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Abstract

:

Antibiotic resistance is a major health concern worldwide. In our previous study, some bacterial isolates exhibited antibacterial activity against Staphylococcus aureus and methicillin-resistant S. aureus (MRSA). However, the production of antibacterial substances by native microorganisms is limited by biosynthetic genes. This study aimed to improve the antibacterial activity of SPR19 using atmospheric and room temperature plasma mutagenesis (ARTP). The results showed that SPR19 belonged to the Brevibacillus genus. The growth curves and production kinetics of antibacterial substances were investigated. Argon-based ARTP was applied to SPR19, and the 469 mutants were preliminarily screened using agar overlay method. The remaining 25 mutants were confirmed by agar well diffusion assay against S. aureus TISTR 517 and MRSA isolates 142, 1096, and 2468. M285 exhibited the highest activity compared to the wild-type strain (10.34–13.59%) and this mutant was stable to produce the active substances throughout 15 generations consistently. The antibacterial substances from M285 were tolerant to various conditions (heat, enzyme, surfactant, and pH) while retaining more than 90% of their activities. Therefore, Brevibacillus sp. SPR19 is a potential source of antibacterial substances. ARTP mutagenesis is a powerful method for strain improvement that can be utilized to treat MRSA infection in the future.
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1. Introduction


Infectious diseases caused by pathogenic microorganisms such as bacteria, viruses, protozoa, and fungi are a major global health problem [1]. Antibiotics are secondary metabolites produced by some microorganisms useful for treating these harmful infections [2]. Staphylococcus aureus is a pathogenic bacterium that causes severe infections. The advent of antibiotics such as penicillin and methicillin has revolutionized the treatment against them. However, these drugs rapidly become ineffective as the pathogens develop into resistant strains, methicillin-resistant S. aureus (MRSA), rendering them difficult to cure [3]. In 2019, at least 2.8 million people in the US were infected with antibiotic-resistant bacteria or fungi, and more than 35,000 people died as a result [4]. The increase in antibiotic resistance is a consequence of multiple factors, including the irrational use of antibiotics in agriculture, veterinary, and human medication and the evolution of pathogen tolerance to drugs [5]. However, the number of novel antibiotics approved for commercialization is relatively small [5,6].



Most commercial antibiotic drugs such as streptomycin, kanamycin, and polymyxin are natural products. They are produced by soil bacteria originating from Streptomyces sp. and Bacillus sp. [7,8]. Generally, bacteria have a limited ability to produce antibacterial compounds due to the restricted gene regulation of the relevant biosynthetic pathways. Thus, bacterial utilization in medical and industrial uses is necessary to increase the efficiency or productivity of bioactive agents by optimizing the culture media to be suitable for microbial growth or using genetic engineering to express the active substances effectively. Mutagenesis of microbial genes is also useful for enhancing the production of active compounds. There are several mutagenesis methods for strain improvement, including physical (e.g., γ-ray and UV radiation) and chemical mutagens (e.g., ethyl methanesulfonate and N-methyl-N′-nitro-N-nitrosoguanidine (MNNG)) [9,10].



Random mutagenesis is advantageous when the location of the desired gene is unknown or when a complex gene regulation system is present. Almost all tools used for random mutagenesis carry inherent risks. Chemical mutagens (e.g., ethidium bromide and sodium azide) expose users to high or extremely high levels of toxicity. Radiation (e.g., X-rays and γ-rays) exposes the user to permanent danger, necessitating additional control measures such as radiation badges and radiation barriers. Additionally, radiation generation requires the use of large and expensive equipment, specialized knowledge, and other security measures to restrict access.



Atmospheric and room temperature plasma (ARTP) is a random mutagenesis technique that has led to the development of physical methods, causing greater DNA damage with a higher mutation rate than UV and certain chemical mutagens. Several studies have shown that ARTP successfully improves genetic enhancement [10]. A previous study showed that the ARTP mutagenesis of Bacillus amyloliquefaciens caused a lethality rate of approximately 95% at 100 s, where a positive mutant increased the production of menaquinone-7 by 4.25 times [11]. Another study used helium-based ARTP on Bacillus subtilis for 150 s, where a colorimetric response above 26% was used as the criterion to select the high-yield mutants for surfactin production. They screened 27,000 mutants and identified 37 high-yielding isolates. One mutant increased surfactin synthesis by 5.4 times, and a C15 surfactin variant was highly produced compared with the parent [12]. Although the exact reason for the mutagenesis mechanism of the ARTP system has not yet been fully clarified, the generation of UV radiation and reactive species have been reported as possible causes [13]. Reactive chemical species alter DNA bases and induce single- or double-strand breaks [14].



SPR19 strain was isolated from soil at a botanical garden in Nakhon Si Thammarat, Thailand, while searching for bacterial isolates with antibacterial activity. Our preliminary results revealed that it possesses potent antibacterial activity against S. aureus and MRSA, suggesting that improving the activity of this strain would benefit further studies. In this study, the argon-based ARTP mutation system was applied to SPR19, and surviving mutants with enhanced antibacterial activity against S. aureus and MRSA were selected. The mutant that exhibited the highest activity was used for determining the strain stability. Additionally, the stability properties of the antibacterial substances under stressed conditions were characterized.




2. Materials and Methods


2.1. Microorganisms and Culture Conditions


Brevibacillus sp. SPR19 (GenBank accession no. MZ298491) and the indicator strains (S. aureus TISTR 517 from Thailand Institute of Scientific and Technological Research, Thailand, MRSA clinical isolates 142, 1096, and 2468 from Maharaj Nakhon Si Thammarat Hospital, Nakhon Si Thammarat, Thailand) were maintained in 40% glycerol solution at −80 °C [15]. The bacteria were thawed and then streaked on Mueller Hinton (MH) agar (Beef, infusion form 300 g/L, casein acid hydrolysate 17.5 g/L, agar 17.0 g/L, and starch 1.5 g/L) (Titan Biotech Ltd., Rajasthan, India). The plates were incubated at 30 °C and 37 °C for 24 h for SPR19 and indicator strains, respectively (Memmert GmbH+ Co., Schwabach, Germany). The single colony of SPR19 was inoculated in half formula of Luria Bertani (half LB) broth (Casein enzymic hydrolysate 5.0 g/L, sodium chloride 5.0 g/L, and yeast extract 2.5 g/L) (Titan Biotech Ltd., Rajasthan, India) at 30 °C, 150 rpm for 24 h.




