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Introduction: Bacteriocin P7 was extracted from the cell-free supernatant (CFS) of Bacillus velezensis G7, which is a strain isolated from mangrove plants.Methods: In this study, the culture conditions of B. velezensis G7 were optimised using an orthogonal test. The (CFS) was subsequently purified by using TA-GF75 gel chromatography, Tiderose Q HP anion chromatography and reversed-phase high-performance liquid chromatography (RP-HPLC). Finally, the bacteriocin was identified by using LC-MS/MS.Results and discussion: The optimal culture conditions for B. velezensis G7 are 4.5 g/100 mL glucose, 1.5 g/100 mL yeast, and 1.2 g/100 mL MgSO4·7H2O. The stability of the CFS is affected by several factors, including heat, UV treatment and different storage conditions. High temperatures and long UV irradiation treatments significantly reduce the stability of CFS, which is more sensitive to strong acids, bases and enzymatic degradation. The minimum inhibitory concentration (MIC) of purified bacteriocin P7 against S. aureus was determined to be 30.352 μg/mL. On the basis of the results of the haemolytic activity assay, it was concluded that the use of bacteriocin P7 at concentrations equal to or below the 2 × MIC is safe. The addition of organic solvents and inorganic salts did not affect the bacteriocin P7, while the incorporation of SDS could enhance its antimicrobial efficacy. The bacteriocin was subjected to analysis by LC-MS/MS, which revealed that it was similar to the class I bacteriocin amyloliquecidin GF610. The findings of the present study indicate that the endophytic B. velezensis G7 from mangrove plant can produce bacteriocins, thereby providing a reference point for the expansion of novel bacteriocin sources.Keywords: mangroves, bacteriocin, optimization, Bacillus velezensis, culture
1 INTRODUCTION
Mangrove forests are wetland forests composed of saline tree and shrub species distributed between tropical and subtropical land and sea around the world (Friess, 2016). Due to the specialised nature of their habitats, their metabolic pathways different from those of terrestrial microorganisms and are rich in novel metabolites. A fungus, Aspergillus fumigatus JRJ111048, whose metabolites include one new lipid amide 11-methyl-11-hydroxydodecanoic acid amide, was isolated from the leaves of Acrostichum specioum, a mangrove plant endemic to Hainan, and this new compound showed strong insecticidal activity against newly hatched larvae of Bacillus Species (Islam et al., 2022). Different endophytes are present in mangrove plants and soils, for example, in the mangrove forests of the Andaman Nicobar Islands, India, a total of three Bacillus species were found, two of which were identified as Bacillus subtilis and B. velezensis (Guo et al., 2017). Extracts of mangrove fruits, roots, stems and leaves have been observed to possess antimicrobial, antioxidant, anti-inflammatory and anticancer activities (Acharya et al., 2023). The majority of plants in mangrove ecosystems are angiosperms that produce specific secondary metabolites, which are employed to control and even communicate with phytopathogenic bacteria and fungi. Plants are subjected to attack by phytopathogenic bacteria, fungi and viruses and, in response, produce a substantial number of antimicrobial secondary metabolites (Sulaiman et al., 2022). In one study, a total of 386 strains of Lactobacillus spp. were isolated from mangrove forests in southern Thailand. Four strains were selected for screening on the basis of their potential to produce antimicrobial secondary metabolites, specifically bacteriocins, which demonstrated inhibitory activity against Lactobacillus sakei, Listeria monocytogenes and Brochothrix thermokilleri (Hwanhlem et al., 2013). Bacillus species may produce bacteriocins that resemble those produced by lactic acid bacteria, such as lantibiotics and pediocin-like bacteriocins. Bacillus is widespread in soil, plants, food and the intestines of animals, and its trophozoites divide and multiply approximately every half hour. Changes in environmental factors such as nutrient status, temperature, pH, oxygen content and salt concentration can trigger the transformation between the spores and the nutrients. Bacillus is characterised by high temperature resistance, rapid resurrection and strong secretion of enzymes, and can survive under both aerobic and anaerobic conditions. In the lack of nutrients, drought and other conditions to form spores, in the right conditions and can re-emerge into nutrients. Bacillus has a large number of strains with special functions, and these strains show a wide range of potential applications in various fields such as livestock and poultry breeding, agriculture and medicine.
Bacteriocins are peptides synthesized by ribosomes with antimicrobial activity (Li et al., 2024). The genus Bacillus is the primary source of bacteriocins. Many Bacillus species produce a variety of bacteriocins, including Bacillus thuringiensis, Bacillus thermophilus, Bacillus licheniformis, Bacillus cereus, Bacillus amyloliquefaciens, B. subtilis, and Bacillus coagulans (Elazzazy et al., 2024). Bacillus bacterin has broad-spectrum antimicrobial activity, showing effectiveness against both gram-positive and gram-negative bacterial strains (Bastos et al., 2008; Wang Z. et al., 2024). Bacteriocins from B. velezensis significantly inhibited Streptomyces scabies, with a minimum inhibitory concentration of 10.58 μg/mL, and were stable to UV radiation and high temperature (Zhao et al., 2022).
