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ABSTRACT

In this study, the mechanism of quorum sensing inhibition (QSI) by plant-oriented organic molecules, vanillin, was investigated. During the
biofouling experiment with Pseudononas aeruginosa as a model bacterium in the forward osmosis (FO) membrane process, the addition of 1 mM
vanillin showed remarkable mitigation of biofouling without both bactericidal and bacteriostatic effects. Subsequently, bioassay of quorum sensing
(QS) molecules and RNA sequencing of P. aeruginosa were conducted to figure out QSI mechanism. Interestingly, the bioassay result showed
that the addition of 1 mM vanillin as the QSI was not sufficient to degrade the QS signal molecules such as N-Hexanoyl-DL-homoserine lactone.
On the other hands, the analysis of RNA gene expressions exhibited that the significant down-regulation of QS receptors while there was not
any noticeable changes in gene expressions related to synthesis of QS signal molecules. The down-regulation of QS receptor genes suppressed
the hierarchical and interconnected QS system of P. aeruginosa, thus contributed as the main mechanism of QSI. The result of this study implies
the potential applicability of QSI by plant-oriented organic molecules to mitigate biofouling in membrane processes where the concentration

of organic matters is not important.
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1. Introduction

Water reuse and desalination have been considered as effective
ways to solve the global water scarcity [1]. In particular, membrane
processes including nanofiltration (NF), reverse osmosis (RO) and
forward osmosis (FO) have been widely applied in both desalination
and water reuse processes as core technologies [2]. However, the
biggest challenge facing membrane processes is biofouling caused
by the consortium of organic matters, particulates and micro-
organisms which develop adhesive biofilm matrix by the release
of sticky extracellular polymeric substances (EPS) [3]. Biofouling
occurring in membrane processes causes the significant decline
in the flux and quality of permeate [4].

As a method to control biofouling, physicochemical cleaning
methods have been widely applied. However, physical cleaning
with increase in the cross flow velocity has been shown to be
ineffective in preventing or removing irreversible biofouling [5].
On the other hand, long term usage of chemical cleaning agents

was proven to hamper the structure of the membrane [6]. Thus,
the novel biological strategy, which can effectively hinder the
build-up of biofouling without any damage on the structure of
the membrane, is strongly required.

Bacteria are known to communicate with each other through
quorum sensing (QS) by producing signal molecules and its biding
with signal molecule receptors during the formation of biofilm [7].
The quorum sensing inhibition (QSI) has been studied in mem-
brane-based water treatment systems to mitigate biofouling and
three typical QSI mechanisms are proposed; suppression of signal
molecules synthesis, degradation of signal molecules, and interfer-
ence of signal molecules binding to the receptors [8, 9]. For instance,
enzymes such as acylase and lactonase have been reported to degrade
signal molecules, thus the enzyme-producing bacteria have been
encapsulated in the beads, hollow cylinder, sheets or core-shell
structure to control membrane biofouling in membrane bioreactor
(MBR) [9-12]. However, economic feasibility and difficulties in main-
taining enzymatic QSI activity are still hurdles for wide application
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of enzymes or enzyme-producing bacteria. Recently, plant-oriented
organic molecules such as cinnamaldehyde, vanillin, and zingerone
have been gained interest as one of sustainable alternative to enzy-
matic QSI [13]. These plant-oriented organic molecules are known
to have the antibacterial activity as well as effectively mitigate
the formation of biofilm at the concentration even lower than growth
inhibitory concentration by the QSI activity [14-16]. Among these
plant-oriented organic molecules, vanillin is a promising candidate
to apply due to its nontoxic nature to human health, easy accessibility
and ability to control biofouling in membrane-based water treatment
processes [16]. In the previous study, when vanillin was applied
RO process, it effectively mitigated biofouling and by the decrease
in the amount of extra-cellular polymeric substances [17].

