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Abstract
Interference with bacterial quorum sensing communication provides an anti-virulence strat-

egy to control pathogenic bacteria. Here, using the Enteropathogenic E. coli (EPEC) O103:

H2, we showed for the first time that thiophenone TF101 reduced expression of lsrB; the
gene encoding the AI-2 receptor. Combined results of transcriptional and phenotypic analy-

ses suggested that TF101 interfere with AI-2 signalling, possibly by competing with AI-2 for

binding to LsrB. This is supported by in silico docking prediction of thiophenone TF101 in

the LsrB pocket. Transcriptional analyses furthermore showed that thiophenone TF101

interfered with expression of the virulence genes eae and fimH. In addition, TF101 reduced

AI-2 induced E. coli adhesion to colorectal adenocarcinoma cells. TF101, on the other

hand, did not affect epinephrine or norepinephrine enhanced E. coli adhesion. Overall, our

results showed that thiophenone TF101 interfered with virulence expression in E. coli
O103:H2, suggestedly by interfering with AI-2 mediated quorum sensing. We thus conclude

that thiophenone TF101 might represent a promising future anti-virulence agent in the fight

against pathogenic E. coli.

Introduction
Bacteria communicate via signal molecules either produced by the bacteria themselves, by the
host organism or molecules in the environment. One such process of bacterial cell-cell signal-
ing is quorum sensing (QS), that enables bacteria to sense and respond according to cell popu-
lation density, and to regulate virulence gene expression [1, 2]. Interference with QS may
provide novel anti-virulence strategies to fight pathogenic bacteria [3]. The autoinducer-2 (AI-
2) QS molecule is one of the most extensively studied, and AI-2 has been recognized as an
intra- and inter-species communication signal. The AI-2 synthase, LuxS, is encoded by luxS
homologues found in several different bacterial species [4–6]. The substrate of LuxS is S-Ribo-
sylhomocysteine, which is cleaved to yield homocysteine and 4, 5-dihydroxy-2, 3- pentandione
(DPD). DPD cyclizes spontaneously to form AI-2 [7].
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In Escherichia coli, AI-2 binds the periplasmic receptor LsrB at the bacterial envelope [8, 9].
This initiates uptake of AI-2 via the AI-2 transporter formed by two transmembrane proteins,
LsrC and LsrD, and an ATPase, LsrA that provides energy to the AI-2 transport. Intracellular
AI-2 is phosphorylated by a kinase, LsrK. The lsr operon is repressed by the lsr repressor; LsrR.
Phosphorylated AI-2 inactivates LsrR resulting in transcription of lsr-regulated genes and sub-
sequent increased uptake of AI-2. Thus, AI-2 regulates its own uptake.

In E. coli, AI-2 regulates the virulence factors involved in biofilm formation and motility
[10]. Adhesion is a prerequisite for bacterial colonization of both abiotic and biotic surfaces
[11]. Studies have shown increasing adhesion of pathogenic E. coli to epithelial cells induced by
AI-2 signaling [12, 13].

In addition to AI-2, other autoinducers such as AI-3 have been identified in E. coli [14]. AI-
3 regulates gene expression through the two-component signaling system QseBC [14], with
QseB being the regulator and QseC the sensor kinase [15]. Homologues of QseC are found in
many important human and plant pathogens [16, 17], suggesting an important evolutionary
role. Prokaryotes and eukaryotes have coexisted for millions of years, and have consequently
co-evolved to sense and respond to each other`s signaling molecules [18]. E. coli responds to
hormones like epinephrine and norepinephrine through QseC located in the membrane [14,
19, 20]. QseC acts as an adrenergic receptor that activates virulence genes in response to inter-
kingdom cross signaling [16, 21]. Both epinephrine and norepinephrine have been shown to
enhance growth and virulence in E. coli [22], and to increase motility and adhesion to HeLa
cells by E. coli EHEC O157:H7 [23]. Because of the involvement of epinephrine and norepi-
nephrine in bacterial signaling, we assessed possible interference of thiophenone with this
signaling.

Several different chemical compounds have been identified as quorum sensing inhibitors
(QSI) e.g. halogenated furanones [24–27]. Furanones were isolated from the red macroalgae
Delisea pulchra and were discovered due to their capacity to inhibit bacterial growth and bio-
film formation [28] by interference with AI-2 signaling [29, 30]. Sulphur analogues of fura-
nones, thiophenones [31], have been shown to effectively inhibit biofilm formation in various
bacteria, including Staphylococcus epidermidis, E. coli and Vibrio harveyi [32–35], at non-toxic
concentrations [33].

We have previously shown that biofilm formation and motility in E. coli O103:H2 are
reduced by both furanone F202 [35, 36], and its sulfur analogue thiophenone TF101 [35], with
TF101 being the most efficacious [35]. Reduced motility by TF101 was explained by interfer-
ence with the flagella synthesis, through reduced expression of flagella genes (flhD) [35], genes
that are regulated by AI-2 [15].

This study aimed to elucidate the mechanisms of action of the quorum sensing inhibitor
TF101 in E. coli O103:H2. The hypothesis was that TF101 interferes with virulence factors such
as adhesion and biofilm formation regulated by AI-2, epinephrine or norepinephrine.

Materials and Methods

Thiophenone
Thiophenone TF101, (Z)-5-(bromomethylene) thiophen-2 (5H)-one (Fig 1), was synthesized
as reported previously [31]. Thiophenone was dissolved in 70% ethanol at 50 mM and stored
at −20°C.

AI-2
Synthetic DPD ((S)-4, 5-dihydroxy-2, 3-pentanedione, OMM Scientific Inc., TX, USA) was the
source of AI-2 used.
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Bacterial strains and culture media
Atypical enteropathogenic (aEPEC) Escherichia coli O103:H2 strain 2006-22-1153, isolated
from sheep was used as a model organism in this study (Table 1). The strain was verified and
characterized at the National Reference Laboratory at the Norwegian Veterinary Institute. E.
coli ABU83972 (OR: K5:H−, lsr−), originally isolated from a young Swedish girl [37], was
included in the biofilm assay. The strains were stored at -80°C in LB broth (Difco) supple-
mented with 15% glycerol, and recovered on LB agar plates (bacto-trypton 10 g/L, yeast extract
5 g/L, agar 15 g/L) at 37°C overnight. The bacterial cultures were transferred into LB broth and
incubated with shaking at 37°C for 5 h to obtain working cultures. For biofilm experiments, E.
coli O103:H2 was grown in LB without NaCl (bacto-trypton 10 g/L, yeast extract 5 g/L) [38],
hereafter called LBb, whereas E. coli ABU83972 was grown in LB broth (Difco). The differences
in the growth media used in the biofilm experiments are due to differences in the preferred
growth conditions in the two strains.

Fig 1. The chemical structure of (Z)-5-(bromomethylene)-thiophene-2(5H)-one (TF101).

doi:10.1371/journal.pone.0157334.g001

Table 1. Bacterial strains used in this study.

