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Virulence of Pseudomonas aeruginosa exposed to carvacrol:
alterations of the Quorum sensing at enzymatic and gene levels
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Abstract
The main goal of this study was to evaluate the inhibition of Pseudomonas aeruginosa virulence factors and Quorum Sensing
during exposure to carvacrol. P. aeruginosa (ATCC 10154) was exposed to carvacrol determining changes in biofilm develop-
ment, motility, acyl-homoserine lactones (AHL) synthesis and relative expression of lasI/lasR. Docking analysis was used to
determinate interactions between carvacrol with LasI and LasR proteins. P. aeruginosa produced 60% lower AHLs when
exposed to carvacrol (1.9 mM) compared to control, without affecting cellular viability, indicating a reduction on the LasI
synthase activity. AHL-C12, C6, and C4 were detected and related to biofilm development, motility, and pyocyanin production,
respectively. The presence of carvacrol reduced the expression of lasR, without affecting lasI gen. Moreover, computational
docking showed interactions of carvacrol with amino acids in the active site pocket of LasI (−5.6 kcal mol−1) and within the
binding pocket of LasR (−6.7 kcal mol−1) of P. aeruginosa. These results demonstrated that virulence of P. aeruginosa was
reduced by carvacrol, by inhibiting LasI activity with the concomitant reduction on the expression of lasR, biofilm and swarming
motility. This study provides relevant information about the effect of carvacrol against quorum sensing to inhibit virulence factors
of P. aeruginosa at enzymatic and gene levels. These findings can contribute to the development of natural anti-QS products,
which can affect pathogenesis.
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Introduction

Pseudomonas aeruginosa is a Gram-negative pathogenic bac-
terium responsible for pneumonia and cystic fibrosis, diseases
caused by biofilm development (Olsen 2015). These bacteria

use intercellular communication, also called Quorum Sensing
(QS), to regulate virulence and to acquire protection from en-
vironmental stress (Sharma et al. 2014). This process is coordi-
nated through signalling molecules, known as acyl-homoserine
lactones (AHL) that increase with cell density (Nazzaro et al.
2013). These molecules are produced by LasI synthase,
reaching a threshold concentration sensed by the LasR protein
triggering the activation or repression of specific genes related
to virulence factors (Bottomley et al. 2007; Reading and
Sperandio 2006). For this reason, this pathway is considered a
potential target to control virulence of P. aeruginosa.

Strategies to interfere biofilm formation are been
demanded and proposed considering that conventional antibi-
otics and disinfectants were designed to act against planktonic
cells and their action against biofilm embedded bacteria is less
efficacious (Olson et al. 2002). The use of plant compounds
has shown interesting results to advance in this problem; e.g.
α-pinene, linalool and limonene had been tested to reduce QS
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activity and biofilm formation of pathogenic bacteria (Kerekes
et al. 2013). Moreover, other terpenes like carvacrol, citronel-
lol, cinnamaldehyde and eugenol affected biofilm formation
and swimming motility of Pseudomonas fluorescens, E. coli
and Pectobacterium carotovorum producing more susceptible
biofilms to eradication (Gutierrez-Pacheco et al. 2018; Niu
and Gilbert 2004). Similarly, gingerol decreased the produc-
tion of AHLs by P. aeruginosa, affecting relative expression
of lasI/lasR and reducing pyocyanin production and
exoprotease activity (Kim et al. 2015). Despite that anti-QS
and -virulence activity of plant compounds has been exten-
sively studied, still there is a lack of information about their
specific mode of action against most bacteria, specifically
against P. aeruginosa.

Joshi et al. (2016) proposed by computational docking that
carvacrol could interact with the binding sites of ExpI and
ExpR, QS proteins ofP. carotovorum. In addition, this previous
work showed that this compound down-regulated expression
of genes expI/expR that are involved in the regulation of viru-
lence factors (extracellular polymeric substances, exoenzymes,
and biofilm formation) of this phytopathogenic bacterium.
Previously, it was reported that carvacrol, inhibited pyocyanin
production and biofilm development in P. aeruginosa (Tapia-
Rodriguez et al. 2017) without studying its mode of action.
With this in mind, this work explored changes on virulence
and QS of P. aeruginosa exposed to carvacrol.

