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INTRODUCTION

The vaginal tract harbors various microbiomes, constituting 
approximately 9% of the total human microbiota.1 In a healthy 
vaginal environment, the predominant lactic acid bacteria 
(LAB) play a pivotal role in maintaining the equilibrium of the 
vaginal microbiome niche.1,2 The microflora in a healthy vagi-

nal tract mainly consists of Lactobacillus spp., such as Lacto-
bacillus crispatus, Lactobacillus gasseri, and Lactobacillus jen-
senii.1,3 Conversely, vulvovaginal candidiasis (VVC) or bacterial 
vaginosis (BV) is associated with an abundance of Candida al-
bicans,4 Gardnerella vaginalis, Prevotella bivia, and Fannyhes-
sea vaginae.1,2

Antibiotics are the conventional treatment for VVC and 
BV.2,4,5 Typically, antibiotic treatments exhibit efficacy within a 
week;5 however, more than 50% of women treated with anti-
biotics experience recurrences within 12 months.5,6 Antibiot-
ics, while effective against the causative agent, cannot directly 
restore the vaginal microflora, which contributes to the high re-
currence rates. It has been reported that many women who have 
experienced BV are using probiotics as an alternative therapy to 
prevent the recurrence of vaginosis, although their safety and ef-
ficacy have not yet been proven.5

Lactiplantibacillus plantarum has more extensive genomic 
profile than other LAB species.7 Its large genome (approximate-
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ly 3.3 Mbp) allows L. plantarum to inhabit various niches, in-
cluding the gastrointestinal tract,7,8 vaginal mucosa,1,8 vegeta-
bles,7,8 fruits, meat, and dairy products.7 Genomic diversity also 
affects the antimicrobial activity of L. plantarum. Plantaricin, a 
member of the bacteriocin family, is the most common anti-
microbial compound produced by L. plantarum. Additionally, 
L. plantarum secretes other compounds, such as organic ac-
ids, biosurfactants, and phenolic compounds. These antimicro-
bial agents can disrupt the cell membrane, induce leakage of 
intracellular molecules, and inhibit biofilm formation.8

In this study, we aimed to isolate novel probiotic strains from 
the vaginal tracts of healthy Korean women and investigate 
their antimicrobial efficacy against C. albicans and G. vagina-
lis. The isolated strains were evaluated for their ability to inhibit 
mature biofilm formation by C. albicans and the growth of G. 
vaginalis via cellular membrane damage. Furthermore, ge-
nome informatics was employed to predict potential antimi-
crobial agents. The results of this study may contribute to the 
prevention of vaginosis recurrence and regulation of vaginal 
microflora.

MATERIALS AND METHODS

Reagents and microorganisms
Crystal violet solution, iodonitrotetrazolium chloride (INT), 
and N-phenyl-1-naphthylamine (NPN) were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). Resazurin was purchased 
from Thermo Fisher Scientific (Waltham, MA, USA).

C. albicans ATCC 11006 and G. vaginalis ATCC 14018 were 
obtained from the American Type Culture Collection (ATCC). 
C. albicans ATCC 11006 was cultured in yeast mold (YM) broth 
(MBCell, Seoul, Korea) at 24°C for 48 h. G. vaginalis ATCC 
14018 was cultured in modified Brain Heart Infusion broth (BD 
Biosciences, Franklin Lakes, NJ, USA) containing 10% of horse 
serum (MBCell), 1% of yeast extract (BD Biosciences), 0.1% of 
maltose (Sigma-Aldrich), and 0.1% of glucose (Sigma-Aldrich) 
(BHYMG) at 37°C for 24 h under anaerobic condition.2 Anaer-
obic conditions were maintained using a 20% CO2 gas pack 
within an anaerobic jar (Mitsubishi Gas Chemical Company, 
Tokyo, Japan). These strains were preserved in media contain-
ing 10% glycerol at -80°C until use.

Collection of vaginal fluid
This study included healthy reproductive Korean women aged 
18–35 years, who visited Kyung Hee University Hospital at 
Gangdong for general checkups between September 2022 and 
October 2022. The study was conducted in accordance with 
the Declaration of Helsinki and approved by the Institutional 
Review Board of Kyung Hee University Hospital at Gangdong 
(IRB No. KHNMC 2022-06-044). Vaginal samples from all vol-
unteers were tested for Nugent scoring, and only women with 
a score of <4 were interpreted as normal and included in this 

study. The exclusion criteria were current vaginitis or cervicitis, 
current use of oral contraceptives, antibiotic use within 14 days, 
probiotic use within 2 months, history of pelvic organ surgery, 
premenstrual syndrome, severe dysmenorrhea, history of al-
cohol or drug addiction, heavy smoking, and use of any medi-
cation for medical or psychological diseases. Ten healthy 
women were enrolled in this study, and vaginal fluid was col-
lected from the lateral vaginal walls and posterior fornix using 
standard swabs (eSwab®; Copan Diagnostics, Murietta, CA, 
USA). The swabs were immediately transferred to the labora-
tory at 4°C.

Isolation of LAB from vaginal fluid
Human vaginal fluid was spread onto de Man–Rogosa–Sharpe 
(MRS) agar (BD Biosciences) and incubated at 37°C for 72 h. 
After incubation, each colony was isolated and further cul-
tured on MRS agar supplemented with 0.0035% (w/v) bromo-
cresol purple to investigate acid production. The acid-produc-
ing colonies were subsequently purified from the newly 
prepared MRS. Single and pure colonies were identified as 
gram-positive, catalase-negative, rod-type strains. The isolat-
ed strains were designated LM1202–LM1219 and identified as 
L. plantarum through 16S rRNA sequencing. A total of 18 
strains were stored in MRS containing 10% glycerol at -80°C 
until use.4

Screening of antimicrobial effects of isolated strains
The antimicrobial effects of the isolates were assessed by eval-
uating the inhibition zone,9 minimum inhibitory concentration 
(MIC),4,9,10 and biofilm inhibition rate.9 Isolated strains were 
cultured in MRS broth and sub-cultured three times at 12-h in-
tervals. C. albicans and G. vaginalis were cultured in YM and 
BHYMG broths, respectively.

To measure the inhibition zones of L. plantarum strains, 5 
μL of each L. plantarum culture spotted on MRS agar and in-
cubated at 37°C for 24 h. After incubation, 7 mL of YM or 
BHYMG agar were overlaid on the isolated L. plantarum colo-
nies and solidified for 30 min. Approximately 7 Log CFU/mL 
of C. albicans were spread on YM-overlaid MRS agar, and 8 
Log CFU/mL of G. vaginalis were spread on BHYMG-overlaid 
MRS agar. Inhibition zones were measured around L. planta-
rum colonies after 24 h of incubation.

