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A B S T R A C T   

Vaginitis, characterized by pathogenic invasion and a deficiency in beneficial lactobacilli, has 
recognized lactobacilli supplementation as a novel therapeutic strategy. However, due to indi-
vidual differences in vaginal microbiota, identifying universally effective Lactobacillus strains is 
challenging. Traditional methodologies for probiotic selection, which heavily depend on exten-
sive in vitro experiments, are both time-intensive and laborious. The aim of this study was to 
pinpoint possible vaginal probiotic candidates based on whole-genome screening. We sequenced 
the genomes of 98 previously isolated Lactobacillus strains, annotating their genes involved in 
probiotic metabolite biosynthesis, adherence, acid/bile tolerance, and antibiotic resistance. A 
scoring system was used to assess the strains based on their genomic profiles. The highest-scoring 
strains underwent further in vitro evaluation. Consequently, two strains, Lactobacillus crispatus 
LG55-27 and Lactobacillus gasseri TM13-16, displayed an outstanding ability to produce D-lactate 
and adhere to human vaginal epithelial cells. They also showed higher antimicrobial activity 
against Gardnerella vaginalis, Escherichia coli, Candida albicans, Staphylococcus aureus, and Pseu-
domonas aeruginosa compared to reference Lactobacillus strains. Their resilience to acid and bile 
environments highlights the potential for oral supplementation. Oral and vaginal administration 
of these two strains were tested in a bacterial vaginosis (BV) rat model at various doses. Results 
indicated that combined vaginal administration of these strains at 1 × 106 CFU/day significantly 
mitigated BV in rats. This research offers a probiotic dosage guideline for vaginitis therapy, 
underscoring an efficient screening process for probiotics using genome sequencing, in vitro 
testing, and in vivo BV model experimentation.   
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1. Introduction 

The vagina is a intricate and unique micro-ecosystem characterized by diverse microorganisms [1]. Ravel et al. clustered the 
vaginal microbial community into five groups, four dominated by Lactobacillus species and termed community state type (CST) I, II, III, 
and V. The dominant species for these CSTs were Lactobacillus crispatus, Lactobacillus iners, Lactobacillus gasseri, and Lactobacillus 
jensenii [2]. However, CST IV is colonized by more anaerobic bacteria instead of Lactobacillus and exhibited higher microbial diversity. 
Although women with vaginal CST IV could persist in this community state for a long time without any symptoms, they are exposed to 
a higher risk of female reproductive diseases [3]. Hence, a considerable abundance of Lactobacillus is regarded as the indicator of a 
healthy vaginal environment. The protective functions of Lactobacillus mainly include the following: (1) producing the metabolites 
capable of inhibiting the pathogens, such as D/L-lactic acid, H2O2, and bacteriocins [4]; (2) releasing lactic acid to keep a low vaginal 
pH (≤4.5) by fermenting glucose [5]; (3) maintaining the vaginal mucous membrane barrier by adhering to the vaginal epithelial cells; 
and (4) regulating mucosal immune response by producing short-chain fatty acids to alleviate inflammatory injury [6]. 

The lack of Lactobacillus species lead to the dysbiosis of the vaginal microbiota, resulting in a higher risk of vaginitis, which is one of 
the most common gynecological diseases that frequently occur in women, including bacterial vaginosis (BV), aerobic vaginitis (AV), 
and vulvovaginal candidiasis (VVC). They are directly related to many serious complications, such as preterm birth, postpartum 
endometritis, cervicitis, and pelvic inflammatory disease [7]. Antibiotic intervention, a traditional therapy, has been the clinical 
standard of care (SOC) for vaginitis for decades [8]. Although the short-term cure rate of metronidazole therapy for BV treatment was 
up to 80%–90 %, the recurrence rate was 52 % after 6 months of follow-up and 68 % after 12 months. Prolonged metronidazole 
treatment could not reduce the recurrence rate after drug withdrawal but increased the incidence of VVC [9]. The traditional anti-
microbial azole derivatives could cure most of the primary acute VVC but failed in preventing recurrent attacks [10]. This was also true 
for using clindamycin against AV [11]. Therefore, a novel vaginitis treatment approach is urgently needed. 