In our previous study with FO process, it was shown that the
addition of vanillin retarded the formation of biofilm on the mem-
brane surface [18]. Pseudomonas aeruginosa had been utilized as
a model bacterium for biofouling experiment because the QS signal-
ing system of P aeruginosa included two AHL-based and two qui-
none-based QS system [19]. Although three QSI mechanisms were
proposed in our study, the detailed QSI mechanism of vanillin
was not clearly elucidated [18]. In the previous study, inhibition
of Las and Rhl genes of P aeruginosa were shown to be tightly
related to the biofilm formation [20]. Moreover, it is already reported
on the genes encoding signal molecule synthesis and receptor pro-
tein [21]. Therefore, the expression of QS-related genes is essential
to elucidate the mechanism of QSI molecules such as vanillin.
Recently, RNA sequencing (RNA-Seq) has provided more precise
quantification of transcriptomes [22]. The technology has been
regarded as powerful tool to enable the improvement of functional
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genomics analysis including quantitative gene expression studies
for the measurement of variability in expression level [23].

The objective of this study was to elucidate the QSI mechanism
of vanillin among three proposed mechanism by the bactericidal
and bacteriostatic experiments and by the comprehensive RNA
sequencing analysis.

2. Material and Methods

2.1. Bacteriostatic and Bactericidal Effects of Vanillin

The experimental procedure to elucidate the major biofilm miti-
gation mechanism of vanillin is presented in the Fig. 1. The test
for bacteriostatic and bactericidal effect of vanillin was designed
as reported in the previous study [18]. Briefly, vanillin stock solution
(Sigma Aldrich, USA) was prepared by dissolving vanillin in a
DI solution with the final concentration of 10 mM. P aeruginosa
PAO1 was selected as a model bacterium throughout this study.
For test of bacteriostatic and bactericidal effect of vanillin, 10”/mL
of cells were cultured at the presence of 0 mM, 0.1 mM, 1 mM
and 10 mM of vanillin for 24 h. Potassium phosphate buffer (pH
= 7.4) was utilized for dilution of the bacteria and vanillin.
Bacteriostatic effect of vanillin was observed by measuring the
optical density at 16 h and 24 h after the initial inoculation. For
the bactericidal effect, samples were collected after 12 h and the
Live/Dead tests of bacteria cells were performed with the SYTO9
and propidium iodide (Invitrogen, USA). Fluorescence images were
taken in each sample and the live and dead cell was counted
and averaged using the Image ] program.
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Fig. 1. Experimental procedures for the investigation of biofilm mitigation mechanism by vanillin.
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2.2. Inhibition of Biofilm Formation by Vanillin

The thin film composite polyamide FO membrane (Toray, Japan)
was stored at 4°C in DI water and sized 20.25 cm® to be attached
on the glass plate facing the active layer to the solution. The solutions
containing 107 cells/mL of P aeruginosa PAO1 were shaken with
and without 1 mM vanillin for 24 h and 48 h at 25°C. Biofilm
formed on the membrane was collected using silicon knife and
filtered through 0.2 um paper filter. The membrane was then dried
at 105°C for 2 h. The difference in weight before and after the
filtration was defined as the biomass.

2.3. Liquid Phase Bioassay for Determining The Degradation
of Signal Molecules

Degradation of bacterial signal molecule by vanillin, the experiment
with Chromobacterium violaceum CV026 was conducted followed
by the method in our previous study [24]. N-Hexanoyl-DL-homo-
serine lactone (HHL; Sigma-Aldrich, USA) was used as an QS
marker in this experiment. Briefly, HHL stock was solubilized in
solution with 0.1% acetic acid and 100 mM ethyl acetate. HHL
was then diluted with 10 mM potassium phosphate buffer to be
concentration of 1 pM. The AHL indicator bacterium, C. violaceum
CV026, was cultivated in Luria-Bertani (LB) medium for 24 h,
centrifuged, and then rinsed three times with 0.9% NaCl. For the
evaluation of QSI activity, 1 mM vanillin was supplemented in
to the C. violaceum CV026 culture, and violacein was extracted
by a protocol described elsewhere [25]. Finally, the supernatant
in which violacien was contained was extracted, and the absorbance
was measured using a UV spectrophotometer (Hach, USA) at 585 nm.

