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A B S T R A C T

Pseudomonas fluorescens, a Gram-negative psychrotrophic bacteria, is the main microorganism causing spoilage
of chilled raw milk and aquatic products. Quorum sensing (QS) widely exists in bacteria to monitor their po-
pulation densities and regulate numerous physiological activities, such as the secretion of siderophores,
swarming motility and biofilm formation. Thus, searching for quorum sensing inhibitors (QSIs) may be another
promising way to control the deterioration of food caused by P. fluorescens. Here, we screened a traditional
Chinese medicine (TCM) database to discover potential QSIs with lesser toxicity. The gene sequences of LuxI-
and LuxR-type proteins of P. fluorescens P07 were obtained through whole-genome sequencing. In addition, the
protein structures built by homology modelling were used as targets to screen for QSIs. Twenty-one compounds
with a dock score greater than 6 were purchased and tested by biosensor strains (Chromobacterium violaceum
CV026 and Agrobacterium tumefaciens A136). The results showed that 10 of the compounds were determined as
hits (hit rate: 66.67%). Benzyl alcohol, rhodinyl formate and houttuynine were effective QSIs. The impact of the
most active compound (benzyl alcohol) on the phenotypes of P. fluorescens P07, including swimming and
swarming motility, production of extracellular enzymes and siderophores, N-acylhomoserine lactone (AHLs)
content and biofilm formation were determined. The inhibitory mechanism of benzyl alcohol on the QS system
of P. fluorescens P07 is further discussed. This study reveals the feasibility of searching for novel QSIs through
virtual screening.

1. Introduction

Pseudomonas fluorescens is a type of rod-shaped, motile, gram-ne-
gative and food-borne pathogenic bacterium.1 It has been recognized as
the main spoiler and contaminant in refrigerated foods, such as aquatic
products, milk, beef and meat, since the organisms grow well even at
low temperatures.2–5 P. fluorescens can produce heat-tolerant proteases
and lipases, which is one of the main reasons for the rancid flavours and
odours that finally make the foods unacceptable to consumers and lead
to the loss of food quality.6–8 With the increasing customer demands for
high-quality and safe refrigerated food, it is important to control the
food spoilage caused by P. fluorescens.

Many bacteria use signalling molecules, namely, autoinducers (AIs),
to communicate. This mechanism was called quorum sensing (QS).2,9–11

AIs accumulate with the increase of quorum sensing bacterial cells.
Detection of AIs by bacteria will stimulate the expression of corre-
sponding genes once the threshold is reached.12–14 AHLs are used by

most gram-negative bacteria.15–17 Numerous bacterial physiological
activities are controlled by quorum sensing, such as biofilm formation,
surface colonization, swimming and swarming motility, biolumines-
cence, cell differentiation, competence, symbiosis, conjugation, spor-
ulation, and production of siderophores, pigments, toxins, enzymes and
antibiotics.18–21 Hence, a promising strategy to control food spoilage
may be to target bacterial QS system.

The discovery of quorum sensing inhibitors (QSIs) has been in-
tensively investigated in recent years. Various substances have been
identified as QSIs, such as vanilla extract,22 quercetin,15 polyphenolic
extract,23 aspirin17 and curcumin.24 However, traditional ways of
finding QSIs are expensive, time-consuming, random and inefficient.
Virtual screening (VS) can be used to solve this problem. A wide variety
of useful compounds that exhibit desired biological activities were
identified through computational methods in VS. Lin et al. screened
promising human HMG-CoA reductase (hHMGR) inhibitors from nat-
ural products by using a virtual screening method in order to find
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hypolipidemic drug candidates. They found that curcumin and salvia-
nolic acid C had the ability to significantly inhibit hHMGR. The results
revealed that searching for novel drug candidates via VS is feasible.25

Similarly, Sommer and co-workers discovered novel compounds that
may modulate dopamine D2 receptor (D2R) pathways from bioactive
food components by using the VS method. They found that hordenine
had approximately the same effectiveness as dopamine (76%) and
significantly contributed to the mood-elevating effects of beer.26

Traditional Chinese medicines (TCMs) have been used for thousands
of years in China. They have been widely used to combat various ail-
ments with fewer side effects and higher efficiency.20,27–30 A wide
range of bioactive compounds from TCMs have been identified to treat
various diseases, while there is almost no literature about the applica-
tions of virtual screening for QSIs from TCMs in food-borne bacteria.
Hence, in this study, we virtually screened the potential QSIs of P.
fluorescens P07 from a TCM database. The anti-QS mechanism of benzyl
alcohol is further discussed.

2. Materials and methods

All standard AHLs (C4-HSL, C6-HSL, C8-HSL, C10-HSL, C12-HSL
and C14-HSL) and X-Gal (5-bromo-4-chloro-3-indoyl-β-d-galactopyr-
anoside) were obtained from Sigma-Aldrich (St. Louis, MO, USA). AHLs
were prepared at a 20 µM concentration (dissolved in methanol). X-Gal
was prepared at a 20mg/ml concentration. Luria-Bertani (LB) medium
was purchased from Beijing Aoboxing Biotech Company. C. violaceum
CV026 and A. tumefaciens A136 were used as indicator strains. As a
mini-Tn5 mutant, C. violaceum CV026 is unable to produce AHLs, but it
secretes purple violacein when it encounters exogenous short chain
AHLs (mainly C6-HSL).31 The lacZ gene is expressed in A. tumefaciens
A136, where exogenous long chain AHLs (mainly C10-HSL) and X-Gal
exist, leading to the secretion of β-galactosidase and, thus, eventually to
the blue colour of the plates. P. fluorescens P07 was isolated from de-
teriorated turbot (Scophthalmus maximus) and was identified and stored
at −80 °C in our laboratory. All the strains were diluted 1:100 in 10ml
of LB medium with shaking (160 rpm) at 28 °C to an OD600 of 1.0. In
particular, the two indicator strains were additionally supplemented
with 20 μg/ml of tetracycline (10 μl), 20 μg/ml of spectinomycin (50 μl)
and 20 μg/ml of kanamycin (10 μl), respectively. All chemicals were
commercially available.

2.1. Whole-genome sequencing of P. fluorescens P07

2.1.1. Genome sequencing and assembly
P. fluorescens P07 was diluted 1:100 in 100ml of LB medium and

cultured overnight with shaking (160 rpm) at 28 °C. The DNA was ex-
tracted according to the bacterial genome DNA isolation kit. Agarose
gel electrophoresis was applied to detect the harvested DNA and
quantified by Qubit. Agilent 2100 was used to detect the size of the
inserted fragments, and then sequenced by PacBio RSII platform. Single
molecule, real-time (SMRT) technology was used to sequence the
genome of P. fluorescens P07 at the Beijing Novogene Bioinformatics
Technology Co., Ltd. SMRT 2.3.0 was used to filter the low quality
reads,32,33 and finally, one contig without gaps was generated after the
filtered reads were assembled.

