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Characterization of the antagonistic secondary metabolites of Paenibacillus polymyxa MEZ6 against Staphylococcus aureus









 


	
	
ORIGINAL RESEARCH
published: 31 July 2025
doi: 10.3389/fmicb.2025.1617807








[image: image2]

Characterization of the antagonistic secondary metabolites of Paenibacillus polymyxa MEZ6 against Staphylococcus aureus

Na Zhao1,2, Mingjiao Huang1, Yang Yang1, Ruxia Cai1, Jian Peng1 and Guo Guo1*


1Guizhou Key Laboratory of Microbio and Infectious Disease Prevention & Control, School of Basic Medical Sciences, Guizhou Medical University, Guiyang, China

2Center for Tissue Engineering and Stem Cell Research, Guizhou Medical University, Guiyang, China

Edited by
 Santi M. Mandal, Indian Institute of Technology Kharagpur, India

Reviewed by
 Rita Singh, Translational Health Science and Technology Institute (THSTI), India
 Mamy Jayne Nelly Rajaofera, Hainan Medical University, China

*Correspondence
 Guo Guo, guoguojsc@163.com 

Received 25 April 2025
 Accepted 22 July 2025
 Published 31 July 2025

Citation
 Zhao N, Huang M, Yang Y, Cai R, Peng J and Guo G (2025) Characterization of the antagonistic secondary metabolites of Paenibacillus polymyxa MEZ6 against Staphylococcus aureus. Front. Microbiol. 16:1617807. doi: 10.3389/fmicb.2025.1617807
 

Introduction: Paenibacillus polymyxa is an essential bio-control bacterium capable of producing numerous antagonistic compounds with potential usefulness. Methicillin-resistant Staphylococcus aureus (MRSA) is a significant bacterial strain that infects hospitals and communities, exhibiting considerable antibiotic resistance and posing a substantial threat to human health, thereby becoming a major bio-safety concern worldwide. The purpose of this study was to investigate the antibacterial properties and mechanisms of the secondary metabolites of P. polymyxa (MEZ6) against MRSA.

Methods: This study used microdilution procedures and growth and bactericidal kinetics studies to investigate the effects of MEZ6 metabolites on MRSA, and reverse-phase high-performance liquid chromatography (HPLC) and mass spectrometry (LC/MC) were used to detect the secondary metabolites of MEZ6.

Results and discussion: The results show that MEZ6 secondary metabolites can inhibit MRSA growth, prevent biofilm formation, reduce the expression of virulence genes (agrA, spa, and clf-1), disrupt cell structure, increase membrane permeability, and lead to the accumulation of ROS. Through systematic characterization, MEZ6 metabolites maybe tryptophan-associated fraction (TAF). This study establishes a systematic theoretical framework for the development and application of bacterial metabolites.
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1 Introduction

MRSA was originally identified in 1961. It is a significant bacterium in hospitals and communities that poses a substantial threat to human health (Xu et al., 2023). Vancomycin is now regarded as an effective antibiotic for treating MRSA infections (Houkes et al., 2023). However, the long-term use of antibiotics has resulted in the evolution of MRSA resistance. Thus, the discovery of novel anti-MRSA agents carries critical importance.

P.polymyxa is a widely distributed, anaerobic, spore-forming, Gram-positive bacterium discovered in nature (Ash et al., 1993). This strain produces a variety of secondary metabolites, including polymyxins, enzymes, extracellular polysaccharides (β-glucans), nonribosomal peptides (bacilysin, inturins, rhizocticin, fengycin, and amicoumacin), ribosomal peptides (ericin S, evised sublancin), and small molecular substances with antagonistic effects (Maksimova et al., 2021; Biswas et al., 2021; Wang et al., 2020). For example, polymyxins induce membrane damage through electrostatic interactions with lipopolysaccharides (LPSs) (Khondker et al., 2019). Fusaricidins can inhibit MRSA cell wall synthesis and exhibit synergistic effects with β-lactam antibiotics (Rosado et al., 2025). Secondary metabolites have been widely utilized in veterinary applications, demonstrating significant antifungal efficacy against diverse pathogenic fungi. This establishes their dual importance as antimicrobial agents and environmental bioremediation tools (Vejan et al., 2016). Our analysis of P. polymyxa secondary metabolites provides a theoretical foundation for developing novel anti-MRSA strategies.

Here, we report the isolation of a gram-positive bacterial strain that displayed a strong lytic effect on gram-positive bacteria. The strain was identified as P. polymyxa strain MEZ6 based on comparisons of its 16S rRNA gene sequence and genome sequence, which revealed a high yield of secondary metabolites. This study significantly expands our understanding of the diverse characteristics of P. polymyxa members.



2 Method


2.1 Bacterial culture and antimicrobial activity analysis

MEZ6 was found in the soil of Meiyuan, Central China Normal University. The strain was cultivated at 30°C for 2 d in TY medium (3 g/L yeast extract, 5 g/L tryptone and 1.3 g/L CaCl2·6H2O, pH 7.0) (Zhao et al., 2022). Professor Peng Jian’s department at Guizhou Medical University provided MRSA. MRSA was cultured in TSB media (15 g/L tryptone, 3 g/L soybean papain hydrolysate, 5 g/L NaCl, 2.5 g/L glucose, and 2.5 g/L KOH, pH 7.2) at 37°C (Peng et al., 2021). The remaining strains (Pseudomonas aeruginosa CMCC 10104, Staphylococcus aureus ATCC 25923, Escherichia coli ATCC 25922, Acinetobacter baumannii ATCC 19606, Klebsiella pneumoniae ATCC 700603, Cryptococcus neoformans H99, Candida albicans ATCC 10231, and Aspergillus flavus 3357) were stored in the laboratory and cultured in SDB media (10 g/L tryptone, 5 g/L glucose, pH 7.2) at 30°C for 2 d.

The bacteriostatic zone method was used to determine the antibacterial activity of each strain. The tested strains were evenly coated on the plate, and after drying, 20 μL of the MEZ6 bacterial mixture was applied to the plate. As a negative control, the same volume of water was used. The mixture was then placed in an incubator at 37°C for 24 h for observation. Antibacterial activity is measured by the diameter of the antibacterial zone (Li et al., 2018).

