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Abstract: Quorum sensing (QS) is widely present in microorganisms in marine aquatic products.
Owing to the use of antibiotics, many spoilage bacteria in aquatic products are drug resistant. In
order to slow down this evolutionary trend, the inhibition of spoilage phenotype of spoilage bacteria
by interfering with QS has become a research hot spot in recent years. In this study, we found a
new QS quenching enzyme, PF-1240; it was cloned and expressed in Pseudomonas fluorescens 08.
Sequence alignment showed that its similarity with N-homoserine lactone (AHL) acylase QuiP
protein of Pseudomonas fluorescens (Pf 0-1) was 78.4%. SDS-PAGE confirmed that the protein is a dimer
composed of two subunits, which is similar to the structure of AHL acylases. The concentration
of heterologous expression in Escherichia coli (DE3) was 26.64 µg/mL. Unlike most AHL acylases,
PF-1240 can quench AHLs with different carbon chain lengths and inhibit the quorum sensing of
the aquatic spoilage bacterium Hafnia alvei. It can significantly reduce the formation rate of biofilm
of H. alvei to 44.4% and the yield of siderophores to 54%, inhibit the production of protease and
lipase, and interfere with the motility of H. alvei. Through these corruption phenotypes, the specific
application effect of PF-1240 can be further determined to provide a theoretical basis for its application
in the preservation of practical aquatic products.

Keywords: quorum sensing quenching enzyme; Hafnia alvei; biofilm; extracellular protease; motility

1. Introduction

Quorum sensing (QS) is a method of information exchange between bacteria. Both G+

and G- bacteria use this chemical-based form of intercellular communication to regulate a
variety of physiological activities [1]. This can achieve the purpose of communication by
secreting signal molecules in order to regulate the expression of corresponding functional
genes and make bacteria show some phenotypic characteristics such as the secretion
of virulence factors, formation of biofilm, and enhancement of bacterial motility and
diffusion [2,3].

In recent years, many researchers have focused on the study of QS in aquaculture [4],
health care [5], phytoremediation [6], and wastewater treatment [7]. Traditional antibiotics
can kill bacteria or inhibit their growth, but with the use of a large number of antibiotics,
drug resistance of pathogenic bacteria has appeared. QS enables bacteria to regulate their
collective behavior depending on the cell density of their environment. Therefore, we can
reduce the risk of pathogens by interfering with QS [8]. The pathogenicity of pathogenic
bacteria in aquaculture is regulated by QS, and the virulence factors and biofilm produced
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lead to the infection of aquatic products, thus causing adverse effects on the public health
of the environment [9].

Owing to the existence of microorganisms in the process of aquaculture and the
infection of microorganisms in the process of transportation, the main reason for the
deterioration of fresh aquatic products is the growth and metabolism of microorganisms.
QS systems exist in many aquatic spoilage bacteria, which can participate in and regulate
the spoilage process of aquatic products such as the production of extracellular protease
(EPS), biofilm formation, and mucus secretion. This has a serious impact on the quality
of aquatic products. Most spoilage bacteria are G− bacteria. They use AHLs as signaling
molecules for QS [10]. Several bacteria related to food spoilage produce AHL signals,
including members of the genera Pseudomonas, Serratia, and Hafnia [11].

H. alvei is a common dominant spoilage bacterium in vacuum packaging and modified
atmosphere packaging food, and it is also an opportunistic pathogen [12]. It has been
widely separated from foods stored at low temperatures such as raw meat, dairy products,
and aquatic products [13]. The results showed that H. alvei is the dominant spoilage
bacterium in many aquatic products [14] such as salmon and turbot [15]. It can produce a
variety of AHLs and mediate the expression of various spoilage factors through QS [16].

Suppressing the spoilage of aquatic products by interfering with QS can not only
reduce the selective pressure of bacteria but also effectively reduces the drug resistance
caused by the overuse of antibiotics [17]. Quorum quenching (QQ) destroys the bacterial QS
system by inhibiting the synthesis and accumulation of signal molecules or by degrading
and modifying signal molecules, thus blocking the adverse effects of spoilage bacteria or
pathogenic bacteria [18]. QQ enzymes can use AHLs as substrates to decompose AHLs
through enzymatic reactions.

According to the different catalytic mechanisms of quenching enzymes, they can
be divided into lactonase, acylase, and oxidoreductase. AHL acylases are well-known
members of the Ntn-hydrolase family of proteins that inactivate AHLs by cleaving the
acyl side chains from the homoserine lactone [19]. The biochemical properties of these
enzymes have been studied, including their kinetic properties, stability, and ability to
control microorganisms in vitro and in vivo for a variety of applications from medical
devices to animal health and agriculture [20,21].

Compared with AHL lactonase, AHL acylase has more advantages in practical ap-
plications. This is because compared with the degradation product N-acyl homoserine
(which can be recycled to AHL at acidic pH), the acylase reaction product cannot sponta-
neously regenerate active functional AHLs. In addition, fatty acids produced by acylases
are usually easily metabolized [22]. However, at present, most AHL acylase substrates are
not broad-spectrum, and PvdQ, which is the most studied, has an irreversible degradation
effect on long-chain AHL [23]. In 2014, Ruchira et al. [24] reported for the first time the
activity of penicillin G acylase (KcPGA) AHL acylase from Kluyvera citrophila. Biochemical
analysis and molecular docking showed that KcPGA had activity on AHLs with six to
eight carbon atoms regardless of whether it was modified by the 3-oxy group.

Most QS bacteria produce diverse AHLs, so the development of QQ enzymes with
broad-spectrum quenching activity has important application value. In this study, we
identified a gene encoding a potential AHL acylase named PF-1240 from the genome of
P. fluorescens 08 isolated from turbot. Turbot is native to the northeast coast of the Atlantic
Ocean. It is called “Duobao fish” in China. It is a cold water fish with great economic
value [25]. The protein sequence of PF-1240 was 78.4% identical to that of the QuiP protein.
It has been found that the QuiP gene (PA1032 gene) of Pseudomonas aeruginosa can encode
AHL acylase and degrade the 3O-oxo-C12-HSL molecule, which promotes the bacteria to
enter a static state and reduces energy consumption [26]. Therefore, it is speculated that the
PF-1240 protein of P. fluorescens may also have the ability to degrade AHLs. We successfully
expressed the PF-1240 protein by genetic engineering and analyzed its enzymatic properties.
Its inhibitory effects on the putrefaction phenotype of H. alvei was determined and include
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biofilm formation; the production of EPS, siderophores, proteases, and lipases; swarming;
and swimming. This highlights the potential of PF-1240 as a novel QQ enzyme.