2.2. Strain Identification


SPR19 was subjected to Gram and spore staining and subsequently visualized under a light microscope (Carl Zeiss, Oberkochen, Germany) at 1000× magnification [16,17]. Genomic DNA was extracted, and the 16s rRNA sequencing was performed using the forward primer (27F; 5′-AGAGTTTGATCCTGGCTCAG-3′) and reverse primer (1492r; 3′-GGTTACCTTGTTACGACTT-5′) [18]. The sequence was analyzed using NCBI BLAST, and a phylogenetic tree was constructed using MEGA X software with neighbor-joining analysis (1000 bootstrap confidence values) [19,20].




2.3. Growth Curve and Production Kinetics of Antibacterial Substances


The single colonies of the wild-type strain of SPR19 were inoculated in 50 mL of half LB broth at 30 °C, 150 rpm for 24 h. The culture was adjusted to a turbidity equivalent to 0.5 McFarland, and an aliquot of 500 µL was transferred to 49.50 mL (1%) of half LB broth at 30 °C, 150 rpm. The samples were collected at the specified time intervals and centrifuged at 10,000× g at 4 °C for 15 min (Sigma-Aldrich Co., St. Louis, MO, USA). The cell-free supernatant (CFS) was used to determine the antibacterial activity against the indicator strains (S. aureus TISTR 517 and MRSA isolates 142, 1096, and 2468) using the agar well diffusion method. Bacterial growth was measured using a spectrophotometer at an optical density (OD) of 600 nm (Thermo Fisher Scientific, Waltham, MA, USA) [21]. The incubation time of the culture that exhibited the highest antibacterial activity was used for further assays.




2.4. Atmospheric and Room Temperature Plasma (ARTP) Mutagenesis


The argon-based ARTP was designed and constructed by a team of plasma scientists at the Center of Excellence in Plasma Science and Electromagnetic Waves at Walailak University, Thailand. A single colony of the wild-type strain of SPR19 was inoculated in half LB broth, and the culture was shaken at 30 °C, for about 6 h to achieve the mid-logarithmic phase. The culture (100 mL) was centrifuged at 10,000× g at 4 °C for 5 min, washed three times with 0.85% NaCl (RCI Labscan Ltd., Bangkok, Thailand), and then resuspended in 1 mL of 0.85% NaCl. Subsequently, the turbidity of SPR19 cells was adjusted until the OD 600 nm reached 0.60. Ten microliters of SPR19 cell suspension were transferred to a PCR tube cap and positioned under a plasma nozzle. The distance between the sample and the plasma nozzle was constant at 2 mm, and the input power was approximately 4 W. The argon gas flow rate was 10 standard liter per minute (SLPM), and the mutagenic exposure time was varied between 0 and 150 s. After ARTP treatment, the sample was withdrawn from the tube cap and diluted to 1 mL with 0.85% NaCl. One hundred microliters of the diluted sample were spread on MH agar to count the surviving cells [10]. Three replicate experiments were performed, and the lethality rate was calculated as follows:


Lethality rate = [1−(NT/NU)] × 100



(1)




where NT and NU are the colony numbers in the treated and untreated groups, respectively [22].




2.5. Determination of Reactive Oxygen Species (ROS) and Reactive Nitrogen Species (RNS) Concentration


Hydrogen peroxide radical content was measured using a fluorometric hydrogen peroxide assay kit (Sigma-Aldrich Co., St. Louis, MO, USA). After the ARTP treatment, 50 µL of the diluted sample was transferred to a 96-well plate. Fifty microliters of the reaction solution, including the red peroxidase substrate, peroxidase, and assay buffer, were added to each well. The plate was mixed and incubated at room temperature for 30 min under light protection. Fluorescence intensity at 590 nm was measured using a fluorescence plate reader (BioTek, Winooski, VT, USA) at an excitation wavelength of 540 nm. The reaction solution without the sample was used as the negative control. The concentration of hydrogen peroxide in the sample was compared to the calibration curve of the hydrogen peroxide standard in the range of 0.01–10.00 µM. Furthermore, the concentration of nitrite radicals was determined using the Griess reagent (Sigma-Aldrich Co., St. Louis, MO, USA). Fifty microliters of the diluted individual time sample after ARTP treatment were transferred to each well of a 96-well plate and 50 µL of Griess reagent was added. The plates were mixed and incubated at room temperature for 15 min. The absorbance at 540 nm was measured using a microplate reader (BioTek, Winooski, VT, USA). Nitrite-free water with the Griess reagent was used as the negative control. The nitrite concentration was determined from the calibration curve using a sodium nitrite standard in the range of 0.509–8.125 µM. In addition, pH after ARTP treatment was determined using universal indicators (Merck KGaA, Darmstadt, Germany).




2.6. Antibacterial Assay by Agar Overlay and Agar Well Diffusion Methods


After plasma treatment, surviving mutants were preliminarily screened for antibacterial activity using the agar overlay method [23]. The culture of S. aureus TISTR 517 was adjusted to a turbidity equivalent to 0.5 McFarland. The mutant colonies were spotted on MH agar, and the plates were then incubated at 30 °C for 24 h. The soft MH agar (0.7% agar) containing a cell suspension of S. aureus TISTR 517 was overlaid on the spotted plates. The plates were incubated at 37 °C overnight. The ratio between the inhibition zone and colony diameter was measured, and the results were compared with those of the wild-type strain. The mutants that showed significantly higher antibacterial activity than the wild-type strain were further used to confirm the agar well diffusion method against all indicator strains (S. aureus TISTR 517 and MRSA isolates 142, 1096, and 2468) [21]. One hundred microliters of CFS of the selected mutants were introduced into each well (diameter 9 mm) of MH agar that was spread with the indicator strains. The plates were then incubated at 37 °C overnight. The inhibition zone was determined and compared with that of the wild-type strain. The mutants which exhibited significantly higher activity than the wild-type strain were used to study strain stability. In addition, the antibacterial activity spectrum of CFS of the wild-type and mutant strains was compared to that of antibiotic drugs, including vancomycin (30 µg), cefoxitin (30 µg), and oxacillin (1 µg) (Sigma-Aldrich Co., St. Louis, MO, USA) by agar well diffusion assay. Each experiment was performed in triplicate.




