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Abstract

:

Two Bacillus spp. isolated from kimchi, Bacillus tequilensis ST816CD and Bacillus subtilis ST830CD, were characterized for their antimicrobial properties and safety. The proteinaceous nature of their inhibitory metabolites was confirmed after exposure to proteolytic enzymes, resulting in partial loss of the antimicrobial effect. This indicated that different non-proteinaceous antimicrobial substances may also be produced by these strains. This hypothesis was later confirmed when genes associated with the production of surfactants were detected in their DNA. The expressed antimicrobial metabolites were not affected by treatment at different temperatures and pH levels, including exposure to selected chemicals. Their strong adherence to susceptible pathogens was not significantly affected by different temperatures, chemicals, or pH values. Both Bacillus strains showed inhibitory activity against clinical and food-associated pathogens, including Listeria monocytogenes ATCC 15313, and some Staphylococcus species. Several genes associated with the production of antimicrobial metabolites were detected, but key virulence and beneficial genes were not present in these strains. Even though only B. tequilensis ST816CD displayed γ-hemolysin production, both selected strains were found to produce gelatinase and biogenic amines, which are considered as either potential virulence- or health-related factors. Moreover, the strains were susceptible to a variety of antibiotics except for the penicillin G [1 IU/disc] resistance of B. tequilensis ST816CD. Both strains showed proteolytic activity. Additionally, both strains showed low hydrophobicity based on bacterial adherence measured by hydrocarbons (n-hexadecane).
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1. Introduction


In the search for a healthier lifestyle, traditional fermented food products have become a major area for “strain-prospecting”. In the past decade, different bacterial species involved in food fermentations were evaluated for their beneficial properties and for potential application in food biotechnology and as probiotic candidates for human and animal applications. However, strain-based safety evaluation is an essential milestone in the recommendation for the application of a new strain. In fact, several questions still need to be answered on the boundaries between beneficial properties, safety of the strains, and realistic functional applications as bio-protective agents, or as starter and/or probiotic cultures.



Bacillus spp. are rod-shaped, Gram-positive, catalase-producing bacteria, ubiquitously found in the environment, including soil, plant materials, fermented food products, and intestinal tracts of humans and animals, and are either obligate aerobic or facultative anaerobic microorganisms [1]. Because of their diverse physiological properties, these microorganisms have a higher viability and resistance potential [2]. Consequently, representatives of Bacillus spp. constitute great potential for research towards diverse applications in pharmaceutical and food processing industries [3]; this is also based on their established roles in the production of different traditional fermented food products [4]. For centuries, such strain mixtures were empirically “used” as starter cultures in the traditional production of fermented food products in Africa [4], Japan [5], and India [6]. Recently, Bacillus spp. were widely explored by the biotechnical industry for the potential production of bioactive metabolites, including amino acids, antibiotics, bacteriocins, surfactants, and bioactive peptides [7,8]. Several Bacillus spp. were described as producers of antimicrobial peptides (bacteriocins) [8,9,10] and further applied as commercial probiotics for humans and animals [11,12]. However, some representatives of the genus Bacillus are well known as pathogens and toxinogens based on the production of toxins or by their association with food spoilage. These include the species Bacillus anthracis and Bacillus cereus, and strains of Bacillus licheniformis that are associated with serious health conditions of humans and animals [13,14].



Whereas antibiotics produced by some Bacillus spp. have been explored in the past few decades, only a limited number of studies addressed bacteriocins formed by Bacillus spp. Bacteriocins are ribosomally produced peptides and proteins with antimicrobial properties, and are post-translationally modified and active against closely related species [15]. It was reported that bacteriocins can be produced by different Gram-positive and Gram-negative bacteria, but the main focus of researchers thus far has been on the lactic acid bacteria (LAB) [16]. Moreover, increasing reports on the bacteriocins produced by different Bacillus spp. showed their potential as not only effective metabolites applied in the bio-control of pathogenic bacteria, but also as alternatives to antibiotics in the food and healthcare industries [17].



The objectives of this project were to isolate, differentiate, identify, and characterize bacteriocin-producing strains for bio-control of Listeria monocytogenes and Staphylococcus spp., both of which are identified to be clinically significant and/or food-associated pathogens. In addition, safety properties and the potential application of selected strains as therapeutical agents in human and veterinary medicine and/or food bio-preservation were also investigated.




2. Materials and Methods


2.1. Isolation of Antibacterial Strains and Examination of Their Inhibitory Activity


Samples of two Korean artisanal fermented food products, kimchi and gochujang, were obtained from the local market (Pohang, Korea) and transported to the laboratory under refrigerated conditions in a polystyrene box with ice packs. Food samples were homogenized in sterile saline solution (0.85% NaCl, w/v) in the proportion of 1:9 (sample:solution) (Stomacher 400 Circulator, Worthing, West Sussex, UK), and serially 10× diluted with the same diluents. Bacterial suspensions were plated on de Man, Rogosa and Sharpe (MRS, Becton, Dickinson, and Company-BD, Sparks, MD, USA), supplemented with 2% agar, m/v (LPS Solution, Daejeon, Korea), and covered with a layer of 2% agar. Plates were cultured at 37 °C for 24–48 h under aerobic conditions to observe well-distinguishable and individual colonies and also to determine the approximate CFU/mL. Plates were covered with an additional layer of Brain Heart Infusion (BHI, BD) supplemented with 1% agar and each of the following test microorganisms: L. monocytogenes ATCC 15313, Staphylococcus simulans KACC 13241, Staphylococcus carnosus subsp. carnosus KACC 13250, and Staphylococcus auricularis KACC 13252 at a final concentration of 105 CFU/mL and cultured for additional 24 h at 37 °C. The plates were then examined for the presence of colonies with clear inhibition zones. Colonies of interest (representing inhibition zones of at least 2 mm) were selected and evaluated for purity by culturing on MRS agar at 37 °C for 24 h according to appropriate microbiological practices. Individual isolates were characterized by macroscopic and microscopic morphology and Gram staining, along with physiological characteristics including gas production and catalase reaction, according to recommendations from Bergey’s Manual of Systematic Bacteriology of Archaea and Bacteria [18]. Pure bacterial cultures were stored at −80 °C in the presence of 30% glycerol.



Pure cultures were evaluated for the production of antimicrobials according to dos Santos et al. [19]. Individual cultures were grown in MRS broth at 37 °C for 24 h and cell-free supernatant (CFS) was obtained by centrifugation (6000× g, 10 min, 20 °C). The obtained CFS was heat-treated (10 min, 80 °C) and spotted (10 μL) on the surface of previously prepared BHI plates supplemented with 1% agar and mixed with an aliquot of test organism at a final concentration of 105 CFU/mL. Plates were incubated at 37 °C for 24 h and investigated for inhibition zones. Clearing zones of at least 2 mm in diameter were considered as positive evidence for the potential production of antimicrobial metabolites.



To determine the level of produced bacteriocin/s, serial two-fold dilutions of CFS (as described before) were prepared with 100 mM sodium phosphate buffer at pH 6.5, and 10 μL of each dilution was spotted on the surface of the BHI agar plates prepared with the test microorganisms at a final concentration of 105 CFU/mL. Plates were incubated at 37 °C for 24 h and studied for the formation of inhibition zones. Levels of expressed bacteriocins were presented as arbitrary units (AU/mL), taking into consideration the reciprocal of the highest dilution showing an inhibitory zone of at least 2 mm in diameter and the volume of deposited material according to the equation [20] AU/mL = (Dn × 1000)/p, where D  = types of  dilution, n = the last dilution having at least 3 mm inhibition zone in diameter, and p = volume of CFS spotted on the plate (µL).




2.2. Differentiation and Identification of Selected Isolates


Bacterial cultures confirmed to be producers of antimicrobial metabolites were grown in 20 mL MRS at 37 °C for 24 h and DNA was isolated by applying the ZR Fungal/Bacterial DNA Kit (Zymo Research, Irvine, CA, USA) according to the manufacturer’s instructions. DNA purity and concentration were determined by NanoDrop (Spectrostarnano, Ortenberg, Germany).



