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ARTICLE INFO ABSTRACT

Article history Conventional antibiotics are ineffective in treating infections caused by
Received 11 May 2025 biofilm-forming pathogens because of the protection offered by biofilm and
Received revised 06 June 2025 virulence controlled by the quorum sensing (QS) system. This research was
Accepted 26 October 2025 conducted to investigate the antibiofilm, anti-QS, and antivirulence potential

Available online 1 December 2025 of morin using a combination of phenotypic and genotypic assays. The

pathogenic strain of Pseudomonas aeruginosa was isolated, and subsequently

fgggﬁfi‘?ndlﬂg Editors treated with morin. The effect of morin on additional characteristics of the
Al-Suede, F. pathogen, such as exopolysaccharide (EPS), hydrophobicity, aggregation, and

swarming, was also investigated, as these characteristics play a role in biofilm
Keywords formation. The virulence factors such as proteases, rhamnolipids and
Anti-infective, pyocyanin were also examined. Anti-QS activity was examined by evaluating
i?gggg;if’ Acyl Homoserein Lactone (AHL) and violacein generation utilizing

Chromobacterium violaceum. RT-PCR was conducted to analyze QS genes.
As per the results, inhibition of biofilm by morin (0.11-0.004 mg/mL) was
dose-dependent, with minimal effect on the viability of cells. EPS,
hydrophobicity, aggregation and swarm motility were also negatively affected
by morin. In addition to these effects, morin caused inhibition of virulence
factors produced by the bacteria, leading to a 40% inhibition of Las 4 protease
and up to 50% inhibition in pyocyanin. More than 60% inhibition of AHL and
violacein production by 0.11mg/mL showed that morin also impairs the QS
system. The experiments complemented this finding by revealing the
downregulation of 7#/R and rhll genes. Morin can be utilized as an
antivirulence resistance-sparing therapeutic agent against biofilm-forming

virulence factor.

pathogens.
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Introduction effects of antibiotics and evade immune mechanisms
The management of bacterial infections is becoming  (Uruén et al. 2020).
more challenging with time. Significant factors which Pseudomonas aeruginosa is recognized as the most
contribute their ability to form biofilms and an increase  significant opportunistic pathogen that produces biofilm,
in an antimicrobial resistance (AMR) (Liu et al. 2024).  primarily associated with chronic urinary tract infections,

These two characteristics allow bacterial strains to ~ pulmonary infections, burns and infections associated

survive in unfavorable conditions, resist the antibacterial ~ with medical devices (Ma’aitah 2024, Qaralleh 2024a).
Suboptimal  clinical outcomes and therapeutic

Py
’

Corresponding author Email address: haitham@mutah.edu.jo (Haitham Qaralleh) o

e

]

E

Lo

e

% tor Funggh

#
pg


mailto:haitham@mutah.edu.jo
http://mb.journals.ekb.eg/

Qaralleh 2025

ineffectiveness associated with these infections are
mainly due to the potential of P. aeruginosa to develop
complex biofilms that can effectively resist antibiotic
action (Costerton et al. 1999, Hall-Stoodley et al. 2004,
Qaralleh 2024b).

Quorum sensing (QS) is responsible for the
regulation for biofilms formation by P. aeruginosa. QS
indicates a chemical communication mechanism
enabling bacterial strains to express biofilm-associated
and virulence genes in accordance with population
density (Miranda et al. 2022). In the case of P.
aeruginosa, the mechanism involved a pair of interlinked
hierarchies. These are Las (lasl/lasR) and Rhl (rhll/rhiR)
systems.

This QS system regulated the production of
signaling molecules, especially, AHLs (acyl homoserine
lactones). This system also regulated genes that are
responsible for exopolysaccharide secretion, rhamnolipid
synthesis, pyocyanin production and swarming motility
(Williams & Camara 2009). A potential antivirulence
technique can be involved in the impairment of QS
mechanisms, resulting in reduced pathogenicity. The
strategy does not use selective pressure, reducing the
likelihood of resistance development (Ma’aitah 2024).

Quorum-sensing inhibitors (QSIs) have garnered
significant interest among researchers. Due to this reason,
natural polyphenolic compounds are gaining popularity
because of their non-toxic nature and significant
structural and functional diversity (Al-Helo et al. 2025,
Ali et al. 2023, Thakur et al. 2020). Morin hydrate
(CisH1007) is a significant polyphenolic compound,
characterized as a yellow crystalline flavonoid. It is
classified as pentahydroxyflavone. The structure consists
of a flavone backbone with five hydroxyl groups. These
groups are known for a wide range of biological activities
and the molecule’s redox potential. Several edible and
medicinal plants naturally contain Morin, including
Psidium guajava (guava), Maclura pomifera (Osage
orange), Maclura tinctoria (fustic), and Prunus dulcis
(almond) (Hsia et al. 2018, Venu Gopal 2013). These
plants are known for their flavonoid’s content. The
hydrated Morin has strong water solubility and stability,
making it extensively utilized. Due to these
characteristics, Morin hydrate is an appropriate agent for
in vitro assays and pharmaceutical formulations (Ali et
al. 2023).

Morin exhibits several biological activities,
including antimicrobial, neuroprotective, antidiabetic,
anticancer, anti-inflammatory and antioxidant properties
(Abirami et al. 2020, Rajput et al. 2021). The researchers
have investigated its antimicrobial activity against
different gram-negative and gram-positive pathogens.
Substantial evidence indicates the antibiofilm and
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quorum-quenching potential of morin. At therapeutic
concentrations, morin has negligible cytotoxicity in
animal models and mammalian cell lines, making it as a
potential candidate for pharmacological interventions
(Caselli et al. 2016). The precise mechanism by which
morin inhibits quorum sensing and interrupt biofilm
formation requires further investigation, especially with
clinically significant bacteria such as P. aeruginosa. This
research aimed to investigate the antivirulence and
antibiofilm properties of morin hydrate, as well as its
ability to inhibit quorum sensing in P. aeruginosa. The
researchers conducted phenotypic assays and gene
expression analysis to examine the effects of morin on
various characteristics of the organisms associated with
pathogenicity, including motility, biofilm development,
exopolysaccharide secretion, cell surface properties,
virulence factors synthesis, AHL signaling and the
transcriptional regulation of QS related genes (lasl, lasR,
rhil, and rhiIR). This research employed molecular and
methodologies to establish morin as a non-toxic
antimicrobial drug capable of overcoming antibiotic
resistance, suitable for many applications in antivirulence
therapy.

