microorganisms

Article

Natural Phenolics Disrupt Microbial Communication by
Inhibiting Quorum Sensing

Martin Helcman !, Karel Smejkal ', Marie Culenova !

check for

updates
Academic Editor: Wolf-Rainer
Abraham

Received: 8 January 2025
Revised: 23 January 2025
Accepted: 24 January 2025
Published: 27 January 2025

Citation: Helcman, M.; gmejkal, K,;
Culenovéd, M.; Béres, T.; Treml, J.
Natural Phenolics Disrupt Microbial
Communication by Inhibiting
Quorum Sensing. Microorganisms 2025,
13,287. https://doi.org/10.3390/

microorganisms13020287

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

, Tibor Béres 200 and Jakub Treml 3*

Department of Natural Drugs, Faculty of Pharmacy, Masaryk University, 612 00 Brno, Czech Republic;
helemanm@pharm.muni.cz (M.H.); smejkalk@pharm.muni.cz (K.5.); culenovam@pharm.muni.cz (M.C.)
Faculty of Sciences, Palacky University, 779 00 Olomouc, Czech Republic; tibor.beres@upol.cz

Department of Molecular Pharmacy, Faculty of Pharmacy, Masaryk University, 612 00 Brno, Czech Republic
*  Correspondence: tremlj@pharm.muni.cz

Abstract: Quorum sensing, a bacterial cell-to-cell communication mechanism, plays a key
role in bacterial virulence and biofilm formation. Targeting quorum-sensing pathways
represents a promising strategy for the development of novel antibacterial agents. This
study evaluated the anti-quorum-sensing activities of 18 natural compounds, including
cannabinoids, arylbenzofurans, flavonoids, caffeine, and chlorogenic acid, using the lumi-
nescent biosensor strain Vibrio harveyi MM30. V. harveyi MM30, a mutant strain deficient
in the production of autoinducer-2 (AI-2) but responsive to exogenous Al-2, was used
to assess the activity of test compounds on the AI-2 receptor pathway. Test compounds
were incubated in Al-2-containing media, and luminescence was measured to evaluate
quorum-sensing inhibition. Comparisons were made in the absence of AI-2 to determine
Al-2-independent inhibitory activity. The most active compounds were further tested on
methicillin-resistant Staphylococcus aureus (MRSA 7112) to determine their effects on Al-2
production in spent media. Among the tested compounds, the non-prenylated arylben-
zofuran moracin M and the prenylated arylbenzofuran moracin C exhibited significant
quorum-sensing inhibitory activity in the AI-2-mediated pathway. None of the test com-
pounds significantly inhibited quorum sensing in the absence of AI-2. Five compounds
(cannabigerol, cannabidiol, cannabigerolic acid, moracin M, and moracin C) were selected
for further investigation in MRSA 7112 cultures. The spent media from MRSA 7112 cultures
treated with moracin M (16, 32, 64 ug/mL) and cannabigerolic acid (16 ug/mL) showed
significant inhibition of AI-2 production when transferred to V. harveyi MM30 cultures.
Moracin M and cannabigerolic acid demonstrated potential as quorum-sensing inhibitors
by targeting Al-2 production and signalling pathways in MRSA 7112 and V. harveyi. These
findings suggest their potential for further development as antibacterial agents targeting
quorum-sensing mechanisms.

Keywords: antibacterial; Cannabis sativa; Morus alba; phenolic; prenyl; quorum sensing

1. Introduction

Quorum sensing (QS) serves as a cellular communication mechanism employed by
microbes to control, e.g., virulence and biofilm formation. During growth, cells release
autoinducers, small and diffusible compounds that accumulate in the environment [1].
Their release rate is increased by signal molecules, resulting in positive feedback to cells
present at elevated densities and a substantial increase in cooperative efforts. QS offers a
mechanism for individual bacteria to gauge local cell density and engage in cooperation
once a threshold density is achieved [2]. The concept of QS was first introduced by Fuqua
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et al. to describe the population-density-dependent regulation of bioluminescence in the
Gram-negative marine bacterium Aliivibrio fischeri [3]. The related species Vibrio harveyi, a
common pathogen of marine animals, is often used as a QS biosensor strain because its
light production can be easily quantified [4].

