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The Antimicrobial Effect of Melissa officinalis L. Essential Oil on Vibrio parahaemolyticus: Insights Based on the Cell Membrane and External Structure
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The study was to evaluate the antimicrobial impacts on Melissa officinalis L. essential oil (MOEO) against Vibrio parahaemolyticus. The minimum inhibitory concentration (MIC) of MOEO on Vibrio parahaemolyticus was 1 μL⋅mL–1. The kill-time curve exhibited that MOEO had good antimicrobial activity. The analysis of cellular ingredients leakage and cell viability illustrated that MOEO has destruction to the morphology of the cell membrane. The damage to the membrane integrity by MOEO has been confirmed by transmission and scanning electron microscopy, obvious morphological and ultrastructural changes were observed in the treated bacterial cells. The MOEO at 0.5 μL⋅mL–1 can inhibit the biofilm formation, biofilm motility, and extracellular polysaccharide production. Meanwhile, the qPCR results exhibited MOEO inhibited the expression of virulence genes. The findings showed that MOEO exerted its antimicrobial effect mainly by destroying the membrane, which indicated its potential as a natural food preservative.
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INTRODUCTION

Vibrio parahaemolyticus can lead to vibriosis in different species of aquatic animals, along with septicemia and gastroenteritis in humans (Ning et al., 2021). It is the most common Vibrio genus and has recently become a primary food safety issue in many Asian countries (Zhu et al., 2022). V. parahaemolyticus is recognized as a new species because of vibriosis related to the consumption of contaminated raw or undercooked seafood (Ashrafudoulla et al., 2021). Sepsis has also been reported when wounds were exposed to the pathogen (Zhong et al., 2021).

Adding natural preservatives are the common methods to control the growth and reproduction of V. parahaemolyticus (Semeniuc et al., 2017). Essential oils (EO), a complex mixture of aromatic and volatile consisting secondary metabolites of aromatic plants, is usually obtained from plant material such as flowers, fruits, and leaves (Spadaccino et al., 2021). Melissa officinalis L. (MO) is a plant that has been used to give fragrance to foods and beverages. As a medicinal plant, it has been given various therapeutic roles (anticonvulsant, energizer, sedative, etc.) (Serra et al., 2020). Melissa officinalis L. essential oil (MOEO) primarily contains terpene aldehydes (citronellal, citral, and geranial) and terpenic alcohols (dimethylocta-2, dimethyl-3-octanol, etc.) (Rãdulescu et al., 2021), which demonstrated good potential for antimicrobial activity.

Biofilms on microorganisms are referred to as a dense network structure made up of exopolysaccharides (EPS) and multifarious microorganisms embedded in them (Popławski et al., 2008). Biofilms may form on medical devices, the surfaces of food, and the equipment to transport raw materials. The biofilm environment acts just like a physical barricade and drives both metabolic and physiological changes, adapting microorganisms to a slow growth and situation of starvation, and increasing their resistance to various preservatives (Sahal et al., 2020). The purpose of the study was to detect the possible mechanism of antimicrobial action that V. parahaemolyticus treated by MOEO. The effect of V. parahaemolyticus treated by MOEO was decided by electric conductivity, glucose content, field emission Fourier transform infrared (FTIR) spectroscopic analysis, transmission electron microscope (TEM), field emission scanning electron microscope (SEM), biofilm formation, and the virulence genes expression.



MATERIALS AND METHODS


Gas Analysis by Gas Chromatography-Mass Spectrometry

The analysis of MOEO is carried out by Gas Chromatography-Mass Spectrometry (GC-MS) (Trace DSQ II, United States). A DB-5H capillary fused silica column was used. The temperatures of injector and detector were adjusted to 250 and 230°C, correspondingly. The ion source temp was set to 230°C. The oven temperature was maintained at 45°C for 1 min, followed by adjustment to 300°C at a speed of 20°C/min. The injection sample volume was 1 μL, the ionization energy was 70 EV, and the scan range was 35–500 m/z. Identification of MOEO was a comparison of retention times and mass spectral libraries.