The MIC values were determined using the cell-free super-
natant (CFS) of L. plantarum. The CFSs were prepared by 
centrifugation at 10000×g at 4°C for 10 min. After centrifuga-
tion, each supernatant was filtered using a 0.45-μm cellulose 
acetate membrane filter. The filtrates were diluted two-fold in 
YM or BHYMG broth in a 96-well microplate. After dilution, 
approxi-mately 6 Log CFU/mL of C. albicans or G. vaginalis 
were added to each well and incubated for 24 h. MIC was de-
termined as the lowest concentration that visually inhibited 
fungal or bacterial growth.

To investigate biofilm inhibition, approximately 6 Log 
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CFU/mL of C. albicans were in-cubated with 12.5% CFS in a 
96-well microplate at 24°C for 24 h. After incubation, biofilms 
were washed with phosphate-buffered saline (PBS) and dried 
at 37°C for 30 min. The rate of biofilm formation was deter-
mined through crystal violet staining for 30 min. The crystal vi-
olet in mature biofilms was extracted using 100% ethanol and 
quantified using a microplate reader (SpectraMax iD3; Molec-
ular Devices, San Jose, CA, USA).

Microbial growth curve
The growth rates of C. albicans and G. vaginalis with CFS or L. 
plantarum strains were estimated as previously described,10 
with minor modifications. Briefly, approximately 5 Log CFU/
mL of C. albicans or 6 Log CFU/mL of G. vaginalis were incu-
bated with CFS or planktonic cells of L. plantarum. Viable C. 
albicans cells were enumerated on YM agar (for CFS-treated) 
and YM agar containing 10% of citric acid (for planktonic cell-
treated). The viability of G. vaginalis treated with CFS was as-
sessed on BHYMG agar plates. The number of viable L. plan-
tarum strains was determined on MRS agar plates.

Tricarboxylic acid (TCA) cycle activity
Inhibition of the TCA cycle in C. albicans and G. vaginalis 
was measured as formazan, which is related to a reduction in 
INT.4,9,10 Each microorganism was incubated with 25% CFS to 
inhibit the TCA cycle. After incubation, the cells were harvested 
by centrifugation at 10000×g at 4°C for 10 min, washed twice 
with PBS, and diluted to an OD600 of 0.2. Subsequently, 1 mM of 
INT solution was added, and INT reduction was performed at 
37°C for 30 min. After the reaction, the absorbance of formazan 
was measured at 630 nm using a microplate reader.

Biofilm regulation
Inhibition of biofilm formation and eradication of mature bio-
film9 were assessed to elucidate the biofilm regulation of L. 
plantarum.

Inhibition of biofilm formation was performed as described 
in the previous section (screening of antimicrobial effects of 
isolated strains). The CFS treatment ranges were determined 
as 6.25, 12.5, and 25%.

Approximately 6 Log CFU/mL of C. albicans were added to 
a 96-well microplate and incubated for 24 h. After incubation, 
the mature biofilm was washed with PBS, and planktonic cells 
were removed. The washed biofilm was treated with each CFS 
and further incubated for 24 h. Eradication of the mature bio-
film was evaluated using crystal violet, as described above.

Cellular damage measurement
Cellular damage to G. vaginalis was assessed by bacterial met-
abolic activity using the resazurin indicator,11 cellular mem-
brane damage using the NPN fluorescence indicator,10 and 
bacterial protein analysis using sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE).12 G. vaginalis was 

incubated with the MIC of CFS at 37°C for 24 h under anaero-
bic conditions. After incubation, G. vaginalis was harvested by 
centrifugation at 10000×g at 4°C for 10 min, washed twice with 
PBS, and subjected to cellular damage analysis.

The CFS-treated G. vaginalis was diluted to an OD600 of 0.2 
and reacted with 30 μg/mL of resazurin at 37°C for 30 min. The 
reduction of resazurin to resorufin was measured using a mi-
croplate reader with excitation and emission wavelengths of 
540 and 590 nm, respectively.

To measure cellular membrane damage, CFS-treated G. 
vaginalis was incubated with 10 μM of NPN and incubated at 
24°C for 30 min. The absorption of NPN was measured using 
a microplate reader at an excitation wavelength of 340 nm and 
an emission wavelength of 420 nm.

The bacterial proteins were extracted using B-PERTM Bacte-
rial Protein Extraction Reagent (Thermo Fisher Scientific). The 
lysed bacterial cells were centrifuged at 13000×g at 4°C for 30 
min, and the supernatants were collected for protein analysis. 
Protein concentration was measured using the PierceTM BCA 
Protein Assay Kit (Thermo Fisher Scientific). SDS-PAGE was 
performed on a 15% resolving gel with a 5% stacking gel. Briefly, 
20 μg of proteins were separated in acrylamide gel and stained 
Coomassie Brilliant Blue R-250 solution (Bio-Rad, Hercules, 
CA, USA) four times at 30-min intervals. After staining, Coo-
massie Brilliant Blue R-250 Destaining Solution (Bio-Rad Lab-
oratories) was used to visualize the proteins. SDS-PAGE was 
visualized using the FastGene® GelPic LED Box (Nippon Ge-
netics Europe, Düren, Germany).

Microscopic observation
CFS-induced cellular damage to G. vaginalis was observed 
through field-emission scanning electron microscopy (FE-SEM) 
and transmission electron microscopy (TEM). For FE-SEM ob-
servations, CFS-treated G. vaginalis were harvested by centrif-
ugation (10000×g at 4°C for 10 min) and fixed with Karnovsky’s 
fixative solution at 4°C. The fixed cells were washed with 50-
mM sodium cacodylate buffer and further fixed with 1% osmi-
um tetroxide (OsO4) dissolved in 100-mM sodium cacodylate 
buffer at 4°C for 1 h. After fixation, excess OsO4 was removed, 
and dehydration was performed using 30%, 50%, 70%, 80%, 
90%, and 100% ethanol for 20 min. The cells were visualized 
using an FE-SEM (JSM-6700F, JEOL, Tokyo, Japan).9 

For TEM observation, the fixed cells were washed with dis-
tilled water and stained using 0.5% uranyl acetate (in water) at 
4°C for overnight. After staining, the samples were washed with 
distilled water and dehydrated in 30%, 50%, 70%, 80%, 90%, 
and 100% ethanol for 20 min. The dehydrated samples were 
immersed in propylene oxide twice for 15 min, followed by a 
mixture of propylene oxide and Spurr’s resin (1:1) for 2 h, pro-
pylene oxide and Spurr’s resin (1:2) for 2 h, Spurr’s resin at 4°C 
for 24 h, and Spurr’s resin at 25°C for 3 h, consecutively. Each 
sample was polymerized at 70°C for 24 h and sectioned using 
an ultra-microtome (EM UC7; Leica, Wetzlar, Germany). The 
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thinly sliced sections were subjected to TEM (JEM1010, 
JEOL).13

Probiotics properties
The essential probiotic properties, including resistance to gas-
tric conditions and bile salts, adhesion to intestinal4 and vagi-
nal14 epithelial cells, and auto-aggregation and hydrophobicity 
to hexadecane,5 were measured as previously described.