2.4. RNA Sequencing Library Construction and Sequence
Analysis

The preparation and analysis of RNA sequencing was performed
according to the previously proposed method [26]. Briefly, P aerugi-
nosa PAO1 was cultured at 37°C in Luria-Bertani (LB) medium
for 24 h and harvested. Then, P aeruginosa PAO1 (10%/mL) was
cultivated again in LB medium for 48 h at the presence and absence
of 1 mM vanillin. For the extraction of RNA, samples were cen-
trigufed for 5 min at 13,000 rpm and washed three times with
0.9% NaCl. Samples were then purified using the RNeasy Mini
Kit (Qiagen, Hilden, Germany) and subjected to quantity and quality
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assessment by the BioAnalyzer 2100 using a DNA 1000 chip (Agilent
Technologies, Santa Clara, CA, USA). Prior to cDNA library con-
struction, RNA samples were enriched for transcripts using mRNA
Purification Kit (Agilent Technologies, Santa Clara, CA, USA). To
construct Illumina-compatible libraries, a TruSeq RNA library prep-
aration kit (Illumina, San Diego, CA, USA) was used according
to the manufacturer’s instructions. TruSeq RNA libraries con-
structed by PCR amplification were quantified using quantitative
PCR (gPCR) according to the qPCR Quantification Protocol Guide,
and the quality was assessed electrophoretically (Bioanalyzer 2100;
Agilent Technologies). Paired-end type of read sequenced from
the HiSeqTM 4000 platform (Illumina) was used and the reference
genome was acquied from the control sample [27]. For the differ-
entially expressed genes (DEG) analysis, expression values were
estimated as reads per kilobase of the transcript per million mapped
reads (RPKM) and normalized by totals. Subsequently, low quality
genes were filtered and quantile normalization was conducted after
the logarithm transformation [28].

3. Results and Discussion

3.1. Bacteriostatic and Bactericidal Effects of Vanillin

To investigate the quorum sensing inhibition of vanillin, bactericidal
and bacteriostatic effects should be excluded. The growth curves
of P aeruginosa in LB supplemented with various concentrations
of vanillin are shown in Fig. 2 (a). The inhibitory effect of vanillin
on bacterial growth was negligible up to 1 mM (p-value > 0.05).
However, the bacterial growth was retarded moderately at 10 mM
of vanillin concentration (p-value < 0.05). In detail, the absorbance
at 600 nm dropped to 1.68, which was 73% of control (0 mM)
at 24 h, indicating that bacteriostatic effect occurred. In order to
assess the bactericidal effect of vanillin, the portion of dead cells
in each sample was observed and calculated by dividing number
of dead cells with total cells as shown in Fig. 2(b). The portions
of dead cells had no statistical difference in the presence of 0.1
mM (6.6%) and 1 mM vanillin (7.1%) compared to the absence
of vanillin (8.7%) (p-value > 0.05), while, it increased significantly
to 25.1% at the 10 mM vanillin. It indicated that the addition
of 0.1 mM and 1 mM vanillin had no bactericidal effect to P
aeruginosa. 1t is in accordance with the previous study that the
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Fig. 2. Bacteriostatic (a) and bactericidal effect (b) of P. aeruginosa at various concentration of vanillin.
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bactericidal effect was only shown at the high concentration of
vanillin (15 mM ~ 30 mM) [29]. Thus, bacteriostatic and bactericidal
effects were not observed at the concentration of vanillin up to
1 mM, and therefore, further experiments were conducted at 1
mM of vanillin to elucidate the QSI mechanisms of vanillin.