Chemicals and Bacterial Culture

MOEO was purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). V. parahaemolyticus ATCC 33847 was used in this study. There was 100 μL stock culture inoculated into 10 mL TSB medium (Hopebio, Qingdao) containing 3% NaCl (w/v). The strain was propagated in TSB medium (Hopebio, Qingdao) containing 3% NaCl (w/v) at 37°C with shaking at 200 r/min to receive the initial culture which concentration was 108 CFU/mL. MOEO was dissolved with 5% Tween-80 (v/v) proportionally, and then sonicated for 30 min until completely dissolved.



Minimum Inhibitory Concentration and Minimum Bactericidal Concentration Measurements

The MIC and MBC of V. parahaemolyticus treated with MOEO were ensured by the broth microdilution method according to the slightly modified method from Wang L. et al. (2021). There were 96-well microtiter plates added with the diluted bacterial culture at a concentration of 1 × 108 cfu/mL. Serial dilutions of MOEO were made up and the mixture was added to each well with final concentration range from 0.125 to 256 μL/mL. All plates were followed 24 h incubation at 37°C, then assessed for growth by turbidimetric method. Defined MIC as the lowest MOEO concentration that no visible growth was detected (OD600 ≤ 0.05). To evaluate the bacterial growth further, the cultures with no visible bacteria growth were subcultured on nutrient agar to determine that the minimum concentration of MOEO was defined as MBC, with no colony growth (Liu W. et al., 2020).



Kill-Time Analysis

To study the effect of V. parahaemolyticus growth kinetics by MOEO treated, we used the kill-time assay according to a former research report with some modifications (Guo et al., 2019). V. parahaemolyticus was treated with different concentrations of MOEO (2×, 1×, 0.5× and 0.25× MIC) and 5% Tween-80. The culture cultured at 37°C and monitored OD600. The experiments were carried out in triplicate.



Measurements of Electric Conductivity and Glucose Content

The electric conductivity was measured based on Chen et al. (2021) with some modifications. V. parahaemolyticus was treated with MOEO 10 h at 37°C, then the mixture was centrifugated. The supernatant was diluted 40-fold and measured the conductivity every 2 h with an electrical conductivity facility (CN121-A, Nuclear Instrument Co., Ltd., China). The glucose content was determined every 2 h with a glucose assay kit (No. 361510, Jiancheng, Nanjing, China).



Integrity of Cell Membrane

MOEO with the range of concentration ranges (2×, 1×, 0.5× and 0.25× MIC) was added to the initial culture (1 × 108 cfu/mL), then the mixed culture was shaking incubated 4 h at 37°C. The supernatant was collected by centrifugating at 8,000 × g, 10 min at 4°C. Using a UV spectrophotometer (UV-2100, UNICO Instrument Co., Ltd., China), we monitored nucleic acid and protein levels, respectively (Wang N. et al., 2020).



Scanning Electron Microscope Analysis

MOEO with the range of concentration ranges (2×, 1×, 0.5×, and 0.25× MIC) were added to the initial culture (1 × 108 cfu/mL), then the mixed culture was shaking incubated 4 h at 37°C. The culture was subjected to centrifugation to collect the bacteria cells. The V. parahaemolyticus samples were fixed in 2.5% glutaraldehyde solution over 4 h and cleaned with 0.01 mol/L PBS solution. The V. parahaemolyticus samples were then eluted with ethanol. After air-drying on coverslips, the sediment was sputtered with gold and imaged with SEM (S-3400, Hitachi, Tokyo, Japan).



Transmission Electron Microscope Analysis

MOEO with the range of concentration ranges (1× MIC) were added to the initial culture (1 × 108 cfu/mL), then the mixed culture (1 × 108 cfu/mL), then the mixed culture was shaking incubated 4 h at 37°C. The culture was subjected to centrifugation to collect the bacteria cells. The V. parahaemolyticus samples were fixed in 2.5% glutaraldehyde solution over 4 h. The following treatments refer to Tan et al. (2018), using a JEM-2100 TEM (JEOL Ltd., Japan) observed.