Materials and Methods

Bacterial cultures were treated with morin (0.11mg/mL
and 0.036mg/mL) and compared to untreated and DMSO
(dimethyl sulfoxide)-treated cultures in order to
investigate the effect of morin on virulence factors,
biofilm-related factors and quorum sensing of P.
aeruginosa. Morin hydrate was obtained from Geno
Chem World. Starter cultures were prepared by
inoculating 3mL of Luria -Bertani (LB) broth with a
single colony of P. aeruginosa. The culture was
subsequently incubated at 37°C for 24 hours. The starter
culture was diluted to obtain a suspension similar to a 0.5
McFarland solution (1.5 X10* CFU/mL).

This suspension was utilized in all the following
experiments. All cultures were incubated for 24 hours at
37°C; alternative incubation conditions are specified
when applicable. All experiments were conducted in
triplicates and suspensions were centrifuged for ten
minutes at 10000 rpm if required. The stock solution of
DMSO had a concentration of 10%. The DMSO-treated
culture served as a negative control. The positive control
included an untreated culture., to determine the growth
percentage, the absorbance of the treated culture was
subtracted from the absorbance of the positive control,
then divide the resulting value by the absorbance of the
positive control. The final value was multiplied by 100.
Furthermore, the percentage growth was subtracted from
100 to determine the percentage inhibition.
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Isolation of Pathogenic Bacteria

A urine samples were obtained from a patient with a
urinary tract infection at Al Karak Government Hospital
(Al Karak, Jordan) for the isolation of P. aeruginosa. The
standard methods were employed for the isolation and
identification of the bacterial strain. The BioM¢érieux
VITEK® 2 system was used to further validate the
identification. The same system was employed to
determine the resistance pattern, which was identified as
Beta-Lactamases P. aeruginosa. Chromobacterium
violaceum ATCC 12472 was obtained from the American
Type Culture Collection (ATCC) because it is considered
as a quorum-sensing biosensor strain.

Antibacterial Activity

The microdilution method was utilized to determine
the minimum inhibitory concentration (MIC) to examine
the antibacterial potential of morin against P. aeruginosa
(ALrawashdeh et al. 2019). To achieve this, two-fold
dilutions of morin were prepared in a 96-well polystyrene
plate. The particular concentrations employed were
2.9Img/mL, 0.97mg/mL, 0.32mg/mL, 0.11mg/mL,
0.036mg/mL, 0.012mg/mL and 0.004mg/mL. Each of
these wells was subsequently inoculated with 10uL of
bacterial suspension (10° CFU/mL). The culture treated
and untreated with DMSO were also prepared. The
subsequent step was incubating the plate for 24 hours at
37°C. The minimum concentration that caused inhibition
of visible growth was considered to be the MIC.

Antibiofilm Activity and Cell Viability Assay

The crystal violet assay was conducted to quantify
the inhibition of biofilm formation of P. aeruginosa by
Morin. In this assay, different concentrations of morin
were utilized in the MIC test and added to a 96-well plate.
The next step involved the inoculation of 10uL of the
bacterial suspension (10° CFU/mL) into the wells,
followed by incubation at 37°C for 24 hours. After the
incubation, the wells were emptied and rinsed with tap
water to eliminate non-adherent cells. The plates were
stained by adding crystal violet to the wells and incubated
for fifteen minutes. The wells were emptied and
subsequently filled with absolute ethanol. After 15
minutes, ethanol containing crystal violet was quantified
using an ELISA reader (MCL-2100C, China) at 590nm.
Then the percentage inhibition of biofilm formation was
ultimately calculated.

The effect of morin on the biofilm production of
viable cells' was evaluated utilizing the same crystal
violet methodology (Gordya et al. 2017). The wells of the
96-well plate were prepared and inoculated following the
previously described method. 50pL of 5Smg/mL of
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Triphenyl tetrazolium chloride (TTC) solution was
combined with 0.2% glucose. 200uL of this solution
were added to the empty wells. The plate was then placed
in a shaking incubator at 37°C. The incubator was
shaking at a frequency of 150 rpm. After six hours of
incubation, the absorbance of the TTC solution was
measured at 405nm. The calculation of the percentage
inhibition of viable cells was conducted.

Biofilm Mediated Factors
Swarming Motility

Swarming media (0.5% agar) was utilized to
evaluate the effect of Morin on the swarming ability of P.
aeruginosa (Sagar et al. 2022). Different concentrations
of morin were added to sterile petri plates. Autoclaved
swarming agar was subsequently put into these plates.
The medium was allowed to solidify while DMSO-
treated and untreated bacterial cultures were prepared.
After that, 1uL of a 24 hours old P. aeruginosa culture
was inoculated at the center of the plate. The plates were
incubated at 37°C for a duration of 48 hours. The
diameter of the swarming zones was finally determined
in millimeter.

Aggregation

This research evaluated morin’s ability to inhibit
bacterial aggregation (Shanks et al. 2008). The
absorption of the 24-hour-old culture was recorded as
Abs] and was measured at 600nm using a Shimadzu UV-
1601, spectrophotometer from Japan. The absorption
recorded at 600nm following one minute of vortexing the
culture was considered as Abs2. Finally, the subsequent
formula was wused to calculate the percentage
aggregation.
%Aggregation = [ (Absl — Abs2) / Abs1] x 100

Hydrophobicity

The absorbance of 1mL of 24-hour-old culture
measured at 600nm was designated as Absl.
Subsequently, n-hexadecane (1mL) was added into the
culture, followed by mixing and removal of n-
hexadecane. Finally, absorbance of the culture was
eventually measured , and this absorbance was
designated as Abs2 (Krishnan et al. 2012). The
percentage of hydrophobicity was calculated using the
formula given below.
%Hydrophobicity = [ (Absl — Abs2) / Abs1] x 100

Exopolysaccharides

Exopolysaccharides were extracted during the
research. For this purpose, 1mL of supernatant of
bacterial culture was mixed with 3mL cold ethanol.
Following a 24 hours’ incubation at 4°C, the mixture was
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subjected to centrifugation for ten minutes at 10,000 rpm.
The resultant pellet was mixed with 3mL of distilled
water, SmL of 98% sulfuric acid and 1mL of 5% cold
phenol. The absorbance of the mixture was ultimately
recorded at 490nm, and the results were presented as a
percentage of EPS generation (Razack et al. 2011).

