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Antibiotic resistance of the Gram-negative bacterium Pseudomonas aeruginosa and its ability to form biofilm
through the Quorum Sensing (QS) mechanism are important challenges in the control of infections caused by this
pathogen. The extract of Myrtus communis (myrtle) showed strong anti-QS effect on Chromobacterium. violaceum
6267 by inhibiting 80 % of the production of violacein pigment at a sub-MIC concentration of 1/8 (31.25 pg/
mL). In addition, the extract exhibited an inhibitory effect on virulence factors of P. aeruginosa PAO1 at half MIC
(125 pg/mL), significantly reducing the formation of biofilms (72.02 %), the swarming activity (75 %), and the
production of protease (61.83 %) and pyocyanin (97 %). The active fraction also downregulated the expression
of selected regulatory genes involved in the biofilm formation and QS in the P. aeruginosa PAO1 strain. These
genes included the autoinducer synthase genes (lasI and rhll), the genes involved in the expression of their
corresponding receptors (lasR and rhlR), and the pgsA genes. The analysis of the active fraction by HPLC/UV/MS
and NMR allowed the identification of three phenolic compounds, 3,5-di-O-galloylquinic acid, myricetin 3-O-o-L-
rhamnopyranoside (myricitrin), and myricetin 3-0-(2"-O-galloyl)-B-p-galactopyranoside. In silico studies showed
that 3,5-di-O-galloylquinic acid, with an affinity score of —9.20 kcal/mol, had the highest affinity to the active
site of the CviR protein (3QP8), a QS receptor from C. violaceum. Additionally, myricetin 3-O-a-L-rhamnopyr-
anoside (myricitrin) and myricetin 3-O-(2"-O-galloyl)-8-p-galactopyranoside interact to a lesser extent with
3QP8. In conclusion, this study contributed significantly to the discovery of new QS inhibitors from M. communis
leaves against resistant Gram-negative pathogens.

1. Introduction

In recent decades, there has been a significant increase in the prev-
alence of resistant human pathogenic bacteria, a trend that is closely
related to high rates of morbidity and mortality in both clinical and
community settings. One of the key mechanisms contributing to resis-
tance to conventional drugs is biofilm formation, which is regulated by a
bacterial cell-to-cell communication system known as quorum sensing
(QS) [1]. This system, based on LuxI/LuxR homologues, governs a wide
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array of functions in bacteria including virulence, luminescence,
motility, sporulation, pigment production, and the development of ge-
netic competence [2,3]. Consequently, inhibiting QS emerges as a
promising anti-infective strategy that could potentially prevent bacterial
infections and circumvent the drug-resistance phenomenon. The
opportunistic human pathogen P. aeruginosa is known to induce severe
and persistent infections, particularly in immune-compromised patients,
and it is responsible for approximately 57 % of nosocomial infections.
Pseudomonas. aeruginosa secretes extracellular virulence factors that
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inflict significant damage to host tissues [4]. Interestingly, these viru-
lence factors are regulated by the QS phenomenon.

Two dominating QS systems are identified in P. aeruginosa: the Las
and Rhl systems [5]. Both QS systems are characterized by the presence
of one transcriptional factor and one synthase enzyme that produces the
signal molecule. In the case of Las system, LasR is the transcriptional
activator while Lasl is the homoserine lactone synthase (AHLs) which
produces the signal molecule N-(3-oxo-dodecanoyl)-L-homoserine
lactone (30C12-HSL) [6]. On the other hand, Rhl system is composed by
the transcriptional activator RhIR and the synthase enzyme RhlI,
involved in the synthesis N-butanoyl-i.-homoserine lactone (C4-HSL). As
cell density increases, 30C12-HSL diffuses into the bacterial environ-
ment and activates the LasR receptor, while C4-HSL interacts with its
corresponding receptor, RhIR. Together, LasR and RhIR orchestrate the
transcription of virulence genes [7]. A third QS system identified in
P. aeruginosa is the Pseudomonas quinolone signal (pgs), which plays a
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crucial role in regulating the expression of virulence-related genes
including lasR, lasl, rhIR, rhll, and pgsR [8]. Consequently, it regulates
the production of virulence factors such as elastase, pyocyanin and
extracellular polymeric substrates (EPS) involved in biofilm formation
[8,9]. Therefore, inhibiting bacterial QS emerges as a promising strategy
to not only prevent P. aeruginosa resistance but also to mitigate the
expression of virulence factors [10].

Medicinal plants serve as a rich reservoir of bioactive molecules,
presenting a potential alternative to traditional drugs. These phyto-
chemical substances, renowned for their broad spectrum of therapeutic
effects, have demonstrated their capability to inhibit QS, combat anti-
biotic resistance and foster the development of more potent antimicro-
bials [11]. Several QS inhibitors have been identified, including
hordenine, a natural plant phenylethylamine alkaloid [12], as well as
other natural products such as luteolin, coumarin, clove oil, ginseng,
clove oil, butein, and sappanol [13].
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Fig. 1. Schematic representation of the extraction, partition, fractionation, and HPLC purification of M. communis leaves.
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Continuing with our studies of medicinal plants from Tunisia [14,
15], we turned our attention to Myrtus communis, commonly known as
myrtle, which is prevalent in the Mediterranean region and the Middle
East [16]. Since antiquity, it has served as a spice, a crucial ingredient in
food preparation, and for medicinal purposes, notably as an antiseptic
agent [17]. Several studies have outlined the antimicrobial properties of
M. communis extracts [18]. However, their effect on the QS system and
biofilm formation in P. aeruginosa has not been well illustrated and
documented [19].

Therefore, the main goal of this research was to assess the anti-QS
activity of the Myrtus communis extract and its corresponding fractions
against Chromobacterium. violaceum 6267 and to explore their inhibitory
effect on the virulence factors and biofilm formation in P. aeruginosa
PAOL. In addition, our study investigated the influence of the active
fraction of Myrtus communis on the expression of quorum sensing regu-
latory genes in P. aeruginosa PAOL1. In silico molecular docking analysis
of the identified compounds from M. communis leaf ethanolic extract was
also conducted.

2. Results

Leaves of M. communis, collected at Ain Sebaa, in Tabarka, from
North-West region of Tunisia, were air-dried and powdered and then,
they were extracted with a mixture of ethanol and water to give an
ethanolic extract. The resulting crude extract was submitted to succes-
sive liquid-liquid extraction between water and n-hexane (n-Hex),
dichloromethane (DCM), and n-butanol (n-BuOH) to yield, after evap-
oration, the corresponding fractions (Fig. 1).

2.1. Polyphenol content

Total phenolics, flavonoids, and tannins from the M. communis leaves
ethanolic extract and its corresponding partitioned fractions (n-hexane,
DCM, and n-BuOH) were determined and the results are displayed in
Table 1. The n-BuOH fraction exhibited the highest amount of phenolic
compounds (197.13 + 1.22 mg GAE/gDE), being even higher than the
ethanolic extract (188.10 + 1.77 mg GAE/gDE). Conversely, the DCM
fraction showed the lowest level with 46.22 + 2.16 mg GAE/gDE.
Moreover, the n-BuOH fraction was found to be the most effective sol-
vent for extracting flavonoids and condensed tannins with 73.2 + 2.2
and 47.1 + 2.67 mg CE/g DE, respectively.

2.2. Antibacterial susceptibility testing and MIC determination

The antibacterial activity of the M. communis ethanolic extract and its
partitioned fractions were determined against P. aeruginosa PAO1
(Fig. 2A, Table 2) and C. violaceum (Table 2). The n-BuOH fraction
resulted to be the most active with MIC values of 250 and 500 pg/mL
against C. violaceum and PAO1, respectively, being even more active
than the ethanolic extract (Table 2). The n-hexane and dichloromethane

Table 1
Phenolic content of the M. communis leaves extract and partitioned fractions.

Samples Total Total flavonoid Condensed tannin
phenolic content (mg CE/g content (mg CE/g
content (mg DE) DE)

GAE/g DE)

Ethanolic extract 188.10 + 48.00 + 0.5 35.7 £ 0.29
1.77

n-Hexane fraction 80.92 +1.57 45.0 £3.1 14.0 £ 0.59

Dichloromethane 46.22 + 2.16 43.5 + 2.7 7.5+1.48

fraction

n-Butanol fraction 197.13 £ 73.2 £2.2 47.1 + 2.67
1.22

GAE: Gallic acid equivalent; CE: Catechin equivalent; DE: Dry extract.
Data reported as means & SD (n = 3).
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fractions did not display antibacterial activity against PAO1, displaying
only weak activity against C. violaceum with a MIC value of 1000 pg/mL.