Differentiation of the selected isolates was performed according to de Moraes et al. [21] by conducting rep-PCR and RAPD-PCR analysis on a Veriti 96-well thermal cycler (Thermo Fisher, Waltham, MA, USA). The obtained amplicons were separated on 1.5% agarose gels (w/v) stained with SYBR®Safe DNA gel stain (Thermo Fisher Scientific, Waltham, MA, USA) by gel electrophoresis (GH-200 Genera Biosystems, Victoria, Australia; Elite 300 Plus Power Supply, Wealtec Bioscience Co., Ltd., Taiwan) equipment and visualized in OmegaLumG gel documenter (Aplegen, Inc., San Francisco, CA, USA) equipment.



Selected unique strains from the previous step were subjected to 16S rRNA partial sequencing by a commercial service (Solgent Co., Ltd., Daejeon, Korea). The obtained nucleotide sequences were interpreted by the Basic Local Alignment Search Tool (BLAST, GenBank, National Center for Biotechnology Information, Bethesda, MD, USA).




2.3. Evaluation on Proteinaceous Nature and Stability of Produced Bacteriocins


To confirm the proteinaceous nature of the produced antimicrobial metabolites, CFS samples from the studied strains were obtained as described before. Corresponding CFS was treated with 0.1 mg/mL of Proteinase K, α-chymotrypsin, and α-amylase (all from Sigma-Aldrich, St. Louis, MO, USA), individually, for 2 h at 37 °C followed by heat treatment at 98 °C for 3 min to stop the enzymatic reaction. Each 10 μL of the treated CFS was spotted on the surface of the BHI agar plates prepared with the test microorganisms as described before. Antimicrobial activity of the treated CFS against L. monocytogenes ATCC 15313, S. simulans KACC 13241, S. carnosus subsp. carnosus KACC 13250, and S. auricularis KACC 13252 were tested as described before, in addition to CFS, untreated by enzymes and solutions of the evaluated enzymes, serving as positive control. Experiments were performed in duplicates on two independent occasions.



For the evaluation of the effect of pH (2.0, 4.0, 6.0, 8.0, and 10.0), using different temperatures (4, 25, 30, 37, 60, 80, and 100 °C) and selected chemicals commonly used in the food industry (NaCl, Tween 80, SDS, and skim milk) on bacteriocin activity, CFS samples from the studied strains prepared as described before were incubated at the mentioned temperatures and pH values for 2 h and with chemicals for 1 h, respectively. The pH of the CFS was corrected with 1 M NaOH or 1 M HCl and 1% of the chemicals were added to each CFS sample. All samples were incubated at 37 °C. For the CFS treated at different pH levels, the pH of all groups was readjusted to 5.5–6.5 after incubation in order to prevent the effect of acid on activity. Each 10 μL aliquot of the treated CFS was spotted on the surface of the BHI agar plates prepared with the test microorganisms as described before. Antimicrobial activity was determined against the previously described test panel.




2.4. Production of Antimicrobials and Change of pH during Bacterial Growth


Acidification profiles and production of antimicrobials during bacterial growth were evaluated for the studied strains according to dos Santos et al. [19]. The selected bacterial strains were grown in MRS broth at 37 °C for 24 h under aerobic conditions. The overnight cultures were subsequently inoculated into 100 mL of MRS broth (5%, v/v) and incubated at 37 °C. At every selected time interval (1 h for recording of growth and pH and 3 h for the antimicrobial activity test), the required volume of a culture was withdrawn and bacterial growth was recorded by observing changes in the OD, determined at 600 nm on Optizon Pop Bio (Mecasys Co., Daejeon, Korea). The pH values were recorded using a pH meter ST3100 (Ohaus Co., Parsippany, NJ, USA). Antimicrobial activity was determined and expressed as AU/mL as described before, against the panel test microorganisms previously described. Experiments were performed in duplicates on two independent occasions.




2.5. The Effect of CFS on Growth and Survival of the Target Strains


The selected test microorganisms sensitive to the studied bacteriocins were inoculated at a level of 5% in 100 mL of BHI and incubated at 37 °C. Changes in bacterial growth of the test microorganisms were monitored every 1 h at 600 nm using Optizon Pop Bio spectrophotometer. Furthermore, 20% of filter-sterilized (0.22 µm of Minisart® syringe filter, Sartorius AG, Göttingen, Germany) CFS (v/v) (step applied only for the specificity of this experiment) produced by selected Bacillus strains obtained after growth in MRS at 37 °C for 24 h was added to the test microorganisms at the beginning of the early exponential growth phase (3 h after incubation). The growth of the test organisms without the addition of antimicrobials served as a control. Experiments were performed in duplicates on two independent occasions.




2.6. Adhesion Properties


Adhesion of the produced antimicrobials to a panel of sensitive and resistant test microorganisms was evaluated according to the method proposed by Todorov and Dicks [22]. The studied strains were grown in MRS broth for 24 h at 37 °C and CFS was prepared from overnight cultures as described before. In addition, CFS was filter-sterilized via 0.22 µm filters. The test microorganisms used for the evaluation of adherence properties of the obtained antimicrobials are listed in Table 1. Bacterial strains were grown in BHI or MRS broth, accordingly, and incubated at 37 °C for 24 h. Overnight cells were obtained by centrifugation (4000× g, 10 min, 20 °C) and re-suspended in sterile saline solution (0.85% NaCl, w/v) adjusting to OD of 1.0 at 600 nm. Equal volumes of the obtained cell suspensions and CFS prepared as described before were mixed (ratio of 1:1) and incubated for 1 h at 37 °C, followed by centrifugation (400× g, 10 min, 20 °C) and treatment of the obtained CFS at 80 °C for 10. Residual bacteriocin activity was determined by two-fold dilution of the CFS and the activity was expressed as AU/ml against S. simulans KACC 13241 as described earlier. Adherence levels of the bacteriocins to a selected group of the test microorganisms was expressed as % of adherence = 100 – [(A/B) × 100], where A is bacteriocin activity after treatment in AU/mL and B is bacteriocin activity before treatment in AU/mL.



Moreover, the effects of pH, temperature, and selected chemicals on the adherence of the studied bacteriocins to the selected test microorganisms (L. monocytogenes ATCC 15313 and S. simulans KACC 13241) were tested. The experiments were performed as described before with the following modifications: (a) for the evaluation of the effect of temperature, after pairing cell suspensions of the test microorganisms with the CFS in the equal amount, the mixed suspensions were incubated at 25, 30, 37, and 40 °C; (b) for the evaluation of the effect of pH, cell suspensions of the test microorganisms were prepared in saline solution (0.85% NaCl, w/v) with pH adjusted to 4.0, 6.0, and, 8.0, followed by addition of the CFS in the same proportion and incubation at 37 °C for 1 h. The pH of the obtained CFS was readjusted to pH 5.5–6.5 and treated at 80 °C for 10 min; (c) for the evaluation of the effect of selected chemicals when cell suspensions of the test microorganisms and the prepared CFS were combined, the respective chemicals and components such as skim milk, enzyme salts and oral hygienic powder were added at a final concentration of 1% (w/v), followed by incubation at 37 °C for 1 h.




2.7. Spectrum of Activity


Antimicrobial metabolites produced by the Bacillus strains were tested against the selected microbial panel from various culture collections of HGU (Handong Global University, Pohang, Korea), HEMPharma Inc. (Human Effective Microbes Pharma Inc., Pohang, Korea), ATCC (American Type Culture Collection, Manassas, VA, USA), KACC (Korean Agricultural Culture Collection, Jeollabuk-do, Korea), and KCTC (Korean Culture Type Collection, Jeongeup, Korea) in addition to L. monocytogenes ATCC 15313 and the selected Staphylococcus spp. used for the screening process, listed in Table 2. Bacterial inhibitory activity was evaluated by the agar spot test as mentioned before.




2.8. Presence of Genes Encoding for Antimicrobials


Previously isolated DNA from the studied strains (Section 2.2.) was investigated for the presence of genes responsible for the production of different antimicrobials as mentioned in Table 3; primers used for respective PCR reactions and reference works are listed in Table 3.




2.9. Safety Assessments


2.9.1. Virulence Genes


Previously isolated DNA from the studied strains was evaluated for the presence of different virulence and vancomycin-resistance genes as mentioned in Table 3; primers used in each of the corresponding PCR-based screening assays are listed in Table 3.