2.7. Strain Stability


The stability of the wild-type and mutant strains to produce constant antibacterial activity was examined by consecutively streaking them on MH agar for 15 generations [24]. Each generation was inoculated in half LB broth, and turbidity was adjusted equivalent to 0.5 McFarland before transferring 1% of the preculture into 49.50 mL of fresh half LB broth. The culture was incubated at 30 °C, 150 rpm for 24 h, and the supernatants of the 5th, 10th, and 15th generations were collected by centrifugation at 10,000× g at 4 °C for 15 min. The antibacterial activity was assessed by agar well diffusion methods, and the inhibition zone was measured using the wild-type strain for comparison.




2.8. Drug Susceptibility Study


The susceptibility of the wild-type and mutant strains to standard antibiotics was determined using the disk diffusion method [25]. The wild-type and mutant strains were grown on MH agar at 30 °C for 24 h. The turbidity of a single colony was adjusted equivalent to 0.5 McFarland standard before spreading on MH agar. The antibiotic disks; cefoxitin (30 µg), ceftriaxone (30 µg), ciprofloxacin (5 µg), doxycycline (30 µg), erythromycin (15 µg), gentamycin (10 µg), imipenem (10 µg), and vancomycin (30 µg) (Oxoid Ltd., Hampshire, UK) were placed on the surface of MH agar and then incubated at 30 °C for 24 h. The inhibition zone was measured, and the results are presented as the mean ± SD.




2.9. Scanning Electron Microscope (SEM)


The cell morphologies of the wild-type and mutant strains were captured by SEM [22]. Briefly, the bacterial cells were cultured on MH agar at 30 °C for 8 d. The cells were dispersed on a glass slide and fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer pH 7.2 for 24 h. The fixed samples were washed twice with phosphate buffer. The samples were fixed by 1.0% OsO4 at 4 °C for 1 h and washed with deionized water. The post-fixed samples were dehydrated stepwise by increasing the ethanol concentration gradually from 20% to 100%. Residual ethanol was removed from the sample using a critical point dryer (Quorum Technologies Ltd., Lewes, UK) before coating it with a gold sputter coater (Cressington Scientific Instrument Ltd., Watford, UK). SEM micrographs (Carl Zeiss, Oberkochen, Germany) were captured at a magnification of 10,000×.




2.10. Comparison of Growth Curve and Production Kinetics of Antibacterial Substances


The preculture of the wild-type and mutant strains was adjusted equivalent to turbidity equivalently to 0.5 McFarland. Five hundred microliters of the preculture were transferred to 49.50 mL of half LB broth, further incubating the culture at 30 °C, 150 rpm. The samples were collected at the specified time intervals and centrifuged at 10,000× g at 4 °C for 15 min. CFS was collected and used to determine antibacterial activity against S. aureus TISTR 517 and MRSA isolate 2468 using the agar well diffusion method. The growth curve of the bacteria was measured using a spectrophotometer at OD 600 nm (Thermo Fisher Scientific, Waltham, MA, USA) [21].




2.11. Determination of Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC)


The antibacterial activity of SPR19 was proportional to the concentration of its active substances. Therefore, the MIC and MBC of CFS can be determined directly from its activity [26]. After 24 h of incubation of the wild-type and mutant isolates, the MIC and MCB of the CFS against the indicator strains (S. aureus TISTR 517, MRSA isolates 142, 1096, and 2468) were determined by the critical-dilution method in a 96-well plate. Samples (100 µL) after a two-fold dilution of CFS with half LB broth were added to each well containing 10 µL of indicator strains (5 × 105 cells/mL). The plates were then incubated at 37 °C for 24 h. Bacterial growth was monitored by measuring the absorbance at 625 nm using a microplate reader. The medium broth alone and medium broth without CSF were used as the blank and untreated samples, respectively. The highest inhibitory dilution of CFS that resulted in more than 90% of inhibition between the treated and untreated samples was used to calculate MIC. The MBC of CFS was determined by spreading an aliquot (50 µL) of the diluted sample on MH agar to observe colony formation. The highest bactericidal dilution of CFS, which caused no colony growth, was recorded for MBC. The CFS of wild-type is used as the positive control to monitor the mutagenized consequence of M285 on the enhanced antibacterial activity. The result of the highest dilution was expressed as the activity of the respective MIC and MBC in arbitrary units per mL (AU/mL) using the following equation:


Arbitrary Unit = (2n × 1000)/V



(2)




where n is the highest two-fold dilution showing antibacterial activity, and V is the volume in µL used to test the antibacterial activity [27].




2.12. Stability of the Antibacterial Substances


The colonies of wild-type and M285 strains were inoculated into 50 mL of half LB broth and incubated at 30 °C, 150 rpm for 24 h. The preculture was dispersed in 0.85% NaCl until the turbidity was equivalent to 0.5 McFarland. The aliquot (1%) was transferred to 100 mL of half LB broth and incubated at 30 °C, 150 rpm for 24 h. The CSF was collected by centrifugation at 10,000× g at 4 °C for 15 min. The stability was determined by the following conditions. The percent of the remaining activity was calculated by the ratio between the activity of the treated and untreated samples and multiplied by 100.



2.12.1. Effect of Temperature


The CFSs of the wild-type and mutant strains were incubated at 60 °C, 80 °C, and 100 °C for 1 h, and 121 °C for 15 min (autoclave). Antibacterial activity was tested against the indicator strains (S. aureus TISTR 517 and MRSA isolate 2468). Half of the LB broth and untreated samples were used as negative and positive controls, respectively.