The antibiotic imipenem, known for its effectiveness against
P. aeruginosa, with a MIC value of 31.25 pg/mL against P. aeruginosa
PAO1 showed higher potency than the M. communis n-BuOH fraction.
Interestingly, the M. communis n-BuOH fraction displayed a similar
antibacterial activity against P. aeruginosa PAO1 than the antibiotic
vaamox®, both having a MIC value of 500 pg/mL. Cinnamaldehyde,
recognized for its substantial anti-QS activity against Gram-negative
bacteria, with MIC values of 31.25 pg/mL against C. violaceum, dis-
played higher activity than that of the M. communis n-BuOH fraction
with MIC value 250 pg/mL.

2.3. Anti-quorum sensing activity

The QS of C. violaceum was related to the production of the purple
pigment violacein, and so, the loss of purple pigmentation, without any
interference with bacterial growth of C. violaceum, is an indicator of QS
inhibition [20].

For the qualitative assessment of QS inhibition, M. communis extracts
and fractions were tested at their sub-inhibitory concentrations
(Fig. 2B). The results indicated that the n-BuOH fraction exhibited sig-
nificant anti-QS activity. It notably inhibited violacein production by
10.2-14.8 mm at sub-inhibitory concentrations starting from 125 pg/
mL, without affecting cell growth (Fig. 2B).

For the quantitative assay, M. communis extracts and fractions
showed varying levels of violacein pigment inhibition, and this inhibi-
tion was found to be concentration dependent (Fig. 3). The n-BuOH
fraction displayed notable potency, with inhibition levels ranging from
93.55 % to 61.4 % at concentrations from % MIC (125 pg/mL) to 1/16
MIC (15.625 pg/mL). Notably, the n-BuOH fraction exhibited similar
activity compared to the positive control cinnamaldehyde, which ach-
ieved 93.4 % and 87.8 % inhibitory effect at !, and "4 MIC values,
respectively. Furthermore, the ethanolic extract showed a lower con-
centration of violacein pigment at ' MIC corresponding to 250 pg/mL
(68.72 %). In contrast, the n-hexane and DCM fractions exhibited a weak
inhibitory effect at sub-inhibitory concentrations (Fig. 3).

2.4. Inhibition of QS-mediated virulence factors of P. aeruginosa PAO1

The effect of n-BuOH fraction at sub-MIC concentrations (15.62-250
pg/mL) on pycoyanin pigment production was assessed (Fig. 4).
Notably, this fraction displayed a potent inhibition of pyocyanin pro-
duction (97 % inhibition at '» MIC). Interestingly, this inhibition was
maintained even at 1/16 MIC, with 80.13 % of inhibition, and it was
reduced at 1/32 MIC with only 25.05 % inhibition. Similarly, protease
activity in the cell-free supernatant of the treated PAO1 culture was also
reduced in a dose-dependent manner (Fig. 4). Treatment with the
extract at /4 MIC resulted in a substantial reduction in total protease
activity, by 61.83 + 1.19 % compared to untreated samples and only 15
+ 2.88 % inhibition of protease activity was noted at ¥4 MIC (125 pg/
mL). Furthermore, the n-BuOH fraction was evaluated for swarming
inhibition assay of P. aeruginosa PAO1 on agar medium. The results
showed that the n-BuOH fraction significantly inhibited the swarming
motility in a dose-dependent manner at sub-MIC concentrations
(Fig. S1). It significantly inhibited the swarming motility by 75 % at 250
pg/mL compared to untreated control (Fig. 4). This inhibitory effect was
also observed at 1/8 MIC sub-inhibitory concentration, resulting in 45 %
inhibition. A lower inhibitory effect was recorded at reduced concen-
trations corresponding to 1/16 and 1/32 MICs (Fig. 4).

2.5. Antibiofilm activity
The n-BuOH fraction of M. communis was investigated for its anti-

biofilm effect against P. aeruginosa PAO1 strain (Fig. 5A). An inhibition
percentage above 50 % was considered as a good anti-biofilm activity,
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Fig. 2. A: Antibacterial activity of M. communis leaves extract and partitioned fractions against P. aeruginosa PAO1 strain: (1) ethanolic extract, (2) n-hexane fraction,
(3) dichloromethane fraction, (4) n-butanol fraction at concentration of 1000 pg/mL (5) Negative control (pure ethanol). B: Anti-QS activities of the n-BuOH fraction
using C. violaceum 6267 as the reference strain. The biosensor plates were spotted with different concentrations of the n-BuOH fraction at (1) 250 pg/mL and at sub-
inhibitory concentrations: (2) 125 pg/mL and (3) 62.5 pg/mL (4) Negative control (pure ethanol).

Table 2

Antibacterial and anti-QS activities against P. aerugionsa PAO1 and C. violaceum
of the ethanolic extract, partitioned and SPE fractions from the M. communis
leaves along with two known antibiotics and an anti-QS active compound, used
as standard controls.

Samples MIC (pg/ml) Anti-QS activity (pg/mL)
P. aeruginosa c. ?;;1 percentage of inhibition
PAO1 violaceum

Ethanolic extract 2000 500 250 (68.72 =+ 1.55 %)

n-Hexane >2000 1000 >1000

Dichloromethane >2000 1000 >1000

n-Butanol 500 250 31.25 (82.64 + 1.82 %)

First C18-SPE

F1 2000 2000 >2000

F2 1000 500 31.25 (95.67 + 1.13 %)

F3 >2000 2000 >2000

F4 >2000 >2000 >2000

F5 >2000 >2000 >2000

Second C18-SPE

F2-1 >2000 >2000 >2000

F2-2 1000 500 31.25 (97.52 + 0.79 %)

F2-3 2000 1000 500 (76.42 + 2.24 %)

F2-4 >2000 >2000 >2000

F2-5 >2000 >2000 >2000

F2-5 >2000 >2000 >2000

Vaamox® 500 n.d. n.d.

Imipenem 31.25 n.d. n.d.

Cinnamaldehyde n.d. 31.25 7.81 (87.8 + 2.32 %)

n.d.: Not determined.

while those with an inhibition percentage between 0 and 50 % were
considered as weak anti-biofilm activity. Although values less than
0 were considered to lack antibiofilm activity and they were considered
enhancers of biofilm formation [21]. Interestingly, the n-BuOH fraction
inhibited bacterial biofilm formation by 72.02 % and 52.15 % at
sub-inhibitory concentrations, corresponding to % (250 pg/mL) and Y4
MIC (125 pg/mL) concentrations, respectively. A reduced inhibitory
effect was recorded at lower concentrations (Fig. 5A).

The effectiveness of the n-BuOH fraction in inhibiting PAO1 biofilm
formation was further confirmed through microscopic visualization
(Fig. 5B), demonstrating a significant reduction in biofilm formation
compared to the untreated control. In contrast, the antibiotic agents
(vaamox® and imipenem) exhibited lower antibiofilm effect than the n-
BuOH fraction of M. communis (percentage of inhibition: 54.15 %, 47.24
% and 72 %, respectively) (Fig. 5A). Microscopic examination revealed
that the antibiotic imipenem had less impact on reducing the biofilm

formation of P. aeruginosa PAO1 compared to the n-BuOH fraction of
M. communis (Fig. 5B).

2.6. Haemolytic effect of tested samples

The haemolytic activity of the n-BuOH fraction, vaamox®, and imi-
penem was evaluated against human erythrocytes (Table 3) and neither
of them show cytotoxicity effect. Thus, the M. communis leaves ethanolic
extract exhibited very low haemolytic effects (10.63 % =+ 0.7 % and
15.87 % + 2.4 % at 4 MIC and 8 MIC, respectively) toward human
erythrocytes. Interestingly, the n-BuOH fraction was less cytotoxic than
vaamox®, which resulted in 32.43 + 1.72 % haemolysis at a concen-
tration of 8 MIC. Imipenem did not induce haemolytic effect even at 8
MIC, with only 3.72 + 2.51 % haemolysis at this concentration.