E. coli strain Characteristics Phenotype Reference

2006-22-1153 (1153) Enteropathogenic E. coli O103:H2 Stx1-, stx2-, eae+ [52]

83972 ABU isolate (OR:K5:H−) lsr - [37]

doi:10.1371/journal.pone.0157334.t001
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Sample preparation, RNA isolation and qPCR
Overnight culture of E. coli O103:H2 was diluted in LB broth to OD600 = 0.01, and incubated
with shaking at 37°C. When the culture reached OD600 = 0.5, 10 μMTF101, 10 μMAI-2, or
10 μMTF101 and 10 μMAI-2 in combination, was added. Bacteria in plain LB were included
as control. The cultures were allowed to grow, and pellets were collected every hour by centrifu-
gation (2000g x 4°C x 5min) and stored at– 80°C. Total RNA was isolated from harvested E.
coli using the High Pure RNA isolation kit (Roche Applied Science, Mannheim, Germany)
according to the manufacturer`s protocol. In addition to the DNase treatment included in the
RNA isolation protocol, an additional DNase treatment was performed using Turbo DNase
(Thermo Fisher Scientific Inc.). cDNA was synthetized using MMLV Reverse transcriptase 1st-
strand cDNA Synthesis Kit (Epicenter Biotechnologies) according to the manufacturer`s pro-
tocol. The primer pairs used are listed in Table 2. Real time reactions were performed using the
Thermo Scientific Maxima SYBR Green/ROX qPCRMaster Mix (ThermoScentific), and real-
time amplification was carried out using the Stratagene Mx3005 P Multiplex Quantitative PCR
systems (Stratagene, La Jolla, CA). The gradient thermocycling program was set for 40 cycles at
95°C for 15 s, 59°C for 30 s, and 72°C for 30 s, with an initial cycle at 95°C for 10 min. The data
were collected and analyzed by normalization against the housekeeping gene rpoA using the
MxPro software.

Protein ligand interaction in silico
The protein ligand binding of AI-2 and TF101 in LsrB (LsrB from Salmonella typhimurium;
PDB; http://www.rcsb.org/pdb/) [39] was predicted by using PyRx virtual screening tool (ver
0.9.2), followed by a visualization of the interaction using PyMol (ver 4.0).

Adherence to epithelial cells
The colorectal adenocarcinoma cell line Caco-2 was used as epithelial cells. The cells were
grown in RPMI- 1640 (Sigma-Aldrich) with 2 mM L-glutamine (Sigma-Aldrich), 10% FBS and
1% Antibiotic Antimitotic Solution (Sigma-Aldrich), in 5% CO2 at 37°C. Following trypsina-
tion, the cells were washed once in complete RPMI- 1640, and 1 mL seeded at a concentration
of 4 x 105 cells per mL in 24 well plates (Nunc, Thermo Fisher Scientific) and grown to
confluence.

E.coliO103:H2 incubated with aeration overnight in LBb medium was washed in PBS before
centrifugation (5000g x 4°C x 5 min). The bacteria were re-suspended in RPMI-1640 without
antibiotics and added to confluent Caco-2 cells in 24- well plates, to a multiplicity of infection
(MOI) of 40:1. TF101 was added (10 μM final concentration) to assess the effect of TF101 on
adhesion. Epinephrine (50 μM final concentration, Sigma-Aldrich, USA), norepinephrine
(50 μM final concentration, Sigma-Aldrich, USA), or AI-2 (10 μM final concentration) was

Table 2. Primers used in this study.

ILW009_fimH Forward 5`-atattgctgagtccacccgc-3`

ILW009_fimH Reverse 5`-ttgcgtccaagtaccaccag-3`

ILW004_rpoA Forward 5`-caaccattctggctgaacaa-3`

ILW004_rpoA Reverse 5`-gcggacagtcaattccagat-3

ILW001_lsrB Forward 5`-cggagtgccgctcttactac-3`

ILW001_lsrB Reverse 5`-gtaacggtggggcttgagta-3`

ILW010_eae Forward 5`-actgtggctcgatttgctga-3`

ILW010_eae Reverse 5`-ctccgattcctctggtgacg-3`

doi:10.1371/journal.pone.0157334.t002
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added in triplicate wells to assess their effect on adhesion. The plates were incubated for 4 h,
37°C. The cells were then washed twice with PBS to remove non-adherent E. coli and the Caco-
2 cells were lysed with 0.1% Triton-X100. The lysates were diluted and plated on LB agar plates
for CFU counts. Cells infected with bacteria without chemicals were included as negative con-
trol. To confirm that TF101 had no effect on receptors on the Caco-2 cells, the cells were
exposed to TF101 prior to the adhesion assay in separate experiments. Fresh RPMI medium
with TF101 (10 μM final concentration) was added to the cells. The cells were incubated at
37°C (5% CO2) for 60 minutes. The medium with TF101 was removed; the cells washed twice
with PBS to remove any remaining TF101, and fresh RPMI was added to each well. The bacte-
ria were added to the cells and adhesion was quantified as described above.

Potential bacterial invasion was assessed using gentamicin protection assay as previously
described [40], with some modifications. After the infection period described above, the Caco-
2 cells with adherent E. coli were washed twice with PBS and fresh RPMI with gentamycin (50
mg/ L) was added to the wells to kill extracellular bacteria. The MIC of gentamycin was deter-
mined as 6 mg/L prior to the invasion experiment. RPMI without antibiotics was added to con-
trol wells. After 1 h incubation, the wells were washed four times with PBS to remove antibiotic
residues. The cells were lysed by 0.1% Triton-X100. The lysates were serially diluted and plated
on LB plates as above for CFU count.

Scanning electron microscopy (SEM) was used to visualize adherent E. coli on Caco-2 cells.
Caco-2 cells were grown to confluence on polystyrene coverslips (Nunc Thermanox Coverslips,
Thermo Scientific, Rochester, NY) with adherent E. coli as described above. The samples were
fixed with 2.5% glutaraldehyde in 0.1 M Sørensen phosphate buffer and stored at 4°C until pro-
cessed and examined by SEM (model XL 30 ESEM, Philips, Eindhoven) as described previously
[30].

Cytotoxic effect of thiophenone
A possible cytotoxic effect of TF101 on Caco-2 cells was assessed by using the lactate dehydro-
genase (LDH) release assay (CytoTox 96 Non-Radioactive Cytotoxicity Assay kit; Promega,
Madison, WI). Caco-2 cells were cultured as described previously. A total of 50 000 cells/ mL
were seeded in flat-bottom 24-well polystyrene microtiter plates (Nunc) and grown to conflu-
ence. The growth media were discarded and the Caco-2 cells were exposed to different concen-
trations of thiophenone TF101 (0 μM, 2.5 μM, 5 μM, 10 μM or 50 μM final concentration)
dissolved in fresh RPMI. The cells were further incubated for 4 h, before the absorbance of the
supernatant was measured (490 nm) according to the manufacturer`s protocol using the Syn-
ergy HT Multi-Detection Microplate Reader (Biotek).

Biofilm formation
The effect of TF101 on biofilm formation by lsrB proficient (E. coli O103:H2, lsr+) and non-
proficient (E. coli ABU83972, lsr−) strains was assessed and compared. Overnight cultures in
LB medium were diluted 1:1000 in fresh LBb for E. coli O103:H2, and LB for E. coli ABU83972,
incubated with aeration at 37°C for 5 h and diluted 1:200 in the respective fresh media (OD600

= 0.02). To assess the effect on biofilm formation, TF101, AI-2, epinephrine or norepinephrine
was added to the bacterial suspensions of E. coli O103:H2 at final concentrations of 10 μM,
10 μM, 50 μM or 50 μM, respectively. In order to investigate possible interference of TF101
with the different signaling systems, 10 μM TF101 was added simultaneously with 10 μMAI-2,
and 50 μM of epinephrine or norepinephrine, in the biofilm assay.

