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Isolation, genomic analysis and functional characterization of Enterococcus rotai CMTB-CA6, a putative probiotic strain isolated from a medicinal plant Centella asiatica
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Probiotics and their derivatives offer significant health benefits by supporting digestive health, boosting the immune system, and regulating the microbiomes not only of the internal gastrointestinal track but also of the skin. To be effective, probiotics and their derivatives must exhibit robust antimicrobial activity, resilience to adverse conditions, and colonization capabilities in host tissues. As an alternative to animal-derived probiotics, plant-derived lactic acid bacteria (LAB) present promising advantages, including enhanced diversity and tolerance to challenging environments. Our study focuses on exploring the potential of plant-derived LAB, particularly from the medicinal plant Centella asiatica, in improving skin conditions. Through a bacterial isolation procedure from C. asiatica leaves, Enterococcus rotai CMTB-CA6 was identified via 16S rRNA sequencing, whole genome sequencing, and bioinformatic analyses. Based on genomic analysis, antimicrobial-resistance and virulence genes were not detected. Additionally, the potential functions of E. rotai CMTB-CA6 were characterized by its lysates’ ability to regulate skin microbes, such as stimulating the growth of Staphylococcus epidermidis while inhibiting that of Cutibacterium acnes, to restore the viability of human dermal fibroblasts under inflammatory conditions, and to demonstrate effective antioxidant activities both in a cell-free system and in human dermal fibroblasts. Our investigation revealed the efficacy of E. rotai CMTB-CA6 lysates in improving skin conditions, suggesting its potential use as a probiotic-derived agent for skin care products. Considering the ecological relationship between plant-inhabited bacteria and their host plants, we suggest that the utilization of E. rotai CMTB-CA6 strain for fermenting its host plant, C. asiatica, could be a novel approach to efficiently enriching bioactive molecules for human health benefits.
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1 Introduction

Probiotics, primarily composed of lactic acid bacteria (LAB) such as Lactobacillus, Bifidobacterium, Enterococcus, Bacillus, and Pediococcus, along with several yeasts, confer health benefits on the host (Fijan, 2014; Hill et al., 2014; Zukiewicz-Sobczak et al., 2014). These benefits include supporting a healthy digestive tract and immune system (Kechagia et al., 2013; Fijan, 2014; Hill et al., 2014; Mazziotta et al., 2023). Moreover, probiotics demonstrate effectiveness in regulating the microbiome and facilitating wound healing in both gut and skin tissues through their antimicrobial, anti-inflammatory, and antioxidant properties (Ou et al., 2009; Brandi et al., 2020; Lebeer et al., 2022). For probiotics to be considered effective, they must not only positively regulate the host immune system and exhibit potent antimicrobial activity but also show resilience to acidic environments, successful colonization in host tissues, and prevention of pathogen colonization (Kechagia et al., 2013). To address certain limitations associated with animal-derived probiotics, such as limited diversity and low tolerance to nutrient-depleted, stressful, acidic, and bile environments, LAB sourced from plants are being explored as an alternative. Given the primary emphasis of probiotics on regulating the microbiome in the human intestinal tract, the skin, being another prominent microbial habitat, offers a promising avenue for the application of plant-derived probiotics and related materials. This is particularly relevant considering that the skin serves as a primary target organ for the application of plant-derived materials as cosmeceutical ingredients.

LAB play a vital role in the food industry through their ability to ferment carbohydrates, leading to the production of lactic acid, and in human health as probiotics. These bacteria can originate from various sources, including the human body, plants, soils, and fermented foods. They are typically categorized into animal-derived and plant-derived probiotics. While animal-derived probiotics are generally classified into approximately 12 genera, plant-derived probiotics offer a much broader diversity, encompassing approximately 200 genera (Cho et al., 2009; Yu et al., 2020). Plant-derived probiotics demonstrate enhanced survival rates in challenging environments, such as high salinity and rapid fluctuations in temperature and humidity, and exhibit greater resistance to artificial gastric juices and bile compared to animal-derived probiotics, with survival rates exceeding 90% (Cho et al., 2009; Lamont et al., 2017). Furthermore, plants and probiotics produce a wider range of antimicrobial and physiologically active compounds, including secondary metabolites (Teneva and Denev, 2023). Considering these advantages, plant-derived LAB have been actively isolated and identified from fruits, vegetables, flowers, and medicinal plants, and functionally evaluated through in vitro, ex vivo, or clinical studies, revealing the beneficial effects on human (Kim et al., 2020; Noda et al., 2021; Danshiitsoodol et al., 2022; Shakya et al., 2022; Shakya et al., 2023).

Centella asiatica, a traditional medicinal plant, is well-known for its efficacy in treating various skin issues such as acne, ulcers, eczema, psoriasis, as well as acute and chronic wounds (Diniz et al., 2023). Extensive research has revealed that its active compounds, pentacyclic triterpene glycosides including asiaticoside and madecassoside, along with their respective aglycone moieties, asiatic acid and madecassic acid, offer a broad spectrum of therapeutic properties, including tissue protection, anti-inflammatory, antibacterial, anti-tumor, and immunomodulatory effects (Lv et al., 2018; Biswas et al., 2021; Buranasudja et al., 2021; Bandopadhyay et al., 2023; He et al., 2023). As illustrated by C. asiatica, medicinal plants serve as crucial repositories of bioactive molecules, including antibiotics and antivirals. Some of these compounds originate from plant microbiota rather than the plants themselves, highlighting the importance of plant-associated microbiota not only in maintaining plant health but also in influencing therapeutic outcomes (Sen and Samanta, 2015; Castronovo et al., 2021).