For co-inoculations via different culture methods, a 2-day-old MEZ6 culture in TY medium was centrifuged at 10,000 rpm for 6 min, and the supernatant was filtered through a 0.22 μm filter. This 200 μL filtrate was inoculated into a MRSA culture (MRSA final concentration of 1 × 106 CFU/mL). For cell lysate preparation, MEZ6 cells were sonicated, and the lysate was centrifuged to remove cell debris. The resulting supernatant was then added to the MRSA culture (final concentration of 1 × 106 CFU/mL), and an equal volume of TSB medium was added as a control (Zhao et al., 2022).



2.2 Evaluation of the antibacterial activity of the isolate

The minimum inhibitory concentration (MIC) was measured using broth microdilution according to the criteria of the American Society for Clinical and Laboratory Standards Institute (CLSI) criteria (Cuenca-Estrella et al., 2010). The strains were grown to the exponential phase and washed three times with PBS (10 mM, pH 7.4). Then, 100 μL of the MRSA suspension (1 × 106 CFU/mL) was inoculated into a 96-well plate, followed by the addition of 100 μL of a serially diluted MEZ6 antimicrobial material mixture, and the plate was subsequently incubated at 37°C for 24 h. The OD600nm values of each well were measured via a microplate reader. The range of MEZ6 antimicrobial material concentrations evaluated was 0.2–80 mg/mL, and PBS and medium were used as negative and blank controls, respectively. The well containing the bacterial culture without drug treatment served as the 100% growth control, and the minimum drug concentration that resulted in a 50% reduction in absorbance was determined as the MIC value.



2.3 Scanning electron microscope observation

To study the effects of secondary metabolites on MRSA, bacterial suspensions (1 × 106 CFU/mL) were treated with final concentrations of 2 × MIC or PBS for 2 h. The bacteria were rinsed twice with PBS before being fixed with 2.5% glutaraldehyde at 4°C overnight. The bacteria were then dehydrated in various concentrations of ethanol. A bacterial suspension free of MRSA was utilized as a control for comparison. Images were acquired with a Hitachi Regulus SU8100 (Tokyo, Japan).



2.4 Effects on cell membranes

Propidium iodide (PI, 20 μM) was used as a probe to analyze changes in the cell membrane permeability of MRSA after treatment with different concentrations of the antimicrobial substance MEZ6. The final concentration of 5 μM PI was incubated with the bacterial suspension (1 × 106 CFU/mL) for 10 min, followed by treatment with MEZ6 metabolites (2.5–20 mg/mL) at 37°C for 1 h, with PBS used as a control. The fluorescence value of the bacteria was subsequently measured using a microplate reader (BioTek SYNERGY-H, Agilent, USA), with excitation and emission wavelengths set at 535 nm and 615 nm, respectively (Fadhel Abbas Albaayit et al., 2022).



2.5 ROS measurements

The fluorescence probe 2′, 7′-dichlorodihydrofluorescein diacetate (DCFH-DA) was used to measure the intracellular generation of ROS. The bacterial suspension (1.0 × 106 CFU/mL) was mixed with DCFH-DA (final concentration of 10 mM) and incubated at 37°C for 30 min in the dark. After incubation, the suspensions were treated with MEZ6 metabolites (1/2, 1, 2, or 4 × MIC) at the indicated concentrations for 1 h at 37°C. The fluorescence intensity was evaluated using a multifunctional fluorescent enzyme marker with an excitation wavelength of 485 nm and an emission wavelength of 530 nm. N-acetylcysteine (NAC) at a concentration of 6 mM was used as a control agent to quench the production of reactive oxygen species, while PBS served as a negative control.



2.6 Biofilm formation

The effect of MEZ6 antimicrobial material on MRSA biofilm formation has been previously tested and described (Peng et al., 2021). An XTT test kit (Shanghai, BeatBio) was used to assess the absorbance at 490 nm via a multifunctional microplate reader after treatment with various doses of the antibacterial agent. Moreover, we used 0.5% crystal violet to measure the total biomass of biofilms at 560 nm (Vazquez-Armenta et al., 2024), with PBS serving as a negative control.



2.7 Alterations in nucleic acids

The experiment involved streaking MRSA strains stored at −80°C onto TSA plates and incubating them at 37°C for 1 d. MRSA strains were treated with 0, 1/2 MIC, MIC or the 4 MIC of MEZ6 secondary metabolites for 4 h, after which the supernatant was centrifuged. A UV spectrophotometer was then used to measure the absorbance at 260 nm (Hsu et al., 2005). The experiment was conducted in three parallel groups and repeated three times to ensure that the results were reliable and reproducible.

MRSA cultures were cultured in TSB overnight to assess the influence of secondary metabolites on bacterial virulence genes. The exponential phase culture was collected when the OD600nm reached approximately 0.4. The cells were washed with PBS and then subjected to 1/2 × MIC for 4 h. RNA was extracted using a RNeasy Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. cDNA synthesis and quantitative reverse transcription (RT)-PCR were performed according to the manufacturer’s instructions (Bio-Rad, CA, USA), with the primers provided in Table 1. The qPCR cycling settings were 95°C for 30 s, 40 cycles of 95°C for 5 s, and 55°C for 30 s, followed by melt curve analysis from 65 to 95°C.


TABLE 1 The qPCR primers of bacterial virulence genes.


	Name
	Function
	Primer
	Size of product (bp)

 

 	agrA F 	Regulator of gene expression 	TGATAATCCTTATGAGGTGCTT 	164


 	agrA R 	CACTGTGACTCGTAACGAAAA


 	spa F 	Surface protein for bacterial aggregation 	GCGCAACACGATGAAGCTCAACAA 	125


 	spa R 	ACGTTAGCACTTTGGCTTGGATCA


 	fnb-A F 	Surface protein 	ACTTGATTTTGTGTAGCCTTTTT 	185


 	fnb-A R 	GAAGAAGCACCAAAAGCAGTA


 	fnb-B F 	Surface protein 	CGTTATTTGTAGTTGTTTGTGTT 	118


 	fnb-B R 	TGGAATGGGACAAGAAAAAGAA


 	clf-1 	Surface protein 	CGGTTTTGGACTACTCAGCA 	151


 	clf-1 R 	GCTACTGCCGATAAACTA


 	srrA F 	Regulator of gene expression 	AGCATGTGTGGGAGGTATGA 	118


 	srrA R 	TGCAATCAAATATGATGTGAAGAA




 



2.8 Isolation and purification of metabolites

The bacteria were picked from fresh plates and incubated in 50 mL of TY liquid medium at 200 rpm/min and 30°C for 2 d. The 1% seed mixture was incubated in 1 L of fermentation medium (5 g/L yeast extract, 1 g/L tryptone, 5 g/L glucose, 5 g/L beef extract and 5 g/L NaCl) for 2–3 d at 200 rpm/min and 30°C (Zhao et al., 2022). After centrifugation at 10,000 rpm for 10 min, the mixture was collected and filtered through a 0.22 μm filter.