The effect of TF101 and AI-2 on the ABU83972 (lsr−strain) was tested by adding TF101 to
the cultures at final concentrations of 5 μM, 10 μM or 50 μM, and AI-2 at a final concentration
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of 10 μM. Samples of 200 μL were added to flat-bottom, 96-well polystyrene microtiter plates
(Nunc, Thermo Fisher Scientific). The plates were incubated statically for 48 h at 20°C for E.
coli O103:H2 and overnight at 37°C for ABU83972, according to growth conditions required
by the respective strains. Biofilm quantity was assessed after removing the planktonic cells by
inverting the plates and washing the wells twice with 0.9% NaCl. Adherent cells were stained
with 0.1% safranin solution for 30 min, followed by washing at least three times with 0.9%
NaCl. The safranin stain was released with 30% acetic acid, and OD530 nm was measured (Syn-
ergy HT Multi-Detection Microtiterplate Reader, Biotek, VT). The assay was performed in six
parallels, and the experiment was repeated twice. The biofilm mass was calculated as % of
control.

Statistical analysis
All experiments were performed as minimum two independent experiments with at least three
parallels of each sample, using freshly prepared reagents. One-way ANOVA followed by Stu-
dent- Newman- Keuls method was used for the comparisons in the adhesion test and the bio-
film analysis involving the effect of TF101 and epinephrine/ nor-epinephrine, and the
differences in gene expression. The effect of AI-2 on biofilm formation was determined using
t-test. For all statistical analyses, the level of statistical significance was set at P< 0.05.

Results

Thiophenone interferes with AI-2 signaling
The possible interference of thiophenone with the AI-2 signaling system was investigated by
measuring expression of the lsrB gene, encoding the AI-2 binding receptor, using quantitative
real-time PCR (qPCR) with samples collected after 2 hours of exposure to AI-2, TF101 or AI-2
and TF101 in combination. Exposure of E. coli to 10 μMTF101, reduced expression of lsrB,
while addition of AI-2 gave a significantly increased expression of lsrB (P< 0.01). The increase
in gene expression in response to AI-2, was attenuated by TF101 (Fig 2a).

The binding affinity of TF101 to LsrB receptor was predicted using PyRx/Autodock Vina
software. The program predicted binding of TF101 binding sites in the AI-2 binding pocket of
the LsrB receptor from Salmonella (Fig 3). Pairwise amino acid alignment of lsrB from E. coli
and Salmonella are found in the supplementary material (S1 Fig). The predicted binding of AI-
2 was estimated to be -7.1 kcal/mol, while the binding affinity of TF101 was -4.2

kcal/mol.

Thiophenone TF101, AI-2, epinephrine and norepinephrine affect
adherence to epithelial cells
Adhesion of E. coli to epithelial surfaces is the first step in colonization; we therefore investi-
gated how thiophenone may interfere with AI-2 and inter-kingdom signaling molecules
involved in E. coli adhesion. E. coli exposed to 10 μMTF101 showed a 2.6 fold reduction in
adhesion, assessed by CFU compared to samples without TF101, while exposure to AI-2
increased adhesion 3.5 fold. Interestingly, TF101 attenuated the adhesion-enhancing effect of
AI-2, suggesting that TF101 interacted with AI-2 signaling (Fig 4a). Scanning electron micros-
copy images confirmed the reduced adhesion of E. coli O103:H2 to Caco-2 cells, when exposed
to TF101 compared to control (Fig 4b). The concentration of TF101 used did not affect plank-
tonic growth in RPMI medium (data not shown). In addition, there was no difference in bacte-
rial adhesion to Caco-2 cells when the cells were exposed to TF101 prior to the adhesion assay
(Fig 4c). To investigate whether difference in adhesion could be attributed to a cytotoxic effect
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Fig 2. The effect of TF101 or AI-2 on expression of lsrB, fimH and eae in E. coliO103:H2. (a) TF101
significantly reduced expression of lsrB, while AI-2 gave a significant increase in expression of lsrB. TF101
and AI-2 added simultaneously attenuated the increase in lsrB expression following AI-2 stimulation (b)
Expression of fimH and eaewas significantly decreased following exposure to TF101, while AI-2 gave a
significant increase in the expression of the same genes. (0 = control without exposure to TF101, AI-2 or
both, respectively). The data are presented as mean values ± SD (n = 6). *Significantly different from control
(P < 0.05).

doi:10.1371/journal.pone.0157334.g002

Fig 3. In silico interaction of TF101 and AI-2 with the LsrB receptor. In silico analyses predicted possible
protein ligand interaction of TF101 and the LsrB receptor, indicating that TF101 might act as a competitive
antagonist for the AI-2 receptor.

doi:10.1371/journal.pone.0157334.g003
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of TF101, cytotoxicity against Caco-2 cells was assessed by the LDH release assay. There was
no difference in LDH release from Caco-2 cells exposed to TF101 at concentrations from
10 μM and lower, indicating no cytotoxic effect against Caco-2 cells at these concentrations
(Fig 4d).

AI-2 has been shown to alter expression of genes encoding fimbria and flagella. We there-
fore investigated whether TF101 affected expression of the fimH and eae genes, encoding type
1 fimbria and intimin respectively. The fimH and eae genes showed significantly (P< 0.05)
reduced expression upon exposure to 10 μMTF101, while exposing E. coli to AI-2 led to
increased expression (P< 0.05) (Fig 2b).

To investigate whether TF101 also attenuated adhesion by other signaling molecules medi-
ating adhesion, exposure to the inter-kingdom signaling molecules epinephrine and norepi-
nephrine was performed. Epinephrine (50 μM), and norepinephrine (50 μM) increased
adhesion to Caco-2 cells by 2.1 and 2.2 fold respectively, however TF101 did not attenuate the
stimulatory effect on adhesion (Fig 4a).

The mean level of bacterial invasion in infected cells was close to nil (data not shown).
The effect of TF101, AI-2, epinephrine or norepinephrine on invasion was therefore not
investigated.

Fig 4. Adhesion of E. coliO103:H2 to Caco-2 cells. (a) Mean ± SD number of bacteria (n = 12) attached to
Caco-2 cells, relative to control (= 1 reference line). 10 μM TF101, 10 μMAI-2, 10 μMAI-2 + 10 μM TF101,
50 μM epinephrine (EPI), 50 μM epinephrine + 10 μMTF101, 50 μM norepinephrine (NE), or 50 μM
norepinephrine + 10 μM TF101 was added during the adhesion assay. *Significantly different from control,
P < 0.05. (b) SEM images of adherent E. coliO103:H2 on Caco-2 cells with or without addition of 10 μM
TF101. Scalebar, 20 μm. (c) Adhesion of E. coliO103:H2 to Caco-2 cells pre-exposed and non-pre-exposed
to TF101. The cells were exposed to 10 μMTF101 before the bacteria were added in order to test any
possible effect of TF101 on the cells. The effect of pre-exposure of TF101 is presented relative to non-pre-
exposed cells (indicated by the reference line = 1). The data are presented as mean values ± SD (n = 12). (d)
Cytotoxic effect of TF101 on Caco-2 cells. Release of lactate from Caco-2 cells exposed to 0 μM, 2.5 μM,
5 μM, 10 μM and 50 μMT101. The data are presented as mean values ± SD (n = 6).

doi:10.1371/journal.pone.0157334.g004
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Effect of AI-2, TF101, epinephrine and norepinephrine on biofilm
formation
TF101 reduced biofilm formation by E. coli O103:H2 significantly (P< 0.05) at 10 μM, while
AI-2 increased biofilm formations by 2.3 fold. By adding TF101 and AI-2 simultaneously,
TF101 attenuated the enhancing effect of AI-2 on biofilm formation (Fig 5a). Epinephrine and
norepinephrine increased biofilm formation by 2.5 and 2.7 fold, respectively, while TF101
diminished the stimulatory effect on biofilm formation (Fig 5a). Epinephrine and norepineph-
rine did not affect planktonic bacterial growth (S2 Fig). To further investigate the specificity of
TF101 interference with AI-2 signaling, the lsr negative strain E. coli ABU83972 was used. Bio-
film formation by this strain was unaffected by TF101 at 5 μm and 10 μm. However, 50 μm
TF101 significantly enhanced biofilm formation in this lsr negative E. coli strain (P< 0.05) (Fig
5b), while addition of AI-2 did not stimulate biofilm formation.