Cultured L. plantarum LM1203, LM1209, and LM1215 were 
incubated in MRS containing 0.3% pepsin or 0.1% oxgall at 37°C 
for 2 h (for measuring pepsin resistance) and 24 h (for measur-
ing bile salt resistance), respectively. After incubation, the via-
ble cells were spread onto MRS agar. L. plantarum ATCC 14917 
(type strain) was used as a control.

For investigating adhesion to epithelial cells, HT-29 intestinal 
epithelial cells and VK2/E6E7 were used (ATCC). HT-29 cells 
were maintained in Roswell Park Memorial Institute (RPMI) 
1640 medium (Gibco, Waltham, MA, USA) supplemented with 
10% fetal bovine serum (FBS) and 1% penicillin-streptomycin 
solution at 37°C in a humidified atmosphere containing 5% 
CO2. VK2/E6E7 cells were maintained in keratinocyte serum-
free medium supplemented with keratinocyte supplements 
composed of bovine pituitary extract and human recombinant 
epidermal growth factor (EGF) (Gibco). During incubation, 
the medium was refreshed every 2–3 days, and each cell line 
was grown to 80% confluence. Once the cell lines reached 80% 
confluence, adherent cells were trypsinized with trypsin-ethyl-
enediaminetetraacetic acid solution (0.25%) and harvested by 
centrifugation. The harvested cells were seeded in 24-well 
plates (1×105 cells/well) and incubated in different media to 
form a monolayer. Cultured L. plantarum LM1203, LM1209, 
and LM1215 were diluted to approximately 8 Log CFU/mL, 
and the HT-29 or VK2/E6E7 monolayers were treated with these 
diluted L. plantarum strains for 2 h without antibiotics. After 
2 h, non-adherent bacterial cells were removed by washing 
with PBS, and adherent bacterial cells were collected using a 
1% (v/v) Triton-X solution. Adherent bacterial cells were spread 
on MRS agar, and viable cells were estimated. L. plantarum 
ATCC 14917 was used as a control.

Cultured L. plantarum was harvested by centrifugation 
(10000×g at 4°C for 10 min) and washed twice with PBS. The 
washed cells were resuspended in PBS and adjusted to an 
OD600 of 0.5. To evaluate auto-aggregation, the adjusted sus-
pension was allowed to stand and incubated at 37°C. The upper 
suspension was collected, and the absorbance was measured at 
600 nm. Auto-aggregation was calculated and compared to that 
at 0 h. To evaluate hydrophobicity, 2 mL of adjusted suspension 
was mixed with 1 mL of hexadecane. The mixture was incubat-
ed at 25°C for 30 min. After incubation, the aqueous phase was 
separated, and its absorbance was measured at 600 nm. Hy-
drophobicity was calculated and compared to that at 0 min. L. 
plantarum ATCC 14917 was used as a control.

Antibiotics resistance and hemolysis
Antibiotic resistance was evaluated according to the Europe-
an Food Safety Authority (EFSA) guidelines. Susceptibilities to 
ampicillin, chloramphenicol, clindamycin, erythromycin, gen-
tamicin, kanamycin, and tetracycline were measured using 
ETEST® strips (bioMérieux, Marcy-l’Étoile, France) and inter-
preted based on cut-off values.

Hemolysis was assessed on Columbia blood agar (Oxoid, 
Basingstoke, United Kingdom) containing 5% sheep blood.4

Genome analysis

Extraction of genomic DNA (gDNA) and genome analysis
Cultured L. plantarum LM1215 was harvested by centrifugation 
(10000×g at 4°C for 10 min) and washed with PBS. The gDNA 
was extracted using the TaKaRa MiniBEST Bacteria Genomic 
DNA Extraction Kit (Takara Bio, Kusatsu, Japan) according to 
the manufacturer’s guidelines.

A DNA library was constructed and sequenced using single-
molecule real-time (SMRT) sequencing technology (Pacific 
Biosciences, Menlo Park, CA, USA). Briefly, 5 μg of gDNA were 
used for SMRTbell library construction using the SMRTbell 
Template Prep Kit 1.0 and DNA/Polymerase Binding kit P6. 
The SMRT library was sequenced with one SMRT cell using C4 
chemistry (DNA sequencing reagent 4.0), and 240 min movies 
were captured for each SMRT cell using the PacBio RS II system 
by Insilicogen (Yongin, Korea). The genome coverage (depth of 
coverage) was 195×, and HiFi long-read sequencing was per-
formed for analysis.

Genome assembly was performed using a hierarchical ge-
nome assembly process (HGAP) and visualized using Artemis15 
and DNAPlotter.16 Coding sequences were predicted using 
GLIMMER 3.0. Gene ontology (GO) analysis was performed us-
ing Blast2GO, and clusters of orthologous groups of protein 
(COG) were predicted using the Basic Local Alignment Search 
Tool.

Phylogenetic relationship and average nucleotide identity 
(ANI) analysis
The phylogenetic relationships of L. plantarum LM1215 were 
analyzed based on the ortholog gene sequences. Whole ge-
nome sequences of L. plantarum, Lactiplantibacillus pentosus, 
Levilactobacillus brevis, Limosilactobacillus reuteri, Limosilac-
tobacillus fermentum, Lentilactobacillus buchneri, and Leuco-
nostoc citreum were obtained from the National Center for Bio-
technology Information (NCBI) database. Ortholog analysis 
was performed using OrthoFinder v2.5.5,17 and species trees 
were inferred using the STAG algorithm and rooted using the 
STRIDE algorithm in OrthoFinder. The tree species was illustrat-
ed using Dendroscope 3.18

ANI values were calculated using the OrthoANI algorithm19 
through EzBioCloud (https://www.ezbiocloud.net/tools/ani). 
The results of the ANI distance, combined with the Newick tree, 

https://www.ezbiocloud.net/tools/ani
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were illustrated using the heatmap plot function of TBtools.20

Multiple genome comparison
Eight L. plantarum genomes were compared using MAUVE21 
by constructing multiple genome alignments.