A macroporous adsorption resin (Mitsubishi DIAION type 80*800 mm) was filled and then pretreated with ethanol and purified water, followed by fermentation broth. The samples were subsequently washed with 3 volumes of filtered water before being eluted with 50% ethanol to a light color (approximately 3 volumes) and 95% ethanol to light color (approximately 3 volumes). The 50 and 95% ethanol eluents were mixed, concentrated, and dried under decreased pressure before being separated and purified via reverse-phase separation. Then, pure chemicals were used in antimicrobial studies.

To enrich the macroporous resin, 1/5 of it was dissolved in 20 mL of 50% acetonitrile, filtered through a 0.45 μm membrane, and then injected. Mobile phase A was acetonitrile, while mobile phase B was water containing 0.1% acetic acid. The peaks with the highest purity in the crude product were collected separately and tested via HPLC. The coarse separation process described above was repeated five times. The enriched macroporous resin is coarsely separated, and then the matching flow content is merged based on the HPLC results, concentrated, and dried under reduced pressure before the target is further purified. For the elution methods, see Supplementary Table S1.

For injection, 1/3 of the crude target was dissolved in 12 mL of 40% acetonitrile aqueous solution and filtered through a 0.45 μm filter membrane. Mobile phases A and B contained acetonitrile and 0.1% acetic acid in water, respectively. The flow was collected into separate bottles and examined via HPLC. The above purification process was repeated three times, resulting in a purity of more than 95% for the target stream. Under reduced pressure, acetonitrile was removed from the target material with a purity greater than 95%. The target was then freeze-dried to provide a target with certified purity. Antibacterial tests were performed on the isolated and purified compounds. The elution methods are shown in Supplementary Table S2.

Antibacterial tests were performed on the isolated and purified compounds. Agar well diffusion was employed to examine the antibacterial activity of the extract. MEZ6 was used as a standard. One hundred microliters (1 × 106 CFU/mL) of MRSA were spread evenly on agar plates. Diapers (6 mm) were created on the plates, and 100 μL of different isolated and purified compounds were loaded. The plates were incubated at 37°C for 24 h. After incubation, the apparent inhibition zone provides insight into the antibacterial potential of the isolated and purified compounds (Li et al., 2018).



2.9 Substance identification

The compound’s structure was determined using one-dimensional nuclear magnetic resonance (1H-NMR, 13C-NMR), two-dimensional nuclear magnetic resonance (2D-NMR), high-resolution mass spectrometry (HR-ESI-MS), Marfey’s analysis, and reference literature studies.

A checkerboard assay was used to evaluate the synergistic effects of the purified MEZ6 compounds with conventional antibacterial agents against MRSA (Yan and Hancock, 2001). Briefly, a 4 × 6 matrix was formed in a 96-well microtiter plate with twofold serial dilutions of MEZ6’s purified compounds combined with L-tryptophan (L-Trp). The fractional inhibition concentration index (FICI) was calculated as follows: FICI = MIC of compound A in combination/MIC of compound A alone +MIC of compound B in combination/MIC of compound B alone. Synergy, FICI ≤ 0.5; additive effect, 0.5 < FICI ≤ 4; antagonism, FICI > 4.



2.10 Statistical analysis

Every experiment was performed at least three times. Student’s t-test was used for statistical analysis, and p < 0.05 was considered a significant difference.




3 Results


3.1 Bioactivity spectrum screening

MEZ6 demonstrated a substantial inhibition zone against MRSA (Supplementary Figure S1), with an inhibition rate of up to 98.98% (Table 2). In contrast, there were negligible antibacterial activity on the gram-negative bacteria or fungi examined. To further evaluate the antibacterial mechanism of MEZ6 against MRSA, antimicrobial studies were carried out using both the cell lysate and the culture supernatant. The results revealed that the active compounds preventing MRSA growth were largely found in the supernatant (Figure 1). Moreover, the minimum inhibitory concentration (MIC) of MEZ6 secondary metabolites was 5 mg/mL, and the vancomycin MIC was 2 μg/mL.


TABLE 2 Inhibition rates of the test bacteria.


	Strains
	Inhibition ratea

 

 	Bacteria


 	Staphylococcus aureus ATCC 25923 	99.6 ± 0.18%


 	methicillin-resistant Staphylococcus aureus MW2 	98.98 ± 0.03%


 	Pseudomonas aeruginosa CMCC 10104 	1.50 ± 2.18%


 	Acinetobacter baumannii ATCC 19606 	3.41 ± 1.52%


 	Escherichia coli ATCC 25922 	3.12 ± 0.75%


 	Klebsiella pneumoniae ATCC 700603 	3.56 ± 2.57%


 	Fungi


 	Aspergillus flavus 3357 	7.18 ± 1.02%


 	Cryptococcus neoformans H99 	0.58 ± 0.1%


 	Candida albicans ATCC 10231 	1.06 ± 2.63%





a Values are shown as mean ± SD (n = 3) of three independent experiments.
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FIGURE 1
 Investigation of the antibacterial mechanism of P. polymyxa against MRSA. (A) Solid plate assay. (+MEZ6: added P. polymyxa; +H2O: added sterilized water; CK: control), MEZ6 exhibited potent bactericidal activity. (B) Elucidating the antibacterial mechanism of MEZ6, we investigated the effects of MEZ6 on MRSA cultures (MRSA: culture containing exclusively MRSA; +MEZ6: MRSA cultures treated with MEZ6 suspension; +SQ: MEZ6 supernatant added to MRSA; +PS: MEZ6 lysate added to MRSA). The supernatant of MEZ6 demonstrated strong bactericidal efficacy. (C). Time–kill curves of MEZ6, the supernatant, and the cell lysates. The bactericidal efficacy of the supernatant is comparable to that of whole MEZ6 cultures. The error bars indicate the mean ± standard deviation (n = 3).