2.9.2. Biogenic Amines, Gelatinase, and Hemolytic Activity


The selected Bacillus spp. Strains were evaluated for the production of biogenic amines, gelatinase production, and hemolytic activity according to Fugaban et al. [27], with some modifications. Biogenic amine production of the studied cultures was observed by subculturing the isolates in MRS broth supplemented with 0.1% of each precursor amino acid of the biogenic amines, comprising tyrosine, ornithine, lysine, and histidine (Sigma-Aldrich) in the proportion of 1:100 (50 µL cultures:5 mL MRS in this study) and incubated at 37 °C for 24 h at least 5 times. A 10 μL aliquot of each culture was properly spread on a plate supplemented with each precursor of biogenic amine (culture with tyrosine in the MRS agar plate with tyrosine) and all plates were incubated at 37 °C for 24 h. Changes in the color of the media from yellow to violet shows decarboxylation of the precursors indicated production of a biogenic amine. Lactobacillus plantarum ATCC 14917 and Escherichia coli ATCC 25922 were used as negative and positive controls, respectively.



For the assessment of gelatinase production, 10 μL of the cultures was stabbed by an inoculation loop to the bottom of Luria Bertani (BD) with 2% agar (LPS Solution) and 3% gelatin (w/v) (Duksanpure chemicals Co., Ansan-si, Korea) in tubes and incubated for 2–4 days at 37 °C, followed by refrigeration (at 4 °C) for 4 h. Liquefication of the medium is considered as evidence of gelatin hydrolysis (a positive result for the production of gelatinase). Lb. plantarum ATCC 14917 and E. coli ATCC 25922 were used as negative controls, and B. cereus ATCC 27348 as a positive control.



For the hemolytic activity test, 10 μL of each culture was streaked by an inoculation loop on the surface of Trypticase Soy Agar supplemented with 5% defibrinated sheep blood (v/v) (Synergy Innovation, Seongnam-si, Korea) and incubated at 37 °C for 24 h. B. cereus ATCC 27348 was used as positive β-hemolytic control (destruction of the red blood cells; distinct halos around the colonies), Streptococcus pneumoniae ATCC 49619 as an α-hemolytic control (partial reduction of the red blood cells; green or brown halos around the colonies), and Lb. plantarum ATCC 14917 as a γ-hemolytic control (a lack of hemolysis; no discoloration around the colonies). All three experiments were performed in triplicate on two independent occasions.




2.9.3. Antibiotics


The selected strains were evaluated for their antibiotic resistance by disc diffusion assay (Oxoid, Basingstoke, Hampshire, UK) with the antibiotics listed in Table 4. The strains were grown in MRS broth at 37 °C for 24 h and incorporated into MRS plates with 2% agar at a final concentration of 105 CFU/mL. The antibiotic discs were placed on the surface of the plates and incubated at 37 °C for 24 h. Susceptibility to the tested antibiotics was interpreted according to the diameter of the inhibition zones (mm) [28]. The tests were performed in triplicate.





2.10. Detection of Beneficial Genes


DNA isolated from each strain as described before was evaluated for the presence of some genes associated with beneficial properties (adhesion, folate, and GABA production) as listed in Table 3.




2.11. Proteolytic Activity


MRS agar plates supplemented with 10% skim milk (Difco) or 5% sodium caseinate (Sigma-Aldrich) were prepared. Overnight cultures of the studied strains were spotted on the surface of the plates and incubated for 24 h at 37 °C. The presence of a transparent area around the growing cultures on the MRS agar plates containing either milk or sodium caseinate was associated with the ability of a strain to hydrolyze milk and casein, respectively.



Production of 19 key enzymes was evaluated by APYZym kit (BioMerieux, Marcy-l’Étoile, France) following the manufacturer’s recommendations.




2.12. Production of Lactic Acid


The amount of lactic acid produced by each strain was evaluated enzymatically, applying DL-lactic acid assay kit and Mega-CalcTM Data Calculator (Megazyme, Bray, Wicklow, Ireland). These tests were performed in duplicate with the CFS of each strain grown in MRS broth at 37 °C for 24 h.




2.13. Hydrophobicity


For the determination of the hydrophobicity (one of cell surface properties; adherence to hydrocarbons) level of studied strains, the method proposed by Doyle and Rosenberg [29] with some modifications was applied. In summary, the strains were grown in MRS broth at 37 °C for 24 h. Cells were harvested by centrifugation (4000× g, 10 min, 4 °C), washed with potassium phosphate buffer (50 mM, pH 6.5), and adjusted to about 1.0 unit of optical density (OD560nm) by re-suspending in the same buffer. The obtained cell suspension was mixed with n-hexadecane (Sigma-Aldrich) in the proportion of 5:1 (3 mL of suspension:0.6 mL of n-hexadecane in this study) and vortexed for 2 min. The two phases were allowed to separate for 60 min at 37 °C. The n-hexadecane phase in the upper level was removed and the optical density (OD560nm) was determined as reading two of the hydrophilic phases. The percentage of hydrophobicity level was calculated as follows: % hydrophobicity = [(OD560 reading 1 − OD560 reading 2)/OD560 reading 1] × 100. Experiments were performed in triplicate with independent cultures.





3. Results


3.1. Isolation, Differentiation and Identification of Bacillus spp.


Different traditional fermented food products, obtained from local markets in Pohang (Korea), were investigated as potential sources of beneficial microorganisms. Although the original aim of this study was to isolate lactic acid bacteria (LAB) from various fermented food products, the preliminary profiles of the isolated strains indicate that bacilli could be considered as major inhabitants of these Korean fermented food products (data not shown), since more than 80% of the evaluated plates were covered by typical Bacillus colonies. Based on the initial screening, 69 isolates were considered as promising candidates for bacteriocin production. The majority of the isolates showed the typical morphology of Bacillus spp. on MRS agar, observed as downy circles. They were also found to be rod-shaped Gram-positive bacteria and catalase producers when aerobically incubated. The selected 69 isolates were further evaluated for potential production of antimicrobial peptides, resulting in 14 confirmed potential producers of antimicrobial metabolites. The identity of bioactive molecules was further narrowed down by treatment of the studied CFS with proteolytic enzymes, thereby confirming 4 out of 14 isolates to be producers of non-proteinaceous antimicrobial metabolites. Based on preliminary inhibitory screening, only 2 of the 14 selected isolates were further studied as potential candidate bacteriocinogenic strains based on the preliminary spectrum of activity and levels of produced bacteriocins.



Based on the preliminary physiological and biochemical characteristics, the two selected isolates, ST816CD and ST830CD, were differentiated by rep-PCR (Figure 1) and considered as two different strains based on the obtained fingerprints. Moreover, partial sequencing of the 16S rRNA gene revealed that ST816CD (isolated from radish kimchi) and ST830CD (isolated from chili paste) confirmed the identity of the strains as Bacillus tequilensis and B. subtilis, respectively.




3.2. Evaluation of the Antimicrobial Activity


Effect of proteolytic enzymes and partial reduction of antimicrobial activity of the inhibitory metabolites produced by B. tequilensis ST816CD and B. subtilis ST830CD confirmed their proteinaceous nature (Table 5). However, residual activity was considered as an indication that these strains most probably also produce more than one antimicrobial metabolite. This is shown later in this study by the presence of genes encoding the production of surfactants. Moreover, bacteriocins produced by B. tequilensis ST816CD and B. subtilis ST830CD showed stability when exposed to diverse temperatures, chemicals, and of pH levels (Table 5).




3.3. Bacterial Growth, Acidification (Changes in pH) and Production of Bacteriocin (AU/mL)


For the potential application of B. tequilensis ST816CD and B. subtilis ST830CD as human probiotics with antimicrobial properties, the dynamics of bacteriocin production by the two strains were evaluated at 37 °C for 24 h. Both strains showed a separate growth profile that reached OD levels of 1.3 and 1.0 for B. tequilensis ST816CD and B. subtilis ST830CD, respectively, during the stationary phase (Figure 2A,D). During bacterial growth of 24 h, bacteriocin production of the two strains was recorded every three hours against previously mentioned test microorganisms. Their bacteriocin activity was observed after 3 h cultivation, during the early log phase of growth. Moreover, the highest levels of the bacteriocin activity were reached after 9 to 15 h, depending on the test microorganism: 1600 AU/mL of B. tequilensis ST816CD bacteriocin against S. simulans KACC 13241 and S. auricularis KACC 13252 (Figure 2C); 1600 AU/mL of B. subtilis ST830CD bacteriocin against S. auricularis KACC 13252; and 3200 AU/mL against S. simulans KACC 13241 (Figure 2F). Over the same period, the pH was reduced from 6.5 to 5.6 for B. tequilensis ST816CD and 5.7 for B. subtilis ST830CD (Figure 2B,E).