Materials and methods

Quantification of acyl-homoserine lactones

Twelve milliliters of P. aeruginosa (ATCC 10154) 1 × 106

CFU mL−1 cultures in LB broth were exposed to different
concentrations of carvacrol (0–7.9 mM) and incubated for
48 h at 37 °C. This experiment was carried out three times,
and there were three replicates per assay. To obtain cell-free
supernatants, cultures were centrifuged at 2348 g (4 °C) for
5 min in an Allegra 64R centrifuge (Hettich, Tuttlingen,
Germany). Twelve mL of centrifuged sample diluted with
25% ACN was applied to a solid phase extraction cartridge
(previously conditioned with methanol and water) and then
was washed with ACN-water 40/60 (v/v), then the solutes
were eluted with iPrOH-hexane 85/15 (v/v). The eluted was
dried under a nitrogen stream for 30 min and dissolved in
water containing 30% of ACN. Quantitation of AHLs was
performed with a Waters UPLC (Milford, MA, USA)
equipped with a 2996 PDA detector and a BEH C18 column
(1.7 μm, 100 mm× 3 mm). The column thermostat was set to
60 °C and the auto-sampler temperature to 27 °C. The flow
rate was 0.8 mL min−1 and the injection volume was 5 μL,
injected by use of a full loop. A linear gradient was applied
with starting with water containing 20% ACN as mobile

phase; the ACN content was increased to 100% in 5 min.
The detection wavelength was set to 197–400 nm (1.2 nm
width) and the scan rate was 20 Hz. Results were expressed
as μM of AHL detected.

Biofilm formation of P. aeruginosa

The effect of carvacrol during biofilm formation was evaluat-
ed enumerating attached cells on stainless steel 304 coupons
(1 × 1 × 0.1 mm) using the protocol of Hui and Dykes (2012)
with modifications. For the assay, 6 mL of LB broth with
carvacrol (1.9 mM) were inoculated with 1 × 106 CFU mL−1

of P. aeruginosa at 37 °C at different incubation times (6, 12,
24 and 48 h). Then, coupons were removed and washed with
sterile saline solution and sonicated for 5 min in 3 mL of
sterile saline solution. These adhered cells were quantified
using serial dilutions plating in LB agar incubated at 37 °C
for 24 h. These experiments were performed by triplicate ex-
pressing results as Log CFU cm−2. Additionally, the same
experiment was performed using glass coverslips to allow
fluorescence microscopy analysis at 6, 12, 24 and 48 h of
incubation at 37 °C. Every biofilm sample was stained with
0.1% Syto9, fixed for 30 min in a dark-room, washed and
dried to observe at 400x magnification using a fluorescence
inverted microscope Axio Vert.1 (Carl-Zeiss, NY, USA).
Moreover, the percentage of covered area was calculated
using ImageJ software version 2016 (KCL, London, UK),
measuring the percentage of stained area; these experiments
were done in triplicate.

P. aeruginosa motility

Swarming motility of P. aeruginosa exposed to carvacrol was
determined using the methodology proposed by Cheng et al.
(2016). For the assay, 20 μL of P. aeruginosa (1 × 106 CFU
mL−1) cultures in 6 mL of LB broth exposed to carvacrol (0–
7.9 mM) were inoculated in LB semisolid plates (0.5% agar)
incubated at 37 °C for 24 h. Then, the motility spread was
measured after 24 h, expressing the results inmm; this test was
carried out in triplicate.

Changes on the protein profile of P. aeruginosa

Six milliliters of P. aeruginosa (1 × 106 CFU mL−1) cultures
exposed 48 h to carvacrol (0–3.9 mM) were centrifuged for
10 min (11,600 g at 4 °C; Heraeus, Cavenago Brianza, Italy)
and washed in 0.05 mM Tris-HCl. Cells pellet were re-
suspended in 300 μL of Tris-HCl (0.05 mM) with SDS
(2%). Samples were sonicated for 3 min and mixed for
5 min with glass beads (0.15–0.2 mm diameter, Sigma) at
100 °C. Glass beads were removed by centrifugation
(11,600 g at 4 °C) for 15 min. Protein profiles were analysed
using a Lab-on-a-chip electrophoresis (Experion Pro260 Kit,
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Bio-Rad, California, USA), following manufacturer instruc-
tions. Finally, the protein content was measured with an
Experion analyzer using a 10 mW semiconductor laser at
630 nm (Nazzaro et al. 2009). All these experiments were
performed in triplicate.