Prediction of gene cluster
Antimicrobial secondary metabolite gene clusters were pre-
dicted using antiSMASH bacterial version 7.0.22

Detection of antibiotic resistance genes (ARGs) and 
virulence factors
ARGs and virulence factors were analyzed using ResFinder 
version 4.3.3 (http://genepi.food.dtu.dk/resfinder) and viru-
lence factor database (VFDB).23

Determination of pathogenicity
The pathogenicity of L. plantarum LM1215 was determined 
using the PathogenFinder.24

Genomic island (GI), insertion sequence (IS), 
prophage, plasmid related sequence, and CRISPR-Cas
Mobile genetic elements (MGEs) were analyzed using VRpro-
file2.25 Plasmid-related sequences were analyzed using Plas-
midFinder.26 The CRISPR-Cas system was analyzed using CRIS-
PRCasFinder.27

Statistical analysis
Statistical analyses were performed using SPSS Statistics ver-

sion 18 software (IBM, Armonk, NY, USA). Mean values were 
analyzed using one-way analysis of variance (ANOVA), followed 
by Tukey’s range test or the Games-Howell post-hoc test. Statis-
tical significance was set at p<0.05.

RESULTS

Antimicrobial effects of L. plantarum isolated from 
the human vaginal tract
Eighteen strains of L. plantarum were isolated from vaginal 
fluid. The antimicrobial effects of these strains are listed in Ta-
ble 1. L. plantarum strains did not inhibit the growth of C. albi-
cans ATCC 11006; however, nine strains inhibited the growth 
of G. vaginalis ATCC 14018. The three strains with the largest 
inhibition zones were L. plantarum LM1203 (21 mm), L. plan-
tarum LM1209 (20 mm), and L. plantarum LM1215 (21 mm). 
The MIC of the CFS against G. vaginalis was 25% for most iso-
lates except for L. plantarum LM1202, which was not effec-
tive. All isolates inhibited biofilm formation by C. albicans, ir-
respective of their growth inhibition capabilities. L. plantarum 
LM1202 was the most effective at inhibiting biofilm formation 
(91.44%), while L. plantarum LM1219 was the least effective 
(64.65%). Based on these results, three strains (L. plantarum 
LM1203, L. plantarum LM1209, and L. plantarum LM1215) 
were selected for further investigation.

Fungistatic effects of L. plantarum
Fig. 1 shows the impact of L. plantarum and its CFS on the 

Table 1. Antimicrobial Properties of Lactiplantibacillus plantarum Against Candida albicans, and Gardnerella vaginalis

Microorganism
Inhibition zone (mm) Minimum inhibitory concentration (%) Biofilm inhibition rate (%)

C. albicans G. vaginalis C. albicans G. vaginalis C. albicans
L. plantarum LM1202 Not effective Not effective Not effective Not effective 91.44±1.60
L. plantarum LM1203 Not effective 21.00±1.63 Not effective 25 89.26±0.76
L. plantarum LM1204 Not effective 18.00±0.82 Not effective 25 86.11±2.46
L. plantarum LM1205 Not effective 16.00±0.82 Not effective 25 84.67±2.30
L. plantarum LM1206 Not effective 16.00±1.41 Not effective 25 70.18±2.68
L. plantarum LM1207 Not effective Not effective Not effective 25 74.85±7.29
L. plantarum LM1208 Not effective Not effective Not effective 25 66.03±2.55
L. plantarum LM1209 Not effective 20.00±0.82 Not effective 25 72.82±4.58
L. plantarum LM1210 Not effective 14.00±2.16 Not effective 25 88.01±1.36
L. plantarum LM1211 Not effective 16.33±2.05 Not effective 25 86.16±2.77
L. plantarum LM1212 Not effective Not effective Not effective 25 81.03±1.15
L. plantarum LM1213 Not effective 18.67±0.47 Not effective 25 83.83±3.39
L. plantarum LM1214 Not effective Not effective Not effective 25 87.68±0.98
L. plantarum LM1215 Not effective 21.00±0.82 Not effective 25 85.82±0.53
L. plantarum LM1216 Not effective Not effective Not effective 25 77.36±4.57
L. plantarum LM1217 Not effective Not effective Not effective 25 86.48±1.39
L. plantarum LM1218 Not effective Not effective Not effective 25 73.99±1.63
L. plantarum LM1219 Not effective Not effective Not effective 25 64.65±2.81

Data are shown as means±standard deviations of three independent experiments.

http://genepi.food.dtu.dk/resfinder
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growth rate of C. albicans. The CFS significantly inhibited the 
growth rate of C. albicans. Specifically, the CFS of L. plantarum 
LM1203 inhibited C. albicans growth to 5.41 (p<0.01) and 6.26 
(p<0.001) Log CFU/mL at 24 h and 48 h, respectively. Similarly, 
L. plantarum LM1209 and LM1215 inhibited the growth of C. 
albicans to 6.11 (p<0.001) and 6.26 Log CFU/mL (p<0.001) at 
48 h, respectively (Fig. 1A). Conversely, the control (non-treat-
ed) cells reached 6.57 and 7.19 Log CFU/mL at 24 h and 48 h, 
respectively. 

These fungistatic effects were also observed during TCA cy-
cle inhibition (Fig. 1B). TCA cycle activity decreased to 68.81% 
(CFS of L. plantarum LM1203), 69.37% (CFS of L. plantarum 
LM1209), and 69.92% (CFS of L. plantarum LM1215) (p< 
0.001). During co-culture with planktonic cells, cell viabilities 
of C. albicans were measured at 5.46 (co-cultured with L. plan-
tarum LM1203), 5.54 (co-cultured with L. plantarum LM1209), 
and 5.55 Log CFU/mL (co-cultured with L. plantarum LM1215) 
(p<0.001). The planktonic cells of L. plantarum were maintained 
at 8.28 (L. plantarum LM1203), 8.31 (L. plantarum LM1209), 
and 8.25 Log CFU/mL (L. plantarum LM1215) (Fig. 1C).

Biofilm regulation by L. plantarum
The regulation of biofilm formation by C. albicans using L. 
plantarum is shown in Fig. 2. L. plantarum LM1203 CFS at con-
centrations of 6.25%, 12.50%, and 25% inhibited biofilm for-
mation by 89.77%, 92.44%, and 94.07%, respectively (p<0.001). L. 
plantarum LM1209 inhibited biofilm formation by 87.30%, 
89.97%, and 92.71%, respectively (p<0.001), and L. plantarum 
LM1215 showed 88.59% (p<0.001), 89.12% (p<0.05), and 91.29% 
(p<0.001) biofilm inhibition, respectively, at the same concen-
trations of CFS (Fig. 2A).