2.1.2. Genome component prediction
Genome component prediction included the prediction of the

coding gene, repetitive sequences, non-coding RNA, genomics islands,
transposon, etc. The programs are listed in Table S1 (Supplemental
material S1).

2.1.3. Gene function
Seven databases were used to predict gene functions: Gene Ontology

(GO),34 Kyoto Encyclopedia of Genes and Genomes (KEGG),35,36 Clus-
ters of Orthologous Groups (COG),37 Non-Redundant Protein Database

(NR),38 Transporter Classification Database (TCDB),39 Swiss-Prot40 and
TrEMBL.41 A whole genome Blast42 search was carried out against the
above databases (E-value<1e-5, minimal alignment length percen-
tage>40%). The SignalP43 database was used to predict the secretory
proteins, and the prediction of Type I-VII proteins secreted by the pa-
thogenic bacteria was based on the EffectiveT3 software.44

2.2. Homology modelling

The amino acids sequences of acyl-homoserine-lactone synthase
(LuxI-type protein) and LuxR family transcriptional regulators (LuxR-
type protein) were obtained through whole-genome sequencing. The
sequences were submitted to SWISS-MODEL (https://swissmodel.
expasy.org) to construct 3D structure of proteins.45 The most homo-
logous sequences (identity> 30%) of the two proteins of P. fluorescens
P07 were selected as templates for homology modelling. In addition,
the best models were selected from the top-ranked 50 models.

2.3. Model evaluation

The LuxI- and LuxR-type proteins of P. fluorescens P07 constructed
by SWISS-MODEL were evaluated by RAMPAGE46 (http://mor-
dred.bioc.cam.ac.uk/∼rapper/rampage.php) and the QMEAN method
(https://swissmodel.expasy.org/qmean/).

2.4. Virtual screening and molecular docking

Energy minimization of the built protein models was performed by
the SYBYL-X 2.1 program (Triops, Triops, Inc., USA) and included
adding hydrogen atoms, removing water molecules, and repairing side
chains for molecular docking. The 3D structure of the compounds from
the TCM database (http://ibts.hkbu.edu.hk/LSP/index.php) were op-
timized by a standard Tripos molecular mechanics force field (con-
vergence criterion: 0.005 kcal/(Åmol)). Compounds whose molecular
weights were lower than 500 were selected (10354 molecules). Partial
atomic charges were calculated by Gasteiger-Hückel. Selected com-
pounds were optimized and docked with the respective prepared pro-
teins by the Surflex-Dock program in SYBYL-X 2.1 (Protomol generation
mode: automatic; docking mode: Surflex-Dock screen (SFXC); other
docking process was performed according to default settings). Furanone
C-30 which has been identified to be inhibitors of QS system was taken
as control to be docked with LuxI- and LuxR-type proteins of P. fluor-
escens P07.47 The compounds with high docking scores (Total Score> 6
and CScore> 4) were selected and purchased to identify whether they
had quorum sensing inhibitory activities.

2.5. AHLs extraction

An overnight culture of P. fluorescens P07 (2 ml) was added to
200ml of LB medium and cultured to an OD600 of 1.0 (160 rpm, 28 °C).
Then, the culture was centrifuged at 12,000g for 4min, after which the
cells were discarded. The AHLs were extracted with 200ml of ethyl
acetate (contained 0.1% acetic acid (v/v)) twice and were left standing
for one hour. The extract was rotary evaporated at 35 °C, and then 1ml
of methanol was added and stored at −20 °C.

2.6. AHL detection

C. violaceum CV026 and A. tumefaciens A136 served as indicator
bacteria for AHL detection. The two strains (1 ml each) were routinely
cultured and separately added to 100ml of LB agar. The LB agar for A.
tumefaciens A136 was supplemented with 100 μl of X-Gal. The extracted
AHLs were streaked onto the congealed agar. The plates were incubated
for 24 h at 28 °C. In particular, the plates for A. tumefaciens A136 were
placed away from light because the X-Gal was easily decomposed.
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2.7. MIC (minimum inhibitory concentration) determination of the selected
compounds

The MICs of the selected compounds after virtual screening against
indicator strains and P. fluorescens P07 were measured using the pre-
viously described method.48 This step was determined to confirm that
the QS inhibitory activities involved interfering with the QS system
rather than preventing bacterial growth. The solid compounds were
prepared to make 10mg/ml of a stock solution. Rosmarinic acid and
1,10-decanediol were dissolved in sterile water and 70% methanol,
respectively. In addition, undecanoic acid, 1-dodecanol, azelaic acid
and houttuynine were dissolved in 60% dimethyl sulfoxide (DMSO).
Rhodinyl formate and (−)-beta-citronellol were diluted in 60% DMSO.
Furthermore, 70% methanol and 60% DMSO were used as blank con-
trols. The compounds under sub-MIC were used in QS inhibition assays.

2.8. QS inhibitory assay

The QS inhibitory activities of the selected compounds were tested
by indicator strains according to the Issac method.21 The two indicator
strains were routinely cultured, diluted 1:100 in 100ml of LB agar and
mixed thoroughly. For C. violaceum CV026, the LB medium was sup-
plemented with 10 μl C6-HSL. For A. tumefaciens A136, 10 μl C10-HSL
and 100 μl X-Gal were added to the LB medium. The prepared com-
pounds (100 μl) were injected into the holes (6 mm) in the agar plates,
and subsequently, the plates were placed in an incubator for 24 h at
28 °C. The colour change was observed in the plates. Hit rate was cal-
culated as follows:

Hit rate=Compound showed anti-QS activities/All tested com-
pounds.

2.9. Impact of benzyl alcohol on the QS-regulated phenotypes of P.
fluorescens P07

Two millilitres of the overnight culture of P. fluorescens P07 (1.0 OD
at 600 nm) were added to four Erlenmeyer flasks containing 200ml of
LB medium (as control) or 200ml of LB medium supplemented with
0.05%, 0.10%, and 0.15% (v/v) benzyl alcohol, respectively. The
Erlenmeyer flasks were incubated with 160 rpm agitation for 24 h at
28 °C. The overnight culture without benzyl alcohol was taken as the
control. Then, the impact of benzyl alcohol on the QS-regulated phe-
notypes (including swimming and swarming motility; production of
siderophores, AHLs and extracellular proteases; biofilm formation; and
extracellular polymeric substances (EPSs) of P. fluorescens P07) were
performed according to our previous methods.48 Each measurement
was performed in triplicate.