Recognizing the potential of plant-associated microbiota as probiotics and their role in offering biotechnological solutions for health issues, we isolated bacterial strains from C. asiatica leaves in this study. Subsequently, using 16S rRNA sequencing and whole genome sequencing, we identified one strain, Enterococcus rotai CMTB-CA6 and performed functional characterization by assessing the efficacy of bacterial lysates on human skin cells. Our findings suggest that E. rotai CMTB-CA6 and its derivatives could be valuable probiotic substances for improving skin conditions. Furthermore, as a LAB, this strain could be directly utilized to ferment C. asiatica, a host plant inhabited and associated with E. rotai CMTB-CA6, thus effectively increasing the levels of important bioactive molecules for human health benefits.



2 Materials and methods


2.1 Isolation of a LAB strain CMTB-CA6

The isolation of a LAB strain CMTB-CA6 from C. asiatica (Centella), which were collected from nature in Pohang, South Korea, was performed as follows. Briefly, Centella leaves (1 g) were homogenized in phosphate-buffered saline (PBS; Welgene, Korea) and plated on the de Man, Rogosa, and Sharpe (MRS; BD Difco, United States) agar plates for 48 h at 37°C. The morphologically discrete colonies were further subcultured onto MRS agar plates three times to ensure the presence of a clear single colony.



2.2 Phylogenetic and comparative analyses

A bacterial isolate CMTB-CA6 was identified morphologically and biochemically, including optical microscopic observation and sugar fermentation ability tests (API 50CHE and API 20E kit, Biomerieux, Frence). The classification of the species and strain of a bacterial isolate CMTB-CA6 was determined by 16S rRNA nucleotide sequence analysis (GenBank accession number PQ084692.1). PCR amplification of the 16S rRNA gene was performed using the universal bacterial primer (27F/1492R; 5′-AGAGTTTGATCCTGGCTCAG-3′/5′-TACGGCTACCTTGTTACGACTT-3′). Species identification was confirmed by comparing the 16S rRNA sequences with related reference strains using the web-based software program BLASTN of GenBank from the national center for biotechnology information (NCBI; https://blast.ncbi.nlm.nih.gov/). Additionally, a phylogenetic tree analysis was performed using the neighbor-joining method based on ClustalW alignment and bootstrapping for further validation.



2.3 Whole genome sequencing and de novo assembly and bioinformatics analysis

Whole genome sequencing was performed using the SMRT Sequencing system (Pacific Biosciences, United States). Genomic DNA (15 μg/mL) from a bacterial isolate CMTB-CA6 was extracted using the MagAttract HMW DNA Kit (Qiagen, United States), size-selected for 15 kb or longer DNA fragments using Covaris g-TUBE (Covaris, United States), and purified by 0.45X AMPure XP magnetic beads (Beckman Coulter, United States). The DNA library was prepared using the SMRTbell® Express Template Prep Kit 2.0 (PacBio, United States). The DNA Prep Enzyme was used to remove the single-stranded DNA from the ends by incubating the fragmented DNA at 37°C for 15 min. The DNA damage repair mix was applied at 37°C for 30 min to proceed with DNA damage repair process. Subsequently, the End Repair Mix was used at 20°C for 10 min and 65°C for 30 min for the end repair process, followed by the addition of adapters (overhang SMRTbell adapters). Adapter ligation was performed at 20°C for 60 min and 65°C for 10 min to attach the overhang adapters to both ends of the DNA. The DNA was then purified again using 0.45X AMPure XP magnetic beads, and the DNA quantity and size were measured using the ND-2000 spectrophotometer (Thermo Scientific, United States), Qubit® 2.0 Fluorometer (Invitrogen, United States), and Agilent Femto Pulse system (Agilent, United States). Through gel electrophoresis, DNA libraries with sizes of 9–13 kb and 15 kb or more were collected. DNA was recovered using 0.5X AMPure XP magnetic beads, and the size and density of the libraries were quantified. The whole reads from PacBio sequencing were subjected to de novo assembly using Flye (v2.8.3). The circular form of the Enterococcus genome was confirmed using Circlator (v1.5.5), and the dnaA gene was set as the starting point of the genome. This process resulted in a genome sequence coverage of ∼478.7 × for E. rotai CMTB-CA6. General features of the genome were organized using Assemblathon (v1.0.0). Cluster of orthologous groups (COG), Gene Ontology (GO), and Kyoto Encyclopedia of Genes and Genomics (KEGG) pathway analysis were performed using Omicsbox (v2.2.4).



