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ABSTRACT
The ability of the bacterial pathogen Pseudomonas aeruginosa to cause both chronic and acute
infections mainly relies on its capacity to finely modulate the expression of virulence factors
through a complex network of regulatory circuits, including the pqs quorum sensing (QS) system.
While in most QS systems the signal molecule/receptor complexes act as global regulators that
modulate the expression of QS-controlled genes, the main effector protein of the pqs system is
PqsE. This protein is involved in the synthesis of the QS signal molecules 2-alkyl-4(1H)-quinolones
(AQs), but it also modulates the expression of genes involved in virulence factors production and
biofilm formation via AQ-independent pathway(s). P. aeruginosa pqsE mutants disclose attenuated
virulence in plant and animal infection models, hence PqsE is considered a good target for the
development of antivirulence drugs against P. aeruginosa.

In this study, the negative regulation exerted by PqsE on its own transcription has been
exploited to develop a screening system for the identification of PqsE inhibitors in a library of
FDA-approved drugs. This led to the identification of nitrofurazone and erythromycin estolate,
two antibiotic compounds that reduce the expression of PqsE-dependent virulence traits and
biofilm formation in the model strain P. aeruginosa PAO1 at concentrations far below those
affecting the bacterial growth rate. Notably, both drugs reduce the production of the PqsE-
controlled virulence factor pyocyanin also in P. aeruginosa strains isolated from cystic fibrosis
patients, and do not antagonize the activity of antibiotics commonly used to treat P. aeruginosa
infection.
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Introduction

The spread of antibiotic resistance in bacterial patho-
gens is increasing at an unprecedented pace. While the
mortality due to antibiotic-resistant infections rises
worldwide, the antibiotic discovery pipeline is running
dry, with few approvals of new antibiotics for human
therapy in the last decades [1]. Consequently, new
antibacterial agents active against antibiotic-resistant
pathogens are urgently needed. However, traditional
antibiotic research programs seem unable to cope
with the rapid spread of antibiotic resistance, mainly
due to the high costs and long times required for de
novo drug-discovery [2–4].

In the last years, the repurposing of “old” drugs for
new clinical applications has become a major research
area in drug discovery. In principle, the identification
of off-target activity in drugs already approved for their
use in humans allows fast and cost-effective selection of

safe drugs with high potential for seamless adoption
into the clinical practice [5,6]. The search for drugs
targeting the growth and/or viability of bacterial patho-
gens remains a primary goal, but additional approaches
to combat bacterial infections should be pursued in
parallel. In this context, a promising antibacterial strat-
egy aims at identifying molecules targeting bacterial
virulence rather than bacterial growth or viability. The
antivirulence approach has been boosted by increased
knowledge on bacterial pathobiology, and it is expected
to reduce bacterial adaptability to the host environment
while posing a reduced selective pressure for the emer-
gence of resistance relative to antibiotics. Moreover, by
inhibiting pathogen-specific targets, antivirulence drugs
could be endowed with limited adverse effects on the
host microbiota [7–9].

The versatile Gram-negative bacterium Pseudomonas
aeruginosa is able to colonize a variety of harsh environ-
ments, including polluted soil and marine habitats, plants
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and mammalian tissues [10]. As a human pathogen,
P. aeruginosa has evolved a number of mechanisms for
adaptation and survival within the host, including intrin-
sic and acquired resistance to multiple classes of antibio-
tics [10,11]. In particular, antibiotic-resistant biofilms are
a major cause of hard to treat P. aeruginosa infections,
mainly in healthcare settings, and the leading cause of
morbidity and mortality in cystic fibrosis (CF) patients.
CF is a genetic disease affecting ca. 1/3,000 newborns in
the Caucasian population [12,13]. For these reasons,
P. aeruginosa is included in the priority list of pathogens
for which new antimicrobial therapies are urgently
needed (Priority 1: Critical; http://www.who.int/en/news-
room/detail/27-02-2017-who-publishes-list-of-bacteria-
for-which-new-antibiotics-are-urgently-needed).

P. aeruginosa produces an array of toxic metabolites
and enzymes, and different macromolecules contributing
to the biofilm matrix [10]. Numerous efflux pumps and
secretion systems contribute to the dangerous armament
of this tough microorganism [14,15]. Finally, multiple
interwoven global regulatory systems coordinate the
expression of P. aeruginosa virulent phenotypes in
response to population density and environmental cues
[16,17]. Indeed, P. aeruginosa ability to colonize different
human tissues, and to resist to the immune system and
to antibiotics mainly relies on its capacity to finely mod-
ulate the expression of multiple virulence factors and to
form biofilms [18,19]. For these reasons, P. aeruginosa
global regulatory systems, including the quorum sensing
(QS) circuits, are considered valuable targets for the
development of antivirulence drugs [9,20,21].

P. aeruginosa has three major QS systems, namely the
las, rhl and pqs systems. The las and rhl QS systems are
based on acyl-homoserine lactones (AHLs), while the pqs
QS system is based on 2-alkyl-4(1H)-quinolones (AQs) as
signal molecules [19,22]. P. aeruginosa QS-deficient
mutants display attenuated virulence in different animal
models of infection, and for this reason QS is considered
a good target for the development of P. aeruginosa anti-
virulence drugs [16,20,21,23]. However, the use of QS
inhibitors for CF therapy is debated, mainly as
a consequence of frequent isolation of P. aeruginosa
mutants inactivated in the lasQS system from CF patients
with late chronic infection [24–27]. Conversely, the high-
est proportion of P. aeruginosa strains isolated from CF
patients are AQ-producers [28,29], and AQ levels corre-
late with the clinical status of CF patients infected by
P. aeruginosa [30], indicating that the pqs QS system
could be a suitable target for innovative CF therapies.