2.10. Raman spectrum test

The overnight culture (20 μl) of P. fluorescens P07 (1.0 OD at
600 nm) was added to four Petri dishes containing 20ml of LB medium
or 20ml of LB medium supplemented with 0.05%, 0.10% and 0.15%
(v/v) of benzyl alcohol, respectively. There was a slice of polished zinc
(0.5 cm×0.5 cm×0.02 cm) in each Petri dish, and the zinc immersed
in the LB medium without bacteria was served as a blank control. Then,
the Petri dishes were placed in an incubator statically for 48 h (28 °C) to
allow adherence of the biofilm onto the zinc. Next, the unattached
bacteria on the zinc were removed with sterile PBS. The zinc was air
dried for 30min for a Raman spectrum test (wavelength of laser light
source: 532 nm; power of the laser light source: 25mW; 50× objective
lens; exposure time: 20 s; exposure times: 5; spectrum range:
100–3500 cm−1). Six random positions of the biofilm were chosen to
perform the spectrum test.

2.11. Inhibition mechanism of benzyl alcohol

The inhibition mechanism of benzyl alcohol on the QS was analysed
by Discovery Studio 4.5 Client (Accelrys Software, Inc., San Diego, CA,
USA). Ligand-protein interactions were shown in both three-dimen-
sional and two-dimensional plots. In order to clarify the inhibitory
mechanism, benzyl alcohol and other compounds (ethyl linalool, rho-
dinyl formate, houttuynine and (−)-beta-citronellol) were docked with
LuxI-type protein and the ligand-protein interactions were analysed.
Besides, benzyl alcohol was also docked with LuxR-type protein and the
known LuxI-type protein (LasI, PDB: 1ro5).

2.12. Statistical analysis

All the tests were repeated three times. The results are expressed as
the means ± standard deviation (SD) and were analysed through one-
way ANOVA by SPSS Statistics 16.0 (SPSS, Inc.) Significant differences
are displayed at p < 0.05.

3. Results

3.1. Whole genome sequencing results

General and specific genome features of P. fluorescens P07 are pre-
sented in Table S2 (Supplemental material S2).

Whole genome sequencing of P. fluorescens P07 was completed by
PacBio RSII (Pacific Biosciences, USA). Approximately
1,030,009,628 bp of data were produced, and 93,810 reads were used
to assemble the draft genome of P. fluorescens P07 by SMRT portal
software. P. fluorescens P07 harbours a circular chromosome of
6,030,570 bp, and its G/C content is 60.67% according to the genome.
Genes were predicted by GeneMarkS (Version 4.17). Approximately
5515 genes and 99 non-coding RNAs (including 66 of tRNA, 6 of
5srRNA, 5 of 16SrRNA, 5 of 23SrRNA and 17of sRNA) were predicted
from this assembly. The predicted coding sequences (CDSs) were
searched against the COG, Go, KEGG, NR, Pfam, Swiss-Prot, TCDB and
TnSS databases for annotation. These data sources were combined to
obtain a product description for each predicted protein (Fig. S1)
(Supplemental material S3), and the amino acid sequence of LuxI and
LuxR type proteins of P. fluorescens P07 were obtained as follows:

The amino acid sequence of acyl-homoserine-lactone synthase (LuxI
type):

> P07GM002262 locus=Chr1:2545087:2545665:- MISIITRHHH-
ELSAALEDDLGRYRHEVFIEQLGWQLDSTHARPQREFDQFDQADTR-
HILALDTKGQVCGCARLLPTTQPYLLSEVFGFLCDQPSPRSRDTWEVS-
RFAARALEKGTLPMRVWWNSLHHAWSHGANQVVAVTTPALERYFL-
KNGVQLSRLGAPQRVNNDHVVALSFPAWQKNGRIALHADSAVA

The amino acid sequence of LuxR family transcriptional regulator
(LuxR type):

> P07GM004709 locus=Chr1:5184018:5184668:+ MFEAALNI-
TYELGFEYCGFIMGSNALYRPNRSIHLNNYPDEWNKIYKTENYFEIDP-
LVVHCKRDVLPLVWEEKTFSAVPDMWAHVQAQGLNFGWAQSVHD-
FRGFFSMINLGRRKGPVQAHELYEKAGQVLWICHALHAVAAQTYSL-
GPTFQCPTKLTSRETEILQWSALGKTAADIATILCLSERTVGFHISSAM-
RKLGVSNKIAAVISAVRNGLF

3.2. Homology modelling

The obtained amino acid sequences by whole genome sequencing of
LuxI- and LuxR-type proteins were submitted on SWISS-MODEL to align
and construct 3D structures via Blast and HHBlits searches. Alignment
results are shown in Fig. S2 (Supplemental material S4). Top-ranked
sequences (similarity> 30%) were chosen as templates to build the 3D
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structures (Table S3).
The template sequences whose similarity was above 30% for LuxI-

and LuxR-type proteins (target protein) of P. fluorescens P07 are showed
in Table S3. The key residues were conserved in the target protein and
template protein sequences. The sequence similarity chart of the tem-
plates showed that 3p2h.1.A was closer to the centre point (acyl-
homoserine-lactone synthase), while 3sz.t.1.A and 2q0o.1.A were closer
to the centre point (LuxR family transcriptional regulators).

The sequence similarity of chain A of 3p2h was 42%. The GMQE
score of chain A of 3szt was 0.74. The two scores were higher than those
in other models (Table S3) (Supplemental material S5). Thus, chain A of
3p2h and chain A of 3szt were selected as templates to construct 3D
models according to the sequence similarity, GMQE (Global Model
Quality Estimation) and QMEAN49 scores. This result was in con-
sonance with the sequence similarity chart.

3.3. Model evaluation

The quality of models was estimated by the QMEAN method and
RAMPAGE. The evaluation results are shown in Fig. S3 (Supplemental
material S6).

In the local quality plots (Fig. S3, a, g), most of the residues in the
two models were above 0.6, indicating that the models were of high
quality. In the “Comparison” plot (Fig. S3, b, c, h, i), the Z-score re-
presents the model quality, and the red star represents the model. The
red star was in the grey areas with a global QMEAN Z-score between 1
and 2 for LuxI-type proteins (Fig. S3, b, c), whereas it was in light grey
areas with a global QMEAN Z-score more than 2 for LuxR-type proteins.
The results indicated that the quality of the LuxI-type protein model
was better than that of the LuxR-type protein. In the Global QMEAN4
and QMEAN6 quality score plots, the QMEAN4 and QMEAN6 scores
were −1.56 and −1.52, −2.44 and −2.07 for the LuxI- and LuxR-type
protein models of P. fluorescens P07 (Fig. S3, d, e, j, k), respectively. In
the Ramachandran plots (Fig. S3, f, l), the residues in the favoured,
allowed and outliner regions were 95.6%, 3.2% and 1.3% for the LuxI-
type model, while the corresponding values were 97.2%, 2.6% and
0.2% for the LuxR-type protein model.