Virulence Factors
Pyocyanin

Pyocyanin secreted by the bacterial strain was
extracted from the supernatant of the culture utilizing
chloroform. To achieve this, ImL of culture supernatant
was mixed with Iml of 99% chloroform. The
Fractionation of the mixture produced two distinct
phases. 1.5mL of 0.2 N Hydrochloric acid was added to
the phase containing pyocyanin. Finally, the absorbance
was measured at 520nm, and the result was reported as
the percentage inhibition of pyocyanin production.
(Hossain et al. 2017).

Rhamnolipids

Rhamnolipids secreted by the bacterial culture were
extracted from the culture supernatant utilizing diethyl
ether. To achieve this, ImL of supernatant of the culture
was mixed with 3mL of 99% diethyl ether. The
Fractionation of the mixture produce two distinct phases.
200uL of water, 53% (v/v) sulfuric acid, and 0.18% (w/v)
orcinol were added into the phase containing
rhamnolipids. The mixture was heated for thirty minutes
at 24°C, followed by the measurement of the absorbance
at 421nm. Results were reported as the percentage
inhibition of rhamnolipids production (Luo et al. 2017).

LasA Protease

The effect of morin on LasA protease activity
exhibited by P. aeruginosa was investigated. In this
experiment, azocasein served as a substrate and
trichloroacetic acid (TCA) were employed the reaction
terminator. The reaction mixture contained 1mL culture
supernatant, 0.1 mL of azocasein and 3 mL of 50mM
phosphate buffer. The solution was incubated at 37°C in
a shaking incubator at 1000 rpm for ten minutes to
activate the reaction. The reaction was stopped after 24
hours by the administration of 0.5 mL TCA. The
following step involved centrifugation of the reaction
mixture for ten minutes at 10,000 rpm. Absorbance was
recorded at 366nm, and results were reported as the
percentage inhibition of LasA protease activity
(Andrejko et al. 2013).
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Quorum Sensing
Violacein

The well diffusion method was utilized during this
research to evaluate the anti-quorum-sensing activity of
morin. LB agar plates were inoculated with 100pL of C.
violaceum. culture. The inoculum of 10° CFU/mL was
uniformly distributed on the agar. The next step involved
digging a well at the center of the plate. Subsequently,
100 L. DMSO containing 1mg of morin was added to
the well. Following 24 hours’ incubation of the plates at
37°C, the diameter of the zone of inhibition was
measured. The measurement of this zone indicated
inhibition of quorum sensing.

The quantification of anti-quorum sensing activity
was conducted with using the culture of C. violaceum
(Goémez-Gomez et al. 2019). This strain has been proven
to work as a biosensor, with its quorum sensing
mechanism producing violacein, a purple pigment. The
substances which are capable of inhibiting the synthesis
of this pigment are classified as anti-quorum sensing
substances. In the quantification experiment, the bacterial
culture was centrifuged for 15 minutes at 13,000 rpm to
precipitate the violacein pigment synthesized by the
culture. The resultant pellet was combined with 1mL of
DMSO and incubated at room temperature for thirty
minutes to facilitate extraction. The mixture was then
centrifuged for 10 minutes at 10,000 rpm. The
absorbance of violacein in DMSO was measured at
575nm. The results were then reported as the percentage
inhibition of violacein production.

Acyl Homoserein Lactone (AHL)

The qualitative analysis of AHL obtained from the
supernatant of the culture was carried out. For that
reason, 2mL of supernatant was combined with 3mL of
99% ethyl acetate. The mixture was incubated for 24
hours at 40°C. A mixture of 3.5M sodium hydroxide,
90uL of solution X and 2M hydroxylamine was
combined with 40uL of ethyl acetate containing AHL.
Solution X was prepared by combining equal volumes of
10% ferric chloride in 95% ethanol and 4% hydrochloric
acid. The absorbance of the mixture was measured at
520nm, and results were reported as percentage
inhibition of AHL production (Lee & Yoon 2017).

Genes Expression

The effect of morin hydrate on the expression of
quorum-sensing genes, including 7[R, rhil, lasR and lasl
was studied using the Gentier 48E RT-PCR system (Xi'an
Tianlong Science and Technology, China). The Easy Pure
RNA Kit, obtained from Haidian District, Beijing, China,
was utilized for total RNA extraction. The UV/VIS Nano
Spectrophotometer (MicroDigital, Korea) was employed to
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determine RNA concentration. First-strand cDNA
synthesis was conducted using Easy Script First-Strand
cDNA Synthesis SuperMix obtained from Haidian District,
Beijing, China. Subsequently, RT-PCR was performed
using the SYBR Green PCR Master Mix with the primers
mentioned in (Table 1). All experiments were carried out
in triplicate. The expression levels of the target gene were
normalized using the housekeeping gene rpoD, which

Table 1: List of primers used in this study
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served as an internal control. The AACt method was
utilized to calculate the relative fold changes in gene
expression. A comparison was then conducted between
fold changes of each target gene and those of the untreated
control group (Banerjee et al. 2017).

Gene Type Primer sequence

Lasl Forward 5'-TTG CTC GCC GCA CAT CTG-3°
Reverse 5'-ATC ATC TTC TCC ACG CCT AC-3°

LasR Forward 5'-ACC GTT TCA TAG AGT CGG TC-3"
Reverse 5'-ACC ACT GCAACA CTT CCT TC-3

rhil Forward 5'-TCT TCATCG AGA AGC TGG GC-3'
Reverse 5'-ACG ATG TAG CGG GTT TGC G-3'

rhiR Forward 5'-TGATGT CCA ACC CGG TCT G-3'
Reverse 5'-TCGAACTTC TTC TGG ATG TTC-3

rpoD Forward 5'-ACG AGG AAG AAG AAA GCG-3'
Reverse 5'-ACC AGC TTG ATC GGC ATG-3'

Statistical Analysis

A one-way ANOVA was conducted to determine the
significance of the difference between the treated and
untreated groups. Significant differences were indicated
by stars (¥, **, or ***) corresponding to P-values of
p<0.05, p<0.01, and p<0.001, respectively.

Results

Antibacterial Activity

The minimum inhibitory concentration (MIC) of morin
was assessed to evaluate its antibacterial efficacy
specifically against P. aeruginosa. According to the
results, morin was able to achieve total inhibition of
visible bacterial growth at a concentration of 0.97mg/mL.