2. Methods and Materials
2.1. Bacterial Strains, Growth Conditions, and Reagents

A spoilage bacterium, H. alvei, which produces multiple AHLs, was isolated from a
spoiled turbot. Chromobacterium violaceum CV026 was used to detect short-chain AHLs.
E. coli BL21 (DE3) cells were used to express the target protein. The three strains were
grown in LB medium. C. violaceum CV026 was supplemented with 20 µg/mL kanamycin.
E. coli BL21 (DE3) cells were supplemented with 50 µg/mL kanamycin. Isopropyl-β-D-
thiogalactopyranoside (IPTG), kanamycin, X-gal, gentamicin, spectinomycin, and glu-
taraldehyde were purchased from Beijing Solarbio Science Technology Co., Ltd. (Beijing,
China). SDS-PAGE kits, His-Select Nickel Affinity Gel, BCA Protein Assay Kit, and Fast
Blue Protein Stain Solution were purchased from Sangon Biotech Co., Ltd. (Shanghai,
China). The AHLs used in this study were N-butanoyl-DL-homoserine lactone (C4-HSL;
Sigma, St. Louis, MI, USA), N-3-hexanoyl-DL-homoserine lactone (C6-HSL; Sigma), N-
3-octanoyl-DL-homoserine lactone (C8-HSL; Sigma), N-3-decanoyl-DL-homoserine lac-
tone (C10-HSL; Sigma), N-3-dodecanoyl-DL-homoserine lactone (C12-HSL; Sigma), and
N-tetradecanoyl-DL-homoserine lactone (C14-HSL; Sigma). Chrome-Azurol-S CAS-agar
was purchased from NC Pharmculture Co., Ltd. (Beijing, China).

2.2. Extraction of H. alvei AHLs

H. alvei were cultured for 24 h, and 100 mL of the culture was centrifuged at 10,000 rpm
for 10 min. Then, the supernatant was mixed with an equal amount of ethyl acetate [0.1%
(v/v) glacial acetic acid]. The mixture was shaken adequately for 30 s and remained in
the layer. After extraction for 6 h, we poured out the ethyl acetate in the upper layer,
added new ethyl acetate [0.1% (v/v) glacial acetic acid], and repeated the above operation.
This process was repeated three times, and the entire ethyl acetate fraction was mixed.
The combined ethyl acetate fractions were evaporated using rotary evaporators (35 ◦C,
150 rpm) to dryness and redissolved in 1 mL of methyl alcohol. The extracts were stored in
sterile microcentrifuge tubes at −20 ◦C, and it was used to determine the effect of PF-1240
on H. alvei.

2.3. Expression and Purification of PF-1240

In the previous research, we successfully cloned the target gene and sent the ob-
tained target gene sequence to Takara company (http://takara.biogo.net/, accessed on
13 March 2021) for codon optimization and artificial synthesis. The synthesized gene was
amplified by PCR to obtain the target fragment for insertion. BamH and XhoI were used
as restriction sites to connect the target gene with pET-28a (+). The ligation product was
transformed into competent E. coli BL21 (DE3) cells and named pET28-PF-1240-BL21.The
protein was expressed in LB liquid medium at 37 ◦C overnight at 160 rpm.

To induce the recombinant protein overexpression, 0.4 mM isopropyl-β-D-thiogalactopyranoside
(IPTG) was added to 300 mL E. coli cultures. The cells were harvested by centrifugation at
7500× g for 20 min after 14 h of cultivation at 16 ◦C, washed with PBS, resuspended in the
same buffer, and disrupted using an ultrasonic disintegrator. Cell debris was removed by
centrifugation at 7500× g for 20 min. The supernatant was applied to His-Select Nickel
Affinity Gel, and the His-tagged recombinant protein was purified according to the manu-
facturer’s instructions. The purified protein was treated with protein loading buffer and
heated for 10 min at 98 ◦C. The sample was subjected to a 12% PAGE gel at 80 V for 30 min
and 120 V for 90 min. Protein bands were stained with Fast Blue Protein Stain solution.

2.4. Determination of PF-1240 Concentration and Validation of Its Activity

Determination of PF-1240 using a BCA protein assay kit. The enzymatic degradation
of short-chain AHLs was measured using the biosensor strain CV026.

http://takara.biogo.net/
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2.5. Enzymatic Properties of PF-1240

The hydrolytic activity of PF-1240 on AHLs was determined using gas chromatography-
mass spectrometry (GC-MS Agilent 7890N/5975, Agilent, Palo Alto, CA, USA). According
to Li et al. [27]. All sample injections were done in the split mode (50:1) into an HP-5 MS
capillary column (30 m length × 0.25 mm internal diameter × 0.25 µm film thickness) (Ag-
ilent, Palo Alto, CA, USA). Helium was used as the carrier gas at a flow rate of 1 mL/min.
The GC injector temperature was 200 ◦C, and the oven temperature was programmed
as follows: 150 ◦C ramped at 10 ◦C/min to 220 ◦C and ramped at 5 ◦C/min to 250 ◦C,
then ramped at 0.5 ◦C/min to 252.5 ◦C. Mass spectrometry conditions were as follows:
the electron ionization source was set to 70 eV, MS Quad 150 ◦C, emission current 500 µA,
MS Source 230 ◦C. Data were acquired by either full-scan mode (m/z –800) or in selected
ion monitoring (SIM) mode (m/z 143). The purified enzyme was mixed with C4-HSL,
C6-HSL, C8-HSL, C10-HSL, C12-HSL, and C14-HSL standards to reach a final concentration
of 10 mmol/L. After reacting at 30 ◦C for 3 h, the amount of residual AHLs was determined
by GC-MS, and the average value was calculated three times. The highest enzyme activity
was defined as 100%, and the relative enzyme activity of PF-1240 on different substrates
was calculated. In the same way, the remaining content of C8-HSL was determined after
incubation for 3 h at 20 ◦C, 25 ◦C, 30 ◦C, 35 ◦C, 40 ◦C, 45 ◦C, and 50 ◦C. Different pH buffers
were prepared: pH 6.0–10.0 (phosphate–potassium hydroxide–PBS buffer). PF-1240 was
reacted with C8-HSL in different concentrations of pH buffer at a reaction temperature
of 30 ◦C. After 3 h, the amount of remaining C8-HSL was determined to determine the
optimal reaction pH for PF-1240.

2.6. Inhibitory Effect of PF-1240 on Spoilage Characteristics of H. alvei
2.6.1. Effect of PF-1240 on Cell Viability

The enzyme was added to the culture medium of H. alvei and cultured at 28 ◦C
until the logarithmic growth stage. The bacteria were collected by centrifugation. After
washing twice with 0.1 mol/L PBS (pH 7.4), the bacteria were collected by centrifugation
for 5 min. PI (0.1%) staining solution was used for staining at 4 ◦C for 30 min, and apoptosis
was detected by flow cytometry within 1 h. The control group was treated with H. alvei
without PF-1240.

2.6.2. Effect of PF-1240 on Production of Purpurin in CV026

According to Li et al. [27], after overnight activation, strain CV026 was inoculated into
LB broth containing different amounts of PF-1240 (0, 5, 10, 15, 20 and 25 µg/mL) at a ratio
of 1:100 (v/v), and 200 µL of the crude extract of AHLs prepared from 2.2 was cultured at
160 r/min and 28 ◦C for 48 h. Then, 300 µL of the culture medium was added to a 1.5 mL
centrifuge tube, and 150 mL µL 10% sodium dodecyl sulfate was added and shaken for
10 s. Then, 600 µL N-butanol was added and shaken for 5 s. This was centrifuged for 5 min
at 10,000 r/min, after which absorption for 200 µL purple supernatant was added to a
96-well plate. The absorbance (OD) was measured at 595 nm using a microplate reader,
and the experimental group without the signal molecule was used as a control.