3.4. Virtual screening

The prepared compounds from the TCM database and furanone C-
30 were docked with the built LuxI- and LuxR-type protein models
(Supplemental material S7). The Total Score and CScore of furanone C-
30 docked with LuxI- and LuxR-type protein of P. fluorescens P07 were
3.04, 2, and 2.12, 4, respectively. The compounds whose Total Scores
were above 6 and whose C scores were above 4 were selected and are
shown in Table 1.

As listed in Table 1, 10 and 12 compounds were selected for the
LuxI- and LuxR-type protein models, respectively. Linalyl acetate and
citronellyl acetate were selected in both models. Ethyl linalool had the
highest docking score of 7.2049. All compounds were prepared to test
their MIC, and under the sub-MIC, their anti-quorum sensing activities
were measured; the results are shown in Fig. 1.

The MICs of the compounds were tested using the doubling dilution
method. The MIC was measured against indicator strains. The results
showed that all compounds at the storage concentrations had no anti-
microbial activities expect rhodinyl formate (S4) and (−)-beta-ci-
tronellol (S12), which showed weak antimicrobial activities. Thus, the
MIC was determined to confirm that the two compounds had anti-QS
instead of antibacterial activity. The results showed that 50% (v/v) of
rhodinyl formate and (−)-beta-citronellol had no inhibitory effect on
the two indicator strains. The MIC was 448.5 mg/ml and 428mg/ml for
rhodinyl formate and (−)-beta-citronellol, respectively. Additionally,
70% methanol and 60% DMSO (blank control) showed no inhibitory
effect on the indicator strains. The compounds under sub-MIC were
applied in QS inhibition assays.

As shown in Fig. 1 (a), the colour of the plate covered with C. vio-
laceum CV026 was purple due to CviR expression when C6-HSL was
encountered.50 In Fig. 1 (b), the colour of the plates full of A. tumefa-
ciens A136 were blue in the presence of C10-HSL and X-Gal. In the QS
inhibitory test, the loss of purple pigmentation and blue colour on the
plate treated with the compounds suggested that the compounds could
act as QSIs. In contrast, the blank control showed no significant dif-
ference. The diameters of the yellowish halos in C. violaceum CV026
plates that were treated with benzyl alcohol (S7), (−)-beta-citronellol
(S12), ethyl linalool (S1), rhodinyl formate (S4), 1,10-Decanediol (S19),
undecanoic acid (S6), 1-Dodecanol (S20), decanal (S17) and houttuy-
nine (S8) were large, indicating that the compounds had strong anti-
quorum sensing activities in inhibiting the short chain AHLs. Benzyl
alcohol possessed the strongest anti-QS activity. Methyl 3-nonenoate
(S22), gamma-dodecalactone (S11), dihydro-beta-ionone (S18), do-
decyl aldehyde (S23) and neryl acetate (S21) showed weak anti-QS
activities. Similarly, in A. tumefaciens A136 plates, the diameters of the
yellowish halos in the presence of benzyl alcohol (S7), decanal (S17), 1-
Dodecanol (S20), rhodinyl formate (S4) and houttuynine (S8) were
larger than that of others, suggesting that these compounds showed
strong inhibitory effects on QS. Dodecyl aldehyde (S23), (−)-beta-ci-
tronellol (S12), azelaic acid (S15), 1,10-decanediol (S19), undecanoic
acid (S6) and dihydro-beta-ionone (S18) showed weak anti-QS activ-
ities. These compounds, especially benzyl alcohol, had the ability to
inhibit the long chain AHLs.

3.5. Impact of benzyl alcohol on the QS-regulated phenotypes of P.
fluorescens P07

Benzyl alcohol showed the strongest anti-quorum sensing activities.
Besides, benzyl alcohol naturally exists in many plants and it is widely
used in the production of industrial chemicals. Most importantly, it was
allowed to be used as a food additive in national food safety standard in
China. Thus, the influence of benzyl alcohol on the QS-regulated phe-
notypes of P. fluorescens P07 were tested, including swimming and
swarming motility, production of extracellular enzymes and side-
rophores, AHL content, EPS content and biofilm formation. The MIC of
benzyl alcohol was measured because of its antibacterial effects on P.
fluorescens P07. The results showed that the MIC of benzyl alcohol was
0.4% (v/v). Herein, benzyl alcohol at sub-MIC concentrations was used
in further tests.

3.5.1. Impact of benzyl alcohol on swimming and swarming motility,
production of extracellular enzymes and siderophores

The effect of benzyl alcohol on QS-regulated swimming and
swarming motility, extracellular enzymes and siderophore production
is shown in Fig. 2.

As shown in Fig. 2 (a and b), P. fluorescens P07 migrated from the
inoculation point, spread across the plates and formed colonies. A
considerable decrease in the migration area was observed by bare eyes
in the plates treated with increasing concentrations of benzyl alcohol.
In Fig. 2 (c), the plate was blue because of the ternary complex
(HDTMA, CAS and Fe3+). Once bacteria produced siderophores, a
yellowish halo appeared on the CAS plates owing to the high affinity of
the siderophores to Fe3+. There was a yellowish halo around the hole
untreated with benzyl alcohol, which suggested that P. fluorescens P07
produced siderophores, whereas the size of the yellowish halo de-
creased when treated with increasing concentrations of benzyl alcohol.
Similarly, in the milk plates (Fig. 2 (d)), there was a transparent zone
around the hole when the bacteria were untreated with benzyl alcohol
because the protein in the plates was broken down by the extracellular
protease secreted by P. fluorescens P07. The size of the transparent zone
treated with increasing concentrations of benzyl alcohol was sig-
nificantly decreased compared with that of the control.
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3.5.2. Impact of benzyl alcohol on AHL content
The AHLs produced by P. fluorescens P07 were extracted and de-

tected by indicator strains (Fig. 3). GC–MS was applied to quantify the
AHL content. The results are shown in Table 2.

As shown in Fig. 3, purple and blue areas appeared in the plates full
of the indicator strains, respectively, which indicated that P. fluorescens
P07 secreted short chain and long chain AHLs. AHLs could be identified
both qualitatively and quantitatively by a comparison to the peak time
of standard AHLs. From Table 2, P. fluorescens P07 produced all kinds of
AHLs, most of which was C10-HSL, followed by C14-HSL. However,
C12- and C14-HSL were not detected when treated with 0.05% benzyl
alcohol. Moreover, the content of C4-, C6- and C10-HSL decreased by
65.86%, 78.79% and 88.20%, respectively, while C8-HSL increased by
69.84% compared with control. C8-, C10-, C12- and C14-HSL were not
detected when P. fluorescens P07 was treated with 0.1% benzyl alcohol.