The bioluminescence in this bacterium is regulated through the production, build-
up, and self-recognition of specific signalling molecules, including autoinducer 1 (AI-1),
autoinducer 2 (AI-2), and Vibrio cholerae autoinducer 1 (CAI-1) [5]. The signalling molecule
of the Al-1 system in V. harveyi has been characterized as hydroxybutanoyl-L-homoserine
lactone [6]. The AI-2 in V. harveyi was discovered to be furanosyl borate diester [5], and its
precursor was identified as (S)-4,5-dihydroxypentane-2,3-dione [7]. CAI-1 was identified
as (S)-3-hydroxytridecan-4-one [8]. Nitric oxide (NO) also plays a role in light production,
flagellar production, and the promotion of biofilm formation. NO is therefore sometimes
considered to be the fourth quorum-sensing autoinducer molecule of this bacterium [9].

Whereas the production of Al-1 is considered to be species-specific, the production
of AI-2 has been demonstrated in numerous bacterial species of both Gram-negative and
Gram-positive bacteria [10]. This observation has given rise to the hypothesis that AI-2
serves as a means of interspecies communication [2].

In V. harveyi, either the AI-1 system or the AI-2 system alone can control the density-
dependent expression of luminescence [11]. Our objective was to evaluate whether the
compounds under study have the ability to interact with these systems and potentially
influence their luminescence output. Several genetic mutant strains of V. harveyi are known
and utilized for specialized bioluminescence assays.

In contrast to traditional antibiotics, quorum-sensing inhibitors (QSIs) functioning
as anti-virulence agents aim to diminish virulence without inhibiting bacterial growth.
Consequently, anti-QS therapies could mitigate the evolutionary pressure on bacterial
populations to develop resistance [12]. The strategy of blocking QS may disarm pathogens,
making them highly susceptible to elimination by the immune system or lower doses of
antibiotics [13]. QSI activity has been described in many classes of plant products, in-
cluding flavonoids [14], furanocoumarins [15], terpenoids [16], alkaloids [17], and phenyl-
propanoids [18]. Flavonoids are known to inhibit QS by blocking the autoinducer-binding
receptors, LasR and RhIR. Structure-activity relationship studies reveal that two hydroxyl
groups in the flavone A-ring backbone are essential for effectively inhibiting these re-
ceptors. Biochemically, flavonoids act non-competitively, preventing LasR/RhIR from
binding to DNA. When applied to P. aeruginosa, flavonoids alter the transcription of
genes controlled by QS and reduce the production of virulence factors [19]. Anti-quorum-
sensing activity has been previously reported, not only for the naturally occurring phyto-
cannabinoid cannabigerol [12], but also for synthetic analogues of cannabinoids [20] and
endocannabinoids [21].

We evaluated the QS inhibition properties of various natural prenylated and non-
prenylated phenolics, such as cannabinoids, arylbenzofurans, and flavonoids (Figure 1).
In contrast to cannabinoids and flavonoids, arylbenzofurans have not been documented
to show anti-QS activity, to this day. Nonetheless, because the furan structure is found
in various recognized natural quorum-sensing inhibitors [22], we decided to explore the
potential of these molecules [23]. Furthermore, in our search for a positive control for the
bioluminescence assay, we tested three compounds previously reported in the literature for
their specific anti-QS activity: caffeine [24], epigallocatechin gallate [25], and chlorogenic
acid [26]. The previously demonstrated anti-QS activity of these compounds—although
not in this specific assay or in these bacterial species—made them relevant candidates for
our study. Initially we assessed the antibacterial activity of our compounds against Vibrio
harveyi MM30 and methicillin-resistant Staphylococcus aureus (MRSA) 7112. Subsequently,
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subinhibitory concentrations of these compounds were employed in three distinct biolumi-

nescence assays to evaluate their effects on QS mechanisms. Specifically, we examined the
inhibition of AI-2 regulated QS and AI-2 independent QS in V. harveyi MM30, as well as
AI-2 production in MRSA 7112.

Figure 1. Structures of test compounds. Cannabigerol (1), cannabidiol (2), cannabinol (3), tetrahydro-
cannabinolic acid (4), cannabigerolic acid (5), cannabidiolic acid (6), cannabinolic acid (7), cannflavin
B (8), quercetin (9), moracin M (10), moracin C (11), moracin T (12), albanol B (13), mulberrofuran Y
(14), mulberrofuran G (15), mulberrofuran K (16), doxycycline (17), caffeine (18), chlorogenic acid
(19), epigallocatechine gallate (20).