2.12.2. Effect of Proteolytic Enzyme


The CFS was incubated at 37 °C for 1 h in combination with proteinase K, trypsin, and α-chymotrypsin (1 mg/mL) (Vivantis Technologies Sdn. Bhd., Selangor Darul Ehsan, Malaysia). Proteolytic enzymes alone and the untreated sample were used as negative and positive controls, respectively.




2.12.3. Effect of Surfactant


Triton X-100 and sodium dodecyl sulfate (SDS) (1% v/v) (AppliChem GmbH, Darmstadt, Germany) were added to the CFS of the wild-type and mutant strains. The mixtures were incubated at 37 °C for 1 h. Triton X-100 or SDS alone and the untreated samples were used as the negative and positive controls, respectively.




2.12.4. Effect of pH


The culture supernatant was adjusted to pH, ranging from 1.0–14.0 by using 1.0 N HCl or 1.0 N NaOH. The samples were incubated at 37 °C for 1 h and then neutralized to pH 7.0, before testing the antibacterial activity against the indicator strains. Half of the LB and untreated samples were used as negative and positive controls, respectively [27].





2.13. Statistical Analysis


The results are represented as the mean ± SD of triplicate experiments. The Student’s t-test was used to analyze the significantly different sample with a p-value < 0.05 [15].





3. Results and Discussion


3.1. Characteristic, Growth Curve, and Production Kinetics of SPR19


In our previous study, we isolated SPR19 from terrestrial soil in a botanical garden in Thailand, which showed potential antibacterial activity against S. aureus and MRSA. Microscopic examination revealed that SPR19 is a Gram-positive bacterium with rod-shaped and spore-forming characteristics. The isolate was identified as Brevibacillus sp. SPR19 (GenBank accession number MZ298491) based on 16s rRNA sequencing. This isolate was closely related to Brevibacillus halotolerans LAM0312, with a similarity of 99.71% (Figure 1). Brevibacillus halotolerans LAM0312 is a new species in this genus and was isolated from saline soil. There are few literature reviews of its activities [28]. The CFS of Brevibacillus sp. SPR19 wild-type isolate at the specified incubation time was tested for antibacterial activity against S. aureus TISTR 517, MRSA isolates 142, 1096, and 2468 using the agar well diffusion assay. The SPR19 culture showed activity after 16 h of incubation. The maximum activity was observed at 24 h, corresponding to the early stationary phase of the bacterial growth curve. After 48 h of incubation, antibacterial activity gradually declined until 168 h (Figure 2).




3.2. ARTP Mutagenesis and Lethality Rate


Normally, natural microorganisms have a limited ability to produce bioactive substances. Thus, medical and industrial applications require the enhancement of these strains by upregulating corresponding genes to achieve high efficiency in producing these bioactive substances [29]. ARTP mutagenesis leads to greater DNA damage, resulting in higher production of bioactive substances [10,30]. In this study, mutagenesis of Brevibacillus sp. SPR19 was accomplished using the ARTP method with argon as the carrier gas. The result showed that the bacterial lethality rate followed a time-dependent profile, and the rate achieved was 95.92 ± 5.31% and 100.00 ± 0.01% when exposed to plasma for 30 and 150 s, respectively (Figure 3). Longer exposure time to plasma radiation resulted in higher bactericidal activity. This result was consistent with other studies, which reported that plasma treatment caused a higher positive genotoxic response. Generally, ARTP mutation is regarded to work effectively when the lethality rate is more than 90% [31]. Therefore, the mutants with a lethality rate of more than 95% were collected in this study for subsequent experiments.




3.3. Determination of ROS and RNS Concentration


The exact mechanism of the ARTP mutagenesis system has not yet been fully understood; however, the generation of UV radiation and ROS have been identified as a possible cause, leading to DNA base alteration and induction of single-or double-strand breaks [13,14]. The amount of UV radiation and composition of the reactive chemical species produced are primarily determined by the carrier gases [10]. Argon plasma emits less UV radiation and produces oxygen-derived species, such as atomic oxygen (O), hydroxyl radicals (•OH), hydrogen peroxide (H2O2), ozone (O3), and superoxide anion radicals (•O2−), which are the most abundant. Nitrogen-containing species, such as nitric oxide (NO) and nitrite/nitrate (NO2−/NO3−), are less abundant but are present in these [10,32]. Plasma produces short-lived ROS as a stable product during treatment [33]. The amount of hydrogen peroxide (H2O2) was directly correlated with the treatment time. The hydrogen peroxide (H2O2) concentration increased from 1.69 ± 0.13 to 14.50 ± 1.37 μM after 150 s of treatment. Furthermore, nitrite is frequently used as an indicator of the chemistry of reactive nitrogen species. As a result, the nitrite (NO2−) levels during treatment were quantified. The results showed that nitrite concentration decreased with treatment time. The nitrite level declined from 2.43 ± 0.00 μM to near-zero after 150 s of treatment. This can be attributed to the conversion of nitrite (NO2−) to nitrate (NO3−) in an acidic environment [34]. This was consistent with our finding that the reaction pH changed from 7 to 5 during the plasma treatment (Figure 4). Therefore, increasing ROS and RNS levels could cause ARTP-induced bacterial mutagenesis. However, one limitation of this technique is random mutagenesis. Achieving mutations may depend on various factors such as treatment conditions (energy input power, gas flow rate, distance between sample and nozzle, and exposure time), type of bacterial culture, and post-treatment conditions [10]. A previous study investigated the influence of carrier gas on the generation of free radical species. It was found that nitrogen- or air-based ionizing gases resulted in the production of more nitrate and nitrite species, while oxygen- or argon-based gases provided a high content of hydrogen peroxide [35]. These free radicals increased as a function of treatment time [36]. Generally, free radicals damage DNA bases and sugar moieties, leading to base modifications and mutagenesis [30,37,38]. A recent study investigated the molecular mechanisms of plasma treatment on structural changes to mononucleotides and oligonucleotides [37]. This study showed that dATP is sensitive to plasma radiation, and the radiation primarily breaks the phosphate backbone. Interestingly, the oligonucleotides (dC8, dA8, and dG8) were susceptible to degradation into small fragments, resulting from cleavage of the heterocyclic rings of purine and pyrimidine bases under ARTP exposure [37]. DNA damage is relieved by complicated repair responses and proceeds to genetic mutations, resulting in cell survival [38,39].