The content of C4- and C6-HSL decreased by 91.20% and 72.20%, re-
spectively. C6-, C11- and C14-HSL were not found, and the content of
the other AHLs was relatively lower than that of the control when P.
fluorescens P07 was treated with 0.15% benzyl alcohol.

3.5.3. Impact of benzyl alcohol on biofilm formation
Changes in the biofilm formation of P. fluorescens P07 treated with

different concentrations of benzyl alcohol were observed by SEM
(scanning electron microscope) and CLSM (confocal laser scanning
microscope) (Fig. 4).

As shown in Fig. 4, the strain of P. fluorescens P07 aggregated to-
gether to form large clusters, and the biofilm was rather thick and
compact when the bacteria were untreated with benzyl alcohol. The
biofilm was thinner than that of the control when the bacteria were
treated with 0.05% benzyl alcohol, but there were still netlike biofilms.

Table 1
Virtual screening results of QSIs from the TCM database.

Protein No. Compound name Molecular weight Formula Compound source Total Score Crash Polar CScore

LuxI-type protein S1 Ethyl linalool 182.30 C12H22O Geranium Wilfordii Maxim. 7.2049 −1.1012 1.8826 4
S2 Rosmarinic acid 360.31 C18H16O8 Mylabris 6.9031 −0.9413 4.0791 4
S3 Isopentyl Hexanoate 186.30 C11H22O2 Hippophae Fructus 6.7997 −1.4558 1.1452 4
S4 Rhodinyl formate 184.28 C11H20O2 Geranium Wilfordii Maxim. 6.577 −1.3746 1.0799 4
S5 Citronellyl acetate 198.31 C12H22O2 Zingiberis Rhizoma 6.4757 −1.6268 0.9728 5
S6 Undecanoic acid 186.29 C11H22O2 Radix Bupleuri 6.4345 −1.6257 1.6223 4
S7 Benzyl alcohol 108.14 C7H8O Chuanxiong Rhizoma 6.3801 −0.966 0.0191 4
S8 Houttuynine 198.31 C12H22O2 Houttuyniae Herba 6.1463 −0.978 1.3259 4
S9 2-Undecanone 170.29 C11H22O Zingiberis Rhizoma 6.0285 −1.5481 0.3455 4
S10 Linalyl acetate 196.29 C12H20O2 Rubi Fructus 6.0214 −1.2498 0.9945 4

LuxR-type protein S11 Gamma-Dodecalactone 198.31 C12H22O2 Sophorae Tonkinensis Radix Et Rhizome 6.784 −0.3161 0.92 4
S12 (−)-Beta-citronellol 156.27 C10H20O Zingiber Officinale Roscoe 6.7779 −0.5872 0.4995 4
S13 Linalyl acetate 196.29 C12H20O2 Myrrha 6.733 −2.0594 1.0793 5
S14 Citronellyl acetate 198.30 C12H22O2 Zingiberis Rhizoma 6.6508 −1.2166 0.9314 5
S15 Azelaic acid 188.22 C9H16O4 Mahoniae Caulis 6.6064 −0.6081 2.4843 4
S16 Tetradecane 198.39 C14H30 Radix Cirsii Japonici 6.4256 −1.45 0 5
S17 Decanal 156.27 C10H20O Herba Taxilli 6.2775 −0.6755 1.1601 4
S18 Dihydro-beta-ionone 194.31 C13H22O Rehmanniae Radix Praeparata 6.2665 −1.1356 1.1025 4
S19 1,10-Decanediol 174.28 C10H22O2 Zingiberis Rhizoma 6.2619 −0.3803 2.1486 4
S20 1-Dodecanol 186.33 C12H26O Panax Ginseng C. A. Mey. 6.1805 −0.635 1.2065 4
S21 Neryl acetate 196.29 C12H20O2 Rose Rugosae Flos 6.1531 −1.0106 1.8106 4
S22 Methyl 3-nonenoate 170.25 C10H18O2 Adenophprae Ae Radix 6.1336 −1.7459 1.2399 5
S23 Dodecyl aldehyde 184.32 C12H24O Codonopsis Radix 6.0307 −0.8381 1.0851 4

Fig. 1. Anti-quorum sensing activities of selected compounds tested by indicator strains (a: C. violaceum CV026; b: A. tumefaciens A136). The numbers in the figure
represent the following: 1: S7; 2: S3; 3: S17; 4: S10; 5: S23; 6: S16; 7: S12; 8: S15; 9: S19; 10: S6; 11: S1; 12: S20; 13: S4; 14: S11; 15: S22; 16: S14; 17: S21; 18: S9; 19:
S18; 20: S8; 21: S2.
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The biofilms were few when P. fluorescens P07 was treated with 0.1%
benzyl alcohol. The most obvious changes in biofilm were observed
when the bacteria were treated with 0.15% benzyl alcohol; the cell
aggregations were scattered, and almost no biofilms were formed. The
images obtained from CLSM were consisted with the results of SEM. The
deeper the green colour, the greater the biofilm content. The deepest
colour was observed when the bacteria were untreated with benzyl
alcohol, indicating that the biofilm was very thick and dense. The
colour became lighter when the bacteria were treated with increasing
concentrations of benzyl alcohol.

To quantify the biofilms produced by P. fluorescens P07 treated with
different concentrations of benzyl alcohol, the absorbance (590 nm)
was measured, and the results are shown in Fig. 5.

In the qualitative analysis, benzyl alcohol showed a concentration-
dependent inhibition in the biofilm formation of P. fluorescens P07. The
biofilm was inhibited up to 90.42% by benzyl alcohol at the con-
centration of 0.15% (p < 0.01). The results were in accordance with
the morphological observation.

3.5.4. Impact of benzyl alcohol on EPS content
Changes in the EPS content of P. fluorescens P07 treated with dif-

ferent concentrations of benzyl alcohol were determined by Raman
spectrum technology (Fig. 6). The Raman band assignments of the re-
ference compounds are listed in Table 3.

Raman spectra showed that the main chemical compositions of the
EPSs were protein, carbohydrate, nucleic acids and lipids. Bands in the
range of 720–730 cm−1 and 810–820 cm−1, which were typical of vi-
brations of adenine, tryptophan and nucleic acid structures, respec-
tively, were identified in the EPSs of P. fluorescens P07 in the absence of
benzyl alcohol. These vibrations are caused by CH2 and C-O-P-O-C
linkages. Between 1030 and 1130 cm−1, deformation vibrations of
carbohydrates, which were caused by -CeC-, C-O and C-O-H groups,
were allocated. Between 1200 and 1343 cm−1, the deformation vibra-
tions of NeH and CeH groups were identified, and these regions were
typical for structural elements linked to proteins. Additionally, char-
acteristic bands between 1650 and 1680 cm−1 showed that amide I and
unsaturated lipids were allocated. At a higher Raman shift from 1855
up to 2920 cm−1, the stretching vibrations of CH2 groups, CH3 groups,
sporopollenin and lipids were determined. However, when P. fluor-
escens P07 was treated with different concentrations of benzyl alcohol,
the corresponding chemical compounds in the EPS decreased. In

addition, the higher the concentrations of benzyl alcohol, the weaker
was the intensity of the EPS Raman spectra (Fig. 6).