2. Materials and Methods
2.1. Plant Material

A tetrahydrocannabinol-rich variety of Cannabis sativa L. (Cannabaceae) was kindly
donated by the Czech University of Life Sciences in Prague. The cannabigerol- and
cannabidiol-rich cultivars of C. sativa were both generously supplied by the Cannilav
(Brno, Czech Republic).

2.2. Chemicals
2.2.1. Isolation of Plant Chemicals

The above-mentioned drugs were subjected to a series of purification steps, including
ethanol extraction, liquid-liquid extraction, column chromatography, flash chromatogra-
phy with the use of flash column chromatography (PuriFlash 5.205 apparatus (Interchim,
Montlugon, France) and semipreparative high-performance liquid chromatography (Dionex
UltiMate™ 3000 with UV /vis detection; ThermoFisher Scientific, Waltham, MA, USA). For
the identification of isolated compounds, we used analytical HPLC Agilent 1100 Series with
UV /Vis detection (Agilent Technologies, Santa Clara, CA, USA) and mass spectrometry
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detector (TSQ Quantum Access Max triple quadrupole (ThermoFisher Scientific)). For
details, please see supporting info (Figures S1-510, Tables S1-53)

Cannabigerol (1), cannabinol (3), tetrahydrocannabinolic acid (4), cannabinolic acid
(7), and cannflavin B (8) were isolated from a tetrahydrocannabinol-rich variety of Cannabis
sativa L. (Cannabaceae). Cannabigerolic acid (5) and cannabidiolic acid (6) were isolated
from cannabigerol- and cannabidiol-rich varieties of Cannabis sativa (respectively).

Moracin M (10), moracin C (11), albanol B (13), mullberofuran Y (14), and mull-
berofuran G (15) were obtained from Morus alba L. (Moraceae) root bark, as described
previously [27].

2.2.2. Purchased Chemicals

Chemicals were purchased as follows: cannabidiol (2) from Knowde (USA), quercetin
(9) from Koch-Light laboratories Ltd. (Suffolk, UK), moracin T (12) and mullberofuran K (16)
from ChemFaces (Wuhan, China), doxycycline (17) from Fagron (Olomouc, Czech Republic),
caffeine (18) from Lancaster (Morecambe, UK), chlorogenic acid (19), and epigallocatechin
gallate (20) from Sigma-Aldrich (St. Louis, MO, USA).

Mueller-Hinton medium and microbial agar were obtained from Sigma-Aldrich.
QS AI-2 Bioassay (AB) medium was composed of NaCl (Penta, Praha, Czech Republic),
MgS04-7H,0 (Lach-Ner, Neratovice, Czech Republic), casamino acids (Gibco-Life technolo-
gies corporation—Thermo Fisher, Waltham, MA, USA), KOH (Sigma-Aldrich, St. Louis,
MO, USA), L-arginine and thiamine (VWR Chemicals, Radnor, PA, USA), riboflavin (Sigma-
Aldrich, St. Louis, MO, USA), KH,POy (Penta, Praha, Czech Republic), K;HPO, (Penta,
Praha, Czech Republic), and glycerol (Sigma-Aldrich, St. Louis, MO, USA).

Preparation of AB (AI-2 bioassay) medium: 300 mM NaCl, 0.5 mM MgSO,, and
2mg/mL of casamino acids were mixed with distilled water. KOH was added to adjust
the pH to 7.5. The mixture was then autoclaved for 30 min. A total of 0.5 mM L-arginine,
20 pug/mL thiamine, 2 pg/mL riboflavin, 2.5 mM KyHPOy, 2.5 mM KH,POy4 and 0.5%
glycerol were each dissolved separately, in distilled water. These solutions were filtered
through a 0.2 um microfilter syringe and subsequently added to the rest of the AB medium
for V. harveyi MM30 [14].

2.3. Bacterial Strains

The Vibrio harveyi mutant strain MM30 was kindly donated by the Department of
Food Science and Technology, Biotechnical Faculty, University of Ljubljana [28]. The
V. harveyi strain MMB30 is deficient in the /uxS gene, and therefore cannot synthesize its own
AI-2[11,29]. Although the Al-1 system remains functional and capable of independently
generating luminescence [30], the intensity of the light produced is significantly lower than
that observed with the addition of exogenous AI-2. This strain is widely used to evaluate
AI-2 production in other bacteria [28], and is also useful for determining the activity of test
compounds on the LuxPQ receptor, including the inhibition or induction of AI-2 binding to
the receptor site [12].