Although pathogens can be eliminated using antibiotics, the abundance of Lactobacillus is still suppressed after treatment, which 
may be the main reason for the high recurrence rate after SOC [12]. Hence, the supplementation of Lactobacillus-containing probiotics 
adjunct to antibiotic treatment has been developed as a novel biotherapy and has shown beneficial effects. Actually, Lactobacillus has 
been used for the treatment of many diseases including gastrointestinal disorders, metabolic diseases, infectious diseases, and even 
assisting in cancer treatment [13–15]. However, they exihibited heterogeneous outcomes obtained in clinical trials. Achieving a 
probiotic Lactobacillus strain that is widely effective in all patients with vaginitis is difficult because the Lactobacillus strains colonized 
in the vagina vary among different ethnic women. Moreover, few Lactobacillus strains have been developed as live biotherapeutic 
products (LBPs) explicitly marketed for female reproductive health. Hence, more potential Lactobacillus strains should be discovered. 

In 2001, the Food and Agriculture Organization (FAO) and the World Health Organization (WHO) defined probiotics as live mi-
croorganisms that, when given in sufficient amounts, can provide health benefits to the host. Lactobacillus, one of the most significant 
probiotic genera, is widely found in various natural sources [16–19] and human organs [17,20,21]. The species, origins and viabilities 
of Lactobacillus used in treatment significantly influences the therapeutic outcomes of diseases [22]. To ensure the probiotics’ viability 
during storage and intake, various encapsulation techniques such as hydrogels and microcapsules have been developed [23–26]. For 
the treatments of vaginitis, the dominant Lactobacillus species in the vaginal microbiota should be used. 

This study aimed to select the potential female probiotic strains from a pool of Lactobacillus strains from a human commensal 
bacteria collection constructed by BGI-Research, China. A high-throughput pre-screening pipeline for probiotics was built based on the 
whole genome of the strains. Subsequently, an in vitro test profile of preferred product characteristics, including growth rate, probiotic 
metabolite–producing ability, adhesion to vaginal epithelial cells, gastral acid/bile tolerance, antibiotic resistance, and antimicrobial 
capacity, was established and carried out to further identify the best-performing strains. 

2. Materials and methods 

2.1. Lactobacillus isolation and culturing 

Samples from the fecal samples were collected in 2 mL self-standing screw cap tubes (Axygen, USA) with storage buffer (MGI, 
China), gradient diluted in phosphate-buffered saline (PBS, HyClone, USA), spread on sterile de Man, Rogosa, Sharpe (MRS, Solarbio, 
China) medium, and incubated at 37 ◦C under anaerobic conditions within a anaerobic chamber Bactron 300-2 (Bactron, USA) for 24 
h. Individual colonies were picked based on different morphologies and transferred into MRS broth. 

2.2. Whole genomes characterization of isolates 

A total of 2 mL culture was sent for whole-genome sequencing using Illumina Hiseq 2000 platform. The reads were assembled using 
SOAPdenovo 2.0441 to form scaffolds. Single genomes were splited from the scaffolds of multi-genomes using an in-house developed 
pipeline. The taxonomic assignment was determined by the taxonomic information of correlated NCBI-available prokaryotic genomes 
according to average nucleotide identity (ANI) and percentage of conserved proteins (POCP) values. The whole-genome sequencing 
workflow was same as previous describe [27]. All strains belonging to Lactobacillus species were selected to build our candidate pool. 