The nutrient composition of a medium influences the microbial fermentation process (Gomes et al., 2022). More specifically, small changes in the composition of the fermentation medium can significantly affect the production and metabolic composition of microorganisms (Vlajkov et al., 2022a). To increase the capacity of Bacillus to produce bacteriocins, the development of an efficacious medium to augment the production of bacteriocins by Bacillus through the screening of carbon, nitrogen, and inorganic salt components is regarded as a viable strategy (Lajis, 2020). Taswar Ahsan (Ahsan et al., 2023) screened B. velezensis BP-1 fermentation medium by determining 15 g/L crude flour as a carbon source, 13.68 g/L peanut root extract as the nitrogen source, and 0.50 g/L magnesium sulfate as the inorganic salt component of the medium, which led to 90% inhibition of Peyronellaea arachidicola. Adequate addition of magnesium sulphate can change the medium from neutral to weakly alkaline, creating a more favourable environment for the growth of certain microorganisms. Mg2+ in magnesium sulphate plays an important role in the manufacture of proteins by activating a variety of enzymes and participating in the synthesis of amino acids, the transcription and translation of genes, the production of proteins that are structural components of the ribosome, and other processes (Chen et al., 2025).
A total of 227 culturable endophytes were isolated from mangrove roots tissues of the species Avicennia marina from Zhanjiang Mangrove Nature Reserve, Guangdong Province, China. In this experiment, an endophytic strain G7 was used, which exhibited good antimicrobial activity against both Gram-positive and Gram-negative bacteria, demonstrating broad-spectrum antimicrobial activity, and its culture medium was optimised. The stability and haemolysis of the cell-free supernatant were determined, and the bacteriocin was purified by gel chromatography, ion chromatography and high-performance liquid chromatography. The bacteriocin was also identified by LC-MS/MS. The experimental scheme of this study is shown in Figure 1. These results provide a theoretical basis for the research and application of bacteriocins in food, agriculture, and animal husbandry.
[image: Figure 1]FIGURE 1 | The experimental scheme of this study.
2 MATERIALS AND METHODS
2.1 Reagents and strains
B. velezensis G7 was isolated from Zhanjiang Mangrove Forest Nature Reserve, Guangdong, China. The bacterial strains used in this study, including Escherichia coli (CMCC(B)44,103), Pseudomonas aeruginosa (ATCC9027), Staphylococcus aureus (ATCC25923), and L. monocytogenes (ATCC19115), were obtained from Huankai Microbiology Technology Co (Guangzhou, Guangdong, China). All strains were cultured in LB liquid medium and stored at −80 °C with a solution of glycerol at a concentration of 30%. Chicken blood obtained from hongquan bio-tel(Guangzhou, Guangdong, China).
2.2 Optimisation of single components of culture media
B. velezensis G7 was inoculated in LB liquid medium overnight at 30 °C, then inoculated with 2% of the inoculum into different media and incubated at 180 rpm and 30 °C for 24 h. Following this, the mixture was centrifuged at 8000 rpm and 4 °C for 30 min, after which the supernatant was filtered through a 0.22 μm membrane to obtain the CFS. The extent of bacterial inhibition was determined by measuring the diameter of the inhibition zone formed around the inoculation site on solid agar plates. Specifically, the overnight-cultured indicator bacteria were inoculated into an unconsolidated LB solid medium at an inoculum of 1%, and wells were punched with a sterilised punch. Subsequently, 200 μL of CFS was added to the wells, and the culture was incubated at 37°C for 24 h. Thereafter, the inoculum was filtered through a 0.22 μm filter membrane at 4°C to obtain the CFS.
The carbon source medium consisted of 2 g/100 mL yeast and 1.0 g/100 mL NaCl. Glucose, sucrose, fructose, cyclodextrin, and maltose were added to the basal medium at a concentration of 2 g/100 mL. The nitrogen source medium was supplemented with glucose, the optimal carbon source. The nitrogen source basal medium consisted of 2 g/100 mL glucose and 1.0 g/100 mL NaCl. Yeast, casein, peptone, beef meal, and fish protein at a concentration of 2 g/100 mL were added to the basal medium. The inorganic salt medium consisted of 2 g/100 mL glucose and yeast. Magnesium sulfate heptahydrate, dipotassium hydrogen phosphate, sodium chloride, calcium chloride, and ammonium persulfate were added to the basal medium at a concentration of 1 g/100 mL.