Fourier Transform Infrared Spectroscopic Analysis

MOEO with the range of concentration ranges (2×, 1×, 0.5×, and 0.25× MIC) were added to the initial culture (1 × 108 cfu/mL), then the mixed culture was shaking incubated 4 h at 37°C. The culture was subjected to centrifugation to collect the bacteria cells. The V. parahaemolyticus samples were fixed in 2.5% glutaraldehyde solution over 4 h and cleaned with 0.01 mol/L PBS three times. The sediment was freeze-dried for 48 h and then subjected to FTIR spectroscopy (Nicolet, Thermo Fisher Scientific, United States) (Li et al., 2016).



Crystal Violet Quantitative Assay

The influence of MOEO on biofilm was assessed indirectly by crystal violet staining (Zhang et al., 2017a). MOEO with the range of concentration ranges (2×, 1×, 0.5×, and 0.25× MIC) was added to the initial culture (1 × 108 cfu/mL), and then cultured in a 48-well plate for 48 h, the presence of biofilm growth was assayed. After 24 h cultured in TSB, the cell culture was seeded to another plate in TSB and allowed to adhere. The suspending cells were then aspirated and 200 μL of fresh TSB with MOEO was added, incubated for a further 24 h, and then measured the biofilm production. The supernatant was removing floating cells, washing, and drying twice, the biofilm was stained with crystal violet. The solutions were taken to a new well and the absorbance was sensed at 570 nm. The experimental procedure was carried out in triplicate.



Motility Assay

The impact of MOEO on the motility assay were assessed swimming and swarming. For swarming motility assay, 5 μL of 1 × 108 CFU/mL V. parahaemolyticus bacterial culture was added to the LB dishes with 1.5% (w/v) agar with MOEO at concentrations of 0.5× and 0.25× MIC, incubating at 37°C for 24 h. To the swimming motility assay, 5 μL of 1 × 108 CFU/mL bacterial culture was added to the center of the LB dishes with 0.3% (w/v) agar with MOEO at concentrations of 0.5× and 0.25× MIC, incubating at 37°C for 12 h.



Exopolysaccharides Assay

MOEO with the range of concentration ranges (0.5× and 0.25× MIC) was added to the initial culture (1 × 108 cfu/mL) and cultured in a 48-well plate 6 h at 37°C in an anaerobic environment to observe the amount of biofilm. The effects of MOEO were explored through the phenol-sulfuric acid (PSA) method (Cao et al., 2021).



Confocal Laser Scanning Microscopy Assay

MOEO with the range of concentration ranges (0.5× and 0.25× MIC) was added to the initial culture and cultured in a 48-well plate 24 h at 37°C under anaerobic condition. We visualized the effect of MOEO on biofilm using confocal laser scanning microscopy (CLSM). After 24 h of biofilm formation, we removed the culture, and cleaned plastic panels three times with 0.1 M PBS. The 48-well plates were fixed with glutaraldehyde, and then the plastic panel was rinsed three times with 0.1 M PBS to eliminate glutaraldehyde. Subsequently, plastic panels were stained with SYBR Green I (Sangon Biotech, Co., Ltd., Shanghai, China) under dark conditions for 30 min. The plastic panels used 0.1 M PBS cleaned to remove extra stain. Last, the biofilm was studied with a CLSM (LSM710, Carl Zeiss AG, Germany) at 488 nm excitation light and 525 ± 25 nm emitting light, following a 20 × microscope objective (Jun and Jing, 2020).



Quantitative Realtime PCR

MOEO (0.5 × and 0.25 × MIC) was added to the initial culture, oscillation cultured 6 h, then the culture was centrifuged to collect the bacteria cells. The total RNA was extracted. Of the total RNA, 1,000 ng, 1 μL of the primers oligo (dT), and 1 μL of 10 mmol/L dNTP mix was used to obtain the cDNA. MA-6000 Real Time PCR (Suzhou Yarui Biotechnology Co., Ltd., China) was used for quantitative realtime PCR (qPCR) assay. The relative expression levels were counted using the comparative threshold cycle (2–ΔΔCt) method, and gapdh was defined as the reference gene. The gene sequences are in Table 1.