2.7. Chromatographic separation of the bioactive n-BuOH fraction and
antibacterial evaluation of the resulting subfractions

The bioactive n-BuOH fraction was submitted to Solid Phase
Extraction (SPE) on a Sep-Pak C-18 cartridge eluted with water-
methanol as mobile phase to afford F1-F5 subfractions (Fig. 1).
Among them, the F2 subfraction, eluted with a 3:2H,0/MeOH mixture,
resulted to be the most active fraction, showing inhibition of violacein
production at 31.25 pg/mL (95.67 + 1.13 % inhibition) and inhibition
of P. aeruginosa PAO1 growth at 1000 pg/mL (Table 2). Subsequently,
the F2 subfraction was subjected to a second SPE, using the same
chromatographic conditions as before, to give other six subfractions,
from F2-1 to F2-6. As indicated in Table 2, F2-2 subfraction, eluted with
a 9:1 HyO/MeOH mixture, was the most active one, inhibiting the
growth of P. aeruginosa PAO1 at 1000 pg/mL and reducing violacein
production at 31.25 pg/mL by 97.52 + 0.79 %. F2-3 subfraction, eluted
with a 3:2 H,0/MeOH mixture, exhibited lower activity than F2-2, with
a MIC value of 2000 pg/mL against P. aeruginosa PAO1 and inhibited
violacein production by 76.42 + 2.24 % at a concentration of 500 pg/
mL. The remaining collected subfractions, F2-1, F2-4, F2-5, and F2-6,
did not show antibacterial activity against P. aeruginosa PAO1 or inhi-
bition of violacein production against C. violaceum.

2.8. Effect of the F2-2 subfraction on QS gene expression

The pgsA, lasl, lasR, rhll and rhiR genes are key components of QS
system in P. aeruginosa PAO1. The expression of these genes regulates
other genes involved in virulence, biofilm formation, antibiotic resis-
tance, and motility. Consequently, the relative expression level of these
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sub-MICs concentrations. Data represent the mean + SD of triplicate assays (n = 3). Statistically significant difference was analysed by calculating p-values: *p <
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genes was assessed using RT-PCR after treating P. aeruginosa PAO1 cells
with the most active subfraction, F2-2, at sub-lethal concentration. In
this way, the F2-2 subfraction displayed a significant reduction in the
expression of all tested genes when compared to untreated cells.
Notably, 3 and 2-fold reduction was observed in the expression of lasI
and lasR at % MIC (500 pg/mL). Furthermore, a significant reduction in
the expression of rhll, rhIR, and pgsA genes was recorded by 2-fold, 5.5-
fold and 4.5-fold, respectively (Fig. 6).

2.9. Identification of the major compounds present in F2-2 subfraction

The active F2-2 subfraction was analysed by HPLC and two major
chromatographic peaks was observed as shown in the chromatogram of
Fig. S2, which were collected in two HPLC fractions, named F2-2-H1 and
F2-2-H2 (Fig. 1). HPLC-UV-HRESIMS analysis, along with NMR studies,
of both HPLC fractions allowed the identification of three major com-
pounds (1-3) present in the active F2-2 subfraction (Fig. 1).

The HPLC fraction F2-2-H1 was eluted with a Rt of 5.2 min, showing
A max at 235 and 261 nm in its UV spectrum (Fig. S3). Its corresponding
high resolution electrospray ionization mass spectrum in negative ion
mode, (—)-HREIMS, showed an intense [M — H] ion peak at m/z
495.0779 (Fig. 7) which was associated to the molecular formula for
C21H19014 (calculated m/z 495.0780) that matched to that of 3,5-di-O-

galloylquinic acid (1). Although the presence of 3,5-di-O-galloylquinic
acid (1) could not be confirmed due to the lack of the appropriate
standard, nevertheless, its presence was corroborated by the charac-
teristic ion peaks observed in its (—)-HREIMS corresponding to the
successive loss of one and two galloyl units at m/z 343.0667 (calculated
for C14H15010 m/z 343.0665) and 191.0558 (calculated for C;H;10g m/
2 191.0561), respectively [22].

The F2-2-H2 HPLC fraction was eluted with a Rt of 6.1 min, showing
A max at 229, 266, and 355 nm in its UV spectrum (Fig. S3). Its corre-
sponding (—)-HREIMS showed two intense [M — H]  ion peaks. The first
one at m/z 463.0879 was associated to the molecular formula for
C21H19012 (calculated m/z 463.0882), matching to that of myricetin 3-
O-a-L-thamnopyranoside (2). The second one at m/z 631.0936 was
correlated to the molecular formula for CogHy3017 (calculated m/z
631.0941) that matched that of myricetin 3-0-(2"-O-galloyl)-B-p-gal-
actopyranoside (3). Again, although the presence of myricetin 3-O-a-L-
rhamnopyranoside (2) and myricetin 3-0-(2"-O-galloyl)--p-gal-
actopyranoside (3) could not be fully confirmed due to the lack of the
appropriate standards, nevertheless, their presence was corroborated by
the characteristic fragmentation in their (—)-HREIMS. Thus, a [M-
rhamnosyl-H] ™ ion peak at m/z 316.022 (calculated for C;5HgOg m/z
316.0225) was assigned to the loss of a rhamnosyl unit from myricetin 3-
O-a—L-rhamnopyranoside (2) [18]. On the other hand, the [M-gal-
loyl-H]™ ion peak at m/z 479.0828 (calculated for Cp1H19013 m/z
479.0826) and [M-galloyl-gallactosyl-H]  ion peak at 316.0221 (calcu-
lated for C15HgOg m/z 316.0225) were assigned to the successive loss of
galloyl and gallactosyl units from myricetin
3-0-(2"-0-galloyl)-B-p-galactopyranoside (3), respectively (Fig. 8) [22].

The 'H NMR, 13¢ NMR spectra, and the HSQC experiment (CD3OD,
300 MHz) of the F2-2- H1 (Fig. S4, S5 and S6) and F2-2-H2 (Figs. S7 and
S8) HPLC fractions displayed all NMR proton and carbon chemical shift
signals corresponding to 1 [23], 2 [24] and 3 [25]. Consequently, these
data corroborated the presence of these compounds in the active F2-2
subfraction.

2.10. Molecular docking analysis of 1-3

Once the three compounds 1-3 were identified in the most active F2-
2 subfraction, they were submitted to molecular docking analysis with
the CviR protein which plays a significant role in C. violaceum QS. All of
them showed an interesting affinity for that protein. The 3,5-di-O-gal-
loylquinic acid (1) recorded the highest affinity score with a value of -
9.20 kcal/mol (Table 4). The interaction of 1 with the CviR protein 3QP8
active site involved seventeen (17) conventional hydrogen bonds, two
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Fig. 5. A. Inhibition of P. aeruginosa PAO1 biofilm formation by n-BuOH fraction of M. communis, vaamox®, and imipenem Data represent the mean + SD of
triplicate assays (n = 3). The statistical significant difference was analysed by calculating p-values: *p < 0.05, **p < 0.005, ***p < 0.001. B. Microscopic observation
of P. aeruginosa PAO1 biofilm, performed at 40 x magnification after treatment with: (2) n-BuOH fraction of M. communis, (3) antibiotic imipenem. (1) PAO1 without

treatment as negative control.

Table 3

Cytotoxicity effect of the n-BuOH fraction of M. communis leaves,
vaamox®, and imipenem on human erythrocytes across a range of
concentrations from 1 MIC to 8 MIC.

Concentrations (pug/mL) Haemolysis (%)

n-BuOH fraction

4000 15.87 + 2.4
2000 10.63 + 0.7
1000 7.09 £ 1.55
500 3.01 £0.4
Vaamox

4000 32,43 +1.72
2000 15.73 +£3.18
1000 2.39 £ 0.53
500 0

Imipenem

250 3.72 +£ 2,51
125 2.41 £ 0.68
62.5 0.72 + 0.4
31.25 0.42+1.5

(02) hydrophobic alkyl interactions and seven (07) van Der Waals bonds
(Fig. 9A and B).