Relative expression of the lasR/lasI genes
of Pseudomonas aeruginosa

RNAwas extracted and cDNAwas obtained from the treated
and control bacteria for lasR (LasR-F 5’-TGCCGATT
TTCTGGGAACC-3′, LasR-R 5’-CCGCCGAATATTTC
CCATATG-3′), and lasI genes (LasI-F 5’-TCGACGAG
ATGGAAATCGATG-3′, LasI-R 5’-GCTCGATGCCGATC
TTCAG-3′), and 16S-R (16S-F 5’-CAAAACTACTGAGC
TAGAGTACG-3 ′ , gene. 5’-TAAGATCTCAAGGA
TCCCAACGGCT-3′) was used as the constitutive (Cotar
et al. 2010), in order to carry out quantification by real-time
polymerase chain reaction (qPCR). The quantitative analysis
was carried out using SYBR® Green Supermix (Bio-Rad,
California, USA), all samples were analyzed in triplicate, each
reaction included 50 ng of cDNA as template, 10μL of SYBR
Green qRT-PCR Master Mix, 1 μL of initiator LasR- F, or
LasI-F 1 μL of LasR-R primer, or Las-R and 3 μL of water

for a total volume of 20 μL per reaction. The PCR products
were amplified in a Step-One ™ real-time PCR system
(Applied Biosystems, California, USA). The amplification
conditions were 40 cycles that sequentially included 95 °C
for 5 min, 95 °C for 15 s, 60 °C for 1 min and 72 °C for
5 min. Results were expressed as relative levels of mRNA
expression of the target genes lasR and lasI and normalized
to expression levels of the constitutive 16S gene.

Molecular docking of proteins LasI and LasR
of P. aeruginosa

Crystallographic structures of LasI (PDB 1RO5) and LasR
(PDB 2UV0) proteins (Bottomley et al. 2007; Gould et al.
2004) were used as model receptors and carvacrol
(PubChem 10 ,364) a s l i gand to compa re wi th
oxododecanoyl-homoserine-lactone (PubChem 3,246,941)
interactions. The docking analysis was carried out using
AutoDoc Vina application to obtain affinity energy
(kcal mol−1) and root-mean-square deviations (RMSD) be-
tween proteins and carvacrol using UCSF Chimera version
11.2 software to identify amino acids involved with the ob-
tained model interactions (Pettersen et al. 2004).
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Fig. 1 a Production of 3-
oxododecanoyl-homoserine
lactones (C12-AHL) of
P. aeruginosa exposed to
carvacrol (0–7.9 mM). Different
letters indicate statistical
differences among treatments
(P ≤ 0.05). b Covered area of
P. aeruginosa biofilm
development (a) in absence of
carvacrol (control) and 1.9 mM;
(b) Viable cells of P. aeruginosa
within biofilm attached to
stainless steel at 37 °C in presence
of carvacrol (1.9 mM). c
Epifluorescence microscopy of
P. aeruginosa biofilm
development on glass coverslips
during incubation at 37 °C in
absence (control; left panel) and
presence of carvacrol at 1.9 mM
(right panel)
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Statistical analysis

A completely randomized experimental design was applied to
all assays. To evaluate changes in biofilm formation of
P. aeruginosa exposed to carvacrol the experimental factors
were the carvacrol dose (0–1.9 mM) and incubation time (0–
48 h). For the effects on P. aeruginosa AHLs production
(μM), motility (mm) and relative expression of lasR/lasI
genes the experimental factor was the treatment with carvacrol
(0–7.9 mM). An analysis of variance (ANOVA) was per-
formed to determine significant differences, and a mean com-
parison using Tukey Kramer test was executed. Additionally,
Pearson correlations were performed between the AHL con-
tent with motility and biofilm formation. The level of signif-
icance was set at P ≤ 0.05, using the software Number
Cruncher Statistical Systems (NCSS) 2011.