The main AQ signal molecules of P. aeruginosa are
2-heptyl-3-hydroxy-4(1H)-quinolone (PQS) and its pre-
cursor 2-heptyl-4-hydroxyquinoline (HHQ). AQs pro-
duction increases during bacterial growth, and when

the level of these molecules in the environment reaches
a threshold concentration, corresponding to the
“quorum” cell density, either HHQ or PQS signal mole-
cules bind to and activate the transcriptional regulator
PqsR (also known as MvfR). The PqsR/AQ complex
activates the transcription of the pqsABCDE-phnAB
operon, coding for the enzymes required for the synth-
esis of HHQ, hence triggering the positive feedback loop
typical of all QS systems. The pqsH gene codes for the
PqsH enzyme required to convert HHQ to PQS [31–33].
While in the majority of bacterial QS systems the signal
molecule/receptor complex acts as a global regulator to
modulate the expression of QS genes, the main effector
protein of the pqs system is PqsE rather than the PqsR/
AQ complex. Indeed, data produced in our laboratory
indicate that the main physiological role of the PqsR/AQ
complex is to trigger transcription of the pqsABCDE-
phnAB operon, ultimately resulting in increased produc-
tion of HHQ and expression of PqsE, a thioesterase
coded by the fifth gene of the pqsABCDE-phnAB operon
[34]. PqsE is involved in AQ synthesis by converting
2-aminobenzoylacetyl-CoA into 2-aminobenzoylacetate
[33], that is in turn condensed with octanoyl-coenzyme
A by the PqsBC heterodimer to form HHQ [31].
However, pqsE inactivation does not significantly affect
AQs biosynthesis [35,36], likely because PqsE thioester-
ase activity can be provided by alternative enzymes [33].
Intriguingly, PqsE controls the transcription of more
than 140 genes, including key virulence genes, e.g.
genes required for pyocyanin and rhamnolipids produc-
tion, and genes involved in swarming motility and bio-
film formation, via a still poorly understood pathway
that is both PqsR- and AQs-independent [34–41].
Accordingly, P. aeruginosa pqsE mutants are impaired
in biofilm formation and display reduced virulence in
plant and animal models of infection [35,36,40]. Since
PqsE expression requires the PqsR/AQs complex, PqsR-
inhibitors have been shown to attenuate P. aeruginosa
virulence both in vitro and in animal models of infection
[42–52], and some of these inhibitors potentiate the
effect of antibiotics used in CF therapy both in vitro
and in murine models of infection [46,48]. To the best
of our knowledge, only one PqsE inhibitor has been
described so far. This molecule hampers PqsE thioester-
ase activity, but it does not affect PqsE ability to control
the expression of virulence factors [39].

Interestingly, PqsE regulates its own expression.
Indeed, the activity of the pqsABCDE-phnAB promoter
PpqsA increases in the absence of PqsE, and is abro-
gated in a P. aeruginosa pqsE-overexpressing strain,
suggesting that the PqsE protein directly or indirectly
represses the pqsABCDE-phnAB operon [35,36]. In
this study, the PqsE-dependent negative feedback
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loop has been exploited to develop a high-throughput
screening system for the identification of molecules
targeting PqsE activity. The screening system was vali-
dated by screening a library of 1,600 FDA-approved
drugs, leading to the identification of anti-PqsE activ-
ity in nitrofurazone and erythromycin estolate.
Although endowed with antibacterial properties, both
compounds displayed antivirulence activity at concen-
trations far below those inhibiting P. aeruginosa
growth. The effect of both drugs on the expression of
P. aeruginosa virulence phenotypes, on biofilm forma-
tion and on the susceptibility to antibiotics currently
used to treat P. aeruginosa infection has been investi-
gated, as well as their activity against P. aeruginosa CF
isolates. Beside their possible development as antiviru-
lence agents, the new PqsE inhibitors identified in this
study could facilitate future understanding of the
molecular mechanism underlying PqsE-dependent
control of virulence traits in P. aeruginosa.

Materials and methods

Bacterial strains, media and chemicals

The bacterial strains and plasmids used in this study are
listed in Table S1 and Table S2, respectively. Escherichia
coli DH5αF’ [53] was used for plasmid DNA amplifica-
tion. Plasmids purification from E. coli and transforma-
tion into P. aeruginosa were performed with standard
procedures [54].

All E. coli and P. aeruginosa strains were routinely
grown at 37°C in Lysogeny Broth (LB) [54] with aeration.
For some experiments, P. aeruginosa was grown in M9
minimal medium supplemented with 20 mM glucose as
sole carbon source (M9-Glu) [54] or in BBL Mueller
Hinton II Broth (Cation-Adjusted) medium (MHB,
Becton Dickinson). The following antibiotics were added
when required: 100 µg/mL ampicillin (Ap), for E. coli;
400 µg/mL carbenicillin (Cb) or 200 µg/mL tetracycline
(Tc), for P. aeruginosa. When necessary, isopropyl β-
D-1-thiogalactopyranoside (IPTG) was added at the con-
centrations indicated in the text. Stock solutions of
80 mM nitrofurazone (Fluka), 200 mM erythromycin
estolate (Sigma-Aldrich) and 80 mM diminazene (Sigma-
Aldrich) were prepared in dimethyl sulfoxide (DMSO),
ethanol (EtOH) and water, respectively.

Primary screening for the identification of PqsE
inhibitors

The P. aeruginosa PqsE-Rep biosensor strain (i.e.,
P. aeruginosa PAO1 pqsEIND PpqsA::luxCDABE [36]) was
grown overnight at 37°C on LB agar plates. Bacteria were

scraped from plates surface and diluted in LB supplemen-
ted with 50 µM IPTG to an optical density at 600 nm
wavelength (OD600) of 0.08 (procedure modified from
[55]). Two-hundred µL aliquots of the culture were
grown at 37°C in 96-well black clear-bottom microtiter
plates in the presence of compounds of the
PHARMAKON library (20 µM and 200 µM). The OD600

and relative light units (RLU) were measured after 5 h
incubation by using a Spark 10 M multilabel plate reader
(Tecan). Samples grown in the presence of the solvent
vehicle DMSO [0.2% (v/v) or 2% (v/v)] were used as
controls in each microtiter plate. Reporter activity was
determined as RLU/OD600 for each sample. Residual
reported activity was determined in treated samples relative
to the solvent vehicle control samples grown in the pre-
sence of DMSO, considered as 100%.

Measurements of promoter activity

Bioluminescence was determined as a function of
population density by using a Spark 10 M multilabel
plate reader (Tecan), as previously described [34].
Briefly, overnight cultures of the P. aeruginosa reporter
strains used in this study (Table S1) were diluted in
200 µL of LB to an OD600 ≈ 0.01, in the presence or in
the absence of PqsE inhibitors at the concentrations
indicated in the text, and dispensed into 96-wells
black clear-bottom microtiter plates. When required,
LB was supplemented with IPTG, at the concentrations
indicated in the text. Luminescence and turbidity were
determined after 5 h of incubation at 37°C with gentle
shacking (120 rpm). Reporter activity was determined
as RLU/OD600 for each sample. Residual reported activ-
ity was determined in treated samples relative to the
solvent vehicle control samples grown in the presence
of DMSO or EtOH, considered as 100%. The EC50

values (µM) were determined as the drugs concentra-
tion able to enhance PpqsA::lux activity of 50% with
respect to the untreated control.