2.4 Preparation of bacterial lysate and supernatant

E. rotai CMTB-CA6 was cultured in 10 mL of MRS medium at 37°C with shaking at 200 rpm for 18–20 h. The optical density (OD600) was measured, and 100 μL of the culture was transferred to 10 mL of fresh MRS medium for secondary inoculation. This process was repeated for tertiary inoculation. After culturing, cells were harvested by centrifugation at 3500 rpm for 15 min at 4°C, washed twice with PBS (Welgene, Korea), and resuspended in PBS to a 10% (w/v) concentration. The cells were lysed by sonication using a Branson Ultrasonics Sonifier 450 (Emerson, United States) (sonication conditions: Duration time_1 min 30 s, Duty cycle (pulse)_30%, Output 6; total 7 times) and filtered via a 0.22 μm filter (Merck Millpore, United States) to obtain the whole lysate (WL). The supernatant (Sup) was prepared by centrifuging the WL at 13,000 rpm for 10 min at 4°C. Total protein concentrations in the WL and the Sup were quantified using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, United States).



2.5 Assessment of the growth-regulating function of skin microbiota

To investigate the interaction between probiotics and skin commensal bacteria, a disk diffusion susceptibility test was conducted (Bauer et al., 1959). Cutibacterium acnes was inoculated into actinomyces broth (AB; Mbcell, Korea) and anaerobically cultured at 37°C with shaking at 200 rpm for 18–20 h using an anaerobic pack (Mitsubishi, Japan). The 2.5 mL of C. acnes was inoculated into 50 mL of AB medium and incubated for an additional 36 h. The cultured strain was centrifuged at 3,000 rpm for 20 min at 4°C, and the pellet was resuspended in 500 μL of sterile distilled water. A reinforced clostridial medium (1.2% agar; Mbcell, Korea) was prepared at a temperature below 55°C, and the resuspended bacterial solution was added and mixed well before the medium solidified. After approximately 5 h of agar drying, paper discs were placed on the surface. The E. rotai CMTB-CA6 lysates and supernatants were individually dispensed onto the paper discs at 15 μL each. The plates were anaerobically cultured at 37°C, and the zone of inhibition was observed. For Staphylococcus epidermidis, we conducted the following experiment to investigate the growth-promoting effect of the lysate and supernatant of E. rotai CMTB-CA6. S. epidermidis was inoculated into nutrient broth (NB; BD Difco, United States) and cultured at 37°C with shaking at 200 rpm for 18–20 h. The first culture was inoculated into 19 mL of NB, and after 9 h of secondary culture, the OD600 was measured and adjusted to the range of 0.08–0.12 in a 96-well plate. The probiotic lysate and supernatant (each at 500 μg/mL) were treated at a final concentration of 50 μg/mL (total added volume: 15 μL in 150 μL of NB). After 24 h of incubation at 37°C, the growth of S. epidermidis was measured by the OD600 to observe whether increased due to the probiotic lysate and supernatant.



2.6 Cell viability assay

Human dermal fibroblasts (HDF; ATCC, United States) were cultured in a Dulbecco’s Modified Eagle Medium (DMEM; Welgene, Korea) medium containing 10% fetal bovine serum (FBS; Gibco, United States) and 1% penicillin/streptomycin (Gibco, United States) at 37°C with 5% CO2 in an incubator. To assess the cytotoxicity of the probiotic lysate on HDF cells, HDF cells were seeded at a density of 1 × 104 cells per well in a 48-well plate, and the probiotic lysate was treated at various concentrations the next day. After 24 h, 20 μL of EZ-Cytox (DoGenBio, Korea) was added to each well, and absorbance was measured at 450 nm after a 2-h incubation at 37°C with 5% CO2. Cytotoxicity was evaluated by confirming if it exceeded 20%. To investigate the anti-inflammatory efficacy of the probiotic lysate on HDF cells treated with TNF-α, HDF cells were seeded at a density of 1 × 104 cells per well in a 48-well plate, and the next day, the medium was replaced with serum-free DMEM, and the cells were serum-starvation for 6 h. Subsequently, TNF-α (20 ng/mL; Sigma-Aldrich, USA) was treated. After 24 h, the probiotic lysate was treated at various concentrations along with 20 ng/mL TNF-α, using FBS as a positive control. After 24 h, EZ-Cytox was added, and absorbance was measured at 450 nm after a 2-h reaction. The effect of the probiotic lysate on recovery of TNF-α-induced cytotoxicity was examined.



2.7 Analysis of antioxidant activity

The antioxidant capacity of probiotic extracellular vesicles was assessed using the oxygen radical absorbance capacity (ORAC) method (Kim, 2016). A mixture of 80 nM sodium fluorescein (Sigma-Aldrich, United States) and 125 μL in 75 mM phosphate buffer (pH 7.4) was combined with varying dilutions of probiotic lysate, or vitamin C (25 μL each, Sigma-Aldrich, USA). Subsequently, 50 μL of 75 mM AAPH (2,2′-Azobis(2-methylpropionamidine) dihydrochloride; Sigma-Aldrich, USA) was added, and the reaction proceeded at 37°C for 60 min, with fluorescence measured at excitation 485 nm/emission 528 nm every min. As a negative control, the experiment was conducted by adding only the solvent for sample dilution. The area under the curve (AUC) of the fluorescence decrease curve was calculated using the following mathematical formula: AUC = 1 + f1/f0 + … + fi/f0 + … + f60/f0 (where f0 is the fluorescence value at 0 min, and fi represents the fluorescence value at i min).