The methicillin-resistant Staphylococcus aureus (MRSA) strain 7112 was purchased form
the Czech Collection of Microorganisms, Masaryk University, Brno. Staphylococcus aureus
bacteria, in general, are known to produce AI-2 molecules [31].

2.4. Determination of Minimal Inhibitory Concentration (MIC)

We used a slightly modified version of the official method recommended by the
European Committee on Antimicrobial Susceptibility Testing (EUCAST, 2024). V. harveyi
mutant strain MM30 had been cultured overnight in medium at 30 °C in the Environmental
Shaker-Incubator: ES-20 (Biosan, Riga. Latvia) and was diluted with the same medium to a
density of 0.1 McFarland units. Subsequently, this diluted suspension was dispensed into
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a 96-well microtiter plate. The test compounds, dissolved in DMSO to a concentration of
1.28 mg/mL, were introduced to the bacterial culture in the first row of wells, resulting in a
final concentration of 128 ug/mL. In each subsequent row, the concentration was halved,
continuing this serial dilution process until a concentration of 2 ug/mL was reached. The
last row of wells served as a control of growth and contained the bacterial suspension
only. The plate was then incubated for 24 h at a temperature of 30 °C. After incubation, the
absorbance of the samples was measured (at A = 600 nm), to assess the effects of the test
compounds on bacterial growth and viability.

The MRSA strain 7112 was cultured overnight at 37 °C on a solid medium containing
agar and Mueller-Hinton broth. A small portion of bacteria was then scraped from the
Petri dish and diluted with liquid Mueller-Hinton (MH) medium to achieve a density of
0.5 McFarland units. Next, pure sterile MH medium was added to a 96-well microtiter plate.
The test compounds, dissolved in DMSO, were added to the wells and diluted using the
same procedure as described for V. harveyi. The plate was then inoculated with the diluted
culture of MRSA 7112 and incubated at 37 °C for 24 h. Following incubation, the absorbance
was measured analogously to the procedure used for V. harveyi. To ensure the accuracy and
reliability of the results, the experiment was conducted in triplicate, incorporating both a
positive control (17) and a negative control (DMSO).

2.5. Inhibition of AI-2-Dependent QS in V. harveyi MM30

The experimental protocol followed the methodology outlined by Rami¢ et al. (Rami¢,
2022). In this experiment, we initially cultured the MRSA 7112 strain overnight at 37 °C in
MH medium. The bacterial culture was then centrifuged, and the supernatant was filtered
using a 0.2 pm microfilter syringe to remove all bacterial cells, leaving behind a medium
rich in AI-2. The Al-2-rich medium was then added at a ratio of 1 part of AI-2 medium
to 8.5 parts of AB medium containing an overnight culture of V. harveyi MM30 (grown at
30 °C, diluted to a density of 0.1 McFarland units). A total of 9.5 millilitres of the mixture
was thoroughly shaken and then transferred to a microtiter plate with white walls and a
transparent bottom. The test compounds were added to the plate and subsequently diluted,
using the same method employed in the MIC experiments. The highest concentration used
was half of the MIC. The total volume of the experimental mixture dispensed into each
well was standardized to 100 pL. The thermostat of the reader was set to 30 °C, to maintain
consistent temperature conditions throughout the experiment. Absorbance (at A = 600 nm)
and luminescence were measured every 30 min for 24 h with spectrophotometric reader
FLUOstar Omega (BMG Labtech).

The assay was repeated independently, four times. The results are expressed as
the ratio of luminescence to absorbance, each compared to the negative control (DMSO).
Chlorogenic acid (19) was used as a positive control. GraphPad Prism 10 was used to
calculate standard errors of the mean, while IBM SPSS Statistics 26.0 was employed to
evaluate the significance of the results.

2.6. Inhibition of AI-2 Independent QS in V. harveyi MM30

The method for this assay was identical to that of the previous experiment, except
that the Al-2-rich medium was not included in this experiment and V. harveyi MM30 was
incubated in pure AB medium. instead.

2.7. Inhibition of AI-2 Production in MRSA 7112

The MRSA 7112 culture in liquid MH medium, initially at a concentration of 1 Mc-
Farland unit, was diluted 100x with a pure MH medium. Next, solutions of the test
compounds in DMSO were added to achieve a range of subinhibitory concentrations. Fol-
lowing 24 h incubation, the bacterial culture was transferred to 2 mL Eppendorf tubes and
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centrifuged for 2 min at 10,800 rpm. Then, 10 pL of the resulting supernatant from each
tube was combined with 190 pL of V. harveyi MM30 culture (AB medium) in a microtitration
plate with white walls. Absorbance and bioluminescence measurements were conducted
using the same method as in the previous experiments.