2.6.3. Effect of PF-1240 on Biofilm of H. alvei
Determination of Biofilm by Enzyme Plate Method

The overnight activated H. alvei was mixed with fresh Luria-Bertani (LB) medium at
a ratio of 1:100 (v/v). First, 1 mL of LB medium was placed into a sterile centrifuge tube,
and the final concentrations were 5, 10, 15, 20, and 25 µg/mL PF-1240.The negative control
was a PBS solution with an equal volume added. After incubation at 28 ◦C for 48 h, the cell
density was determined and centrifuged. This was cleaned with sterile water three times,
dried with sterile air, and fixed for 35 min. Then, 1 mL of 0.1 g/100 mL crystal violet was
added to the dye for 15 min (at room temperature), cleaned with sterile water, dissolved in
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33% glacial acetic acid solution, and OD595 nm was determined using an enzyme reader.
The relative formation rate of the biofilm was calculated using Formula (1).

Biofilm formation rate/% =
OD595nm experience group

OD595nm control group
× 100 (1)

SEM Analysis of Biofilms

To evaluate the disrupting effects of PF-1240 on biofilms, overnight cultures of H. alvei
were inoculated in 2 mL of fresh LB broth containing sterile stainless steel (SS) type AISI
304 (mechanically polished, No. 4 grade; 1 cm × 1 cm × 1 mm thickness) in LB broth
liquid medium treated with 5, 10, 15, 20, and 25 µL/mL PF-1240. The control group did
not receive PF-1240 therapy. After incubation at 28 ◦C for 24 h, the SS slices were rinsed
with PBS to remove planktonic cells. For scanning electron microscopy (SEM), biofilms
were fixed with 2.5% glutaraldehyde for 24 h at 4 ◦C and gradually dehydrated using a
graded series of ethanol (40%, 70%, 90%, and 100%). The SS slices were placed on a silicon
wafer, covered with gold palladium, and subjected to SEM.

2.6.4. Determination of Extracellular Polymers

Raman spectroscopy (RS) was used to measure the EPS content of H. alvei. Sample
processing was performed as described in Section 2.6.3. After removing the zinc sheet from
the biofilm, it was washed with PBS three times. The floating bacteria was washed from
the surface, and the result was dried for 30 min for the RS test.

2.6.5. Detection of Siderophore
CAS Plate Tests

Siderophore production was detected on solid media using Chrome-Azurol-S CAS-
agar [27] with some modifications. To prepare 1 L of blue agar, 60.5 mg of CAS was
dissolved in 50 mL of distilled water and mixed with 10 mL iron(III) solution (1 mM
FeCl3·6H2O, 10 mM HCl). This solution was slowly added to 72.9 mg hexadecyltrimethyl
ammonium bromide (HDTMA) dissolved in 40 mL of distilled water. The composite dark
blue liquid was autoclaved at 121 ◦C for 15 min, keeping the standby as the CAS assay
solution. The autoclave was 30 mL casamino acids (10%) after cooling to 50 ◦C, stirring
with 1 mL CaCl2 (1 mM), 20 mL MgSO4·7H2O (1 mM), 10 mL glucose (20%) as a carbon
source, 15 g agar, 30.24 g 1,4-piperazinediethanesulfonic acid (Pipes), and 12 g of a 50%
(w/w) NaOH solution to increase the pH to the pKa of Pipes (6.8). Then, the cultures were
heated to 121 ◦C and maintained for 15 min by autoclaving. After cooling to 60 ◦C and
stirring the CAS assay solution mentioned above, the solution was slowly added to an
edgeways conical flask, with sufficient agitation without the generation of foam. Each plate
contained 20 mL of blue agar and was punched using an Oxford cup (autoclaved). These
blue agars were used to detect siderophores. PF-1240 was added as follows: 5, 10, 15, 20,
and 25 µg/mL PF-1240. An equal volume of PBS was used as the negative control.

Detection of Siderophore in Liquid Medium

The quantity of iron carrier produced by bacteria in liquid medium was quantified,
and the OD600 was determined and centrifuged after a certain period of culture. The
supernatant was filtered with 0.22 µm microporous membrane, 100 µL supernatant was
mixed with quantitative test solution, and sterile water was used for the same operation as
control. After the reaction at room temperature, the OD600 values of the sample (AS) and
the control (Ar) were recorded. The output of siderophore is calculated using the following
Formula (2):

Relative content of Siderophore =
Ar − As

Ar
× 100% (2)
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2.6.6. Motility Inhibition Assays

Swarming and swimming motilities were examined using swarming agar and a
swimming agar medium. Briefly, PF-1240 was mixed with swarming agar and swimming
agar medium, and the final concentrations of PF-1240 were 5, 10, 15, 20, and 25 µg/mL. In
addition, 5 µL bacterial suspension of H. alvei was added to the center of the cooled plate.
The plates were incubated at 28 ◦C for 48 h to determine the migration diameter.

2.6.7. Determination of Protease

The method of Vijayaraghavan et al. [28] involves making a milk plate, punching holes
with an Oxford cup, and adding H. alvei supernatant cultured overnight with PF-1240 at
different concentrations (5, 10, 15, 20, and 25 µg/mL). This was cultured at 28 ◦C for 18–24 h.
After casein was hydrolyzed by protease, an obvious hydrolysis circle appeared around
the pores. The larger the hydrolysis circle, the higher the extracellular protease activity.
The supernatant without immobilized penicillin acylase was used as a negative control.

2.6.8. Determination of Lipase

H. alvei bacterial solution cultured overnight with PF-1240 at different concentrations
(5, 10, 15, 20, and 25 µg/mL) was centrifuged at 4 ◦C at 8500 rpm for 5 min. The supernatant
was collected and used with 0.22 µM sterile filter membrane filtration and sterilization
for standby.

Dissolve the following substances with 200 mL water and sterilize them: 4 g agar
powder, 0.4 mL triglyceride, 2 g peptone, 1 g yeast powder, and 2 g NaCl. This was poured
into a Petri dish with an Oxford cup. After the plate solidified, 200 µL of the supernatant
was added to the wells. The cells were cultured at 28 ◦C for 48 h, and the size of the
transparent circle around the hole was observed.