As shown in Fig. 2B, L. plantarum effectively removed ma-
ture biofilms. L. plantarum LM1203 and L. plantarum LM1215 
removed 29.39% (p<0.01) and 33.89% (p<0.001) of mature bio-
films, respectively, at CFS concentration of 25%. L. plantarum 
LM1209 removed 1.31%, 36.43% (p<0.05), and 40.39% (p<0.01) 
of mature biofilms at CFS concentrations of 6.25%, 12.5%, and 
25%, respectively.

Growth inhibition and bacterial damage in G. vaginalis
The bacterial growth inhibition and membrane damage effects 
of L. plantarum on G. vaginalis are shown in Fig. 3. The cell vi-
ability of the untreated G. vaginalis increased from 6.06 to 8.95 
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Fig. 1. Fungistatic effects and tricarboxylic acid (TCA) cycle inhibition of Lactiplantibacillus plantarum. (A) Fungistatic effects of cell-free supernatants 
(CFS). (B) TCA cycle inhibition in Candida albicans through CFS. (C) Cell viability of C. albicans and L. plantarum during co-incubation. Significant differ-
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Log CFU/mL after 24 h. Compared to the control, L. plantarum 
LM1203, LM1209, and LM1215 reduced G. vaginalis cell growth 
to 7.24, 7.31, and 7.03 Log CFU/mL, respectively, after 24 h (p< 
0.001). The TCA cycle activity of G. vaginalis was reduced by 
47.83%, 47.69%, and 48.25% to L. plantarum LM1203, LM1209, 
and LM1215, respectively (p<0.001). Respiratory metabolic ac-
tivity was reduced by 61.27% (p<0.001), 52.46% (p<0.01), and 
52.88% (p<0.001) by L. plantarum LM1203, LM1209, and 
LM1215, respectively. Furthermore, L. plantarum promoted 
NPN absorption into the cell membrane of G. vaginalis, result-
ing in increased fluorescence intensities of 177.33% (L. planta-
rum LM1203) (p<0.05), 180.96% (L. plantarum LM1209) (p< 

0.01), and 160.48% (L. plantarum LM1215) (p<0.01). Notably, 
intracellular proteins (approximately 55 kDa) of damaged G. 
vaginalis were degraded into smaller proteins (<35 kDa).

Electron microscope observation
Fig. 4 shows the FE-SEM and TEM images of the damage in-
flicted by L. plantarum CFS on G. vaginalis. CFS-treated G. 
vaginalis showed cell surface blebs and wrinkles compared to 
the control (Fig. 4A). Additionally, CFS-treated G. vaginalis had 
disrupted cell walls and adopted a hexagonal shape. These 
structural distortions resulted in the leakage of cellular com-
ponents (Fig. 4B).

120

100

80

60

40

20

0

120

100

80

60

40

20

0
LM1203 LM1203LM1209 LM1209LM1215 LM1215

Bi
ofi

lm
 fo

rm
at

io
n 

(%
)

Re
sid

ua
l b

io
fil

m
 (%

)

*** ******
****** ***

***
****

* ***
**

**

A B  Control     6.25%     12.5%     25%   Control     6.25%     12.5%     25%

10

8

6

4

2

0
0                 6                12                18                24

Time (h) CFS (MIC) CFS (MIC)

CFS (MIC)

Vi
ab

le
 ce

lls
 (L

og
 C

FU
/m

L)

***
***

*

*** **

**

*** ***

**

*** *** ***

A B C

D E

  Control
  LM1203
  LM1209
  LM1215

Control      LM1203     LM1209     LM1215 Control      LM1203     LM1209     LM1215

Control      LM1203     LM1209     LM1215

120

100

80

60

40

20

0

120

100

80

60

40

20

0

200

150

100

50

0

TC
A 

cy
cle

 a
ct

ivi
ty

 (%
)

Re
sp

ira
to

ry
 m

et
ab

ol
ic 

ac
tiv

ity
 (%

)

Re
la

tiv
e 

flu
or

es
ce

nc
e 

in
te

ns
ity

 (%
)

M
ol

ec
ul

ar
 w

ei
gh

t (
kD

a)

M   1    2    3    4    M

Fig. 2. Candida albicans biofilm regulation by Lactiplantibacillus plantarum. (A) Inhibition of biofilm formation. (B) Eradication of mature biofilm. Significant 
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Fig. 3. Antibacterial effects of Lactiplantibacillus plantarum against Gardnerella vaginalis. (A) Bacteriostatic effects of L. plantarum. (B) Tricarboxylic acid 
cycle inhibition by L. plantarum. (C) Inhibition of respiratory metabolism by L. plantarum. (D) N-phenyl-1-naphthylamine uptake in damaged G. vaginalis. (E) 
Change of cellular proteins in damaged G. vaginalis. (M, protein size marker; 1, Control (non-treated G. vaginalis); 2, CFS of L. plantarum LM1203-treated G. 
vaginalis; 3, CFS of L. plantarum LM1209-treated G. vaginalis; 4, CFS of L. plantarum LM1215-treated G. vaginalis). Significant differences compared to the 
control are indicated by asterisks (*p<0.05, **p <0.01, ***p<0.001). CFS, cell-free supernatants; MIC, minimum inhibitory concentration.
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Probiotic properties
Table 2 summarizes the probiotic properties of L. plantarum 
strains isolated from the human vaginal tract. After incubation 
with 0.3% pepsin, L. plantarum LM1203, LM1209, and LM1215 
exhibited acid tolerance of 79.63%, 108.33%, and 121.21%, re-
spectively, while L. plantarum ATCC 14917 showed 61.75% 
acid tolerance. Regarding bile salt resistance, L. plantarum 
LM1203 exhibited the highest tolerance of 192.17%, followed 
by L. plantarum LM1209 with 125.74%. L. plantarum LM1215 
showed 67.20% of bile salt tolerance and L. plantarum ATCC 
14917 showed the lowest value of bile salt tolerance (26.91%). 
Regarding the adhesion to HT-29 cell, L. plantarum LM1215 
showed the highest adherence ratio (6.09%), whereas other 
strains exhibited 3.40% (LM1203), 3.32% (LM1209), and 2.84% 
(ATCC 14917). For adherence to VK2/E6E7 cells, L. plantarum 
LM1203, LM1209, and LM1215 showed adherence rates of 
5.00%, 5.04%, and 4.06%, respectively, while L. plantarum ATCC 
exhibited a rate of 2.98%. L. plantarum LM1209 showed high-
er auto-aggregation ability (52.34%) than that of L. plantarum 

ATCC 14917 (47.05%), while L. plantarum LM1203 and LM1215 
showed 45.40% and 40.91%, respectively. L. plantarum LM1203 
(6.00%), LM1209 (9.38%), and LM1215 (7.91%) showed higher 
hydrophobicity than that of L. plantarum ATCC 14917 (5.87%).