2.3 Optimisation of the carbon, nitrogen and inorganic salt contents in culture media
The optimum carbon source, nitrogen source and inorganic salts were selected as the basic medium. To optimize the amount of carbon source additive, concentrations of 1, 2, 3, 4, 5, and 6 g/100 mL glucose were added. To optimize the amount of nitrogen source additive, concentrations of 1, 2, 3, 4, 5, and 6 g/100 mL yeast were added. For the optimization of inorganic salt, MgSO4·7H2O was added at concentrations of 0.6, 0.8, 1.0, 1.2, 1.4, and 1.6 g/100 mL. The antimicrobial activity of the above culture supernatants was determined under the same experimental conditions, and all three sets of replicates were performed.
2.4 Orthogonal test
According to the optimised medium screened by the one-way test, Orthogonal tests were designed by Latin was carried out as shown in Table 1. The three factors were the optimal carbon, nitrogen and inorganic salts screened, the three levels were the optimal additive amounts of the factors, and three-factor and three-level analyses were carried out. The experiment was repeated three times.
TABLE 1 | Orthogonal experimental design factor level table.
[image: Table 1]2.5 Stability of CFS
2.5.1 Acid‒base stability
The treated CFS was divided into five equal parts, adjusted to pH 2, 4, 6, 8 and 10 with 1 mol/L HCl or NaOH, stored in a refrigerator at 4°C for 24 h, and then adjusted back to the natural pH for the detection of antimicrobial activity (Ming et al., 2022).
2.5.2 UV stability
The appropriate amount of treated CFS was divided into five equal portions, the CFS broth was placed under ultraviolet light (30 W) for 10, 20, 40, 60 and 90 min, and then the antimicrobial activity was tested (Ming et al., 2022).
2.5.3 Temperature stability
An appropriate amount of treated CFS was divided into five equal portions, the CFS broth was placed in a water bath at 40, 60, 80, or 100°C for 60 min and 121°C for 20 min, and then the mixture was cooled to room temperature to detect the antimicrobial activity (Ming et al., 2022).
2.5.4 Storage stability
The treated CFS was divided into three equal portions and stored at 4°C, −25°C and −80°C for 0, 3, 6, 9, 12, 18 and 24 days for the detection of antimicrobial activity (Ming et al., 2022).
2.5.5 Protease stability
The appropriate amount of treated CFS was divided into five equal portions, pepsin, trypsin, papain, protease K, and protease E were added to the CFS (1 g/mL), and the antimicrobial activity was detected by heating in a water bath at 37°C for 1 h (Ming et al., 2022).
2.6 Isolation and purification of bacteriocin
The optimised culture conditions for B. velezensis G7 consisted of a liquid volume of 30 mL, an inoculum volume of 2%, an incubation temperature of 30°C and an incubation time of 24 h. The culture was subsequently centrifuged at 4°C for 30 min at 8000 rpm, and the supernatant was concentrated 10-fold using a rotary evaporator, followed by filtration through a 0.22 μm filter membrane. The concentrated crude extract was loaded onto a deionised water-equilibrated TA-GF75 gel column and subjected to purification at a flow rate of 0.55 mL/min. The obtained fraction with bacteriostatic effects was concentrated and loaded onto a Tiderose Q HP anionic column equilibrated with 1 mol/L NaCl and subjected to anionic column purification at a flow rate of 3 mL/min (Ma et al., 2025). The fraction with bacteriostatic activity was then concentrated and subjected to RP‒HPLC separation and purification. This process consisted of mobile phase A (ddH2O+0.1% TFA) and mobile phase A (acetonitrile+0.1% TFA). The elution procedure was as follows: 5% B; 11–20 min, 5%–50% B; 21–30 min, 50%–70% B; and 31–38 min, 70%–95% B. The bacteriostatic activity of the isolated bacteriocin was detected via the solid agar perforation method and the micro broth twofold dilution method. The bacteriocins were concentrated and stored at −80°C for later use. The molecular weights of the bacteriocins were determined via Tricine-SDS‒PAGE. The gels were electrophoresed at 30 V for 1 h and then electrophoresed at 100 V, after which the gels were stained with Coomassie blue (Peng et al., 2024).
2.7 LC‒MS/MS
Qingdao Stantec Standard Testing Company, Shandong, China, conducted the LC‒MS/MS analysis of bacteriocin P7 (Selvam et al., 2021). The sample was processed before mass spectrometry analysis: total bacteriocin was extracted, enzymatically digested, and desalted, and the supernatant was left. Separation was carried out on a chromatographic column with an injection volume of 1 μL. Equilibration was performed with 92% liquid A (0.1% formic acid aqueous solution). The relevant liquid‒phase gradient was set as follows: 0–98 min, the linear gradient of liquid B (0.1% formic acid acetonitrile aqueous solution (80% acetonitrile)) was from 8% to 28%; 98–113 min, the linear gradient of liquid B was from 28% to 37%; 113–117 min, the linear gradient of liquid B was from 37% to 100%; and 117–---- 120 min, liquid B was maintained at 100%. Mass spectrometry analysis was performed on a Thermo QE HF mass spectrometer (Thermo Fisher) with an analysis duration of 120 min. Detection mode: positive ions. The mass‒charge ratios of the peptides and fragments of the peptides were determined according to the following method: 20 fragment profiles were collected after each full scan (MS2 scan). The scanning range was 400–1800, the primary resolution was 60,000, the secondary resolution was 15,000, and the collision energy was CE28eV. The bacteriocin identification results were obtained by searching the corresponding databases with Proteome Discoverer 2.5 (Banerjee et al., 2017).