Analyses of virulence-related phenotypes

For the P. aeruginosa PqsE-Rep, PAO1 wild type and
PAO1 ΔpqsE strains, pyocyanin was extracted and
quantified as previously described [56]. The same
method was scaled-down in order to extract and
quantify pyocyanin produced by P. aeruginosa CF
isolates. Briefly, each CF strain was incubated in 96-
wells microtiter plates for 21 h at 37°C with shacking
(120 rpm) in 200 µL of LB broth, in the presence of
100 µM nitrofurazone or 50 µM erythromycin esto-
late. Each CF strain was incubated in the presence of
0.125% (v/v) DMSO or 0.025% (v/v) EtOH as solvent
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vehicle control (untreated samples). After 21 h incu-
bation, two independent cultures of the same CF
strain were pooled, the OD600 was measured and cell-
free supernatants were collected into 1.5 mL tubes.
After extraction with an isovolume of chloroform,
the pyocyanin-containing chloroform phase was
transferred into clean 1.5 mL tubes and acidified
with an isovolume of 0.2 N HCl. After centrifugation,
200 µL of the aqueous-phase were transferred into 96-
wells microtiter plates and A520 was measured by
using an automated Spark 10 M multilabel plate
reader (Tecan). Pyocyanin production was evaluated
by normalizing the A520 to the OD600 value measured
for each CF strain. The IC50 values (µM) were deter-
mined as the drugs concentration able to decrease
pyocyanin production of 50% with respect to the
untreated control.

Rhamnolipids in cell-free supernatants of P. aeruginosa
cultures were quantified by the orcinol method, as pre-
viously described [57]. Briefly, bacterial strains were
grown at 37°C for 24 h in LB supplemented with
100 µM nitrofurazone, 50 µM erythromycin estolate,
0.125% (v/v) DMSO or 0.025% (v/v) EtOH before rham-
nolipids extraction and quantification.

For swarming motility assay, 5 µL of P. aeruginosa
cultures grown in LB for 8 h were spotted onto swarm-
ing plates [0.8% (w/v) nutrient broth N.2, 0.5% (w/v)
glucose, 0.5% (w/v) bacteriological agar] supplemented
with 100 µM nitrofurazone or 50 µM erythromycin
estolate. Also in this case, plates supplemented with
the solvent vehicles 0.125% (v/v) DMSO or 0.025% (v/
v) EtOH were used as controls. After 16 h of growth at
37°C, swarming motility was directly observed at the
air-agar interface [58].

For microscopic visualization of biofilm, P. aeruginosa
strains constitutively expressing GFP via the pMRP9-1
plasmid [59] were grown in 8-well chamber slides, as
previously described [60], with minor modifications.
Briefly, bacteria were inoculated at an OD600 of 0.02 in
500 µL of M9-Glu in the presence and in the absence of
the tested compounds (i.e., 100 µM nitrofurazone, 50 µM
erythromycin estolate, 0.125% (v/v) DMSO or 0.025% (v/
v) EtOH), and incubated at 30°C for 72 h. To maintain
bacterial viability, the medium was changed every 24 h.
The biofilm structure was examined using a Leica TCS
SP5 confocal microscope.

MIC and antibiotic tolerance assays

The Minimal Inhibitory Concentration (MIC) of the anti-
biotics ciprofloxacin, colistin, tobramycin and piperacillin
was evaluated with the standard microdilution method,
according to the Clinical and Laboratory Standards

Institute guidelines [61]. Briefly, P. aeruginosa PAO1
and its isogenic ΔpqsE mutant were grown at 37°C with
shaking in MHB or in M9-Glu [53]. After 16 h of growth,
the cultures were diluted in 100 µL of MHB or M9-Glu to
an OD600 ≈ 0.0005 (ca. 5 × 105 CFU/mL) in 96-well
microtiter plates with increasing concentrations of the
selected antibiotics. For tobramycin, possible interaction
with 100 µM nitrofurazone or 50 µM erythromycin esto-
late was also evaluated. The MIC values were evaluated
after 24 h of static incubation at 37°C.

The fraction of tolerant P. aeruginosa cells was deter-
mined as previously described [46]. Briefly, P. aeruginosa
strains were grown with shaking and aeration to mid-
logarithmic phase in LB, in the absence or in the pre-
sence of 100 µM nitrofurazone or 50 µM erythromycin
estolate [0.125% (v/v) DMSO or 0.025% (v/v) EtOH
were used as solvent vehicle controls]. Before antibiotic
addition, culture aliquots were diluted in fresh LB and
plated on LB agar for CFU count (pre-antibiotic). The
rest of the culture was treated with 4 µg/mL tobramycin
(8x MIC). At 16 h post-antibiotic addition, culture ali-
quots were washed twice in fresh LB to remove antibio-
tic carry-over, serially diluted and plated on LB agar for
CFU count. This procedure was repeated at 24 h post-
antibiotic addition to ensure that a killing plateau was
reached. The tolerant fraction expressed as N-fold
change was determined as the ratio between the CFU/
mL values measured after antibiotic addition (16 h and
24 h post-antibiotic) divided by CFU/mL values mea-
sured before antibiotic addition.

Statistical analysis

Statistical analysis was performed with the software
GraphPad Prism 5, using one-way analysis of variance
(ANOVA) followed by Tukey-Kramer multiple com-
parison tests. Differences having a p value < 0.05 were
considered statistically significant.