2.8. Statistical Analysis

Statistical analyses were performed using IBM SPSS Statistics for Windows, version
26.0 (Armonk, NY, USA). Data are presented as the mean + standard error of the mean
(SEM). Graphs were generated, and SEM was calculated using GraphPad Prism software,
version 10. Group comparisons were conducted using the Mann-Whitney U test.

3. Results and Discussion
3.1. Determination of MIC

The antibacterial activity of test compounds 1-17 was tested against both V. harveyi
MM30 and MRSA 7112. All of the test compounds exhibited much greater activity against
Gram-positive MRSA than against Gram-negative V. harveyi. This more pronounced
effect on Gram-positive bacteria has been well reported for both cannabinoids [32] and
arylbenzofurans (Naik, 2015). The higher activity against various MRSA strains reported
by Appendino et al. [33] for neutral (1,2,3) and acidic cannabinoids (4,5,6) may be attributed
to the use of different, potentially more susceptible, strains, compared to those used in our
study. The obtained values of MIC are summarized in the Table 1.

Table 1. Antimicrobial activity of test compounds against MRSA 7112 and V. harveyi MM30 expressed
as MIC (ug/mL).

Class of Compounds Number Name MIC MRSA MIC V.h.
1 Cannabigerol 64 ng/mL >128 ug/mL
Neutral cannabinoid 2 Cannabidiol 32 ug/mL >128 pg/mL
3 Cannabinol 64 ug/mL >128 pg/mL
4 Tetrahydrocannabinolic acid 128 pug/mL >128 pg/mL
5 Cannabigerolic acid 128 ug/mL >128 ug/mL
Cannabinoid acid R :
6 Cannabidiolic acid 64 ug/mL >128 pug/mL
7 Cannabinolic acid 128 pg/mL >128 pg/mL
Prenylated flavonoid 8 Cannflavin B 64 pg/mL >128 ug/mL
Non-prenylated flavonoid 9 Quercetin >128 ug/mL >128 ug/mL
i;?ble’;f;}f’iﬁ 10 Moracin M >128 pug/mL >128 pug/mL
11 Moracin C 128 pg/mL >128 pg/mL
12 Moracin T >128 pug/mL >128 pug/mL
13 Albanol B 16 pg/mL >128 pg/mL
Prenylated arylbenzofuran
14 Mulberrofuran Y 128 pg/mL >128 pg/mL
15 Mulberrofuran G >128 pg/mL >128 pg/mL
16 Mulberrofuran K >128 pg/mL >128 pg/mL




Microorganisms 2025, 13, 287 7 of 15
Table 1. Cont.

Class of Compounds Number Name MIC MRSA MIC Vh.
17 Doxycycline 4 ug/mL 8 ug/mL
18 Caffeine N.D. * >128 pg/mL

Positi trol

OSIHVE COnHo 19 Chlorogenic acid N.D. 128 pg/mL

20 Epigallocatechine gallate N.D. 16 pg/mL

* not determined.

Compounds 18-20, considered as potential positive controls for the bioluminescence
assay, were tested exclusively for their antibacterial activity against V. harveyi MM30.
Doxycycline (17) was employed as a positive control, with an MIC of 8 ug/mL. Among the
test compounds, compound 20 exhibited potent activity at 16 ug/mL, while 19 showed
moderate activity at 128 ug/mL. Even though the highest concentration (128 ug/mL) of
9, 11, and 13 did cause a decrease in absorbance (by 67%, 67%, and 71%, respectively),
noticeable turbidity remained in the wells. The remaining test compounds exhibited no
antibacterial effect on V. harveyi MM30 (Table 1).

3.2. Inhibition of AI-2-Dependent QS in V. harveyi MM30

The test compounds were analysed in an assay evaluating the level of bioluminescence
in V. harveyi MM30 after MRSA filtrate (AI-2) application [28]. The most pronounced dose-
dependent ability to inhibit the luminescence of V. harveyi MM30 was observed for the
compounds 1, 2, 10, and 11 (Figure 2). Statistically significant inhibition was also observed
for the compounds 5 and 8 at the highest concentration (128 pg/mL).