2.8 Analysis of the bacteriocin propertie
2.8.1 Minimum inhibitory concentration (MIC)
The MIC was determined via a twofold micro broth dilution method. One hundred microlitres of S. aureus were diluted 1 × 10−3 times with LB, 100 μL of diluted S. aureus was added to 96-well plates, and then 100 μL of bacteriocin was serially diluted in 96-well plates containing indicator bacteria. At the same time, the wells containing bacteriocin and indicator bacteria were used as the control, and bacterial growth was observed after 16 h at 37°C. As a control, bacterial growth was observed at 37°C for 16 h. The lowest concentration at which the medium was clear to the naked eye and no bacterial growth was observed was judged to be the lowest inhibitory concentration of the drug (Banerjee et al., 2017).
2.8.2 Haemolytic effects of bacteriocin P7
The appropriate amount of domestic chicken blood was taken and centrifuged at 4 °C and 1000 × g for 10 min to obtain erythrocytes, which were washed three times with PBS, and the erythrocytes were fully suspended during the washing process. At the same time, the fragmentation of erythrocytes was avoided as much as possible, and the erythrocytes were subsequently resuspended in PBS. Different concentrations of bacteriocin solution (1 × MIC, 2 × MIC, and 4 × MIC) were mixed with an equal volume of erythrocyte suspension, added to a 2 mL centrifuge tube and incubated at 37°C for 1 h. The mixture was centrifuged at 4°C and 1000 × g for 10 min to obtain the supernatant, 100 μL was added to a 96-well plate, and an enzyme marker was used to measure the absorbance at 540 nm. Under the same treatment conditions, 0.1% Triton X-100 and PBS were used as positive controls and blank controls, respectively. The OD540 value of the PBS-treated erythrocyte solution was considered 0% haemolysis, and the OD540 value of the 0.1% Triton X-100-treated erythrocyte solution was considered 100% haemolysis (Selvam et al., 2021; Banerjee et al., 2017). The formula for calculating the haemolysis rate of bacteriocins is as follows:
[image: image]
where A is the OD540 value of blood cells after treatment with bacteriocin, A1 is the OD540 value of blood cells after treatment with PBS, and At is the OD540 value of blood cells after treatment with Triton X-100.
2.8.3 Effects of different chemicals on the bacteriostatic activity of bacteriocin P7
The bacteriocin P7 was divided into five equal portions (1 mL) and mixed with EDTA, SDS, CO(NH2)2 and 25% CH3OH and 25% C2H5OH at a mass ratio of 1%. After 2 h at room temperature (25–27°C), the bacteriostatic activity of the mixture was determined via the solid agar perforation method with S. aureus used as an indicator organism, and the bacteriocin mixture not treated with the chemical agents was used as a blank control (Banerjee et al., 2017).
2.8.4 Effects of different inorganic salts on the bacteriostatic activity of bacteriocin P7
The bacteriocin was divided into five equal portions (1 mL), and 10 μL of NaCl, CaCl2, KCl, ZnSO4, or MgCl2 at a concentration of 2 mol/L was added and mixed. Bacteriocin without inorganic salts was used as a control, and the inhibitory activity of the mixtures was measured by solid agar perforation to test the effect of the inhibitory activity of the bacteriocin via different metal ions.
3 RESULTS
3.1 1Identification of strain G7
A strain with remarkable bacterial inhibition was screened, and a total of 857 bacterial strains were isolated from the mangrove roots. Among these strains, G7 exhibited exceptional bacteriostatic activity. The 16S rRNA gene sequence of G7 was amplified through PCR and compared with several B. velezensis strains, revealing a high degree of similarity (Figure 2). Consequently, the isolate was designated B. velezensis G7.
[image: Figure 2]FIGURE 2 | Circular evolutionary tree based on 16S rRNA.
3.2 Screening of single components of culture media
Figure 3 shows the single-component screening of the medium, which comprises glucose as a single carbon source, yeast as a single nitrogen source, and MgSO4·7H2O as a single inorganic salt. The antimicrobial agents were effective against all four indicator bacteria, with the greatest inhibition observed against S. aureus and L. monocytogenes, both of which were greater than 20 mm in diameter.
[image: Figure 3]FIGURE 3 | Inhibitory effects of different components of the medium. (A) Comparison of the size of the circle of inhibition on different carbon sources; (B) comparison of the size of the circle of inhibition on different nitrogen sources; (C) comparison of the size of the circle of inhibition on different inorganic salts.