3. Results and Discussion
3.1. Recombinant Expression of PF-1240 by E. coli BL21

In the present study, we identified one putative AHL acylase gene (pf -1240) in the
P. fluorescens 08 genome based on homology and domain searches. In an amino acid
sequence comparison, PF-1240 was related to Ntn hydrolase family proteins and showed
the highest identity to AHL acylase (QuiP) (78.4%) from Pf 0-1 among the verified acylases
(Supplementary Figure S1). Since the results suggested that PF-1240 had a potential AHL
quenching function, we purified the enzyme from the recombinant and isolated E. coli BL21
(DE3) with a Ni affinity column. SDS-PAGE analysis showed that PF-1240 was composed
of two subunits (one below 65 kDa and one below 25 kDa) corresponding to the predicted
molecular weight (80 kDa) of the amino acid sequence (724 amino acids). After purification,
a clear band was obtained, as shown in Figure 1A. At present, most AHL acylases are
double-stranded, in which the β chain is the large subunit and the α chain is the small
subunit. The active site, Ser, is located at the head of the β chain and is conserved in different
double-stranded AHL acylases. In addition, most of the AHL acylases identified so far
are members of a single superfamily, showing N-terminal nucleophilic (Ntn) hydrolase
folding [19]. The concentration of PF-1240 was determined using a protein concentration
determination kit. The enzyme was extracted from 150 mL of bacterial solution, and the
protein concentration was determined after dilution. The concentration of crude enzyme
solution was 33.81 mg/mL, and the concentration of purified enzyme was 26.64 µg/mL
(Supplementary Figure S2).
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Figure 1. Expression and enzymatic properties of PF-1240. (A) SDS-PAGE analysis of purified
PF-1240. Arrows indicate bands corresponding to two subunits of PF-1240. Lane M, molecular size
marker; lane PF-1240, crude proteins; lane PF-1240 (pure), purified PF-1240. (B) Optimum reaction
substrate of PF-1240. (C) Optimum reaction pH of PF-1240. (D) Optimum reaction temperature
of PF-1240.

3.2. Enzymatic Properties of PF-1240
3.2.1. Optimal Substrate of PF-1240

Most AHL acylases tend to degrade long-chain AHLs (with or without a substituent
at the C-3 of the acyl chain). However, Kusada et al. [29] found that MacQ was able to
inactivate all tested AHLs ranging from C6 to C14 carbon chains with or without 3-oxo
substitutions. AHLs with different acyl chains were used as substrates to study the substrate
specificity of PF-1240. In the reaction system, various substrates were added at a certain
concentration; after the reaction, the remaining AHLs were extracted with 1 mL of ethyl
acetate, the content of the remaining AHLs was determined by GC-MS, and the optimal
substrate enzyme activity was 100%. Relative enzyme activities of the other substrates were
determined. The hydrolysis ability of PF-1240 to various substrates is shown in Figure 1B.
As shown in Figure 1B, PF-1240, as a new QS quenching enzyme, has a broad spectrum of
substrates and can degrade AHLs with different acyl chains. The degradation activity of
PF-1240 was the strongest for C8-HSL, but the degradation activity was lower for AHLs
with carbon chain length > 10, and the relative degradation activity was less than 20%.

3.2.2. Optimum Reaction pH of PF-1240

The optimum pH for fish growth is 6.5–8.5, so the study on the optimum pH of PF-
1240 will lay a theoretical foundation for the development and utilization of PF-1240 in the
future. The purified PF-1240 enzyme solution was placed in buffer solutions with different
pH values, and the activity of AHL acylase was determined at 30 ◦C. The highest enzyme
activity was defined as 100%, and the relative enzyme activity at different pH values was
calculated. The results showed that the optimum pH value of PF-1240 was 9.5, and the
activity of AHL acylase decreased significantly at pH 6. When the pH was between 7 and
9.5, enzyme activity was relatively stable. The results showed that PF-1240 had similar
properties to other AHL acylases and maintained high activity under alkaline conditions.
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3.2.3. Optimum Reaction Temperature of PF-1240

The purified PF-1240 enzyme solution was reacted with C8-HSL at different tempera-
tures to detect the activity of AHL acylase. The highest enzyme activity was defined as
100%, and the relative enzyme activity of PF-1240 at different temperatures was calculated.
The results showed that the optimum temperature for PF-1240 was 30 ◦C. As shown in
Figure 1D, with an increase in temperature, the enzyme activity showed a fluctuating
downward trend, and the remaining relative enzyme activity was 78% at 40 ◦C.

3.3. Effect of PF-1240 on the Growth of H. alvei

In recent decades, antibiotic resistance (AMR) has become a global problem that seri-
ously threatens human and animal health [30]. The use of the QQ enzyme is fundamentally
different from the use of antibacterial agents: the QQ enzyme is not toxic and has little
effect on bacterial growth [31]. Flow cytometry was used to determine the effect of different
concentrations of PF-1240 on the growth of H. alvei. The four quadrants of UL (upper left),
UR (upper right), LL (lower left), and LR (lower right) in Figure 2A represent fragmented
and damaged cells, late apoptotic and dead cells, normal cells, and early apoptotic cells,
respectively. For bacteria, there is no clear mechanism of apoptosis, so we only focus on
dead cells and normal cells. The content of normal cells was 95.7–90.7%, and it was found
that different concentrations of enzyme had no significant effect on the growth of H. alvei.
It did not kill H. alvei, indicating that PF-1240 conforms to one of the conditions of the
QQ enzyme.

Figure 2. Determination of QSI properties of PF-1240. (A) Effects of different concentrations of
PF-1240 on the growth of H. alvei (a–f respectively represent bacterial solution after adding 0, 5, 10,
15, 20, and 25 µg/mL of PF-1240 culture). (B) Inhibition of PF-1240 on CV026. (C) Effect of different
concentrations of PF-1240 on yield of puromycin of CV026 strain.
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3.4. Determination of QS Inhibitory Activity of PF-1240

QS relies on the interaction between diffusion signal molecules and transcription
activating proteins, coupling gene expression with cell population density. In G- bacteria,
this type of signal molecule is usually AHL, and the structure of its N-acyl side chain is
different. AHL can induce CV026 to synthesize violacein, which is sensitive to AHLs with
N-acyl side chains from C4 to C8 [32]. As shown in Figure 2B, adding the crude enzyme
solution to the plate containing CV026 and AHLs of H. alvei can inhibit the formation of
purple bacteriocin around the enzyme.

3.5. Effect of PF-1240 on Production of Purple Bacteriocin CV026

By observing the difference in purple bacteriocin produced by CV026, we can see the
degree of interference of different enzyme concentrations on QS. The effects of different
concentrations of PF-1240 on the production of CV026 purple bacteriocin can be measured
quantitatively using the purified enzyme. As shown in Figure 2C, with an increase in
PF-1240 concentration, the yield of purple bacteriocin gradually decreased. It is inferred
that PF-1240 can inhibit the production of CV026 purple bacteriocin in the presence of
exogenous AHLs by interfering with the QS phenomenon. It can be speculated that PF-1240
can inhibit the information exchange between spoilage bacteria by degrading AHLs, thus
reducing the production of spoilage factors and achieving the effect of fresh keeping of
aquatic products.