Discussion
In this study, we investigated how thiophenone TF101 interfered with AI-2 quorum sensing
mediated regulation of virulence in E. coli O103:H2 (EPEC). We furthermore explored how the
host-derived hormones, epinephrine and norepinephrine, affected adhesion and biofilm for-
mation alone and in combination with thiophenone.

The exact mechanism of action of TF101 in E. coli is still not fully elucidated, but the present
results give support to our hypothesis that TF101 interacts with the AI-2 controlled lsr operon
and possibly competes for the LsrB receptor. The effect of TF101 on lsrB expression was stud-
ied to determine whether TF101 interferes with AI-2 signaling. The expression of lsrB was sig-
nificantly reduced in response to TF101. The importance of AI-2 in the activation of lsr genes
was confirmed by the upregulation of lsrB in presence of AI-2. Reduced expression of lsrB
could consequently lead to a disruption in AI-2 internalization, resulting in down-regulation of
AI-2 regulated genes involved in virulence. By exposing the bacteria to TF101 and AI-2 simul-
taneously, we showed that the upregulation of lsrB in response to AI-2 was diminished.

The in silico AI-2 and TF101 docking results predicted binding of TF101 in the AI-2 binding
pocket of the LsrB receptor, suggesting that TF101 may act as a competitive antagonist for the
AI-2 receptor in E. coli. AI-2 activates transcription of the lsr operon after phosphorylated AI-2
interacts with LsrR, which then relieves its repression of the lsr operon. The present results sug-
gest that TF101 could act by distrupting AI-2 activity, and consequently inactivate the lsr
operon and reduce AI-2 internalisation.

TF101 has previously been shown to reduce expression of flhD [35], the master regulator of
flagella synthesis, which is regulated by AI-2 [29, 41]. TF101 has also been shown to decrease
the DNA- binding activity of the master regulator LuxR in V. harveyi [34]. To our knowledge,
our study is the first to show that TF101 interfered with expression of a gene that is directly reg-
ulated by AI-2 signalling. This further supports the hypothesis that TF101 may function
through interference with AI-2 mediated gene regulation. Consistent with this are the previous
reports showing that TF101 interfered with AI-2 induced bioluminescence in the marine path-
ogen Vibrio harveyi, and that TF101 does not interfere with AI-2 synthesis [34, 35]. Further to
test whether TF101 interferes with AI-2 signaling, we exposed E. coli simultaneously to TF101
and AI-2 and assessed subsequent adhesion to Caco-2 cells and biofilm formation. We found
that TF101 attenuated the enhancing effect of AI-2 on adhesion and biofilm formation, thus
supporting the assumption that TF101 interfered with AI-2 signaling and its ability to activate
genes involved in adhesion and biofilm formation. The in silico analysis predicted that TF101
migth bind to the LsrB receptor, and thus inhibit binding of AI-2. We thus propose that TF101
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could function as a competitive antagonist, preventing AI-2 internalization and lsr operon
activation.

Thiophenone TF101 reduces biofilm formation and motility in E. coli O103:H2 [35], possi-
bly by interacting with AI-2 and lsr activity. This hypothesis was further explored by assessing

Fig 5. Biofilm formation. (a) Relative effect of TF101, AI-2, epinephrine (EPI) or norepinephrine (NE) on
biofilm formation by E. coliO103:H2. 10 μMTF101, 10 μMAI-2, 10 μMAI-2 + 10 μM TF101, 50 μMEPI,
50 μMEPI + 10 μM TF101, 50 μMNE, or 50 μMNE + 10 μM TF101 was added during the biofilm assay. The
effect of the different chemicals is presented as relative to control value (reference line (= 1)). The data are
presented as mean values ± SD (n = 10). *Significantly different from control (P < 0.05). (b) Relative effect of
TF101 or AI-2 on biofilm formation by E. coli ABU 83972 (lsr-). In E. coli ABU83972, neither TF101 nor AI-2
affected biofilm formation, except at 50 μM TF101 which gave a significant increase. The effect of TF101 or
AI-2 on biofilm formation is presented as relative to control (= 1 reference line). The data are presented as
mean values ± SD (n = 10). *Significantly different from control (P < 0.05).

doi:10.1371/journal.pone.0157334.g005
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the effect of TF101 on biofilm formation in E. coli ABU83972, a recognized good biofilm for-
mer [42] lacking the lsr operon [43]. While E. coli ABU83972 did not respond to TF101 at con-
centration expected to reduce biofilm formation, our results also showed that AI-2 did not
stimulate biofilm formation in E. coli ABU 83972. Interestingly, 50 μM, a concentration that
normally is toxic to bacteria, resulted in increased biofilm. With the lack of lsr genes, E. coli
ABU 83972 appears to regulate biofilm formation in a non AI-2 dependent manner. Notably,
E. coli O103:H2 and ABU83972 required different experimental conditions to form biofilm.
Nevertheless, using two E. coli strains with different lsr status to study the effect of TF101,
could give some clues of the mechanism of action of TF101 and its possible interference with
AI-2 signaling in E. coli. As the results suggest that the lsr genes could be involved in the mech-
anism of action of TF101 in E. coli O103:H2, LsrB could be an attractive drug target.

Several studies have characterized different adhesion patterns of EPEC to epithelial cells
[44, 45]. According to the criteria stated in these reports we identify the adherence patterns of
E. coli O103:H2 in this study, as IS (isolated bacteria) pattern; few isolated individual bacteria
over the cells. (Fig 4b) [44]. The role of AI-2 mediated signaling in adhesion of E. coli to epithe-
lial cells, has previously been explored only briefly. Bansal et al showed that AI-2 increased
adhesion of E. coli O103:H2 EPEC strain to HeLa cells at concentrations of 100 and 500 μM
[46]. However, in our study we show that an AI-2 concentration of 10 μM significantly
increased adhesion to Caco-2 cells. Even though the cell line and media used in the two studies
were different, they both indicate that AI-2 may play an important role in regulating adhesion
to eukaryotic cells. We furthermore showed that the quorum sensing inhibitor (QSI) thiophe-
none TF101 significantly reduced the adhesion. To our knowledge, this is the first study to
show the effect of a QSI on E. coli adhesion to epithelial cells. The transcriptional analysis
showed decreased expression of fimH and eae, encoding the adhesion factors Type 1 fimbria
and intimin respectively, in response to TF101, and increased expression in response to AI-2.
Type 1 fimbria is a common adhesion factor found in both commensal- and pathogenic E. coli.
The most important adhesion factor in EPEC is intimin, an outer membrane protein, encoded
by the eae gene. Eae is found within the pathogenicity island LEE (locus of enterocyte efface-
ment). Intimin is responsible for early bacterial adhesion to eukaryotic cells. Tir (translocated
intimin receptor) acts as the receptor for intimin, and is translocated into the eukaryotic
plasma membrane via Type III secretion system (T3SS). The LEE- encoded Type III secretion
systems are key virulence factors of Gram negative enteric pathogens, and serve to inject bacte-
rial proteins directly into host cells. Altogether, these LEE-encoded factors contribute to the
characteristic attaching/effacing lesions (A/E lesions) in EPEC [47].