3.2. Applicability of Vanillin for the Biofilm Mitigation

The amount of biofilm formed on the membrane in the presence
of 1 mM of vanillin was only accounted to 38% and 45% of the
mass compared to that of control (0 mM) at 24 h and 48 h, respectively
(Fig. 3 (a)), and it is in agreement with our previous report that
the decline of flux was retarded at the presence of 1 mM vanillin
in the feed solution of continuously operated forward osmosis
process [18]. From the result, the addition of 1 mM vanillin was
effective in mitigating the biofilm formation on the membrane
by QSI effect, not by bacteriostatic nor bactericidal effects.
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Fig. 3. The changes in biomass of virgin and fouled FO membrane
in the presence and absence of 1T mM vanillin after 24 h and
48 h.

3.3. @S| Mechanism of Vanillin

As previously discussed, three QSI mechanisms have been pro-
posed; the degradation of signal molecules, the suppression of
signal molecule synthesis, and interference of signal molecules’
binding to the receptors. To examine the first mechanism, liquid
phase bioassay using C. violaceum CV026 was conducted to test
whether vanillin could degrade signal molecules. For the inves-
tigation of second and third mechanisms, the expression of func-
tional genes responsible to the synthesis of signal molecules and
receptors were analyzed by RNA sequencing.

3.3.1. Degradation of signal molecules by vanillin

The liquid phase bioassay using C. violaceum CV026 in the presence
and absence of 1 mM vanillin was performed to verify the degrada-
tion of typical AHL-based signal molecule, N-hexanoyl homoserine
lactone (HHL), by 1 mM vanillin. As shown in Fig. 4, there was
not any noticeable changes in the concentration of HHL at the
presence of 1 mM vanillin during the liquid phase bioassay.
Therefore, the concentration of 1 mM vanillin could not degrade
AHL. Consequently, it can be concluded that the mitigation of
biofilm formation on the FO membrane was not contributed by
the degradation of signal molecule by vanillin.
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Fig. 4. Degradation of signal molecules in the presence and absence
of T mM vanillin.
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3.3.2. Suppression of functional genes

The QS signaling systems of P aeruginosa includes two AHL-based
(Las and Rhl genes) and two quinone-based (Igs and Pgs genes)
QS system. In each QS system, it is consisted of signal molecule
synthesis (I followed by name of the genes, e.g. Lasl) and receptor
(R followed by name of the genes, e.g. LasR) protein, and there
are several genes encoding these proteins [21]. After data pre-proc-
essing and quality check of raw data (5,703 genes) collected by
transcriptome resequencing, 5,441 high-quality genes with
6,264,361 reads in two samples were obtained. Among collected
transcriptome sequencing data, genes encoding QS system related
proteins were matched with the data deposited in NCBI [30]. In
Fig. 5 (a), the relative transcriptional expression of genes regarding
AHl-based QS system (Las and Rhl) in the presence and absence
of vanillin are presented. As shown in Fig. 5 (a), LasI and LasR
genes were down-regulated 28% and 26%, respectively, in the pres-
ence of vanillin. Besides, expression of Rhil and RhIR genes were
down-regulated 2% and 39%, respectively, in the presence of
vanillin. Both synthesis and reception of signal molecules in Las
and Rhl QS systems were down-regulated at the presence of vanillin.
The decrease in the transcription level of AHL-based QS related
genes is in agreement with the previous reports that the synthesis
of N-Hexanoyl-L-homoserine lactone ( C6-HSL) was shown to be
reduced at the concentration of 1.7 mM vanillin [16]. The inhibition
of synthesis and reception processes as well as the decrease in
biofilm formation have been also reported from other studies. The
meta-bromo-thiolactone (mBTL) also inhibited the expression of
two quorum-sensing receptors of P aeruginosa, LasR and RhIR,
and led to the decrease in biofilm formation [20]. Thus, the down-reg-
ulation of Lasl, LasR and RhIR genes was the one of QSI mechanisms
of vanillin mitigating biofilm formation on the FO membrane
surface.

