattle compared to the wild-type strains,
indicating a crucial role of this gene in the colonization of bovine
intestine and persistence (Hughes et al. 2010, Sharma and Bear-

son 2013, Sabag-Daigle et al. 2015). Moreover, SdiA increases the
transcription (activated upon AHLSs) of several genes involved in
the mentioned AR2 system in E. coli, including gadA, gadW, gadE,
yhiD, and hdeA, to withstand with low pH environment (Dyszel et
al. 2010, Sperandio 2010, Smith et al. 2011) (Fig. 2). Recently, the
enhancement of the acid tolerance ability and the positive regu-
lation of gadW and gadY genes, the key components of the AR2
system, by SdiA have been confirmed (Fig. 2) (Ma et al. 2020). It
was also demonstrated that OC6-HSL improves acid resistance in
E. coli K12 (Mayer et al. 2015), and C4, C6, OC6, OC8, and OC12-
HSL significantly increase the expression of gad genes (Van Houdt
et al. 2006, Dyszel et al. 2010, Hughes et al. 2010, Sheng et al.
2013, Ma et al. 2020). However, the gad system can be activated
by SdiA even in the absence of QS signals, supporting that SdiA-
AHL could need a second factor to activate the transcription of
the gad system (Dyszel et al. 2010, Hughes et al. 2010). In a recent
work using B-galactosidase reporter assays, it was observed that
the regulation of the gadW and gadY promoters occurs through
SdiA, and the presence of AHLs (C4 and OC12-HSL) enhances the
gadW regulation (Ma et al. 2020). However, further studies are re-
quired to confirm the specific interaction between SdiA and DNA
binding sites from the gad system (Ma et al. 2020). Interestingly,
this acid resistance regulation by the SdiA-QS system was not ob-
served in avian pathogenic E. coli (APEC), probably because these
strains did not need to resist the low pH environments (Yang et al.
2021). 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
hostintestinal 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). Moreover, LEE island is constituted by sev-
eral operons LEE1-LEES (Elliott et al. 2000), and their expression
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). SdiAis a
negative regulator of the expression of EspD and intimin in EHEC,
since the overexpression of SdiA leads to lower mRNA levels 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 represses 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 different concentrations of QS sig-
nals along the gastrointestinal tract, as explained below. E. coli is
consumed by ruminants and reaches their rumen, where com-
mensal and/or pathogenic Gram-negative microorganisms pro-
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. hydrophyla, were recently isolated from cattle ru-
men and swine intestines (Elliot et al. 2000, Yang et al. 2018), a con-
troversial point of this model due to the previous lack of evidence
(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 promoter region. This implies that SdiA regulates E. coli pas-
sage through the bovine gastrointestinal tract (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 probably because they are hy-
drolytically 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 reactivates 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
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et al. 2004), A/E lesions do not seem to affect cattle (Sperandio
2010). These injuries could also promote the colonization of other
hosts by releasing E. coli into the environment (Styles et al. 2020).
It should be noted that the kinetics of AHLs along the intestinal
tract should be analysed using new detection methods to confirm
the presence or absence of AHL in the mammalian intestine and
improve the understanding of this model.

Impact of SdiA on drug resistance

The involvement of SdiA in multidrug resistance has been re-
ported in E. coli (Fig. 2). Resistance to fluoroquinolones is fre-
quently related to multidrug resistance phenotypes in E. coli and
other bacterial strains that produce ESBLs. Overexpression of sdiA
positively regulates the AcrAB efflux pump, which exudes dif-
ferent quinolone antibiotics (Fig. 2) (Rahmati et al. 2002, Tavio
et al. 2010). Indeed, when sdiA is expressed from a plasmid, it
could increase the resistance to several antibiotics, such as fluoro-
quinolones, chloramphenicol, as well as kanamycin and tetracy-
cline (Dyszel et al. 2010). On the other hand, an insertion sdiA mu-
tant was more sensitive to various antibiotics, including the fluo-
roquinolones class, and presented decreased levels of AcrB in the
mutant strain (Rahmati et al. 2002). The decrease in AcrB in the
mutant strain may also contribute to fluoroquinolone hypersensi-
tivity (Rahmati et al. 2002). Supporting this hypothesis, it has also
been proposed that SdiA might activate efflux pumps, through
increasing acr gene expression, to enhance E. coli resistance, af-
ter observing that the overexpression of sdiA also increases re-
sistance to mitomycin C (Wei et al. 2001). Surprisingly, Dyszel et
al. (2010) could not find a regulation of AcrAB by SdiA, when it is
expressed from its natural position in the chromosome or when
AHLs are present, suggesting that SdiA regulation may change
depending on the environmental or metabolic conditions (Dyszel
et al. 2010). In other pathogens, including P. aeruginosa or Acineto-
bacter baumannii, efflux pumps have already been linked to AHL-
mediated QS (Minagawa et al. 2012, Mayer et al. 2020). Similarly,
previous studies have hypothesized that AcrAB might be involved
in the export of specific QS signals (Rahmati et al. 2002), propos-
ing a potential relationship between efflux pumps and QS in E.
coli. However, these authors also found that the null sdiA mutant
was not significantly more sensitive to other different antibiotics,
and the sdiA overexpression in an acrAB mutant did not decrease
fluoroquinolone resistance (Rahmati et al. 2002). This indicated
that SdiA might regulate the expression of another efflux pump
or affect another pathway related to drug resistance (Rahmati et
al. 2002). Although the SdiA function on drug resistance has been
investigated by the effect of the sdiA mutation and SdiA comple-
mentation, showing an effect of this QS system in E. coli virulence,
further investigation is required to confirm the influence of the
AHL addition for the drug-resistance phenotype.

Impact of SdiA on E. coli motility

Motility is a virulence trait that allows both InPEC and EXPEC to
disperse, and reach new surfaces, as well as helps pathogenic
E. coli strains to escape from host immune responses, inducing
the spread of the infection. In E. coli, active motility is depen-
dent on the flagellum, which is required to swim in a liquid en-
vironment and overcome the hydrodynamic forces (Beloin et al.
2008). Flagellum-mediated motility and chemotaxis have already
been proposed to contribute to UPEC virulence, since they are
utilized to ascend the urinary tract, and, in turn, enhance the
pathogenesis of UTIs (Lane et al. 2005, Spurbeck et al. 2013). Sev-
eral authors have reported the repression of E. coli motility by the
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SdiA-mediated QS system (Fig. 2). Overexpression of sdiA inhibits
the transcription of fliC, which encodes the major flagellar protein
known as flagellin, and, as a consequence, reduces motility in E.
coli EHEC (Fig. 2) (Kanamaru et al. 2000). On the other hand, fliC
transcription was significantly increased in an sdiA mutant, and
insertion and deletion sdiA mutants were more motile compared
to the wild-strains in EHEC and atypical EPEC (aEPEC), support-
ing the negative effect of SdiA on E. coli motility (Lee et al. 2007,
Sharma et al. 2010, Culler et al. 2018). Consistent with this repres-
sor role, SdiA was described as a positive regulator of the ydiV ex-
pression in E. coli K12 (Zhou et al. 2008), a gene encoding a pro-
tein that represses flagellar motility and P imbrial expression in
UPEC (Spurbeck et al. 2013) (Fig. 2). AHL (OC6-HSL) or Al-1 from V.
fischeri also promoted ydiV expression in an SdiA-dependent man-
ner (Zhou et al. 2008), supporting the role of the AHL-mediated QS
system in E. coli motility.