Antibiofilm Activity

This research shows that morin exhibit significant
antibiofilm activity by inhibiting biofilm formation by P.
aeruginosa. Specifically, biofilm formation was
completely inhibited by higher concentrations of morin,
which includes 2.91mg/mL, 0.97mg/mL and 0.32mg/mL
as illustrated in (Figure 1A). The effect of morin on cell
viability was found to vary depending on concentration,
as illustrated in (Figure 1B). The maximum concentration
of morin, 2.91mg/mL, reduced cell viability to 20.34%.
At lower concentrations of 0.97mg/mL and 0.32mg/mL,
morin exhibited complete inhibition of biofilm
formation; Nevertheless, these concentrations reduced
cell viability to 64.48% and 69.79%, respectively.
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It revealed that at low concentrations, morin inhibits
biofilm formation while allowing bacterial viability.
Moderate concentrations of morin which are 0.11mg/mL
and 0.036mg/mL, resulted in 92.22% and 90.44%
inhibition of biofilm formation, respectively. Cell
viability exceeded 96% when bacterial cultures were
subjected to these concentrations of morin. It indicates
that morin is a strong inhibitor of biofilm formation rather
than a bactericidal agent. It can thus be proposed that
morin may assist in disrupting the protective mechanisms
of bacteria rather than killing them, thus resulting in the
development of resistance.

Biofilm formation was inhibited by 78.59% and
75.99% even at the lowest concentrations of morin,
particularly. 0.012mg/mL and 0.004mg/mL, which
maintained nearly 100% cell viability. These results
demonstrate that even in the minimum concentrations,
morin can inhibit biofilm formation while also enabling
survival at the same time.

Effect of Morin on Key Factors Involved in Biofilm
Formation

Multiple factors significantly contribute to the
biofilm formation by P. aeruginosa. These factors
include cell surface hydrophobicity, cellular aggregation,
swarming motility and production of exopolysaccharide
(EPS) by the bacteria. The effect of Morin on all these
factors was investigated (Figure 2).
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Fig 1. Percentage Biofilm Inhibition (A) and Percentage Cell Viability (B) of Pseudomonas aeruginosa exposed to
varying Morin Concentrations. Significant differences were indicated by stars (*, **, or ***) corresponding to P-
values of p<0.05, p<0.01, and p<0.001, respectively.

The swarming diameter of the untreated bacterial culture was 24.67mm (Figure 2A). The morin treatment
significantly decreased swarming motility. The morin at concentrations of 0.11mg/mL and 0.036mg/mL reduced the

diameter to 10.4mm and

14.5mm, respectively.

It shows that morin can adversely affect the motility of P. aeruginosa, which is vital for the initial stages of biofilm

formation.
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Fig 2. Swarming Motility (A), Aggregation (B), Hydrophobicity (C) and Exopolysaccharide generation (D)
Pseudomonas aeruginosa with differentmorin concentrations. Significant differences were indicated by stars (*,
** or ¥**) corresponding to P-values of p<0.05, p<0.01, and p<0.001, respectively.
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Effect on Virulence Factors

This research also examined the effect of different
concentrations of morin on the virulence factors of P.
aeruginosa, including LasA protease activity, pyocyanin
secretion and generation of rhamnolipids. The inhibition
of protease by S. aureus was also investigated. All
virulence factors were significantly affected by treatment
with morin (Figure 3). The production of rhamnolipid
decreased by 27.44% when bacterial strains were treated
with 0.11lmg/mL Morin (Figure 3A). The similar
treatment resulted in the reduction of pyocyanin secretion
to nearly fifty percentage (Figure 3B). A 39.81%
inhibition in LasA protease activity was recorded at the
same concentration of morin, also affects the enzymatic
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virulence factors (Figure 3C). The production of
proteases by S. aureus was inhibited by 20.02% with
0.11mg/mL morin (Figure 3D). A lower concentration of
morin, particularly 0.036mg/mL, was similarly able to
affect virulence factors, but to a lesser extent. This
concentration of morin resulted in 13.1% inhibition of
rhamnolipid production, 18.77% inhibition of pyocyanin
production, and 26.62% inhibition of LasA protease
activity. It was quite intriguing to note that the reduction
in morin concentration did not affect its efficacy in
inhibiting S. aureus protease, which was measure at
17.13%. The anti-protease activity of morin is not
dependent on dosage.
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Fig 3. Percentage inhibition of P. aeruginosa Rhamnolipids (A), Pyocyanin (B), and LasA Protease (C), and percentage
inhibition of S. aureus protease activity (D) by Varying Concentrations of morin. Significant differences were
indicated by stars (*, **, or ***) corresponding to P-values of p<0.05, p<0.01, and p<0.001, respectively.
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Effect on Quorum Sensing

Several techniques were employed to evaluate
morin’s ability to inhibit the quorum-sensing system
mechanism of Chromobacterium violaceum. It has been
proven to be a biosensor strain that produces violacein
pigment when quorum-sensing signals are active, as
previously mentioned. The techniques employed were
the well diffusion assay, quantification of AHL and
violacein inhibition (Figure 4).

The well diffusion assay conducted in this research
served solely as a qualitative test to determine whether
quorum sensing was inhibited. The test was regarded as
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a screening assay. LB agar plates were initially
inoculated with C. violaceum. The wells at the center of
the plates with 1mg morin were dissolved in 100uL of
DMSO. The plates were then incubated for 24 hours at
37°C. A 10.7mm wide zone of inhibition emerged,
indicating that morin can adversely affect pigment
production while allowing bacterial survival (Figure 4A).
The pigment and signal molecule assays were performed
following the screening test to evaluate the anti-QS
activity. The treatment with morin 0.11mg/mL resulted
in 61.24% inhibition of violacein production (Figure 4B)
and 66.65% inhibition of AHL production (Figure 4C).
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Fig 4. Impact of morin Treatment on Quorum Sensing. (A) Zone of inhibition; (B) Inhibition of Violacein generation;
(C) Inhibition of AHL generation, and (D) Inhibition of expression of QS-related genes. The significant
differences were indicated by stars (*, **, or ***) corresponding to P-values of p<0.05, p<0.01, and p<0.001,

respectively.