Antibiotics susceptibility and hemolysis
Table 3 presents the antibiotic resistance and hemolysis of L. 
plantarum. The L. plantarum LM1215 did not exhibit antibi-
otics resistance, with MICs of 0.094 μg/mL for ampicillin, 1.5 
μg/mL for chloramphenicol, 0.016 μg/mL for clindamycin, 
0.19 μg/mL for erythromycin, 6 μg/mL for gentamicin, 64 μg/
mL for kanamycin, and 4 μg/mL for tetracycline. However, both 
L. plantarum LM1203 and LM1209 showed kanamycin resis-
tance (MICs >256 μg/mL). Hemolysis was not detected in any 
of the L. plantarum strains.

Overall, L. plantarum LM1215 showed antimicrobial effects 
and probiotic properties. Therefore, further investigations 
were conducted to analyze its genome.

Fig. 4. Field-emission scanning electron microscopy (FE-SEM) and transmission electron microscopy (TEM) observation of damaged Gardnerella vagina-
lis. (A) SEM image of damaged G. vaginalis compared to untreated control cells (30000× magnification). (B) TEM image of damaged G. vaginalis com-
pared to the control cells (20000× magnification).

A B

Table 2. Probiotic Properties of Lactiplantibacillus plantarum Isolated from Human Vaginal Tract

Probiotic 
properties (%)

Microorganisms
L. plantarum ATCC 14917 L. plantarum LM1203 L. plantarum LM1209 L. plantarum LM1215

Resistance
Pepsin (0.3)   61.75±3.69   79.63±2.62 108.33±4.71 121.21±5.67
Bile salt (0.1)   26.91±1.20 192.17±6.44 125.74±2.06   67.20±3.43

Adhesion
HT-29   2.84±0.18   3.40±0.13    3.32±0.28     6.09±0.12
VK2/E6E7   2.98±0.20   5.00±0.21   5.04±0.48     4.06±0.25

Auto-aggregation 47.05±0.91 45.10±0.82 52.34±0.59   40.91±2.10
Hydrophobicity   5.87±0.32   6.00±1.11   9.38±1.13     7.91±1.04
Data are shown as means±standard deviations of three independent experiments.



735

Won-Young Bae, et al.

https://doi.org/10.3349/ymj.2023.0490

Complete genome analysis

General genome information
As shown in Fig. 5A, the size of the entire genome sequence of 

L. plantarum LM1215 was 3221233 bp, with a GC content of 
44.62%. Moreover, it contained 3208 protein-coding sequenc-
es (CDSs), as well as 16 rRNA and 68 tRNA genes. This Whole 
Genome project has been deposited in DDBJ/ENA/GenBank 

Table 3. Antibiotics Susceptibility and Hemolysis of Lactiplantibacillus plantarum Isolated from the Human Vaginal Tract

Antibiotic susceptibility

Antibiotic Cut-off values (μg/mL)
Minimum inhibitory concentration (μg/mL)

L. plantarum LM1203 L. plantarum LM1209 L. plantarum LM1215
Ampicillin   2 0.19 0.19 0.094
Chloramphenicol   8 2 2 1.5
Clindamycin   2 0.125 0.38 0.016
Erythromycin   1 0.25 0.38 0.19
Gentamicin 16 8 6 6
Kanamycin 64 >256 >256 64
Tetracycline 32 3 4 4
Hemolysis γ-hemolysis γ-hemolysis γ-hemolysis
Experiments were conducted in triplicate. 

Fig. 5. General genomic information of Lactiplantibacillus plantarum LM1215. (A) Circular gene map of L. plantarum LM1215. Each circle, from outside to 
inside, indicates protein-coding sequences (CDS) on the forward strand, CDS on the reverse strand, tRNA, rRNA, GC content, and GC skew. (B) Gene On-
tology analysis. (C) Clusters of Orthologous Groups of proteins analysis. (D) Phylogenetic tree based on ortholog gene. (E) Comparison of average nucleo-
tide identity value within the Lactobacillaceae family. (F) Multiple genome alignment and genome comparison of L. plantarum. tRNA, transfer RNA; rRNA, 
ribosomal RNA; GC content, guanine-cytosine content.
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under the accession number CP128990.

GO and COG analyses
As shown in Fig. 5B, 8687 transcripts were annotated and cate-
gorized into 16 biological processes, two cellular components, 
and 13 molecular function categories. These genes were main-
ly enriched for catalytic activity (1491 transcripts), cellular pro-
cesses (1346 transcripts), cellular anatomical entities (1209 
transcripts), metabolic processes (1172 transcripts), and bind-
ing (1000 transcripts).

According to the COG analysis (Fig. 5C), 3009 CDSs (93.80%) 
were specifically assigned to clusters of COG families compris-
ing 23 functional categories. Most functional proteins were in-
volved in carbohydrate transport and metabolism (339 CDSs). 
Other abundant CDSs were classified as transcription (298 
CDSs); amino acid transport and metabolism (262 CDSs), gen-
eral function prediction only (254 CDSs); and translation, ribo-
somal structure, and biogenesis (232 CDSs).

Phylogenetic orthology and ANI
Fig. 5D and 5E show the phylogenetic relationships and ANI 
distances of L. plantarum LM1215 compared to those of other 
LAB. L. plantarum LM1215 was closely associated with other 
Lactiplantibacillus species (L. plantarum and L. pentosus) 
and distinct from Levilactobacillus, Limosilactobacillus, Lenti-
lactobacillus, and Leuconostoc. In the ANI distance analysis, L. 
plantarum LM1215 showed a high genomic similarity to other 
L. plantarum strains (98.98%–99.96%). Compared with other 
Lactiplantibacillus, L. pentosus DSM 20314 and L. pentosus 
OHF 23 showed 80.18% and 80.14% genomic similarity, respec-
tively. Other LAB showed 66.17%–69.08% genomic similarity 
wih L. plantarum LM1215.

Comparative genome alignments
A comparative genomic analysis of L. plantarum strains is 
shown in Fig. 5F. Genome rearrangements were observed 
within L. plantarum, and genome deletions occurred in sev-
eral strains, including L. plantarum ATCC 202195, DSM 20174, 
NCIMB8826, SRCM100442, 103472, and SRCM210459. L. 
plantarum LM1215 was most similar to L. plantarum LM1004, 
which underwent genome rearrangement without deletions.