Myricetin 3-O-a-L-thamnopyranoside (2) and myricetin 3-0-(2"-O-
galloyl)-B-p-galactopyranoside (3) showed lower affinity scores with
CviR 3QP8 protein, displaying values of —8.90 and —8.80 kcal/mol,
respectively. The interaction myricetin 3-O-a-L-rhamnopyranoside (2)/
CviR protein 3DP8 involved two types of hydrogen bond interactions:
fifteen (15) conventional hydrogen bonds and one (01) carbon-
hydrogen bond, one (01) hydrophobic Pi-alkyl interaction, one (01)
electrostatic interaction (attractive charge/Pi anions) and four (04) van
Der Waals bonds (Fig. 9C and D). Similarly, the interaction of myricetin
3-0-(2"-O-galloyl)-B-p-galactopyranoside (3) with the target protein
involved two types of hydrogen bond interactions: fourteen (14) con-
ventional hydrogen bonds and one (01) carbon-hydrogen bond, two (02)
hydrophobic Pi-alkyl interactions, one (01) electrostatic interaction

Relative expression level (%)

lasl lasR rhll rhiR pasA

W Active fraction F2-2 @ Positive control

Fig. 6. Expression level of QS regulated genes after treatment with the active
subfraction F2-2 at sub-inhibitory concentration corresponding to !5 MIC. Error
bars represent standard deviation (n = 3). Statistical significance of the data
was analysed by calculating p values with respect to control ***p < 0.001.

(attractive charge/Pi anions) and four (04) van Der Waals bonds (Fig. 9E
and F). Noteworthy, 3,5-di-O-galloylquinic acid (1) exhibited higher
binding affinity than the inducer N-(3-hydroxydecanoyl)-pL-homoserine
lactone (3-OHC10-HSL) (—8.00 kcal/mol). This AHL is recognized as an
inducer of violacein production by C. violaceum [26,27]. The interaction
of the inducer with CviR 3QP8 protein involved two types of hydrogen
bond interactions: nine (09) conventional hydrogen bonds and two (02)
carbon-hydrogen bonds, three types of hydrophobic interactions as
seven (07) alkyl, two (02) Pi-alkyl and one (01) Pi-sigma bonds and
seven (07) van der Waals bonds (Fig. 9G and H). Noteworthy, 3,
5-di-O-galloylquinic acid (1) interacts with similar amino acids as the
inducer C10-HSL with 3QP8 protein: A/ILE.57, A/LEU.85, A/TYR.88,
A/SER89 and D/LEU.48 (Table 4).



N. Khadraoui et al.

100+

90+

80+

704

601

Intensity

S50+

40

304

20+

104

495

0779

Biofilm 8 (2024) 100205

100.00% C7H1Og
Calc. 191.0561
CiHOs =-191.0558-~1
| =
Calc. 169.0142 1HO COO
169.0141 «———| I
1 lf
o, o]
HO L i OH
1! 1
Ol e o
| =
| OH
HO 1 . OH
: Ci4H15010
OH | calc 3430671 OH
1 L—= 343.0667
[M-HI" vz 495.0779 C,4H19014”
Calc. 495.0780
169.0141
54.30%
343.0667
49.72% 483.078
47.35%
191,0558
36.99%
785.0837
42915;:;2 2SS 991.1628
- 979.1630777%%
]7.2_8“/«7
271.0458 761.135:
10.00% 4;51;”2,44 10.00% 786.0875 980.1671 992.1664
11% ! 2 ] 8.75%
183(;042/‘797 — Jea.1301 - 7.70% > 1257.22011281.1678
5.61 : g f g
%1 |198.8552 401.1450 4.55% 33,0728 3.97% 787.0892 s Sitle _niEsw 1417.1448
2.47% 2.90% 1.94% e 2.14% : 2L 1119.5758 12097525 1.96%
1 = l L l : — L13% 0.85% 0.540% .
ot L ko] WSEPTY 71 TR O TOUVPTOUNOY IOV PN AU IO | I I TSV W T U P

T T T T T T T T T T T T T T T T T T T T T T T T T T T T
100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200 1250 1300 1350 1400 1450

m/z (Da)

Fig. 7. (—)-HRESI-MS of the HPLC fraction F2-2-H1 (Rt. 5.2 min) showing the [M — H]  ion at m/z 495.0779 which matched to that 3,5-di-O-galloylquinic acid (1).

1004

904

80

70

604

Intensity

50+

40+

307

204

10

163.087%
100.00% .
CpqHigOsg
Calc. 479.0831
—————= 479.0828
1
OH CygHiOg f OH C1sHgOg™
HO.,. . Calc. 316.0225 ~ HO, Calc. 316.0225
316.0221 . OH 216.0221
g O C— HO Lo f
HO" ™Y’ OH PN 5 oy
HO
C7Hs05
457,077 Calc. 169.0142
68.62% 169.0140
631,0936
51.93%
[M-H]" vz 463.0879 C21H1s012 [M-H] miz 631.0936 CzgHo3017"
Calc. 463.0882 Calc. 631.0941
1630140 316.0221
5253% 36.60%
464.0912
22,38%
479.0828 6320567
161,0867 458.0809439.1066] 15 0600 L L747%
14.40%  300.998% ooy 1az6w|| o 469.0044
13.01% = T 12.45% 635.0881 785.0837
1 {208, = 10.84%
193.086 zgﬁsgff' 347.1167 472.1034 10.11% 783.0677 ; 915,161121.1720
et L A% s 015 6.96% "Lt T L gomey AT 6%
125.0243 221.0816 : I s i~ 938.0072 1313.9120 1394.7051
2.69% 2.99% o B 654.6900739.0809 | 3.63% 935.0770 Y 11051005 4503 g516 2.85%  3.05% 1497.042
oot LR LALET i v i
..J.J.I.L‘LI.IJL J] .JI.L-uh-lAlll. Lo bl b Lo e I.IIL.l. WY TR | T [P TRRVP B T l.ﬂ el P ER W —— i i waoul

T T T T T T T T T T T T T T T T T T T T T T T T T T T T
100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200 1250 1300 1350 1400 1450

m/z (Da)

Fig. 8. (—)-HRESI-MS of the HPLC fraction F2-2-H2 (Rt. 6.1 min) and structures of myricetin 3-O-a-L.-rhamnopyranoside (2) and myricetin-3-0-(2"-O-galloyl)-8-p-

galactopyranoside (3).
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Table 4
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Molecular docking results of 1-3 compounds detected in F2-2 fraction from M. communis leaves extract and the inducer C10-HSL with CviR receptor active site.

Receptor Ligands Binding energy Active site aminoacids Interaction type
(Kcal/mol)
CviR C10-HSL —8.00 A/VAL.59, A/LEU.76, A/TYR.80, A/TRP.84, A/ASP.97, A/SER.131, A/ILE.139, Hydrogen
(C. violaceum) A/THR.140, A/SER.155
A/ILE.57, A/MET.72, A/VAL.75, A/LEU.85, A/TYR.80, A/TYR.88, D/PRO.52 Alkyl
A/TRP.111, A/PHE.126 Pi-Alkyl
A/TYR.80, A/ASP.97 Carbone-
hydrogen
A/TRP.111 Pi-Sigma
A/SER.89, A/PHE.115, A/ALA.130, A/MET.135, A/ILE.153, D/LEU.48, D/ Van der Waals
SER.49
Quinic acid, 3, 5-di-O-gallate (1) -9.20 A/LYS.41,A/LYS.74, A/ASN.77, A/SER.82, A/TYR.88, A/SER.89, A/GLN.90, A/ Hydrogen
ASN.92, A/PHE.93, A/ALA.94, D/ASP.45, D/ASN.46, D/SER.53, D/ASP.54, D/
ARG.55, D/ILE.56, D/VAL.78
A/LEU.85, D/LEU.48 Alkyl
A/GLU.37, A/ILE.57, A/LEU.76, A/ASN.86, D/LYS.41, D/ALA.42, D/SER.79 Van der Waals
Myricetin 3-O-a-L- —8.90 A/LYS.41, A/ASN.77, A/TYR.80, A/SER.82, A/TYR.88, A/ASN.92, A/PHE.93, Hydrogen
rhamnopyranoside (2) A/ALA.94,D/LYS.41,D/ALA.51, D/SER.53, D/ASP.54, D/ARG.55, D/ILE.56, D/
VAL.78
D/LEU.48 Pi-Alkyl
D/SER.49 Carbon-hydrogen
D/ASP.45 Attractive
charge/Pi anions
A/VAL.59, A/VAL.75, A/ASN.86, D/SER.79 Van der Waals
Myricetin 3-0-(2"-O-galloyl)-8-p- —8.80 A/LEU.60, A/ARG.62, A/GLN.70, A/ARG.71, A/MET.72, A/VAL.75, A/TYR.88,  Hydrogen
galactopyranoside (3) A/ASN.92, A/ALA.94, A/GLN.95, D/ALA.51, D/SER.53, D/LYS.159, D/ASN.164
A/ALA.94, D/LYS.159 Pi-Alkyl
A/GLN.70 Carbon-hydrogen
D/ASP.54 Attractive
charge/Pi anions
D/PRO.52, D/GLY.134, D/GLU.160, D/ARG.163 Van der Waals

3. Material and methods
3.1. Plant collection and identification

Myrtus communis was collected at Ain Sebaa, in Tabarka, from North-
West region of Tunisia (36°95' 20.7”’N and 8° 92’ 70.7"). The identifi-
cation of the plant was performed by Pr. A. Smaoui (Biotechnology
Center of Borj Cedria, Tunisia) and a voucher specimen [Pls-BC 50-120]
was deposited in the laboratory of Bioactive Substances.

