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Abstract: Plantaricin Q7 is a broad-spectrum antimicrobial peptide produced by Lactobacillus plan-
tarum Q7. The effects of plantaricin Q7 on Listeria monocytogenes and its biofilm were investigated.
The results showed that plantaricin Q7 changed the cell membrane permeability and integrity of
Listeria monocytogenes significantly. The extracellular lactate dehydrogenase activity increased from
156.74 U/L to 497.62 U/L, and the K+ concentration was increased rapidly from 0.02 g/L to 0.09 g/L.
Furthermore, the flagellum motility of Listeria monocytogenes reduced and the relative adhesion rate
decreased about 30% after treatment with plantaricin Q7. Meanwhile, the morphology and structure
of Listeria monocytogenes cell and biofilm were damaged. These findings suggested that plantaricin
Q7 exhibited significant inhibitory effects on not only Listeria monocytogenes cell but also its biofilm,
which might be used as a natural and effective biological preservative for food storage.
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1. Introduction

The attention of food safety has raised since the improvement of people’s living stan-
dards and the enhancement of health awareness. Among all kinds of food safety incidents,
food poisoning caused by microbial contamination accounts for the highest proportion.
The World Health Organization (WHO) estimated that 70% of food-borne illness were
caused by food and drinking water contaminated with disease-causing microorganisms [1].
In the microbial risk management system, the monitoring of biological hazards in food and
the detection of common pathogenic bacteria had been listed as important aspects [2,3].

Listeria monocytogenes, as a serious pathogenic bacteria, widely exists in water, soil and
food, which could cause pregnancy abortion, sepsis, meningitis and encephalitis, as well as
some diarrhea, skin infection [4]. Although the incidence of L. monocytogenes contamination
is not high, its mortality rate (20~30%) is much higher than that of other common food-
borne pathogens [5]. L. monocytogenes has become a hot spot for food safety prevention and
control due to its ability to survive in many harsh environments, such as low temperature,
high pressure and low pH [6–8]. In addition, it was confirmed that L. monocytogenes could
adhere to polystyrene, glass and stainless steel surfaces and form biofilms, which was
closely relevant to its pathogenicity and drug resistance [9]. Current physical and chemical
sterilization methods had some potential serious problems such as chemical residue and
drug resistance [10–12]. There are urgent demands for the discovery of new antimicrobial
strategy against L. monocytogenes.
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Bacteriocins of lactic acid bacteria (LAB) are a kind of proteinaceous metabolites with
antibacterial effect, which are characterized by nontoxicity, no pollution, no side effects and
no drug resistance [13,14]. It was proposed that bacteriocins might be a potential alternative
for physical and chemical preservatives, as well as antibiotics [15,16]. In our previous study,
plantaricin Q7 produced by L. plantarum Q7 has been proved to belong to class II bacteriocin,
which showed broad-spectrum antibacterial activity against L. monocytogenes, Salmonella,
Staphylococcus aureus, Shigella, Escherichia coli, Pseudomonas fluorescens, Pseudomonas putida
and Pseudomonas aeruginosa [17,18]. Plantaricin Q7 showed the strongest inhibitory effect
on L. monocytogenes, but its antibacterial mechanism was not revealed. In this study, the
inhibition activity and mechanism of plantaricin Q7 against L. monocytogenes and its biofilm
was investigated, which provided the basis for the application of plantaricin Q7 as food
preservatives.

2. Materials and Methods
2.1. Strain Culture and Determination of Titer

L. plantarum Q7 was isolated from yak milk Qinghai, China and cultured into de Man,
Rogosa and Sharpe (MRS) broth (Qingdao Hopebio Technology, Qingdao, China) and
stored in the Functional Dairy and Probiotic Engineering Laboratory (Ocean University of
China, Qingdao, China). L. monocytogenes ATCC 19115 was obtained from the Food Safety
Laboratory (Ocean University of China, Qingdao, China) and cultured into brain heart
infusion (BHI) broth (Qingdao Hopebio Technology, China) as the indicator strain. The
strains were inoculated in broth at the concentration of 2% (v/v) and activated twice at 37 ◦C
for 24 h. The fermentation broth of L. plantarum Q7 was centrifuged at 4000 rpm for 10
min. The supernatant was adjusted to pH 6.0 with 1 M NaOH and filtered through 0.22 µm
filters. Then, a 3 KDa ultrafiltration tube was used for ultrafiltration at 4000 rpm for 30
min at 4 ◦C. The Oxford cup method was carried out to evaluate the antibacterial activity
of plantaricin Q7 against L. monocytogenes. The titer of plantaricin Q7 was determined by
two-fold dilution method and calculated according to the following formula, which can
represent the dosage of plantaricin Q7 with minimum inhibition of L. monocytogenes [18–20].
Afterwards, all further studies were based on the result of titer. The titer (AU/mL) was
calculated by the following formula: AU/mL = n × 1000/x. n: the maximum dilution
multiple. x: the volume of the supernatant added.