3.6. Effect of PF-1240 on the Formation of H. alvei Biofilm

Biofilm is an extracellular group composed of EPS, nucleic acids, proteins, and lipids
secreted by bacteria. It has a complex three-dimensional (3D) structure. It can provide
structural support for bacterial colonies, enhance the adaptability of bacteria to various
environmental conditions, and confer resistance to a variety of antibacterial compounds
(including antibiotics) [33–35]. Biofilm formation is a common source of pollution in
aquatic products. QS was found to be involved in spoilage and biofilm formation in fresh
meat products during storage under aerobic conditions [36]. Figure 3A shows the effect
of different concentrations of PF-1240 on the formation of H. alvei biofilms under SEM. It
can be seen that the bacteria are tightly wrapped by extracellular substances without the
addition of enzymes, and few single bacteria can be seen. With an increase in enzyme
concentration, the number of lamellar or aggregated membranes decreased gradually, and
single bacterial aggregates appeared. As shown in Figure 3A(f), the number and size of
bacterial aggregates decreased significantly, indicating that PF-1240 could significantly
inhibit the formation of H. alvei biofilm. Figure 3B shows the quantitative change in biofilm
formation, which is similar to the SEM results. With an increase in enzyme concentration,
the relative formation rate of the biofilm became increasingly smaller. The biofilm formation
rate decreased to 44.4% at an enzyme concentration of 25 µg/mL.

3.7. Effect of PF-1240 on the EPS of H. alvei

During the growth of microorganisms, a macromolecular substance called EPS is
secreted into the cell wall. EPS is a metabolite of microorganisms and is derived from the
decomposition of organic matter in the environment. The composition is very complex
and is mainly composed of polysaccharides, proteins, humus, nucleic acids, and lipids [37].
With the development of the food industry in recent years, it has been discovered that
extracellular polymers are related to the properties that promote cell adhesion to surfaces,
such as from drying or desiccation in bacteria growing in terrestrial habitats or from attack
by antimicrobial agents [38]. In addition, EPS can fix heavy metals in the environment,
thus causing heavy metal pollution in the host [39]. As shown in Figure 3B(a), when no
enzyme was added, there were four obvious Raman peaks. The first peak is 1125 cm−1,
representing the COC stretching vibration and symmetric glycosidic link [40]; the second
peak is at 1347 cm−1, representing amide III in protein; the third peak is at 1440–1460 cm−1,
representing deformation vibration CH2 scissoring, which is a characteristic of lipids [41];
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and the fourth peak is 1600 cm−1, representing aromatic ring stretching sporopollenin
and phenylpropionamide [42]. With an increase in PF-1240 concentration, the number of
Raman vibration peaks decreased, and the peak height decreased. When the concentration
of PF-1240 was 25 µg/mL, the Raman spectrum tended to be flat without an obvious
peak, indicating that the addition of PF-1240 can effectively inhibit the formation of EPS in
H. alvei. EPS is the main component of biofilms. With a decrease in extracellular polymer,
the formation of biofilm is also affected, which corresponds to the SEM results.
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3.8. Effect of PF-1240 on Swarming and Swimming of H. alvei

The swarming and swimming of bacteria is the fastest method of surface migration,
and the genes regulating these behaviors are affected by the QS system [43]. As shown in
Figure 4A,B, with an increase in enzyme concentration, the migration diameter formed
by clustering and swimming became increasingly smaller, indicating that the addition of
PF-1240 weakened the motility of bacteria.
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Figure 4. Effect of PF-1240 on motility and siderophore of H. alvei. (A,B) Effects of different concentrations of PF-1240
on swarming and swimming. (C,D) Effects of different concentrations of PF-1240 on relative formation of siderophore
(a–f respectively represent bacterial solution after adding 0, 5, 10, 15, 20, and 25 µg/mL of PF-1240 culture).

3.9. Effect of PF-1240 on Siderophore of H. alvei

Iron is essential for the formation of biofilms, which regulate surface movement and
stabilize the polysaccharide matrix. The secretion of microbial siderophores is regulated
by QS [44,45]. Under conditions of iron deficiency, the hydrophobicity of the microbial
surface decreases, which limits the formation of biofilms [46]. The growth of different con-
centrations of PF-1240 in the CAS plate is shown in Figure 4C. With an increase in enzyme
concentration, the orange transparent circle gradually decreases. When the enzyme dosage
was 25 µg/mL, there was no orange transparent circle. Diggle et al. [47] reported that
P. aeruginosa regulates the production of siderophores through quorum sensing. Through
the analysis and determination of the relative content of siderophores, we found that with
an increase in PF-1240 concentration (Figure 4D), the relative content of ferritin gradually
decreased, and the maximum reduction was 54%.

3.10. Effect of PF-1240 on Extracellular Protease of H. alvei

Extracellular proteases are the main virulence factors of bacteria. They not only
provide the necessary nutrients for bacterial growth but also directly destroy the host
immune defense system. By measuring the changes in extracellular protease, we can
understand the effect of PF-1240 on the expression of H. alvei extracellular protease. The
experimental results are shown in Figure 5A. With an increase in enzyme concentration, the
transparent circle gradually decreased, and when 25 µg/mL enzyme was added, the activity
of extracellular protease was completely inhibited. As QS is a transcriptional regulation
system, it may intervene in the expression of extracellular proteases by regulating the
transcription of genes encoding extracellular proteases. Li et al. [48] found that the QS
system in P. aeruginosa interferes with the expression of three extracellular proteases. By
constructing QS mutants, it was shown that the QS system not only regulates the activity of
these proteases through transcription but also controls their activity even if these proteases
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are secreted from cells [49]. Based on the function of PF-1240, it can be speculated that
quenching AHLs can inhibit the expression of extracellular protease but do not affect
its activity.

Figure 5. Effect of PF-1240 on extracellular protease and lipase of H. alvei. (A) Effects of different concentrations of PF-1240
on extracellular protease. (B) Effects of different concentrations of PF-1240 on lipase (a–f respectively represent bacterial
solution after adding 0, 5, 10, 15, 20, and 25 µg/mL of PF-1240 culture).

3.11. Effect of PF-1240 on Lipase of H. alvei

Many studies have shown that the expression of the bacterial lipase gene is dependent
on cell density. So far, the molecular mechanism of QS system activation of lipase gene
expression has only been explained in P. aeruginosa. To further determine whether PF-1240
has an effect on the lipase of H. alvei, we observed the effect of different concentrations of
PF-1240 on the lipase in the supernatant of H. alvei using the plate diffusion method. It
can be seen that the strain lacks a strong ability to produce lipase, but with the addition of
PF-1240, the transparent circle around the hole gradually decreases (Figure 5B), indicating
that the addition of PF-1240 will interfere with the production of lipase. The specific
mechanism needs to be further studied.