3.4. The Effect of CFS on Growth and Survival of the Target Strains


When CFS containing bacteriocins produced by the studied strains were added to actively growing cultures of the test microorganisms used in this study, bacteriostatic inhibition of the growth of the test microorganisms was observed (Figure 3). The growth of the test (indicator) microorganisms (S. similans KACC 13241 and S. auricularis KACC 13252) was inhibited in the first hours after adding the CFS of B. subtilis ST830CD, followed by a slight recovery of the test organisms at 12 h. However, when the CFS of B. tequilensis ST816CD was studied, OD levels of S. similans KACC 13241 and S. auricularis KACC 13252 remained constant for the monitored period (Figure 3).




3.5. Adhesion Properties


Different adsorption levels were detected for the bacteriocins produced by B. tequilensis ST816CD and B. subtilis ST830CD to food-borne pathogens and microorganisms related to the oral cavity (Table 1). However, high adsorption levels (Table 1) to the sensitive and resistant test strains used in this experimental set-up (Table 2) raises questions about how some test strains were able to resist a high level of adsorption of the studied bacteriocins or, by contrast, how others were killed at low levels. Environmental factors including different temperatures, pH, and chemicals also affected the adsorption processes of the selected bacteriocins to the target cells (Table 1).




3.6. Spectrum of Activity


Bacteriocins produced by the selected strains were evaluated against the test microorganisms, including L. monocytogenes and some Staphylococcus spp. characterized as human and animal pathogens, respectively (Table 2). It was observed that the studied bacteriocins showed inhibitory activity against L. monocytogenes and several Staphylococcus strains on a strain-specific basis (Table 2), having the potential to be applied as therapeutically potent agents for the control of infections related to these pathogens.




3.7. Presence of Genes for Antimicrobials


To better understand the effectiveness of bacteriocins produced by B. tequilensis ST816CD and B. subtilis ST830CD, the genomic DNA of both strains was screened for the presence of different known bacteriocins associated with the genus Bacillus (Table 3). Based on the knowledge that the majority of Bacillus spp. can be producers of a variety of antimicrobials besides bacteriocins, a PCR-based analysis targeting genes related to some other antimicrobials was performed (Table 3). B. tequilensis ST816CD generated positive results for the presence of surfactin (srfa), subtilosin (sbo), and iturin (itu), while B. subtilis ST830CD showed the presence of genes associated with the production of surfactin (srfa) and subtilosin (sbo).




3.8. Safety Features


3.8.1. Evaluation for Presence of Virulence Genes


In the present study, DNA obtained from B. tequilensis ST816CD and B. subtilis ST830CD was also screened for the presence of genes associated with previously described roles in the pathogenicity of specific Bacillus spp. (Table 3).




3.8.2. Production of Biogenic Amines, Gelatinase, and Hemolytic Activity


In addition to scanning for different genes associated with virulence potential, standard physiological approaches were applied in the evaluation of the safety of the strains with regard to the production of gelatinase, hemolytic activity, and production of biogenic amines (Table 4).



Expression of ß-hemolytic activity is considered a virulent factor and comprises one of the basic safety tests for prescreening a strain before further investigation as a potential probiotic. B. tequilensis ST816CD and B. subtilis ST830CD exhibited γ-hemolytic and α-hemolytic activity, respectively (Table 4). Positive gelatinase activity is also frequently considered as a potential virulent factor, and therefore, no production of gelatinase is recommended for the possible application of a specific strain as a probiotic. In our study, B. tequilensis ST816CD generated positive results for gelatinase production, while B. subtilis ST830CD was negative (Table 4). Both strains in this study are biogenic amine producers (Table 4).




3.8.3. Resistance/Susceptance to the Antibiotics


B. tequilensis ST816CD and B. subtilis ST830CD were evaluated for potential levels of resistance to different antibiotics (Table 4). Based on the observed inhibition zones, both strains can be considered as safe related to the potential risk of transmission of antibiotic resistance determinants. Only B. tequilensis ST816CD was found to be resistant to penicillin (Table 4).





3.9. Beneficial Properties; Screening for Some Beneficial Genes


In our study, DNA from B. tequilensis ST816CD and B. subtilis ST830CD were estimated for the presence of different genes related to beneficial properties (Table 3). In summary, B. tequilensis ST816CD generated a positive result for the presence of genes encoding glutamate decarboxylase (gad) for γ-aminobutyric acid (GABA) production, whereas B. subtilis ST830CD showed no evidence for the presence of genes related to adhesion, production of folate, and other antimicrobials tested in this study.




3.10. Proteolytic Activity


Both strains, B. tequilensis ST816CD and B. subtilis ST830CD, grown on MRS plates supplemented with 10% skim milk or 5% Na-caseinate, showed the ability to hydrolyze the milk protein and casein, respectively (data not shown).



From the physiological tests, we observed that both strains can produce proteolytic enzymes, based on the visual digestion of the milk and Na-caseinate. Based on the APIZym test and interpretation of the results according to the manufacturer’s manual (Table 6), both strains were found to produce alkaline phosphatase, esterase (C 4), esterase Lipase (C 8), leucine arylamidase, valine arylamidase, acid phosphatase, and naphthol-AS-BI-phosphohydrolase. Compared to B. tequilensis ST816CD, B. subtilis ST830CD showed a weaker ability to produce cystine arylamidase and trypsin. However, no evidence for the production of other key enzymes, included as part of the APIZym kit, was recorded (Table 6).




3.11. Production of Lactic Acid


Both experimental strains were evaluated for the production levels of lactic acid. B. tequilensis ST816CD and B. subtilis ST830CD were cultured in MRS for 24 h at 37 °C and levels of D/L-lactic acid detected in the CFS were 0.56/4.37 g/L and 0.00/0.00 g/L, respectively.




3.12. Hydrophobicity


Average values of hydrophobicity levels were recorded to be 2.5% and 1.8% for B. tequilensis ST816CD and B. subtilis ST830CD, respectively.





4. Discussion


In our study, we screened different Korean traditional fermented food products with the purpose of isolating bacteriocinogenic strains with potential application for the control of some oral-associated pathogens. Previously, different Bacillus spp. were isolated from similar Korean fermented products, but few reports focused on the production of bacteriocins [30,31,32]. Based on the initial screening of 69 isolates, considered as promising candidates for bacteriocin production, after different steps of pre-selection, only two isolates were selected for future studies. Based on the identification process, strain ST816CD, isolated from radish kimchi, was identified as Bacillus tequilensis, and strain ST830CD, isolated from chili paste (gochujang), was identified as B. subtilis. Bacteriocins are ribosomally produced antimicrobial peptides [33], and proteolytic enzymes facilitate the destruction of the functional structures of these antimicrobial metabolites, thereby losing their activity. Moreover, many studies have reported that members of the genus Bacillus can produce a wide arsenal of antimicrobial metabolites, including antibiotics, enzymes, and surfactants [34].



Isolation of a bevy of B. tequilensis and B. subtilis strains from traditional fermented food products in Korea was previously reported [35,36] and some were characterized as producers of bacteriocin-like inhibitory substances [37]. Nevertheless, the biological roles of B. tequilensis and B. subtilis for fermentation of kimchi and gochujang have not been clarified. Likewise, the question is whether these two strains can be considered as constant inhabitants with appropriate biological roles in these fermented food products, or whether they are evidence of cross-contamination due to low hygienic management during the preparation and fermentation processes. Are they beneficial strains with essential roles in the fermentation of these food products, or could these contaminants serve as markers of low hygienic levels during manufacture processes? Current trends around the world are to look for homemade traditional fermented products known as healthier, beneficial, and functional products. However, this trend is considered rational only if the safety and quality of these beneficial products are scientifically secured together with appropriate manufacturing practices. If a specific strain is considered safe, has beneficial properties, and survives under the technical conditions of the specific fermented products, it can be explored and eventually applied as a starter culture or as part of a food product carrying the strain as vector for delivery of beneficial microorganisms to the consumers. This may provide a possible perspective for the future.