The antioxidant capacity was determined by calculating the net area under the curve (net AUC), obtained by subtracting the AUC value of the negative control from the measured AUC value. For this, probiotic lysate was dissolved in PBS at varying concentrations.



2.8 Measurement of intracellular ROS levels

Intracellular ROS levels were determined according to the manufacture’s instruction. In brief, HDFs were treated with WL of E. rotai CMTB-CA6 for 24 h, followed by treatment with 100 μM of H2O2 in the presence or absence of WL of E. rotai CMTB-CA6 for 1 h. Cells were washed twice with PBS and the DCF fluorescence was measured at excitation and emission wavelengths of 485 and 530 nm, respectively.



2.9 Statistical analysis

All data were presented as the means ± standard deviation of at least three independent experiments. Statistical comparisons were carried out by using one-way analysis of variance (ANOVA), followed by Tukey’s post hoc test (GraphPad Prism version 8.0.1, GraphPad Software Inc. San Diego, CA, United States). p values <0.05 were considered statistically significant.




3 Results


3.1 Characterization of a bacterial isolate CMTB-CA6 from Centella asiatica

A LAB strain CMTB-CA6 was successfully isolated from a medicinal plant Centella asiatica. The 16S rRNA sequence (PQ084692.1) of bacterial isolate CMTB-CA6 was searched in the NCBI BLASTN database. Among all other species, Enterococcus rotai CCM 4630 (NR_108137.1) and E. rotai LMG 26678 (CP013655.1) were ranked at the top of the list with the highest score and shared 99.8% nucleotide identity with a bacterial isolate CMTB-CA6 (Supplementary Table S1) indicating its taxonomic affiliation with E. rotai. Phylogenetic analysis was further conducted using the 16S rRNA sequences of Enterococcus sp. and showed a bacterial isolate CMTB-CA6 was grouped with E. rotai LMG 26678 (the reference sequence of E. rotai; CP013655.1) (Figure 1), confirming of its classification into E. rotai. According to the analysis of average nucleotide identity (ANI), which represents genetic relatedness between two bacterial genome sequences (Arahal, 2014) and an ANI boundary for taxonomically circumscribing prokaryotic species are approximately 95 ~ 96% (Kim et al., 2019), CMTB-CA6 genomic sequence showed 96.05% of ANI when compared to those of the reference E. rotai strains.1 Combining the 16S rRNA gene homology, phylogenetic and ANI analyses, a bacterial isolate CMTB-CA6 from Centella asiatica is a strain of E. rotai, hence labeled as E. rotai CMTB-CA6.
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FIGURE 1
 Neighbor-joining phylogenetic tree of bacterial isolate strain CMTB-CA6 with the other Enterococcus species. The phylogenetic relationship of E. rotai CMTB-CA6 was assessed with the neighbor-joining method of phylogenetics using the 16S rRNA gene sequences of bacterial isolate strain CMTB-CA6 and NCBI database homologs using the ClustalW alignment. Numbers at the node represent bootstrap values in percent for the node (based on 1,000 bootstrap replicates). The GenBank accession number for each 16S rRNA gene sequence are written after relative species name.


Substrate utilization assay of E. rotai CMTB-CA6 was performed using both API kits, API 50CHE and API 20E because of no specific kit for E. rotai at the time of CMTB-CA6 isolation. Based on these assays, this strain potentially utilizes glycerol, ribose, galactose, D-glucose, D-fructose, D-mannose, N-acetyl glucosamine, amygdaline, arbutine, esculine, salicine, cellobiose, maltose, saccharose, trehalose, melezitose, and β-gentiobiose of the given 49 substrates (API 50CHE) (Supplementary Figures S1A,B). Furthermore, it can activate arginine dihydrolase and produce acetoin during fermentation in addition to using mannitol, inositol, sorbitol, rhamnose, sucrose, melibiose, and arabinose of given substrates as carbon sources (API 20E) (Supplementary Figure S1C).



3.2 Genomic features of Enterococcus rotai CMTB-CA6

Whole-genome sequencing with the PacBio single-molecule real-time (SMRT) sequencing system and de novo assembly utilizing the Flye (v2.8.3) and hierarchical genome assembly process 4 (HGAP4) software were employed for the investigation of the genomic features of E. rotai CMTB-CA6. The complete genome of E. rotai CMTB-CA6 (CP157386.1) was composed of one circular chromosome of a length of 3,825,538 bp with a GC content of 36.48% (Figure 2; Table 1). The sequencing generated a total of 1,831,416,193 subread bases from 179,773 subreads. The N50 of the assembly was 3,825,538, with a total contig length of 3,825,538 bp, and the genome was assembled into a single contig. Among the 3,608 predicted genes, 3,532 genes (≅ 97.89%) were found to be protein-coding sequences (CDSs) and 71 RNA genes (58 tRNA, 12 rRNA, and 1 tmRNA genes; ≅ 1.97%) were identified with no pseudogene (Table 1). Antimicrobial-resistance and virulence genes were not detected in mass screening of contigs using the ABRicate tool (ver. 1.0.1), VirulenceFinder 2.0 (ver. 2.0.5; https://cge.food.dtu.dk/services/VirulenceFinder/), and ResFinder (ver. 4.5.0; http://genepi.food.dtu.dk/resfinder).