2.2. Growth Assay of L. monocytogenes

The plantaricin Q7 concentrated through the ultrafiltration tube was added at the start
of logarithmic growth period of L. monocytogenes, so that the final concentration of plan-
taricin Q7 was 400 AU/mL, and BHI without plantaricin Q7 was used as a control. Then,
the samples were incubated at 37 ◦C. The bacterial growth was monitored by Microplate
Reader (Thermo Scientific Multiskan FC, Waltham, MA, USA) at 600 nm every 2 h.

2.3. AO/EB Fluorescence Staining

Acridine orange (AO) (Solarbio, Beijing, China)/ethyl bromide (EB) (Thermo Fisher
Scientifc, MA, USA) fluorescent staining assay was performed to detect the survival of
bacteria under the condition of plantaricin Q7. Briefly, the cultured L. monocytogenes was
centrifuged at 4000 rpm for 10 min at 4 ◦C. After three washes with phosphate-buffered
saline (PBS, pH 7.4), the bacteria cells were collected and resuspend. Plantaricin Q7
was added into the suspension as the treatment group, so that the final concentration of
plantaricin Q7 was 400 AU/mL, and PBS was added as control which were incubated at
37 ◦C for 4 h. Finally, the cells were stained with AO/EB fluorescent dye for 20 min in dark.
The stained cells were washed and resuspended with PBS, followed by analysis with 100 ×
automatic fluorescence microscope (NIKON/Ni-E, Tokyo, Japan). The bacterial survival
rate was calculated by ImageJ v.1.53c software [21,22].
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2.4. Transmission Electron Microscopy (TEM) Analyses

Plantaricin Q7 was added to L. monocytogenes culture at the start of logarithmic growth
period, so that the final concentration of plantaricin Q7 was 400 AU/mL. After incubation
at 37 ◦C for 24 h, the harvested cells were washed and resuspended in 2.5% glutaraldehyde
(Hushi, Shanghai, China) and then fixed overnight at 4 ◦C. Subsequently, the samples were
dehydrated using alcohol and embedded in white resin, and sliced and stained. The final
specimens were prepared on copper grids and observed using TEM (JEOL JEM-1200EX,
Tokyo, Japan). At the same time, PBS was used to replace plantaricin Q7 as control [23].

2.5. Determination of Intracellular Biomacromolecules

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was used to
analyze the leakage of intracellular biomacromolecules according to the method reported
by Kang et al. with minor modifications. L. monocytogenes cells were treated with or without
400 AU/mL plantaricin Q7 for 10 h at 37 ◦C. The harvested cells were washed three times
and then resuspended in 1 mL of PBS to obtain an OD600nm = 1.0. Next, ultrasonic treatment
was carried out in an ice environment for 15 min. The obtained L. monocytogenes whole-cell
protein contents were added with the protein loading dye, and the mixtures were boiled
for 5 min and cooled on ice [23]. Electrophoresis was carried out using 12% separating gel
and 5% stacking gel based on an SDS-PAGE gel preparation kit (Solarbio, Beijing, China).
Finally, the coomassie brilliant blue R-250 (Sigma-Aldrich, Sigma-Aldrich, MO, USA) was
used for staining [24]. For the determination of lactate dehydrogenase activity (LDH), the
assay procedure was based on the method in the instructions of Nanjing Jiancheng lactate
dehydrogenase kit.