3.6. Docking analysis

Ligand-receptor interactions of benzyl alcohol and the LuxI-type
protein of P. fluorescens P07 were analysed by molecular docking. As
shown in Fig. 7 (a and b), the 3D structure of benzyl alcohol was fit into
the active site and formed important protein–ligand interactions with
the key residues of the LuxI-type protein of P. fluorescens P07. The two-
dimensional interaction plot clearly showed that benzyl alcohol formed
conventional hydrogen bonds, pi-donor hydrogen bonds and pi-alkyl
bonds with ARG 105, VAL 139, LEU81 and ALA 138, respectively. The
others are mainly van der Waals interactions. Other compounds with
potent anti-QS activities such as ethyl linalool, rhodinyl formate,
houttuynine and (−)-beta-citronellol were also docked with LuxI-type
protein and formed important interactions (Fig. 7, d-g). Benzyl alcohol
also formed conventional hydrogen bond and pi-donor hydrogen bond
with known LuxI-type protein, namely, LasI of Pseudomonas aeruginosa.
Benzyl alcohol was docked with LuxR-type protein and the Total Score
was 3.0793 and CScore was 1.

4. Discussion

P. fluorescens exists widely in nature and is found in plants, soil,
water and surfaces. It can produce soluble fluorescent pigment pyo-
verdine. P. fluorescens not only is a food spoilage bacteria but also
causes diseases in humans, such as infections in immuno-compromised
patients,59 and is a cause of fin rot in fish. More seriously, several P.
fluorescens strains have emerged with drug resistance to ampicillin and
streptomycin.60 In this study, P. fluorescens P07 was isolated from de-
teriorated turbot (Scophthalmus maximus) which is an important marine
aquaculture fish in China during cold storage. Thus, interfering with the
QS system of P. fluorescens P07 may be a novel way to preserve re-
frigerated aquatic products and control infections. TCM has a long
history, and the toxicities and side effects are relatively milder and the
costs are lower. Moreover, in European markets, TCMs are often clas-
sified as “healthcare products” or “food”, rather than “drugs”. There-
fore, screening for QSIs from the TCM database has unique advantages.
The compounds in our study were derived from the Traditional Chinese
Medicine Systems Pharmacology Database and Analysis Platform
(TCMSP), which is one of the most comprehensive and largest non-

Fig. 2. Effect of benzyl alcohol on swimming (a) and swarming (b) motility, production of siderophores (c) and extracellular enzymes (d) of P. fluorescens P07. The
numbers in the figure represent the following: 1: control; 2: 0.05% benzyl alcohol; 3: 0.10% benzyl alcohol; 4: 0.15% benzyl alcohol; 5: 70% methanol was served as
blank control.
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Fig. 3. Detection of AHLs produced by P. fluorescens P07 through indicator strains (a: C. violaceum CV026; b: A. tumefaciens A136) and GC–MS chromatograms (c-g).
c: Standard AHLs (2 μg/ml); d: Control; e: 0.05% benzyl alcohol; f: 0.10% benzyl alcohol; g: 0.15% benzyl alcohol.
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commercial TCM databases available for download in the world. Ap-
proximately 499 kinds of herbal medicines and their chemical compo-
sitions are included in the database (13144 molecules and 29,384
compounds).

Since the 3D (three-dimensional) structure of LuxI- and LuxR-type
proteins of P. fluorescens P07 was not found in PDB (Protein Data Bank)
database, thus, homology modelling was used to build the structure of
the two proteins. The amino acids for homology modelling were ob-
tained by whole-genome sequencing. The whole-genome sequencing
offered large amounts of information on P. fluorescens P07. The whole
genome of P. fluorescens P07 drawn by Circos software was circular, in
which information such as the gene functional annotation and the
ncRNA and G+C content were displayed. The amino acids of the two
proteins were submitted to SWISS-MODEL for homology modelling.
The sequence identity and similarity as well as the target sequence
coverage were obtained through sequence alignment; the results re-
vealed that the residues in the active site of the target protein and
template proteins were strictly conserved. Global Model Quality
Estimation (GMQE) is used for quality evaluation. The higher the score,
the higher is the model reliability. QMEAN can provide global and local
absolute-quality evaluations. Thus, on the basis of the QMEAN and
GMQE scores, 3p2h and 3szt were chosen as templates for LuxI- and
LuxR-type protein models.

It is very important to assess the quality of built protein models. The
QMEAN method and RAMPAGE were used to evaluate the two built
models. There are two global score values, i.e., QMEAN4 and
QMEAN6,61 in the QMEAN method. QMEAN4 is a reliable score that
contains four statistical potential terms. Two agreement terms were
added to the QMEAN6 score to estimate the consistency of sequence-

based predictions with structural features. The QMEAN4 and QMEAN6
scores indicated that the two built models of P. fluorescens P07 were of
good quality. The QMEAN Z-score represents the consistency of the
experimental structure and model structure. The Z-score of the two
built models of P. fluorescens P07 were both higher than -4.0, indicating
that the two models were valid. Additionally, the Ramachandran plots
also suggested that the two built models were reliable and of good
quality and that they could predict the target proteins well. Similarly,
Hollingsworth et al. created models of gp 120 protein from HIV-1
strains by homology modelling. The structural properties of the built

Table 2
Influence of benzyl alcohol on AHL content.

AHLs Peak time Standard AHLs Control 0.05% benzyl alcohol 0.10% benzyl alcohol 0.15% benzyl alcohol

Peak area

C4-HSL 3.961 1,207,212 ± 117,795 18,151 ± 1549 6197 ± 1143 1599 ± 475 62 ± 43
C6-HSL 5.663 6,974,961 ± 612,084 14,521 ± 1033 3080 ± 870 4037 ± 647 –
C8-HSL 7.606 3,287,476 ± 705,961 3200 ± 444 10,609 ± 3203 – 969 ± 106
C10-HSL 9.823 6,712,817 ± 505,514 127,031 ± 9415 14,991 ± 657 – 598 ± 52
C12-HSL 12.390 3,801,340 ± 656,806 19,688 ± 1658 – – –
C14-HSL 15.415 3,047,095 ± 668,409 35,202 ± 5681 – – –

–: Dot detected.