It was suggested that morin adversely affects gene
expression and signaling associated with quorum
sensing. The inhibition of quorum sensing was observed
to be moderate when cultures were subjected to
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0.036mg/mL. The percentage inhibition of violacein and
AHL formation were determined to be 35.17% and
45.37%, respectively. The dose-dependent inhibition of
Quorum sensing by morin suggests its potential as a
strong anti-QS agent at increased concentrations.
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Effect on Quorum Sensing (0S) Genes

The research investigated the effect of morin on the
expression of key QS-related genes such as las/, lasR,
rhll, and rhiR in P. aeruginosa. RT-PCR analysis was
used to evaluate the relative expression of these genes in
relation to a housekeeping gene, enabling the
examination of morin’s effect on QS-related genes at the
transcriptional level. The /Jas/ gene controlled the
production of the Las autoinducer molecule. A moderate
downregulation of this gene’s expression has been
observed following treatment with morin (Figure 4D).
This indicated that the inhibition of signal molecule
production. On the contrary, over two-fold upregulation
of lasR was observed following morin treatment. This
transcriptional regulator functions in response to signals
received from /asl.

The effect of morin was determined to be highly
prominent in relation to the rhl/ QS pathway. A
downregulation of the rA/l gene exceedingly fourfold has
been recorded in this research. This gene, responsible for
producing of the C4-HSL signaling molecule, suggests
morin significantly inhibits signal production within the
rhl QS pathway. Furthermore, rh/R was found to be
downregulated by more than 1.5-fold. The rAlR is a
transcriptional activator that functions in response to C4-
HSL. It validated that morin adversely affect both the
production and regulation of signals in the rhl QS
pathway.

Discussion

Pseudomonas aeruginosa proved its significance as a
notable opportunistic pathogen. This bacterium exhibits
distinctive intrinsic resistance mechanisms and can form
complex biofilms, especially in an immunosuppressed
individuals or those with implanted medical devices,
chronic wounds or cystic fibrosis (Sathe et al. 2023). The
biofilm produced by this organism renders enhanced
resistance to the host immunity and antimicrobial agents
(Thi et al. 2020). This characteristic, made the
elimination of the organism rather -challenging.
Conventional antibiotics demonstrated ineffectiveness
against the bacteria which was exhibiting resistance
mechanisms, especially biofilm formation (Uruén et al.
2020). This prompted research into the identification and
development of alternate therapeutic strategies such as
antivirulence therapy. The cell-to-cell communication
system of P. aeruginosa, by Quorum sensing (QS), is
essential for regulating processes including biofilm
formation, synthesis of virulence factors and
pathogenicity (Miranda et al. 2022). This research has
examined the antibiofilm and anti-QS potential of several
plant-based substances; Nevertheless, the literature
remains lacking in research that investigate both
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phenotypic and genotypic effects of natural substances
such as morin. Morin is a renowned flavonoid with well-
documented antimicrobial and antioxidant properties. A
limited number of researchers have studied the effect of
morin on virulence factors, signaling molecules
associated with the QS system, and expression of genes
relating to virulence and the QS system. The
antimicrobial potential of this agent is adequately
understood (Abirami et al. 2020).

The current research aimed to conduct a
comprehensive analysis of the inhibitory effect of morin
on virulence factors, signaling molecules associated with
the QS system, and the expression of genes essential for
virulence and QS system in P. aeruginosa. Phenotypic
analysis demonstrated a dose-dependent inhibition of
biofilm formation by morin. The percentage inhibition of
biofilm formation exceeded 75% at the lowest
concentration of morin, specifically 0.004mg/mL. Higher
concentrations of morin were observed to be completely
inhibiting the biofilm formation while significantly
affecting the cells viability. Morin mostly functions by
negatively affecting the structural integrity of biofilms
rather than killing the bacterial cells. Morin was found to
adversely affect a number of P. aeruginosa
characteristics that are essential to its virulence. These
characteristics included swarming motility, EPS
synthesis, hydrophobicity and aggregation. These factors
are essential for adhesion and the maturity of biofilms
(Wang et al. 2025). Additional virulence factors,
including LasA protease, rhamnolipids, pyocyanin and
proteases that targets S. aureus are also negatively
affected by morin. This adverse effect of morin was
highly prominent at increased concentrations of the
agent.

The production of violacein pigment by C.
violaceum was significantly inhibited within the
framework of the QS system of the bacterium. Similarly,
the production of acyl homoserine lactone (AHL) was
significantly inhibited by morin. Morin downregulated
the expression of rhll by fourfold in the context of gene
expression. The Expression of rhlR was decreased
significantly. These two genes are important components
of the Rhl QS system (inat et al. 2021). A moderate level
of inhibition was seen in the case of lasl. Surprisingly,
morin treatment induced upregulation of the /asR gene
expression, suggesting a potential compensatory
regulatory mechanism (Lyczak et al. 2002).

The antibiofilm potential exhibited by morin in this
research aligns with previous research indicating that
plant-based polyphenols can inhibit biofilm formation.
These agents included catechin and quercetin (Jubair et
al. 2022,Vazquez-Armenta et al. 2018). Substances that
can inhibits swarming motility and EPS production by
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bacteria are highly significance, as these characteristics
are controlled by the QS system and are essential for
biofilm formation (Pratt & Kolter 1998).

The findings of this study downregulated QS-
related genes, such as like rhll and rhIR genes are
consistent with the previous reports indicating that
substances like ajoene and furanones downregulate the
Rhl system (Hentzer et al. 2003, Jakobsen et al. 2012).
Therefore, it can be suggested that the Rhl system
exhibited more susceptibility to natural bioactive
compounds than the Las system. Nonetheless, /asR was
found to be upregulated during this research. This
contradicts prior research reporting the simultaneous
inhibition of both /asR and las/ genes (Zhou et al. 2020).
The bacterial strain may have a stress induced feedback
mechanism. Another potential reason may be unbalanced
signaling due to disrupted production of autoinducer
(lasl), resulting in increased expression of /asR to restore
QS homeostasis (Skindersoe et al. 2008). It suggests that
morin can negatively affect both the QS system and the
regulatory circuit. The inhibition of rhamnolipid and
pyocyanin by Morin aligns with previous findings.
Flavonoids have been reported to decrease QS-associated
virulence factors of P. aeruginosa (Rajkumari et al.,
2018). Based on these results, morin may be regarded as
a promising antivirulence substance and a broad-
spectrum quorum-sensing inhibitor (QSI).