3.2 Antibiofilm effects

The antibiofilm potential of the MEZ6 secondary metabolites was evaluated using various methods. The XTT assay was performed to assess MRSA survival following treatment with MEZ6 secondary metabolites. At the highest concentration of 4 MIC (20 mg/mL), a significant reduction was observed (Figure 2A), and showing a dose-dependent effect on the MEZ6 secondary metabolite concentration. The results of crystal violet staining revealed that the highest concentration of MEZ6 secondary metabolites 4 MIC (20 mg/mL) significantly reduced the total biomass of MRSA biofilms (Figure 2B).

[image: Bar graphs depicting biofilm quality, formation, and gene expression changes. Graph A shows varying reductions in biofilm quality across different concentrations, with the highest at control. Graph B displays a similar trend in biofilm formation. Graph C illustrates log2 fold changes in different genes, with notable increases in fnbA and fnbB and decreases in spa and clfA.]

FIGURE 2
 The antibiofilm effects of MEZ6 secondary metabolites (MIC = 5 mg/mL) on MRSA. (A). The potential of MEZ6 secondary metabolites to inhibit MRSA biofilm attachment. (B). A crystal violet assay was used to quantify the total biomass of the MRSA biofilms. (C). Expression levels of virulence regulator genes (agrA, fnb-A, fnb-B, spa and clf-1) in MRSA. MRSA was treated with the secondary metabolite MEZ6 (1/2 MIC) for 4 h. Data represent the mean± SD (n = 3). *p < 0.05; **p < 0.01; ***p < 0.005, ****p < 0.001, Student’s t-test compared with control.


It is well known that virulence factors allow MRSA to withstand the host immune system and exacerbate infections. A thorough examination of these virulence variables will provide important insights into MRSA antibiotic resistance. The expression levels of MRSA virulence genes were detected via real-time quantitative PCR following treatment with various doses of MEZ6 secondary metabolites. Figure 2C shows that a 1/2 × MIC treatment for 4 h reduced the expression of virulence genes, including accessory gene regulator A (agrA), cytokine-like factor 1 (clf-1), and immunoglobulin G-binding protein A (spa).



3.3 Mechanism of action

Propidium iodide (PI) cannot permeate the intact membranes of live cells. However, necrotic cells, which have lost membrane integrity, allow PI to enter and attach to DNA. Based on this feature, PI labelling was employed in this work to distinguish between dead and live cells. Figure 3A shows that when the secondary metabolite concentration increased, so did the number of dead cells. The influx of PI indicates that MEZ6 secondary metabolites may cause damage to the MRSA cell membrane, impair membrane integrity, and increase membrane permeability. The amount of cell membrane damage was proportional to the concentration of MEZ6 secondary metabolites, indicating a concentration-dependent effect.
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FIGURE 3
 Interaction of MEZ6 secondary metabolites with the cell membrane, ROS and DNA of MRSA (MIC = 5 mg/mL). (A). Fluorescence intensity of propidium iodide (PI) in MRSA treated with different concentrations of MEZ6 secondary metabolites for 1 h. (B). Production of ROS in MRSA treated with different concentrations of MEZ6 secondary metabolites; exogenous supplementation with NAC (6 mM) was used as a negative control. (C). DNA leakage induced by secondary metabolites of MEZ6. Data represent the mean± SD (n = 3). *p < 0.05; **p < 0.01; ***p < 0.005, ****p < 0.001, Student’s t-test compared with control.


Reactive oxygen species (ROS) generally maintain low concentration levels within the cell, and the accumulation of higher concentrations of ROS can damage cellular structures. As shown in Figure 3B, ROS accumulation in bacteria increased significantly after treatment with MEZ6 secondary metabolites. Furthermore, the addition of the antioxidant N-acetyl-cysteine (NAC) at a concentration of 6 mM reduced the production of ROS, as shown in Figure 3B. These results suggest that the presence of MEZ6 secondary metabolites induces ROS production and may plays a key role in the antimicrobial effects exerted by MEZ6 secondary metabolites.

This study used the DNA concentration in the MRSA culture as a reference to determine the DNA content in the MRSA culture following treatment with various amounts of MEZ6 secondary metabolites. Figure 3C shows that as the quantity of secondary metabolites increased, so did the DNA content in the MRSA culture, indicating a concentration-dependent effect.



3.4 Scanning electron microscopy

To study the impact of MEZ6 and its metabolites on the integrity of the MRSA cell wall and cell membrane, SEM was used to examine the morphological and ultrastructural changes in MRSA cells after 4 h of treatment with MEZ6 and its secondary metabolites.

Figure 4 shows that the MRSA cells in the control group were clear and undamaged, with a rather smooth surface (Figure 4A). In contrast, when MRSA cells were co-cultured with a 1 × MIC (5 mg/mL) of the metabolites, several cells broke, releasing their contents. The cell surface roughened, and cell aggregation occurred (Figure 4B).

[image: Electron microscope images showing two panels labeled A and B. Panel A displays several spherical particles, smooth and isolated. Panel B shows similar spherical particles, some with irregular surfaces and clumping together. Both images are magnified at 20,000 times, with a scale indicating two micrometers.]

FIGURE 4
 SEM analysis of MRSA. (A) Untreated MRSA; (B) MRSA treated with the MEZ6 metabolite (10 μg/mL (2 MIC)) for 2 h. MIC = 5 mg/mL.