Impact of SdiA on E. coli adherence

AHL-mediated QS has also been related to adherence phenotype
in E. coli (Fig. 2). Adherence to epithelial cells allows E. coli to colo-
nize different tissues and withstand the shear force of host fluids,
such as urine (Spurbeck et al. 2013). Apart from the LEE genes,
the expression of flagellar and fimbriae (type I fimbriae, curli, and
conjugative pili), is also involved in the adherence phenotype (Be-
loin et al. 2008, Sharma et al. 2010). Flagellar genes are repressed
by SdiA in E. coli K12 and EHEC, since fliC and fliE expression were
down-regulated by SdiA (Fig. 2) (Kanamaru et al. 2000, Dyszel et
al. 2010). In E. coli, curli fimbriae are encoded by two operons: the
csgBA and the csgDEFG (Beloin et al. 2008). CsgD, the activator and
transcription regulator of csgBA operon, also controls cellulose
production, which is related to biofilm matrix production (Laverty
et al. 2014). SdiA downregulates curli expression through repres-
sion of both csgBA and csgDEFG operons in E. coli K12, according
to a whole-transcriptome analysis (Fig. 2) (Lee et al. 2009). SdiA
also showed a negative effect on curli fimbriae since an sdiA dele-
tion produced an up-regulation of csgA gene expression in EHEC,
which encodes the major structural component of curli imbriae
(Sharma et al. 2010). In agreement, several authors have demon-
strated that SdiA is a repressor of adherence in EHEC, aEPEC, by
using deletion sdiA mutants and sdiA overexpression (Kanamaru
et al. 2000, Sharma et al. 2010, Sharma and Bearson 2013, Culler
et al. 2018). Furthermore, when AHLs (OC6 and OC8-HSL) were
added, the transcription of csgA, csgD, and fimA (type I fimbria)
genes was reduced in wild-type aEPEC strains, supporting the curli
repression by SdiA (Culler et al. 2018).

Impact of SdiA on biofilm formation by E. coli

E. coli is responsible for producing several infections and plays
a key role in bacterial persistence due to its ability to produce
biofilms (Sharma et al. 2016). Among the biofilm-related determi-
nants in E. coli, curli, imbriae, type I imbriae, motility capability,
and polysaccharide production are included (Beloin et al. 2008,
Culler et al. 2018). SdiA seems to be a repressor of biofilm, since
insertion and deletion mutants of sdiA resulted in an increase in
biofilm formation by E. coli K12 and EHEC, as several authors have
reported (Lee et al. 2007, Sharma et al. 2010, Culler et al. 2018)
(Fig. 2). Supporting this hypothesis, various studies have verified
that the addition of exogenous AHLs (C4, C6, C8, OC8, C10, C12,
and OC12-HSL) reduced biofilm formation by E. coli (Moons et al.
2006, Lee et al. 2007, 2009). In agreement, a different role for SdiA
has been suggested between planktonic and biofilm cells. Thus,
a reduction of early biofilm formation was observed through the

repression of curli genes mediated by SdiA, whereas the expres-
sion of these curli fimbriae was induced in planktonic E. coli cells
(Lee et al. 2009). However, controversial results regarding SdiA and
biofilm regulation were found in the literature, since a few au-
thors observed no effect of insertion and deletion sdiA mutants
on biofilm production or just observed the opposite effect of SdiA
(Suzuki et al. 2002, Sabag-Daigle et al. 2012, Spurbeck et al. 2013).
Regarding UPEC strains, another work has also supported the pos-
itive regulation of biofilm by SdiA (Vinothkannan et al. 2018). In
this case, biofilm inhibition was reported after the addition of
a QS inhibitor, presumably due to a competition with the puta-
tive native AHL of the SdiA regulator (Vinothkannan et al. 2018).
The biofilm reduction by sdiA deletion was associated with a de-
creased expression of uvrY and csrB genes, involved together with
the CsrA, and CsrC in the carbon storage regulatory or Csr sys-
tem (Suzuki et al. 2002). CsrA has been shown to suppress biofilm
formation, leading to their dispersal. Besides, its activity is antag-
onized through CsrB and CsrC by sequestering CsrA (Wei et al.
2001, Beloin et al. 2008) (Fig. 2). Diverse authors have proposed that
the UvrY protein, from the BarA/UvrY two-component system, is
also necessary for the development of E. coli biofilm (Suzuki et al.
2002, Beloin et al. 2008). These authors have suggested a biofilm
formation regulation mediated by SdiA, which would antagonize
the CsrA effect through the CsrB and UvrY activation, and in turn,
would activate biofilm formation (Suzuki et al. 2002, Beloin et al.
2008). As UvrY participates in defence mechanisms against reac-
tive oxygen species (ROS) (Fig. 2), the regulation of SdiA by other
signals apart from AHLs has also been proposed, such as the oxi-
dation state of the cell. Indeed, although the binding of SdiA to the
uvrY promoter has already been confirmed, the binding affinity
was reduced in the presence of oxidizing agents (Kim et al. 2014).
These contradictory results related to biofilm regulation by SdiA,
could be attributed to differences in biofilm models, experimental
conditions, or strains. Furthermore, most laboratory E. coli strains
are poor biofilm formers; hence, the biofilm-forming ability of this
microorganism may be underestimated, complicating the assess-
ment of the real effects of the AHL-mediated QS system.

In conclusion, the SdiA-QS system plays a crucial role in sev-
eral virulence-associated phenotypes in E. coli, including acid re-
sistance, colonization, and survival in the gut, drug resistance,
motility, adherence, and biofilm production. As a solo LuxR recep-
tor, SdiA senses AHLs produced by other microorganisms to ac-
tivate or repress virulence genes accordingly. In addition, several
studies have demonstrated that AHLs are involved in the regula-
tion of these phenotypes by binding SdiA.