In Fig. 5 (b), relative expressions of genes regarding quinon-based
QS system (Igs and Pgs) at the presence and absence of 1 mM
vanillin are presented. From the result, AmbB and AmbC genes
were 10% and 18% down-regulated, while AmbD and AmbE genes
were 4% and 2% up-regulated by the addition of vanillin. PgsA,
PgsB, PqsC and PgsD genes were 11%, 40%, 18% and 31% up-regu-
lated by vanillin, respectively. Meanwhile, PgsR gene was found
to be 18% down-regulated. Expression of Igs and Pgs genes were
inconsistent in the presence of vanillin with the concentration
of 1 mM. Until now, the relation between the expression of Igs
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QS system and biofilm formation is not clear. However, competitive
antagonists of PgsR also reduced the virulence factor of the pyocya-
nin production by 74% during the addition of vanillin in P aerugino-
sa PA14 [31]. Although there is no direct evidence on the effect
of PgsR interference to the mitigation of biofilm formation, the
formation of biofilm would also be reduced by the interference
of PgsR.

P aeruginosa is known to have a multi-layered hierarchy QS
system consisting of four interrelated signaling mechanisms, and
therefore, signal molecule and receptor complex of ruling hierarchy
triggered the expression of lower hierarchy [32]. For instance, Las
system was proven to govern the expression of both Pgs and Rhl systems,
thus Las system was often described as being at the top of the QS
hierarchy [32]. Thus, the binding of N-(3-oxodecanoyl)-homoserine
lactone (OdDHL) with LasR controls the activation of both Pgs
and Rhl QS systems. It is also shown that the disruption of either
LasR or LasI even nullified the expression of genes regarding Igs
system, and thus, reduced the production of 2-(2-hydroxyphenyl)-
thiazole-4-carbaldeghyde (IQS) [32]. Therefore, the observation of
the transcriptional expression of QS regulatory functional genes
can provide the primary determinant of the QSI hierarchy system.

In this study, transcriptional expression of LasR, RhIR and PgsR
genes were all down-regulated to 27%, 39% and 18%, respectively,
in the presence of 1 mM vanillin (Fig. 6). The down-regulation
of transcriptional expression of QS regulatory genes was probably
due to the structural similarity of vanillin with QS signal molecules.
In the previous study, vanillin possessed the direct interaction
with AHL receptor, which further interfered the binding of QS
signal molecules with and the QS receptors [33]. Thus, the mitigated
biofilm formation on the FO membrane surface by the addition
of vanillin was probably due to the down-regulation of transcrip-
tional expression of QS regulatory genes as described in Fig. 7
[32, 34, 35].

4. Conclusions

In this study, the addition of vanillin as the quorum sensing inhibitor
was investigated. The addition of 1 mM vanillin did not induce
any bacteriostatic and bactericidal activity to P aeruginosa, but

Quorum sensing inhibition by vanillin
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Fig. 7. Schematic diagram of hierarchical quorum sensing system of P. aeruginosa and quorum sensing inhibition mechanisms of vanillin in mitigating

biofouling during FO processes.
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significantly reduced the biomass of biofilm on the FO membrane
surface. The bioassay showed that 1 mM vanillin was not sufficient
to degrade the QS signal molecules such as N-Hexanoyl-DL-homo-
serine lactone nor did not alter the expression of genes related
to the synthesis of QS signal molecules. However, the addition
of vanillin effectively down-regulated QS receptor genes due to
the structural similarity of vanillin with QS signal molecules. It
is proposed that the interconnected and hierarchical QS system
regulated by QS receptor genes in P aeruginosa result the mitigation
of biofilm formation on the surface of FO membrane. The results
of this study implied the potential use of plant-oriented organic
molecules as quorum sensing inhibitors in membrane processes
where the concentration of organic matters might not be important.
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