Of the compounds we tested as possible positive controls for bioluminescence assays
(both with and without the addition of Al-2-containing medium) in V. harveyi MM30,
20 was deemed unsuitable for further testing, due to its pronounced antibacterial ef-
fect. Compounds 18 and 19 were subsequently evaluated in bioluminescence assays at
concentrations ranging from 128 to 2 ug/mL and 64 to 1 ug/mL, respectively. In an as-
say with AI-2 supplementation, compound 18 significantly decreased luminescence by
54% =+ 12% at the highest test concentration (128 ng/mL). Compound 19 exhibited sig-
nificant activity at concentrations of 64, 32, and 16 pug/mL, reducing bioluminescence by
35% £ 4%, 19% =+ 4%, and 16% =+ 2%, respectively.

By comparing the molecules efficient in this assay with structurally similar but less-
active counterparts, we inferred potential structure-activity relationships. In our study, we
observed that neutral cannabinoids exhibited greater activity in reducing Al-2-controlled
bioluminescence compared to their acidic forms. The enhanced activity of neutral cannabi-
noids could be attributed to their greater lipophilicity. Appendino et al. described how
structural modifications of cannabinoids that increase the hydrophilicity of the molecule,
such as dihydroxylation of the w-double bond in cannabigerol (CBG), can negatively im-
pact their antibacterial activity [32]. To date, the effect of such structural modifications of
cannabinoids on anti-quorum-sensing activity has not been reported.

The importance of maintaining the correct pH level in AI-2 bioluminescence assays
is well documented. For example, an acidic environment is known to decrease light
production in V. harveyi, potentially leading to false positive results [34]. Also, the cannabi-
noid acids are only weakly acidic, and in the concentrations used probably would not
be able to significantly change the pH level of the mixture. Therefore, this factor likely
does not account for the observed lower activity of cannabinoid acids. Another factor
that could explain the reduced activity of acidic cannabinoids is their lower stability in
aqueous environments and at higher temperatures [35]. Although they commonly convert



Microorganisms 2025, 13, 287

8 of 15

luminescense/absorbance [%]

o

-]

100

50

luminescense/absorbance [%]

1]

a0

o H &
3 2 g

luminescense/absorbance [%]
=

2

2 8 16 32 64 128

concentration [pg/mL])

L] 2 B 16 32 64 128

to their neutral forms under these conditions, the resulting concentration of the active
neutral product would be much lower than if the corresponding neutral cannabinoid were
initially present.

[¥]
w

100 -

50

luminescense /absorbance [%]
luminescense/absorbance [%]

16 32 64 128 0 2 4 8 16 32 64 128 o 2 4 8 16 32 B4 128

concentration [pg/mL] concentration [pg/mL] concentration [pg/mL]

o

|*
luminescense/absorbance [%]

luminescense/absorbance [%]

o 2 4 8 16 32 B4 128

L] 2 a4 8 16 32 64 128
concentration [pgimL] concentration [pg/mL]

=]

M Tested Compound
mm Negative Control

luminescense/absorbance [%]

0 1 2 4 1 16 32 64
concentration [ugimL] concentration [pgimL]

Figure 2. The test compounds 1, 2, 5, 8, 10, 11, 18, and 19, which were active in the AI-2-dependent
QS assay. DMSO was used as the solvent and was added as the negative control (red columns). The
results are expressed as the mean + SEM for four independent experiments, and are statistically
compared to NC (* p < 0.05) using the Mann—-Whitney U test.

The antibacterial activity of arylbenzofurans from Morus alba has been studied ex-
tensively and confirmed [36,37]. In our study, we report for the first time the anti-QS
activity of arylbenzofurans. This finding is not entirely surprising, as arylbenzofurans
contain the furan moiety, which is also present in several well-known QS inhibitors, such
as furanocoumarins from Citrus sp. [15] and halogenated furanones from the marine algae
Delisea pulchra [38]. The furan moiety is also present in both AI-2 and AlI-1 of V. harveyi.
Interestingly, the introduction of prenyl groups, which increases lipophilicity, resulted in a
significant decrease in activity. Among the arylbenzofurans, the non-prenylated compound
10 exhibited the highest activity. The second most active was compound 11. Despite
being prenylated, it has a significantly lower molecular weight compared to the other test
compounds in this structural class. This observation, along with the superior activity of
neutral cannabinoids, suggests that the smaller molecular size of those compounds may
contribute to their enhanced bioactivity. Among the compounds evaluated as potential
positive controls for this assay, compound 19 demonstrated the highest efficiency. This
observation aligns with the existing literature on the effects of compound 19 on various
bacterial species, such as P. aeruginosa [26]. Due to its relatively high efficacy in reducing
Al-2-mediated bioluminescence and the low standard error of the mean observed in the
experimental results, this substance serves as an appropriate positive control for the assay.