Al-2-mediated QS system

Apart from the AHL-mediated QS system, E. coli presents a sec-
ond QS circuit, which is constituted by a two-component regula-
tory system and is mediated by the autoinducer-2 (AI-2) (Fig. 1).
Numerous Gram-positive and Gram-negative bacteria have been
found to produce and release this QS signalling molecule that is
widely distributed among bacterial kingdoms and controls dif-
ferent bacterial functions (Xavier and Bassler 2005, Zuo et al.
2019). These features have led to the hypothesis that AI-2 is re-
sponsible for both inter and intraspecies bacterial communica-
tion, serving as a universal signalling molecule in the coordina-
tion of cell behaviour among prokaryotic species (Sharma et al.
2016, Zhang et al. 2020). AI-2 derives from S-adenosyl methion-
ine (SAM) by the S-ribosyl homocysteine lyase or LuxS synthase,
which plays a major role in its production, and by the S-adenosyl
homocysteine 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 derivative S-THMF-borate, or Al-2 (dark red triangle) that is
transported by the TgsA 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 Isr operon. By binding and inactivating LsrR, the repression of the Isr operon is blocked, then, Isr genes are
transcribed, and the AI-2 uptake is increased. The Al-2-LsrR binding also enhances drug resistance by TEM-type B-lactamase. Moreover, Al-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, Al-2 also promotes aggregation, biofilm formation, adherence, and colonization through up-regulation of colanic acid gene
(wza) and auto-aggregation gene (flu). By binding the receptor protein LsrB, Al-2 promotes chemotactic rescponse via Tsr chemoreceptor, which in turn
increase aggregation and biofilm formation. (4) Through the motility QS regulator (MgsR), AI-2 activates QseB/QseC two-component system, which
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
promotes aggregation and possibly (dotted arrow) stimulates motility. Created with BioRender.com.

2019, Hu et al. 2022) (Fig. 3). In brief, LuxS produces homocysteine
and 4,5-dihydroxy-2,3-pentanedione (DPD), which cyclizes spon-
taneously and undergoes further rearrangements to form the gen-
erally called AI-2 (Xavier and Bassler 2005). AI-2 molecules from
several bacterial species may differ in their structure; however, all
of them are derived from the DPD. Until now, two AI-2 structures
bound to the corresponding bacterial receptors have been de-
scribed, the boron-containing DPD derivative S-2-methyl-2,3,3,4-
tetrahydroxytetrahydrofuran-borate (S-THMF-borate) recognized
by LuxP and present only in Vibrio spp., and the non-borated
R-2-methyl-2,3,3,4-tetrahydroxytetrahydrofuran (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). However, both AI-2 structures are present
in some bacterial species that can use one or the other due to
the rapid interconversion between the two AI-2 forms (Xavier
and Bassler 2005, Zhang et al. 2020). Similar to other QS sys-
tems, when Al-2 reaches a threshold concentration in the environ-
ment, a signal transduction cascade is triggered resulting in a co-
ordinated genetic expression in the bacterial population. Several

Gram-negative bacteria, induding Salmonella Typhimurium, Vibrio
spp., Enterococcus faecalis, and E. coli, have shown identical biosyn-
thetic pathways and biochemical intermediates in AI-2 synthe-
sis. After its synthesis, Al-2 is transported outside the cell by the
transporter QS protein TgsA (YdgG), and Al-2 is accumulated in
the media (Herzberg et al. 2006, Zhou et al. 2008, Khera et al.
2022). Extracellular AI-2 peaks are observed during the mid- to
late-exponential phase and with a quick decrease during the en-
try into the stationary phase in E. coli (Li et al. 2007). This oc-
curs because the extracellular AI-2 can be taken up inside the
cell through the luxS-regulated (Lsr) transporter, an ATP-binding
cassette (ABC) transporter (Xavier and Bassler 2005, Li et al. 2007,
Sharma et al. 2016) (Fig. 3). Transporter proteins (LstABCD) for AI-2
uptake are encoded by the Isr operon, which is regulated by cyclic
AMP (cAMP)/cyclic AMP receptor protein (CRP) and proteins tran-
scribed from the IsTRK operon. The IsrRK operon is located imme-
diately upstream of Isr and divergently transcribed (Wang et al.
2005, Li et al. 2007, Zhou et al. 2008) (Fig. 3). Once inside the cell,
Al-2 is phosphorylated by the cytoplasmic kinase LsrK into an ac-
tivated molecule that promotes its own uptake by binding to the
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Lsr repressor (LsrR) (Zhou et al. 2008, Sharma et al. 2016, Witsg
et al. 2016, Stephens et al. 2019). Phosphorylated AI-2 inactivates
LsrR, resulting in the transcription of Isr-regulated genes and in
the increase in the uptake of AI-2 (Sharma et al. 2016, Witsg et
al. 2016) (Fig. 3). LsrF and LsrG are needed for further process of
phosphorylated Al-2, degrading AI-2 into Co-A and dihydroxyace-
tone phosphate (Zhou et al. 2008, Jani et al. 2017). Deletion of IsrF
and IsrG genes together with overexpression of LsrK and LstACDB
can be combined to engineer E. coli cells with increased AI-2 up-
take and AI-2 sensitivity, leading to activation of protein expres-
sion at lower AI-2 levels, as a recent study has shown (Stephens
et al. 2019).

Al-2 participates in the virulence of numerous bacteria (Wa-
ters and Bassler 2005, Rutherford and Bassler 2012), including
E. coli, where it also has an effect on several phenotypes, such
as motility, biofilm production, and persistence (Laganenka and
Sourjik 2018, Stephens et al. 2019, Khera et al. 2022). AI-2 has
been found in the gastrointestinal tract since it is produced by
many gut-associated bacteria and is recognized by several bacte-
rial species as an important signal in this complex environment
(Walters and Sperandio 2006b, Bansal et al. 2008, Stephens et al.
2019). Al-2 was able to alter the composition of the gut micro-
biome after antibiotic treatment in a mouse model (Thompson
et al. 2015). Additionally, AI-2 influences the survival of E. coli,
up-regulating the expression of several genes involved in E. coli
virulence (Bansal et al. 2008, Soni et al. 2008) (Fig. 3). Further-
more, the presence of Al-2 can affect the expression of mam-
malian cell genes in the gut, regulating the immune response
(Zargar et al. 2015). This study has reported that AI-2 up-regulated
the expression of the inflammatory interleukin IL-8 and then sig-
nificantly down-regulated it, indicating a modulation of the im-
mune response by Al-2 (Zargar et al. 2015). Communication pro-
cesses between eukaryotes and prokaryotes occur in both direc-
tions since eukaryotic cells also use cell-to-cell signalling based
on several different hormones. The mammalian epithelium can
produce an Al-2 mimic, which stimulates Al-2-dependent pheno-
types in V. harveyi and Salmonella Typhimurium (Ismail et al. 2016).
This evidence suggests that hosts can trigger QS-controlled be-
haviours in their associated flora, and at the same time, the host-
associated bacteria can force the host to induce QS-controlled
phenotypes by producing the mimic (Defoirdt 2018). QS circuits
can also be mimicked using different molecules as Als to regulate
specific bacterial behaviours in a cell-density dependent man-
ner. For instance, a bacterial population has been programmed
by a successfully designed QS circuit, using sulphide as an Al (Liu
et al. 2019).