2.3. Probiotic metabolism databases 

The scaffold sequences of the Lactobacillus strains were annotated against seven metabolism databases to comprehensively choose 
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the suitable strains, which included the genes involved in the metabolic pathway related to acid resistance, bile resistance, lactate 
production, hydrogen peroxide production, butyrate synthesis, propanoate synthesis, and adhesive property. The dominant vaginal 
species were considered the key objects of selection. Further, the virulence factor database (VFDB) [28] and the Comprehensive 
Antibiotic Research Database (CARD) [29] were also employed to investigate the safety of strain for human use. The databases were 
originally built from KEGG [30], in which the enzymes were selected based on KO information. BLAST [31] was used in the annotation 
process, and the e-value was set as 0.01; the identity value should be greater than 60 %. We used subject length to calculate the 
coverage of aliment length to improve the selection quality; the coverage was greater than 80 %, and the length was greater than 100 
bp. A scoring system was established after all genomes of the Lactobacillus strains were blasted against selected datasets. The highest 
numbers were scaled to 100 as the standard, and the remaining numbers were standardized based on this scale. 

Three commercial vaginal probiotics were selected as control in our study. Lacticaseibacillus rhamnosus GR-1 and Limosilactobacillus 
reuteri RC-14 were purchased from Chr Hansen, Denmark. Lactobacillus delbrueckii DM8909, purchased from the Guangdong culture 
collection center, Guangzhou, China. 

2.4. Growth assessment 

A volume of 1 mL of a preselected candidate strain at a concentration of 1.7 × 106 CFU/mL was added to 10 mL of fresh MRS broth 
in an anaerobic chamber at 37 ◦C for 24 h. A volume of 200 μL was sampled in a 96-well plate with 3 replicates per group at 0, 2, 4, 5, 7, 
9, 12, and 24 h’ incubation to assess the growth state of the strains. The culture density was measured at a wavelength of 595 nm 
(OD595). The growth rate was calculated based on the logarithmic phase of the growth curve. 

2.5. Determination of D- and L-lactic acid production 

The candidate strains were cultivated at 37 ◦C in MRS broth for 48 h in an anaerobic chamber. Then, they were centrifuged at 
7104×g for 5 min. The supernatants were collected. The concentrations of D/L-lactic acid were measured using D/L-lactic acid assay 
kits (Megazyme, Ireland) following the manual assay procedure using ultraviolet spectrophotometry (Jinghua, Shanghai, China). The 
experiments were performed in triplicates. 

2.6. Semi-quantitive analysis of hydrogen peroxide production 

Next, 100 μL of each strain incubated at 37 ◦C for 24 h was plated on MRS agar with 0.25 mg/mL tetramethyl benzidine (TMB) and 
0.01 mg/mL horseradish peroxidase (HRP) and incubated at 37 ◦C for 48 h under anaerobic conditions [32,33]. After exposure to 
ambient air, the colonies turned blue within 0–30 min depending on the concentration of hydrogen peroxide. 

2.7. Evaluation of auto-aggregation 

The auto-aggregating ability of Lactobacillus strains was evaluated using the spectrophotometer at 595 nm (OD595). 10 mL of 108 

CFU/mL Lactobacillus strains cultured for 24 h were added to a 15 mL test tube. The culture’s top layer were tested separately after 0, 
30, and 60 min. Auto-aggregation was assessed using the following equation: auto-aggregation rate (%) = [1 – (OD60 min/ OD0 min)] ×
100 [34]. 

2.8. Ability to adhere to vaginal epithelial cells VK2/E6E7 

The vaginal epithelial cells VK2/E6E7, with a growth density of up to 80 % in complete DMEM (Gibco, USA), were harvested 
following trypsin digestion and resuspended in fresh medium at a concentration of 2 × 105 cells/mL. Then, 1 mL of the suspension was 
dispensed to each well in 6-well plates and incubated at 37 ◦C in a 5 % CO2 environment until reaching 80 % confluence. 

Lactobacillus strains were cultured in MRS broth at 37 ◦C for 24 h. Then, 1 mL of the strains suspension was added to 6-well plates 
with VK2/E6E7 and co-incubated at 37 ◦C for 90 min in 5 % CO2. Following co-incubation, the cells were washed five times with 1 mL 
of PBS to remove unbound bacteria, after which 1 mL of trypsin was added to the wells for cell digestion. Subsequently, DMEM with 
fetal bovine serum was then added to terminate digestion. Further, 1 mL of 0.05 % Triton X-100 was added for 5 min to cause cell lysis. 
Tenfold gradient dilution was applied, and the dilution culture was plated on MRS agar. The colonies were counted after 24 h in-
cubation at 37 ◦C under anaerobic conditions. The cell counting was performed using an automatic cell counter. 