Fig. 4. Effect of benzyl alcohol on biofilm formation of P. fluorescens P07 observed by SEM (a–d) and CLSM (e–h). a, e: Control; b, f: 0.05% benzyl alcohol; c, g: 0.10%
benzyl alcohol; d, h: 0.15% benzyl alcohol.

Fig. 5. Effect of benzyl alcohol on biofilm formation of P. fluorescens P07.
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models were also evaluated by Ramachandran plots and ANOLEA
scores.62

The 3D structures of the compounds from the TCM database were
docked with the prepared models of P. fluorescens P07. Total Score was
the total Surflex-Dock score expressed as −log(Kd). CScore (Consensus
Score) was computed from the Surflex-Dock Total Score and the addi-
tional scoring functions.63 CScore integrates a number of popular

scoring functions for ranking the affinity of ligands bound to the active
site of a receptor. CScore always reports the output of the docking
engine as Total Score.64 CScore can range from 0 to 5, where 5 indicates
that a ligand was judged good by all functions. Structures with scores of
3, 4 or 5 merit further consideration. Structures with a consensus score
of 0 are consistently considered bad by all scoring functions and should
be dropped.65 Generally, compounds with Total Score over 6 and C
Score over 4 would be considered to be tested for their activities. As
control, the docking score of furanone C-30 was lower that of many
other compounds in the TCM database. Thus, the top-ranked com-
pounds, for which the docking scores were higher than 6 and the C
scores were higher than 4, were selected to test their anti-QS activities.
Before the anti-QS test, MICs of the compounds were determined to
ensure that the compounds acted on the QS instead of bacteriostatic
effect. Usage of biosensors made rapid screening of QSIs possible. The
loss of purple pigment and blue colour in the holes supplemented with
the compounds in the plates full of the two biosensors, respectively,
indicated that these compounds were able to inhibit the production of
short chain and long chain AHLs. Furthermore, the halo zone around
the hole was opaque, which also indicated that the bacterial growth was
not affected by the compounds. Several compounds such as benzyl al-
cohol, (−)-beta-citronellol and ethyl linalool had strong anti-quorum
sensing activities. The hit rate indicated that screening the QSIs from
the TCM database by the virtual screening method was quite feasible.
(−)-beta-citronellol was extracted from Zingiber officinale Roscoe, which
is used to flavour meals and is also a very popular traditional Chinese
medicine used to treat typhoid fever. Ethyl linalool and rhodinyl for-
mate were obtained from Geranium wilfordii Maxim, a popular tradi-
tional Chinese medicine that is effective in the treatment of rheuma-
tism. 1-Dodecanol is from Panax Ginseng C. A. Mey., an extremely
valued traditional Chinese medicine, which has shown various bioac-
tivities, such as anti-aging, anti-diabetic, immunoregulatory, anti-
cancer, etc.66 Undecanoic acid, 1,10-decanediol, decanal and houttuy-
nine were from Radix Bupleuri, Zingiberis Rhizoma, Herba Taxilli and
Houttuyniae Herba, respectively. These are all common traditional
Chinese medicines. Among them, benzyl alcohol particularly displayed
a strong ability in inhibiting both the short chain and long chain AHLs.
Benzyl alcohol is from Chuanxiong Rhizoma, which is also a valued
traditional Chinese medicine. It is an aromatic alcohol with a mild

Fig. 6. Raman spectrum of the EPSs of P. fluorescens P07 treated with benzyl alcohol. a: control; b: 0.05% benzyl alcohol; c: 0.10% benzyl alcohol; d: 0.15% benzyl
alcohol.

Table 3
Assignment of Raman bands in biofilms.

Band or band range
(cm−1)

Assigned to Reference

544–553 Carbohydrate 51,52
∼600 Arom ring def sporopollenin,

phenylalanine
720–730 CH2, adenine; ring breath tryptophan
810–820 C-O-P-O-C in RNA, nucleic acids
820–860 C-C str, C-O-C glycosidic link, C-O-P-O-C

in RNA
855–899 C-O-C 1,4 glycosidic link, C-C str 51
1001–1005 Phenylalanine 53
1030–1130 Carbohydrates, mainly –C-C-, C-O, C-O-H

def
1145–1160 C-C, C-O ring breath, asymm 54
1200–1290 Amide III
∼1300 N-H, C-H def, amide III
∼1320 Protein (amide III); C-H def 55
∼1327 Protein (amide III); C-H def
1343 Protein (amide III) 56
1400–1420 COO– symm
1440–1460 CH2 def 57
1574 Guanine, adenine (ring stretching)
1583 Guanine, adenine ring str
∼1600 Arom ring str, sporopollenin,

phenylalanine
53

1605–1620 C]C Tyrosine, tryptophan,
phenylalanine

1540–1650 COO– asymm 55
1650–1680 Amide I and unsaturated lipids
1725–1750 C]O str
2920–1855 CH2, CH3 str, sporopollenin, lipids 58
2935 CH2 str asymmetric

str: stretching; def: deformation; arom: aromatic.
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aromatic fragrance, which is found in many plants, fruits and teas as
well as a variety of essential oils. Studies have shown that the acute
toxicity of benzyl alcohol is low and the LD50 value is 1.2 g/kg in rats.
Furthermore, there was no evidence that benzyl alcohol is carcinogenic,
teratogenic or reproductive.67 Thus, further tests were carried out to
study the impact of benzyl alcohol on the QS-regulated phenotypes of P.
fluorescens P07, such as swimming and swarming motility, production
of siderophores and extracellular enzymes, biofilm formation, EPS
content and AHLs production.

P. fluorescens has multiple flagella for motion. Swimming and
swarming motility are flagella-dependent motilities regulated by the QS
system. The two motilities were of great importance in the first stage of
biofilm formation to allow bacterial spread on surfaces.17 Photographic
images of swimming and swarming motilities of P. fluorescens P07
treated with different concentrations of benzyl alcohol indicated that
the two QS-regulated motilities were significantly inhibited by benzyl
alcohol. The results of our study were comparable with that of Gopu
et al. They found that the swimming and swarming motilities of Yersinia
enterocolitica and Pseudomonas aeruginosa were significantly restrained
by quercetin.15 Siderophores are secondary metabolites excreted by
bacteria under iron-deficient conditions. Siderophores have a high af-
finity to Fe3+ and are used by bacteria used to collect iron from the
environment.68 Similarly, the production of siderophores was also
controlled by QS system.69 Photographic images of CAS plates sug-
gested that benzyl alcohol had the ability to inhibit siderophore pro-
duction of P. fluorescens P07. Heat-tolerant protease and lipase

produced by psychrotrophic bacteria are the main reasons resulting in
food spoilage.70 The secreted proteases by P. fluorescens degraded
proteins into volatile nitrogen- and sulfur-containing compounds and
resulted in food spoilage. The figure shows that benzyl alcohol had an
inhibitory effect on the extracellular enzyme production of P. fluor-
escens. Zhu and co-workers found that extracellular protease production
in Shewanella baltica XH2 was significantly inhibited by green tea
polyphenols.71