By using hormones as messengers for eukaryotic cellular com-
munication, bacteria can cause opportunistic infections in their
hosts depending on hormone concentrations (Yang et al. 2014).
Thus, the ability of E. coli to exploit host-produced signals and
use them to regulate its virulence genes accordingly is not sur-
prising (Walters and Sperandio 2006a, 2006b, Karavolos et al.
2013). This capacity provides an advantage to bacteria since
they would not need to reach higher cell densities to produce
their own Als (Karavolos et al. 2013). Pathogenic E. coli strains
present a significantly low infectious dose compared to other en-
teric bacterial pathogens, estimated to be as few as 10-100 mi-
croorganisms for EHEC (Walters et al. 2006a). These low densi-
ties do not reach the quorum needed for their own QS activa-
tion. Therefore, this unusually low number could be explained
by the ability of pathogenic E. coli to detect Al signals pro-
duced by other species present in the environment (Sperandio
et al. 2002b).

AI-2 role in surface colonization and adherence

Due to the presence of Al-2 in the gastrointestinal tract together
with the increment of EHEC genes involved in colonization, AI-2
has been related to E. coli colonization, a process in which adher-
ence is a prerequisite (Kaper et al. 2004). Genes associated with
surface colonization in E. coli, such as colanic acid (wza) and galac-
titol transport genes, together with adherence to epithelial cells,
were shown to be increased by the presence of Al-2 (Bansal et al.
2008) (Fig. 3). Furthermore, increased adherence of pathogenic E.
coli to epithelial cells has been reported to be induced by AI-2 sig-
nalling (Sircili et al. 2004). Both EPEC and EHEC possess a LuxS/Al-
2 system that regulates the expression of their LEE and intimin
genes, as studies with [uxS deletion and complementation have
shown (Sperandio et al. 1999, Han et al. 2013). LEE genes are up-
regulated upon exposure to Al-2 in EHEC, supporting the impor-
tance of AI-2 as a key signal in gastrointestinal infections (Kendall
etal. 2007, Bansal et al. 2008) (Fig. 3). However, this QS system does
not activate cell division genes as SdiA (Kanamaru et al. 2000). The
LuxS/AlI-2 system activates the expression of the three operons
LEE 1, 2, and 3 that encode type III secretion components but not
the LEE 4, which encodes esp genes (Sperandio et al. 1999, Kana-
maru et al. 2000). In contrast, other authors observed that AI-2 did
not activate LEE 1 genes transcription or ler expression (Sperandio
et al. 2003, Walters and Sperandio 2006b).

Interactions of Als and stress hormones with bacterial and host
adrenergic receptors seem to contribute to the maintenance of
microbial endocrine homeostasis and avoidance of dysbiosis (Kar-
avolos et al. 2013). For instance, it was shown that increased Al-2
production by engineering E. coli promotes Firmicutes over Bac-
teroidetes gut colonization (Bivar 2018). Since Firmicutes are rel-
evant for many gut functions, this effect regulates the balance
between the microbiota as well as the gut homeostasis recovery
(Bivar 2018). Moreover, significant AI-2 production by a gut com-
mensal bacterium can also limit V. cholerae infections, repressing
several QS-dependent colonization factors (Hsiao et al. 2014).

Expression of E. coli virulence factors could also be controlled
by the SdiA and Al-2-mediated QS systems depending on the
stages of growth, as a few authors have observed. At the mid-
exponential growth phase, AI-2 could activate different virulence
determinants to allow EHEC colonization. When the stationary
phase is reached, AI-2 has already been broken down, and viru-
lence factors might be regulated by the AHL-mediated QS system
that would have been acting during this stage (Kanamaru et al.
2000). Additionally, the temporal regulation of the AI-2 uptake and
signalling (Bansal et al. 2008) could complicate the understand-
ing of the results. The interpretation of the results is often hard
since it is still unknown if AI-2 could be detected by all bacte-
ria to use it as a signal, or a cue, or whether it is produced as
waste or metabolite that only in some cases serves as a true sig-
nal molecule (Walters and Sperandio 2006b, Whiteley et al. 2017,
Defoirdt 2018). Given the pleiotropic effects that luxS produces in
EHEC, the luxS mutation produces an effect not only on QS genes
but on other genes involved in metabolic pathways, complicating
the current understanding of the AI-2 role in the E. coli QS system.
As a result, not all the reported phenotypes for luxS mutants are a
consequence of the loss of AI-2 production (Karavolos et al. 2013).

AI-2 participates in E. coli chemoreception and
aggregation

The AI-2 receptor protein LsrB bound to AI-2 has been proposed
to interact with the periplasmic sensory domain of the chemore-
ceptor Tsr to drive chemotactic responses 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 aggregation (Hegde et al. 2011), as well as
deletions of IstR and IsrK genes lead to a defect in E. coli auto-
aggregation (Li et al. 2007). Thus, chemotaxis towards the self-
produced Al-2 can mediate auto-aggregation of E. coli, serving as
a chemoattractant that recruits planktonic cells to grow cell ag-
gregates through this LsrB binding (Laganenka et al. 2016, Jani et
al. 2017). Indeed, E. coli cells lacking tsr and IsrB genes are com-
pletely defective in AI-2 chemotaxis (Hegde et al. 2011, Witsg et
al. 2016, Jani et al. 2017). Notably, chemotaxis, as well as motility,
also enhances the capacity of auto-aggregation 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 processes (Park et al. 2003, Laganenka et al. 2016). High
densities within aggregates promote Al-2 signalling compared to
non-aggregating cells. Hence, E. coli can use auto-aggregation to
reach a minimal density required for QS activation (Laganenka
et al. 2016). A recent work has revealed that CheY protein, which
is involved in chemotactic response, and AI-2 signalling (through
IsTB) promote E. coli colonization of the murine gut, supporting the
Al-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 (Gonzalez Barrios
et al. 2006, Niu et al. 2013). Auto-aggregation and chemotaxis
through AI-2 contribute to producing surface-attached biofilms
(Laganenka et al. 2016, 2023). Indeed, auto-aggregation and co-
aggregation were reported at low densities in the early stages
of the formation of mixed biofilms by E. coli and E. faecalis, both
pathogens from mammalian hosts (Laganenka and Sourjik 2018).
Al-2 produced by E. faecalis enhanced E. coli auto-aggregation and
resulted in coaggregation between both species, indicating a key
role of AI-2 in mixed biofilms (Laganenka and Sourjik 2018). How-
ever, chemotaxis mediated by Al-2 is necessary but does not seem
essential to completely induce the density-dependent behaviours
required for biofilm production in this bacterium (Jani et al. 2017).
On the other hand, insertion and deletion mutants of uxS 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 aggregation, attachment, and biofilm produc-
tion (Li et al. 2007, Laverty et al. 2014) (Fig. 3). Indeed, it has been
observed that insertion IstR and IsrTK mutations affected biofilm
architecture, reducing the biofilm thickness and biomass by the
regulation of biofilm-associated genes, including wza (responsible
for colanic acid) (Fig. 3) and the auto-aggregation gene flu (Li et al.
2007). Likewise, insertion and deletion mutants of IsrR, IstK, IsrC,
and IsrG genes that encode components required for sensing AI-2
were also defective in biofilm formation (Jani et al. 2017).