2.9. Antimicrobial activity testing 

The antimicrobial activity primarily tested the inhibitory effect of five strains on the growth of Gardnerella vaginalis ATCC14018, 
Escherichia coli ATCC25922, Candida albicans ATCC10231, Pseudomonas aeruginosa ATCC9027, and Staphylococcus aureus ATCC6538, 
all purchased from the Guangdong culture collection center, Guangdong province, China. Lactobacillus strains were incubated in MRS 
broth for 24 h under anaerobic conditions. The suspension was filtered using a 0.2 μm filter membrane when the number of Lacto-
bacillus peaked 1 × 108 CFU/mL. Then, 100 μL of G. vaginalis, E. coli, C.albicans, S. aureus, and P. aeruginosa suspension incubated in 
MRS broth for 24 h was added to 1.5 mL Lactobacillus supernatant. The absorbance at OD595 was then measured after 24 h co- 
incubation. The same procedure was followed for E. coli and C. albicans. 
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2.10. Antibiotic susceptibility testing 

The Kirby–Bauer test was applied to assess antibiotic susceptibility. A total of 16 types of antibiotic susceptibility test discs (Bkmam, 
China) were chosen in this evaluation, including ampicillin (AM,10 μg/disk), bacitracin (B, 0.04 μg/disk), penicillin (P, 10 μg/disk), 
kanamycin (K, 30 μg/disk), tetracycline (TE, 30 μg/disk), piperacillin (PIP,100 μg/disk), erythromycin (E, 15 μg/disk), chloram-
phenicol (C, 30 μg/disk), oxacillin (OX, 1μg/disk), vancomycin (VAN, 30 μg/disk), azithromycin (AZI, 15 μg/disk), amoxicillin (AMX, 
25 μg/disk), ceftriaxone (CRO, 30 μg/disk), gentamicin (GM, 10 μg/disk), clindamycin (CM, 2 μg/disk) and metronidazole (MNZ, 5 
μg/disk). Further, 100 mL of Lactobacillus culture was added to fresh MRS broth and incubated for 24 h at 37 ◦C under anaerobic 
conditions. Then, it was spread on the MRS agar. The antibiotic disks were put onto an MRS medium. The radius of the inhibition zone 
was measured after 24 h. 

Fig. 1. Lactobacillus strains were selected based on the whole-genome annotation results and in vitro examination. (a) the total number of 
annotated enzymes for each strain and the final score of each strains showed in the last column; (b) growth rate of 23 pre-screened candidate strains; 
(c) H2O2 production assessed via semi-quantitive analysis; (d) The concentration of D-/L-lactic acid. 
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2.11. Acidic and bile salt tolerance measurement 

A volum of 100 μL of Lactobacillus suspension incubated at 37 ◦C for 24 h under an anaerobic environment was added to MRS broth 
with pH = 2, 3, 4, 4.5, and 7 to investigate the influence of low pH on growth of Lactobacillus strains. Then, the culture was plated on 
MRS agar after 24 h incubation. The colonies counting was then performed. The same process was repeated to assess the influence of 
high concentrations of bile salt on the growth of Lactobacillus strain using MRS broth with 0.05 %, 0.1 %, 0.2 %, and 0.3 % of bile salt. 

3. Administration of Lactobacillus strains on BV model rats 

3.1. Modeling 

Seven-week-old female Sprague–Dawley rats, weighed 222–264 g, were obtained from Hunan SJA Laboratory Animal Co. (Hunan, 
China). A total of 220 female rats were examined during the experimental period. The rats were housed in dry, stainless-steel cages 
accommodating two to five rats per cage. They were maintained in a standard animal care facility with controlled environment 
condition, including a 12 h light/dark cycle, temprature ranging from 20.0 ◦C to 24.4 ◦C, and humidity levels maintained between 40 
% and 70 %. The experiment procedures was performed in a pathogen-free conditions to prevent inadvertent infections. 