Our results indicate that decreased adhesion to Caco-2 cells following treatment with TF101
could be explained by a reduction in the production of adhesion factors such as intimin and
Type 1 fimbriae. The increase in gene expression of the adhesion factors after stimulation with
AI-2 also indicates that AI-2 is involved in the regulation of these virulence factors. Our results
are thus consistent with other studies reporting that several genes involved in flagellar and fim-
bria biosynthesis are upregulated in response to AI-2 [46, 48].

The cytotoxicity assay showed that TF101 at concentrations used in this study did not exert
cytotoxic effects on Caco-2 cells. Our findings are in line with results from a previous study,
showing that thiophenone TF101 at these concentrations did not affect human fibroblasts [33].
We furthermore tested whether the effect of TF101 on adhesion of E. coli to Caco-2 cells could
be explained by altered surface properties of the Caco-2 cells. We exposed the cells to TF101
prior to the adhesion assay. There was no difference in adhesive capacity of E. coli O103:H2
EPEC between samples with pre-treated- versus non-pre-treated Caco-2 cells. Hence, the
reduced adhesion related to TF101 could not be explained neither by cytotoxic effects of TF101
nor by alterations of the surface of the Caco-2 cells.
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The mechanism of action of TF101 is still not completely revealed. In order to study
whether TF101 interfered with other signaling pathways involved in regulation of virulence, we
chose epinephrine and norepinephrine due to their association with enhanced bacterial
growth, biofilm formation and adhesion [20, 23]. This study confirmed that E. coli O103:H2 is
able to sense epinephrine and norepinephrine, which could be the first step in a sequence of
events leading to infection. Several studies have suggested that epinephrine and norepinephrine
act as signaling molecules between the host and the bacteria [14, 49]. Our results showed that
epinephrine and norepinephrine increased adhesion to epithelial cells, and increased biofilm
formation by E. coliO103:H2. This is in agreement with several other studies on the regulation
of eukaryotic stress hormones in E. coli virulence and infection [16, 23, 50]. We added TF101
simultaneously with epinephrine or norepinephrine in order to test whether TF101 interfered
with their role as signal molecules. From our adhesion assay we showed that TF101 did not
interfere with host-bacteria interaction by interfering with epinephrine/norepinephrine. On
the other hand, in the biofilm assay we observed that TF101 attenuated the biofilm-enhancing
effect of epinephrine and norepinephrine. Biofilm formation and adhesion are two virulence
factors regulated by different mechanisms in E. coli. It is still unclear how epinephrine and nor-
epinephrine stimulate adhesion and biofilm formation. We could argue that the mechanisms
regulating adhesion and biofilm are different, and TF101 might interfere with these mecha-
nisms differently. None of these results give a strong indication that TF101 interfere with epi-
nephrine/norepinephrine signaling, however it does suggest TF101 as an effective biofilm
inhibitor able to attenuate the stimulating effect of epinephrine/norepinephrine and AI-2 sig-
naling. Conversely, from our results, we cannot exclude the possibility that the effect of TF101
may not be specific to AI-2 signaling, and that other unknown mechanisms can be involved.
This might be true especially for biofilm formation, but also for adhesion to epithelial cells.

Epinephrine and norepinephrine did not increase the growth rate of E. coli, a result that is
in contrast to prior reports [22, 51]. However, similar growth rates irrespective of epinephrine
or norepinephrine addition emphasize that the increase in adhesion and biofilm formation
cannot be explained by increased cell density due to increased bacterial growth. These results
may be important in order to reveal the regulation of adhesion and colonization of E. coli
O103:H2.

One of the challenges with using some bactericidal compounds for treating bacterial infec-
tions is lysis of the bacteria, and the concomitant release of toxins and pro-inflammatory medi-
ators, which may lead to tissue destruction and treatment failure. This highlights the need for
drugs that are effective without lysis of the bacteria. Thiophenone might be one such drug rep-
resenting a non-bactericidal anti-virulence agent, hence; endotoxins and other products will
not be released. Another important benefit of using non-bactericidal anti-virulence com-
pounds like TF101 is that it does not exert a strong selective pressure for the development of
resistance.

The pathogenicity of E. coli is a complex series of events including both bacterial quorum
sensing molecules and a cross talk communication with the host. The present study show that
TF101 interferes with E. coli O103:H2 virulence possibly by interfering with quorum sensing,
however, future studies with additional pathotypes and other bacterial species are warranted.
We propose that thiophenones represent promising anti-virulence agents in the fight against
pathogenic bacteria.

Supporting Information
S1 Fig. Pairwise alignment of the amino acid sequence of lsrB from Salmonella enterica
subsp.serovar enterica typhimurium and E. coliO103:H2 str.12009. The yellow marks

Thiophenone Interferes with AI-2 Signaling in E. coli

PLOSONE | DOI:10.1371/journal.pone.0157334 June 16, 2016 12 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0157334.s001


represent the amino acids in which AI-2 bind to in the binding pocket of the LsrB receptor.
(TIF)

S2 Fig. The effect of epinephrine and norepinephrine on planktonic growth. No significant
effect on planktonic growth was observed in response to epinephrine or norepinephrine.
(TIF)

Acknowledgments
The authors thank Dr. Victoria Hancock for providing us with the ABU83972 strain. We are
grateful to Espen Bækkevold at the Department of Pathology, University of Oslo for supply of
Caco-2 cells, and to Olav F. Scheurs and Gro Herredsvela Rørvik for technical assistance with
the cell culturing. Scanning electron microscopy was performed with the help of Steinar Stølen.

Author Contributions
Conceived and designed the experiments: ILW HVR AAS. Performed the experiments: ILW
HVR AAS. Analyzed the data: ILW AAS. Contributed reagents/materials/analysis tools: ILW
TB. Wrote the paper: ILW HVR AAS.

References
1. Miller MB, Bassler BL. Quorum sensing in bacteria. Annu Rev Microbiol. 2001; 55:165–99. Epub 2001/

09/07. doi: 10.1146/annurev.micro.55.1.165 PMID: 11544353.

2. Xue T, Zhao L, Sun H, Zhou X, Sun B. LsrR-binding site recognition and regulatory characteristics in
Escherichia coli AI-2 quorum sensing. Cell Res. 2009; 19(11):1258–68. Epub 2009/07/29. doi: 10.
1038/cr.2009.91 PMID: 19636340.

3. LaSarre B, Federle MJ. Exploiting quorum sensing to confuse bacterial pathogens. Microbiology and
molecular biology reviews: MMBR. 2013; 77(1):73–111. Epub 2013/03/09. doi: 10.1128/mmbr.00046-
12 PMID: 23471618; PubMed Central PMCID: PMCPMC3591984.

4. Bassler BL, Greenberg EP, Stevens AM. Cross-species induction of luminescence in the quorum-sens-
ing bacterium Vibrio harveyi. J Bacteriol. 1997; 179(12):4043–5. Epub 1997/06/01. PMID: 9190823;
PubMed Central PMCID: PMCPmc179216.

5. Surette MG, Miller MB, Bassler BL. Quorum sensing in Escherichia coli, Salmonella typhimurium, and
Vibrio harveyi: a new family of genes responsible for autoinducer production. Proc Natl Acad Sci U S A.
1999; 96(4):1639–44. Epub 1999/02/17. PMID: 9990077; PubMed Central PMCID: PMCPmc15544.

6. Bassler BL, Wright M, Silverman MR. Multiple signalling systems controlling expression of lumines-
cence in Vibrio harveyi: sequence and function of genes encoding a second sensory pathway. Molecu-
lar microbiology. 1994; 13(2):273–86. Epub 1994/07/01. PMID: 7984107.