3.3 Optimisation of the amount of each ingredient added
As shown in Figure 4A, glucose at the right concentration will have a certain inhibitory effect on the indicator bacteria, and the inhibitory effect may be deteriorated by using too much, and the inhibitory effect on the indicator bacteria will be most obvious when the concentration of glucose is 3.0 g/100 mL. As shown in Figure 4B, the inhibitory effect on the growth of indicator bacteria was more pronounced at a yeast concentration of 2.0 g/100 mL, and disappeared as the concentration was increased to 6.0 g/100 mL for the growth of P. aeruginosa and E. coli. As shown in Figure 4C, when the MgSO4·7H2O concentration was 1.2 g/100 mL, the most pronounced inhibitory effect was observed. Consequently, this concentration was selected as the inorganic salt concentration for the medium.
[image: Figure 4]FIGURE 4 |  Inhibitory effects of component additions to the culture medium. (A) Glucose; (B) yeast; (C) MgSO4·7H2O; (g/100 mL).
3.4 Orthogonal test results
The results of the one-factor level test indicated that glucose, yeast and MgSO4·7H2O were the components of the fermentation medium. Latin software was employed to select three factors and three levels for orthogonal test optimisation, and the resulting level scheme is presented in Table 1. As shown in Tables 1–3, as a component of the medium, yeast was the main influencing factor followed by glucose and magnesium sulphate heptahydrate. According to the comparison between K values, the most pronounced inhibitory effect was observed in group 9. Therefore, the optimal culture conditions for strain G7 were identified as 4.5 g/100 mL glucose, 1.5 g/100 mL yeast, and 1.2 g/100 mL MgSO4·7H2O.
TABLE 2 | Inhibitory effects of different fermentation broths in the orthogonal test.
[image: Table 2]TABLE 3 | Analysis of variance table (ANOVA).
[image: Table 3]3.5 Stability results of fermentation broth
The pH of the control protein was 6.5. As shown in Figure 5A, different pH values affected the antimicrobial activity of the CFS for all four indicator bacteria. Among pH 8 and 9, the size of the circle of inhibition of CFS against E. coli (control: 15.96 ± 0.66) was 12.24 ± 0.24 and 12.12 ± 0.38, and the size of the circle of inhibition of CFS against P. aeruginosa (control: 13.96 ± 0.06) was 11.92 ± 0.33 and 10.05 ± 0.28. Compared with that of the control, and the antimicrobial activity was highly significantly reduced (P < 0.01). As shown in Figure 5B, compared withthe control group, the antimicrobial activity of CFS against L.monocytogenes (control:23.78 ± 0.29) decreased significantly (P < 0.05) with increasing UV irradiation time with a circle of inhibition size of 22.56 ± 0.59 after 80 min and against E. coli after 90 min (P < 0.05) with a circle of inhibition size of 14.14 ± 0.39. CFS was heated in a water bath at 40–100°C for 60 min and autoclave at 121°C for 20 min before observing the change in antimicrobial activity. As shown in Figure 5C, the CFS was stable at 40–60 °C, with no significant difference. With increasing temperature, the antimicrobial activity of the CFS against E. coli and P. aeruginosa decreased significantly at 80 °C (P < 0.05), and at 100 °C, there was no antimicrobial activity against P. aeruginosa. At 120 °C, only antimicrobial activity against S. aureus was detected. As shown in Figure 5D, the control group was not subjected to enzyme treatment. compared with that of the control group, the antimicrobial activity of the culture broth treated with trypsin against E. coli decreased. The antimicrobial activity of the culture broth treated with papain showed a decline against L. monocytogenes, E. coli, and P. aeruginosa. The antimicrobial activity of the culture broth treated with pepsin and protease E against E. coli, P. aeruginosa, S. aureus and L. monocytogenes decreased. As shown in Figures 5E–G, the antimicrobial activity of the CFS stored at 4°C, −20°C and −80°C for 0–18 days remained relatively stable compared with that of the control group.
[image: Figure 5]FIGURE 5 | Stability of the cell-free supernatant. (A) Acid-base stability; (B) UV stability; (C) temperature stability; (D) enzyme stability; (E) 4°C storage stability; (F) −20°C storage stability; (G) −80°C storage stability; where Control is the control condition; note that *indicates a significant difference (P < 0.05) and **indicates a highly significant difference (P < 0.01).