On the other hand, deletion of luxS, but not IsrB, 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. Moreover, it was observed that an APEC
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mutant strain with the deleted Isr operon was also defective in
motility and AI-2 uptake (Zuo et al. 2019). Further, a deletion Isr
mutant down-regulates the expression of genes involved in APEC
pathogenicity, supporting an association between Isr operon and
E. coli virulence (Zuo et al. 2019).

Although the relationship between the AHL-QS system and the
AlI-2-QS system in E. coli remains unknown, the ydiV gene and
cAMP are involved in the interaction between both QS systems
(Zhou et al. 2008). Although a [uxS or IstR deletion mutants did
not affect sdiA gene expression, it seems that the SdiA-AHL com-
plex activates ydiV, repressing flagellar motility and P fimbrial ex-
pression and regulating the AI-2 QS system through the control
of intracellular cAMP concentration (Zhou et al. 2008). A double-
deletion sdiA-ydiV mutant inhibits the AI-2 QS system in E. coli by
producing a significant decrease in intracellular cAMP concentra-
tion (Zhou et al. 2008). Consistent with that, SdiA, together with
YdiV participates in the activation of gene expression of the cyclic
AMP receptor protein (CAP) and Cya, the enzyme that synthe-
sizes CAMP (Zhou et al. 2008, Spurbeck et al. 2013). Environmental
cues, such as glucose, also participate in these signalling path-
ways, since sdiA and ydiV expression decreases when glucose is
added to the culture (Zhou et al. 2008). Recently, an inhibitory ef-
fect of lactic acid on EHEC biofilm was also observed through the
suppression of QS genes expression, such as sdiA and luxS genes
(Liu et al. 2021).

In addition, a link between biofilm and motility regulation has
been observed in E. coli. Al-2 significantly enhances biofilm mass
through the motility QS regulator gene MgsR, which in turn regu-
lates flagellar movement and motility in E. coli through the QS reg-
ulators QseB and QseC (Sperandio et al. 2002b, Gonzélez Barrios
et al. 2006, Sharma et al. 2016) (Fig. 3). This QseBC two-component
system participates in the control of the master flagellar regulon
(flnDC) transcription. Moreover, QseBC regulates the transcription
of genes involved in flagellar expression, including genes such as
fliA, fliC, or motA, that encode the sigma factor, flagellin, and the
proton exchange conductor for flagellum movement, respectively.
MgsR stimulates QseB, which activates flhDC expression binding
itself to the flhDC promoter (Clarke and Sperandio 2005), promot-
ing E. coli motility and improving flagellar motion and motility
by MotA (Fig. 3). Through the regulation of MotA, AI-2 increases
flagellar motion, motility, as well as biofilm production. There-
fore, MgsR can be considered a mediator between Al-2 and motil-
ity (Gonzélez Barrios et al. 2006, Sharma et al. 2016). In addition,
MgsR induces curli expression through the crl gene, a transcrip-
tional regulator for curli fibres, and possibly stimulates motility
through csrA (Gonzélez Barrios et al. 2006, Li et al. 2007) (Fig. 3). The
luxS deletion showed in general reduced motility than a wild-type
strain, and consistent with that, the down-regulation of flhD, fliA,
and fliC has been noticed in an insertion luxS mutant (Sperandio
et al. 2001). MotA transcription is also down-regulated in the [uxS
deletion, and its expression is restored by complementation or Al-
2 addition, supporting the role of AI-2 in E. coli motility (Speran-
dio et al. 2001). Finally, protein TqgsA, which exports Al-2 and is
induced in E. coli biofilms (Fig. 3), was also found to negatively reg-
ulate the expression of flagellum and motility genes, type I fim-
briae, and curli production (Herzberg et al. 2006, Zhou et al. 2008,
Sharma et al. 2016).

AI-2 involvement in stress conditions, phage
defence, and E. coli drug resistance

AI-2 has been related to osmotic stress tolerance in E. coli since a
luxS mutant improved specific stress resistance of EHEC (Park et
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al. 2017). However, this difference in vitro was not observed in vivo,
indicating that AI-2 may experience some interference by other
compounds or metabolites from the commensal microbiota (Park
et al. 2017). Auto-aggregation through AI-2 also improves physi-
cal protection against oxidative stress (Laganenka et al. 2016). A
recent study has observed that transcription levels of IsrR signif-
icantly decreased under hydrogen peroxide (H,0O,) stress condi-
tions (Wang et al. 2021). Moreover, the survival rate of a deletion
IsTR mutant was significantly higher compared to the wild-type in
the presence of H,0,. These results have suggested an adaptation
of E. coli to oxidative stress conditions by reducing the IsrR expres-
sion (Wang et al. 2021). However, further research is needed to un-
derstand how E. coli could down-regulate the IsrR expression under
these stress conditions (Wang et al. 2021). Catabolite repression is
also important to manage the environmental stress in E. coli and
is controlled by the alternative subunit of RNA polymerase (o°)
(RpoS) (Laverty et al. 2014). RpoS has already been associated with
QS in other bacteria, such as P. aeruginosa or Vibrio spp. (Laverty et
al. 2014, Defoirdt 2018). In E. coli, catabolite repression can nega-
tively regulate AI-2 uptake through the RpoS regulator (Wang et
al. 2005).

Since AI-2 is also involved in metabolic pathways, a recent
study has demonstrated that AI-2 promotes host defence against
phages in E. coli (Ding et al. 2021). These authors have also de-
scribed that the AI-2 receptor LsrB plays a role in maintaining the
balance of cellular metabolism, indicating that it is essential for
the phage defence mechanisms through AI-2 and also suggesting
a link between phage susceptibility and QS (Ding et al. 2021).

The ESBL is one of the most common known mechanisms that
confers E. coli resistance to several drugs. It has been suggested a
link between antibiotic resistance and Al-2, since exogenous Al-2
enhanced the antibiotic resistance of E. coli in an LsrR-dependent
manner (Xue et al. 2016). That is, in the presence of g-lactam
antibiotics, AI-2 up-regulates the transcription of TEM-type B-
lactamase through LsrR (Xue et al. 2016). Moreover, in the pres-
ence of drugs, exogenous Al-2 addition increased bacterial cell
densities together with the cell growth rate, and the antibiotic
resistance in the drug-resistant E. coli was enhanced in response
to AI-2. This also suggests that long-term exposure to drugs may
drive E. coli to develop an improved survival strategy (Xue et al.
2016). Supporting the role of Al-2 in antibiotic resistance of E. coli,
another study has described that the presence of imidazole, a fu-
ran carbocyclic analogue of Al-2, can interfere with this regulatory
effect on bacterial drug resistance (Yu et al. 2018). In the pres-
ence of ampicillin, exogenous imidazole inhibited the regulatory
effect of AI-2 on TEM-type B-lactamase, and even decreased the
E. coli resistance to ampicillin of a clinical E. coli strain resistant
to p-lactam antibiotics, resulting in a lower survival rate (Yu et al.
2018). A recent work has observed a relationship between the Pfs
protein, involved in AI-2 synthesis, and the increase of g-lactam
resistance in an APEC strain (Hu et al. 2022). However, AI-2 does
not participate in this resistance effect (Hu et al. 2022), indicating
that new studies are needed to elucidate this process.