The antibiofilm and anti-QS activity of morin had
been previously investigated against resistant strains of S.
aureus, like Vancomycin-Resistant Staphylococcus
aureus (VRSA) and Methicillin-Resistant
Staphylococcus aureus (MRSA) (Chemmugil et al.
2019). This research indicated that morin exhibits
minimal direct antibacterial activity against S. aureus,
rather it caused considerable damage to the biofilm’s
structure and inhibits EPS production. Morin
demonstrated to impair the motility and spreading of
bacteria across the surface. The study included
phenotypic assays and molecular docking simulations to
investigate the effect on SarA, the global regulator. Morin
was found to hinder the expression of QS-related genes,
and no selective pressure was applied on bacteria. These
results aligned with the current research on P.
aeruginosa, indicating that morin functions as a non-
lethal antivirulence agent with broad-spectrum activity
against biofilms of several bacterial strains (Chemmugil
et al. 2019).

Certain limitations need to be acknowledged, while
the results of this research are quite promising. The
research involved in vitro experiments conducted under
laboratory conditions, hence, the complicated host-
pathogen interactions could not be completely replicated.
Furthermore, significant regulatory effects were

67

Microbial Biosystems 10(4)-2025

demonstrated by the gene expression analysis, however
the time point used for the RT-PCR may not adequately
capture the dynamic variations in gene expression that
occur during the infectious process. The upregulation of
lasR followed by morin treatment requires thorough
investigation to see if it is due to a regulatory feedback
loop.

The effect of morin should be studied in future studies
utilizing in vivo infection models to decipher its
antivirulence activity under physiological conditions.
Similarly, the regulatory changes associated with the QS-
related genes should be more effectively examined with
time-course transcriptomic analysis. The possible
synergistic effects of traditional antibiotics and morin
should be investigated to develop innovative therapeutic
strategies against biofilm-forming pathogens. Finally,
derivatives or structural analogs of morin should be
identified and studied for potential therapeutic
utilization.

Conclusion

This research indicates that morin has the potential to
exert anti-virulence and antibiofilm activity by affecting
different mechanisms involved in Quorum sensing in P.
aeruginosa at phenotypic and genetic levels. Morin’s
inhibition of primary QS-related processes and
downregulation of genes linked to QS, such as the Rhl
system, by makes it a significant agent for therapeutic
approaches targeting the virulence factors. This study’s
results have addressed many gaps in the literature
concerning the effect of phytochemicals on the QS
system, while certain aspects remain to be clarified for
the application of morin as a non-lethal, resistance-
sparing antibacterial agent.

Funding
This research received no external financial support.

Conflicts of interest
There is no conflict of interest.

References

Abirami G, Alexpandi R, Durgadevi R, Kannappan A,
Veera Ravi A. (2020) Inhibitory Effect of Morin
Against Candida albicans Pathogenicity and
Virulence Factor Production: An in vitro and in vivo
Approaches. Frontiers in Microbiology, 11, 561298.
https://doi.org/10.3389/fmicb.2020.561298

Al-Helo FK, El-Banna N, Qaralleh H, Al-Limoun MO,
Khleifat K. (2025) Quorum Sensing Inhibition and
Virulence Factor Attenuation in Pseudomonas
aeruginosa by Camphor. Journal of



https://doi.org/10.3389/fmicb.2020.561298

Qaralleh 2025

Pharmacopuncture, 28(3), 229-239.
https://doi.org/10.3831/KP1.2025.28.3.229

Ali S, Rahman A, Shahbakht R, Akhtar R, Ma R. (2023)
Impact of Plant-Originated Morin Hydrate on Human
and Animal Health. [International Journal of
Agriculture and Biosciences, 1, 1-9.
https://doi.org/10.47278/book.oht/2023.09

ALrawashdeh I, Qaralleh H, Al-limoun M, Khleifat K.
(2019) Antibactrial Activity of Asteriscus graveolens
Methanolic Extract: Synergistic Effect with Fungal
Mediated Nanoparticles against Some Enteric
Bacterial Human Pathogens. Journal of Basic and
Applied Research in Biomedicine, 5(2), 89-98.
https://doi.org/10.51152/jbarbiomed.v5i2.40

Andrejko M, Zdybicka-Barabas A, Janczarek M,
Cytrynska M. (2013) Three Pseudomonas aeruginosa
strains with different protease profiles. Acta
Biochimica Polonica, 60(1), 83-90.

Banerjee M, Moulick S, Bhattacharya KK, Parai D,
Chattopadhyay S, Mukherjee SK. (2017) Attenuation
of Pseudomonas aeruginosa quorum sensing,
virulence and biofilm formation by extracts of
Andrographis paniculata. Microbial Pathogenesis,
113, 85-93.
https://doi.org/10.1016/j.micpath.2017.10.023

Caselli A, Cirri P, Santi A, Paoli P. (2016) Morin: A
Promising Natural Drug. Current Medicinal
Chemistry, 23(8), 774-791.
https://doi.org/10.2174/092986732366616010615082
1

Chemmugil P, Lakshmi PT V, Annamalai A. (2019)
Exploring Morin as an anti-quorum sensing agent
(anti-QSA) against resistant strains of Staphylococcus
aureus. Microbial Pathogenesis, 127, 304-315.
https://doi.org/10.1016/j.micpath.2018.12.007

Costerton JW, Stewart PS, Greenberg EP. (1999) Bacterial
biofilms: a common cause of persistent infections.
Science (New York, N.Y.), 284(5418), 1318-1322.
https://doi.org/10.1126/science.284.5418.1318

Gomez-Gomez B, Arregui L, Serrano S, Santos A, Pérez-
Corona T, Madrid Y. (2019) Selenium and tellurium-
based nanoparticles as interfering factors in quorum
sensing-regulated processes: Violacein production
and bacterial biofilm formation. Metallomics, 11(6),
1104-1114. https://doi.org/10.1039/c9mt00044e

Gordya N, Yakovlev A, Kruglikova A, Tulin D, Potolitsina
E, Suborova T, Bordo D, Rosano C, Chernysh S.
(2017) Natural antimicrobial peptide complexes in the
fighting of antibiotic resistant biofilms: Calliphora
vicina medicinal maggots. PLoS One, 12(3),
e0173559.
https://doi.org/10.1371/journal.pone.0173559

68

Microbial Biosystems 10(4)-2025

Hall-Stoodley L, Costerton JW, Stoodley P. (2004)
Bacterial biofilms: from the natural environment to
infectious diseases. Nature Reviews. Microbiology,
2(2), 95-108. https://doi.org/10.1038/nrmicro821