2.6. Cell Membrane Permeability Assay

The leakage of K+ and electrical conductivity were examined as the expression of the
change in cell permeability. L. monocytogenes cells was resuspend in 0.1 mol/L hydroxyethyl
piperazine ethanesulfonic acid (HEPES, Thermo Fisher Scientifc, Waltham MA, USA)
containing 10 mM glucose (Hushi, Shanghai, China). The suspension (106 CFU/mL)
were incubated with plantaricin Q7 at 37 ◦C, so that the final concentration of plantaricin
Q7 was 400 AU/mL, and then centrifuged every 30 min. The released K+ from the L.
monocytogenes was measured by atomic absorption spectrophotometer (Daojin, Japan). The
electrical conductivity was measured by conductivity meter (Shanghai Leici, China), and
the plantaricin Q7-free samples was used as control [25].

2.7. Determination of the Motility of L. monocytogenes

For flagellum puncture test, after was cultured overnight in the BHI broth at 37 ◦C,
the inoculation needle dipped in a small amount of L. monocytogenes culture was punctured
into 0.4% soft BHI agar tube and incubated at 37 ◦C for 48 h, and the 0.4% soft BHI agar
tube containing 400 AU/mL plantaricin Q7 was used as treatment. For the determination
of motility, L. monocytogenes was inoculated into BHI broth which contained 400 AU/mL
plantaricin Q7 as the treatment group and then incubated overnight at 37 ◦C, 5 µL of
the culture was inoculated on the center of 0.4% soft BHI agar plate and incubated at
37 ◦C for 24 h. The spots formed by the migration of the bacteria on the plate were
photographed [24,26,27].

2.8. Fibrinogen-Binding Assay

Plantaricin Q7 was added to L. monocytogenes in the logarithmic growth period, so
that the final concentration of plantaricin Q7 was 400 AU/mL, and PBS was added as
control. The cells were collected and then resuspended in PBS to obtain an OD600nm = 1.0.
The resuspended cells were placed to polystyrene 96-well plates (Corning, New York, NY,
USA) which were coated with fibrinogen and incubated at 37 ◦C for 24 h. After incubation,
the supernatant was removed by washing with PBS. 95% methanol was added and fixed
for 30 min. Then, the dried wells were stained with 1% crystal violet (Solarbio, Beijing,
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China) for 5 min and excess dye was removed with PBS. After drying, it was redissolved
with 33% glacial acetic acid. It was measured at 570 nm and the percentage of adhesion
was determined by the formula: adhesion % = OD sample/OD control × 100%. Each
experiment was repeated three times [28].

2.9. Effect of Plantaricin Q7 on L. monocytogenes Biofilm

L. monocytogenes biofilm was established in accordance with previous methods [29].
Firstly, L. monocytogenes biofilm in different periods were cultured in 12-well plates (Corning,
New York, NY, USA) for 12 h, 24 h and 48 h respectively to determine the best time for the
formation of biofilm. For the inhibition of L. monocytogenes biofilm formation by plantaricin
Q7, L. monocytogenes suspension (107 CFU/mL) and plantaricin Q7 (final concentration
was 400 AU/mL) were added to 12-well plates covered with a glass coverslip (18 mm
× 18 mm), and incubated at 37 ◦C for 24 h. The group without plantaricin Q7 was used
as control. For the effect of plantaricin Q7 on the reduction of L. monocytogenes biofilm,
the glass coverslips which has formed biofilm were gently removed to new 12-well plates
containing 400 AU/mL plantaricin Q7, while equivalent amount of PBS was added as
control and intervention for 24 h.

On the one hand, the prepared samples were stained with 1% crystal violet and
observed under optical microscope (Olympus CX33, China). On the other hand, the
prepared samples were fixed with 2.5% glutaraldehyde at 4 ◦C overnight and dehydrated
with graded ethanol, then the dried biofilm was coated with gold and observed by scanning
electron microscopy (SEM) (VEGA3 TESCAN, Brno, Czech) [30].

2.10. Statistical Analyses

All analyses were performed in triplicate. One-way analysis of variance (ANOVA)
was performed using IBM SPSS Statistics 22.0, and p < 0.05 was considered statistically
significant.