4. Conclusions

We isolated and characterized a novel quorum quenching enzyme (PF-1240) with bi-
functional capability to degrade a variety of AHLs, and its potential for quorum quenching
was assessed. Through sequence alignment and heterologous expression, it was prelimi-
narily inferred that it was an AHL acylase. GC-MS analysis showed that PF-1240 quenched
AHLs with different acyl chain lengths. It was found that PF-1240 interfered with the QS
phenomenon of H. alvei and inhibited the production of virulence factors. Quorum sensing
is a unique regulatory mechanism in microorganisms and plays an important role in the
study of food corruption caused by bacteria. It has become a potential target for human
beings to regulate microbial behavior and has shown its application potential in the fields
of food preservation and biological fermentation. These results indicate that PF-1240 can be
used as a potential QS inhibitor to inhibit QS in aquatic spoilage bacteria. As an exogenous
substance, the less it is added to food, the better. Therefore, in the next step, we will study
the 3D structure of PF-1240, explore its quenching mechanism, and further improve its
activity through directional evolution in order to use it to inhibit the QS of more aquatic
spoilage bacteria.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/foods10112700/s1, Figure S1: PF-1240 sequence alignment, Figure S2: Protein concentration
standard curve.

https://www.mdpi.com/article/10.3390/foods10112700/s1
https://www.mdpi.com/article/10.3390/foods10112700/s1


Foods 2021, 10, 2700 13 of 14

Author Contributions: Conceptualization, Y.S. and D.W.; methodology, F.C.; software, F.C.; vali-
dation, Y.S., F.C. and D.W.; formal analysis, Y.S.; investigation, Y.S.; resources, F.C.; data curation,
F.C.; writing—original draft preparation, Y.S.; writing—review and editing, Y.S.; visualization, F.C.;
supervision, T.L.; project administration, J.L.; funding acquisition, J.L. All authors have read and
agreed to the published version of the manuscript.

Funding: The National Key Research and Development Program of China (No. 2019YFD0901702).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Molnár, M.; Fenyvesi, É.; Berkl, Z.; Németh, I.; Fekete-Kertész, I.; Márton, R.; Vaszita, E.; Varga, E.; Ujj, D.; Szente, L. Cyclodextrin-

mediated quorum quenching in the Aliivibrio fischeri bioluminescence model system–Modulation of bacterial communication.
Int. J. Pharm. 2021, 594, 120150. [CrossRef] [PubMed]

2. Zhao, X.; Yu, Z.; Ding, T. Quorum-sensing regulation of antimicrobial resistance in bacteria. Microorganisms 2020, 8, 425. [CrossRef]
3. Bao, Q.; Hosoe, A.; Hosomi, M.; Terada, A. Quorum quenching acylase impacts the viability and morphological change of

Agrobacterium tumefaciens cells. J. Biosci. Bioeng. 2020, 130, 82–88. [CrossRef] [PubMed]
4. Fatimah, N.; Pande, G.S.J.; Natrah, F.M.I.; Meritha, W.W.; Widanarni; Sucipto, A.; Ekasari, J. The role of microbial quorum sensing

on the characteristics and functionality of bioflocs in aquaculture systems. Aquaculture 2019, 504, 420–426. [CrossRef]
5. Geng, Y.F.; Yang, C.; Zhang, Y.; Tao, S.N.; Mei, J.; Zhang, X.C.; Sun, Y.J.; Zhao, B.T. An innovative role for luteolin as a natural

quorum sensing inhibitor in Pseudomonas aeruginosa. Life Sci. 2021, 274, 119325. [CrossRef]
6. Zhu, M.; Yang, Y.; Wang, M.; Li, X.; Han, R.; Chen, Q.; Shen, D.; Shentu, J. A deep insight into the suppression mechanism of

Sedum alfredii root exudates on Pseudomonas aeruginosa based on quorum sensing. Ecotoxicol. Environ. Saf. 2021, 217, 112240.
[CrossRef] [PubMed]

7. Maddela, N.R.; Sheng, B.; Yuan, S.; Zhou, Z.; Villamar-Torres, R.; Meng, F. Roles of quorum sensing in biological wastewater
treatment: A critical review. Chemosphere 2019, 221, 616–629. [CrossRef]

8. Qin, X.; Thota, G.K.; Singh, R.; Balamurugan, R.; Goycoolea, F.M. Synthetic homoserine lactone analogues as antagonists of
bacterial quorum sensing. Bioorg. Chem. 2020, 98, 103698. [CrossRef]

9. Da Silva Pires, Á.; Franco, O.L.; Saad, A.; Hamed, M.; Naim, H.; Ali, A.H.; Elbehiry, A. Nile tilapia (Oreochromis niloticus) as
an aquatic vector for Pseudomonas species of medical importance: Antibiotic Resistance Association with Biofilm Formation,
Quorum Sensing and Virulence. Aquaculture 2021, 532, 736068. [CrossRef]

10. Cui, T.; Bai, F.; Sun, M.; Lv, X.; Li, X.; Zhang, D.; Du, H. Lactobacillus crustorum ZHG 2–1 as novel quorum-quenching bacteria
reducing virulence factors and biofilms formation of Pseudomonas aeruginosa. LWT 2020, 117, 108696. [CrossRef]

11. Liu, L.; Yan, Y.; Feng, L.; Zhu, J. Quorum sensing asaI mutants affect spoilage phenotypes, motility, and biofilm formation in a
marine fish isolate of Aeromonas salmonicida. Food Microbiol. 2018, 76, 40–51. [CrossRef] [PubMed]

12. Padilla, D.; Remuzgo-Martínez, S.; Acosta, F.; Ramos-Vivas, J. Hafnia alveiand Hafnia paralvei. Taxonomy defined but still far
fromvirulence and pathogenicity. Vet. Microbiol. 2013, 1, 200–201. [CrossRef] [PubMed]

13. Tan, J.Y.; Yin, W.F.; Chan, K.G. Quorum sensing activity of Hafnia alvei isolated from packed food. Sensors 2014, 14, 6788–6796.
[CrossRef]

14. Li, T.; Mei, Y.; He, B.; Sun, X.; Li, J. Reducing quorum sensing-mediated virulence factor expression and biofilm formation in
hafnia alvei by using the potential quorum sensing inhibitor L-carvone. Front. Microbiol. 2018, 9, 3324. [CrossRef]

15. Vivas, J.; Padilla, D.; Real, F.; Bravo, J.; Grasso, V.; Acosta, F. Influence of environmental conditions on biofilm formation by
Hafnia alvei strains. Vet. Microbiol. 2008, 129, 150–155. [CrossRef] [PubMed]

16. Viana, E.S.; Campos, M.E.; Ponce, A.R.; Mantovani, H.C.; Vanetti, M.C. Biofilm formation and acyl homoserine lactone production
in Hafnia alvei isolated from raw milk. Biol. Res. 2009, 42, 427–436.