3.5 Purification and identification of the substance

First, the antimicrobial activity of the crude extract was tested, and the results revealed that the 100% resin extract had significant antibacterial activity (Figure 5A). The fraction exhibiting antibacterial activity was further isolated and purified, resulting in seven fractions. After their antibacterial activities were validated, it was discovered that the sixth fraction created a distinctive inhibitory zone (Figure 5B). This purified fraction was further processed, yielding six pure chemicals (Figure 5C). One of these compounds had a prominent inhibitory zone, and after further purification, a pure sample was produced (Figure 5D).
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FIGURE 5
 An experiment involving the isolation and purification of MEZ6 metabolites. (A). Verification of 50 and 100% resin extracts. (B). Continued separation and verification of 100% resin extracts. (C). Continued separation and verification of the effective extracts from the previous stage. (D). Verification of pure products. Each experiment was independently repeated three times.


It reveals that TAF may serve as a key structural component in MEZ6 secondary metabolites through mass spectrometry (MS) and nuclear magnetic resonance (NMR) analysis (Figure 6A, Supplementary Figure S2–S7). We compared the pure chemical we obtained to a commercially available reference via high-performance liquid chromatography (HPLC) (Figure 6B). The results revealed that the retention periods were constant and that the peaks were solitary. We determined the minimum inhibitory concentration (MIC) of the TAF to be 3.3 mg/mL (Supplementary Figure S8). We also found that when MEZ6 pure products were combined with L-tryptophan against MRSA, the FICI value was 1.15 (0.5 < FIC ≤ 4), which indicated an additive effect (Supplementary Figure S9).

[image: A two-part image displays chemical analysis data. Panel A shows a mass spectrometry graph with a chemical structure indicated as blue A and red B, detailing relative abundance against mass-to-charge ratio. Panel B presents a chromatogram with absorbance over time for three samples labeled Biao, Chun, and Biao+Chun, indicated by black, red, and blue lines, respectively.]

FIGURE 6
 MEZ6 extracts were identified. (A). Extracts were identified via mass spectrometry. (B). Extracts and standards were verified via high-performance liquid chromatography (HPLC), with absorbance at 254 nm. Biao indicates tryptophan. Chun indicates TAF. Biao + Chun indicates a 1:1 (v:v) mixture of L-tryptophan and TAF. (TAF: tryptophan-associated fraction). HPLC experiment was independently repeated three times.





4 Discussion

Currently, the misuse of antibiotics is accelerating the spread of antimicrobial resistance at an alarming rate. However, microorganisms can produce structurally diverse secondary metabolites with a wide range of biological activities due to their distinct metabolic pathways and adaptation mechanisms (Maggi et al., 2024; Wallner et al., 2024), making them key sources of bioactive natural products in recent years.

P. polymyxa is a bacterium with numerous applications due to its capacity to enhance plant growth and produce compounds with antibacterial properties. In this study, we investigated the antibacterial efficacy of MEZ6 secretions in vitro against MRSA. The MIC results revealed that the inhibitory effect of MEZ6 secretions on MRSA was concentration-dependent. The secondary metabolites of MEZ6 exhibit rapid bactericidal activity. Growth curve analysis revealed that MEZ6 secondary metabolites could limit MRSA growth (Figure 1) and act via a noncontact bactericidal mechanism. These findings demonstrate that MEZ6 secondary metabolites maybe effective bactericidal agents, with effects lasting more than 2 days, providing important insights for the development of novel antibacterial agents.

To date, understanding the antibacterial processes of bacterial secondary metabolites has been difficult. It is widely accepted that they interact with membranes (Huang et al., 2025). This study demonstrates that MEZ6 secondary metabolites can significantly affect bacterial cell membrane fluidity (Figure 3).

MEZ6 secondary metabolites, like standard antibiotics, can influence bacterial activity (Figure 3A), increase intracellular reactive oxygen species (ROS) levels (Figure 3B), and cause membrane rupture (Figure 4B). Importantly, MEZ6 secondary metabolites can operate during the initial adhesion and biofilm formation stages by downregulating the expression of virulence factor genes such as agrA, spa, and clf-1 (Figure 2C), thereby reducing the number of MRSA biofilms (Kim et al., 2012; Queck et al., 2008; Bikard et al., 2012).

Large populations of S. aureus in both planktonic and biofilm forms are a primary cause of chronic and recurring infections, including pneumonia, heart valve infections, osteomyelitis, and prosthetic implant infections. Our findings demonstrate that MEZ6 secondary metabolites effectively inhibit MRSA growth. Experimental data further suggest these metabolites may exhibit bacteriostatic activity across multiple MRSA growth phases. Bacterial virulence factors are crucial for the development of infections (Jenul and Horswill, 2019). S. aureus pathogenicity and quorum sensing (QS) are regulated by virulence genes, including agrA, spa, fnb-A, fnb-B, clf-1, and srrA (Heyer et al., 2002). The QS system in S. aureus uses autoinducing peptides, such as exoenzymes and exotoxins, as signals to regulate important virulence factors. In 90% of S. aureus infections, the agrA gene is responsible for causing soft tissue infections (Hauck and Ohlsen, 2006; Novick, 2003). In addition, fnb-A is responsible for the adhesion, colonization, and invasion of host cells (Hauck and Ohlsen, 2006; Novick, 2003), whereas clf-1 plays an essential role in the adherence of S. aureus to fibrinogen and fibrin. Targeting these virulence genes could provide an interesting strategy for combating drug-resistant S. aureus strains (Tharmalingam et al., 2019). MEZ6 secondary metabolites downregulated the expression of agrA, clf-1, and spa, potentially disrupting MRSA adhesion factor function (Figure 2C).

Bacillus polymyxa produces polymyxin, which was isolated in 1947. Polymyxins B and E have a strong effect on Gram-negative pathogenic bacteria and are commonly used in therapeutic practice (Stansly et al., 1947). Many isolates in the genus Paenibacillus exhibit beneficial functions, including plant growth promotion, nitrogen fixation, biological control, and bioremediation. For example, P. polymyxa is frequently detected in plant rhizospheres, and through the production of NRPs (e.g., polymyxin B) or other metabolites, it can inhibit the growth of bacterial and fungal pathogens (Langendries and Goormachtig, 2021; Shaheen et al., 2011). MEZ6 exhibits antimicrobial properties similar to those of other Paenibacillus strains. However, there has been minimal research on the effects of the secondary metabolites of Paenibacillus strains against MRSA. Bacillus produces bacilysin to combat S. aureus by blocking glucosamine-6-phosphate synthase (Islam et al., 2022). JSA-9, derived from B. polymyxa, kills MRSA by preventing biofilm formation. Pelgipeptin D, obtained from Bacillus elgii B69, can kill MRSA at a 4 MIC, although the mechanism of its inhibition is unknown (Han et al., 2018). A nonpeptide component isolated from P. polymyxa J. exhibits substantial antibacterial action against MRSA, although the particular active ingredient has not been identified (Ding et al., 2011). This study reveals that TAF may serve as a key structural component in MEZ6 secondary metabolites.