7. Schauder S, Shokat K, Surette MG, Bassler BL. The LuxS family of bacterial autoinducers: biosynthe-
sis of a novel quorum-sensing signal molecule. Mol Microbiol. 2001; 41(2):463–76. Epub 2001/08/08.
PMID: 11489131.

8. Xavier KB, Bassler BL. Regulation of uptake and processing of the quorum-sensing autoinducer AI-2 in
Escherichia coli. Journal of bacteriology. 2005; 187(1):238–48. Epub 2004/12/17. PMID: 15601708;
PubMed Central PMCID: PMCPmc538819.

9. Pereira CS, Santos AJ, Bejerano-Sagie M, Correia PB, Marques JC, Xavier KB. Phosphoenolpyruvate
phosphotransferase system regulates detection and processing of the quorum sensing signal autoindu-
cer-2. Molecular microbiology. 2012; 84(1):93–104. Epub 2012/03/06. PMID: 22384939. doi: 10.1111/j.
1365-2958.2012.08010.x

10. Gonzalez Barrios AF, Zuo R, Hashimoto Y, Yang L, Bentley WE,Wood TK. Autoinducer 2 controls bio-
film formation in Escherichia coli through a novel motility quorum-sensing regulator (MqsR, B3022). J
Bacteriol. 2006; 188(1):305–16. Epub 2005/12/15. doi: 10.1128/jb.188.1.305-316.2006 PMID:
16352847; PubMed Central PMCID: PMCPMC1317603.

11. Kaper JB, Nataro JP, Mobley HLT. Pathogenic Escherichia coli. Nat Rev Micro. 2004; 2(2):123–40.

12. Sircili MP, Walters M, Trabulsi LR, Sperandio V. Modulation of enteropathogenic Escherichia coli viru-
lence by quorum sensing. Infection and immunity. 2004; 72(4):2329–37. Epub 2004/03/25. PMID:
15039358; PubMed Central PMCID: PMCPmc375187.

Thiophenone Interferes with AI-2 Signaling in E. coli

PLOSONE | DOI:10.1371/journal.pone.0157334 June 16, 2016 13 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0157334.s002
http://dx.doi.org/10.1146/annurev.micro.55.1.165
http://www.ncbi.nlm.nih.gov/pubmed/11544353
http://dx.doi.org/10.1038/cr.2009.91
http://dx.doi.org/10.1038/cr.2009.91
http://www.ncbi.nlm.nih.gov/pubmed/19636340
http://dx.doi.org/10.1128/mmbr.00046-12
http://dx.doi.org/10.1128/mmbr.00046-12
http://www.ncbi.nlm.nih.gov/pubmed/23471618
http://www.ncbi.nlm.nih.gov/pubmed/9190823
http://www.ncbi.nlm.nih.gov/pubmed/9990077
http://www.ncbi.nlm.nih.gov/pubmed/7984107
http://www.ncbi.nlm.nih.gov/pubmed/11489131
http://www.ncbi.nlm.nih.gov/pubmed/15601708
http://www.ncbi.nlm.nih.gov/pubmed/22384939
http://dx.doi.org/10.1111/j.1365-2958.2012.08010.x
http://dx.doi.org/10.1111/j.1365-2958.2012.08010.x
http://dx.doi.org/10.1128/jb.188.1.305-316.2006
http://www.ncbi.nlm.nih.gov/pubmed/16352847
http://www.ncbi.nlm.nih.gov/pubmed/15039358


13. Bansal T, Jesudhasan P, Pillai S, Wood TK, Jayaraman A. Temporal regulation of enterohemorrhagic
Escherichia coli virulence mediated by autoinducer-2. Applied microbiology and biotechnology. 2008;
78(5):811–9. Epub 2008/02/08. doi: 10.1007/s00253-008-1359-8 PMID: 18256823.

14. Sperandio V, Torres AG, Jarvis B, Nataro JP, Kaper JB. Bacteria-host communication: the language of
hormones. Proceedings of the National Academy of Sciences of the United States of America. 2003;
100(15):8951–6. Epub 2003/07/09. PMID: 12847292; PubMed Central PMCID: PMCPmc166419.

15. Sperandio V, Torres AG, Kaper JB. Quorum sensing Escherichia coli regulators B and C (QseBC): a
novel two-component regulatory system involved in the regulation of flagella and motility by quorum
sensing in E. coli. Mol Microbiol. 2002; 43(3):809–21. Epub 2002/04/04. PMID: 11929534.

16. Clarke MB, Hughes DT, Zhu C, Boedeker EC, Sperandio V. The QseC sensor kinase: a bacterial
adrenergic receptor. Proceedings of the National Academy of Sciences of the United States of America.
2006; 103(27):10420–5. Epub 2006/06/29. PMID: 16803956; PubMed Central PMCID:
PMCPmc1482837.

17. Rasko DA, Moreira CG, Li de R, Reading NC, Ritchie JM, Waldor MK, et al. Targeting QseC signaling
and virulence for antibiotic development. Science (New York, NY). 2008; 321(5892):1078–80. Epub
2008/08/23. PMID: 18719281; PubMed Central PMCID: PMCPmc2605406.

18. Karavolos MH, Winzer K, Williams P, Khan CM. Pathogen espionage: multiple bacterial adrenergic
sensors eavesdrop on host communication systems. Molecular microbiology. 2013; 87(3):455–65.
Epub 2012/12/13. PMID: 23231070. doi: 10.1111/mmi.12110

19. Freestone PP, Sandrini SM, Haigh RD, Lyte M. Microbial endocrinology: how stress influences suscep-
tibility to infection. Trends in microbiology. 2008; 16(2):55–64. Epub 2008/01/15. doi: 10.1016/j.tim.
2007.11.005 PMID: 18191570.

20. Pacheco AR, Sperandio V. Inter-kingdom signaling: chemical language between bacteria and host.
Current opinion in microbiology. 2009; 12(2):192–8. Epub 2009/03/26. doi: 10.1016/j.mib.2009.01.006
PMID: 19318290.

21. Kendall MM, Rasko DA, Sperandio V. Global effects of the cell-to-cell signaling molecules autoinducer-
2, autoinducer-3, and epinephrine in a luxSmutant of enterohemorrhagic Escherichia coli. Infection and
immunity. 2007; 75(10):4875–84. Epub 2007/07/20. PMID: 17635870; PubMed Central PMCID:
PMCPmc2044543.

22. Freestone PP, Haigh RD, Williams PH, Lyte M. Stimulation of bacterial growth by heat-stable, norepi-
nephrine-induced autoinducers. FEMSMicrobiol Lett. 1999; 172(1):53–60. Epub 1999/03/18. PMID:
10079527.

23. Bansal T, Englert D, Lee J, Hegde M, Wood TK, Jayaraman A. Differential effects of epinephrine, nor-
epinephrine, and indole on Escherichia coliO157:H7 chemotaxis, colonization, and gene expression.
Infection and immunity. 2007; 75(9):4597–607. Epub 2007/06/27. PMID: 17591798; PubMed Central
PMCID: PMCPmc1951185.

24. Vattem DA, Mihalik K, Crixell SH, McLean RJ. Dietary phytochemicals as quorum sensing inhibitors.
Fitoterapia. 2007; 78(4):302–10. Epub 2007/05/15. doi: 10.1016/j.fitote.2007.03.009 PMID: 17499938.