In conclusion, the AI-2-QS system participates in the regula-
tion of several virulence-associated phenotypes in E. coli, includ-
ing surface colonization, adherence and biofilm formation, stress
and drug resistance, phage defence, chemoreception, and motility.

AI-3-mediated QS system

Besides the AHL and AI-2 QS systems, the autoinducer 3 (AI-3)
has been identified in E. coli, which is known to control differ-
ent virulence traits in this bacterium (Witsg et al. 2016, Gorelik

et al. 2019). In contrast to the AHL and AI-2 systems involved in
interspecies communication, it seems that the AI-3 system par-
ticipates in the communication between prokaryotic and eukary-
otic cells (Sperandio et al. 2003, Walters et al. 2006), establishing
an inter-kingdom communication (Clarke et al. 2006, Sperandio
2010, Lustri et al. 2017). As in the previous QS systems, when Al-3
reaches a critical concentration threshold, bacteria sense and re-
spond to this signal by changing their gene expression patterns
in a coordinated manner (Fig. 4). Different biosynthesis path-
ways have already been proposed to elucidate the Al-3 formation
(Hernandez and Sintim 2020). Recently, threonine dehydrogenase
(Tdh) and essential tRNA synthetases have been shown as the
responsible for producing substrates, which react spontaneously
to form the AI-3 molecules family (Hernandez and Sintim 2020,
Kim et al. 2020) (Fig. 1). As with other QS signals, AI-3 is produced
by several commensal and pathogenic E. coli, including EPEC and
EHEC. In addition, analogues of Al-3 are also distributed in Gram-
negative and Gram-positive bacteria, including other enteric bac-
teria such as Klebsiella pneumoniae, Shigella spp., Salmonella spp., or
Enterobacter cloacae (Walters and Sperandio 2006b, Kim et al. 2020).
Recently, it has been observed that Al-3 can act as markers of cel-
lular stress, producing diverse immunological effects on primary
human tissues (Kim et al. 2020).

Al-3 was first described in EHEC, where it is involved in the con-
trol 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
observed. Nevertheless, the luxS deletion causes a higher effect
on metabolism compared to Al-3 (Walters et al. 2006). AI-3 is pro-
duced by the human gastrointestinal microbiota, as revealed by
a study with anaerobic faeces culture in a simulated intestinal
ecosystem, and cross signals with the host hormones epinephrine
and norepinephrine (Sperandio et al. 2003). Both epinephrine
and norepinephrine belong to the class of hormones called cat-
echolamines. EHEC can sense these hormones, as well as AI-3, by
the bacterial regulator QseC from the QseBC two-component sys-
tem (Fig. 4). In response to these signals, QseC increases its au-
tophosphorylation and regulates its own transcription (Clarke et
al. 2006). This regulator acts as a bacterial adrenergic receptor and
triggers the activation of several virulence genes in a coordinated
manner (Witsg et al. 2016, Kim et al. 2020) (Fig. 4).

Epinephrine and norepinephrine hormones have also been
shown to promote growth and virulence in E. coli (Freestone et
al. 1999), as well as to improve motility and adherence to Hela
cells in EHEC (Clarke et al. 2006, Bansal et al. 2007). A gseC mu-
tant was defective in motility phenotype (Yang et al. 2014), and
similarly, Al-3 and epinephrine positively regulate virulence and
flagellar gene expression (Sperandio et al. 2003). QseBC also acti-
vates transcription of the flagellar regulon responsible for swim-
ming motility in EHEC (Clarke and Sperandio 2005) (Fig. 4). In-
deed, QseC is considered a global regulator involved in the expres-
sion of several genes and pathogenesis in vivo, since insertion and
deletion gseC mutants have shown a more attenuated infection
in animal models (Clarke et al. 2006, Rasko et al. 2008, Machado
et al. 2019). Although transcription of EHEC virulence genes is in-
duced by AI-3 and epinephrine, neither of the two had any ef-
fect on promoting virulence in a deletion gseC mutant, support-
ing the involvement of AI-3/QseC in E. coli virulence (Rasko et al.
2008). QseC is also an important sensor kinase for the passage
through the gastrointestinal tract, and it seems to participate in
E. coli infection. The blocking of QseC through a QseC autophos-
phorylation inhibitor (N-phenyl-4-{[(phenylamino) thioxomethyl]
amino}—benzenesulfonamide or LED209) in an enteroaggregative
E. coli (EAEC) strain led to a lower colonization efficiency in a
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Figure 4. Schematic representation of the Al-3/epinephrine/norepinephrine system that participates in inter-kingdom communication in E. coli. A
biosynthetic proposal for the formation of Al-3 is shown. AI-3 is produced from threonine (Thr) by Tdh resulting in AI-3. AI-3, hormones such as
norepinephrine or epinephrine, 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 several 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 Al-3 system in E. coli, which activates the expression of LEE genes resulting in

A/E lesions formation. Created with BioRender.com.

murine model (Machado et al. 2019). In agreement, an insertion
gseC mutant presented similar results to the wild-type strain after
the addition of this QseC inhibitor (Machado et al. 2019). Moreover,
this inhibitor showed potential effects to control the biofilm for-
mation by UPEC and EAEC (Curtis et al. 2014), indicating that the
QseBC system is also relevant to biofilm formation. Indeed, the
addition of epinephrine/norepinephrine increased biofilm thick-
ness changing the biofilm architecture from scattered colonies to
a biofilm of flatter aggregates in wild-type E. coli (Yang et al. 2014).
However, the addition of these hormones to the deletion gseC mu-
tant, which lacks 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 regulon (flhDC) expression, given 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 epinephrine 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
autophosphorylation after sensing epinephrine, phosphate, and
sulphate (Reading et al. 2009, Hughes et al. 2010). Although QseE
does not respond to Al-3 and is not involved in motility or flagella
regulation, QseE presents a key role in the expression of genes in-
volved in A/E lesions and the expression of Shiga toxin through the
stxAB genes (Reading et al. 2009, Hughes et al. 2010) (Fig. 4). The
QseBC system was described in EHEC, EPEC, E. coli K12, and also
in UPEC (Hadjifrangiskou et al. 2011). AI-3 and QseC homologs are
also found in diverse bacteria, many of them animal and plant
pathogens (Clarke et al. 2006, Rasko et al. 2008, Curtis et al. 2014,
Lustri et al. 2017, Kim et al. 2020), suggesting a relevant role in
inter-kingdom signalling. Nevertheless, QseE homologues could
only be found in enteric bacteria (Hughes et al. 2010). This fact
reveals the importance of sensing and responding to signalling
molecules between prokaryotes and eukaryotes, as they have co-
existed for millions of years (Karavolos et al. 2013). Indeed, a syn-
ergistic effect between AI-3 and the epinephrine/norepinephrine
hormones was suggested, indicating that both combined signals
could allow a more efficient infection (Walters and Sperandio
2006a).