3.4. Determination of the Antibacterial Activity of the Mutants


After ARTP mutagenesis, 469 isolates survived and were screened for antibacterial activity using the agar overlay method. Twenty-five mutants showed a significantly higher ratio between the inhibition zone against S. aureus TISTR 517 and the colony diameter than the wild-type strain (Table 1). The antibacterial activities of these isolates were determined using the agar well diffusion method. Only four mutants (M251, M276, M285, and M403) exhibited significant activity against all the indicator strains. M285 showed the highest activity with the inhibition zone of 20.97 ± 0.39, 21.46 ± 0.58, 22.76 ± 0.89, and 22.48 ± 1.01 mm for S. aureus TISTR 517, as well as MRSA isolates 142, 1096, and 2468, respectively. The wild-type strain showed the lower inhibition zone of 18.72 ± 1.54, 19.45 ± 1.39, 20.07 ± 1.67, and 19.79 ± 1.46 mm for the above indicator bacteria, respectively. This indicated that M285 produced higher antibacterial activity than the wild-type strain (10.34–13.59%). Interestingly, the CFS of these four mutants and vancomycin showed a similar spectrum of antibacterial activity against all the indicator pathogens, while cefoxitin and oxacillin did not inhibit MRSA. Similar results have been observed in other studies. The increased production of avermectin by Streptomyces avermitilis ATCC 31267 was improved by 18.9% after plasma mutagenesis of its spores [40]. Furthermore, other bioactive substances such as enzymes and small molecules were produced using this procedure. Plasma-treated yeast Candida tropicalis had 1.4-fold higher xylose reductase activity compared to the wild-type strain, and the mutants increased the production of xylitol (22%) [41]. This indicates that ARTP is a powerful method for producing unique mutants that enhance antibacterial activity, enabling strain improvement for pharmaceutical and industrial applications.




3.5. Strain Stability


The stability of the mutant strain is indispensable for its use in pharmaceutical and industrial applications [41]. The wild-type and mutant strains (M251, M276, M285, and M403) were evaluated for strain stability by measuring antibacterial activity after consecutive subcultures. All mutants showed higher antibacterial activity against S. aureus TISTR 517 and MRSA isolates 142, 1096, and 2468 than the wild-type strain. Interestingly, only M285 exhibited strain stability, which produced significantly higher and constant antibacterial activity against all bacterial indicators throughout the 15 generations (Figure 5). This implies that M285 is genetically stable to produce antibacterial substances.




3.6. Drug Susceptibility Study


Susceptibility of the wild-type and mutant strains was evaluated using standard antibiotic disks. M285 was more susceptible to some antibiotics than the wild-type strain by which ceftriaxone, erythromycin, imipenem, and vancomycin showed a significant inhibition zone of 46.57 ± 0.78, 48.60 ± 0.29, 47.92 ± 0.78, and 28.62 ± 0.59 mm, respectively, whereas the wild-type strain had an inhibition zone of 44.03 ± 0.78, 46.57 ± 0.78, 44.20 ± 0.51, and 26.25 ± 0.29 mm. Furthermore, M285 appeared to be more sensitive to the remaining antibiotics (cefoxitin, ciprofloxacin, doxycycline, and gentamycin) than the wild-type strain (Table 2). This indicated the effect of plasma mutagenesis on the drug sensitivity of the mutants, and the underlying mechanisms of these drug susceptibilities require further investigation. Some studies have demonstrated that the generated reactive chemical species affect the drug targets of chemotherapeutic agents and enhance drug sensitivity and cancer inhibition [42].




3.7. Morphological Characteristics by SEM


The wild-type and M285 mutant showed similar morphology, in which the colonies had a white and circular form with convex elevation and curled margin. SEM results revealed that both cells also had similar rod-shaped and spore-forming bacterial characteristics. The size of vegetative cells was in the dimensional range of 0.480 ± 0.040 µm × 2.643 ± 0.719 µm and 0.452 ± 0.058 µm × 3.566 ± 0.859 µm for the wild-type and M285 strains, respectively. The spore sizes of the wild-type and mutant strains were 1.151 ± 0.087 × 2.216 ± 0.231 µm and 1.038 ± 0.142 µm × 2.102 ± 0.210 µm, respectively (Figure 6). This indicated that both wild-type and mutant isolates showed no significant differences in cell surface and shape.




3.8. Comparison of Growth Curve and Kinetics of Antibacterial Production


Typically, mutagenesis increases the overall antibacterial activity by promoting bacterial growth. Nevertheless, this result showed that the wild-type and M285 strains showed a similar growth curve pattern and production kinetics of antibacterial substances against S. aureus TISTR 517 and MRSA isolates 2468. The activity of both strains started at 16 h of incubation and reached a maximum activity at 24 h, which was related to the early stationary phase. M285 still produced a higher activity than the wild-type strain. After 48 h of incubation, the antibacterial activities of both strains gradually declined until 144 h (Figure 7). Taken together, ARTP treatment can increase the generation of reactive chemical species and cause genotoxicity, leading to the higher production of the same active substances. Alternatively, it could activate cryptic biosynthetic gene clusters of other antibacterial compounds that are generally not expressed [43]. Consequently, the mutant strains may produce multiple active compounds, resulting in a larger inhibition zone for M285.