[image: Figure 2]

FIGURE 2
 Circular genome map of E. rotai CMTB-CA6. The circular genome map was drawn using circulator tool (v1.5.5; https://github.com/sanger-pathogens/circlator) that uses a complete genome sequence and annotates it using Prokka tool (https://github.com/microbial-bioinformatics/prokka). From outside to inside, information is displayed as follows: the predicted ORFs in the forward strand (forward ORF) and reverse strand (reverse ORF), coding sequences (CDS), rRNA genes (red), tRNA genes (green), GC content, GC skew.




TABLE 1 Genome assembly and general features of Enterococcus rotai CMTB-CA6 genome.
[image: Table1]



3.3 Functional classification of protein-coding sequences of Enterococcus rotai CMTB-CA6

Functional classification for 3,532 CDSs of E. rotai CMTB-CA6 were performed in three different ways, clusters of orthologous groups (COG), gene ontology (GO), and kyoto encyclopedia of genes and genomes (KEGG) analyses (Figure 3). The COG database is a valuable tool for functional characteristics of newly sequenced microbial genomes and the KEGG analysis is used to examine the diversity, as well as, the functionality of the proteins based on their interactions within biological pathways (Tatusov et al., 2003; Sato et al., 2023). The majority (3,149 CDSs; 89.16%) of 3,532 CDSs were allocated to 19 COG functional categories, showing that “Function unknown” was the most abundant (746 genes, 23.6%), followed by “Transcription” (378 genes, 11.9%), “Carbohydrate transport and metabolism” (285 genes, 9.0%), “Amino acid transport and metabolism” (238 genes, 7.5%), “Translation, ribosomal structure and biogenesis” (182 genes, 5.8%) (Figure 3A). Within these gene groups, those related to transport, metabolism, and biogenesis were 1,452 genes, accounting for 41.11% of the genes allocated to COG functional categories. In the GO analysis, 2,719 CDSs (76.98%) were classified into three different categories, biological process (BP), molecular functions (MF), or cellular component (CC) (Figure 3B). Approximately half of the CDSs (47.10%) were assigned to “Biological process” including cellular process, metabolic process, localization, biological regulation, regulation of biological process, response to stimulus, signaling, developmental process. Secondarily, one third of the CDSs (35.77%) were allocated to “Molecular functions” involving in catalytic activity, binding, transporter activity, ATP-dependent activity, transcription regulator activity, structural molecule activity, small molecule sensor activity (Figure 3B). When KEGG analysis was conducted using 1,984 CDSs (56.17%), the CDSs were assigned to 34 KEGG functional categories and among them, the most abundant category was “Enzymes” (35.6%), followed by transporters, DNA repair and recombination proteins, transcription factors, ribosome, ribosome biogenesis, and transfer RNA biogenesis in order (Figure 3C). Taken together, three distinct protein functional analyses suggest that the majority of CDSs in the E. rotai CMTB-CA6 genome are linked to metabolism, transport, and transcription.

[image: Figure 3]

FIGURE 3
 The number of E. rotai CMTB-CA6 genes assigned to functional categories. Predicted proteins based on the CDS were assigned to COG, GO and KEGG functional categories with a bioinformatics software Omicsbox (https://www.biobam.com/omicsbox/). (A) Clusters of orthologous groups (COG) enrichment analysis. Different bar colors represent the further classification of all functional categories into four major classes: poorly characterized (black bar), gene regulation (orange bars), transport & metabolism (blue bars), cellular processes and signaling (gray bars). (B) Gene ontology (GO) enrichment analysis. Different bar colors represent the further classification of all functional categories into three major categories: biological process (blue bars), cellular component (orange bars), molecular function (green bars). (C) Kyoto encyclopedia of genes and genomes (KEGG) enrichment analysis. Different bar colors represent the further classification of all functional categories into three major categories: genetic information processing (orange bars), metabolism (blue bars), signaling and cellular processes (gray bars). Among the total 3,532 CDS, 3149 (89.16%), 2,719 (76.98%), and 1984 (56.17%) genes were used for COG, GO, and KEGG analyses, respectively.




3.4 Regulatory effect of Enterococcus rotai CMTB-CA6 lysates on skin microbes

E. rotai CMTB-CA6 was isolated from Centella asiatica, known for its skin wound healing properties and antimicrobial effects (Arribas-Lopez et al., 2022; Diniz et al., 2023). In addition, Enterococcus is recognized to have antimicrobial effects as a probiotic (Pieniz et al., 2015), therefore, we investigated whether E. rotai CMTB-CA6 possesses antimicrobial effects (Figure 4). In human skin, Cutibacterium acnes, a commensal skin bacterial species, has been implicated in the skin condition of acne (Mayslich et al., 2021). Whole lysates (WL) and the supernatants (Sup) of E. rotai CMTB-CA6 were subjected to the disk diffusion susceptibility test (also known as the Kirby-Bauer test) (Balouiri et al., 2016). When different concentrations of WL and Sup of E. rotai CMTB-CA6 were loaded on discs placed on agar plates where C. acnes were growing, only WL parts inhibited the growth of C. acnes in a dose-dependent manner, producing different size of clear zones of inhibition (Figure 4A). Compared to WL, Sup of E. rotai CMTB-CA6, PBS, and distilled water did not produce a zone of inhibition. This result suggests that WL of E. rotai CMTB-CA6 can inhibit the growth and colony formation of C. acnes.