L-tryptophan is an essential aromatic amino acid that contains an indole group and is required for humans (Yang et al., 2025). Some amino acid polyesters have been extensively investigated for use in drug delivery systems and antibacterial applications. Li et al. reported a new biodegradable wound dressing containing L-tryptophan that has bactericidal, biofilm-eliminating, and infection-preventing characteristics (Ranhotra, 2024). Trp-TOC composite materials have strong antibacterial activity against E. coli (NCTC-10416), P. aeruginosa (NCID-9016), S. aureus (NCTC-7447), and C. albicans (NCCLS 11) (Li et al., 2022). Irum Iqrar et al. discovered that bacterial extracts from Serratia marcescens MOSEL-w2, Enterobacter cloacae MOSEL-w7, and Paenibacillus MOSEL-w13, which are cannabis endophytic bacteria, have potent antiparasitic properties. LC–MS/MS analysis revealed that these extracts included L-tryptophan and other compounds (Iqrar et al., 2021). Tryptophan-replaced peptides of dCATH possess high antibacterial activity and cell selectivity (Feng et al., 2020). Tryptophan-rich antimicrobial peptides can kill microorganisms by targeting intracellular pathways (Mishra et al., 2018). Our study employed reverse-phase high-performance liquid chromatography (HPLC) and matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF) mass spectrometry to determine the molecular weight and purity of MEZ6 secondary metabolites, indicating that MEZ6 secondary metabolites also include TAF. We also sequenced the entire genome of the bacterium MEZ6, which contains key enzymes, (e.g., MEZ6_14605, MEZ6_14610, MEZ6_14615, MEZ6_14620, MEZ6_14625, MEZ6_14630, MEZ6_14635) (Supplementary Table S3) for tryptophan biosynthesis. This also provides crucial evidence for our subsequent research on TAF maybe the key structural component of MEZ6 secondary metabolites.

The isolation of secondary metabolites from MEZ6 facilitates the understanding of bacterial metabolite functions, providing references for the development of novel antimicrobial agents. The secondary metabolites of MEZ6 may induce bacterial lysis through disruption of the cell membrane structure in MRSA. This study established a methodological system for investigating microbial secondary metabolites, with preliminary identification of anti-MRSA metabolites derived from MEZ6. However, all current experiments were conducted exclusively in vitro and lack cytotoxicity assessments. These limitations necessitate further in vivo validation to evaluate therapeutic efficacy and safety.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author.



Author contributions

NZ: Writing – original draft, Writing – review & editing. MH: Writing – review & editing. YY: Writing – review & editing. RC: Writing – review & editing. JP: Writing – review & editing. GG: Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This research was supported by the Guizhou Provincial Natural Science Foundation (ZK [2024] General Program 111), High-level Talents of Guizhou Medical University Scientific Research Start-up Fund Project (Xiao Bo He J Zi [2022] No. 038), Guizhou Key Laboratory (ZDSYS[2023]004).



Acknowledgments

The authors thank Bo Xie for providing us with MEZ6.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The authors declare that no Gen AI was used in the creation of this manuscript.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2025.1617807/full#supplementary-material