TABLE 1. The sequence of primers.
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Statistical Analysis

In all experiments, three simultaneous parallel dimensions were carried out. Statistical analysis was conducted with the software SPSS 22.0. Results are expressed as mean ± SD. A P-value of 0.05 or less was a difference that was statistically significant.




RESULTS AND DISCUSSION


Gas Chromatography-Mass Spectrometry Analyses

The compositions of MOEO were determined by GC-MS, and 11 main components were identified and quantified (Table 2). The main active constituents of MOEO were geraniol, citronella, and citronellol. Geraniol constituted 38.31% of the total amount. Citronella constituted 27.87% of the total amount, and was the second volatile component in MOEO, followed by citronellol (11.38%). The results were similar with the research reported by Miraj et al. (2017). MOEO was found in the presence of numerous phytochemicals such as phenolic components (tannins, flavonoids, and phenolic acids) and terpenes (triterpenes, sesquiterpenes, and monoterpenes) (Ilić et al., 2021). Miraj et al. (2017) found the predominant character of MOEO was present as oxygen-containing monoterpenes such as geranial, citronellal, and citral isomers which were the antimicrobial ingredient. Actually, the main ingredients of MOEO, citronellal and geranial, have been shown to be in charge of its antimicrobial activity which were proved to be responsible for its antimicrobial activity (Božović et al., 2018). Neda et al. (2004) found that the citral and citronellol content were 12 and 13%, respectively. Also, the MOEO showed a better antimicrobial effectiveness. The difference of MOEO levels was likely caused by different growing environments or different extraction methods (Caleja et al., 2017; Silva et al., 2021).


TABLE 2. The formulation of MOEO.
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Minimum Inhibitory Concentration and MBC of Melissa officinalis L. Essential Oil Against Vibrio parahaemolyticus

The MIC and MBC of MOEO against V. parahaemolyticus were 1 and 2 μL/mL, correspondingly. To further prove the antimicrobial activity of MOEO against V. parahaemolyticus, the influence of V. parahaemolyticus growth in the existence of levels (0.25×, 0.5×, 1×, 2× MIC and 5% Tween-80) were plotted. In Figure 1, there was no obvious difference between the growth value of 5% Tween-80 and CK. This result was consistent with Orafidiya et al. (2001) and illustrated 5% Tween-80 was not antimicrobial to V. parahaemolyticus (Rizvi et al., 2013). The increase of V. parahaemolyticus was inhibited with different concentrations of MOEO and the effect was a dose-dependent and time-dependent manner. This result was consistent with Chen et al. (2021). There was no obvious difference between the growth value of 1 × MIC and 2 × MIC, and the growth of V. parahaemolyticus was completely controlled. These findings indicated that MOEO had an antimicrobial effect on V. parahaemolyticus and increased with the dose. The antimicrobial activities of MOEO may probably be due to the citronellol, geranial, and D-limonene. Geranial and citronellal have been implicated in the antimicrobial and antifungal activities of the EO (Božović et al., 2018).


[image: image]

FIGURE 1. The V. parahaemolyticus growth curves. CK is the V. parahaemolyticus without Melissa officinalis L. essential oil treated.




Cell Membrane Permeability

The experiment of MOEO about electric conductivity was carried out to determine, in a greater degree, the disruption of cell architecture. In Figure 2A, the leakage degree was positively correlated with the treated time at 0.25 × MIC MOEO. The electrical conductivity values of V. parahaemolyticus with MOEO treatment at levels of 1 × MIC and 2 × MIC were significantly increased after 2 h and decreased after 2 h. The cell membrane was destroyed and small molecules of Na+ and K+ leaked from the cells. Fluctuations in the conductivity of the control may be caused by autolysis and bacterial cell death (Zhang et al., 2017b). The immediate increase of the culture electrical conductivity upon the addition of the MOEO can be attributed to the high reactivity and volatility of the natural essential oil (Cui et al., 2016; Zhang et al., 2018). The mentioned phenomena were consistent with the results of TEM analysis, which gave further evidence of the disruption caused by MOEO to the cell membrane and wall of V. parahaemolyticus.