3.9. Determination of MIC and MBC


The MICs and MBCs of the active substances were directly related to their activities. M285 showed a MIC of 160.00 AU/mL, which was a two-fold higher antibacterial activity when compared to that of the wild-type strain (80.00 AU/mL). The MBC of M285 also exhibited a higher potency in the range of 40.00–160.00 AU/mL, except for the MRSA isolate 142 (Table 3). These results indicated that M285 exhibited enhanced antibacterial activity due to plasma mutagenesis.




3.10. Stability of the Antibacterial Substances


It was shown that the antibacterial activity of CFS for both wild-type and M285 variant had significantly decreased after being exposed to high temperatures. Interestingly, the lowest activity was found at 100 °C for 1 h condition. At this temperature, the wild-type retained 91.13 ± 0.20% and 88.21 ± 0.77% activity, and M285 retained 90.61 ± 1.63% and 91.18 ± 3.23% activity against S. aureus TISTR 517 and MRSA isolate 2468, respectively (Table 4). The activity after treatment with proteolytic enzymes individually decreased toward the indicator pathogens. The active substances of M285 were significantly sensitive to proteinase K (92.13 ± 1.60%), trypsin (95.83 ± 1.39%), and α-chymotrypsin (93.98 ± 2.12%) for the inhibition of S. aureus TISTR 517. It indicated that the antibacterial substances were peptides or proteins. It was consistent with several previous studies, showing Brevibacillus sp. mostly produced antimicrobial peptides through ribosomal and non-ribosomal syntheses [44]. In addition, the activity of both the strains increased in the presence of Triton X-100 and SDS. A 1% concentration of SDS alone had antibacterial activity against all indicators, while 1% triton X-100 showed no effect. This result supported the stability of the active substance when combined under surfactant conditions. In addition, the antibacterial activity of the wild-type and M285 strains was stable over a pH range of 1–14, except that the activity of the wild-type strain was considerably reduced at a pH of more than 9. However, the antibacterial substances from wild-type and M285 were stable to several conditions (heat, enzyme, surfactant, and pH). The stability profile of antibacterial substances from the wild-type and M285 strains were consistent with a previous study of antimicrobial peptides from Bacillus paralicheniformis in which the activity was tolerated in the treatments of high temperature (below 100 °C) and wide range of pH (2–9). Nevertheless, the activity of that strain was attenuated more than 20% when treated with higher temperature and beyond that pH range. The activity of antimicrobial peptides from B. paralicheniformis was also reduced as it was degraded in the presence of proteolytic enzymes such as proteinase K, trypsin, and α-chymotrypsin. In addition, the wild-type and M285 also showed the enhanced antibacterial activity when combined with Triton X-100, whereas the activity from B. paralicheniformis was decreased [45]. These results showed that M285 strain could produce anti-S. aureus and anti-MRSA compounds with proteinaceous characteristics, and it exhibited a stable and broad spectrum of antibacterial activity.





4. Conclusions


Brevibacillus sp. SPR19, isolated from a soil sample, displayed potent antibacterial activity against indicator pathogens (S. aureus and MRSA). The maximum activity was observed after 24 h of cell culture. Interestingly, the ARTP technique increased the lethality of SPR19 by more than 95% within 30 s, and M285 exhibited enhanced antibacterial activity against the above indicators compared to the wild-type strain. The active compounds from M285 were more stable under various stress conditions, including temperature, proteolytic enzymes, surfactants, and pH. Both wild-type and M285 isolates proved to be stable strains, and there was no difference in cell morphology and growth. M285 was more sensitive to some antibiotics than the wild-type strain. ARTP is a powerful method for strain improvement. Identification and characterization of bioactive substances from Brevibacillus sp. SPR19 and its mutant strains are necessary for future study to elucidate its structure and function that may develop the potential antibacterial substances against antibiotic-resistant infections. However, there are some limitations in the study that require further investigation of whole genome sequencing to define the nucleotide alterations by plasma mutagenesis. It will provide an insight to monitor subsequent target modification of its genes, regulating the production of the same active substances or cryptic biosynthetic gene clusters of other antibacterial compounds.
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Figure 1. Phylogenetic tree of Brevibacillus sp. SPR19 based on 16s rRNA sequencing. The tree was constructed by MEGA X software with neighbor-joining analysis. 
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Figure 2. Growth curve of Brevibacillus sp. SPR19 and its production kinetics of antibacterial substances. The growth curve was measured at OD 600 nm, while the antibacterial activity against S. aureus TISTR 517 and MRSA isolates 142, 1096, and 2468 was determined by the agar well diffusion method. The experiment was performed in triplicate, and the results were expressed as mean ± SD (n = 3). 
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Figure 3. The lethality rate of Brevibacillus sp. SPR19 by ARTP treatment. The experiment was performed in triplicate, and the results were expressed as mean ± SD (n = 3). 
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Figure 4. (a) The hydrogen peroxide, (b) nitrite concentration, and (c) pH after ARTP treatment. The experiments were performed in triplicate, and the results were expressed as mean ± SD (n = 3). 
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Figure 5. Antibacterial activity of the wild-type and its mutants (SPR19) after 15 consecutive generations. The CFS of the wild-type and mutants were used to measure the antibacterial activity against (a) S. aureus TISTR 517, (b) MRSA isolate 142, (c) MRSA isolate 1096, and (d) MRSA isolate 2468. The experiments were performed in triplicate, and the results were expressed as mean ± SD (n = 3). 
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Figure 6. Colony morphology of Brevibacillus sp. SPR19 of (a) wild-type and (b) M285 strains. The SEM micrograph of vegetative cells and spores of (c) wild-type and (d) M285 strains at magnitude 10,000×. The vegetative cells and spores were obtained by cell incubation on MH agar at 30 °C for 8 d. 
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Figure 7. Growth curve and production kinetics of antibacterial substances of the wild-type and M285 strains. 
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Table 1. Comparison of antibacterial activity between the wild-type and its mutants by agar well diffusion (mean ± SD; n = 3).
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	Isolates
	S. aureus TISTR 517 (mm)
	MRSA Isolate 142 (mm)
	MRSA Isolate 1096 (mm)
	MRSA Isolate 2468 (mm)