25. Lee KM, Lim J, Nam S, Yoon MY, Kwon YK, Jung BY, et al. Inhibitory effects of broccoli extract on
Escherichia coliO157:H7 quorum sensing and in vivo virulence. FEMSmicrobiology letters. 2011; 321
(1):67–74. Epub 2011/05/20. doi: 10.1111/j.1574-6968.2011.02311.x PMID: 21592195.

26. Jakobsen TH, van Gennip M, Phipps RK, ShanmughamMS, Christensen LD, Alhede M, et al. Ajoene,
a sulfur-rich molecule from garlic, inhibits genes controlled by quorum sensing. Antimicrob Agents Che-
mother. 2012; 56(5):2314–25. Epub 2012/02/09. doi: 10.1128/aac.05919-11 PMID: 22314537;
PubMed Central PMCID: PMC3346669.

27. Ren D, Sims JJ, Wood TK. Inhibition of biofilm formation and swarming of Escherichia coli by (5Z)-4-
bromo-5-(bromomethylene)-3-butyl-2(5H)-furanone. Environ Microbiol. 2001; 3(11):731–6. Epub 2002/
02/16. PMID: 11846763.

28. Kjelleberg S, Steinberg P. Surface warfare in the sea. Microbiology today. 2001; 28:134–5.

29. Ren D, Bedzyk LA, Ye RW, Thomas SM, Wood TK. Differential gene expression shows natural bromi-
nated furanones interfere with the autoinducer-2 bacterial signaling system of Escherichia coli. Biotech-
nol Bioeng. 2004; 88(5):630–42. Epub 2004/10/08. doi: 10.1002/bit.20259 PMID: 15470704.

30. Lonn-Stensrud J, Petersen FC, Benneche T, Scheie AA. Synthetic bromated furanone inhibits autoin-
ducer-2-mediated communication and biofilm formation in oral streptococci. Oral Microbiol Immunol.
2007; 22(5):340–6. Epub 2007/09/07. doi: 10.1111/j.1399-302X.2007.00367.x PMID: 17803632.

31. Benneche T, Herstad G, Rosenberg M, Assev S, Scheie AA. Facile synthesis of 5-(alkylidene)thio-
phen-2(5H)-ones. A new class of antimicrobial agents. RSC Advances. 2011; 1(2):323–32.

32. Lönn-Stensrud J, Benneche T, Scheie AA. Furanone and Thiophenone in Control of Staphylococcus
epidermidis Biofilm Infection? In: Mendez-Vilas A, editor. Science and Technology against Microbial

Thiophenone Interferes with AI-2 Signaling in E. coli

PLOSONE | DOI:10.1371/journal.pone.0157334 June 16, 2016 14 / 16

http://dx.doi.org/10.1007/s00253-008-1359-8
http://www.ncbi.nlm.nih.gov/pubmed/18256823
http://www.ncbi.nlm.nih.gov/pubmed/12847292
http://www.ncbi.nlm.nih.gov/pubmed/11929534
http://www.ncbi.nlm.nih.gov/pubmed/16803956
http://www.ncbi.nlm.nih.gov/pubmed/18719281
http://www.ncbi.nlm.nih.gov/pubmed/23231070
http://dx.doi.org/10.1111/mmi.12110
http://dx.doi.org/10.1016/j.tim.2007.11.005
http://dx.doi.org/10.1016/j.tim.2007.11.005
http://www.ncbi.nlm.nih.gov/pubmed/18191570
http://dx.doi.org/10.1016/j.mib.2009.01.006
http://www.ncbi.nlm.nih.gov/pubmed/19318290
http://www.ncbi.nlm.nih.gov/pubmed/17635870
http://www.ncbi.nlm.nih.gov/pubmed/10079527
http://www.ncbi.nlm.nih.gov/pubmed/17591798
http://dx.doi.org/10.1016/j.fitote.2007.03.009
http://www.ncbi.nlm.nih.gov/pubmed/17499938
http://dx.doi.org/10.1111/j.1574-6968.2011.02311.x
http://www.ncbi.nlm.nih.gov/pubmed/21592195
http://dx.doi.org/10.1128/aac.05919-11
http://www.ncbi.nlm.nih.gov/pubmed/22314537
http://www.ncbi.nlm.nih.gov/pubmed/11846763
http://dx.doi.org/10.1002/bit.20259
http://www.ncbi.nlm.nih.gov/pubmed/15470704
http://dx.doi.org/10.1111/j.1399-302X.2007.00367.x
http://www.ncbi.nlm.nih.gov/pubmed/17803632


Pathogens Research, Development and Evaluation. Research, development, and evaluation. Proceed-
ings of the International Conference on Antimicrobial Research (ICAR 2010). World Scientific Publish-
ing Co. Pte. Ltd; 2010. p. 155–9.

33. Lönn-Stensrud J, Naemi AO, Benneche T, Petersen FC, Scheie AA. Thiophenones inhibit Staphylo-
coccus epidermidis biofilm formation at nontoxic concentrations. FEMS immunology and medical
microbiology. 2012; 65(2):326–34. Epub 2012/03/27. PMID: 22443118. doi: 10.1111/j.1574-695X.
2012.00964.x

34. Defoirdt T, Benneche T, Brackman G, Coenye T, Sorgeloos P, Scheie AA. A quorum sensing-disrupt-
ing brominated thiophenone with a promising therapeutic potential to treat luminescent vibriosis. PLoS
One. 2012; 7(7):e41788. Epub 2012/08/01. doi: 10.1371/journal.pone.0041788 PMID: 22848604;
PubMed Central PMCID: PMCPMC3404956.

35. Witsø IL, Benneche T, Vestby LK, Nesse LL, Lönn-Stensrud J, Scheie AA. Thiophenone and furanone
in control of Escherichia coliO103:H2 virulence. Pathogens and Disease. 2014; 70(3):297–306. doi:
10.1111/2049-632X.12128 PMID: 24391047

36. Vestby LK, Johannesen KC, Witso IL, Habimana O, Scheie AA, Urdahl AM, et al. Synthetic brominated
furanone F202 prevents biofilm formation by potentially human pathogenic Escherichia coli O103:H2
and Salmonella ser. Agona on abiotic surfaces. J Appl Microbiol. 2013. doi: 10.1111/jam.12355 PMID:
24118802.

37. Andersson P, Engberg I, Lidin-Janson G, Lincoln K, Hull R, Hull S, et al. Persistence of Escherichia coli
bacteriuria is not determined by bacterial adherence. Infect Immun. 1991; 59(9):2915–21. Epub 1991/
09/01. PMID: 1879917; PubMed Central PMCID: PMCPMC258113.

38. Nesse LL, Sekse C, Berg K, Johannesen KC, Solheim H, Vestby LK, et al. Potentially pathogenic
Escherichia coli can form a biofilm under conditions relevant to the food production chain. Applied and
environmental microbiology. 2014; 80(7):2042–9. Epub 2013/12/24. doi: 10.1128/aem.03331-13
PMID: 24362422; PubMed Central PMCID: PMCPmc3993160.

39. Miller ST, Xavier KB, Campagna SR, Taga ME, Semmelhack MF, Bassler BL, et al. Salmonella typhi-
muriumRecognizes a Chemically Distinct Form of the Bacterial Quorum-Sensing Signal AI-2. Molecu-
lar Cell. 2004; 15(5):677–87. doi: 10.1016/j.molcel.2004.07.020 PMID: 15350213

40. Elhadidy M, MohammedM. Interaction of different Shiga toxin-producing Escherichia coli serotypes
with Caco-2 cells. Foodborne pathogens and disease. 2014; 11(11):874–80. Epub 2014/09/04. doi: 10.
1089/fpd.2014.1780 PMID: 25184783.