Prediction of gene clusters
Antimicrobial secondary metabolite gene clusters are shown 
in Fig. 6. L. plantarum LM1215 is predicted to have four types 
of antimicrobial secondary metabolites: plantaricin E/F, type 
III polyketide synthases, terpenes, and cyclic lactone autoin-
ducers.

Antibiotic resistance genes (ARGs) and virulence 
factors
As shown in Table 4, intrinsic ARGs and acquired ARGs were 
not detected in L. plantarum LM1215. Compared to the VFDB, 
10 alignments exhibited matching virulence factors with bit 
scores exceeding 50. However, several alignments, such as sdrE 
(E-value:4E-49), sdrC (E-value:2E-48), clpC (E-value:3E-10), tufA 
(E-value:3E-10), hasC (E-value:2E-08), lap (E-value:2E-08), and 
bsh (E-value:6E-05), exhibited E-values below E-50. Converse-
ly, clfA, clfB, and sdrD genes had E-values of 2E-79, 2E-69, and 
7E-51, respectively (Table 5).

Pathogenicity
As shown in Table 6, L. plantarum LM1215 was not identified as 
a pathogen. Fourteen non-pathogenic proteins were matched 
to those of other LAB, including Pediococcus pentosaceus ATCC 

Fig. 6. General gene cluster of antimicrobial secondary metabolites in Lactiplantibacillus plantarum. (A) Prediction of plantaricin E/F gene cluster. (B) Pre-
diction of type III polyketide synthases gene cluster. (C) Prediction of terpene gene cluster. (D) Prediction of cyclic lactone autoinducer gene cluster.
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25745, Leuconostoc mesenteroides spp. mesenteroides ATCC 
8293, Leuconostoc kimchii IMSNU 11154, Oenococcus oeni PSU-
1, and L. reuteri Lc 705.

Horizontal gene transfer (HGT)
Table 7 summarizes the presence of GIs, ISs, prophages, plas-
mid-related sequences, and the CRISPR-Cas system in L. plan-
tarum LM1215. L. plantarum LM1215 contained seven GIs, five 
ISs, and five prophages; however, these MGEs did not carry 
ARGs or virulence factors. No plasmid-related sequences were 

detected in L. plantarum LM1215, which possessed a CRISPR 
sequence with evidence level 1.

DISCUSSION

To date, clinical studies have been conducted on BV and VVC 
to establish the beneficial effects of probiotics using different 
types and routes. L.crispatus containing vaginal probiotics has 
been found to be clinically effective and safe to prevent the re-
currence of BV in a phase 2b trial in which vaginal probiotics 
were administered to women who had completed a course of 
vaginal antibiotics gel during 11 weeks.28 The recurrence rate 
of BV was significantly decreased by 34% at week 12% and 27% 
at week 24 in the group using L.crispatus compared to the pla-
cebo group.28 A randomized clinical trial of a short-duration of 
administration of L. acidophilus containing vaginal probiotics 
showed no additional beneficial effects on long-term BV re-
currence after the completion of antibiotics.29 A recent meta-
analysis, including 17 randomized controlled trials on the treat-
ment of BV, revealed that probiotics adjunctive to antibiotics 
were more effective than antibiotics alone, and probiotics were 
significantly more effective than placebo.30 A few clinical trials 
were conducted on VVC compared to BV. L. gasseri contain-
ing vaginal probiotics31 or L. acidiophilus32 have not been found 
to have any beneficial effects on recurrent VVC, and meta-
analyses did not show definitive findings due to a limited num-
ber of clinical studies of probiotics on recurrent VVC.33,34

C. albicans is a biofilm-forming yeast,3 commonly found in 
patients with VVC, whereas other non-albicans Candida in-
fections are considered minor infections of the vaginal tract.3,35 
These biofilms facilitate surface adhesion and enhance resis-
tance to environmental stressors, host immune responses, and 
therapeutic agents.36 Moreover, biofilm formation can lead to 
histological damage in mucosal epithelial cells and local in-
flammation in the vaginal epithelium. Another significant con-
cern is that biofilms hinder the efficacy of antifungal agents in 
VVC treatment.35 Sun, et al.37 reported that azole compounds, 
such as clotrimazole, up-regulate efflux pumps within biofilms 

Table 4. Intrinsic and Acquired Antibiotic Resistance Genes in Lactiplan-
tibacillus plantarum LM1215

Intrinsic antibiotic resistance genes
Class of antibiotics Related resistance genes

Aminocyclitol Not detected
Aminoglycoside Not detected
Amphenicol Not detected
Diaminopyrimidines Not detected
Glycopeptide Not detected
Ionophores Not detected
β-Lactam Not detected
Lincosamide Not detected
Macrolide Not detected
Nitroimidazole Not detected
Oxazolidinone Not detected
Phosphonic acid derivatives Not detected
Pleuromutilin derivatives Not detected
Polymyxin Not detected
Pseudomonic acid Not detected
Quinolone Not detected
Rifamycin Not detected
Steroid antibacterial agent Not detected
Streptogramin A Not detected
Streptogramin B Not detected
Sulfonamide Not detected
Tetracycline Not detected
Acquired antibiotic resistance genes Not detected

Table 5. Detection of Virulence Factor-Related Genes in Lactiplantibacillus plantarum LM1215

Genes Products Identities Gaps Score (bits) E-value
clfA Clumping factor A, fibrinogen-binding protein 438/533 (82) 6/533 (1) 305 2E-79
clfB Clumping factor B, adhesin 435/531 (81) 6/531 (1) 293 6E-76
sdrD Ser-Asp rich fibrinogen-binding bone sialoprotein-binding protein 354/437 (81) 6/437 (1) 210 7E-51
sdrE Ser-Asp rich fibrinogen-binding bone sialoprotein-binding protein 349/431 (80) - 204 4E-49
sdrC Ser-Asp rich fibrinogen-binding bone sialoprotein-binding protein 333/410 (81) - 202 2E-48
clpC Endopeptidase Clp ATP-binding chain C 119/146 (81) -   76 3E-10
tufA Elongation factor Tu   97/114 (85)  2/114 (1)   76 3E-10
hasC UTP--glucose-1-phosphate uridylyltransferase HasC     71/83 (85) -   70 2E-08
lap Listeria adhesion protein Lap     62/71 (87) -   70 2E-08
bsh Bile salt hydrolase     65/77 (84) -   58 6E-05
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and extracellular matrices, whereas the presence of β-glucan 
within biofilms inhibits the effectiveness of amphotericin B, a 
polyene antifungal agent. Thus, controlling C. albicans biofilm 
formation is crucial for VVC treatment and the development of 
natural antifungal agents. In this study, L. plantarum LM1203, 
LM1209, and LM1215 exhibited fungistatic (Fig. 1) and biofilm 

removal (Fig. 2) effects.
LAB produce a wide range of antimicrobial metabolites that 

depolarize membranes,38,39 inhibit cell wall enzyme synthe-
sis,38 cause cell wall lysis,39 damage proteins and nucleic acids 
through protonated acids,38,40 generate oxidative stress through 
the accumulation of reactive oxygen species,38 and reduce in-