3.2. Bacterial strains and culture conditions

The model organism Chromobacterium violaceum 6267 was used for
the anti-QS tests. It was kindly provided by E.-B. Kerekes, Department of
Microbiology, Faculty of Science and Informatics, University of Szeged,
Hungary. Pseudomonas aeruginosa PAO1 was also used in this study. Both
strains were cultured in Luria broth (LB) medium containing 1 %
peptone, 0.5 % yeast extract, and 0.5 % NaCl. These strains were stored
in 20 % glycerol at —80 °C.

3.3. Chemicals

The following antibiotics were used as conventional antimicrobial
drugs: vaamox® (amoxicilline and clavulanic acid) and imipenem
(UNIMED laboratories). Cinnamaldehyde (Sigma-Aldrich, USA) was
used as QS inhibitor.

3.4. Extraction of the leaves and partition of the corresponding crude
extract

Air-dried leaves of M. communis were mechanically transformed in
powder using an electrical commercial blender. This powdered material
was then subjected to a maceration extraction process for a duration of
72 h, utilizing a solution of ethanol and water mixed in an 80:20 vol
ratio. After filtration, the extract was evaporated and dried at 50 °C
under reduced pressure using a rotary evaporator (Buchi, R200,

Switzerland). The resulting ethanolic extract was suspended in deion-
ized water and subjected to successive liquid-liquid extraction using n-
hexane (n-Hex), dichloromethane (DCM), and n-butanol (n-BuOH). Both
organic and aqueous fractions were evaporated under reduced pressure
at 45 °C, dissolved in 80 % aqueous methanol, and stored at - 20 °C for
further analysis (Fig. 1).

3.5. Total phenolic content (TPC)

Total phenolic content was determined using the Folin-Ciocalteu
method as previously described with minor modifications [28].
Briefly, a volume of 0.125 mL of extracts was mixed with 0.5 mL distilled
water and 0.125 mL Folin-Ciocalteu reagent. After 6 min in the dark,
1.25 mL of 7 % sodium carbonate (w/v) was added and the solution was
adjusted to 3 mL with distilled water. After a 90 min incubation period
in the dark at room temperature, the absorbance of the reaction was
quantified at a wavelength of 760 nm using a UV/Vis spectrophotometer
(Optizen 2120 UV plus, Mecasys, Korea). Gallic acid was used as a
reference and results were expressed as mg gallic acid equivalents per
gram of dry extract (mg GAE/g DE). Each sample was subjected to
analysis in triplicate.

3.6. Total flavonoid content

The total flavonoid content was quantified using the method pro-
posed by Dewanto and collaborators with minor modifications [28].
Briefly, 0.075 mL of 5 % NaNO, was added to 0.25 mL of extracts, fol-
lowed by 0.15 mL of 10 % AICl3. The mixture was incubated for 5 min at
room temperature and then 0.5 mL of NaOH (1 M) was added. The
mixture was incubated at room temperature for 15 min and the absor-
bance was measured at 510 nm. Catechin was used as a standard for the
calibration curve. All the samples were analysed in triplicates and the
results were expressed as mg catechin equivalent per gram of dry extract
(mg CE/g DE).
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Fig. 9. Docking model of CviR 3QP8 protein binding of 1-3 active compounds
and the inducer C10-HSL: (A, B) 3,5-di-O-galloylquinic acid (1), (C, D) myr-
icetin 3-O-a-L-thamnopyranoside (2), (E, F) myricetin 3-0-(2"-0-galloyl)-8-p-
galactopyranoside (3), and (G, H) the inducer C10-HSL. (A, C, E and G):
backbone representations. (B, D, F and H): 2D interaction of the amino acids of
3QP8 protein with 1-3 and the inducer C10-HSL, respectively. Black arrows
indicate binding sites.

3.7. Determination of tannin content

Tannin content was evaluated using the vanillin method as previ-
ously described [29]. An aliquot of 0.125 mL of tested extracts was
added to 0.75 mL of vanillin and 0.375 mL of concentrated hydrochloric
acid. The mixture was incubated in the dark at room temperature for 20
min and the absorbance was measured at 500 nm. The same conditions
were used for the preparation of the standard calibration curve of
catechin. All the samples were analysed in triplicates and the results
were expressed as mg catechin equivalents per gram of dry extract (mg
CE/g DE).

3.8. Determination of the antibacterial activity

The antibacterial activity of the crude ethanolic extract and fractions
was assessed using the disc diffusion method as described previously
with slight modification [30]. In brief, 25 pL of the suspension was
impregnated into the paper disc with 5 mm diameter and placed on
Muller Hinton plates inoculated with the tested bacteria. The plates
were incubated at 37 °C for 24 h. The antibacterial activity was evalu-
ated by measuring the diameter of the inhibitory zone and the results
were expressed as the average of three determinations.

3.9. Minimal inhibitory concentration “MIC” determination

The minimal inhibitory concentrations (MIC) of tested extracts
against P. aerugionsa PAO1 and C. violaceum 6267 were determined in
triplicate in sterile 96-well microlitre plates using the broth
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microdilution method as previously described [30]. Briefly, 10°
CFU/mL of bacterial strains were treated with serial two-fold dilutions
of the extracts. After overnight incubation at 37 °C, MIC was determined
as the lowest concentration of the extract that inhibited the microor-
ganism growth. Vaamox® and imipenem were used as positive controls
[311.

3.10. Anti-quorum sensing activity

The anti-QS activity of M. communis extracts was initially evaluated
by Agar disk-diffusion method at sub-MIC concentrations using
C. violaceum 6267. Briefly, the overnight broth culture of C. violaceum
was adjusted to 0.5 McFarland scale and was inoculated on Muller-
Hinton (MH) culture medium. Sub-MIC concentrations were loaded
over sterile paper disks and placed on the solidified agar plates. Plates
were incubated at 25 °C under light exposure for 24 h. The QS inhibition
was detected by a colourless viable halo on a purple background around
the disks. Furthermore, quantitative evaluation of QS inhibition was
carried out in 96 well plates as previously described with some modi-
fications [32]. Briefly, serial dilutions of M. communis extracts (in LB
medium) were incubated with 10° CFU/mL of bacterial suspension.
Cinnamaldehyde was used as a known QS inhibitor [32] and ethanol 80
% was used as a negative control. After incubation at 30 °C under light
exposure overnight, the microplate was centrifuged (3000 rpm, 20 min)
to precipitate the insoluble violacein. The culture supernatants were
removed and the pellet was suspended in 100 pl pure DMSO. The
microplate was centrifuged again (3000 rpm, 20 min) and violacein was
quantified spectrophotometrically at 585 nm. The percentage of viola-
cein inhibition was calculated according to the following formula:

Violacein inhibition % = 100 - [(OD extract — OD negative control)/ (OD
positive control — OD negative control)] x 100.

3.11. Inhibition of QS-mediated virulence factors in P. aeruginosa PAO1

3.11.1. Pyocyanin assay

The effect of tested samples on pyocyanin production was performed
as previously described with some modifications [33]. Briefly, serial
two-fold dilutions of the extract were incubated with 10° CFU/mL
bacterial suspension at 37 °C for 24 h. Cells were separated from culture
fluids by centrifugation at 3000 rpm for 20 min, and pyocyanin was
extracted from 100 pL of culture supernatant by adding an equal volume
of chloroform. The amount of pyocyanin was determined in the organic
layer at 520 nm and the percentage of pyocyanin inhibition was
calculated.