After inducing pseudoestrus in the rats by administered intramuscularly with 0.5 mg of estradiol benzoate (Full Woo Biotechnology 
Co., Ltd., Shanghai, China) three days, 150 μL of a 1 × 108 CFU/mL/day suspension of G. vaginalis strains was vaginally administered to 
each rat for three consecutive days. Gram staining was performed to evaluate the efficacy of the modeling process. 

Fig. 2. Functional verification of candidate strains. (a) Antimicrobial characteristics of Lactobacillus strains; (b) H2O2 production assessed via 
semi-quantitive analysis; (c) concentration of D-/L-lactic acid for candidate and reference strains; (d) auto-aggregation rate was calcuted after 0, 30, 
and 60 min at OD595; (e) Adhesion ability of candidate and reference strains to vaginal epithelium VK2/E6E7 cells. Statistical analysis was per-
formed using the Kruskal–Wallis test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. LG55-27: L. crispatus LG55-27; TM13-16: L. gasseri 
TM13-16; GR-1: L. rhamnosus GR-1; RC-14: L. reuteri RC-14; D: L. delbrueckii DM8909. 
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3.2. Grouping and treatment 

The successfully modeled rats were randomly allocated into 16 groups, each comprising 10 rats (Fig. 4a). Rats in the model group 
were served as negative control with no treatment. Rats in the metronidazole group were served as positive control with metronidazole 
intragastrically adiministrated (10 mL/kg body weight per day) for 2 days and remained untreated thereafter. The rats in the 
remaining 14 groups were subjected to 7 intragastrical (I) groups and 7 vaginal (V) groups. The intervention strains for each treatment 
methods were as follows: L. crispatus LG55-27 (LG, 1 × 108 CFU/day for 6 days); L. gasseri TM13-16 (TM, 1 × 108 CFU/day for 6 days); 
low dose of LG55-27 + TM13-16 (LC, 1 × 108 CFU/day for 6 days); medium dose of LG55-27 + TM13-16 (MC, 1 × 108 CFU/day for 6 
days); high dose of LG55-27 + TM13-16 (HC, 1 × 108 CFU/day for 6 days); high dose of LG55-27 + TM13-16 in combination with 
metronidazole (HCM, metronidazole for 2 days and LG55-27 + TM13-16 1 × 108 CFU/day for 6 days); inactivated LG55-27 + TM13- 
16 (SC, 6 days). 

Metronidazole tablets (Shanghai Sine Wanxiang Pharmaceuticals Co., Ltd., China) were dissolved in pure water to achieve a 
concentration of 0.0108 g/mL. The pellet of strains was resuspended in PBS, and various concentrations were prepared. Mixed strains 
were prepared with a total concentration of 1 × 108 CFU/mL (ratio of 1:1). Prior to administration, inactivated strains were autoclaved 
at 121 ◦C for 15 min. 

3.3. Detection of the levels of inflammation cytokines, pH value, and colonization of Lactobacillus 

On days 0, 3, and 5, the pH value of the vagina of rats was measured. The vaginal discharge and the fecal sample were collected on 
days 0 and 5. Genomic DNA was extracted using the TIANamp Bacteria DNA Kit (Tiangen Biotech, China), and the abundance of 
L. crispatus and L. gasseri was examined using primers LcrisF (AGCGAGCGGAACTAACAGATTTAC), LcrisR 