Results

Development and validation of a screening system
for the identification of PqsE inhibitors

In this study the P. aeruginosa PAO1 derivative strain
previously named P. aeruginosa pqsEIND PpqsA::lux [36]
has been re-named PqsE-Rep. This recombinant strain
expresses the pqsE gene under the control of the IPTG-
inducible Ptac promoter and carries a transcriptional
fusion between the promoter of the pqsABCDE-phnAB
operon (PpqsA) and the luxCDABE operon for biolumi-
nescence emission integrated at the neutral attB site of
the chromosome (Figure 1(a)). A previous study showed
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that the IPTG-dependent induction of pqsE expression
decreases bioluminescence emitted by PqsE-Rep, and
that IPTG per se does not affect PpqsA activity in wild
type P. aeruginosa PAO1 up to a concentration of 1 mM
[36]. These data indicate that the PqsE-Rep biosensor
strain could be exploited as a reporter system to identify
inhibitors of PqsE activity. Preliminary experiments were
carried out to select culture conditions optimal for car-
rying out a screening campaign aimed at identifying
PqsE inhibitors by using the PqsE-Rep biosensor strain
(Figure S1). The bioluminescence emitted by PqsE-Rep
inversely correlated with the amount of IPTG present in
the medium (Figure 1(b)). This is because the increase in
IPTG concentration induces PqsE expression, leading to
a parallel PqsE-dependent repression of PpqsA activity.
In the presence of IPTG, the addition of a PqsE inhibitor
to the PqsE-Rep biosensor strain should result in
a significant increase of bioluminescence with respect
to the untreated control. Since 50 µM IPTG strongly
decreased PpqsA activity without saturating PqsE-Rep
response (Figure 1(b)), this IPTG concentration was
used throughout the screening campaign.

To identify new PqsE inhibitors, the PqsE-Rep reporter
system was used to screen the PHARMAKON library of
1,600 FDA-approved compounds with known biological
activity and high chemical and pharmacological diversity.
Both 20 µM and 200 µM concentrations of each com-
pound were used to detect any increase in biolumines-
cence emission by PqsE-Rep relative to the untreated
control (details in Materials and Methods). Considering
bioluminescence and cell density of the solvent vehicle
control samples as 100%, the criteria for hits selection
were: i) bioluminescence ≥ 130% at 20 µM; ii) biolumi-
nescence ≥ 200% at 200 µM; iii) reduction of cell density
≤ 10% at both 20 µM and 200 µM. This primary screen
led to the selection of 24 hits (Figure S2A).

Since the production of the PqsE-dependent viru-
lence factor pyocyanin parallels IPTG-dependent
induction of PqsE in the PqsE-Rep biosensor strain
[36], the effect of the 24 hits on pyocyanin production
was used as a proxy in a secondary screening aimed at
deselecting hits increasing PqsE-Rep bioluminescence
emission via PqsE-independent mechanisms. Out of
the 24 selected hits, only nitrofurazone, erythromycin

Figure 1. Screening system developed for the identification of PqsE inhibitors. (a) Schematic representation of the PqsE-Rep-based
reporter system. The PqsE-Rep strain contains the PpqsA::lux transcriptional fusion and a genetic cassette for IPTG-inducible
expression of the pqsE gene. Since in P. aeruginosa PqsE represses PpqsA promoter activity, the PqsE-Rep biosensor emits light at
basal level when grown in LB supplemented with IPTG; as a consequence, molecules affecting PqsE functionality are expected to
increase light emission by PpqsA derepression. (b) Activity of the PpqsA promoter in the PqsE-Rep strain grown in LB supplemented
with the indicated concentrations of IPTG. PqsE-Rep was inoculated at an OD600 of 0.08 in 0.2 mL of LB in 96-well microtiter plates
and light emission was measured after 5 h of incubation at 37°C in shaking conditions. The average of three independent
experiments is reported with SD.
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estolate and diminazene aceturate robustly reduced
pyocyanin production in PqsE-Rep grown in the pre-
sence of 50 µM IPTG compared with the solvent vehi-
cle control samples, without affecting bacterial growth
(Figure S2B). These three compounds were purchased
from different providers, and their efficacy in increas-
ing light emission and decreasing pyocyanin produc-
tion was tested again in the PqsE-Rep strain grown in
the presence of 50 µM IPTG. Diminazene aceturate was
still able to increase light emission (Figure 2(a)), but it
showed low activity as a pyocyanin inhibitor (Figure 2
(b)). Conversely, nitrofurazone and erythromycin esto-
late increased light emission (Figure 2(a)) and strongly
decreased pyocyanin production in a dose dependent
manner (Figure 2(b)). EC50 and IC50 values were
78.58 µM and 24.65 µM for nitrofurazone, and of
6.15 µM and 5.79 µM for erythromycin estolate, respec-
tively (Table 1). Hence, nitrofurazone and erythromy-
cin estolate were selected for further investigations.

Nitrofurazone and erythromycin estolate inhibit the
expression of PqsE-controlled virulence phenotypes

Nitrofurazone and erythromycin estolate are antibiotics
belonging to the nitrofuran and macrolide structural
classes, respectively [62,63]. However, the MIC of these
drugs for P. aeruginosa PAO1 and for its isogenic ΔpqsE
mutant is ≥ 3.2 mM (see Materials and Methods). Neither
nitrofurazone, nor erythromycin estolate decreased the
bacterial growth rate in LB at the concentrations used in
this study (Fig. S3), as expected for antivirulence drugs.

The PqsE-Rep biosensor used to select nitrofurazone
and erythromycin estolate is an engineered strain in
which pqsE expression is driven by the heterologous
Ptac rather than by the native PpqsA promoter. To vali-
date the PqsE-dependent regulatory network as a target
for nitrofurazone and erythromycin estolate, the effect of
these drugs on PpqsA activity was evaluated by means of
a PpqsA::luxCDABE transcriptional fusion in wild type
P. aeruginosa PAO1 and in its isogenic ΔpqsE mutant.

Figure 2. Selected hits increase PpqsA activity and reduce pyocyanin production. Effect of nitrofurazone (white bars), erythromycin
estolate (light-gray bars) and diminazene aceturate (dark-gray bars) on PqsE-Rep bioluminescent emission (a) and pyocyanin
production (b). Solvent vehicle control samples were considered as 100%. The average of at least three independent experiments
is reported with SD. Statistical significance relative to the untreated control is indicated with asterisks: *, p < 0.05; **, p < 0.005; ***,
p < 0.001 (ANOVA).
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As shown in Figure 3, nitrofurazone and erythromycin
estolate increased PpqsA activity in P. aeruginosa PAO1
by 172.1% and 280.1% relative to the control samples
(solvent vehicle), respectively. This effect was abolished
in the ΔpqsE mutant and restored by in trans expression
of the pqsE gene. Control experiments performed in the
same genetic backgrounds carrying chromosomal integra-
tion of the empty vector mini-CTX-lux [64], in which
light emission does not rely on PpqsA activity or PqsE
functionality, revealed that nitrofurazone and erythromy-
cin estolate do not affect the bioluminescent emission
driven by the vector (Fig. S4).