References
	 Ash, C., Priest, F. G., and Collins, M. D. (1993). Molecular identification of rRNA group 3 bacilli (Ash, farrow, Wallbanks and Collins) using a PCR probe test. Proposal for the creation of a new genus Paenibacillus. Antonie Van Leeuwenhoek 64, 253–260. doi: 10.1007/BF00873085 
	 Bikard, D., Hatoum-Aslan, A., Mucida, D., and Marraffini, L. A. (2012). CRISPR interference can prevent natural transformation and virulence acquisition during in vivo bacterial infection. Cell Host Microbe 12, 177–186. doi: 10.1016/j.chom.2012.06.003 
	 Biswas, S., Wu, C., and van der Donk, W. A. (2021). The antimicrobial activity of the glycocin sublancin is dependent on an active phosphoenolpyruvate-sugar phosphotransferase system. ACS Infect. Dis. 7, 2402–2412. doi: 10.1021/acsinfecdis.1c00157 
	 Cuenca-Estrella, M., Gomez-Lopez, A., Alastruey-Izquierdo, A., Bernal-Martinez, L., Cuesta, I., Buitrago, M. J., et al. (2010). Comparison of the Vitek 2 antifungal susceptibility system with the clinical and laboratory standards institute (CLSI) and European committee on antimicrobial susceptibility testing (EUCAST) broth microdilution reference methods and with the Sensititre yeast one and Etest techniques for in vitro detection of antifungal resistance in yeast isolates. J. Clin. Microbiol. 48, 1782–1786. doi: 10.1128/JCM.02316-09 
	 Ding, R., Wu, X. C., Qian, C. D., Teng, Y., Li, O., Zhan, Z. J., et al. (2011). Isolation and identification of lipopeptide antibiotics from Paenibacillus elgii B69 with inhibitory activity against methicillin-resistant Staphylococcus aureus. J. Microbiol. 49, 942–949. doi: 10.1007/s12275-011-1153-7 
	 Fadhel Abbas Albaayit, S., Maharjan, R., Abdullah, R., and Hezmee Mohd Noor, M. (2022). Evaluation of anti-methicillin-resistant Staphylococcus aureus property of zerumbone. J. Appl. Biomed. :10.32725/jab.2022.002. Advance online publication. doi: 10.32725/jab.2022.002
	 Feng, X., Jin, S., Wang, M., Pang, Q., Liu, C., Liu, R., et al. (2020). The critical role of tryptophan in the antimicrobial activity and cell toxicity of the duck antimicrobial peptide DCATH. Front. Microbiol. 11:1146. doi: 10.3389/fmicb.2020.01146 
	 Han, J., Ma, Z., Gao, P., Lu, Z., Liu, H., Gao, L., et al. (2018). The antibacterial activity of LI-F type peptide against methicillin-resistant Staphylococcus aureus (MRSA) in vitro and inhibition of infections in murine scalded epidermis. Appl. Microbiol. Biotechnol. 102, 2301–2311. doi: 10.1007/s00253-017-8669-7
	 Hauck, C. R., and Ohlsen, K. (2006). Sticky connections: extracellular matrix protein recognition and integrin-mediated cellular invasion by Staphylococcus aureus. Curr. Opin. Microbiol. 9, 5–11. doi: 10.1016/j.mib.2005.12.002 
	 Heyer, G., Saba, S., Adamo, R., Rush, W., Soong, G., Cheung, A., et al. (2002). Staphylococcus aureus agr and sarA functions are required for invasive infection but not inflammatory responses in the lung. Infect. Immun. 70, 127–133. doi: 10.1128/IAI.70.1.127-133.2002 
	 Houkes, K. M. G., Stohr, J. J. J. M., Gast, K. B., Couderé, K., Weterings, V., Mutsaers-van Oudheusden, A., et al. (2023). A pseudo-outbreak of MRSA due to laboratory contamination related to MRSA carriage of a laboratory staff member. Antimicrob. Resist. Infect. Control 12:1. doi: 10.1186/s13756-022-01207-7 
	 Hsu, C. H., Chen, C., Jou, M. L., Lee, A. Y., Lin, Y. C., Yu, Y. P., et al. (2005). Structural and DNA-binding studies on the bovine antimicrobial peptide, indolicidin: evidence for multiple conformations involved in binding to membranes and DNA. Nucleic Acids Res. 33, 4053–4064. doi: 10.1093/nar/gki725 
	 Huang, Y., Liu, D., Liu, Y., Jia, Z., Zhao, T., Zhao, Z., et al. (2025). Mechanisms of antifungal activity of ehimensin F6 produced by Paenibacillus ehimensis HD against Penicillium expansum. Int. J. Food Microbiol. 435:111184. doi: 10.1016/j.ijfoodmicro.2025.111184 
	 Iqrar, I., Numan, M., Khan, T., Shinwari, Z. K., and Ali, G. S. (2021). LC-MS/MS-based profiling of bioactive metabolites of endophytic bacteria from Cannabis sativa and their anti-Phytophthora activity. Antonie Van Leeuwenhoek 114, 1165–1179. doi: 10.1007/s10482-021-01586-8 
	 Islam, T., Rabbee, M. F., Choi, J., and Baek, K. H. (2022). Biosynthesis, molecular regulation, and application of bacilysin produced by Bacillus species. Meta 12:397. doi: 10.3390/metabo12050397 
	 Jenul, C., and Horswill, A. R. (2019). Regulation of Staphylococcus aureus virulence. Microbiol. Spectr. 7:10.1128/microbiolspec.gpp3-0031-2018. doi: 10.1128/microbiolspec.GPP3-0031-2018
	 Khondker, A., Dhaliwal, A. K., Saem, S., Mahmood, A., Fradin, C., Moran-Mirabal, J., et al. (2019). Membrane charge and lipid packing determine polymyxin-induced membrane damage. Commun. Biol. 2:67. doi: 10.1038/s42003-019-0297-6
	 Kim, H. K., Emolo, C., DeDent, A. C., Falugi, F., Missiakas, D. M., and Schneewind, O. (2012). Protein A-specific monoclonal antibodies and prevention of Staphylococcus aureus disease in mice. Infect. Immun. 80, 3460–3470. doi: 10.1128/IAI.00230-12 
	 Langendries, S., and Goormachtig, S. (2021). Paenibacillus polymyxa, a Jack of all trades. Environ. Microbiol. 23, 5659–5669. doi: 10.1111/1462-2920.15450
	 Li, M., Qiu, W., Wang, Q., Li, N., Liu, L., Wang, X., et al. (2022). Nitric oxide-releasing tryptophan-based poly (ester urea) s electrospun composite nanofiber mats with antibacterial and antibiofilm activities for infected wound healing. ACS Appl. Mater. Interfaces 14, 15911–15926. doi: 10.1021/acsami.1c24131 
	 Li, X. L., Thakur, K., Zhang, Y. Y., Tu, X. F., Zhang, Y. S., Zhu, D. Y., et al. (2018). Effects of different chemical modifications on the antibacterial activities of polysaccharides sequentially extracted from peony seed dreg. Int. J. Biol. Macromol. 116, 664–675. doi: 10.1016/j.ijbiomac.2018.05.082 
	 Maggi, F., Giuliodori, A. M., Brandi, A., Cimarelli, L., Alcántara, R., Pallotti, S., et al. (2024). Pangenome analysis of Paenibacillus polymyxa strains reveals the existence of multiple and functionally distinct Paenibacillus species. Appl. Environ. Microbiol. 90:e0174024. doi: 10.1128/aem.01740-24 
	 Maksimova, E. M., Vinogradova, D. S., Osterman, I. A., Kasatsky, P. S., Nikonov, O. S., Milón, P., et al. (2021). Multifaceted mechanism of amicoumacin a inhibition of bacterial translation. Front. Microbiol. 12:618857. doi: 10.3389/fmicb.2021.618857 
	 Mishra, A. K., Choi, J., Moon, E., and Baek, K. H. (2018). Tryptophan-rich and proline-rich antimicrobial peptides. Molecules 23:815. doi: 10.3390/molecules23040815 
	 Novick, R. P. (2003). Autoinduction and signal transduction in the regulation of staphylococcal virulence. Mol. Microbiol. 48, 1429–1449. doi: 10.1046/j.1365-2958.2003.03526.x 
	 Peng, J., Mishra, B., Khader, R., Felix, L., and Mylonakis, E. (2021). Novel Cecropin-4 derived peptides against methicillin-resistant Staphylococcus aureus. Antibiotics 10:36. doi: 10.3390/antibiotics10010036 
	 Queck, S. Y., Jameson-Lee, M., Villaruz, A. E., Bach, T. H., Khan, B. A., Sturdevant, D. E., et al. (2008). RNAIII-independent target gene control by the agr quorum-sensing system: insight into the evolution of virulence regulation in Staphylococcus aureus. Mol. Cell 32, 150–158. doi: 10.1016/j.molcel.2008.08.005 
	 Ranhotra, H. S. (2024). Discrete interplay of gut microbiota L-tryptophan metabolites in host biology and disease. Mol. Cell. Biochem. 479, 2273–2290. doi: 10.1007/s11010-023-04867-0 
	 Rosado, P. C., Marques, M. M., and Justino, G. C. (2025). Targeting MRSA penicillin-binding protein 2a: structural insights, allosteric mechanisms, and the potential of adjuvant inhibitors. Biochem. Pharmacol. 239:117048. Advance online publication. doi: 10.1016/j.bcp.2025.117048
	 Shaheen, M., Li, J., Ross, A. C., Vederas, J. C., and Jensen, S. E. (2011). Paenibacillus polymyxa PKB1 produces variants of polymyxin B-type antibiotics. Chem. Biol. 18, 1640–1648. doi: 10.1016/j.chembiol.2011.09.017 
	 Stansly, P. G., Shepherd, R. G., and White, H. J. (1947). Polymyxin: a new chemotherapeutic agent. Bull. Johns Hopkins Hosp. 81, 43–54.
	 Tharmalingam, N., Khader, R., Fuchs, B. B., and Mylonakis, E. (2019). The anti-virulence efficacy of 4-(1,3-Dimethyl-2,3-Dihydro-1H-Benzimidazol-2-yl) phenol against methicillin-resistant Staphylococcus aureus. Front. Microbiol. 10:1557. doi: 10.3389/fmicb.2019.01557 
	 Vazquez-Armenta, F. J., Aros-Corrales, M. O., Alvarez-Ainza, M. L., Bernal-Mercado, A. T., Ayala-Zavala, J. F., Ochoa-Leyva, A., et al. (2024). Antibacterial and anti-virulence potential of plant phenolic compounds against Vibrio parahaemolyticus. F1000Res 12:1256. doi: 10.12688/f1000research.141268.2 
	 Vejan, P., Abdullah, R., Khadiran, T., Ismail, S., and Nasrulhaq Boyce, A. (2016). Role of plant growth promoting rhizobacteria in agricultural sustainability-a review. Molecules 21:573. doi: 10.3390/molecules21050573 
	 Wallner, A., Antonielli, L., Mesguida, O., Rey, P., and Compant, S. (2024). Genomic diversity in Paenibacillus polymyxa: unveiling distinct species groups and functional variability. BMC Genomics 25:720. doi: 10.1186/s12864-024-10610-w 
	 Wang, C., Zhao, D., Qi, G., Mao, Z., Hu, X., Du, B., et al. (2020). Effects of Bacillus velezensis FKM10 for promoting the growth of Malus hupehensis Rehd. And inhibiting Fusarium verticillioides. Front. Microbiol. 10:2889. doi: 10.3389/fmicb.2019.02889 
	 Xu, X., Yang, M., Jiang, Y., Tao, N., Fu, Y., Fan, J., et al. (2023). A new acridine-based photosensitizer with ultra-low light requirement efficiently inactivates carbapenem-resistant Acinetobacter baumannii and methicillin-resistant Staphylococcus aureus and degrades their antibiotic resistance genes. Environ. Int. 173:107839. doi: 10.1016/j.envint.2023.107839 
	 Yan, H., and Hancock, R. E. (2001). Synergistic interactions between mammalian antimicrobial defense peptides. Antimicrob. Agents Chemother. 45, 1558–1560. doi: 10.1128/AAC.45.5.1558-1560.2001 
	 Yang, S., Zhou, S., Liang, Q., Wang, Y., and Luo, W. (2025). Engineering Escherichia coli for efficient production of L-tryptophan. Appl. Biochem. Biotechnol. 197, 4096–4108. doi: 10.1007/s12010-025-05228-x doi: 10.1007/s12010-025-05228-x 
	 Zhao, N., Yi, L., Ren, S., Yin, Q., Xiang, W., Zhang, X., et al. (2022). Algicidal interaction between Paenibacillus polymyxa MEZ6 and microalgae. J. Appl. Microbiol. 133, 646–655. doi: 10.1111/jam.15592 