Fig. 3. Growth ability of strains under extreme conditions. (a) Growth ability of candidate strains under different pHs and concentrations of bile 
salt. (b) Antibiotic susceptibility of candidate strains. AM: Ampicillin; B: Bacitracin; P: Penicillin; K ： Kanamycin; TE: Tetracycline; PIP: Piperacillin; 
E: Erythromycin; C:chloramphenicol; OX：oxacillin; VAN: vancomycin; AZI: Azithromycin; AMX: Amoxicillin; CRO: ceftriaxone; GM: Gentamicin; 
CM: Clindamycin; MNZ: Metronidazole. 
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Fig. 4. Design and result of the BV model. (a) intervention of rats and grouping after the BV model were established; (b) the quantity of LG55-27 
and TM13-16 in fecal samples after oral administration; (c) the quantity of LG55-27 and TM13-16 in vaginal discharge after vaginal administration; 
D0 and D5 represent the fecal and vaginal samples collected after 0 and 5 days, respectively; (d) pH value in the vagina was measured after 0, 3, and 
5 days; (e) the levels of IL-1β in vagina were measured after a 6-day intervention; (f) the level of TNF-α in the vagina were measured after a 6-day 
intervention. The Wilcoxon test was used to perform the statistical analysis in each of the two independent groups, and the analysis of variance was 
used for statistical analysis in multiple groups. C represents the control group; OA represents the oral administration group; and VA represents the 
vaginal administration group. * represents comparison to the metronidazole group (*P < 0.05; **P < 0.01). # represents comparison with the model 
group (#P < 0.05; ##P < 0.01). 
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(AGCTGATCATGCGATCTGCTT), and LactoF (TGGAAACAGRTGCTAATACCG), LgassR CAGTTACTACCTCTATCTTTCTTCACTAC 
[35]. Vaginal tissues were collected on day 6. The levels of interleukin (IL)-1β and tumor necrosis factor (TNF)-α, were quantified using 
cytokine kits (Elisa Biotech Co.,Ltd, Shanghai, China) in accordance with the manufacturer’s protocols. 

4. Results 

4.1. Pre-screening based on the whole genomes of Lactobacillus strains 

After comparing the whole genomes of 98 Lactobacillus strains with the database using BLAST, the total number of enzymes an-
notated by each strain was calculated as one of the factors in our scoring system. The function in the right part of Fig. 1a had more 
weight than that on the left because they contributed more to the environment in the future (Table S1). The scores of safety were 
individually calculated because we believed that they contributed negatively. Hence, they were given negative weight in our score- 
calculating process. Moreover, 23 Lactobacillus strains were preliminary, as shown by the final score in the last column of Fig. 1a. 

4.2. Further screening based on in vitro examination of preselected Lactobacillus strains 

The examination focused on growth rate, hydrogen peroxide (H2O2) production, and D/L-lactate levels. Among all tested strains, 
L. crispatus LG55-27 exhibited the highest growth rate, while L. crispatus AF71-01pH5 had the lowest, a difference that was statistically 
significant (P < 0.0001). L. jensenii AM77-01b14 and L. gasseri TM13-16 demonstrated the top growth rates within their respective 
species. For the Lacticaseibacillus casei species, L. casei OF45-17pH9TA showed the lowest growth rate (Fig. 1b). In terms of H2O2 
production assay, L. crispatus LG55-27, L. crispatus AF54-1pH4A, and L. jensenii AF82-03b14 colonies turned blue within 10 min, 
indicating a higher H2O2 production. Conversely, the colonies from the other 14 strains failed to turn blue within 30 min. There was a 
marked variation in the ability to produce D/L-lactate across different strains within the same species (Fig. 1c). L. crispatus LG55-27 
produced the highest total amount of (D + L) -lactate compared to all other species (Fig. 1d). Given these findings, L. crispatus LG55-27 
and L. gasseri TM13-16 were selected as prime candidates for further in vitro functional evaluation. 

5. Functional validation of the candidate probiotic strains 

5.1. Antimicrobial properties 

The antimicrobial efficacy of culture supernatants from two selected Lactobacillus strains (L. crispatus LG55-27 and L. gasseri TM13- 
16) alongside three reference strains (L. reuteri RC-14, L. rhamnosus GR-1, and L. delbrueckii DM8909) was assessed. All evaluated 
strains effectively suppressed the growth of G. vaginalis, with the sole exception of L. reuteri RC-14, which did not achieve statistical 
significance (P = 0.0603). Both L. crispatus LG55-27 and L. gasseri TM13-16 significantly hindered the growth of C. albicans, and the 
other strains demonstrated no significant effect. Moreover, all five Lactobacillus strains considerably inhibited the growth of E. coli, 
S. aureus, and P. aeruginosa (Fig. 2a). These findings highlight the superior antimicrobial capabilities of our selected strains against the 
pathogens tested. 