	Wild-type
	18.72 ± 1.54
	19.45 ± 1.39
	20.07 ± 1.67
	19.79 ± 1.46



	M30
	18.34 ± 0.47
	18.91 ± 0.48
	19.84 ± 0.61
	19.87 ± 0.27



	M64
	17.65 ± 0.34
	18.12 ± 0.34
	19.44 ± 0.26
	18.99 ± 0.13



	M71
	18.80 ± 0.35
	18.90 ± 0.35
	19.99 ± 0.59
	19.87 ± 0.14



	M95
	17.51 ± 0.65
	18.46 ± 0.54
	18.45 ± 0.84
	18.51 ± 0.27



	M97
	18.27 ± 0.23
	18.92 ± 0.47
	18.66 ± 0.09
	19.04 ± 0.50



	M151
	18.24 ± 0.00
	19.45 ± 0.00
	19.57 ± 0.25
	19.71 ± 0.14



	M152
	18.56 ± 0.28
	19.69 ± 0.25
	20.07 ± 0.00
	20.04 ± 0.24



	M156
	19.00 ± 0.48
	19.71 ± 0.26
	20.99 ± 0.90
	20.62 ± 0.95



	M169
	19.55 ± 0.73
	20.33 ± 0.31 *
	21.08 ± 0.59
	20.71 ± 0.71



	M187
	19.64 ± 0.33 *
	19.98 ± 0.46
	21.07 ± 0.33 *
	19.98 ± 0.84



	M196
	20.09 ± 0.73
	20.86 ± 0.44 *
	22.08 ± 0.45 *
	21.35 ± 0.71 *



	M251
	19.86 ± 0.56 *
	21.37 ± 0.75 *
	22.10 ± 0.29 *
	21.40 ± 0.73 *



	M252
	19.22 ± 0.90
	20.55 ± 0.28 *
	20.90 ± 0.50
	19.89 ± 0.76



	M270
	19.87 ± 0.91
	21.19 ± 0.66 *
	21.28 ± 0.92
	20.50 ± 0.15



	M276
	20.89 ± 0.71 *
	21.10 ± 0.57 *
	21.46 ± 0.30 *
	20.86 ± 0.48 *



	M285
	20.97 ± 0.39 *
	21.46 ± 0.58*
	22.76 ± 0.89*
	22.48 ± 1.01 *



	M332
	19.62 ± 1.01
	19.90 ± 0.68
	20.33 ± 0.27
	20.25 ± 0.83



	M334
	19.35 ± 0.31
	19.81 ± 0.42
	19.10 ± 0.65
	19.88 ± 0.55



	M347
	18.73 ± 0.27
	19.37 ± 0.56
	19.09 ± 0.15
	19.44 ± 0.66



	M368
	19.53 ± 0.53
	20.36 ± 0.63
	20.34 ± 0.27
	20.23 ± 0.56



	M371
	20.07 ± 0.28 *
	20.55 ± 0.48 *
	21.42 ± 0.50 *
	20.59 ± 0.46



	M374
	19.62 ± 0.42 *
	20.27 ± 0.49
	20.78 ± 0.17
	20.41 ± 0.31



	M396
	19.62 ± 0.42 *
	20.46 ± 0.43 *
	20.52 ± 0.67
	20.50 ± 0.42



	M402
	18.55 ± 0.62
	19.72 ± 0.73
	19.72 ± 0.67
	19.88 ± 0.31



	M403
	20.16 ± 0.15 *
	20.91 ± 0.32 *
	21.24 ± 0.43 *
	20.77 ± 0.16 *



	Vancomycin (30 µg)
	21.77 ± 0.13
	23.06 ± 0.16
	24.18 ± 0.29
	25.46 ± 0.68



	Cefoxitin (30 µg)
	30.60 ± 0.40
	0.00 ± 0.00
	0.00 ± 0.00
	0.00 ± 0.00



	Oxacillin (1 µg)
	27.70 ± 0.35
	0.00 ± 0.00
	0.00 ± 0.00
	0.00 ± 0.00







* A significant difference according to the Student’s t-test at p-value < 0.05 compared to the wild-type stain.
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Table 2. Antibiotics susceptibility of Brevibacillus sp. SPR19 and its mutant strains (mean ± SD; n = 3).






Table 2. Antibiotics susceptibility of Brevibacillus sp. SPR19 and its mutant strains (mean ± SD; n = 3).





	Antibiotics
	Wild-Type (mm)
	M251 (mm)
	M276 (mm)
	M285 (mm)





	Cefoxitin (30 µg)
	43.01 ± 1.92
	45.38 ± 0.59
	43.35 ± 0.29
	46.74 ± 0.00



	Ceftriaxone (30 µg)
	44.03 ± 0.78
	45.72 ± 0.00
	46.23 ± 1.02 *
	46.57 ± 0.78 *



	Ciprofloxacin (5 µg)
	46.57 ± 1.06
	46.91 ± 0.29
	48.26 ± 1.76
	48.94 ± 0.29



	Doxycycline (30 µg)
	54.86 ± 0.88
	56.90 ± 3.52
	56.73 ± 1.55
	58.59 ± 1.06



	Erythromycin (15 µg)
	46.57 ± 0.78
	46.91 ± 0.29
	46.74 ± 1.34
	48.60 ± 0.29 *



	Gentamycin (10 µg)
	26.08 ± 0.29
	25.40 ± 1.34
	24.89 ± 1.34
	27.60 ± 0.78



	Imipenem (10 µg)
	44.20 ± 0.51
	46.91 ± 2.05
	45.89 ± 1.28
	47.92 ± 0.78 *



	Vancomycin (30 µg)
	26.25 ± 0.29
	26.92 ± 1.02
	27.60 ± 0.59 *
	28.62 ± 0.59 *







* A significant difference according to the Student’s t-test at p-value < 0.05 compared to the wild-type stain.
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Table 3. Susceptibility testing of S. aureus TISTR 517 and its resistant strains (MRSA) to antibacterial substances of Brevibacillus sp. SPR19 and M285 (mean ± SD; n = 3).
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Isolates