[image: Figure 4]

FIGURE 4
 Regulatory effect of E. rotai CMTB-CA6 lysates on skin microbes. (A) On agar plates containing Cutibacterium acnes, paper discs loaded with two different concentrations (25, 50 μg/mL) of whole lysates (WL) and supernatants (Sup) from E. rotai CMTB-CA6, or with distilled water (DW) or PBS, were placed (total loaded volume, 15 μL). The agar plates were incubated for 72 h at 37°C. Clear zones formed after loading paper discs were marked with dotted circles. (B) In nutrient broth containing Staphylococcus epidermidis (150 μL), WL or Sup (each at 500 μg/mL; total added volume, 15 μL) from E. rotai CMTB-CA6 were added. After 24 h of culture, the absorbance at 600 nm was measured using a microplate reader. The data are shown as the mean ± standard deviation (n = 3; two-way analysis of variance). **** p < 0.0001.


Because E. rotai CMTB-CA6 could inhibit the growth of C. acnes, an opportunistic pathogen, we investigate whether it can regulate the growth of another skin commensal bacterium, Staphylococcus epidermidis, known to be associated with maintaining a healthy skin microbiome and involved in suppressing skin pathogens, modulating the immune system, and wound repair (Otto, 2009; Landemaine et al., 2023). WL and Sup of E. rotai CMTB-CA6 were inoculated into the culture media where S. epidermidis were growing, and the bacterial growth was assessed by measuring the optical density (OD600) values. Treatment of NB growth media, CA6-WL or CA6-Sup did not cause the change in OD600 values in the absence of S. epidermidis inoculation (Figure 4B, white bars). Upon inoculation of S. epidermidis into NB growth media, OD600 at 24 h post-inoculation at 37°C was well-increased, indicating the successful growth of S. epidermidis (Figure 4B, 1st black bar). When WL or Sup of E. rotai CMTB-CA6 were applied into S. epidermidis-inoculated NB growth media, the growth of S. epidermidis was further increased than in NB growth media alone (Figure 4B, 2nd and 3rd black bars), suggesting that WL and Sup of E. rotai CMTB-CA6 can promote the growth of S. epidermidis. Assumed from the results of successful regulation in the growth of two skin commensal bacteria, C. acnes and S. epidermidis, E. rotai CMTB-CA6 may play a role as potential probiotics on human skin by revealing not only antimicrobial activity against pathogens but also growth-promoting activity for beneficial bacteria.



3.5 Anti-cytotoxic and anti-inflammatory effects of Enterococcus rotai CMTB-CA6 lysates on human dermal fibroblasts

Hyperinflammation impacts various skin disease and wound healing (Otto, 2009; Dissemond and Romanelli, 2022). Both Centella asiatica and the probiotic Enterococcus have been well-known for their anti-inflammatory functions (Goo et al., 2018; Park, 2021; Diniz et al., 2023). We initially examined whether whole lysate of E. rotai CMTB-CA6 (CA6-WL) induced cellular toxicity in human dermal fibroblasts (HDFs). Among the tested concentrations, there was no significant increase in cell death. In fact, cells at lower concentrations (20 μg/mL or less) exhibited higher viability (Figure 5A). Consequently, we used 1 μg/mL of CA6-WL for subsequent experiments. To evaluate the potential anti-inflammatory properties of E. rotai CMTB-CA6, we treated cells with TNF-α, a major inflammatory cytokine secreted under stressful skin conditions and during aging (Jang et al., 2021; van Loo and Bertrand, 2023) and investigated whether CA6-WL could restore cell viability diminished by TNF-α treatment. TNF-α treatment decreased the cell viability of HDFs compared to a serum-free control, and this effect was reversed by treatment with CA6-WL or 10% fetal bovine serum, a broad-range positive control (Figure 5B). These results suggest that CA6-WL treatment can restore TNF-α-induced inflammatory phenotypes in HDFs.
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FIGURE 5
 Anti-cytotoxic and anti-inflammatory effects of E. rotai CMTB-CA6 lysates on human dermal fibroblasts. (A) Human dermal fibroblasts were treated whole lysates (WL) of E. rotai CMTB-CA6 (CA6-WL) with various concentrations. Cell viability was assessed using the water-soluble tetrazolium salt (WST) assay. A dotted line indicates 80% of cell viability, signifying cytotoxicity when cell viability falls below this line. (B) Human dermal fibroblasts were serum starved for 6 h and then treated with 20 ng/mL of TNF-α for 24 h in serum-free conditions. Various CA6-WL concentrations were treated for an additional 24 h in the presence of TNF-α. Cell viability was determined via the WST assay. As a positive control, 10% FBS was used. The data represent the mean ± standard deviation (n = 3; one-way analysis of variance). ** p < 0.01, *** p < 0.001, **** p < 0.0001. TNF, tumor necrosis factor; SF, serum-free control.