Table 6. The Prediction Probability of Lactiplantibacillus plantarum LM1215 as a Human Pathogen

Human pathogen prediction Non-pathogenic bacteria
Probability of a human pathogen 0.189
Matched pathogenic families   0
Matched non-pathogenic families 14

Matched sequence detail
Start End Matched microorganisms Matched protein Identity (%)

  174186   176345 Pediococcus pentosaceus ATCC 25745 α-Galactosidase 98.19
  333957   334403 Leuconostoc mesenteroides spp. mesenteroides 

ATCC 8293
Ribonuclease HI 98.65

  337217   338548 Leuconostoc kimchii IMSNU 11154 Glutathione reductase 100
1849138 1849470 Pediococcus pentosaceus ATCC 25745 Head-tail connector protein 91.82
1851679 1852704 Pediococcus pentosaceus ATCC 25745 Hypothetical protein 97.07
1852891 1854789 Pediococcus pentosaceus ATCC 25745 Phage terminase-like protein, large subunit 93.83
1854792 1855250 Pediococcus pentosaceus ATCC 25745 Phage terminase, small subunit 90.79
3039746 3040066 Oenococcus oeni PSU-1 Thiol-disulfide isomerase and thioredoxin 100
3036552 3038456 Oenococcus oeni PSU-1 Cation transport ATPase 98.11
3040090 3040359 Oenococcus oeni PSU-1 Metal-sensitive transcriptional regulator 97.75
3040760 3041314 Oenococcus oeni PSU-1 DNA-binding ferritin-like protein (oxidative damage protectant) 95.65
3041749 3042414 Oenococcus oeni PSU-1 Crp-like transcriptional regulator 98.64
3081284 3083164 Limosilactobacillus reuteri Lc 705 (plasmid) β-galactosidase (GH42) 99.52
3083148 3083492 Limosilactobacillus reuteri Lc 705 (plasmid) β-galactosidase small subunit 100

Table 7. Mobile Genetic Elements, Plasmid Related Sequence, and CRISPR-Cas in Lactiplantibacillus plantarum LM1215

Mobile genetic elements Details Start End GC contents (%) ARGs Virulence genes
Genomic island - 351044 378900 40.07 Not detected Not detected
Genomic island - 570297 590667 50.78 Not detected Not detected
Genomic island - 1028102 1044143 36.83 Not detected Not detected
Genomic island - 2792187 2805572 38.89 Not detected Not detected
Insertion sequence/Transposon ISP1 537345 538607 39.94 Not detected Not detected
Insertion sequence/Transposon ISLpl2 822165 822713 42.52 Not detected Not detected
Insertion sequence cluster/Transposon ISP1/ISP1 1024558 1025618 40.28 Not detected Not detected
Insertion sequence/Transposon ISP1 1756417 1757679 40.02 Not detected Not detected
Insertion sequence/Transposon ISP2 2779405 2780898 41.66 Not detected Not detected
Prophage - 549799 560673 43.98 Not detected Not detected
Prophage - 1192545 1230073 41.41 Not detected Not detected
Prophage - 1826999 1882244 41.85 Not detected Not detected
Prophage - 2145402 2218664 41.69 Not detected Not detected
Prophage - 2406578 2413360 49.09 Not detected Not detected
Plasmid related sequence

Inc18 RepA_N Rep3 Pep_trans Rep2 NT_Rep Rep1 RepL
Not detected Not detected Not detected Not detected Not detected Not detected Not detected Not detected

CRISPR
Start End Direction Consensus repeat Number of repeats Number of spacers Evidence level

2742366 2742451 Unknown TAAGAAACTTAAAGTGTCTTATT 2 1 1
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tracellular ATP levels.39 Similarly, LAB produce antifungal me-
tabolites that induce cell surface distortions, disrupt the hyphae 
of fungal cells, and induce the leakage of cytoplasmic content.40 
As shown in Fig. 6, L. plantarum LM1215 was predicted to have 
four types of antimicrobial secondary metabolite production 
gene clusters. One of these clusters encodes for plantaricin E/F, 
a two-peptide bacteriocin consisting of plnE and plnF.41,42 Plan-
taricin E/F acts as an antagonist against gram-positive bacteria 
and fungi,41 and is more effective than plantaricin A.42 Gram-
positive bacteria subjected to plantaricin E/F exhibit cell mem-
brane damage and dissipation of cellular proton motive forces, 
ultimately resulting in cell death.43 Therefore, the fungistatic 
(Fig. 1) and bacteriostatic effects, as well as cellular membrane 
damage (Figs. 3 and  4) observed in this study may be attribut-
ed to the action of plantaricin E/F produced by L. plantarum 
LM1215. Additionally, aromatic polyketides, terpenes, and cy-
clic lactone autoinducers have been predicted in L. plantarum 
LM1215. These genetic properties contributed to the regulation 
of C. albicans and G. vaginalis by L. plantarum LM1215.

Probiotics are generally regarded as safe for dietary consump-
tion; however, recent studies have raised concerns about the 
emergence of antibiotic-resistant non-pathogenic bacteria.44 
Antibiotic resistance is classified as intrinsic or acquired, with 
the latter often resulting from HGT between different bacterial 
genera via conjugation, transformation, and transduction.45,46 
LAB are intrinsically resistant to certain antibiotic classes, in-
cluding aminoglycosides, quinolones, and diaminopyrimidines. 
Moreover, Lactiplantibacillus spp. are generally resistant to 
vancomycin. Furthermore, conjugation can occur between LAB 
and other pathogenic bacteria via conjugation pili.46 Consid-
ering these concerns, the EFSA recommends comprehensive 
screening for ARGs using whole-genome sequencing when 
probiotics are used in humans and animals.45,46 In the present 
study, L. plantarum LM1215 did not possess any intrinsic or 
acquired ARGs, including MGEs. Additionally, L. plantarum 
LM1215 possesses a CRISPR-Cas system, which acts as a de-
fense mechanism against HGT in bacteria.47 Thus, L. plantarum 
LM1215 is considered a safe probiotic agent suitable for the pre-
vention of VVC and BV.
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