	
Antibacterial Activity (AU/mL)




	
MIC

	
MBC




	
Wild-Type

	
M285

	
Wild-Type

	
M285






	
S. aureus TISTR 517

	
80.00

	
160.00

	
80.00

	
160.00




	
MRSA isolate 142

	
80.00

	
160.00

	
40.00

	
40.00




	
MRSA isolate 1096

	
80.00

	
160.00

	
40.00

	
80.00




	
MRSA isolate 2468

	
80.00

	
160.00

	
40.00

	
80.00
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Table 4. Stability study of antibacterial substances of the wild-type and M285 strains. The percent of the remaining activity was calculated, and expressed as mean ± SD (n = 3).
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Conditions

	
% Remaining Activity




	
S. aureus TISTR 517

	
MRSA Isolate 2468




	
Wild-Type

	
M285

	
Wild-Type

	
M285






	
Untreated sample

	
100.00 ± 3.28

	
100.00 ± 2.45

	
100.00 ± 2.23

	
100.00 ± 1.37




	
Thermal stability




	
Sample at 60 °C, 1 h

	
97.07 ± 1.42 *

	
94.35 ± 1.49 *

	
96.22 ± 2.16

	
94.47 ± 3.47




	
Sample at 80 °C, 1 h

	
94.10 ± 1.41 *

	
92.96 ± 0.10 *

	
89.62 ± 1.67 *

	
93.54 ± 4.03




	
Sample at 100 °C, 1 h

	
91.13 ± 0.20 *

	
90.61 ± 1.63 *

	
88.21 ± 0.77 *

	
91.18 ± 3.23 *




	
Sample at 121 °C, 15 psi, 15 min (autoclave)

	
95.59 ± 1.38 *

	
92.00 ± 2.26 *

	
91.52 ± 1.36 *

	
92.54 ± 0.56 *




	
Proteolytic enzyme stability




	
Proteinase K (1 mg/mL)

	
0.00 ± 0.00 *

	
0.00 ± 0.00 *

	
0.00 ± 0.00 *

	
0.00 ± 0.00 *




	
Sample + Proteinase K (1 mg/mL)

	
99.03 ± 1.67

	
92.13 ± 1.60 *

	
99.06 ± 1.63

	
95.34 ± 2.10




	
Trypsin (1 mg/mL)

	
0.00 ± 0.00 *

	
0.00 ± 0.00 *

	
0.00 ± 0.00 *

	
0.00 ± 0.00 *




	
Sample + Trypsin (1 mg/mL)

	
100.54 ± 3.83

	
95.83 ± 1.39 *

	
99.05 ± 0.83

	
99.07 ± 1.60




	
α-chymotrypsin (1 mg/mL)

	
0.00 ± 0.00 *

	
0.00 ± 0.00 *

	
0.00 ± 0.00 *

	
0.00 ± 0.00 *




	
Sample + α-chymotrypsin (1 mg/mL)

	
97.54 ± 2.27

	
93.98 ± 2.12 *

	
97.12 ± 1.47 *

	
97.67 ± 2.13




	
Surfactant stability




	
1% SDS

	
113.93 ± 1.74 *

	
111.98 ± 1.09 *

	
114.02 ± 1.01 *

	
110.33 ± 2.93 *




	
Sample + 1% SDS

	
114.44 ± 1.93 *

	
111.51 ± 2.66 *

	
111.63 ± 4.01 *

	
110.33 ± 3.54 *




	
1% Triton X-100

	
0.00 ± 0.00 *

	
0.00 ± 0.00 *

	
0.00 ± 0.00 *

	
0.00 ± 0.00 *




	
Sample + 1% Triton X

	
109.48 ± 3.60 *

	
107.66 ± 0.81 *

	
109.68 ± 1.81 *

	
107.04 ± 1.41 *




	
pH stability




	
pH 1

	
103.51 ± 3.52

	
101.46 ± 2.93

	
100.51 ± 0.87

	
102.82 ± 2.44




	
pH 2

	
101.52 ± 2.62

	
99.05 ± 2.22

	
100.58 ± 3.71

	
100.48 ± 2.91




	
pH 3

	
102.01 ± 2.32

	
100.03 ± 2.90

	
102.09 ± 6.22

	
100.48 ± 1.62




	
pH 4

	
100.54 ± 3.08

	
100.51 ± 3.01

	
100.18 ± 6.45

	
100.95 ± 2.14




	
pH 5

	
102.03 ± 3.78

	
101.47 ± 2.55

	
101.05 ± 3.11

	
99.54 ± 0.80




	
pH 6

	
102.01 ± 2.32

	
100.50 ± 1.67

	
101.52 ± 2.62

	
100.47 ± 0.81




	
pH 7

	
100.51 ± 0.87

	
100.49 ± 0.85

	
100.51 ± 0.87

	
100.47 ± 0.81




	
pH 8

	
99.54 ± 0.79

	
100.49 ± 0.85

	
100.48 ± 2.14

	
100.01 ± 1.40




	
pH 9

	
95.36 ± 0.72 *

	
100.99 ± 0.86

	
100.48 ± 1.62

	
100.93 ± 0.81




	
pH 10

	
95.83 ± 1.33 *

	
100.49 ± 0.85

	
100.93 ± 0.81

	
100.93 ± 0.81




	
pH 11

	
94.89 ± 0.77 *

	
100.01 ± 1.47

	
100.46 ± 0.80

	
100.93 ± 0.81




	
pH 12

	
93.49 ± 0.76 *

	
100.50 ± 0.86

	
100.00 ± 0.00

	
100.93 ± 1.60




	
pH 13

	
93.03 ± 1.29 *

	
100.49 ± 0.85

	
100.47 ± 0.81

	
100.46 ± 0.80




	
pH 14

	
92.10 ± 0.76 *

	
100.00 ± 0.00

	
100.46 ± 0.80

	
100.00 ± 1.39








* A significant difference according to the Student’s t-test at p-value < 0.05 compared to the wild-type strain.
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