3.6 Antioxidant effect of Enterococcus rotai CMTB-CA6 lysates on human dermal fibroblasts

In addition to its anti-inflammatory properties, the antioxidant potential of probiotic Enterococcus has also been suggested (Abdhul et al., 2014; Pieniz et al., 2014a; Pieniz et al., 2014b; Divyashri et al., 2015; Pieniz et al., 2015). To evaluate whether the WL of the probiotic E. rotai CMTB-CA6 exhibits antioxidant activity, an oxygen radical absorbance capacity (ORAC) assay was conducted. In the ORAC assay, reactive oxygen species (ROS) generated by AAPH quench fluorescence, leading to a reduction in fluorescence intensity. By adding an antioxidant substance and monitoring this process for 1 h, the ROS-scavenging ability of the antioxidant and its duration can be measured. Various concentrations of CA6-WL or vitamin C, a representative antioxidant, were included in the ORAC reaction, and the fluorescence intensity was measured during the 1-h incubation period. As the concentration of CA6-WL (top panel) or vitamin C (bottom panel) increased, the fluorescence intensity maintained a nearly linear level up to a certain point and then decreased (Figure 6A). The decrease was gradual for CA6-WL but rapid for vitamin C at concentrations of 100 μM or below (Figure 6A). This resulted in gradual but differential increases in the area under the curve (AUC) values for the respective substances (Figure 6B), suggesting that CA6-WL maintains relatively stable antioxidant properties. Besides the cell-free antioxidant assay, we examined whether CA6-WL could lower H2O2-induced ROS levels in HDFs. Treatment of HDFs with H2O2 led to an increase in intracellular ROS levels by more than 2.8-fold compared to untreated control cells. However, treatment with CA6-WL at a concentration of 1 μg/mL reversed this effect (Figure 6C). Since excessive exposure to ROS is a major cause of skin inflammation and aging (Arulselvan et al., 2016), and several antioxidants are known to reduce skin inflammation (Fuller, 2022), CA6-WL, with its stable antioxidant capacity, can serve as a potential probiotic-derived substance for mitigating skin inflammation and aging-related phenotypes.
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FIGURE 6
 Antioxidant activity of E. rotai CMTB-CA6 lysates. (A) The antioxidant activities of whole lysates (WL) of E. rotai CMTB-CA6 (top) and vitamin C (bottom) at various concentrations were assessed using the oxygen radical absorbance capacity (ORAC) assay. Florescent signals were measured every minute during the 60-min incubation period at 37°C. (B) In each group, the net area under the curve (AUC) was calculated by following formula: AUC (sample)-AUC (blank). The data are shown as the mean ± SD (n = 3). Vitamin C was used as a positive control. (C) Intracellular ROS levels were assessed using CM-H2DCFDA, a cellular ROS indicator. HDFs treated with CM-H2DCFDA (1 μM) were incubated with WL of E. rotai CMTB-CA6 at different concentrations (0, 62.5, 125, 250, 500 μg/mL) in the presence of H2O2 for 1 h. Fluorescence signals at 530 nm were measured using a fluorometer. Vitamin C was employed as a positive control. The data represent the mean ± standard deviation (n = 3; two-way analysis of variance). ** p < 0.01, **** p < 0.0001.





4 Discussion

Probiotic LAB, for example, Lactobacillus spp. and Bacillus spp. are being extensively explored and characterized for their potential use for human health and skin care. Various LAB have been isolated from milk, human gastrointestinal tract (GIT), fermented foods, as well as plants (Shokryazdan et al., 2017; Yadav et al., 2020). Recently, LAB associated with medicinal plants such as from the rhizosphere of the medicinal plants Ocimum tenuiflorum, Azadirachta indica, Ficus carica were massively isolated and some of strains were characterized as potential probiotics showing antioxidant, anti-inflammatory and anti-diabetic effects (Khan et al., 2021). However, there is no information on the role of LAB associated with Centella asiatica, a representative medicinal plant, as a substance for human health and skin care. In this study, we isolated and identified E. rotai CMTB-CA6 from Centella asiatica leaves, not from the plant’s rhizosphere, and characterized it for its potential use as a probiotic strain with the capability to regulate the human skin microbiome, as well as for its antioxidant and anti-inflammatory efficacy.

Enterococcus spp., especially E. faecium and E. faecalis, are traditionally classified as LAB and are commonly found in the GIT of human and farm animals, as well as in animal-derived or dairy foods (Klein, 2003; Fisher and Phillips, 2009). Consistent with their origin, probiotic strains of Enterococcus spp. are known to offer beneficial effects in gastrointestinal disorders, by improving acute diarrhea, modulating intestinal microflora, and enhancing immune function (Divyashri et al., 2015). Enterococcus spp. have also been studied for their beneficial effects on the skin, such as improving atopic dermatitis, exhibiting antimicrobial activity against C. acnes, and aiding in the treatment of skin lesions (Kang et al., 2009; Choi et al., 2016). These effects were mainly attributed to antimicrobial, antioxidant, and anti-inflammatory properties (Divyashri et al., 2015; Pieniz et al., 2015; Choi et al., 2018; Hanchi et al., 2018). Although Enterococcus spp. are highly competitive due to their resistance to wide range of pH, heat and extreme salinity, and their ability to produce bacteriocins potentially recognized as natural antimicrobial agents in the food industry and as antibiotics candidates, there are possibly safety concerns related to the prevalence of virulence factors and antibiotic-resistance genes and the ability to cause disease (Fisher and Phillips, 2009; Hanchi et al., 2018; Fugaban et al., 2021). Considering their safety concerns, the source of the isolated strains of Enterococcus spp. and the absence of virulence and antibiotic-resistance genes are crucial factors for their use as probiotics. Additionally, the probiotic efficacy and safety of new Enterococcus spp. strains should be assessed in human intestinal cell lines to demonstrate their potential for adherence and lack of cytotoxicity in the human GIT when administered live via ingestion.