3.3. Inhibition of AI-2-Independent QS in V. harveyi MM30

Similarly, the influence of the test compounds was evaluated, to analyse the potential
decrease in the bioluminescence of V. harveyi without the application of MRSA 7112 filtrate
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Figure 3. Evaluation of test compounds in the Al-2-independent bioassay. None of the test com-
pounds exhibited significant activity in this assay. For comparison, the activity of compounds and
concentrations previously identified as active in the AI-2-dependent quorum-sensing (QS) assay is
presented. Dimethyl sulfoxide (DMSO) served as the solvent control, and was included as the nega-
tive control (red bars). Data are expressed as the mean + SEM from four independent experiments,
and were statistically analysed, relative to the negative control, using the Mann—Whitney U test.
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Figure 4. Comparison of luminescence-to-absorbance ratios obtained from negative controls (DMSO)
in Al-2-dependent and Al-2-independent quorum-sensing (QS) assays. The x-axis represents the
percentage concentrations of DMSO in the samples (percentage of DMSO in the inoculated AB
medium), consistent with the concentrations used to dissolve the test compounds. Data are presented
as the mean &+ SEM from four independent experiments, and were statistically analysed, relative to
the negative control, using the Mann-Whitney U test (* p < 0.05).

3.4. Inhibition of AI-2 Production in MRSA 7112

The influence of the compounds 1, 2, 5, 10, and 11 on the production of Al-2 was
tested in MRSA 7112. Among the compounds tested, 10 exhibited a significant reduction in
bioluminescence across all concentrations tested (23% =+ 2%, 37% =+ 7%, 61% =+ 7% for 16,
32, and 64 ug/mL, respectively), while 5 demonstrated a significant decrease only at the
highest concentration used (64 pg/mL), resulting in a mean reduction of bioluminescence
by —51% =% 20%. Although compound 11 also significantly decreased bioluminescence at
all tested concentrations, this effect was likely attributable to the pronounced antibacterial
activity observed in the assay, as MRSA cultures treated with this compound showed
no visible turbidity, suggesting substantial inhibition of bacterial growth. The results are
shown in Figures 5-7.
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Figure 5. Effect of test compound 5 on AlI-2 production in Staphylococcus aureus MRSA 7112. DMSO
was used as the solvent and served as the negative control, represented by red bars. Results are
presented as the mean + SEM from four independent experiments, and were compared to the
negative control using the Mann-Whitney U test (* p < 0.05).



Microorganisms 2025, 13, 287

11 0f 15

S

o 200-

Q LS * x B Tested Compound
m© — —_— .

.g 150 B Negative Control
72}

2

o

@ 100

(3]

c

Q

@

@ 50-

£

£

s "

= 0 16 32 64

concentration [pg/mL]

Figure 6. Effect of test compound 10 on AI-2 production in Staphylococcus aureus MRSA 7112. DMSO,
utilized as the solvent, also functioned as the negative control, shown as red bars in the figure. Data
are shown as mean + SEM from four independent experiments and were statistically evaluated
against the negative control, using the Mann-Whitney U test (* p < 0.05).
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Figure 7. Effect of test compound 11 on AI-2 Production in Staphylococcus aureus MRSA 7112. The
results are considered not significant, due to the potential interference from the antibacterial activity
of the compound. DMSO acted as the negative control, indicated by red bars. Data are expressed
as the mean £ SEM from four independent replicates and analysed for statistical significance in
comparison to the negative control, using the Mann-Whitney U test.

The main limitation of the method we employed to evaluate AI-2 production in MRSA
is its inability to correlate AI-2 production with the count of viable bacterial cells in the
MRSA culture. Despite establishing MIC values for 1, 2, and 5 for MRSA in microtitration
plate tests and using sub-MIC concentrations (1/4,1/2, and 1/8 of their MICs, respectively),
some cultures did not exhibit noticeable turbidity. However, this variability was not
consistent across all repetitions of the experiment; for instance, in the case of 16 ug/mL of
compound 1, turbidity ranged from 0 to 0.5 McFarland units. This inconsistency contributed
to significant variations and higher standard errors of the mean, especially at the highest
concentration (16 ng/mL). Most importantly, due to this limitation, the potential influence
of bacteriostatic effects on MRSA cannot be disregarded.
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4. Conclusions

Our study demonstrates the specific anti-quorum-sensing activity of natural phenolic
compounds from Cannabis sativa and Morus alba, using Vibrio harveyi MM30 as a biosensor
reporter strain. Cannabigerol (1), cannabidiol (2), moracin M (10), and moracin C (11) were
identified as potent inhibitors of Al-2-mediated quorum-sensing-controlled biolumines-
cence. Chlorogenic acid (19) was validated as a positive control, due to its consistent and
significant luminescence reduction at sub-MIC concentrations.