[image: image]

FIGURE 2. The effects of electric conductivity (A), and intracellular glucose spillage (B), nucleic acids (C) and proteins (D) from V. parahaemolyticus treated with Melissa officinalis L. essential oil. CK is the V. parahaemolyticus without Melissa officinalis L. essential oil treated.




Cell Membrane Integrity

Nucleic acids, proteins, and glucose were the essential substances presenting throughout the cell membrane and cytoplasm of bacteria, and they flowed out as the bacterial membrane was damaged (Xu et al., 2018). Therefore, the leakage of these substances can reflect the integrity of the membrane. In Figure 2B, the amount of extracellular glucose also went up with concentration, and the impact was time dependent. Conductivity values of V. parahaemolyticus by 1 × MIC MOEO treated increased obviously from 0 to 2 h and decreased after 4 h. The trend was the same at 2 × MIC concentrations, which can be owned to the stress response of mycelium (Zhang et al., 2018). As shown in Figures 2C,D, nucleic acids and proteins leaked from V. parahaemolyticus cells after the treatment of MOEO, the effect was dose related. There was no obvious difference between OD260 and OD280 value of 0.25 × MIC and 0.5 × MIC with the control. The nucleic acids and proteins treated with 0.25 × MIC MOEO increased by 1.47, 1.25 times compared to control, respectively. These results were consistent with Dai et al. (2021) that they found Litsea cubeba essential oils disrupted the integrity of Escherichia coli and caused the leakage of nucleic acids and proteins. This finding suggested that MOEO destroyed the cell membrane leading to the increase in extracellular proteins and nucleic acids.



Electron Microscopic Observations

The morphological alterations of the cells and spores treated with different concentrations of MOEO (2×, 1×, 0.5×, and 0.25× MIC, respectively) were observed by SEM. In Figure 3A, the control showed rod-shaped cells with intact morphology and smooth surface, the cell had intact and dense protoplasm. In contrast, the cell structure changed significantly after treatment with different concentrations of MOEO. Irregular and distinct wrinkled with pucker and small holes appeared on the surface of V. parahaemolyticus treated with 0.25 × MIC MOEO. More cells became distorted and shriveled in 0.5 × MOEO treatment. The 1 × and 2 × MIC MOEO treated samples caused more severe membrane damage and the surface had many dents and wrinkles. Together, these results were consistent with the conclusions above, confirming that the bacterial cell membrane was damaged by treatment with MOEO. A similar change of Shewanella putrefaciens in SEM images after phenyllactic acid treated was reported (Fang et al., 2021). Ferreira et al. (2011) found that the Pseudomonas fluorescens appeared rougher with wrinkles and membrane deformed after citral treatment. All these results indicated that MOEO treatment disrupted the cell walls and cell membranes of the bacteria at different levels. Cells were disrupted and divided as a result of the loss of cell integrity.
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FIGURE 3. Effects of Melissa officinalis L. essential oil on V. parahaemolyticus shown in SEM [(A) The magnification is 50,000×], TEM (B) images, and the FTIR spectroscopy (C). CK is the V. parahaemolyticus without Melissa officinalis L. essential oil treated.


Morphological changes of V. parahaemolyticus after treatment with MOEO (1 × and 0 × MIC, respectively) were observed by TEM. Cellular secretions in treated cells were found to leak in the surrounding medium by TEM studies (Guo et al., 2018). The controlling group kept the typical bacterial morphology with clear cytoplasm, cell wall, cell membrane, and nuclei (Figure 3B). Cells that were treated with 1 × MIC MOEO (Figure 3B) showed a marked variability. Bacterial cell membranes and walls were disrupted, lysed, and broken. In addition, the cytoplasm of the bacteria extravasated, appearing as a clear cavity, slightly deformed, cell wall broken, and cytoplasm leaked from the treated V. parahaemolyticus. Deng et al. (2021) demonstrated that anthocyanins inhibited the growth of E. coli by disrupting the bacterial cell wall and plasma membrane making cell dissolution and cytoplasmic released. Dai et al. (2021) reported that the strain cells treated with Litsea cubeba essential oil lead to disordered function of cell membranes and obvious intracellular injury appeared. Zhou et al. (2021) showed that treatment of E. coli with Alpinia galanga rhizomes essential oil can stimulate the efflux of intracellular material. Liu W. et al. (2020) interpreted that cell membranes and walls of P. fluorescens and S. putrefaciens treated with Daphnetin were disrupted and resolved, and the cytoplasm of the bacteria leaked, creating a clear cavity. Such phenomena suggested that adding polyphenols may disrupt cell division, leading to cells changing from classic long rod shape to short rod shape (Yi et al., 2010.). Apparently, the cells of strains that were treated with MOEO sustained major injury due to induced cell membrane dysfunction, according to the results (Chen et al., 2017).