Contrast to other common isolates of Enterococcus spp. from animal-derived or dairy foods, E. rotai CMTB-CA6 was isolated from the leaves of Centella asiatica, a medicinal herbaceous plant. An analysis of the complete genome sequence of E. rotai CMTB-CA6 revealed no virulence factors or antibiotic resistance genes. Furthermore, treatment with relatively high concentrations of whole lysates of E. rotai CMTB-CA6 (100 μg/mL) showed no cytotoxicity in human dermal fibroblasts (Figure 5A). In addition to its characteristics of lacking virulence factors, antibiotic resistance genes, and cytotoxicity, E. rotai CMTB-CA6, which exhibits antioxidant and anti-inflammatory effects on human skin cells, as well as antimicrobial activity against C. acnes but not S. epidermidis, can be used as a promising probiotic for human health and skin care by helping to regulate the human skin microbiome and improve inflammatory skin conditions. Although our study demonstrated relatively favorable characteristics of E. rotai CMTB-CA6 in vitro and for use as a cosmetic ingredient, it still needs to be evaluated under in vivo conditions to determine its suitability for use in the food industry.

Probiotic strains that reside in the intestinal tract positively affect the human digestive and immune systems (Papadimitriou et al., 2015; Mazziotta et al., 2023). The physiology, including the metabolic processes, of probiotic strains can be influenced by their environment, facilitating the sharing of metabolic byproducts with the host (Rafique et al., 2023). Similarly, the interaction between C. asiatica and its microbiota also enables the exchange of metabolic byproducts, which could contribute to C. asiatica’s therapeutic efficacy. Whole lysates of E. rotai CMTB-CA6, cultured in MRS medium without the original host plant, showed antimicrobial, anti-inflammatory, and antioxidant effects on human skin cells. These effects may be due to the inherent properties of Enterococcus spp. or its association with C. asiatica as its LAB strain, through which the metabolic system of E. rotai CMTB-CA6 has been developed. Therefore, E. rotai CMTB-CA6 could be an appropriate LAB strain for fermenting C. asiatica when needed.

Centella asiatica, a medicinal herbaceous plant widely used in traditional oriental medicine for wound healing, skin diseases, and enhancing brain function (Sun et al., 2020; Diniz et al., 2023). Its bioactive constituents, including asiaticoside, madecassoside, asiatic acid, and madecassic acid, exhibit various pharmacological benefits, such as neuroprotective, wound-healing, and skin-protective properties, leading to their widespread use in a variety of clinical and cosmetic treatments (Goo et al., 2018; Arribas-Lopez et al., 2022; Bandopadhyay et al., 2023; He et al., 2023; Rashid et al., 2023). Despite the various therapeutic effects of C. asiatica extract and its active constituents, caution is advised regarding the concentrations and durations of treatment, as some side effects have been reported in a few clinical cases (Sun et al., 2020; Rashid et al., 2023). One method to improve efficacy by enhancing active components or facilitating digestion and absorption while reducing the side effects of raw materials could be to ferment them using LAB or bacterial enzymes, as is commonly done in ginseng fermentation (Majchrzak et al., 2022). Since choosing the right microorganisms is crucial to achieve a desirable mix of biologically active compounds in the fermentation process, E. rotai CMTB-CA6, a LAB strain that inhabited and was isolated from C. asiatica leaves, could be an excellent choice for fermenting host plant. This could result in fermented raw materials that are enriched with active triterpenes and are more compatible with human tissues compared to unfermented raw materials. With this in mind, we are currently conducting experiments to evaluate the use of E. rotai CMTB-CA6 as a probiotic for fermenting C. asiatica.

As the largest organ of the human body, the skin hosts millions of bacteria, fungi, and viruses that make up the skin microbiota (Byrd et al., 2018). The skin is colonized by beneficial microorganisms and acts as a physical barrier to prevent pathogen invasion. When the balance between commensals and pathogens is disrupted, it can lead to skin diseases or even systemic diseases (Byrd et al., 2018). Therefore, the ability to regulate the skin microbiota should be considered when developing bacteria-derived materials as cosmetic ingredients. Since live microbes like probiotics are not allowed in cosmetics (Dou et al., 2023), bacterial lysates, ferments, or filtrates could be considered as suitable alternatives.

In our study, whole lysates of E. rotai CMTB-CA6 showed potential for regulating the skin microbiome by inhibiting the growth of C. acnes and promoting that of S. epidermidis. They also exhibited antioxidant and anti-inflammatory properties without causing cellular toxicity. This suggests that E. rotai CMTB-CA6 could be effective in enhancing skin barrier function and reducing signs of skin aging, and thus could be used as a potential probiotic strain for human health and skin care.
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