Notably, nitrofurazone and erythromycin estolate
strongly reduced PqsE-dependent virulence traits in
wild type P. aeruginosa PAO1, including pyocyanin

and rhamnolipids production, and swarming motility,
thus mimicking pqsE deletion (Figure 4(a-c) [35–
37,65]. Conversely, none of these drugs affected the
PqsE-independent surface motilities twitching and
swimming (data not shown) [36].

The effect of PqsE inactivation on P. aeruginosa
biofilm formation was tested by confocal microscopy
analysis, using wild type PAO1 and its isogenic ΔpqsE
mutant constitutively expressing GFP. In line with lit-
erature data [36], pqsE mutation reduced the ability of
PAO1 to form biofilm (Figure 4(d)). As expected for
PqsE inhibitors, nitrofurazone and erythromycin esto-
late were able to decrease biofilm formation in wild
type P. aeruginosa PAO1 (Figure 4(d)) without affect-
ing cell density of the planktonic phase (data not

Figure 3. Nitrofurazone and erythromycin estolate increase PpqsA activity only in a pqsE-proficient background. Effect of 100 µM
nitrofurazone (a) or 50 µM erythromycin estolate (b) on PpqsA promoter activity in the indicated strains. Promoter activity is reported
as percentage with respect to the corresponding solvent vehicle control sample, considered as 100%. The average of three
independent experiments is reported with SD. Statistical significance relative to the untreated control is indicated with asterisks:
***, p < 0.001 (ANOVA).

Table 1. PqsE inhibitors identified by screening the PHARMAKON library of FDA-approved drugs.
Drug name Property Structure EC50

a IC50
a

nitrofurazone antibacterial 78.58 24.65

erythromycin estolate antibacterial 6.15 5.79

aThe EC50 and IC50 values (µM) are relative to the ability of the drugs to enhance PpqsA::lux activity and to inhibit pyocyanin
production, respectively, determined by using the PqsE-Rep reporter strain.
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shown). These results suggest that the ability of nitro-
furazone and erythromycin estolate to decrease biofilm
formation could depend on their anti-PqsE activity,
and likely on the consequent reduction in pyocyanin
and rhamnolipids levels. Overall, these results support
the PqsE-dependent regulatory circuitry as a target for
nitrofurazone and erythromycin estolate.

Effect of nitrofurazone and erythromycin estolate
in combination with antibiotics

The transfer of a new anti-Pseudomonas drug to the
clinical practice requires the assessment of its possible
interaction with existing therapies. Moreover,

antivirulence drugs targeting PqsR have been shown to
potentiate the effect of some antibiotics clinically used to
treat P. aeruginosa infection, e.g. tobramycin and cipro-
floxacin [46,48]. In a preliminary analysis, the effect of
pqsE deletion on P. aeruginosa MICs for tobramycin,
ciprofloxacin, piperacillin and colistin was determined
according to the standard microdilution procedure using
both Mueller Hinton Broth (MHB), and M9 glucose
minimal medium (M9-Glu) that had been employed
for the biofilm assay. Results showed that pqsE deletion
does not affect the MIC for ciprofloxacin, piperacillin
and colistin, irrespective of the growth medium (Table
S3). Interestingly, in M9-Glu the MIC of tobramycin for
the ΔpqsE mutant was 0.25 µg/mL, i.e. 2-fold lower than

Figure 4. Nitrofurazone and erythromycin estolate inhibit the expression of PqsE-controlled virulence traits. Effect of 100 µM
nitrofurazone or 50 µM erythromycin estolate on pyocyanin (a) and rhamnolipids (b) production, on swarming motility (c) and on
biofilm formation (d) in P. aeruginosa PAO1. The isogenic ΔpqsE mutant was used as a control. For pyocyanin and rhamnolipids
production, the average of three independent experiments is reported with SD; representative supernatants are shown in the inset
picture in (A). Statistical significance relative to the untreated control is indicated with asterisks: ***, p < 0.001 (ANOVA). For
swarming motility and biofilm formation, one representative picture of three independent experiments is shown.
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the MIC observed for wild type PAO1 (0.5 µg/mL),
while MICs were identical for both strains in MHB
(Table S3). This suggested that PqsE-inhibitors could
increase the susceptibility of P. aeruginosa PAO1 to
tobramycin in M9-Glu medium. Intriguingly, the tobra-
mycin MIC for wild type PAO1 was 4-fold reduced in
the presence of nitrofurazone (i.e., from 0.5 µg/mL to
0.125 µg/mL), while it was unaffected by erythromycin
estolate. Hence, nitrofurazone potentiates the activity of
tobramycin against P. aeruginosa planktonic cultures
grown in M9-Glu medium.

A previous study showed that drugs targeting PqsR
can reduce the formation of P. aeruginosa antibiotic
tolerant cells [46,48], hence we questioned whether
PqsE inhibitors could disclose this same feature.
Preliminary experiments carried out with tobramycin,
ciprofloxacin, piperacillin and colistin showed the exis-
tence of a detectable fraction of antibiotic tolerant cells
that remained constant 16 h and 24 h post-treatment
only in P. aeruginosa PAO1 cultures treated with 4 µg/
mL tobramycin (8 x MIC; data not shown). The frac-
tion of tobramycin tolerant cells was unaffected by
deletion of pqsE or by nitrofurazone treatment (Fig.
S5). Surprisingly, erythromycin estolate increased of
about 2-logs the amount of wild type PAO1 cells toler-
ant to tobramycin relative to the untreated control,
likely via a PqsE-independent mechanism (Fig. S5).

Effect of nitrofurazone and erythromycin estolate
on different P. aeruginosa isolates from CF
patients

Pyocyanin is a P. aeruginosa virulence factor important in
CF lung infection [66], and its biosynthesis is under the
control of the PqsE-dependent regulatory pathway [35–
37,65]. Hence the ability of the PqsE-inhibitors nitrofur-
azone and erythromycin estolate to reduce pyocyanin
production was preliminarily evaluated in a collection of
21 P. aeruginosa strains isolated from the lungs of CF
patients. The CF isolates are all AQs and pyocyanin
producers and can be evenly distributed in three cate-
gories with respect to the stage of infection (i.e., first
isolation, early chronic or late chronic; Table 2).