These findings build upon earlier reports of quorum-sensing inhibition by cannabi-
noids, specifically cannabigerol [12], by reinforcing its activity and highlighting cannabidiol
as an additional potent inhibitor. This expands the understanding of neutral cannabinoids’
roles in quorum-sensing interference. The identification of moracin M and moracin C
further broadens the spectrum of phenolic compounds with activity against Al-2-mediated
communication, aligning with prior studies suggesting the quorum-sensing inhibitory
potential of molecules with furan moiety.

In MRSA 7112, moracin M and cannabigerolic acid (5) significantly affected AI-2
production, consistent with the known influence of plant-derived phenolics on quorum-
sensing systems in Gram-positive pathogens [40]. However, the potential contribution of
antibacterial effects cannot be ruled out, underscoring the need for further investigation to
disentangle these effects from direct quorum-sensing inhibition.

Further bioluminescence assays without Al-2-containing medium did not identify
significant inhibitors of non-Al-2-controlled quorum-sensing pathways. However, the
observed stimulation of bioluminescence by cannabinolic acid (7) and cannflavin B (8) at
high concentrations suggests a pathway-specific response that warrants additional study.

Overall, our findings support the growing evidence of plant-derived phenolic com-
pounds as modulators of bacterial communication, with implications for developing
quorum-sensing inhibitors to combat antimicrobial resistance. The future application
of natural compounds with QS inhibitory properties offers promising avenues for combat-
ing bacterial infections, particularly in an era of rising antibiotic resistance. Cannabinoids,
such as cannabidiol and cannabigerol, hold significant potential in antimicrobial therapy.
Their ability to inhibit biofilm formation and disrupt QS-regulated virulence factors sug-
gests their use as adjuvants in treating chronic infections, particularly those involving P.
aeruginosa or methicillin-resistant S. aureus (MRSA). Future formulations could include
cannabinoids in topical treatments for wound infections or as coatings for medical devices
to prevent biofilm-related complications. Flavonoids like naringenin and quercetin may
be integrated into dietary supplements or functional foods to help mitigate infections in
vulnerable populations. Their QS-inhibitory effects could also be harnessed in agricul-
ture to protect crops from bacterial pathogens, reducing reliance on chemical pesticides.
Additionally, flavonoids could be developed into pharmaceutical agents for diseases in-
volving biofilm-associated infections, such as dental caries and catheter-related infections.
Arylbenzofurans and related compounds may find use in the food industry, to reduce
bacterial contamination or spoilage by targeting QS pathways in pathogens like Salmonella
or Listeria. Similarly, these compounds could enhance the effectiveness of existing preser-
vatives when combined. Beyond clinical and agricultural applications, these compounds
could play a role in environmental biotechnology, such as controlling harmful biofilms
in water treatment systems or on industrial surfaces. The ability of natural QS inhibitors
to disrupt biofilms in non-biological settings offers a safer alternative to traditional bio-
cides. While these applications hold immense promise, future research should focus on
enhancing the bioavailability, stability, and specificity of these compounds. Advancements
in nanotechnology and drug delivery systems could improve their therapeutic potential,
while exploring combinations with existing antibiotics or other natural compounds could
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yield synergistic effects. Ultimately, these natural QS inhibitors could revolutionize how
we manage bacterial infections and related challenges across multiple sectors.
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compound 4 (tetrahydrocannabinolic acid) with UHPLC/MS; Figure S5: Identification of compound
7 (cannabinolic acid) with UHPLC/MS; Figure S6: Identification of compound 8 (cannflavin B)
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S8: Identification of compound 5 (cannabigerolic acid) with UHPLC/MS; Figure S9: Extraction
process of CBDA-rich C. sativa flower; Figure S10: Identification of compound 6 (cannabidiolic acid)
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for the separation of the chloroform fraction of cannabigerol-rich C. sativa extract; Table S3: Flash
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