41. Sperandio V, Torres AG, Giron JA, Kaper JB. Quorum sensing is a global regulatory mechanism in
enterohemorrhagic Escherichia coli O157:H7. J Bacteriol. 2001; 183(17):5187–97. Epub 2001/08/08.
PMID: 11489873; PubMed Central PMCID: PMCPMC95396.

42. Hancock V, Ferrieres L, Klemm P. Biofilm formation by asymptomatic and virulent urinary tract infec-
tious Escherichia coli strains. FEMSMicrobiol Lett. 2007; 267(1):30–7. Epub 2006/12/15. doi: 10.1111/
j.1574-6968.2006.00507.x PMID: 17166230.

43. Brito PH, Rocha EP, Xavier KB, Gordo I. Natural genome diversity of AI-2 quorum sensing in Escheri-
chia coli: conserved signal production but labile signal reception. Genome biology and evolution. 2013;
5(1):16–30. Epub 2012/12/19. PMID: 23246794; PubMed Central PMCID: PMCPmc3595036. doi: 10.
1093/gbe/evs122

44. Vieira MA, Andrade JR, Trabulsi LR, Rosa AC, Dias AM, Ramos SR, et al. Phenotypic and genotypic
characteristics of Escherichia coli strains of non-enteropathogenic E. coli (EPEC) serogroups that carry
EAE and lack the EPEC adherence factor and Shiga toxin DNA probe sequences. The Journal of infec-
tious diseases. 2001; 183(5):762–72. Epub 2001/02/22. doi: 10.1086/318821 PMID: 11181153.

45. Hernandes RT, Elias WP, Vieira MA, Gomes TA. An overview of atypical enteropathogenic Escherichia
coli. FEMSmicrobiology letters. 2009; 297(2):137–49. Epub 2009/06/17. doi: 10.1111/j.1574-6968.
2009.01664.x PMID: 19527295.

46. Bansal T, Jesudhasan P, Pillai S, Wood TK, Jayaraman A. Temporal regulation of enterohemorrhagic
Escherichia coli virulence mediated by autoinducer-2. Applied microbiology and biotechnology. 2008;
78(5):811–9. doi: 10.1007/s00253-008-1359-8 PMID: 18256823

47. Stevens MP, Frankel GM. The Locus of Enterocyte Effacement and Associated Virulence Factors of
Enterohemorrhagic Escherichia coli. Microbiology Spectrum. 2014; 2(4). doi: 10.1128/microbiolspec.
EHEC-0007-2013

48. Sperandio V, Mellies JL, NguyenW, Shin S, Kaper JB. Quorum sensing controls expression of the type
III secretion gene transcription and protein secretion in enterohemorrhagic and enteropathogenic
Escherichia coli. Proceedings of the National Academy of Sciences of the United States of America.
1999; 96(26):15196–201. Epub 1999/12/28. PMID: 10611361; PubMed Central PMCID:
PMCPmc24796.

Thiophenone Interferes with AI-2 Signaling in E. coli

PLOSONE | DOI:10.1371/journal.pone.0157334 June 16, 2016 15 / 16

http://www.ncbi.nlm.nih.gov/pubmed/22443118
http://dx.doi.org/10.1111/j.1574-695X.2012.00964.x
http://dx.doi.org/10.1111/j.1574-695X.2012.00964.x
http://dx.doi.org/10.1371/journal.pone.0041788
http://www.ncbi.nlm.nih.gov/pubmed/22848604
http://dx.doi.org/10.1111/2049-632X.12128
http://www.ncbi.nlm.nih.gov/pubmed/24391047
http://dx.doi.org/10.1111/jam.12355
http://www.ncbi.nlm.nih.gov/pubmed/24118802
http://www.ncbi.nlm.nih.gov/pubmed/1879917
http://dx.doi.org/10.1128/aem.03331-13
http://www.ncbi.nlm.nih.gov/pubmed/24362422
http://dx.doi.org/10.1016/j.molcel.2004.07.020
http://www.ncbi.nlm.nih.gov/pubmed/15350213
http://dx.doi.org/10.1089/fpd.2014.1780
http://dx.doi.org/10.1089/fpd.2014.1780
http://www.ncbi.nlm.nih.gov/pubmed/25184783
http://www.ncbi.nlm.nih.gov/pubmed/11489873
http://dx.doi.org/10.1111/j.1574-6968.2006.00507.x
http://dx.doi.org/10.1111/j.1574-6968.2006.00507.x
http://www.ncbi.nlm.nih.gov/pubmed/17166230
http://www.ncbi.nlm.nih.gov/pubmed/23246794
http://dx.doi.org/10.1093/gbe/evs122
http://dx.doi.org/10.1093/gbe/evs122
http://dx.doi.org/10.1086/318821
http://www.ncbi.nlm.nih.gov/pubmed/11181153
http://dx.doi.org/10.1111/j.1574-6968.2009.01664.x
http://dx.doi.org/10.1111/j.1574-6968.2009.01664.x
http://www.ncbi.nlm.nih.gov/pubmed/19527295
http://dx.doi.org/10.1007/s00253-008-1359-8
http://www.ncbi.nlm.nih.gov/pubmed/18256823
http://dx.doi.org/10.1128/microbiolspec.EHEC-0007-2013
http://dx.doi.org/10.1128/microbiolspec.EHEC-0007-2013
http://www.ncbi.nlm.nih.gov/pubmed/10611361


49. Hughes DT, Clarke MB, Yamamoto K, Rasko DA, Sperandio V. The QseC adrenergic signaling cas-
cade in Enterohemorrhagic E. coli (EHEC). PLoS pathogens. 2009; 5(8):e1000553. Epub 2009/08/22.
doi: 10.1371/journal.ppat.1000553 PMID: 19696934; PubMed Central PMCID: PMCPmc2726761.

50. Yang K, Meng J, Huang YC, Ye LH, Li GJ, Huang J, et al. The role of the QseC quorum-sensing sensor
kinase in epinephrine-enhanced motility and biofilm formation by Escherichia coli. Cell biochemistry
and biophysics. 2014; 70(1):391–8. Epub 2014/03/29. PMID: 24676679. doi: 10.1007/s12013-014-
9924-5

51. Freestone PP, Williams PH, Haigh RD, Maggs AF, Neal CP, Lyte M. Growth Stimulation of Intestinal
Commensal Escherichia coli by Catecholamines: A Possible Contributory Factor in Trauma-Induced
Sepsis. Shock. 2002; 18(5):465–70. 00024382-200211000-00014. PMID: 12412628

52. Sekse C, Sunde M, Hopp P, Bruheim T, Cudjoe KS, Kvitle B, et al. Occurrence of potentially human-
pathogenic Escherichia coli O103 in Norwegian sheep. Applied and environmental microbiology. 2013;
79(23):7502–9. Epub 2013/10/01. doi: 10.1128/AEM.01825-13 PMID: 24077709; PubMed Central
PMCID: PMC3837766.

Thiophenone Interferes with AI-2 Signaling in E. coli

PLOSONE | DOI:10.1371/journal.pone.0157334 June 16, 2016 16 / 16

http://dx.doi.org/10.1371/journal.ppat.1000553
http://www.ncbi.nlm.nih.gov/pubmed/19696934
http://www.ncbi.nlm.nih.gov/pubmed/24676679
http://dx.doi.org/10.1007/s12013-014-9924-5
http://dx.doi.org/10.1007/s12013-014-9924-5
http://www.ncbi.nlm.nih.gov/pubmed/12412628
http://dx.doi.org/10.1128/AEM.01825-13
http://www.ncbi.nlm.nih.gov/pubmed/24077709