In the AI-3/epinephrine/norepinephrine regulatory cascade,
another regulator is involved. QseA belongs to the LysR family of
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transcription factors and is present in EHEC, EPEC, and K12. This
regulator activates transcription of the ler regulator and conse-
quently all the LEE genes (Sperandio et al. 2002a) (Fig. 4). Although
insertion gseA mutants were still capable of producing A/E lesions,
a significantly reduced secretion of Tir, EspA, and EspB was ob-
served in an insertion gseA mutant compared to the wild-type
strain, leading to a remarkable reduction in the type III secretion
system. This effect could be restored with gseA complementation
in EPEC and EHEC (Sperandio et al. 2002a). QseA activates the tran-
scription of LEE1 by its binding directly upstream to one of its pro-
moter regions (Sperandio et al. 2002a). However, further research
is needed to know if QseA is directly activating ler transcription
or if it is acting via another regulator. Recently, ethanolamine has
been shown to be involved in this QS circuit, since QseC, QseE, and
QseA, and LEE genes, were up-regulated by ethanolamine addition
to E. coli cultures (Kendall et al. 2012) (Fig. 4). Other bacteria, such
as V. cholerae, Salmonella spp., or Enterococcus spp., present different
mechanisms to sense ethanolamine to control their gene expres-
sion, improving their fitness inside the host (Watve et al. 2020). Al-
though in E. coli the specific mechanism of this gene regulation is
not completely understood, it seems that EHEC not only uses this
component as a carbon and/or nitrogen source, but also as a sig-
nalling molecule to activate virulence gene expression, conferring
a competitive advantage for colonization regarding the commen-
sal flora (Kendall et al. 2012).

To conclude, the Al-3-dependent QS system has recently been
described to influence the control of different phenotypes asso-
clated with E. coli virulence. These include colonization, motility,
and biofilm formation.

Impact of indole in E. coli virulence

Indole has been considered a QS signal in E. coli, since Wang et al.
(2001) described that indole activated the QS loci astCADBE, thaAB,
and gabDTP involved in the uptake, synthesis, and catabolism
of amino acids to generate pyruvate or succinate, providing en-
ergy to starving cells, and hypothesized that indole might be im-
portant for energy production in the stationary phase (Wang et
al. 2001). However, if it is a real QS signal remains unclear be-
cause of contradictory results found in the literature, which will
be explained in detail below (Sabag-Daigle et al. 2012, Kim and
Park 2015, Zarkan et al. 2020). Indole is produced from trypto-
phan degradation by the enzyme tryptophanase (TnaA). Previous
studies have reported an interaction between indole and SdiA in
controlling biofilm production, proposing that SdiA could act in
both intra- and inter-species communication (Martino et al. 2003,
Lee et al. 2009, Chu et al. 2012). It has been observed that indole
repressed biofilm formation in E. coli. Indeed, a study has sug-
gested that E. coli uses SdiA to monitor indole and AHLSs to control
biofilms without confirming whether indole binds itself to SdiA
(Lee et al. 2007). Since overexpression of sdiA led to a significant
decrease in tnaA expression together with reduced indole pro-
duction, a link between SdiA and indole was proposed (Lee et al.
2009). On the contrary, it has been described that indole promotes
biofilm formation in other pathogens such as P. aeruginosa or V.
cholerae, proposing a different regulation depending on the bacte-
rial species. Then, the influence of indole on E. coli via SdiA was
discarded, since the enhancement of E. coli growth in competition
assays between E. coli and P. aeruginosa through indole has been
attributed to the direct action of indole on P. aeruginosa (Chu et al.
2012). In agreement, the sdiA deletion itself showed a significant
effect on biofilm formation by E. coli. Although high indole concen-
trations can inhibit AHL activity in E. coli, the biofilm regulation by

indole is not SdiA-dependent, since SdiA is not able to respond to
indole (Sabag-Daigle et al. 2012). Indole has also been related to
the AI-2 system in E. coli, and it has been proposed as an important
signal for EHEC infections (Bansal et al. 2007). Y1iH (BssR) and YceP
(BssS) are proteins that repress E. coli motility, biofilm, and surface
coverage by E. coli (Domka et al. 2006). These proteins have also
been proposed to participate in the regulation of indole as well
as in the uptake and export of AI-2 through a cAMP-dependent
pathway (Domka et al. 2006). The latest findings indicate that the
presence of indole inhibits the folding of some proteins related
to QS, including LuxR regulators, and promotes protein degrada-
tion, reducing the stability of LuxR receptors (Kim and Park 2015).
Hence, the binding of AHLs to LuxR regulators, such as SdiA, can
prevent the effects of indole (Kim and Park 2015), supporting the
role of AHLs in SdiA stability as discussed above.

Recent articles using Citrobacter rodentium and EHEC have
described that exogenous indole is sensed by the CpxAR
two-component system, constituted by the membrane-bound
histidine-sensor-kinase CpxA and the response regulator CpxR
(Kumar and Sperandio 2019, Kumar et al. 2022) (Fig. 5). Pre-
viously, the CpxR/CpxA two-component system was related to
E. coli resistance to antimicrobial peptides, including protamine
(Weatherspoon-Griffin et al. 2014). CpxA autophosphorylates it-
self and phosphorylates the CpxR that activates LEE genes ex-
pression by binding a regulatory region of ler regulator (Kumar
et al. 2022) (Fig. 5). At physiological concentrations found in the
gastrointestinal tract, indole has been reported to inhibit the
CpxA/CpxR function. Thatis, CpxA acts as a phosphatase by sens-
ingindole, dephosphorylating itself and the regulator CpxR, which
results in blocking LEE genes expression, which is required to form
A/E lesions on enterocytes (Kumar and Sperandio 2019). In agree-
ment, indole at high concentrations (1.5 mM) represses LEE tran-
scription genes compared to low concentrations (50 uM) that pro-
mote LEE genes transcription (Platenkam and Mellies 2018). This
study has also reported a novel indole sensing regulator (isrR), pre-
viously known as ygeV, which is a predicted orphan regulator that
may act independently of CpxA (Kumar et al. 2022). In the absence
of endogenous indole, IsrR activates LEE genes together with the
characteristic pedestal-like structure formation by actin accumu-
lation that are involved in A/E lesions (Kumar et al. 2022). However,
IsrR-dependent LEE induction is inhibited in the presence of en-
dogenous indole (Kumar et al. 2022) (Fig. 5).