5.2. Measurement of hydrogen peroxide 

The strains L. crispatus LG55-27 and L. delbrueckii DM8909 exhibited the highest hydrogen peroxide (H2O2) production, as evi-
denced by turning blue within 10 min (Fig. 2b). In contrast, L. gasseri TM13-16 turned blue after 20 min, indicating a moderate level of 
H2O2 production. Conversely, L. rhamnosus GR-1 and L. reuteri RC-14 failed to turn blue within 30 min, demonstrating a reduced 
capability to produce H2O2. 

5.3. Measurement of D/L-lactate production 

L. crispatus LG55-27 exhibited elevated production of both D-lactate and L-lactate, particularly D-lactate, significantly surpassing 
the levels produced by other strains (P < 0.0001, Fig. 2c). In contrast, L. rhamnosus GR-1 was characterized by a greater concentration 
of L-lactate relative to its production of D-lactate. Additionally, a mixture of L. crispatus LG55-27 and L. gasseri TM13-16 generated a 
high level of total lactate, exceeding that of the combined reference strains, with a notably higher quantity of D-lactate (Fig. S1). 

5.4. Colonization ability 

Self-aggregation of the bacteria serves as a foundation for biofilm formation, which further allows the bacteria to adhere more 
effectively to epithelial cells. So we assessed the self-aggregation and adherence abilities to vaginal epithelial cells to evaluate the 
colonization potential of L. crispatus LG55-27 and L. gasseri TM13-16. Both strains demonstrated rapid clumping leading to sedi-
mentation and a clear supernatant within 30 min. This self-aggregation was more pronounced in the first 30 min than in the subsequent 
period. Furthermore, a significant decrease in OD595 in the culture’s top layer was observed for these two strains (P < 0.0001, Fig. 2d), 
a pattern not seen in the other strains. In terms of adhesion, The adhesion capability of both L. crispatus LG55-27 and L. gasseri TM13-16 
was significantly superior compared to other strains (P < 0.01). L. gasseri TM13-16 showed the highest capacity to adhere to VK2/E6E7 
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cells among all tested strains. The elevated self-aggregation levels of L. gasseri TM13-16 likely contribute to its enhanced adhesion 
capacity (Spearman rho = 0.759, P < 0.01). No significant differences in adhesion were noted among the remaining strains (Fig. 2e). 

5.5. Resistance to gastric acid and bile salt 

Initially, we inoculated the media with 108 CFU/mL of two candidate strains across various pH levels. After 24 h of incubation at pH 
7, both L. crispatus LG55-27 and L. gasseri TM13-16 showed no significant decrease in viability. At pH 2, L. crispatus LG55-27 main-
tained a survival rate of 106 CFU/mL, and L. gasseri TM13-16 had 104 CFU/mL, demonstrating the acid resistance of both candidate 
strains (Fig. 3a). Similarly, after 24 h of incubation in media with a high bile salt concentration (0.3 %), L. crispatus LG55-27 sustained a 
survival rate of 103 CFU/ml, whereas L. gasseri TM13-16 exhibited a lower viability (Fig. 3a). 

5.6. Antibiotic resistance 

The candidate Lactobacillus strains exhibited comparable susceptibility to penicillin, piperacillin, erythromycin, and chloram-
phenicol. L. gasseri TM13-16 demonstrated the highest susceptibility to tetracycline, in contrast to L. crispatus LG55-27, which showed 
the least susceptibility. Both L. gasseri TM13-16 and L. crispatus LG55-27 were resistant to bacitracin and metronidazole, with 
L. crispatus LG55-27 also exhibiting resistance to tetracycline. Additionally, L. gasseri TM13-16 displayed resistance to clindamycin and 
gentamicin (Fig. 3b). 

5.7. Safety analysis of selected Lactobacillus strains 

The scaffold of two selected strains TM13-16 and LG55-27 were used for safety analysis. We used the scaffolds to perform with the 
CARD, Resfinder, VFDB, prophage, plasmid, and mobile genetic element databases. 