3.11.2. Swarming motility assay

Swarming motility, a factor associated with the antibiotic resistance
of Pseudomonas strains, was assessed by inoculating P. aeruginosa colony
on swarming agar medium with and without plant extracts according to
Krishnan et al. (2012) [34]. The plant extract was added to the medium
at sub-MICs concentrations and 2 pL of overnight cultures of
P. aeruginosa PAO1 were inoculated on the agar surface at the middle of
the plates. Plates were incubated at 37 °C for 24 h. Swarming assay was
performed in triplicate and the mean of the diameter was assigned. A
control plate containing the solvent was also performed.

3.11.3. Total proteolytic activity assay

The ability of the extract to inhibit protease production by
P. aeruginosa PAO1 was determined according to Gharbi et al., (2018)
with slight modifications [35]. Briefly, P. aeruginosa PAO1 was cultured
in LB broth supplemented with sub-MIC concentrations of the plant
extract and was incubated at 37 °C for 24 h. The culture was centrifuged
at 15.000 rpm for 20 min. Then, 25 pL of each culture supernatant fluid
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was mixed with 75 pl of 5 % (w/v) azocasein solution (Sigma-Aldrich,
France) prepared in 0.1 M Tris-HCI buffer pH 9. Samples were incubated
for 1 h at 37 °C and the reaction was stopped by adding 600 pL of 10 %
(w/v) trichloroacetic acid (TCA). After centrifugation (10.000 rpm for 5
min), 700 pL of each supernatant was added to 600 pL 1 N NaOH. The
OD was measured at 440 nm. One unit of proteolytic activity was
defined as the amount of enzyme that increases the absorbance by 0.01
per min under the assay conditions.

3.12. Inhibition of P. aeruginosa PAO1 biofilm formation

The inhibitory effect of the biofilm formation was carried out by the
method of crystal violet staining as previously reported [36]. Serial di-
lutions of the tested extract (7.81-500 pg/mL), vaamox® (3.9-250
pg/mL), and imipenem (0.015-0.97 pg/mL) were incubated with 10°
CFU/mL of PAO1 suspension in LB broth at 37 °C overnight. The
biomass was quantified using the crystal violet staining method and
biofilm inhibition was evaluated by measuring the absorbance at 600
nm using a microplate reader (Synergy HT, Bio-Teck). Microscopic
evaluation of PAOL1 cells in biofilm was performed using an inverted
microscope (IVU6000, Labomed).

3.13. Haemolytic assay

The haemolytic activity was assayed on human erythrocytes as
previously described [37]. Briefly, aliquots of human erythrocyte sus-
pension (107 cells/mL in 0.9 % NaCl) were incubated with various
concentrations of the tested extract (500-4000 pg/mL), vaamox®
(250-2000 pg/mL), and imipenem (0.97-7.81 pg/mL) corresponding to
MIC - 8 MIC values. After incubation at 37 °C for 30 min, the samples
were centrifuged at 3500 rpm for 15 min and the supernatant was
measured at 450 nm. Complete haemolysis was obtained by suspending
erythrocytes in distilled water and the mixture was used as a positive
control. Each experiment was performed in triplicate and the percentage
of haemolysis was calculated.

3.14. Solid Phase Extraction (SPE)

The n-BuOH active fraction was fractioned as shown in Fig. 1. Briefly,
it was submitted to Solid Phase Extraction (SPE) on a C18 Sep-Pak
cartridge and was eluted with a gradient of water-methanol mixtures:
1:0; 3:1; 1:1; 1:3; 0:1 (v:v) to give five subfractions, named F1-F5,
respectively. The F2 active fraction, eluted with a 3:1 mixture of water-
methanol, was then submitted to a second SPE on a Sep-Pak C-18 car-
tridge eluted with a gradient of water-methanol mixtures: 1:0; 9:1; 8:2;
7:3; 1:1, and 0:1 (v:v) to give other six subfractions, named from F2-1 to
F2-56, respectively. The collected active F2-2 subfraction, eluted with a
9:1 mixture of water-methanol, was analysed by LC/MS using a Thermo
Scientific liquid chromatography system coupled with an LQT-Orbitrap
Discovery mass spectrometer. An Atlantis C18 column (5 pm, 4.6 x 100
mm) was used. The mobile phase consisted of 0.1 % formic acid in water
(Solvent A) and acetonitrile (Solvent B). A linear gradient with a flow
rate of 0.5 mL/min was performed: 0-5 min, from 5 to 10 % (B); 5-10
min at 10 % (B); 10-15 min, from 10 to 100 % (B), and then 15-20 min
at 100 % (B). MS analysis was run in negative ionization mode using an
electrospray ionization (ESI) source. In this way, two HPLC fractions,
named as F2-2-H1 and F2-2-H2, were collected (Fig. 1).

3.15. Identification of the active compounds

The identification of the compounds from the active fraction was
based on the analysis of their corresponding HRESIMS and the com-
parison of their MS/MS fragmentation and NMR spectral data to those of
the reported known compounds. MestReNova software version 14.1 was
used for NMR data analysis. 'H NMR [*H (300 MHz)] and 13C NMR ['3C
(75 MHz)] analysis of both HPLC fractions was performed using a Bruker

10

Biofilm 8 (2024) 100205
300 MHz Neo Avance spectrometrer.
3.16. RNA extraction and cDNA synthesis

P. aeruginosa PAO1 was treated with the purified active fraction at
sub-inhibitory concentration for an overnight incubation at 37 °C in 12-
well plates. Untreated cells served as a positive control. Subsequently,
total RNA was extracted using TRIZOL reagent (Invitrogen, Carlsbad, CA
USA). The quantification of RNA was performed using a Nanodrop
spectrophotometer. cDNA was then synthesized with oligo (dT) primers
using a High Capacity cDNA Reverse Transcription kit (Applied Bio-
systems) and was stored at —20 °C until use.

3.17. Quantitative real-time PCR analysis

SYBR Green qRT-PCR was used to monitor the expression of the QS-
regulated genes of P. aeruginosa PAO1 treated with the active fraction at
sub-inhibitory concentration corresponding to half MIC. Each PCR tube
contained: 10 pl of SYBR Green PCR Master Mix, 0.2 uM of both forward
and reverse primers of target genes (Table S1) [38], 3.4 ul of
nuclease-free water, and 2.5 pL of cDNA. rpoD gene was used as an in-
ternal control (Table S1). The reaction was accomplished in a 7300
Real-Time PCR System (Applied Biosystems). Each PCR reaction was set
up in triplicate and the relative expression of the target genes was
estimated using 272" relative expression method.

3.18. Molecular docking study of CviR and identified compounds

Molecular docking studies were carried out with the CB-DOCK2 vina
Tools (version 2021.09.15). The crystal structure of the target protein
CviR from Chromobacterium violaceum (PDB ID: 3qp8) was downloaded
from the protein databank (https://www.rcsb.org, access September
2023). In the crystal structure, missing residues were added and water
molecules around the receptor were removed using the protein prepa-
ration wizard. The 3D structures of the auto-inducer C10-HSL
(C14H25NO3), the native ligand of 3QP8, 3,5-di-O-galloylquinic acid (1,
C21H20014), myricetin 3-O-a-L-rhamnopyranoside (2, C21H20012), and
myricetin 3-0-(2"-0-galloyl)-B-p-galactopyranoside (3, CagH24017) were
obtained from PubChem (https://pubchem.ncbi.nlm.nih.gov, access
April 2024) and USCF Chimera 1.17. Docking analysis was performed to
obtain a possible conformation and orientation of the ligand at the
binding site. The cubical grid box that encloses the active sites of CviR
had a dimension of 26 x 26 x 26 for x, y and z axis, respectively. The best
conformation with the lowest binding energy was chosen [39]. The
docked structures were visualized using PyMOL version 0.99. The
interaction between target proteins and ligands was also determined by
Biovia Discovery Studio v21.1.0.20298 (Biovia, D.S 2021).

3.19. Statistical analysis

All experiments were carried out in triplicate and results were
expressed as mean + standard deviation. Data were considered statis-
tically significant at minimum level of p < 0.05. Microsoft Excel 2010
statistical package was used for all analyses.

4. Discussion

The widespread misuse of antibiotics in both human and veterinary
medicine has led to the emergence and proliferation of antimicrobial
resistance among bacterial populations [38]. The QS system plays an
important role not only in the regulation of virulence factors, such as
biofilm, by triggering the activation of genes implicated in biofilm for-
mation in Gram-negative bacteria [40], but also initiates the activation
of genes involved in antibiotic resistance mechanisms, such as efflux
pumps [41].