Hentzer M, Wu H, Andersen JB, Riedel K, Rasmussen TB,
Bagge N, Kumar N, Schembri MA, Song Z,
Kristoffersen P, Manefield M, Costerton JW, Molin S,
Eberl L, Steinberg P, Kjelleberg S, Haiby N, Givskov
M. (2003) Attenuation of Pseudomonas aeruginosa
virulence by quorum sensing inhibitors. 7he EMBO
Journal, 22(15), 3803-3815.
https://doi.org/10.1093/emboj/cdg366

Hossain MA, Lee S-J, Park N-H, Mechesso AF, Birhanu
BT, Kang J, Reza MA, Suh J-W, Park S-C. (2017)
Impact of phenolic compounds in the acyl homoserine
lactone-mediated  quorum  sensing  regulatory
pathways.  Scientific ~ Reports, 7(1), 10618.
https://doi.org/10.1038/s41598-017-10997-5

Hsia C-W, Wu M-P, Velusamy M, Hsia C-H, Chou D-S,
Tsai C-L, Hsu C-Y, Jayakumar T, Chung C-L, Sheu
J-R. (2018) Novel Therapeutic Agent against Platelet
Activation In Vitro and Arterial Thrombosis /n Vivo
by Morin Hydrate. International Journal of Molecular
Sciences, 19(8).
https://doi.org/10.3390/iims 19082386

Inat G, Siriken B, Baskan C, Erol 1, Yildirim T, Ciftci A.
(2021) Quorum sensing systems and related virulence
factors in Pseudomonas aeruginosa isolated from
chicken meat and ground beef. Scientific Reports,
11(1), 15639. https://doi.org/10.1038/s41598-021-
94906-x

Jakobsen TH, van Gennip M, Phipps RK, Shanmugham
MS, Christensen LD, Alhede M, Skindersoe ME,
Rasmussen TB, Friedrich K, Uthe F, Jensen P@,
Moser C, Nielsen KF, Eberl L, Larsen TO, Tanner D,
Heiby N, Bjarnsholt T, Givskov M. (2012) Ajoene, a
sulfur-rich molecule from garlic, inhibits genes
controlled by quorum sensing. Antimicrobial Agents
and Chemotherapy, 56(5), 2314-2325.
https://doi.org/10.1128/AAC.05919-11

Jubair N, R. M, Fatima A, Mahdi YK, Abdullah NH.
(2022) Evaluation of Catechin Synergistic and
Antibacterial Efficacy on Biofilm Formation and acr4
Gene Expression of Uropathogenic E. coli Clinical
Isolates. Antibiotics, 11(9), 1223,
https://doi.org/10.3390/antibiotics11091223

Krishnan T, Yin W-F, Chan K-G. (2012) Inhibition of
quorum  sensing-controlled  virulence  factor
production in Pseudomonas aeruginosa PAO1 by
Ayurveda spice clove (Syzygium aromaticum) bud
extract. Sensors, 12(4), 4016—4030.
https://doi.org/10.3390/5120404016



https://doi.org/10.3831/KPI.2025.28.3.229
https://doi.org/10.47278/book.oht/2023.09
https://doi.org/10.51152/jbarbiomed.v5i2.40
https://doi.org/10.1016/j.micpath.2017.10.023
https://doi.org/10.2174/0929867323666160106150821
https://doi.org/10.2174/0929867323666160106150821
https://doi.org/10.1016/j.micpath.2018.12.007
https://doi.org/10.1126/science.284.5418.1318
https://doi.org/10.1039/c9mt00044e
https://doi.org/10.1371/journal.pone.0173559
https://doi.org/10.1038/nrmicro821
https://doi.org/10.1093/emboj/cdg366
https://doi.org/10.1038/s41598-017-10997-5
https://doi.org/10.3390/ijms19082386
https://doi.org/10.1038/s41598-021-94906-x
https://doi.org/10.1038/s41598-021-94906-x
https://doi.org/10.1128/AAC.05919-11
https://doi.org/10.3390/antibiotics11091223
https://doi.org/10.3390/s120404016

Qaralleh 2025

Lee K, Yoon SS. (2017). Pseudomonas aeruginosa
Biofilm, a Programmed Bacterial Life for Fitness.
Journal of microbiology and biotechnology, 27(6),
1053-1064. https://doi.org/10.4014/jmb.1611.11056

Liu HY, Prentice EL, Webber MA. (2024) Mechanisms of
antimicrobial ~ resistance in  biofilms.  Npj
Antimicrobials  and  Resistance, 2(1), 27.
https://doi.org/10.1038/s44259-024-00046-3

Luo J, Dong B, Wang K, Cai S, Liu T, Cheng X, Lei D,
Chen Y, LiY, Kong J. (2017) Baicalin inhibits biofilm
formation, attenuates the quorum sensing-controlled
virulence and enhances Pseudomonas aeruginosa
clearance in a mouse peritoneal implant infection
model. PloS One, 12(4), e0176883.
https://doi.org/10.1371/journal.pone.0176883

Lyczak JB, Cannon CL, Pier GB. (2002) Lung infections
associated with cystic fibrosis. Clinical Microbiology
Reviews, 15(2), 194-222.

Ma’aitah S. (2024) Pseudomonas aeruginosa biofilm
formation: Antibiofilm Strategies and conventional
methods of evaluation. Journal of Basic and Applied
Research  in  Biomedicine, 10(1), 11-28.
https://doi.org/10.51152/jbarbiomed.v10i1.234

Miranda SW, Asfahl KL, Dandekar AA, Greenberg EP.
(2022) Pseudomonas aeruginosa Quorum Sensing.
Advances in Experimental Medicine and Biology,
1386, 95-115. https://doi.org/10.1007/978-3-031-
08491-1 4

Pratt LA, Kolter R. (1998) Genetic analysis of Escherichia
coli biofilm formation: roles of flagella, motility,
chemotaxis and type I pili. Molecular Microbiology,

30(2), 285-293.  https://doi.org/10.1046/].1365-
2958.1998.01061.x
Qaralleh, H. (2024a). The inhibitory effect of

Azadirachta indica extract on Pseudomonas
aeruginosa biofilm, virulence factors, and
quorum sensing. Microbial Biosystems, 9(2),
155-165. doi: 10.21608/mb.2024.312958.1151

Qaralleh H. (2024b) Limonene as a Multi-Target
Antibiofilm and Quorum Sensing Inhibitor Against
Pseudomonas aeruginosa. Journal of Basic and
Applied Research in Biomedicine, 10(1), 80-88.
https://doi.org/10.51152/jbarbiomed.v10i1.245

Rajkumari J, Borkotoky S, Murali A, Suchiang K,
Mohanty SK, Busi S. (2018) Attenuation of quorum
sensing controlled virulence factors and biofilm
formation in Pseudomonas aeruginosa by pentacyclic
triterpenes, betulin and betulinic acid. Microbial
Pathogenesis, 118, 48—60.