3.6 Purification of bacteriocin P7
Gel chromatography separates molecules based on their size; within the column, molecules larger than the gel voids are excluded and left directly out of the column, small molecules seep into the gel voids, and medium-sized molecules fall somewhere in between. The main components of the gel column packing GF75 used in this experiment are highly cross-linked agarose and dextran. The separation range for linear molecules is 0.5kd∼30kd, for spherical molecules 3kd∼70kd, and for nucleic acids less than 50bp. Following gel chromatography of the CFSs via the TA-GF75 method, three distinct peaks were obtained. As shown in Figure 6, the second peak exhibited notable bacteriostatic efficacy. The fraction corresponding to the second peak was concentrated and subjected to further purification via Tiderose Q HP anion chromatography to finalise the three peaks. Ion chromatography controls the adsorption and desorption of various ionic substances on the surface of the resin to achieve the separation and detection of ions. As shown in Figure 7, the initial peak exhibited notable bacteriostatic efficacy. The fraction collected and corresponding to the initial peak was subsequently concentrated and purified via RP-HPLC, the working principle is that each component of the mixture has a different magnitude and strength of interaction between the mobile and stationary phases, resulting in different retention times in the stationary phase, which sequentially flow out of the column and into the detector for detection. As shown in Figure 8A, Three different peaks appeared, with the initial peak showing significant antimicrobial activity. We collected the initial peak and then purified it again by RP-HPLC as shown in Figure 8B as a single peak.
[image: Figure 6]FIGURE 6 | TA-GF75 gel chromatography.
[image: Figure 7]FIGURE 7 | Tiderose Q HP anion chromatography.
[image: Figure 8]FIGURE 8 | RP-HPLC purification (A) First isolation and purification (B) Second isolation and purification.
Furthermore, tricine-SDS‒PAGE analysis of bacteriocin P7 revealed that its molecular weight fell within the range of 6.5–14.4 KDa. The antimicrobial activity of the protein was measured by solid agar perforation method, The same research method was used by Haotian Ma (Ma et al., 2025) and Jinju Peng (Peng et al., 2024). The diameters of the antimicrobial circles of the protein (60.704 μg/mL) against S. aureus and L. monocytogenes were 27.49 and 19.21 mm, respectively (Figure 9).
[image: Figure 9]FIGURE 9 | Gel electrophoresis and antibacterial activity of bacterial P7 (A) Bacterial P7 gel electrophoresis. M: marker; 1: bacteriocin P7; (B) Listeria monocytogenes (C) Staphylococcus aureus 1: bacteriocin P7; 2: blank control.
3.7 LC‒MS/MS
The results were subjected to analysis via LC‒MS/MS and are presented in Table 4. On the basis of the coverage and relative molecular weight of the bacteriocin, it was postulated that the substance should be a class I bacteriocin, similar to amyloliquecidin GF610. This bacteriocin was shown to be active against L. monocytogenes, Clostridium perfringens, Clostridium difficile, S. aureus and Bacillus acidophilus, with MICs ranging from 0.5 to 7.0 μmol/L,the mic against S. aureus was 10 umol/L (Gerst et al., 2022). Bacteriocin p7 isolated in the present study had similar antimicrobial activity and was more effective against S. aureus and L. monocytogenes, where the mic against S. aureus was 30.352 μg/mL. Consequently, this bacteriocin is considered a novel bacteriocin with similarities to amyloliquecidin GF610.
TABLE 4 | Identification of several proteins by LC-MS/MS.
[image: Table 4]3.8 Physicochemical properties of bacteriocin P7
The MIC of purified bacteriocin P7 against S. aureus was determined to be 30.352 μg/mL. As shown in Figure 10A, the haemolytic activity of the bacteriocin at concentrations of MIC-2 × MIC was less than 10%, and at a concentration of 4 × MIC, the haemolytic activity was 10.949%, which was slightly toxic. Overall, the concentrations of the MIC-2 × MIC bacteriocin are safe. As illustrated in Figure 10B, the five organic solvents had no notable effect on the antimicrobial activity. Interestingly, organic solvents such as SDS increased the inhibitory activity of bacteriocin P7. As shown in Figure 10C, compared with the control group, the MgCl2 and CaCl2 groups presented highly significant (P < 0.05) and significant (P < 0.01) reductions in the antimicrobial activity of bacteriocin P7, respectively. In contrast, the remaining substances had no significant effect.
[image: Figure 10]FIGURE 10 | Haemolytic activity of bacteriocin P7 and the effects of organic solvents and inorganic salts on bacteriocin P7. (A) Haemolytic activity; (B) organic solvent; (C) inorganic salt. Note: *indicates a significant difference (P < 0.05), **indicates a highly significant difference (P < 0.01).