The 21 CF strains were grown in LB in the absence
or in the presence of nitrofurazone or erythromycin
estolate, and pyocyanin concentration was determined
in the culture supernatants. Both nitrofurazone and
erythromycin estolate decreased pyocyanin production
of the CF strains to variable extents (Table 2 and Figure
5(a)), without affecting bacterial growth (data not
shown). Overall erythromycin estolate showed
a higher pyocyanin inhibitory activity compared to
nitrofurazone. Indeed, the residual levels of pyocyanin

produced by CF isolates treated with nitrofurazone
were higher than those measured for erythromycin
estolate-treated cultures, except for 5 out of 21 CF
isolates (namely BG29, BG69, BG71, BG83 and BG94;
Table 2). The higher inhibitory activity exerted by
erythromycin estolate on pyocyanin production com-
pared to nitrofurazone is also evident in the empirical
distribution plot shown in Figure 5(b). In detail, this
analysis highlighted that 11 out of 21 strains (cumula-
tive strain fraction = 0.524) showed a residual pyocya-
nin production ≤ 13.2% and ≤ 61.2% when treated with
erythromycin estolate and nitrofurazone, respectively
(p < 0.01; Figure 5(b)).

An analysis carried out by clustering the CF isolates
according to the stage of infection (expressed as years

Table 2. Effect of PqsE inhibitors on P. aeruginosa CF isolates.

Isolate
name

Stage of
infectiona

Antibiotic
susceptibilityb

Pyocyanin residual production
%

nitrofurazone c
erythromycin
estolated

BG13 first
isolation

MDR 80.5 11.1

BG30 first
isolation

S 50.7 4.9

BG37 first
isolation

R 48.8 1.4

BG45 first
isolation

S 95.0 9.3

BG50 first
isolation

S 91.6 2.1

BG69 first
isolation

S 43.2 99.2

BG71 first
isolation

S 73.4 99.0

BG14 early
chronic

MDR 26.9 3.4

BG34 early
chronic

R 19.2 5.9

BG38 early
chronic

R 47.9 1.2

BG42 early
chronic

R 79.2 9.3

BG46 early
chronic

S 70.8 1.4

BG61 early
chronic

S 22.9 13.2

BG6 late chronic R 34.8 18.1
BG15 late chronic MDR 61.2 39.1
BG29 late chronic R 68.9 99.9
BG83 late chronic R 35.1 68.5
BG89 late chronic MDR 95.0 51.2
BG92 late chronic MDR 99.7 75.0
BG93 late chronic MDR 98.4 40.6
BG94 late chronic MDR 54.7 63.4

aDifferent categories depending on the stage (years) of infection caused by
the clinical isolate in the lung of cystic fibrosis patients: first isolate, early
chronic (from 2 to 3 years); late chronic (more than 5 years).

bCriteria to define multi-drug resistant (MDR) bacteria according to the
European Center for Diseases Prevention and Control (ECDC) web site
(http://ecdc.europa.eu/en/Pages/home.aspx).

cPyocyanin residual level in samples treated with 100 µM nitrofurazone
expressed in % relative to solvent vehicle control samples [0.125% (v/v)
DMSO], considered as 100%.

dPyocyanin residual level in samples treated with 50 µM erythromycin
estolate expressed in % relative to solvent vehicle control samples
[0.025% (v/v) EtOH], considered as 100%.
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Figure 5. Nitrofurazone and erythromycin estolate are active against P. aeruginosa CF isolates. (a) Residual pyocyanin production in
CF isolates grown in the presence of 100 μM nitrofurazone (white diamonds) or 50 µM erythromycin estolate (black diamonds)
relative to solvent vehicle control samples, considered as 100%. Black lines represent the median values. The average of three
independent experiments is reported. (b) Empirical cumulative distribution plots based on the data in (A). Differences between the
distribution plots of nitrofurazone (white diamonds) and erythromycin estolate (black diamonds) are statistically significant
(p < 0.001; ANOVA). Dashed lines indicate the residual pyocyanin production in 11 strains out of 21 (cumulative strains frac-
tion = 0.524): ≤ 13.2% for erythromycin estolate and ≤ 61.2% for nitrofurazone. (c) Data from (A) clustered on the basis of the stage
of infection: diamonds, CF strains isolated for the first time from patients; squares, CF strains isolated from patients with chronic
infection from 2 to 3 years; triangles, CF strains isolated from patients with chronic infection for more than 5 years. **, p < 0.005; ***,
p < 0.001 (ANOVA).
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after primary isolation) showed that no significant cor-
relation was found between stage of infection and sus-
ceptibility to nitrofurazone (Table 2 and Figure 5(c)).
Conversely, CF first isolates and CF strains isolated
from patients with early chronic infection (from 2 to
3 years) were significantly more susceptible to erythro-
mycin estolate than the CF strains isolated from
patients with late chronic infection (more than
5 years; Table 2 and Figure 5(c)). Indeed, 5 out of 7
strains isolated for the first time from a patient pro-
duced pyocyanin residual levels ≤ 11.1%, with the
remaining 2 strains behaving as outliers (i.e., BG69
and BG71). The 6 strains isolated from patients with
early chronic infection showed a similar behavior, pro-
ducing pyocyanin residual levels ≤ 13.2%. Conversely,
the residual level of pyocyanin was ≤ 51.2% in only 4
out of 8 CF isolates from patients with late chronic
infection (Table 2 and Figure 5(c)).

Discussion

P. aeruginosa is considered a model organism for QS
and quorum quenching studies, due to the key role of
its complex QS circuitry in pathogenicity. Indeed, the
ability of this bacterium to adapt to the host environ-
ment and to cause infection relies on the fine-tuning of
multiple virulence genes controlled by three major QS
systems, las, rhl and pqs, whose expression and activity
is strictly interwoven [22,67]. Recently, an additional
QS system based on oxylipins as signal molecules and
possibly required for full virulence has been identified
in P. aeruginosa, increasing the complexity of its QS
circuitry [68].