Gram-negative bacteria such as P. fluorescens use small diffusible
signalling molecules, i.e., AHLs, as indicators of population density to
coordinate gene expression. Hence, controlling or eliminating the AHLs
might be an alternative strategy to control the QS system. AHL consists
of a fatty acyl chain and a lactonized homoserine, and different bacteria
may secrete AHLs varying in their carbon and N-acyl chains. It has been
reported that some other Pseudomonas spp. produce different AHLs. Liu
et al. found that P. fluorescens strain 395 produces C4-HSL and 3OC8-
HSL72, while two strains of P. fluorescens isolated by Maurilio et al. from
refrigerated raw milk did not produce AHLs.1 In our study, through
biosensor strain tests, it was shown that P. fluorescens 07 produced both
short chain and long chain AHLs. Quantitative and qualitative analysis
of AHLs when bacteria were treated with different concentrations of
benzyl alcohol were performed by GC–MS. Through GC–MS, benzyl
alcohol was found to significantly decrease the AHL production of P.
fluorescens 07.

Biofilms are very prevalent in nature and in industrial and hospital
settings. Biofilms can adhere to living or non-living surfaces. In

Fig. 7. Graphical representations of the ligand-protein interactions. (a) The schematic overview of the interactions between benzyl alcohol and nearby binding site
residues; (b) The three-dimensional H-bond surface plot in the docking box; (c) The two-dimensional interaction plot; (d); Interactions between ethyl linalool and
LuxI-type protein (e) Interactions between rhodinyl formate and LuxI-type protein; (f) Interactions between houttuynine and LuxI-type protein; (g) Interactions
between (−)-beta-citronellol and LuxI-type protein; (h) Interactions between benzyl alcohol and LuxI-type protein; (i) Interactions between benzyl alcohol and LasI
protein; (j) Interactions between benzyl alcohol and LuxR-type protein.
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addition, once formed, they are very hard to eradicate.73 Biofilms are
problematic in food industries because they can form on food equip-
ment, causing food contamination and spoilage. Worse, biofilms also
pose health risks to consumers, such as outbreaks of food borne pa-
thogens.74 Since QS has been reported to be related to biofilm forma-
tion, interfering with the bacterial QS system would control biofilm
formation.75,76 Morphological observation through SEM clearly showed
that P. fluorescens 07 organisms were good biofilm producers that
produced dense and compact biofilms. When P. fluorescens 07 was
treated with increasing concentrations of benzyl alcohol, the biofilms
decreased, indicating that benzyl alcohol had the ability to inhibit the
formation of biofilms. Additionally, the bacterial morphologies were
normal, which also suggested that benzyl alcohol acted as a QSI rather
than exhibiting antibacterial activity. CLSM is a great tool to char-
acterize biofilm structures and is a supplement to SEM. The result of
CLSM is in alignment to that of SEM as well as to the quantitative
analysis of the biofilms. Similarly, Zhang et al. extracted polyphenolic
compounds from Rosa rugosa tea and found that these compounds in-
hibit biofilm formation up to 72.90% and 67.02% in Pseudomonas
aeruginosa PAO1 and Escherichia coli K-12, respectively.23

Adherent bacteria are encased in extracellular polymeric substances
to resist detergents and antibiotics. In some cases, antibiotic resistance
can be increased a thousandfold.9,77 EPSs mainly consist of extra-
cellular polysaccharides, proteins and nucleic acids.78 Raman micro-
scopy (RM) has become a very useful tool to detect the chemical con-
stituents of EPSs. It is time-saving and does not require complicated
pretreatment, which reduces the risk of changing the structure and
substances of biofilms. The chemical changes in EPSs when treated with
benzyl alcohol indicated that benzyl alcohol affected the content of
bacterial extracellular components that directly influence the biofilm
development of P. fluorescens 07.

The inhibitory mechanism of benzyl alcohol could be known by
analyzing the ligand–protein interactions. Basically, benzyl alcohol
formed conventional hydrogen bonds, pi-donor hydrogen bonds and pi-
alkyl bonds with ARG 105, LEU 81, ALA 138 and VAL 139 of LuxI-type
protein. Benzyl alcohol was docked with LasI protein of Pseudomonas
aeruginosa which 3D structure has been identified and it also formed
conventional hydrogen bond and pi-donor hydrogen bond with PHE
105 and THR 144, respectively. The results suggested that benzyl al-
cohol had a similar combination pattern with LuxI-type protein.
Moreover, ethyl linalool, houttuynine and (−)-beta-citronellol all
formed conventional hydrogen bond with PHE 106 of LuxI-type pro-
tein, suggesting that the PHE 106 was quite important in the active site.
Besides, rhodinyl formate formed conventional hydrogen bond and
carbon hydrogen with ARG 105 and VAL 139, respectively. Similarly,
houttuynine formed conventional hydrogen with ARG 105. All above
results indicated that VAL 139 and ARG 105 were vital residues in the
active site of LuxI-type protein. The interactions between benzyl al-
cohol and LuxI-type protein were more than that of other compounds,
leading to the strong affinity of LuxI-type for benzyl alcohol, which may
be the main reason for the most potent anti-QS activity of benzyl al-
cohol. The low Total Score and CScore of benzyl alcohol docked with
LuxR-type protein could also prove the selectivity and strong affinity of
benzyl alcohol for LuxI-type protein. AHLs bind to the LuxR-type pro-
teins and induce target gene expression in gram-negative bacteria.
Thus, the anti-QS activity of benzyl alcohol on P. fluorescens P07 might
be because that the benzyl alcohol was closely combined to LuxI-type
protein, blocking the production of AHLs and, thus, eventually inter-
fering with the QS circuit of P. fluorescens P07.

5. Conclusion

P. fluorescens grows or reproduces in food at refrigeration tem-
peratures, thereby causing food spoilage; moreover, the bacterium also
causes diseases in humans. Therefore, a promising strategy may target
the QS system of the bacterium to control its spoilage potential and

pathogenicity. Summarizing our study, we can conclude that the dis-
covery of QSIs from a TCM database through receptor-based virtual
screening for P. fluorescens P07 was feasible and that the hit rate was
high. Various bioactive compounds have been identified to have QS
inhibitory activities. In addition, further experiments validated that
benzyl alcohol possessed strong anti-quorum sensing activities in P.
fluorescens P07. Furthermore, the built LuxI and LuxR protein models of
P. fluorescens P07 through homology modelling were effective targets
for the discovery of bioactive QSIs.
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