Copyright
 © 2025 Zhao, Huang, Yang, Cai, Peng and Guo. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-16-1617807-g005.jpg





OPS/images/fmicb-16-1617807-g006.jpg
. & &

Absorbance [mAU]

g

Time(min)

19057 — Biao
~———Chun
—— Biao+Chun
Togr
0575
T T T T T T T
5 10 15 2 2 30 35 40





OPS/images/fmicb-16-1617807-g003.jpg
®)

(i) wogeanunue) Y

LI

(muggs/sgpmass
A e

mmmmmmmm"
$HEE88 ¢ =
G orgsesiuss
o ensEe






OPS/images/fmicb-16-1617807-g004.jpg





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Characterization of the antagonistic secondary metabolites of Paenibacillus polymyxa MEZ6 against Staphylococcus aureus



		1 Introduction



		2 Method



		2.1 Bacterial culture and antimicrobial activity analysis



		2.2 Evaluation of the antibacterial activity of the isolate



		2.3 Scanning electron microscope observation



		2.4 Effects on cell membranes



		2.5 ROS measurements



		2.6 Biofilm formation



		2.7 Alterations in nucleic acids



		2.8 Isolation and purification of metabolites



		2.9 Substance identification



		2.10 Statistical analysis









		3 Results



		3.1 Bioactivity spectrum screening



		3.2 Antibiofilm effects



		3.3 Mechanism of action



		3.4 Scanning electron microscopy



		3.5 Purification and identification of the substance









		4 Discussion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Generative AI statement



		Publisher’s note



		Supplementary material



		References



















OPS/images/fmicb-16-1617807-g001.jpg
- MRSA

MRSA*MEZ6
MRSA+SQ
MRSA+PS

Time(d)






OPS/images/fmicb-16-1617807-g002.jpg
a

Lag Fod changs

o






OPS/images/cover.jpg
, frontiers = Frontiers in Microbiology

Characterization of the
antagonistic secondary
metabolites of Paenibacillus
polymyxa MEZ6 against
Staphylococcus aureus












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
’ frontiers Frontiersin Microbiology