Fourier Transform Infrared Spectroscopic

Secondary structure was measured using the FTIR technique, with the purpose of exploring the antimicrobial effect of MOEO against V. parahaemolyticus (Figure 3C). The slight changes at 982 cm–1 were attributed to the cyclic oscillation of oligosaccharides and polysaccharides (Salman et al., 2019). The 1,185–1,485 cm–1 region bands were dominated by the protein, lipids, and phosphate compounds contribution, so the peak changed at 1,386 cm–1 and showed the growth of V. parahaemolyticus was inhibited by MOEO. Changes in the characteristic peaks of absorbed at 3,260 and 1,218 cm–1 showed that MOEO may destroy cell membrane phospholipid structure (Kos et al., 2003). The 1,080cm–1 is due to symmetric phosphate stretching modes (Fujioka et al., 2004), and the decrease is probably because of the leakage of carbohydrates, nucleic acids, and polysaccharides (Salman et al., 2019). The characteristic absorption bands reduced at 1,061 cm–1 also indicating the leakage of nucleic acids. Meanwhile, the characteristic absorption bands reduced at 1,629 cm–1 suggested that protein leaked. These discoveries were the same as the result of cell membrane integrity analysis.



Effect of Melissa officinalis L. Essential Oil on Vibrio parahaemolyticus Biofilm Formation

Anti-biofilm action of MOEO was evaluated by a crystalline violet test. It was shown that MOEO prevented biofilm generation and the effect was in a dose dependent manner (Figure 4A). Biofilm quantities were reduced after subinhibitory concentrations (SICs) MOEO treated. There were 90.31 and 98.27% inhibition ratio in 0.25 × MIC and 0.5 × MIC MOEO treatments for 8 h, respectively, and no biofilm formed after 24 h. MOEO disturbed the biofilm formation from the initiation stage. As a result, MOEO demonstrated excellent suppression of biofilm formation.
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FIGURE 4. Effect of Melissa officinalis L. essential oil on biofilm formation (A), EPS production (B), and CLSM (C). CK is the V. parahaemolyticus without Melissa officinalis L. essential oil treated.


Cao et al. (2021) and Ruan et al. (2021) found that citral essential oil and resveratrol can suppress the biofilm formation in V. parahaemolyticus and E. coli. The biofilm formation in the control group decreased at 36 h may arise from cell apoptosis cutting down the amounts of bacteria that can form biofilms. The antimicrobial effect of MOEO may be related to its refrained formation of biofilm. In addition to environmental factors, the formation of biofilm was also influenced by the control of bacterial quorum sensing system (QS) (He et al., 2019). A classic two-component signal transduction system, the Lux system in Vibrio species, had been shown to contribute to biofilms’ growth (Deborah and Groisman, 2013). Liu et al. (2021) demonstrated that LuxQ, LuxU, and LuxO were critical for biofilm formation control in V. parahaemolyticus and the deletion mutants among them displayed analogous biomembrane-forming. It can be concluded that MOEO inhibited the expression of LuxQ, LuxU, and LuxO, thus reducing the formation of biofilms (Figure 5).


[image: image]

FIGURE 5. The transcription levels of virulence related genes of V. parahaemolyticus treated with Melissa officinalis L. essential oil. CK is the V. parahaemolyticus without Melissa officinalis L. essential oil treated.