Rajput SA, Wang X, Yan H-C. (2021) Morin hydrate: A
comprehensive review on novel natural dietary
bioactive compound with versatile biological and
pharmacological ~ potential.  Biomedicine &

69

Microbial Biosystems 10(4)-2025

Pharmacotherapy, 138, 111511.
https://doi.org/10.1016/j.biopha.2021.111511

Razack SA, Vijayagopal V, Viruthagiri T. (2011)
Production of Exopolysaccharides by P. aeruginosa,
P. fluorescens and Bacillus sp. IUP Journal of
Biotechnology, 5(4), 14-19.

Sagar PK, Sharma P, Singh R. (2022) Inhibition of quorum
sensing regulated virulence factors and biofilm
formation by Eucalyptus globulus against multidrug-
resistant Pseudomonas aeruginosa. Journal of
Pharmacopuncture, 25(1), 37-45.
https://doi.org/10.3831/KP1.2022.25.1.37

Sathe N, Beech P, Croft L, Suphioglu C, Kapat A, Athan
E. (2023) Pseudomonas aeruginosa: Infections and
novel approaches to treatment Knowing the enemy the
threat of Pseudomonas aeruginosa and exploring
novel approaches to treatment. Infectious Medicine,
2(3), 178-194.
https://doi.org/10.1016/1.imj.2023.05.003

Shanks RMQ, Meehl MA, Brothers KM, Martinez RM,
Donegan NP, Graber ML, Cheung AL, O’Toole GA.
(2008) Genetic evidence for an alternative citrate-

dependent  biofilm  formation  pathway in
Staphylococcus aureus that 1is dependent on
fibronectin binding proteins and the GraRS two-
component regulatory system. [Infection and
Immunity, 76(6), 2469-24717.

https://doi.org/10.1128/iai.01370-07

Skindersoe ME, Alhede M, Phipps R, Yang L, Jensen PO,
Rasmussen TB, Bjarnsholt T, Tolker-Nielsen T,
Heiby N, Givskov M. (2008) Effects of antibiotics on
quorum sensing in Pseudomonas aeruginosa.
Antimicrobial Agents and Chemotherapy, 52(10),
3648-3663. https://doi.org/10.1128/AAC.01230-07

Thakur K, Zhu Y-Y, Feng J-Y, Zhang J-G, Hu F, Prasad C,
Wei Z-J. (2020) Morin as an imminent functional food
ingredient: an update on its enhanced efficacy in the
treatment and prevention of metabolic syndromes.
Food &  Function, 11(10), 8424-8443.
https://doi.org/10.1039/d0fo01444¢c

Thi MTT, Wibowo D, Rehm BHA. (2020) Pseudomonas
aeruginosa biofilms. [International Journal of
Molecular Sciences, 21(22), 8671.
https://doi.org/10.3390/ijms2122867 1

Uruén C, Chopo-Escuin G, Tommassen J, Mainar-Jaime
RC, Arenas J. (2020) Biofilms as Promoters of

Bacterial Antibiotic Resistance and Tolerance.

Antibiotics (Basel, Switzerland), 10(1).

https://doi.org/10.3390/antibiotics 10010003
Vazquez-Armenta FJ, Bernal-Mercado AT, Tapia-

Rodriguez MR, Gonzalez-Aguilar GA, Lopez-Zavala
AA, Martinez-Tellez MA, Hernandez-Ofiate MA,
Ayala-Zavala JF. (2018) Quercetin reduces adhesion


https://doi.org/10.4014/jmb.1611.11056
https://doi.org/10.1038/s44259-024-00046-3
https://doi.org/10.1371/journal.pone.0176883
https://doi.org/10.51152/jbarbiomed.v10i1.234
https://doi.org/10.1007/978-3-031-08491-1_4
https://doi.org/10.1007/978-3-031-08491-1_4
https://doi.org/10.1046/j.1365-2958.1998.01061.x
https://doi.org/10.1046/j.1365-2958.1998.01061.x
https://doi.org/10.51152/jbarbiomed.v10i1.245
https://doi.org/10.1016/j.biopha.2021.111511
https://doi.org/10.3831/KPI.2022.25.1.37
https://doi.org/10.1016/j.imj.2023.05.003
https://doi.org/10.1128/iai.01370-07
https://doi.org/10.1128/AAC.01230-07
https://doi.org/10.1039/d0fo01444c
https://doi.org/10.3390/ijms21228671
https://doi.org/10.3390/antibiotics10010003

Qaralleh 2025

and inhibits biofilm development by Listeria
monocytogenes by reducing the amount of
extracellular proteins. Food Control, 90, 266—
273.
https://doi.org/10.1016/j.foodcont.2018.02.041

Venu Gopal J. (2013) Morin Hydrate: Botanical
origin, pharmacological activity and its
applications: A mini-review. Pharmacognosy
Journal, 5(3), 123-126.
https://doi.org/10.1016/].phcgj.2013.04.006

Wang R, Wang S, Liu L, Qiu C, Xiao S, Ouyang Q, Ji
M. (2025) Research Progress on the Influence
Factors of the Quorum Sensing System
Regulating the Growth of Wastewater Treatment
Biofilm. Water, 17(13), 1944.
https://doi.org/10.3390/w17131944

Williams P, Camara M. (2009) Quorum sensing and
environmental adaptation in Pseudomonas
aeruginosa: a tale of regulatory networks and
multifunctional signal molecules. Current
Opinion in Microbiology, 12(2), 182-191.
https://doi.org/10.1016/].mib.2009.01.005

Zhou L, Zhang Y, Ge Y, Zhu X, Pan J. (2020)
Regulatory = mechanisms and  promising
applications of quorum sensing-inhibiting agents
in control of bacterial biofilm formation.
Frontiers in  Microbiology, 11, 589640.
https://doi.org/10.3389/fmicb.2020.589640

70

Microbial Biosystems 10(4)-2025


https://doi.org/10.1016/j.foodcont.2018.02.041
https://doi.org/10.1016/j.phcgj.2013.04.006
https://doi.org/10.3390/w17131944
https://doi.org/10.1016/j.mib.2009.01.005
https://doi.org/10.3389/fmicb.2020.589640