As mentioned earlier, bacteriocins are antimicrobial polypeptides produced by the ribosomal machinery of the bacterial cells [33]. Some bacteriocins that include modified amino acids in their structure are generally classified as antibiotics [38]. Antimicrobial activity of inhibitory metabolites produced by B. tequilensis ST816CD and B. subtilis ST830CD was confirmed to be of proteinaceous nature with the presence of additional non-proteinaceous antimicrobial agent, as shown later in this study, and associated with the presence of genes encoding the production of surfactants. Moreover, bacteriocins produced by B. tequilensis ST816CD and B. subtilis ST830CD showed stability when exposed to varying temperatures, chemicals, and levels of pH (Table 5). Such results were expected, since most bacteriocins are heat-stable, related to the fact that they are small antimicrobial peptides, specially belonging to Class I and II (less than 10 kDa) [10].



Even if it is generally established that bacterial growth is clearly dependent on the incubation temperature, the expression of genes encoding the production of antimicrobial metabolites is even more sensitive to temperatures fluctuation [39]. From an industrial point of view, the determination of optimal growth temperature is a critical point, closely related to, e.g., the cost of production, control of possible contamination, and specificity of the design of production facilities. From the perspective of the potential application of a bacteriocinogenic strain as a starter culture, optimal bacteriocin production needs to follow the specificity of the fermentation process and future storage of (food) products. Both strains showed a specific growth profile, as well as acidification and levels of bacteriocin production (Figure 2). A major merit of Bacillus spp. is that they are generally (exception Bacillus coagulans) not strong acid producers (pH 4.0–5.0) as compared to most LAB. Acidification of the environment can contribute to anti-pathogenic properties of the bacteria in some fermented food products, but also result in undesired effects such as nonspecific inhibition of the growth of other beneficial microorganisms.



Previous reports on the production of bacteriocins from different Bacillus strains mentioned levels of bacteriocin activity similar to those in the present study. Yang and Chang [37] reported that B. subtilis MJP1 isolated from meju, Korean dried fermented soybeans, was able to produce bacteriocin levels of 3200 AU/mL and 1600 AU/mL, respectively, active against fungi and bacteria. In addition, Park et al. [36] reported that B. tequilensis JBC17126 isolated from Korean soybean pastes exerted antibacterial activity against food pathogens such as B. cereus KACC 13064 and S. aureus KACC 1927.



The role of bacteriocins in inhibitory processes can be defined as either bactericidal or bacteriostatic based on whether they kill or inhibit sensitive strains [40]. Both studied bacteriocins were evaluated as bacteriostatic, based on the observed inhibition of the growth of the test microorganisms (Figure 3). The growth of the test microorganisms was inhibited in the first few hours after adding the CFS of B. subtilis ST830CD. Salum et al. [41] reported that a bacteriocin produced by B. subtilis W42 isolated from cheonggukjang showed a high level of bactericidal activity against various Gram-positive food spoilage and pathogenic bacteria, including L. monocytogenes ATCC 19111. In addition, an antibacterial agent produced by B. tequilensis MSI45 of marine origin was able to suppress the growth of multi-drug resistant Staphylococcus aureus [42]. Modes of action of bacteriocins depend on the specific nature of the expressed antimicrobial and sensitivity of the applied test microorganisms. It cannot be expected that one specific bacteriocin can act as a panacea and solve all the problems with human- and veterinary-related pathogenic or food spoilage microorganisms. Each bacteriocin has its inhibitory specificity, especially to closely related bacteria. Numerous reports suggest that the application of bacteriocins as alternative antimicrobials or adjunct antimicrobial agents can be a promising solution for reducing the antibiotic resistance of undesired bacteria [33,43]. Moreover, building a multitude of bacteriocins that are customized or bioengineered will maximize the potential of synergy effects. Even though a few bacteriocins have been used as food preservatives or therapeutic agents in clinical settings, there are still insufficient data on the safety and toxicity of such bacteriocins.



The primary part of the mode of action is the adsorption of the bacteriocin to the specific receptors on the membrane surface of Gram-positive target cells. After the target is recognized, a bactericidal mode of action develops in the cell membrane. Class I bacteriocins interact with lipid II in the cell membrane and then either perforate the membrane or inhibit murein synthesis, whereas class II bacteriocin interact with Man-PTS or static electricity and then cut a hole [44]. Moreover, evaluation of the correlation of environmental conditions with adsorption of bacteriocins to the cell surface of the target cells was conducted to predict the effectiveness of bacteriocins under various conditions. Previously, Pingitore et al. [45] showed that different testing conditions such as various pH values, a wide temperature range, and the presence of salts and surfactants interfered with the adsorption of bacteriocins produced by two bacteriocinogenic strains of Enterococcus mundtii CRL35 and Enterococcus faecium ST88Ch to some pathogenic and non-pathogenic microorganisms such as L. monocytogenes and Lactobacillus sakei. Based on the results, they predicted the optimal adsorption level according to the effectiveness of those strains as bio-preservatives in cheese-making. The results were confirmed by in situ evaluation of both mentioned bacteriocinogenic strains against L. monocytogenes, which resulted in different levels of control of L. monocytogenes during cheese-making under different conditions.



The bacteriocins produced by B. tequilensis ST816CD and B. subtilis ST830CD showed different adsorption levels to food-borne pathogens and microorganisms associated with the oral cavity (Table 1). As previously mentioned, this information can be used as a basis for possible prediction of the efficacy of these bacteriocins in their application either as effective antimicrobial agents during specific fermentation processes or as bio-therapeutic agents in clinical settings and/or for bio-preservation.



Normally, bacteriocins are antimicrobial peptides with a narrow spectrum of activity with specific advantages compared to antibiotics [33]. Therapeutic application of antibiotics can lead to the removal of the targeted organisms as well as commensal organisms, thereby causing side effects such as destruction of GIT microbiota even after a short-term period of antibiotic administration [46]. An advantage of bacteriocins could be the specific targeting of only causative pathogens, thereby preventing cross-resistance in non-targeted pathogens, and reducing incidental damage of the host microbiome [47].



The bacteriocins produced by the selected strains were investigated for their effects against selected test microorganisms, including L. monocytogenes and some Staphylococcus spp., characterized as human and animal pathogens, and against different food-related spoilage organisms (Table 2). The results showed their potential for application as potent therapeutic agents for the control of infections/spoilage related to these pathogens. Barboza-Corona et al. [48] suggested the potential of bacteriocins produced by B. thuringiensis for the control of mastitis in dairy cows, also referring to their activity against multi-resistant S. aureus strains.



In order to better understand the effectiveness of the bacteriocins produced by B. tequilensis ST816CD and B. subtilis ST830CD, the genomic DNA of both strains was screened for the presence of different known bacteriocin genes associated with the genus Bacillus (Table 3). It was previously shown that a strain of B. subtilis produces subtilosin A, a ribosomally-synthesized and anionic bacteriocin, as well as a non-ribosomally synthesized lipopeptide, surfactin (srfa), also including different antimicrobials, belonging to the iturin (itu) family [49]. The presence of genes associated with the production of bacteriocins and other antimicrobials in the total DNA of the two studied Bacillus strains supported results observed in their spectrum of activity. A previous study [50] suggested that a broad spectrum of antimicrobial activity can be based on the accumulation of bacteriocinogenic (subtilosin A1) and hemolytic activities. Furthermore, surfactin from B. subtilis interrupted biofilm formation of individual and mixed cultures of food-borne pathogenic bacteria such as S. aureus and L. monocytogenes [51]. A biosurfactant from B. tequilensis SDS21 was suggested for application as a disinfectant by exhibiting bactericidal and biofilm dislodging activity [52]. The presence of genes associated with the production of surfactant (surfactin) can be explained by the partial reduction only of the antimicrobial activity of CFS obtained from both Bacillus strains after treatment with proteolytic enzymes (Table 3 and Table 5).



Bacillus spp. are a highly diverse group of bacteria and include representatives of typical pathogens such as B. cereus and even of potential biological weapons such as B. anthracis [53]. On the other side, from a beneficial point of view, safe strains with long applications in food fermentation processes and, more recently, in different biotechnological processes [8] have extensively been studied in recent decades. Thus, characterization of the safety properties of potentially beneficial Bacillus candidates should be mandatory before practical application.



In the present study, DNA obtained from B. tequilensis ST816CD and B. subtilis ST830CD was also screened for the presence of genes related to previously described roles in the pathogenicity of specific Bacillus spp. (Table 3). According to Guinebretiere et al. [25], the presence of the three genes (hblA, hblB, and hblC for expression of hemolysin BL) or the three genes (nheA, nheB, and nheC for expression of non-hemolytic enterotoxin) needed to be determined in view of potential virulence effects. However, these were not detected (Table 3), thereby asserting that the studied strains might be considered as safe.