Inhibition of Motility by Melissa officinalis L. Essential Oil

In Figure 6, MOEO decreased swimming and swarming motilities of V. parahaemolyticus with a dose-dependent effect. With increasing MOEO concentration, the colony’s diameters of V. parahaemolyticus reduced. Swimming motility of V. parahaemolyticus was markedly suppressed at 0.25 × MIC compared to the control. When the concentration was 0.5 × MIC, smaller colonies of bacteria were observed, illustrating higher inhibition of swimming motility. In addition, the active effect of MOEO to control swarming motility was also shown. The swarming motility of bacteria was suppressed by 0.25 × and 0.5 × MIC MOEO. As the diameter of bacterial colonies decreased, bacterial colonies progressively grew thinner. Jin et al. (2021) revealed that the garlic essential oil prevented the motility of Bacillus cereus ATCC 14579, and this experiment has indicated that MOEO could also restrict swarming and swimming motility of V. parahaemolyticus. The ability to swarm enabled V. parahaemolyticus cells to move through the environment, making it possible for them to get a suitable surface to stick to Jin et al. (2021).
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FIGURE 6. Effects of Melissa officinalis L. essential oil on the motility of V. parahaemolyticus. CK is the V. parahaemolyticus without Melissa officinalis L. essential oil treated.




Exopolysaccharides Production

Adhering to a solid surface, bacteria allowed bacteria to keep growing and secreting a matrix of biofilm outside the polymer, which included nucleic acids, proteins, and EPS. Extracellular polymeric matrix constituted 80% of the biofilm and formed a mature biofilm architecture. EPS is one of the main constituents of the extrapolymeric matrix. Therefore, it is important to suppress or decrease the production of EPS to control the biofilm formation (Liu F. et al., 2020).

Detection of EPS level in V. parahaemolyticus biofilms by quantification assay. In Figure 4B, adding 0.25 × and 0.5 × MIC MOEO markedly suppressed EPS contents in V. parahaemolyticus biofilms and EPS production decreased 4.87 and 17.48% in 0.25 × MIC and 0.5 × MIC MOEO treated samples, respectively. Thus, treatment with 0.25 × and 0.5 × MIC MOEO can suppress EPS production of V. parahaemolyticus cells in biofilms. The decrease of EPS was consistent with the result of the decreased biofilm production. Extracellular polymers of biofilms played an important part during the initial stages of adherence and biofilm formation by bacteria (Colagiorgi et al., 2016). Bacterial biofilms gave bacteria cells protection against harsh environments (Stoodley et al., 2002), and the inhibition of MOEO on V. parahaemolyticus growth can also be explained.



Confocal Microscopy Observations (Confocal Laser Scanning Microscopy)

In Figure 4C, V. parahaemolyticus cells are not exposed (a, control) and exposed to 0.25 × and 0.5 × MIC MOEO. The amount of biofilm production was observed by treating the biofilm with SYBR Green I (Morozov et al., 2021). The results showed that the formation of biofilm matrix can be controlled by MOEO. According to CLSM images, biofilms were tightly attached to each other, and more cells fluoresced green in the visual field. In MOEO treated samples, biofilm structure was thin and shape appeared turbid. Compared with other groups, hardly any green in the visual field with 0.5 × MIC MOEO treated, showing that bacteria leaked the extrapolymeric matrix in the biofilm. These above phenomena were consistent with crystal violet quantitative assay.



Melissa officinalis L. Essential Oil Suppressed the Virulence Gene Presentation

Under the influence of MOEO, virulence factor-associated genes in V. parahaemolyticus were displayed in Figure 5. The regulator gene T3SS (vopS, vscF, and trh), T6SS (VP1388 and VP1407), ToxRS system (toxR and toxS), and the relation genes of QS (luxU, luxS, luxN, luxO, luxM, opaR, and aphA) were obviously lowered due to the treatment of MOEO. A greater suppression has been observed at 0.5 × MIC compared to 0.25 × MIC.