17. Rashiya, N.; Padmini, N.; Ajilda, A.A.K.; Prabakaran, P.; Durgadevi, R.; Veera Ravi, A.; Ghosh, S.; Sivakumar, N.; Selvakumar, G.
Inhibition of biofilm formation and quorum sensing mediated virulence in Pseudomonas aeruginosa by marine sponge symbiont
Brevibacterium casei strain Alu 1. Microb. Pathog. 2021, 150, 104693. [CrossRef]

18. Grandclément, C.; Tannières, M.; Moréra, S.; Dessaux, Y.; Faure, D.D. Quorum quenching: Role in nature and applied develop-
ments. Expert Rev. Anti-Infect. Ther. 2016, 40, 86–116. [CrossRef] [PubMed]

19. Rakesh, S.; Mikael, E. Quorum quenching enzymes and their effects on virulence, biofilm, and microbiomes: A review of recent
advances. Expert Rev. Anti-Infect. Ther. 2020, 11–13. [CrossRef]

20. Bzdrenga, J.; Daudé, D.; Rémy, B.; Jacquet, P.; Plener, L.; Elias, M.; Chabrière, E. Biotechnological applications of quorum
quenching enzymes. Chem. Biol. Interact. 2017, 267, 104–115. [CrossRef] [PubMed]

21. Chen, F.; Gao, Y.; Chen, X.; Yu, Z.; Li, X. Quorum quenching enzymes and their application in degrading signal molecules to
block quorum sensing-dependent infection. Int. J. Mol. Sci. 2013, 14, 17477–17500. [CrossRef]

22. Fetzner, S. Quorum quenching enzymes. J. Biotechnol. 2015, 201, 2–14. [CrossRef] [PubMed]
23. Vogel, J.; Wakker-Havinga, M.; Setroikromo, R.; Quax, W.J. Immobilized acylase PvdQ reduces Pseudomonas aeruginosa biofilm

formation on PDMS silicone. Front. Chem. 2020, 8, 54. [CrossRef] [PubMed]

http://doi.org/10.1016/j.ijpharm.2020.120150
http://www.ncbi.nlm.nih.gov/pubmed/33321169
http://doi.org/10.3390/microorganisms8030425
http://doi.org/10.1016/j.jbiosc.2020.02.005
http://www.ncbi.nlm.nih.gov/pubmed/32280054
http://doi.org/10.1016/j.aquaculture.2019.02.022
http://doi.org/10.1016/j.lfs.2021.119325
http://doi.org/10.1016/j.ecoenv.2021.112240
http://www.ncbi.nlm.nih.gov/pubmed/33901783
http://doi.org/10.1016/j.chemosphere.2019.01.064
http://doi.org/10.1016/j.bioorg.2020.103698
http://doi.org/10.1016/j.aquaculture.2020.736068
http://doi.org/10.1016/j.lwt.2019.108696
http://doi.org/10.1016/j.fm.2018.04.009
http://www.ncbi.nlm.nih.gov/pubmed/30166167
http://doi.org/10.1016/j.vetmic.2012.11.041
http://www.ncbi.nlm.nih.gov/pubmed/23290572
http://doi.org/10.3390/s140406788
http://doi.org/10.3389/fmicb.2018.03324
http://doi.org/10.1016/j.vetmic.2007.11.007
http://www.ncbi.nlm.nih.gov/pubmed/18093756
http://doi.org/10.1016/j.micpath.2020.104693
http://doi.org/10.1093/femsre/fuv038
http://www.ncbi.nlm.nih.gov/pubmed/26432822
http://doi.org/10.1080/14787210.2020.1794815
http://doi.org/10.1016/j.cbi.2016.05.028
http://www.ncbi.nlm.nih.gov/pubmed/27223408
http://doi.org/10.3390/ijms140917477
http://doi.org/10.1016/j.jbiotec.2014.09.001
http://www.ncbi.nlm.nih.gov/pubmed/25220028
http://doi.org/10.3389/fchem.2020.00054
http://www.ncbi.nlm.nih.gov/pubmed/32117880


Foods 2021, 10, 2700 14 of 14

24. Mukherji, R.; Varshney, N.K.; Panigrahi, P.; Suresh, C.G.; Prabhune, A. A new role for penicillin acylases: Degradation of acyl
homoserine lactone quorum sensing signals by Kluyvera citrophila penicillin G acylase. Enzyme Microb. Technol. 2014, 56, 1–7.
[CrossRef]

25. Liu, J.; Shao, R.; Lan, Y.; Liao, X.; Zhang, J.; Mai, K.; Ai, Q.; Wan, M. Vitamin D3 protects turbot (Scophthalmus maximus L.) from
bacterial infection. Fish. Shellfish. Immunol. 2021, 118, 25–33. [CrossRef] [PubMed]

26. Huang, J.J.; Petersen, A.; Whiteley, M.; Leadbetter, J.R. Identification of QuiP, the product of gene PA1032, as the second
acyl-homoserine lactone acylase of Pseudomonas aeruginosa PAO1. Appl. Environ. Microbiol. 2006, 72, 1190–1197. [CrossRef]

27. Li, T.; Cui, F.; Bai, F.; Zhao, G.; Li, J. Involvement of acylated homoserine lactones (AHLs) of Aeromonas sobria in spoilage of
refrigerated turbot (Scophthalmus maximus L.). Sensors 2016, 16, 1083. [CrossRef]

28. Vijayaraghavan, P.; Vincent, S.G.P. A simple method for the detection of protease activity on agar plates using bromocresolgreen
dye. J. Biochem. Technol. 2013, 4, 628–630.

29. Yasutake, Y.; Kusada, H.; Ebuchi, T.; Hanada, S.; Kamagata, Y.; Tamura, T.; Kimura, N. Bifunctional quorum-quenching and
antibiotic-acylase MacQ forms a 170-kDa capsule-shaped molecule containing spacer polypeptides. Sci. Rep. 2017, 7, 1. [CrossRef]

30. Utari, P.D.; Vogel, J.; Quax, W.J. Deciphering physiological functions of AHL quorum quenching acylases. Front. Microbiol. 2017,
8, 1123. [CrossRef]

31. Gerdt, J.P.; Blackwell, H.E. Competition studies confirm two major barriers that can preclude the spread of resistance to
quorum-sensing inhibitors in bacteria. ACS Chem. Biol. 2014, 9, 2291–2299. [CrossRef] [PubMed]

32. McClean, K.H.; Winson, M.K.; Fish, L.; Taylor, A.; Chhabra, S.R.; Camara, M.; Daykin, M.; Lamb, J.H.; Swift, S.; Bycroft, B.W.;
et al. Quorum sensing and Chromobacterium violaceum: Exploitation of violacein production and inhibition for the detection of
N-acylhomoserine lactones. Microbiology 1997, 143, 3703–3711. [CrossRef]

33. Billings, A.N.; Millan, M.R.; Caldara, M.; Rusconi, R.; Tarasova, Y.; Stocker, R.; Ribbeck, K. The extracellular matrix Component
Psl provides fast-acting antibiotic defense in Pseudomonas aeruginosa biofilms. PLoS Pathog. 2013, 9, e1003526. [CrossRef]
[PubMed]

34. Solano, C.; Echeverz, M.; Lasa, I. Biofilm dispersion and quorum sensing. Curr. Opin. Microbiol. 2014, 18, 96–104. [CrossRef]
[PubMed]

35. Flemming, H.C.; Wingender, J.; Szewzyk, U.; Steinberg, P.; Rice, S.A.; Kjelleberg, S. Biofilms: An emergent form of bacterial life.
Nat. Rev. Microbiol. 2016, 14, 563–575. [CrossRef]

36. Jay, J.M.; Vilai, J.P.; Hughes, M.E. Profile and activity of the bacterial biota of ground beef held from freshness to spoilage at
5–7 ◦C. Int. J. Food Microbiol. 2003, 81, 105–111. [CrossRef]

37. Wioleta, B.; Izabela, K. Extracellular polymeric substances (EPS) as microalgal bioproducts: A review of factors affecting EPS
synthesis and application in flocculation processes. Energies 2021, 14, 4007. [CrossRef]