3. Results and Discussion
3.1. Antibacterial Activity of Plantaricin Q7 against L. monocytogenes

The diameter of inhibition zone measured by Oxford cup method was about 25.70
mm, and the titer of plantaricin Q7 against L. monocytogenes strains calculated by two-fold
dilution method was 400 AU/mL, which suggested that the diameter of inhibition zone
was larger than that of other bacteriocins under the same concentration conditions [22,31].
The effect of 400 AU/mL plantaricin Q7 on the growth of L. monocytogenes was shown in
Figure 1A. During the logarithmic growth period, L. monocytogenes grew rapidly without
the addition of plantaricin Q7, while the growth trend was inhibited after treated with
plantaricin Q7. There was a slow increase of OD at the later stationary phase in the
treatment group. When the L. monocytogenes cells treated by plantaricin Q7 after 12 h were
re-inoculated into fresh growth medium, no growth of L. monocytogenes was observed. It
suggested that no plantaricin Q7-resistant L. monocytogenes cell was produced and the OD
value increased slightly after 12 h could be caused by the existence of dead L. monocytogenes
cells or other substances in the culture medium. From the overall trend of L. monocytogenes
growth, plantaricin Q7 had an obvious inhibitory effect on L. monocytogenes.

The killing effect of plantaricin Q7 on L. monocytogenes was shown in Figure 1B. AO can
penetrate cells with intact cell membrane and embed nuclear DNA to make it emit bright
green fluorescence. EB can only penetrate the cells with damaged cell membrane, and
emit red fluorescence. Compared with untreated controls which were stained green, most
of L. monocytogenes cells appeared to be red after treatment with 400 AU/mL plantaricin
Q7, which showed that most of the cell membranes were damaged after plantaricin Q7
treatment. After calculated by ImageJ software, the L. monocytogenes mortality rate could
reach about 97.25%, which higher than other bacteriocins at the same concentration [22]. It
suggested that plantaricin Q7 showed not only antibacterial activity but also a significant
killing effect on L. monocytogenes.
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Figure 1. Antibacterial activity of plantaricin Q7 against L. monocytogenes. (A) Effect of plantaricin
Q7 on the growth curve of L. monocytogenes. (B) Effect of plantaricin Q7 on the survival rate of L.
monocytogenes. The data were shown as mean ± SD (n = 3).

3.2. Effects of Plantaricin Q7 on Morphology and Internal Structure of L. monocytogenes

TEM was employed to observe the surface morphological and intracellular structural
changes of L. monocytogenes. As shown in Figure 2A,C, the untreated L. monocytogenes cells
had a complete, clear and well-defined short rod shape, and the internal cytoplasm was uni-
formly distributed. After treatment with 400 AU/mL plantaricin Q7, it was observed that
the surface of the cells was collapsed and the cell membrane was damaged. The boundary
of the cell wall was blurred and the intracellular constituent leaked out (Figure 2B,D). The
changes in cell morphology and internal structure indicated that the intact L. monocytogenes
cell was damaged by plantaricin Q7. Therefore, plantaricin Q7 might kill L. monocytogenes
by affecting cell morphology and internal structure, and the results were consistent with Yi
et al. [31], who reported that lactocin XN8-A (LXA) could kill E. coli and S. aureus. After
treatment of LXA, separation occured between the plasma membrane and the cell wall,
and the cytoplasmic density decreased.
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Figure 2. Effects of plantaricin Q7 on the morphology and internal structure of L. monocytogenes. (A,C)
Control group, (B,D) treatment group, (A,B) 40,000× magnification, (C,D) 150,000× magnification.
The red arrows in Figure 2C,D pointed to the cell wall and cell content of the bacteria in the control
group and the treatment group respectively.

3.3. Effects of Plantaricin Q7 on Intracellular Substances Leakage of L. monocytogenes

Proteins were macromolecular substances involved in various physiological activities
such as metabolism and electron transport [32]. Disrupting or blocking the synthesis of
proteins was one of the modes of bacteriostasis substances [33]. It was found that the whole-
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cell protein bands of L. monocytogenes were complete and strong intensities in untreated
samples, while the protein bands became lighter or even disappeared when the samples
were exposed to 400 AU/mL plantaricin Q7 for 10 h (Figure 3A). The results indicated
that plantaricin Q7 could inhibit the growth of L. monocytogenes by affecting the synthesis
of L. monocytogenes cell proteins. Our results were consistent with the report of Kang
et al. [23], who pointed out that ferulic acid could inactivate S. flexneri through affecting
the expression of cell proteins.
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Figure 3. Effects of plantaricin Q7 on intracellular substances leakage of L. monocytogenes. (A) Effect
of plantaricin Q7 on L. monocytogenes cell protein. (B) Effects of plantaricin Q7 on LDH activity. The
data were shown as mean ± SD (n = 3). Different letters in the figure denoted significant statistical
differences (p < 0.05).