The pqs QS system controls the expression of multi-
ple virulence factors and biofilm formation, as inferred
by the evidence that P. aeruginosa mutants defective in
the pqs QS system display attenuated pathogenicity in
different plant and animal models of infection
[35,36,40,41,46,69–75]. Although the central role
played by the pqs system in P. aeruginosa pathobiology
has been extensively studied, a clear characterization of
the molecular mechanism by which its individual ele-
ments control gene expression is still unclear. DNA-
protein interaction studies showed that the PqsR/AQ
complex can bind to different promoter and intergenic
regions [76,77]. However, a transcriptomic analysis
carried out in a genetic background in which PQS
production or PqsE expression were independent
from PqsR/AQ activity revealed that the major effectors
of the pqs system are PQS and PqsE, rather than the
PqsR/AQ complex [34]. Indeed, in the absence of PqsR,
PQS and PqsE control the expression of 179 and 145
genes, respectively, with an overlap of only 30 genes

among the two regulons. Hence the main role played by
the PqsR/AQ complex is to trigger the transcription of
the pqsABCDE-phnAB operon, thus increasing the
synthesis of PQS and the expression PqsE [34].

The main mechanisms underlying the effect of PQS
on gene expression could be ascribed to its ability to
interact with membranes and to chelate iron [34,78–
81]. Despite the crystallographic structure of PqsE was
determined more than ten years ago [82], the mechan-
ism of action of this protein remains elusive. Briefly,
PqsE can contribute to AQs biosynthesis via its thioes-
terase activity, but this function can be replaced by
other thioesterases in a pqsE-depleted genetic back-
ground [33]. Moreover, molecules specifically targeting
the PqsE thioesterase catalytic domain do not affect the
expression of PqsE-dependent virulence factors, sug-
gesting that PqsE is a multifunctional protein [39].
This hypothesis is supported by recent studies showing
that PqsE is essential for the production of a molecule
able to activate the LuxR-like receptor RhlR, encoded
by the rhlR gene, in alternative to its cognate signal
molecule N-butyryl-homoserine lactone (C4-HSL).
Genetic data suggest that the complex between RhlR
and this alternative ligand could trigger the expression
of PqsE-dependent genes [40]. Notably, experiments
carried out with a murine model of lung infection
confirmed the central role played by PqsE in virulence.
Indeed, a P. aeruginosa mutant unable to produce C4-
HSL was as virulent as the wild type isogenic strain,
while pqsE and rhlR mutant strains showed complete
loss of virulence and attenuated virulence, respectively
[40]. Finally, a recent work showed that a mutated
variant of RhlR active in the absence of any ligand
could only partially restore pyocyanin production in
a pqsE mutant, also depending on the environmental
conditions [41]. This study, together with the previous
observation that the pqsE mutant was less virulent than
the rhlR mutant in vivo, supports the hypothesis that
PqsE could have multiple mechanisms of action besides
being involved in AQs synthesis and being required for
the production of the RhlR alternative ligand. It
remains unclear whether PqsE is directly responsible
for the production of the RhlR alternative ligand, or if
intermediate factor(s) are involved in the PqsE-
dependent activation of virulence genes. Overall, the
current knowledge highlights the key role of PqsE as
a hub in the complex regulatory QS circuitry required
for full P. aeruginosa virulence, and supports PqsE as
a target for antivirulence drugs.

Even if the mechanism of action of PqsE and the
downstream regulative network affecting the expression
of virulence genes remain largely unknown, the screen-
ing system described in this study was effective in
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identifying molecules specifically hampering the
expression of PqsE-dependent virulence traits. Indeed,
both nitrofurazone and erythromycin estolate were able
to reduce the expression of PqsE-dependent pheno-
types, including pyocyanin and rhamnolipids biosynth-
esis, swarming motility and biofilm formation.
Moreover, nitrofurazone and erythromycin estolate
relieved the PqsE-dependent repression of PpqsA in
wild type P. aeruginosa. Notably, this latter activity
was abrogated in a pqsE-deleted mutant and could be
restored by genetic complementation.

Since the mode of action of PqsE is not fully under-
stood, it is difficult to speculate about the mechanism-
(s) responsible for nitrofurazone- and erythromycin
estolate-dependent PqsE inhibition. Nitrofuran drugs
were extensively used in livestock production till 1995,
when this use was banned in Europe and other coun-
tries due to concerns about the toxicity of their residues
in edible animal tissues. However, some nitrofurans are
currently used worldwide for the treatment of bacterial
and protozoal infections in humans [83,84]. As an
antibacterial agent, nitrofurazone is mainly used for
topic application on wounds and catheters infected by
both Gram-positive and Gram-negative pathogens. The
nitrofurantoin mechanism of action is one of the best
characterized among nitrofurans and the main process
targeted by this antibiotic is mRNA translation,
through oxidative damage to the ribosome [85,86].
Interestingly, a nitrofuran antibiotic named nifuroxa-
zide was previously found to have anti-QS and anti-
virulence properties against P. aeruginosa [87]. It was
noticed that the effect of nifuroxazide was stronger
against rhl- and pqs- than against las-controlled viru-
lence factors [87]. This observation, together with
recent findings highlighting the strong connection
between the rhl and pqs QS systems [40,41], supports
the hypothesis that the main antivirulence activity of
nitrofurans could be dependent on their ability to
interfere with PqsE-controlled regulatory pathway(s).

Erythromycin is a macrolide antibiotic inhibiting
bacterial growth by binding the 23S rRNA in the 50S
subunit of the bacterial ribosome, thereby preventing
the transfer of tRNA from the ribosome. Erythromycin
estolate is almost fallen into disuse, replaced by less
toxic and more effective macrolides [63]. It is impor-
tant to highlight that macrolide antibiotics used at sub-
MIC concentrations can inhibit P. aeruginosa virulence
and biofilm formation [88]. The most striking example
is azithromycin, which is used as adjuvant in the ther-
apy of P. aeruginosa chronic lung infections, despite
showing irrelevant antibiotic activity on P. aeruginosa
[88]. The antivirulence activity of azithromycin is still
poorly understood, also because it is accompanied by

other pharmacological properties, primarily the anti-
inflammatory activity. However, evidence has been pro-
vided that azithromycin may selectively affect the trans-
lation of distinct subsets of P. aeruginosa genes
depending on their codon usage, including the rhlR
gene [89]. Moreover, among virulence phenotypes
most strictly dependent on PqsE functionality, pyocya-
nin production, swarming motility and biofilm forma-
tion appear strongly affected by both azithromycin
[88,89] and erythromycin estolate.