4 DISCUSSION
Bacteriocins are small peptides synthesized by ribosomes. They are secreted to inhibit the growth of competing bacteria, fungi and some parasites. Therefore, bacteriocins have potential applications in food preservation, animal husbandry, agriculture, and medicine (Fernandes and Jobby, 2022). In the food industry, bacteriocins are always used as natural preservatives to extend the shelf life of food and to prevent spoilage of dairy products. Nisin is the first FDA-approved bacteriocin that has been used in the preservation of pasteurized processed cheese spread (Lahiri et al., 2022). Also, some bacteriocins are used in animal clinical studies and experiments, for instance, the therapeutic efficacy of pyocins had been confirmed in a murine model of P. aeruginosa sepsis (Six et al., 2021).The composition of the medium has a very large effect on bacteriocin production and bacterial growth, so the production medium needs to be optimised to maximise metabolite production. Carbon is the most important medium component, and the rate of metabolism of carbon sources usually affects the formation of biomass and the production of primary or secondary metabolites (Wang et al., 2018). In this study, glucose was chosen as the carbon source of the fermentation medium, with better antimicrobial activity, and the best effect was achieved at a concentration of 4.5 g/mL, and its antimicrobial effect was affected by either too high or too low concentration. Similar outcomes were achieved by Chang Qing Zhao (Zhao et al., 2017), who optimised the medium for the production of microbial flocculants from B. subtilis and identified 20 g/L glucose as the most effective carbon source. The selection of carbon sources as key macronutrients for the growth and reproduction of productive microorganisms and their metabolic activities is considered the first step in the optimisation of culture media. The assimilative capacity of certain carbon sources, as well as their nature and origin, affects biomass growth as well as the type and yield of metabolites (Vlajkov et al., 2022b).
In terms of nitrogen sources, yeast resulted in higher production of bacteriocin P7. This may be because microorganisms can utilise inorganic or organic nitrogen sources. In some cases, the use of specific amino acids can increase productivity; in contrast, unsuitable amino acids may inhibit the synthesis of secondary metabolites (Singh et al., 2017). In the present study, when casein was used as a nitrogen source, the antimicrobial activity of strain G7 was decreased and activity against P. aeruginosa disappeared.
Moreover, MgSO4·7H2O was chosen as the inorganic salt component of this medium and was able to increase the expression of bacteriocin P7. Mg2+ is involved in a variety of physiological roles, such as signalling, energy metabolism, fatty acid synthesis, ribosome stabilisation and protein synthesis. The effects of many of these metal ions on the physiological activity of microorganisms are concentration dependent, with low concentrations often showing stimulatory effects and high concentrations showing inhibitory effects (De Leersnyder et al., 2018). Fakher Kamoun (Kamoun et al., 2009) optimized the culture conditions with a carbon/nitrogen ratio of 9, which resulted in more than a fourfold increase in bacteriocin production compared with the use of TSB medium. Yonghong Li (Li et al., 2022) optimised the formulation of the medium by flask fermentation, and Clostridium butyricum DL-1 reached a viable count of 1.5 × 108 cfu/mL, which was 375 times greater than that of the initial medium culture. The spore production rate was 92.6%. Therefore, the maximum product concentration can be achieved by media optimisation.
Bacillus species are capable of producing endospores that exhibit exceptional resilience to unfavourable conditions. These endospores display high-temperature resistance, rapid resurrection, and the secretion of enzymes, enabling the species to survive in both aerobic and anaerobic environments (Owusu-Darko et al., 2020). As a consequence, the CFS of B. velezensis G7 in this study was stable at temperatures between 40°C and 60°C. However, a notable decline in antimicrobial activity was observed following an increase in temperature to 80°C. The antimicrobial activity of CFS treated at 80°C was reduced compared to the control, but it was able to maintain its activity for 60min at this temperature, and the antimicrobial activity of CFS at 80°C was reduced, which indicates that its antimicrobial activity could be preserved after a batch pasteurization process (63°C–30 min) or an HTST (High Temperature Short Time) continuous flow pasteurization (72°C–15 s) in dairy products. Moreover, liquid egg products undergo heat treatments at specific times (3.55–6.2 min) and temperatures (55.6–63.3°C). Therefore, these treatments would not affect the antibacterial activity of CFS since temperatures applied are below 80 °C (León Madrazo et al., 2022).
Furthermore, the antimicrobial activity of the CFS was diminished in the presence of UV treatment under various conditions. This may be attributed to the potential inactivation of certain antimicrobial substances resulting from elevated temperatures and UV exposure (Ming et al., 2022). UV has bactericidal and sporicidal properties. The main target of UV damage in microbial cells is DNA, and UV light can act directly on DNA molecules in cells, causing neighbouring pyrimidines on the same DNA strand to form thymine dimers, which leads to changes in the structure of double-stranded DNA, and affects the normal replication of DNA, and ultimately leads to cell death (Begyn et al., 2020). Melanin has been reported to act as a UV-protectant, possibly by absorbing radiation before penetrating the DNA in the spore core or protoplast. melanin synthesis can also be induced by mutations, metal ions and amino acids (Idris et al., 2024). Organic substances and compounds are essential to reduce the negative effects of UV radiation on Bacillus cells. TiO2 nanoparticle mixture (anatase and rutile) increase the persistence of B. thuringiensis to the UV radiation (Jalali et al., 2020).