Results

The production of C12-AHL (Fig. 1a) was different between
control Pseudomonas and treated with carvacrol (P ≤ 0.05),
showing a significant reduction of up to 60% using 1.9 mM
of carvacrol, without affecting cell viability. Carvacrol at
1.9 mM reduced up to 20% the covered area of biofilms in
glass surfaces (Fig. 1ba); meanwhile, with this treatment at-
tached cells were reduced up to 1.5 Log CFU cm−2 during
48 h of biofilm formation on stainless steel (Fig. 1bb).
Microscopic analyses showed that carvacrol decreased the
covered area (Fig. 1c) by Pseudomonas biofilms on glass
coverslips, indicating that this compound caused a negative
impact on biofilm formation independently of the tested sur-
face. The covered area and cell density in P. aeruginosa
biofilms were correlated (r = 0.985; p = 0.0149) with C12-
AHL content reductions.

The used doses of carvacrol (0.9–1.9 mM) affected (P ≤
0.05) the transcription levels of lasR gene, while, lasI gene
was not affected (Fig. 2). These results indicated a specific
posttranslational effect of carvacrol against LasI. Similarly,
C6-AHL production was reduced up to 80% with 1.9 mM
of carvacrol and a total inhibition was found at higher doses
(Fig. 3a). Also, a significant inhibition of swarming motility
was achieved on P. aeruginosa exposed to different doses of
carvacrol (0.9–7.9 mM) compared to untreated bacteria
(Fig. 3b). On the other hand, a significant reduction of C4-
AHL was observed at the highest tested concentration of car-
vacrol (Fig. 4); this reduction was statistically significant (P ≤
0.05) and presented a strong correlation (r = 0.929; p = 0.0226)
with the toxin pyocyanin. In the other hand, in Pseudomonas
exposed to carvacrol most of the proteins (40–150 kDa) were
attenuated compared to untreated cells (Fig. 5). These results
could be attributed to the decrease of proteins related to

virulence of P. aeruginosa, including protease (LasA) and elas-
tase (LasB) with molecular weights among 45–50 kDa.

Computational docking modelling reflected that carvacrol
showed affinity to interact with LasI and LasR proteins.
However, it has to be remembered that at gene level only a
decrement on the expression of lasR was caused by carvacrol
and a direct effect inhibiting activity of LasI was detected by a
lower C12-AHL production. With this in mind, figure 1 and 2
(supplementary material) showed the possible interactions be-
tween LasI synthase, identifying two binding pockets with
variable dimensions, the first related to the entrance of the acyl
carrier protein and the second to the S-Adenosyl methionine
and active site. This active site is a three-dimensional structure
V-shaped cleft of β4-sheet and β5-sheet, surrounded by
Leu102, Val143, Phe105, Ser103, Arg104, Thr142, Val148,
Thr144, Trp33, Phe27, Thr145, Arg30, and Met79. This ar-
rangement showed an electrostatic affinity (score:
−5.6 kcal mol−1, RDSM: 2.6) of (OH−) between carvacrol
hydroxyl group that could interact through Van der Waals
forces with amino group (NH3

+) of the amino acid residue
Arg104 located within LasI active site. In addition, interac-
tions between carvacrol and the binding site of C12-AHL
within the receptor protein LasR showed affinity (score:
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−6.7 kcal mol−1, RSMD: 2.5) mainly mediated by the hydrox-
yl group (OH−) of carvacrol and the amino group (NH3

+) of
Asp73. Therefore, if carvacrol occupies the LasR binding site
pocket, where C12-AHL hydrocarbon chain interacts, this
stops the expression of virulence factors related genes in
P. aeruginosa.