38. Tiwari, O.N.; Sasmal, S.; Kataria, A.K.; Devi, I. Application of microbial extracellular carbohydrate polymeric substances in food
and allied industries. 3 Biotech. 2020, 10, 221. [CrossRef]

39. Zhou, K.J.; Hu, Y.; Zhang, L.Q.; Yang, K.; Lin, D. The role of ex-opolymeric substances in the bioaccumulation and toxicity of Ag
nanoparticles to algae. Sci. Rep. 2016, 6, 32998. [CrossRef]

40. Harz, M.; Rösch, P.; Peschke, K.D.; Ronneberger, O.; Burkhardt, H.; Popp, J. Micro-Raman spectroscopic identification of bacterial
cells of the genus Staphylococcus and dependence on their cultivation conditions. Analyst 2005, 130, 1543–1550. [CrossRef]

41. Kahraman, M.; Zamaleeva, A.I.; Fakhrullin, R.F.; Culha, M. Layer-by-layercoatingofbacteriawithnoblemetalnanoparticlesforsurface-
enhanced Raman scattering. Anal. Bioanal. Chem. 2009, 395, 2559–2567. [CrossRef] [PubMed]

42. Culha, M.; Adigüzel, A.; Yazici, M.M.; Kahraman, M.; Sahin, F.; Güllüce, M. Characterization of thermophilic bacteria using
surface-enhanced Raman scattering. Appl. Spectrosc. 2008, 62, 1226–1232. [CrossRef] [PubMed]

43. Atkinson, S.; Chang, C.Y.; Patrick, H.L.; Buckley, C.M.; Wang, Y.; Sockett, R.E.; Cámara, M.; Williams, P. Functional interplay
between the Yersinia pseudotuberculosis YpsRI and YtbRI quorum sensing systems modulates swimming motility by controlling
expression of flhDC and fliA. Mol. Microbiol. 2008, 69, 137–151. [CrossRef] [PubMed]

44. Ahmed, E.; Holmström, S.J.M. Siderophores in environmental research: Roles and applications. Microb. Biotechnol. 2014, 7,
196–208. [CrossRef]

45. Oliveira, F.; França, Â.; Cerca, N. Staphylococcus epidermidis is largely dependent on iron availability to form biofilms. Int. J.
Med. Microbiol. 2017, 307, 552–563. [CrossRef]

46. Chung, P.Y. The emerging problems of Klebsiella pneumoniae infections: Carbapenem resistance and biofilm formation. FEMS
Microbiol. Lett. 2016, 363, fnw219. [CrossRef]

47. Diggle, S.P.; Matthijs, S.; Wright, V.J.; Fletcher, M.P.; Chhabra, S.R.; Lamont, I.L.; Kong, X.; Hider, R.C.; Cornelis, P.;
Cámara, M.; et al. The Pseudomonas aeruginosa 4-quinolone signal molecules HHQ and PQS play multifunctional roles in
quorum sensing and iron entrapment. Chem. Biol. 2007, 14, 87–96. [CrossRef]

48. Li, X.H.; Lee, J.H. Quorum sensing-dependent post-secretional activation of extracellular proteases in Pseudomonas aeruginosa.
J. Biol. Chem. 2019, 294, 19635–19644. [CrossRef]

49. Zhu, S.; Wu, H.; Zeng, M.; Liu, Z.; Wang, Y. The involvement of bacterial quorum sensing in the spoilage of refrigerated
litopenaeus vannamei. Int. J. Food Microbiol. 2015, 192, 26–33. [CrossRef]

http://doi.org/10.1016/j.enzmictec.2013.12.010
http://doi.org/10.1016/j.fsi.2021.08.024
http://www.ncbi.nlm.nih.gov/pubmed/34450270
http://doi.org/10.1128/AEM.72.2.1190-1197.2006
http://doi.org/10.3390/s16071083
http://doi.org/10.1038/s41598-017-09399-4
http://doi.org/10.3389/fmicb.2017.01123
http://doi.org/10.1021/cb5004288
http://www.ncbi.nlm.nih.gov/pubmed/25105594
http://doi.org/10.1099/00221287-143-12-3703
http://doi.org/10.1371/journal.ppat.1003526
http://www.ncbi.nlm.nih.gov/pubmed/23950711
http://doi.org/10.1016/j.mib.2014.02.008
http://www.ncbi.nlm.nih.gov/pubmed/24657330
http://doi.org/10.1038/nrmicro.2016.94
http://doi.org/10.1016/S0168-1605(02)00189-7
http://doi.org/10.3390/en14134007
http://doi.org/10.1007/s13205-020-02200-w
http://doi.org/10.1038/srep32998
http://doi.org/10.1039/b507715j
http://doi.org/10.1007/s00216-009-3159-0
http://www.ncbi.nlm.nih.gov/pubmed/19795108
http://doi.org/10.1366/000370208786401545
http://www.ncbi.nlm.nih.gov/pubmed/19007464
http://doi.org/10.1111/j.1365-2958.2008.06268.x
http://www.ncbi.nlm.nih.gov/pubmed/18466299
http://doi.org/10.1111/1751-7915.12117
http://doi.org/10.1016/j.ijmm.2017.08.009
http://doi.org/10.1093/femsle/fnw219
http://doi.org/10.1016/j.chembiol.2006.11.014
http://doi.org/10.1074/jbc.RA119.011047
http://doi.org/10.1016/j.ijfoodmicro.2014.09.029

	Introduction 
	Methods and Materials 
	Bacterial Strains, Growth Conditions, and Reagents 
	Extraction of H. alvei AHLs 
	Expression and Purification of PF-1240 
	Determination of PF-1240 Concentration and Validation of Its Activity 
	Enzymatic Properties of PF-1240 
	Inhibitory Effect of PF-1240 on Spoilage Characteristics of H. alvei 
	Effect of PF-1240 on Cell Viability 
	Effect of PF-1240 on Production of Purpurin in CV026 
	Effect of PF-1240 on Biofilm of H. alvei 
	Determination of Extracellular Polymers 
	Detection of Siderophore 
	Motility Inhibition Assays 
	Determination of Protease 
	Determination of Lipase 


	Results and Discussion 
	Recombinant Expression of PF-1240 by E. coli BL21 
	Enzymatic Properties of PF-1240 
	Optimal Substrate of PF-1240 
	Optimum Reaction pH of PF-1240 
	Optimum Reaction Temperature of PF-1240 

	Effect of PF-1240 on the Growth of H. alvei 
	Determination of QS Inhibitory Activity of PF-1240 
	Effect of PF-1240 on Production of Purple Bacteriocin CV026 
	Effect of PF-1240 on the Formation of H. alvei Biofilm 
	Effect of PF-1240 on the EPS of H. alvei 
	Effect of PF-1240 on Swarming and Swimming of H. alvei 
	Effect of PF-1240 on Siderophore of H. alvei 
	Effect of PF-1240 on Extracellular Protease of H. alvei 
	Effect of PF-1240 on Lipase of H. alvei 

	Conclusions 
	References