CFS exhibited the highest activity at pH 6 and demonstrated a decrease in inhibitory activity in acidic and alkaline environments. However, it maintained more than 50% activity between pH 2 and 10, which may be attributed to the diverse antimicrobial substances produced by different Bacillus species. For example, Lactobacillus rhamnosus LS8, which was studied by Lihui Zhang et al. (Wang et al., 2022), was only active under acidic conditions. CFS was found to be sensitive to pepsin, protease E, proteinase K and trypsin, as determined by an enzyme stability assay, indicating that the antimicrobial substances produced by B. velezensis G7 are natural proteins. The antimicrobial substance produced by B. velezensis is sensitive to pepsin, papain, trypsin, proteinase k, and protease E. The antimicrobial substance has also been confirmed to be a peptide (Wayah and Philip, 2018). The CFS of Pediococcus pentosaceus LB44 is also sensitive to proteinase K, papain and trypsin (Kaur and Tiwari, 2018). Bacillus secretes one or more bacteriostatic active substances during metabolism, and bacteriocin, as one of its secondary metabolites, has the advantages of a wide range of bacteriostatic inhibition, stable physicochemical properties, and excellent safety (Wang H. et al., 2024). B. velezensis bacteriocins have a wider range of bactericidal activity than other bacteriocins and are active against both gram-positive and gram-negative bacteria (Vaca et al., 2022).
The haemolytic activity of bacteriocin P7 produced by B. velezensis G7 was determined, and it was found that the haemolysis rate was less than 5% at concentrations in the MIC-2MIC range. Therefore, it can be concluded that bacteriocin P7 can be used safely in this concentration range. The antimicrobial activity of bacteriocin P7 was diminished in the presence of CaCl₂ and MgCl₂; however, it was more stable in the presence of other inorganic salts and organic solvents. Furthermore, SDS was shown to enhance the antimicrobial activity of bacteriocin P7. This probably due to the SDS is an anionic surfactant, low concentration of SDS affects the permeability of cell membrane and promotes the signal transmission between cells and cells. Meanwhile, facilitates the secretion of extracellular proteins and polysaccharides and other substances, which are involved in the process of biofilm formation. It is worth mentioning that when studying the effect of organic solvents on bacteriocins, relevant studies also found that SDS increased the activity of bacteriocins (Xi et al., 2018).
These favourable characteristics indicate that this antimicrobial protein may have potential applications in feed processing, drug therapy and other related fields. Bacteriocins can be used in food preservation to treat infections and antibiotic-resistant pathogenic bacteria (Chikindas et al., 2018; Kaškonienė et al., 2017).
With the further development of biotechnology and in-depth research on the structure and function of various proteins, protein isolation and purification techniques have developed rapidly, and chromatography, electrophoresis, molecular blotting and other techniques can be used to isolate target proteins (Liu et al., 2020). For example, the antimicrobial protein PAG14, which was isolated from the metabolites of B. velezensis G14 via dextran gel and ion chromatography, was classified by LC‒MS/MS as a class III bacteriocin, similar to lysozyme C (Peng et al., 2024). A novel bacteriocin, LFX01, of Lactobacillus plantarum LF-8, which was isolated from the intestine of tilapia, showed excellent stability under heat and acid‒base stresses and exhibited sensitivity to a variety of enzymes, such as proteinase K, pepsin and trypsin (Jiang et al., 2022). In this study, the bacteriocin was purified via gel chromatography, anion chromatography and RP-HPLC and identified as an amyloliquecidin GF610 beta analogue via LC‒MS/MS (Gerst et al., 2022). Amyloliquecidin GF610 is a two-component wool‒sulfur antimicrobial peptide, and its α and β peptides have single equivalent volume masses of 3026 and 2451 Da, with molecular formulas of C130H191N35O39S5 and C110H158N26O30S4, respectively. Bacteriocin P7 has significant inhibitory effects on a variety of pathogenic bacteria and is a potential antimicrobial drug with broad application prospects.
5 CONCLUSION
The optimal medium composition for bacteriocin production in B. velezensis G7 includes 4.5 g/100 mL glucose, 1.5 g/100 mL yeast extract, and 1.2 g/100 mL MgSO4·7H2O. The CFS exhibited enhanced stability at 40–60°C, 4, −25, and −80°C storage. And remains active under prolonged UV exposure. The bacteriostatic activity remained consistent at pH 6. Among the various substances tested, Proteinase E had the greatest effect on the activity of bacteriocin P7. Furthermore, the class I bacteriocin produced by B. velezensis G7 was purified and identified as responsible for the production of bacteriocin P7, which demonstrated a pronounced inhibitory effect on S. aureus, with a molecular weight of approximately 6.5–14.4 kDa. Given its stability, broad-spectrum antimicrobial activity, and safety profile, bacteriocin P7 holds potential for applications in food preservation, as a feed additive, or even as a novel antimicrobial agent for controlling infections. Further studies should focus on genetically engineering bacteriocin P7 for large-scale production, as well as evaluating its efficacy in in vivo models to fully assess its potential for industrial and clinical applications.
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