Standard physiological approaches were applied in the evaluation of the safety of the studied strains and included the production of gelatinase, hemolytic activity, and production of biogenic amines (Table 4). B. tequilensis ST816CD and B. subtilis ST830CD exhibited γ-hemolytic and α-hemolytic activity, respectively (Table 4). Other studies reported B. tequilensis YC5–2 from the gut of wild adult shrimp [54] and B. tequilensis FR9 from GIT of free-range chicken [55] as γ-hemolytic.



Gelatinase activity is frequently considered as a virulence factor; the absence of this property is recommended for strains intended as probiotics. However, gelatinase production can be a beneficial characteristic in some biotechnological or food preparation processes, where the liquefaction of gel-like structures may be a positive feature [56]. Both strains in our study produced gelatinase.



Production of biogenic amines is a natural process typically resulting from the decarboxylation of amino acids and is generally considered as a negative feature for the probiotic and starter culture strains in the food industry. The intake of excessive amounts of biogenic amines beyond the allowable threshold can have negative health consequences, including elevated blood sugar and blood pressure levels of humans and animals [57]. Tyrosine, ornithine, lysine, and histidine, as precursors of the most important biogenic amines in foods, were tested in this study. Although some legislative organs refer to threshold values for biogenic amines in specific products (e.g., maximum limits for histamine in fish), each country has its own specific regulations on “tolerance” levels for biogenic amines in various food products [58]. Both strains in this study were capable of producing biogenic amines (Table 4).



B. tequilensis ST816CD and B. subtilis ST830CD were evaluated for potential levels of resistance to different antibiotics (Table 4). Resistance of beneficial strains to antibiotics is a controversial subject. On the one side, some authors defend the hypothesis that probiotics and other beneficial strains should be susceptible to antibiotics. If any antibiotic resistance genes are present on the genome of beneficial strains, those genes can be horizontally transferred via biofilm or other mechanisms to other microbiota and thereby result in the spread of antibiotic resistance [59]. Moreover, Teuber [60] and Salyers et al. [61] suggested that starter cultures or probiotics may serve as vectors in the transfer of antibiotic-resistant genes.



On the other side, the question is how actively horizontal gene transfer occurs in the GIT of the host. Suvorov [62] hypothesized a relatively low level for such a process. It might be important to focus on the likelihood of the potential risk of the process by examining the presence of resistant genes located on bacterial chromosomes or easily transmittable genetic determinants such as plasmids and transposon and adhesion levels of the antibiotic-resistant strains. Dispersion of antibiotic resistance genes between strains should be considered an important priority in safety assessment.



Nonetheless, moderate antibiotic resistance can be regarded as a positive feature in specific cases. Probiotics may need to be applied parallel to other medicaments including antibiotics. If the applied probiotics are fully susceptible to antibiotics, their survival potential will be hampered and their potency lost. Therefore, moderate resistance of probiotic cultures to antibiotics may result in synergy effects to the host during treatment and restoration. However, the likelihood of transfer of antibiotic resistance determinants from probiotic bacteria to potential food or gut pathogens should not be overestimated [63].



Screening for the presence of genes related to specific beneficial properties has become routine concerning the development of biomolecular techniques in the past 30 years. In our study, DNA from B. tequilensis ST816CD and B. subtilis ST830CD was studied for the presence of different genes associated with beneficial properties (Table 3). In summary, genes encoding glutamate decarboxylase (gad) for γ-aminobutyric acid (GABA) production were detected in B. tequilensis ST816CD, whereas no evidence for the presence of genes related to adhesion, production of folate, and other antimicrobials tested in this study were found in B. subtilis ST830CD. GABA is a non-proteinaceous amino acid, also known as an inhibitory neurotransmitter, and has diverse biological functions such as fosterage of the metabolism of brain cells, regulation of secretion of growth hormone, decrease in blood pressure, pain/anxiety relief, and treatment of many diseases [64,65]. Previous studies reported that Bacillus strains, mostly of B. subtilis, isolated from milk, kefir, and rice straw were also capable of producing GABA [66,67].



Production of proteolytic enzymes can be considered as either a beneficial or virulence factor regarding the type of the expressed proteases and the subject of their activity. Production of proteases is a rare case for strains characterized as bacteriocin producers. It was reported that for some bacteriocinogenic strains, the reduction in recorded bacteriocins after the stationary phase might result from an increase in the number of dead/lysed cells and liberation of some intracellular proteases. Some authors classified the production of proteolytic enzymes as a virulence factor since increased levels of proteases can induce negative interactions with the gut lumen and proteins of beneficial bacterial strain [68]. On the other hand, however, the right kind of proteolytic enzymes produced in the right concentration and at the right time can have a beneficial role, particularly for industrial applications. Beneficial strains able to produce proteolytic enzymes play an essential role as starter cultures in the meat industry [69]. Such proteolytic enzymes can also contribute to the reduction in allergenicity in dairy products by enzymatic digestion of the caseins [70], and also in other industries involving bakery [71], brewing [72], food additives [73], and feed production [74].



Both strains, B. tequilensis ST816CD and B. subtilis ST830CD, grown on MRS agar supplemented with 10% skim milk or 5% Na-caseinate, showed the ability to hydrolyze the milk protein and casein, respectively. Such characteristics justify future investigations to explore their properties and potential application as starter cultures with the ability to reduce the casein as a cause of allergenicity.



In our study, we observed that both strains can produce proteolytic enzymes, based on the visual digestion of milk and Na-caseinate. Moreover, based on the performed APIZym test and interpretation of the results according to the manufacturer’s manual, both strains can be considered as producers of different enzymes (Table 6) in a strain-specific manner. Production of different enzymes does not only play a fundamental role in the adaptive ability of bacterial strains to specific environmental conditions, but can also serve as property for specific applications. Previously, Park et al. [75] suggested that lipolytic properties of some Bacillus strains can serve as selection criteria for probiotic strains with anti-obesity properties. Montel et al. [76] discussed the role of different enzymes, expressed by different starter cultures, in the formation of the aroma/organoleptic profile of fermented food products. El Mecherfi et al. [77] evaluated the role of beneficial organisms in the reduction of gluten resulting from specific proteolytic activity of starter cultures. Biscola et al. [78] studied the role of proteolytic enzymes produced by some LAB in the reduction of the allergenicity of dairy products. The recorded specific proteolytic acidity, in addition to other enzymatic activities expressed by both studied strains, merit additional attention and their more specific evaluation as potential beneficial feature of these bacterial cultures.



As expected, very low levels of lactic acid were recorded in connection with the previously observed drop of pH levels to 5.6 and 5.7 recorded after 24 h cultivation of the strains. Production of lactic acid may contribute to the beneficial effects of probiotics since by enforcing their antimicrobial potential. However, high levels of lactic acid may have negative effects in applications of strains in the oral cavity where high acidity may accelerate dental problems as a consequence of the interaction between lactic acid and tooth enamel [79]. Moreover, bacterial cultures can produce both the L(+) and D(-) isomers of lactic acid. This characteristic is typical of each bacterial species and a key feature in biochemical bacterial taxonomy according to Bergey’s Manual of Systematic Bacteriology [18]. Production of D(-)-lactic acid is considered an undesirable feature because high levels of D-lactic acid can cause acidosis, a potential adverse effect, especially in babies and infants [80].



Low hydrophobicity levels of 2.5% and 1.8% were recorded for B. tequilensis ST816CD and B. subtilis ST830CD, respectively. Cell surface hydrophobicity reflects the specificity of the cell surface composition and presents a possible non-specific interaction between microbial cells and host cells. It is believed that high hydrophobicity levels may enable stronger adhesion of bacterial cells to mucosal cells [81]. Todorov et al. [82] reported a high level of hydrophobicity of about 80% for some LAB strains (Lactobacillus rhamnosus and Lb. plantarum) compared to a 55% hydrophobicity level for Lb. rhamnosus GG. De Wouters et al. [83] reported a proportional correlation between hydrophobicity and adherence to a Caco-2 cell line through negative zeta potential. Even though hydrophobicity may assist in bacterial adhesion, it is not a prerequisite for strong adherence to intestinal cells. The level of hydrophobicity varies among genetically related species and even among strains of the same species [84].