LDH is a glycolytic enzyme that catalyzes the dehydrogenation of lactic acid into
pyruvate [34]. Normally, only a small amount of LDH is present outside the cell [35]. The
activity of LDH was evaluated and the results was shown in Figure 3B. The LDH activity
of L. monocytogenes increased slowly from 0 h to 2.5 h when treated with 400 AU/mL
plantaricin Q7, and decreased slightly between 2.5 h and 3.5 h. After 4 h of intervention,
the LDH activity increased rapidly from 156.74 U/L to 497.62 U/L. It suggested that the
cell membrane was damaged when treated with 400 AU/mL plantaricin Q7 for 4 h. These
findings indicated that the leakage of intracellular macromolecular leaded to the death of L.
monocytogenes. Li et al. [36] found that the leakage of cell contents reflected the mode of
action of antimicrobial peptides, which usually formed holes in the cell membrane.

3.4. Effects of Plantaricin Q7 on K+ Concentration and Electrical Conductivity of L.
monocytogenes

Small electrolytes are more likely to leak preferentially than large molecules such as
proteins and LDH. Bacterial cytoplasmic membrane provides a permeable surface for Na+,
K+ and H+ ions, which plays an important role in promoting the functions of cell membrane
and maintaining enzymatic activity and normal physiological metabolism [37,38]. The
K+ concentration and the electrical conductivity of L. monocytogenes were assayed. The
results showed that the concentration of extracellular K+ increased rapidly from 0.02 g/L
to 0.09 g/L after treatment of 400 AU/mL plantaricin Q7 (Figure 4A). At the same time, the
electrical conductivity of the treatment group increased from 14.21 mS/cm to 16.01 mS/cm
(Figure 4B). The change of electrical conductivity induced by plantaricin Q7 might explain
the cell death by increasing cell membrane permeability. Many antimicrobial substances
inhibited or killed bacteria mediated by changing cell membrane permeability and in-
tegrity [22,23,39]. Taken together, plantaricin Q7 could affect L. monocytogenes growth by
causing the irreversible damage of the morphology and the integrity of cell membrane.
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3.5. Effects of Plantaricin Q7 on the Motility and Attachment of L. monocytogenes

The important period of biofilm formation is the adhesion process of planktonic cells
on the surface of objects. Cell motility was closely related to the ability of cells adhesion [40].
The soft agar tube test showed that the 400 AU/mL plantaricin Q7 treatment group sig-
nificantly reduced flagellum motility in comparison with the control group (Figure 5A).
In addition, it was observed that the spots formed by the plantaricin Q7 treatment group
were smaller than those of the control group (Figure 5B), which suggested that the motility
of L. monocytogenes treated with plantaricin Q7 was remarkably reduced. Therefore, plan-
taricin Q7 might reduce the harmfulness of L. monocytogenes by weakening its motility and
reducing its spread range.
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Figure 5. Effects of plantaricin Q7 on the motility and attachment of L. monocytogenes. (A) L.
monocytogenes flagellum puncture test. (B) Effect of plantaricin Q7 on crawling movement ability of L.
monocytogenes. (C) Effect of plantaricin Q7 on the ability of L. monocytogenes to attach fibrinogen. The
data were shown as mean ± SD (n = 3). ** p < 0.01.

The attachment ability was an important factor in the evaluation of biofilm forma-
tion [28]. The influence of 400 AU/mL plantaricin Q7 on L. monocytogenes adhesion was
examined. The results in Figure 5C indicated that plantaricin Q7 reduced the relative



Fermentation 2022, 8, 75 8 of 12

adhesion rate of L. monocytogenes to fibrinogen significantly. Compared with the control
group, the relative adhesion rate of L. monocytogenes in the sample group decreased by
about 30%, which was one of the important factors affecting the formation of biofilm.
Vazquez-Armenta et al. [41] reported that quercetin inhibited L. monocytogenes biofilm
formation by reducing the initial attachment and the number of extracellular proteins,
which was partially consistent with the results of our study.