P. aeruginosa is well known to use QS auto-inducer molecules in order
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to regulate a wide range of features, including virulence factors, biofilm
formation, and antibiotic resistance [42]. In this sense, the disruption of
the QS in P. aeruginosa bacterial strains could make them more suscep-
tible to antibiotics by preventing the coordination and activation of
resistance mechanisms [3,43,44].

Considering that medicinal plants constitute a rich natural source of
QS inhibitors [45], we decided to perform the first study of the anti-QS
activity of the ethanolic extract of Myrtus communis leaves, utilizing
C. violaceum 6267 and P. aeruginosa PAO1 as bacterial models.

The phenolic analysis of M. communis leaves ethanolic extract dis-
played the contents of the total polyphenols (from 46.22 to 197.13 mg
GAE/g DE) along with those of flavonoids (from 43.5 to 73.2 mg CE/g
DE) and condensed tannins (from 7.5 to 47.1 mg CE/g DE). The highest
level of polyphenols was found in the ethanolic extract and the n-BuOH
fraction.

Previous studies have shown that the concentration of phenolic
compounds in the M. communis extract depends on the solvent used in
the extraction process. Thus, by increasing the polarity of the solvents,
the yield of phenolic compounds in the organic extract increases [46]. In
consequence, both water and ethanol extracts of M. communis have been
found to contain significant amounts of phenolic content [47]. On the
other hand, it has been observed that the leaves extract of myrtle con-
tains a notably higher amount of total phenolic compounds compared to
other organs of the plant [48]. For example, Hennia and coworkers
outlined that M. communis leaves extracts are rich sources of galloyl,
flavonols, and flavonol derivatives responsible for their antioxidant
properties [49].

There are several reports on the antibacterial activity along with the
phyto-constituents found in myrtle extracts from different locations
[50]. For example, M. communis leaves extract collected in Jazan, a re-
gion in the Southwestern part of Saudi Arabia, showed inhibitory effects
on the growth of numerous Gram-positive bacterial strains, being inef-
fective against both Gram-negative bacteria and various fungal strains
[51].

In the present work, M. communis leaves ethanolic extract, collected
in Tunisia, and its corresponding n-BuOH fraction inhibited the growth
of C. violaceum 6267 and P. aeruginosa PAO1 Gram-negative bacterial
strains with MIC values between 500 and 2000 pg/mL and 250-500 pg/
mL, respectively.

Likewise, Amensour et al. [46] reported in 2010 the antibacterial
activity against P. aeruginosa of a leaves extract from M. communis
collected in Morocco, displaying a MIC value of 5 mg/mL which is lower
in comparison to that of one collected in Tunisia in this work. Further
observations revealed a dose-dependent reduction in bacterial viability
of P. aeruginosa PAO1l. Specifically, a methanolic extract from
M. communis leaves displayed its highest bactericidal activity against
P. aeruginosa at 2 MIC after an exposure period of 10 h [46]. In a separate
study, Mansouri reported that P. aeruginosa PAO1 showed sensitivity to a
leaves extract from M. communis collected in Iran, albeit at a higher MIC
value exceeding 1000 pg/mL [52].

The antibacterial potential of M. communis essential oil against the
Gram-negative bacterium C. violaceum was also reported [53], revealing
a MIC value of 1500 pg/mL which was higher than that observed for the
M. communis ethanolic extract (MIC value of 500 pg/mL) in the present
study. In addition to the antibacterial potency, several phenolic com-
pounds isolated from this plant have been reported to show inhibitory
effects on acyl-homoserine lactone (AHL) dependent QS in C. violaceum
[54]. The production of the violacein pigment by the bacterium is
regulated by the QS system, which involves the production of signalling
molecules N-acyl-homoserine lactones “AHLs” [26].

In this work, besides the antibacterial effect of M. communis leaves
ethanolic extract and the n-BuOH fraction on C. violaceum 6267 with
MIC values at 250 and 500 pg/mL, they also inhibited the production of
violacein at sub-inhibitory concentrations. Noteworthy, the n-BuOH
fraction showed the most potent inhibition in violacein production,
ranging from 93.55 % to 61.42 % at concentrations between % MIC (125
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pg/mL) and 1/16 MIC (15.62 pg/mL). The inhibitory effect of a meth-
anolic leaves extract of M. communis collected in Saudi Arabia in vio-
lacein pigment production of C. violaceum was previously reported,
displaying a significant decrease of about 65 % at 200 pg/mL of con-
centration [55].

Previous studies have highlighted the potent inhibition of QS regu-
lated virulence factors produced by C. violeceum when exposed to several
plant extracts, suggesting that these extracts could provide opportunities
in therapeutic applications as anti-QS based antiseptic agents [56,57].
For example, Syzygium aromaticum, Dionysia revoluta Boiss, and Euca-
lyptus camaldulensis Dehnh extracts showed potent inhibition of QS
regulated virulence factor of C. violeceum biosensor strain [57]. Another
report outlined that the fruit ethyl acetate extract from Passiflora edulis
inhibited violacein pigment production in a dose-dependent manner
[58].

The QS system is involved in the regulation of P. aeruginosa virulence
factors including biofilm formation, exopolysaccharide production
(extracellular polymeric substances in biofilm), pyocyanin excretion,
and swarming motility which are involved in early stage of biofilm
formation [54,59]. Furthermore, the proteolytic activity of P. aeruginosa
has crucial role in bacterial pathogenesis since it breaks down proteins
and is responsible for cell damage to acquire nutrients and to colonize
host tissue [42]. Additionally, pyocyanin is known to trigger oxidative
stress, leading to an increase in the intracellular levels of reactive oxygen
species (ROS) such as superoxide Os.- and hydrogen peroxide H2O,
resulting in oxidative damage to cellular components [60].

Biofilm formation, a virulence factor involved in the P. aeruginosa
infection process, is a complex process that involves the production of
extracellular polymeric substances (EPS) that protect bacteria from the
effects of phagocytic cells and antimicrobial agents. Notably, bacteria
that form biofilms exhibit a form of resistance to antibiotic treatments,
presenting a significant challenge in treatment strategies [61].

Swarming motility is another virulence factor involved in the
P. aeruginosa infection process. It is essential for the bacterium to reach
nutrient-rich regions and to form biofilm on various surfaces. A pub-
lished study highlighted that the inhibition of virulence factors in
P. aeruginosa could potentially attenuate the pathogen, facilitating the
elimination of the bacteria by the host’s immune system. This phe-
nomenon was observed in mice, underscoring the promising prospects of
targeting virulence factors to enhance immune response against the
pathogen [62]. Interestingly, the n-BuOH fraction from M. communis
leaves ethanolic extract inhibited P. aeruginosa PAO1 virulence factors
including pyocyanin, biofilm formation, swarming motility, and pro-
teolytic enzymes, even at sub-inhibitory concentrations.

Our findings are consistent with those reported by Alyousef and
coworkers who observed a significant reduction in total protease pro-
duction in P. aeruginosa after treatment with onion peel extracts.
Furthermore, it was noticed that M. communis leaves ethanolic extract
reduced the expression of virulence factors, including proteases and
elastase, inhibition of pyocyanin production, and biofilm formation
[55]. It should be noted they have found that linalool is the active
compound.

The effect of plant extracts in reducing the expression of virulence
factors, like pyocyanin in P. aeruginosa PAO1 and biofilm formation, has
been reported previously [61,63,64]. Another study outlined the QS
inhibitory effect of the active ingredient of Agrimonia ilosa on the pro-
duction of virulence factors, including pyocyanin, elastase, proteolytic
enzymes, motility, and biofilm formation [8].

In relation to the cytotoxicity of the n-BuOH fraction from
M. communis noted in the present work, its biological evaluation dis-
played a weak cytotoxic effect on human erythrocytes at a concentration
of 4 mg/mL (15.87 % + 2.4). Noteworthy, this concentration surpasses
the MIC against P. aeruginosa PAO1 cells (500 pg/mL) by eightfold and is
128 times greater than the MIC required for anti-QS activity which is
31.25 pg/mlL. Interestingly, this concentration is 16 times greater than
the one found effective in inhibiting all the virulence factors produced
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by the P. aeruginosa PAO1 strain. These factors include biofilm forma-
tion, pyocyanin production, proteolytic enzymes production, and
swarming motility, with the effective concentration being 250 pg/mL.
Thus, it seems that the anti-QS activity and the inhibitory potential of
QS-mediated virulence factors in P. aeruginosa PAO1 strain of n-BuOH
fraction from M. communis are likely unrelated to the cytotoxic effect. A
recent reported study also confirmed the absence of haemolysis caused
by M. communis extract at concentrations higher than those with effec-
tive antibacterial effects. The aqueous extract exhibited a significantly
low haemoglobin leakage rate compared to other tested plants, with
only 20.14 + 3.11 % of total haemolysis recorded at 200 mg/mL [65].
Additionally, it was noted that M. communis essential oil induced
remarkable cytotoxic activity by apoptosis without affecting normal cell
lines, suggesting a possible application of the bioactive compounds in
M. communis as a natural anticancer drug [17].