5. Conclusions


Two Bacillus strains isolated from Korean traditional fermented food products, B. tequilensis ST816CD and B. subtilis ST830CD, demonstrated antibacterial activity against clinical- and food-associated pathogens. However, since their overall safety could not be confirmed, their potential for application as probiotic strains may be questioned, despite meeting several criteria. This study clearly showed that in the selection of beneficial strains, apart from probiotic properties, special attention needs to be given to the safety features of the studied strains. Nevertheless, their bacteriocins with specific beneficial characteristics may find applications as purified metabolites in numerous fields such as in food preservation, medicine, and in the dairy and pharmaceutical industries.
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Figure 1. rep-PCR profile fingerprinting of (1) Bacillus tequilensis ST816CD, (2) Bacillus subtilis ST830CD, (M) 1 kB ladder (Thermo Fischer). 
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Figure 2. (A,D) Dynamics of bacterial growth (evaluated as changes in OD at 600 nm), (B,E) acidification (evaluated as changes in pH), and (C,F) bacteriocin production (recorded as AU/mL) for Bacillus tequilensis ST816CD and Bacillus subtilis ST830CD, cultured in MRS at 37 °C. The data points represent an average of three repeats for OD and pH that did not vary by more than 3%. Standard deviation bars are not shown. Bacteriocin activity is an average of two repeats. 
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Figure 3. Activity of the Bacillus tequilensis ST816CD and Bacillus subtilis ST830CD versus (A) S. simulans KACC 13241, (B) S. auricularis KACC 13252. (-■-) represent growth of test microorganisms without addition of bacteriocins. (-●-) and (-▲-) represent growth of the studied test organisms in presence of bacteriocin produced by Bacillus tequilensis ST816CD and Bacillus subtilis ST830CD. Bacteriocins were added 3 h after initial incubation of test organisms. The data points represent an average of two repeats and did not vary by more than 2%. Standard deviation bars are not shown. 






Figure 3. Activity of the Bacillus tequilensis ST816CD and Bacillus subtilis ST830CD versus (A) S. simulans KACC 13241, (B) S. auricularis KACC 13252. (-■-) represent growth of test microorganisms without addition of bacteriocins. (-●-) and (-▲-) represent growth of the studied test organisms in presence of bacteriocin produced by Bacillus tequilensis ST816CD and Bacillus subtilis ST830CD. Bacteriocins were added 3 h after initial incubation of test organisms. The data points represent an average of two repeats and did not vary by more than 2%. Standard deviation bars are not shown.



[image: Fermentation 07 00271 g003]







[image: Table] 





Table 1. Evaluation of the effect of environmental factors on the adherence properties of the bacteriocins produced by Bacillus tequilensis ST816CD and Bacillus subtilis ST830CD.
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Test Organisms

	
Environmental Factor

	
Effect of Factors on




	

	

	
B. tequilensis

ST816CD

	
B. subtilis

ST830CD






	
Lactobacillus rhamnosus 911

	

	
50 #

	
50




	
Lactobacillus brevis 384

	

	
0

	
0




	
Lactobacillus plantarum 187

	

	
0

	
0




	
Lactobacillus plantarum 211

	

	
50

	
50




	
Lactobacillus fermentum 792

	

	
0

	
0




	
Lactobacillus salivarius 851

	

	
0

	
50




	
Pediococcus acidilactici 867

	

	
0

	
50




	
Streptococcus sanguinis KACC 11301

	

	
75

	
75




	
Streptococcus mutans KACC 16833

	

	
0

	
50




	
Streptococcus mitis KACC 16832

	

	
0

	
0




	
Escherichia coli ATCC 25922

	

	
50

	
75




	
Listeria monocytogenes ATCC 15313

	

	
75

	
94




	
Staphylococcus simulans KACC 13241

	

	
75

	
94




	
Staphylococcus auricularis KACC 13252

	

	
50

	
50




	

	
Temperature, °C

	

	




	
Listeria monocytogenes ATCC 15313

	
25

	
50

	
0




	

	
30

	
50

	
0




	

	
37

	
50

	
50




	

	
40

	
0

	
50




	
Staphylococcus simulans KACC 13241

	
25

	
50

	
0




	

	
30

	
50

	
50




	

	
37

	
50

	
75




	

	
40

	
0

	
50




	

	
pH

	

	




	
Listeria monocytogenes ATCC 15313

	
4.0

	
50

	
50




	

	
6.0

	
50

	
50




	

	
8.0

	
50

	
50




	
Staphylococcus simulans KACC 13241

	
4.0

	
50

	
0




	

	
6.0

	
50

	
0




	

	
8.0

	
0

	
0




	

	
Additives

	

	




	
Listeria monocytogenes ATCC 15313

	
skim milk *

	
50

	
75




	

	
enzyme salts **

	
75

	
75




	

	
oral hygienic powder ***

	
50

	
75




	
Staphylococcus simulans KACC 13241

	
skim milk *

	
75

	
50




	

	
enzyme salts **

	
75

	
50




	

	
oral hygienic powder ***

	
75

	
0








# Results were expressed as % adherence of the studied bacteriocins to the evaluated test strain; * skim milk, Difco; ** component for the preparation of Cleaning Time Ocean Mint, Bareun. LLC, Chun-cheon, Korea; *** Cleaning Time Ocean Mint.
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Table 2. Spectrum of activity of bacteriocin produced by Bacillus tequilensis ST816CD and Bacillus subtilis ST830CD.
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Inhibition by CFS from




	
Test Microorganisms

	
B. tequilensis ST816CD

	
B. subtilis ST830CD






	
Lactobacillus brevis HEM384

	
−

	
−




	
Lactobacillus fermentum HEM792

	
−

	
−




	
Lactobacillus plantarum HEM187

	
−

	
−




	
Lactobacillus plantarum HEM211

	
+

	
−




	
Lactobacillus plantarun ST8Sh

	
−

	
−




	
Lactobacillus rhamnosus HEM911

	
+

	
+




	
Lactobacillus salivarius HEM851

	
−

	
+




	
Listeria monocytogenes ATCC 15313

	
−

	
+




	
Pediococcus acidilactici HEM867

	
−

	
+




	
Pediococcus acidilactici ST3522BG

	
−

	
−




	
Pediococcus pentosaceus ST3633BG

	
−

	
−




	
Staphylococcus arlettae KACC 13254

	
+

	
+




	
Staphylococcus auricularis KACC 13252

	
+

	
+




	
Staphylococcus capitis subsp. capitis KACC 13242

	
−

	
−




	
Staphylococcus carnosus subsp. carnosus KACC 13250

	
+

	
+




	
Staphylococcus cohnii subsp. cohnii KACC 13237

	
−

	
−




	
Staphylococcus delphini KACC 13258

	
+

	
−




	
Staphylococcus epidermidis KACC 13234

	
−

	
−




	
Staphylococcus lentus KACC 13245

	
+

	
−




	
Staphylococcus simulans KACC 13241

	
+

	
+




	
Staphylococcus warneri KACC 13240

	
−

	
−




	
Streptococcus mitis KACC 16832

	
−

	
−




	
Streptococcus mutans KACC 16833

	
−

	
−




	
Streptococcus sanguinis KACC 11301

	
+

	
+




	
Escherichia coli ATCC 25922

	
−

	
−








+: Positive inhibitory activity; −: without inhibitory activity.
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Table 3. Primers, references, and results of PCR reactions targeting the listed genes in the DNA obtained from Bacillus tequilensis ST816CD and Bacillus subtilis ST830CD.
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Gene

	
Primers

	
References

	
Presence in




	

	

	

	

	
B.

tequilensis ST816CD

	
B.

subtilis ST830CD






	
Antimicrobial Genes

	
nisQ (nisin)

	
F: ATGAGTACAAAAGATTTCAACTT

R: TTATTTGCTTACGTGAACGC

	
[23]

	
−

	
−




	
bli (lichenicidin)

	
F: GGAAATGATTCTTTCATGG

R: TTAGTTACAGCTTGGCATG

	
[24]

	
−

	
−




	
sbo (subtiloson)

	
F: GGTTGTGCAACATGCTCGAT

R: CTCAGGAAGCTGGTGAACTC

	

	
+

	
+




	
thu (thurincin)

	
F: GTAGGTCAAATGGAAACAC

R: TTAACTTGCAGTACTAGCTC

	

	
−

	
−




	
coa (coagulin)

	
F: GGTGGTAAATACTACGGTAATGGGGT

R: GTGTCTAAATTACTGGTTGATTCGT

	

	
−

	
−




	
ped (pediocin PA-1)

	
F: CAAGATCGTTAACCAGTTT

R: CCGTTGTTCCCATAGTCTAA

	