3.6. Inhibitory Effect of Plantaricin Q7 on the Formation of L. monocytogenes Biofilm

The time of L. monocytogenes biofilm formation was determined (Figure 6). It could be
found that the biofilm began to form at 12 h. When cultured for 24 h, the biofilm formed
was more dense and the adhesion was stronger, and the biofilm was in the mature stage.
After being cultured for 48 h, the biofilm structure was decreased, which indicated that the
biofilm was in the diffusion stage. Therefore, we selected 24 h as the most appropriate time
for the formation of L. monocytogenes biofilm, and the inhibitory and reducing effects of
plantaricin Q7 on L. monocytogenes biofilm were studied respectively.
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Figure 6. Crystal violet stained biofilm. (A–C) represented the biofilms cultured for 12 h, 24 h and
48 h respectively, observed by 40× magnification microscope.

The inhibitory capacities of plantaricin Q7 on L. monocytogenes biofilm formation was
characterized by employing optical microscope and SEM. As presented in Figure 7, it was
showed that many tightly adhered cells wrapped on glass coverslips, and the morphology
of the cells was intact in the control group. In contrast, the biofilm exposed to 400 AU/mL
plantaricin Q7 were almost invisible. In addition, though there was a sharp decline in
quantity of L. monocytogenes cells in biofilm, no significant change of cell morphology was
observed. The morphology of L. monocytogenes cell was inconsistent before and after the
biofilm formation when treated by plantaricin Q7. These findings indicated that plantaricin
Q7 exhibited obvious inhibitory effect on L. monocytogenes biofilm formation. It was
agreeable with the findings of Borges et al. [42], who observed that ferulic acid and gallic
acid hindered the adhesion and biofilm formation of E. coli, L. monocytogenes, P. aeruginosa,
and S. aureus.

3.7. Effect of Plantaricin Q7 on L. monocytogenes Biofilm Reduction

The reduction effect of plantaricin Q7 on L. monocytogenes biofilm was investigated.
As shown in Figure 8, the biofilm structure was dense and strongly adherent to the glass
coverslip in control groups which treated with PBS for 24 h, while the dense spider web
structure was destroyed after treated with 400 AU/mL plantaricin Q7 for 24 h, and the
biofilm was completely disintegrated. Moreover, the results (Figure 8D,H) showed that
L. monocytogenes in the control group presented a complete, clear profile. Conversely, few
bacteria with intact cell membrane were detected after treated with plantaricin Q7. Inter-
esting, the results showed that there might be different mechanisms for plantaricin Q7 to
inhibit biofilm formation and reduce L. monocytogenes biofilm. Therefore, plantaricin Q7
can be further considered as a potential preservatives with antibiofilm activity, particularly
against food-borne L. monocytogenes and its biofilm. Several studies showed that some bac-
teriostatic substances significantly reduced biofilm of pathogenic bacteria. Mishra et al. [43]
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designed antimicrobial peptides and found that the peptides inhibited the formation of
S. aureus biofilm as well as destroy the formed S. aureus biofilm, which was similar with
the phenomenon in our study. García et al. found the bacteriocin produced by L. lactis
UQ2 reduced L. monocytogenes adhersion to stainless steel chips [44]. The mechanism of
inhibition and reduction of biofilm needs to be further studied.
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Figure 7. Inhibitory effect of plantaricin Q7 on the formation of L. monocytogenes biofilm. Optical
microscope (A,B,E,F) and scanning electron microscope (C,D,G,H) images. Control group (A–D),
treatment group (E–H). 40× magnification (A,E), 100× magnification oil lens (B,F), 2000× magnifica-
tion (C,G), 20,000× magnification (D,H).
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magnification (D,H).

4. Conclusions

In summary, the inhibitory effect of plantaricin Q7 on L. monocytogenes and its biofilm
were investigated from the aspects of cell survival rate, cell membrane integrity and cell
membrane permeability. It was found that plantaricin Q7 could not only inhibit the growth
of L. monocytogenes, but also inhibit the biofilm formation of L. monocytogenes and reduce the
matured L. monocytogenes biofilm, which provided a basis information for the development
of plantaricin Q7 as food preservatives.
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