QS molecules have been shown to be implicated in the forming of bacterial biofilms (Rodolfo et al., 2016). V. parahaemolyticus mainly exploited the classical LuxI/LuxR system to create acyl homologous lactones (AHL) as signaling molecules to QS. AHL facilitated the formation of biofilm in V. parahaemolyticus (Ding et al., 2018). In Figure 5, it can be seen that MOEO controlled the expression of luxM, luxS, luxN, luxU, luxO, and opaR that were connected with QS. Liu et al. (2021) built the double deletion strains ΔluxUΔluxQ and ΔluxUΔluxO and assessed the number of biofilms, the result suggested that luxQ, luxO, and luxU were linked in the same signaling route regulating V. parahaemolyticus biofilm formation. Regarding additional Vibrio species, a recent study indicated that Vibrio cholerae used the Lux pathway by which to regulate biofilm formation (Jung et al., 2015). Ray and Visick (2012) proposed that luxQ exerted its function through luxU to regulate biofilm formation in Vibrio fischeri. LuxU controlled the transcription of syp loci (symbiotic polysaccharides) through the SypG-dependent pathway and luxO. Ray and Visick (2012) concluded that the Lux route influenced the formation of biofilms with luxU and luxU had a greater effect on biofilm formation than luxO, probably because the functions of luxU cognate appeared diverse in different Vibrio species. In general, Lux systems can affect the formation of biofilms in Vibrio species.

D-limonene, linalool, and citronellol were the main components of MOEO, which have been shown to inhibit the QS system of bacteria (Deborah and Groisman, 2013; Ding et al., 2018; Zhang et al., 2018; He et al., 2019; Dai et al., 2021; Liu et al., 2021; Zhou et al., 2021). D-limonene can inhibit the activity of signaling molecules by degrading them or reducing their production (He et al., 2019). Linalool was able to reduce the activity of signal molecule synthase or signal molecule receptor protein and block the QS pathway (Stewart and McCarter, 2003). In addition, opaR can encode the key regulator at high cell density (Deborah and Groisman, 2013), tdh was the particular element of virulent V. parahaemolyticus strain (Liu et al., 2021). They were all inhibited by the gene expression.

Previous study on this bacterium revealed that T3SS system and T6SS system assisted the existence and multiplication of the bacterium in the human gastrointestinal tract. Furthermore, some effector proteins were produced by these secretion systems that were involved in immunosuppression, cytotoxicity, and dysregulation to the actin network (Burdette et al., 2008; Hubbard et al., 2016). Xiaohui et al. (2010) discovered that VP1686 secreted from T3SS was accountable for the cytotoxicity of the host cell. Toshio et al. (2008) identified vopD2 and vopB2, two effector proteins under T3SS, in charge of pore formation and cytotoxicity from infected cells. After treatment with MOEO, the relation genes of T3SS system and T6SS system expression were downmodulated, which may cause suppression of biofilm generation and virulence.

ToxRS is a chromosomally encoded gene with the primary function of regulating the virulence factors expression. The two-component regulator ToxRS proved to be critical to bacterial persistence and virulence of V. parahaemolyticus at the time of host infection (Yiquan et al., 2018). This study revealed that MOEO significantly repressed the toxR and toxS genes transcription from a dose-dependent manner.




CONCLUSION

This research investigated the antimicrobial activity of MOEO against V. parahaemolyticus and its mechanism. The MIC of MOEO action on V. parahaemolyticus was 1 μL⋅mL–1. MOEO disrupted cell wall and membrane integrity, resulting in nucleic acid and protein efflux. SEM, TEM, and CLSM outcomes illustrated that MOEO altered the morphology of bacterial cells, allowing the efflux of materials in bacteria. FTIR spectra revealed that MOEO broke the phospholipid structure on the membrane, leading to nucleic acid and protein efflux, inhibiting the V. parahaemolyticus growth. At SICs, MOEO reduced the quantity of biofilm, slackened the biofilm structure, inhibited motility, as well as significantly reduced its potential virulence. MOEO impeded the process of QS in V. parahaemolyticus, downmodulated the regulatory genes T3SS, T6SS, and ToxRS system and the relational genes of QS to inhibit biofilm production. Those results demonstrated that MOEO can reduce the virulence risk even if the MOEO concentrations in food or packaging have not reached MIC for V. parahaemolyticus. Thus, MOEO is a promising natural preservative for the food industry, becoming a viable solution to decrease microbial growth.
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