	
−

	
−




	
srfa (surfactin)

	
F: TCGGGACAGGAAGACATCAT

R: CCTCTCAAACGGATAATCCTGA

	

	
+

	
+




	
ituc (iturin)

	
F: GGCTGCTGCAGATGCTTTAT

R: TCGCAGATAATCGCAGTGAG

	

	
+

	
−




	
Virulence genes

	
hblA (hemolysin BL)

	
F: AAGCAATGGAATACAATGGG

R: AGAATCTAAATCATGCCACTGC

	
[25]

	
−

	
−




	
hblB (hemolysin BL)

	
F: AAGCAATGGAATACAATGGG

R: AATATGTCCCAGTACACCCG

	

	
−

	
−




	
hblC (hemolysin BL)

	
F: GATACYAATGTGGCAACTGC

R: TTGAGACTGCTCGYTAGTTG

	

	
−

	
−




	
nheA (nonhemolytic enterotoxin)

	
F: GTGAGGATCACAATCACCGC

R: ACGAATGTAATTTGAGTCGTCGC

	
[25]

	
−

	
−




	
nheB (nonhemolytic enterotoxin)

	
F: TTTAGTGGATCTGTACGC

R: TTAATGTTCGTTAATCCTGC

	

	
−

	
−




	
nheC (nonhemolytic enterotoxin)

	
F: TGGATTCCAAGATGTAACG

R: ATTACGACTTCTGCTTGTGC

	

	
−

	
−




	
Vancomycin resistance genes

	
vanA

	
F: GTAGGCTGCGATATTCAAAGC

R: CGATTCAATTGCGTAGTCCAA

	
[26]

	
−

	
−




	
vanB

	
F: GTAGGCTGCGATATTCAAAGC

R: GCCGACAATCAAATCATCCTC

	

	
−

	
−




	
vanC

	
F: ATCCAAGCTATTGACCCGCT

R: TGTGGCAGGATCGTTTTCAT

	

	
−

	
−




	
vanD

	
F: TGTGGGATGCGATATTCAA

R: TGCAGCCAAGTATCCGGTAA

	

	
−

	
−




	
vanE

	
F: TGTGGTATCGGAGCTGCAG

R: GTCGATTCTCGCTAATCC

	

	
−

	
−




	
vanG

	
F: GAAGATGGTACTTTGCAGGGCA

R: AGCCGCTTCTTGTATCCGTTTT

	

	
−

	
−




	
Beneficial Genes

	
mapA (adhesion)

	
F: TGGATTCTGCTTGAGGTAAG

R: GACTAGTAATAACGCGACCG

	
[19]

	
−

	
−




	
mub (adhesion)

	
F: GTAGTTACTCAGTGACGATCAATG

R: TAATTGTAAAGGTATAATCGGAGG

	

	
−

	
−




	
eftu (adhesion)

	
F: TTCTGGTCGTATCGATCGTG

R: CCACGTAATAACGCACCAAC

	

	
−

	
−




	
ef2380 (adhesion)

	
F: GCGGTCGACGACATCTATGAAAACAAT

R: TCCGCGCCGCCTTAAACTTTCTCCTT

	

	
−

	
−




	
ef2662 (adhesion)

	
F: GGCGTCGACCACTTAAACTGATAGAGAGGAAT

R: CGCGCCGCAATTAATTATTAACTAGTTTCC

	

	
−

	
−




	
ef1249 (adhesion)

	
F: GCGGTCGACAAACGAGGGATTTATTATG

R: CTGGCGGCCGCGTTTAATACAATTAGGAAGCAGA

	

	
−

	
−




	
prg (adhesion)

	
F: GCCGTCGACTCGAGGAGAATGATACATGAAT

R: CCTGCGGCCGCGTCCTTCTTTTCGTCTTCAA

	

	
−

	
−




	
folPE (folate production)

	
F: GAGATAGTCTTAACGACATCACGATT

R: GCAGTCTATCAATTATTGGAAGCTTT

	
[26]

	
−

	
−




	
folKQ (folate production)

	
F: CACTAGTGTCTATTGACTCAAATATTTT

R: CGTTTTTATGGCTATCACGGGGCT

	

	
−

	
−




	
pabB (folate production)

	
F: CCTCAATTCATACAACCCTCTCACA

R: CAGACAAATCTTCACTCACGCCATAA

	

	
−

	
−




	
pabC (folate production)

	
F: CGGACAAGCATAATGAATACTCGGAAT

R: GGATTGATAACCGCTTCTATTGCCGA

	

	
−

	
−




	
gad (GABA production)

	
F: CCTCGAGAAGCCGATCGCTTAGTTCG

R: TCATATTGACCGGTATAAGTGATGCCC

	
[26]

	
+

	
−








+ = presence of targeted gene; − = absence of targeted gene.
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Table 4. Safety evaluation of Bacillus tequilensis ST816CD and Bacillus subtilis ST830CD.
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B. tequilensis

ST816CD

	
B. subtilis

ST830CD






	
Hemolytic activity

(α, β, γ)

	
γ

	
α




	
Gelatinase

	
+

	
−




	
Biogenic amines:

histidine to histamine

ornithine to putrescine

lysine to cadaverine

tyrosine to tyramine

	


+

+

+

+

	


+

+

+

+




	
Antibiotics

	
Diameter Inhibition Zone (mm)




	
ampicillin 10 μg per disc

	
25

	
40




	
ciprofloxacin 10 μg per disc

	
45

	
45




	
clindamycin 10 μg per disc

	
27

	
55




	
erythromycin 10 μg per disc

	
29

	
40




	
gentamycin 10 μg per disc

	
15

	
30




	
penicillin G 1 IU per disc

	
0

	
35




	
streptomycin 10 μg per disc

	
15

	
25




	
tobramycin 10 μg per disc

	
15

	
20




	
vancomycin 30 μg per disc

	
22

	
30








+ = detection of gelatinase or biogenic amines production; − = absence of gelatinase or biogenic amines production.
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Table 5. Effect of enzymes and environmental factors (temperature, pH, and some chemicals/medium components) on the stability of bacteriocin produced by B. tequilensis ST816CD and B. subtilis ST830CD. S. simulans KACC 13241, S. carnosus subsp. carnosus KACC 13250, S. auricularis KACC 13252 and L. monocytogenes ATCC 15313 were used as test organisms for the evaluation of bacteriocinogenic activity. Note: (+): bacteriocin is still active after treatment; (−): no bacteriocin activity was recorded after the treatment; (+/−): reduction of inhibition zone compared with untreated (control) bacteriocins.
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Bacteriocins Formed by




	

	
Bacillus tequilensis ST816CD

	
Bacillus subtilis ST830CD






	
Effect of enzymes:

proteinase K

α-chymotrypsin

α-amylase

	


+/−

+/−

+

	


+/−

+/−

+




	
Effect of temperature (°C):

4, 25, 30, 37, 60, 80, 100

For 1 h

For 2 h

	


+

+

	


+

+




	
Effect of pH (for 2 h):

2.0

4.0, 6.0, 8.0

10.0

	


+

+

−

	


−

+

+




	
Effect of chemicals/medium components (1%; for 1 h):

NaCl, Tween 80, SDS, skim milk

	


+

	


+
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Table 6. Enzyme production profile of Bacillus tequilensis ST816CD and Bacillus subtilis ST830CD recorded by APIZym (BioMerieux).
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	Enzyme
	B. tequilensis

ST816CD
	B. subtilis

ST830CD





	alkaline phosphatase
	3
	3



	esterase (C 4)
	4
	4



	esterase Lipase (C 8)
	2
	2



	leucine arylamidase
	2
	2



	valine arylamidase
	3
	2



	cystine arylamidase
	2
	1



	trypsin
	2
	1



	acid phosphatase
	2
	2



	naphthol-AS-BI-phosphohydrolase
	3
	3







A value ranging from 0–5 was assigned, corresponding to the colors developed: 0—negative reaction; 1 and 2—intermediate positive reactions; 3, 4, or 5—positive with different levels of intensity, according to the manufacturer’s recommendations (BioMerieux). Enzymes with a negative reaction (0) to both strains were listed as lipase (C 14), α-chymotrypsin, α-galactosidase, β-galactosidase, β-glucuronidase, α-glucosidase, β-glucosidase, N-acetyl-β-glucosaminidase, α-mannosidase, and α-fucosidase.
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