Although it has been described that the efflux of indole from
E. coli is mediated by the AcrEF pump and that the main pathway
for indole transport into the cell is via the Mtr permease (Wang
et al. 2001), Kumar et al. (2022) have hypothesized another work-
ing model of indole regulation in which exogenous indole diffuses
through the outer membrane and is sensed by CpxA. Exogenous
indole can reach the cytoplasm through diffusion and directly in-
teract with IstR. The indole produced by EHEC and the presence
of a pool of endogenous indole inhibit IstR activation of virulence
genes. In the absence of indole, IsrR acts as an activator of LEE
genes allowing IstR to fine-tune the expression of virulence genes
under variable indole conditions. Indole treatment also promoted
tnaA up-regulation (Kumar et al. 2022). Moreover, the CpxA/CpxR
two-component system is also stimulated by a number of signals,
including serotonin, high osmolarity, ethanol, n-butanol, copper,
alkaline pH, amino-glycoside antibiotics, membrane/periplasmic
protein, and phospholipid disruptions, among others (Platenkam
and Mellies 2018, Kumar et al. 2022). The search for an indole re-
ceptor was one of the crucial points for several authors to consider
indole as a QS signal. Although it was recently discovered, there
are still several doubts in the literature to consider indole not only
as an important signal involved in cellular metabolism but as a
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Figure 5. Schematic representation of the indole system that participates in inter-kingdom communication processes in E. coli. Indole is produced by
the tryptophanase enzyme (TnaA) from tryptophane. Exogenous indole, as well as several 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. However, IstR-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; however, it
is not known if this effect is mediated by the CpxA/R two-component system or via the IsrR regulator. Created with BioRender.com.

true QS signal. For instance, IstR only responds to endogenous in-
dole (Kumar et al. 2019). According to that, the accumulation of in-
dole in the external medium is less relevant, 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 thaA mutant that has lost the ability to produce indole
presented reduced survival and the addition of 1 mM indole was
not sufficient to restore long-term survival (Gaimster et al. 2014).
That study revealed that during the transition from exponential
to stationary phase, cells transiently experienced a very 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
ionophore-based mechanism 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-level signal (persistent) or a transient and high-level 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
etal. 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-

dio et al. 2001, Wang et al. 2001, Diggle et al. 2007, Defoirdt 2018).
Moreover, indole is accumulated at a much higher concentration
compared to other signals that mostly work at the micromolar
range for their physiological effect, questioning its role as a QS
signal (Kim and Park 2015). In addition, up to our knowledge, the
function of this compound in coordinated behaviour of a micro-
bial population has not been described (which are requirements
for a true QS signalling molecule). Wang et al. (2001) hypothesized
that it may act as an extra QS system involved in the stationary
phase. Nevertheless, these findings suggest that the functions of
indole as either a QS signal dependent on coordinated behaviours
or a metabolic signal still require further clarification.

To conclude, although indole plays a role in various bacterial
functions, such as biofilm formation, sporulation, plasmid sta-
bility, and antibiotic resistance (King and Park 2015), further re-
search is also required to enlighten if the role of indole in different
phenotypes, such as motility or biofilm formation is mediated via
IsTR or CpxA/CpxR system and to provide more knowledge about
the role of exogenous and endogenous indole regulation on E. coli
virulence.

Concluding remarks

QS enables bacteria to orchestrate collective behaviours, being a
key component of the global gene regulatory networks. In this re-
view, we have summarized the involvement of the different QS
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systems in E. coli pathogenesis and virulence. However, the inter-
connection among all the QS pathways and the specific role of
each circuit in the global QS network remains unclear. A com-
pletely different regulation of E. coli virulence has been observed
depending on AHLs, Al-2, Al-3 systems, or indole. Bacteria had to
develop several strategies to persist in environments inhabited by
many different organisms; therefore, inter-kingdom communica-
tion would appear as a necessity to perceive these environments,
adjusting their physiology accordingly. The presence of more than
one QS circuit may be the result of a long evolution that results in
the control of these delicately balanced interactions. Using multi-
ple QS circuits that converge to control several bacterial functions
would provide a fine-tuning, multiplying the possible QS input re-
sponses, and improving the monitoring of the environmental con-
ditions. Although the use of several signals would seem function-
ally redundant, these specific circuit arrangements could improve
the robustness of the QS system regulation, preventing signal per-
turbation. In E. coli, the different QS systems are interconnected,
possibly due to the necessity of a tight control of gene expression
mediated by each QS system. However, the function of each QS
circuit is hard to interpret since it is still unknown if Al or sig-
nals could be detected by all bacteria to use them as a signal, or
a cue, or if they are produced as a metabolite which takes part in
several metabolic pathways and only in a few cases act as true
QS signals. Thus, it is also complicated to determine which genes
changed their expression level as a result of a true communication
signal and which genes responded to metabolite concentrations
produced by other microorganisms. On the other hand, the high
emergence of antibiotic resistance requires the development of
new targets to reinforce novel therapeutic strategies to inhibit mi-
crobial pathogenicity. Due to the involvement of QS in virulence-
associated phenotypes of E. coli, the interference of QS circuits
has been proposed as an attractive target for developing anti-
pathogenic strategies to control E. coli pathogenic strains. Several
strategies can be developed to interfere with QS circuits, including
(i) interference of signal synthases, (ii) interception or degradation
of the signals by enzymes or chemical degradation, and (iii) chem-
ical inhibitors or antagonists that block or reduce receptor activ-
ity, which can or cannot be used synergistically with other anti-
virulence agents as an approach to control and prevent E. coli viru-
lence. Here, we report the impact of cell-to-cell signalling systems
in E. coli and the current knowledge of their role on different bio-
logical functions related to virulence and pathogenesis. Although
several QS inhibitors were reported as drug candidates, the knowl-
edge of the broad QS network in E. coli and all the components in-
volved, which we encompass in this review, will help to address
new drug strategies. QS signal synthases, autoinducers, regula-
tors, and other genes that participate in the AHL/SdiA, AI-2, AI-3,
and indole circuits appear to be attractive target candidates to in-
vestigate new anti-virulence strategies. However, further research
should take into account the relationship among the different QS
regulators in the same bacterial species to elucidate the specific
impact of each one and to complete the QS map in E. coli. In ad-
dition, several questions should be addressed, including (1) when
bacteria use one or another QS circuit; (2) how bacteria can switch
on their QS systems, taking into account the temporal regulation
of the Al signalling and the different regulation of phenotypes de-
pending on the QS signal; (3) why do bacteria prioritize one circuit
or another one to activate or inhibit target phenotypes?; (4) how
the circuits function—do they act in a concerted manner or do
they work independently?; (5) or what is the exact role of each QS
circuit in the global QS regulatory network—are one of them reg-
ulated by another one? Hence, investigation along these lines will

further advance our understanding of the complicated QS regu-
latory mechanisms in relevant pathogens such as E. coli and will
enable the knowledge of the sophisticated relationship between
bacteria and their hosts. Research is needed to understand these
complex communication processes, and it would help to develop
new anti-pathogenic strategies to target this intricate QS network
and control the virulence of this pathogen.
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