Discussion

This study reports a potential anti-virulence mode of action of
carvacrol against P. aeruginosa as a post-translational inhibi-
tion against LasI activity and the concomitant reduction on the
production of lasR gene expression, AHLs, and related viru-
lence factors. LasI activity mediates the production of C12-
AHL, molecule that at certain concentration is sensed by recep-
tor LasR, forming a LasR-C12-AHL complex able to interact
with DNA expressing different virulence factors responsible of

biofilm development. In addition, in normal circumstances, this
complex also triggers the expression of the RhII synthase,

H
ex

an
oy

l-A
H

L 
(

M
)

0.2

0.4

0.6

0.8

1.0

1.2

1.4
a

b

c

ND ND

Carvacrol (mM)
0 0.9 1.9 3.9 7.9

M
ot

ili
ty

 zo
ne

 (m
m

)

0

2

4

6

8
a

b

c

d

ND

a

b

Fig. 3 a Production of hexanoyl-homoserine lactones (C6-AHL) of
P. aeruginosa exposed to different concentrations of carvacrol (0–
7.9 mM). Different letters indicate statistical differences with control
(P ≤ 0.05). b Swarming motility of P. aeruginosa exposed to carvacrol
and incubated at 37 °C. Values are expressed as the mean ± standard
deviation (SD) of three samples. Different literals indicate significant
differences (P ≤ 0.05)

Carvacrol (mM)
0 0.9 1.9 3.9 7.9

Bu
tir

yl
-A

H
L 

(
M

)

0.0

0.2

0.4

0.6

0.8
a

b

c

d

ND

Fig. 4 Production of butyryl-homoserine lactones (C4-AHL) of
P. aeruginosa exposed to different concentrations of carvacrol (0–
7.9 mM). Different letters indicate statistical differences with control
(P ≤ 0.05)

kDa
260.0

150.0

100.0
75.0

50.0
37.0
25.0
20.0
10.0

1.2

L        1        2       3       4
Fig. 5 Protein profile of P. aeruginosa exposed to carvacrol (0–3.9 mM)
after 48 h at 37 °C. Lane L: molecular weight ladder (kDa), lane 1:
Control, lane 2: 0.9 M, lane 3: 1.9 mM, and lane 4: 3.9 mM of carvacrol

Virulence of Pseudomonas aeruginosa exposed to carvacrol: alterations of the Quorum sensing at enzymatic... 535



responsible of the production of C6-AHL, C4-AHL and the
expression of rhIR. RhIR protein forms complexes with C6
and/or C4-AHL, responsible of motility and pyocyanin toxin
expression, important virulence factors of P. aeruginosa. The
action of carvacrol caused a reduction in AHLs, possibly af-
fecting LasI activity, down-regulating the cascade of signals,
pathways and expression of virulence of P. aeruginosa.
However, even when lasR expression was affected, also the
LasR sensing activity could be affected by interaction with
carvacrol as showed by the docking analysis. A previous
study published by Joshi et al. (2016) reported that carvacrol
caused a reduction in the relative expression of esaI and esaR
genes, which codifies for AHL synthase and receptor protein,
respectively, decreasing the virulence of the phytopathogenic
bacteria P. carotovorum. In addition, carvacrol showed efficacy
to decrease EPS production in P. carotovorum; however, this
still needs to be determined for P. aeruginosa.

Some studies have reported the effectivity of essential oils
againstP. aeruginosa virulence; for example, it has been shown
that menthol and clove oil inhibited pyocyanin production and
reduced biofilm formation (Husain et al. 2013, 2015).
Moreover, Myszka et al. (2016), reported a reduction of C6-
AHL and C8-AHL content in Pseudomonas flourescens ex-
posed to thyme oil, tymol and carvacrol, showing a decrement
in motility, biofilm formation and relative expression of flgA
gene. However, this report did not include changes on the QS
system as a target as was done in the present study. It has to be
mentioned that a more complete picture about the proposed
anti-virulence mode of action of carvacrol needs to be complet-
ed by over-expressing and purifying LasI protein to study the
changes in the kynetic parameters of the enzymatic inhibition
and in situ studies about the efficacy of carvacrol to delay
infection of Pseudomonas. In addition, further studies evaluat-
ing the interaction carvacrol-LasR is needed at crystal levels.

P. aeruginosa virulence was reduced when exposed to car-
vacrol; it decreased autoinducers levels and the relative ex-
pression of lasR gene in P. aeruginosa. Specifically, this effect
was associated with a possible inhibition of LasI activity af-
fecting AHL production. These findings improve our under-
standing about the possible mode of action of carvacrol and
that different target points can be addressed to reduce the
virulence of this pathogen. These could be useful for the de-
velopment of inhibitors directed towards the affectation of QS
machinery reducing pathogenicity.
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