For the phytochemical analysis of the M. communis leaves ethanolic
extract in this work, the n-BuOH fraction was fractionated by two
consecutive SPE processes and the resulting most active subfraction, F2-
2, was submitted to RP-HPLC to give two HPLC fractions, F2-2-H1 and
F2-2-H2. Chemical analysis of the HRESIMS, LC/MS, and NMR data of
these two HPLC fractions allowed us to identify three phenolic com-
pounds as their major components: 3,5-di-O-galloylquinic acid (1),
myricetin 3-O-a-L- rhamnopyranoside (myricitrin) (2), and myricetin 3-
0-(2"-O-galloyl)-B-p-galactopyranoside (3). These findings agree with
previous studies that reported the presence of these phenolic compounds
from M. communis. For example, Yangui and coworkers identified ten
phenolic compounds in leaves extract of three Tunisian genotypes of
M. communis: five flavonols and five hydrolysable tannins. It was also
noticed that the flavonol myricetin derivatives represent more than 40
% of total polyphenols in M. communis leaves [66]. Two myricetin gly-
cosides with antioxidant activity were reported from another Tunisian
M. communis leaves extract [67]. 3,5-di-O-galloylquinic acid and four
myricetin glycosides were isolated from the leaves of M. communis
collected in Japan [68]. Several myricetin glycosides were identified
from M. communis leaves extract collected in Portugal displaying anti-
oxidant activity [22]. Furthermore, myricetin glycosides and other fla-
vonols were the major phenolic compounds identified in a M. communis
pericarp extract from Algeria using an optimized ultrasound-assisted
extraction [69].

On the other hand, the antibacterial activity of flavonoid myricetin
has been demonstrated in previous studies. The ability of myricetin to
inhibit the bacterial growth of various Gram-negative bacteria such as
Klebsiella pneumoniae, Proteus mirabilis, Pseudomonas aeruginosa, and
Shigella flexineri at a concentration of 30 pg/mL was reported [70].
Taheri et al outlined its ability to inhibit the bacterial growth of
P. aeruginosa ATCC 27853 at MIC of 256 pg/mL [71]. The significant
inhibitory effect of myricitrin on P. aeruginosa biofilm formation has
been reported by Motlhatlego and coworkers in 2020 [72]. Additionally,
Nain et al. (2021) [73] reported that myricetin isolated from Gynura
procumbens leaves, exhibited antibacterial activity along with a prom-
ising anti-QS potency. Myricetin was also reported to effectively inhibit
various virulence factors in P. aeruginosa MZ4A, including biofilm for-
mation, swarming motility, pyoverdine, and pyocyanin production, as
well as proteolytic activity [73]. In relation to quinic acid, it was found
to exert inhibitory effect on P. aeruginosa biofilm formation by modu-
lating the transcriptional regulation of genes involved in the quorum
sensing pathway when it was isolated from Lonicerae japonicae Flos [74].
Quinic acid was also reported to display a competitive binding inhibi-
tion of signalling molecules in Rhl system related to biofilm formation
[74].

Regarding the QS system in P. aeruginosa, Las and RhI systems
regulate the expression of various genes. Targeting them could be a
potential strategy for controlling P. aeruginosa infections [75]. In this
context, compounds that interfere with these systems have been iden-
tified and tested in preclinical studies, showing promising results in
reducing virulence factor production and biofilm formation. In this way,
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we found that the F2-2 active fraction of M. communis leaves ethanolic
extract effectively inhibited the expression of all the tested autoinducer
synthase genes (lasI and rhll), their cognate receptor genes (lasR and
rhlR), and the pgsA genes at sub-inhibitory concentration, corresponding
to 500 pg/mL. These findings are consistent with prior studies in which
plant-derived phenolic compounds were observed to decrease virulence
phenotypes and related genes [20]. Previous studies also outlined an
overall reduction of the expression of QS regulatory genes by six me-
dicinal plants from South Florida. Among them, Callistemon viminalis
which belongs to the Myrtaceae family, reduced the expression of lasl,
lasR, rhil and rhIR genes in PAO1 [76]. Natural plant-derived compounds
trans-cinnamaldehyde and salicylic acid significantly inhibit the
expression of QS regulatory and virulence genes in P. aeruginosa at
sub-inhibitory concentrations without affecting bacterial growth [63].
Paeonol, one of the main compounds in traditional Chinese medicine
have shown a significant inhibitory effect on the quorum-related genes
lasI/R, rhll/R, pgs/mvfR, and their mediated virulence factors, LasA,
LasB, RhlA, RhIC, PhzA, PhzM, PhzH, and PhzS and therefore
down-regulated the virulence phenotypes [20].

The bacterium C. violaceum produces natural violet pigment viola-
cein, and its production is regulated by quorum sensing system that
consists of Cvil/CviR, a LuxI/LuxR homolog [77]. Therefore, the QS
receptor CviR could serve as a target model to identify promising mol-
ecules that can disrupt the quorum sensing system in C. violaceum [77].
Several investigations applied in silico computational studies to select
potential inhibitors of quorum sensing, using the quorum sensing re-
ceptor CviR of C. violaceum as a model target [27,77]. In this context,
molecular docking studies were conducted to evaluate the interactions
of compounds 1-3 identified in this work in Myrtus communis leaves
ethanolic extract with the 3QP8 structure of the CviR protein, and the
results demonstrated a high binding affinity with 3,5-di-O-galloylquinic
acid (1). This interaction was even higher than that of the inducer
3-OHC10-HSL to the 3QP8 structure. It was previously reported that the
plant compound Z-phytol showed a higher binding affinity level than the
inducer compound for the 3QP8 structure of the CviR protein [27].
Moreover, 3,5-di-O-galloylquinic acid (1) binds to residues in the 3QP8
protein that are similar to those of the inducer compound, specifically:
A/ILE.57, A/LEU.85, A/TYR.88, A/SER89, and D/LEU.48. As previously
noted, compounds binding to positions close to the amino acid sequence
between residues 80 and 94, similarly to the inducer 3-OHC10-HSL,
have the potential to compete for the binding site with the inducer
molecule. Consequently, this competition could lead to the inhibition of
the QS mechanism [27]. A different study highlighted that phenolic
compounds, specifically quercetin aglycone and quercetin
3-B-D-glucoside, have a shared binding site with 3-OHC10-HSL within
the 3QP8 structure. This shared site elucidates the inhibitory impact
these compounds have on the production of violacein [78].

5. Conclusion

This study has uncovered the promising anti-QS capabilities of the
ethanolic extract of Myrtus communis leaves. This extract exhibits a
broad-spectrum effect against QS and effectively reduces the virulence
factors in both P. aeruginosa PAO1 and C. violaceum 6267 strains. Three
phenolic compounds were identified as the major components of the
active subfaction: 3,5-di-O-galloylquinic acid (1), myricetin 3-O-q-L-
rhamnopyranoside (myricitrin) (2), and myricetin-3-0-(2"-O-galloyl)-B-
p-galactopyranoside (3). These compounds have shown a significant
binding affinity with the QS receptor CviR, with 3,5-di-O-galloylquinic
acid (1) being particularly effective. The potential of the Myrtus com-
munis ethanolic leaves extract and its active fractions to inhibit QS,
represents a promising strategy for combating bacterial infections,
especially those caused by resistant strains. As far as we know, this is the
first study that highlights the potential of Myrtus communis ethanolic
leaves extract and its active fraction containing 3,5-di-O-galloylquinic
acid, myricetin 3-O-a-L-thamnopyranoside (myricitrin), and myricetin
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3-0-(2"-O-galloyl)-B-p-galactopyranoside  in  inhibiting QS in
P. aeruginosa PAO1 and C. violaceum 6267 strains. However, further in-
vivo studies are needed to evaluate the efficacy of M. communis extract
and its active compounds as therapeutic agents against drug-resistant
pathogens.
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