Overall, both nitrofuran and macrolides antibiotic
activity is related to ribosome inhibition, raising the
possibility that at low (sub-MIC) concentrations, these
drugs could selectively affect the expression of PqsE-
dependent genes at the translational level. Intriguingly,
the presence of a ssDNA- or RNA-binding domain has
been detected in PqsE [38,82], even if involvement of
this domain in PqsE function has not yet been
demonstrated.

The transfer of a new antivirulence drug to the
clinical use will require the assessment of potential
interactions with other drugs. Interestingly, neither
nitrofurazone, nor erythromycin estolate had antago-
nistic effects toward antibiotics commonly used to treat
P. aeruginosa infections. Moreover, pqsE deletion
halved P. aeruginosa MIC values for tobramycin in M9-
Glu, while this effect was absent in MHB. This indicates
that PqsE could positively contribute to P. aeruginosa
resistance to tobramycin depending on the growth
medium, in agreement with studies showing that PqsE-
dependent virulence genes are differentially regulated
depending on the growth condition [40,41]. Among the
antibiotics tested, pqsE deletion affected only the sus-
ceptibility of P. aeruginosa to tobramycin, indicating
that PqsE could be required for the expression of fac-
tors contributing to resistance to aminoglicosides. It is
also interesting to highlight that, among the antibiotics
tested, only tobramycin targets the ribosome, support-
ing the existence of a link between PqsE activity and
ribosome activity. Surprisingly, only nitrofurazone dis-
closed a tobramycin potentiating activity. It is not easy
to explain why erythromycin estolate did not show this
activity, also considering that this drug showed an over-
all higher activity than nitrofurazone on other PqsE-
dependent phenotypes. One plausible explanation is
that, besides PqsE, erythromycin estolate could hit
other targets, thus compensating the effect on tobramy-
cin susceptibility.

Antibiotic tolerance is the capacity of bacterial sub-
populations to tolerate exposure to lethal concentra-
tions of bactericidal antibiotics and relies upon
mechanisms different from antibiotic resistance [90].
Previous studies showed that PqsR inhibitors could
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affect P. aeruginosa antibiotic tolerance [46]. However,
this effect seems to be PqsE-independent, since in our
hands antibiotic tolerance was not affected by pqsE
deletion. Nonetheless, erythromycin estolate showed
a PqsE-independent positive effect on tolerance to
tobramycin. This result further supports the hypothesis
that erythromycin estolate could hit molecular targets
other than PqsE.

To the best of our knowledge this is the first report
demonstrating the contribution of PqsE-dependent reg-
ulation to antibiotic resistance and providing a proof of
concept that a PqsE inhibitor, in addition to its anti-
virulence activity, can potentiate antibiotic effect. In
line with previous data [46], our study highlights that
distinct anti-QS drugs targeting the same molecular
pathway could differentially alter antibiotic resistance
and tolerance, an issue worth to be taken into account
for the development of antivirulence drugs.

As anticipated, the use of QS inhibitors for the treat-
ment of CF patients chronically infected with
P. aeruginosa is under debate, mainly due to the high
genotypic and phenotypic variability generated by
within-host evolution of the infecting strain. Indeed,
during years of chronic infection in the lung, clonal
variants of the initial population are positively selected
by the peculiar CF lung environment and continuative
drug administration. P. aeruginosa phenotypic variants
with high levels of biofilm formation, high resistance to
antibiotics and decreased production of secreted viru-
lence factors, often associated to mutations in the las QS
systems, are frequently isolated from the CF lung [24–
27]. This implies that the range of activity of a novel
antivirulence drug developed against P. aeruginosa
should be determined in a representative collection of
CF isolates to predict its potential in therapy of CF
infection. The experiments carried out in the final part
of this study were not aimed at fully addressing this
issue, but rather at preliminarily comparing nitrofura-
zone and erythromycin estolate activity in a small num-
ber of CF strains proficient in AQ and pyocyanin
production, hence potentially susceptible to PqsE inhi-
bitors. Our pilot tests indicate that both nitrofurazone
and erythromycin estolate significantly decrease pyocya-
nin production in the majority of the tested CF isolates,
and that erythromycin estolate displays a higher range of
activity compared to nitrofurazone.

In the last years, our group proved the feasibility of
the drug-repurposing approach based on wet-lab or
virtual screenings for the identification of FDA-
approved drugs targeting P. aeruginosa virulence
[49,52,91,92]. This additional study provides the first
example of target-oriented screening aimed at identify-
ing FDA-approved inhibitors of PqsE-dependent

virulence factors. The recovery of two hits with strong
anti-PqsE activity in a library of 1,600 compounds
validated this system, which is suitable for future high-
throughput screening of larger compound libraries. The
PqsE-inhibitors here identified are endowed with
intrinsic antibiotic properties though they have no
effect on P. aeruginosa growth at concentrations caus-
ing PqsE inhibition. Notably, also clofoctol, an antibio-
tic active against Gram-positive bacteria, has strong
anti-PqsR and antivirulence activity at concentrations
unable to affect P. aeruginosa growth [49]. These obser-
vations support the hypothesis that some antibiotics
secreted at low concentration in a polymicrobial com-
munity could play a role as signaling molecules, rather
than as inhibitors of competitors’ growth [93,94].

As antibiotics, nitrofurazone and erythromycin esto-
late can be predicted to have a significant impact on the
host microbiota. Moreover, the intrinsic toxicity of both
erythromycin estolate and nitrofurazone for eukaryotic
cells could be a limitation for the repurposing of these
drugs to treat P. aeruginosa infections. These limitations
of the drug repurposing strategy for antivirulence therapy
should not be overlooked, as previously outlined by our
group [9]. On the other side, it should be taken into
account that also a high proportion of non-antibiotic
drugs can alter the gut microbiome composition [95],
and that the erythromycin analogue azithromycin is
already used as antivirulence drug, even if on an empiri-
cal basis [88]. In fact, the emergence of MDR and exten-
sively drug-resistant bacteria is leading to the rediscovery
and/or optimization of fallen into disuse drugs, in accor-
dance to the selective optimization of side activities
(SOSA) approach [96]. As an example, nitrofuran drugs
with low toxicity against eukaryotic cells and high activity
against Mycobacterium tuberculosis are under develop-
ment [97].

Finally, beyond their possible applications to the
therapy, a main result of this study is the identification
of two compounds specifically targeting the expression
of PqsE-dependent genes, which could provide useful
tools for future studies aimed at unraveling the
mechanism of action of PqsE.
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