The antibiotic resistance of two strains was predicted using CARD and Resfinder [36]databases. The annotation of the CARD 
database showed the tetracycline antibiotic and macrolide antibiotic genes in the strain LG55-27, and carbapenem, lincosamide, and 
tetracycline antibiotic genes in TM13-16. The results of Resfinder illustrated the macrolide and tetracycline resistance of LG55-27 and 
tetracycline resistance of TM13-16. 

The potential prophage sequences were identified using PHAST [37] database. None of the two strains contained the prophage gene 
under the threshold identity >90 %, e-value >0.01, and minimum aligned length >5 kbps. The mobile genetic elements were also 
analyzed using BLAST search against the corresponding database. Islander [38] was used to analyze genomic islands, and ICEberg 
database [39] was used to identify the integrative and conjugative elements. The insertion sequence was annotated against the ISfinder 
database [40]. We did not find any genomic islands or integrase and conjugative elements in the scaffolds of our two strains. Regarding 
the result of insertion sequences, the annotation demonstrated two hits in TM13-16. These hits existed in different scaffolds and might 
not be capable of triggering the transposition activity. In the strain LG55-27, 22 hits were found similar to insertion sequences. 
Although some hits were located on the same scaffold, possibly leading to transposition activity, we believe that no harmful genes in 
LG55-27 needed to be transposed. The results of virulence factors showed that the cutoff was e-value >0.01, coverage >70 %, and 
identity >30 %. Under this threshold, 151 potential virulence genes were identified in TM13-16, and 175 potential virulence genes 
were identified in LG55-27. The annotation function mainly included secretion and transport system, structure-forming systems such 
as capsule and cell wall, regulation molecules, and cell surface proteins for better adherence and motility. Most of these genes were 
defensive or nonclassical virulence factors, helping improve cell survivability in a complex environment. The two strains contained 
genes encoding adherence and lipopolysaccharides, which helped colonize cells. The toxic gene lpxM was not found in their scaffolds. 
Notably, we found cytolysin/hemolysin-related genes in the two strains. The product of this gene was a pore-forming structure, and it 
might cause infections in humans and animals. However, it was a bacteriocin which was harmful to a broad range of Gram-positive 
bacteria, maintaining the balance in the intestinal environment. 

6. Evaluation of the effect of probiotic administration on BV rats 

6.1. Lactobacillus was colonized in the vagina and gut 

Gram staining showed G. vaginalis adherence to epithelial cells, indicating a successful of BV modeling (Fig. S2a). qPCR analysis of 
fecal samples from intragastrically administered groups revealed a significant increase in L. gasseri TM13-16 in the TM and HC groups 
after 5 days, but not for L. crispatus LG55-27 (Fig. 4b), indicating TM13-16’s superior gut colonization. However, both strains showed 
increased vaginal colonization after intervention across various groups (Fig. 4c), demonstrating their more effective colonization in the 
vagina than the gut. 

6.2. pH changes in the vagina after Lactobacillus intervention 

pH levels in BV rats were tracked on days 0, 3, and 5 after Lactobacillus administration, showing a decline across all groups (Fig. 4d 
and Fig S2). By day 3, the HCMI and HCMV groups had significantly lower pH than the metronidazole group, indicating the com-
bination of metronidazole and Lactobacillus, administered either intragastrically or vaginally, was more effective than metronidazole 
alone. By day 5, the HCV group exhibited significantly lower pH than the LGV, TMV, and LCV groups, highlighting the superior efficacy 
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of vaginal mixed Lactobacillus therapy over single-strain treatments (Fig. S2). 

6.3. Inflammatory cytokine responses to Lactobacillus in rats 

In single-strain treatments, only the vaginal administration (LGV and TMV) significantly reduced IL-1β levels, with no reduction 
observed in the oral group, indicating vaginal routes are more effective for single strains (Fig. 4e). The medium mixed-strain dose 
(MCV) notably decreased both IL-1β and TNF-α levels, suggesting it as the optimal vaginal treatment (Fig. 4e and f). While IL-1β and 
TNF-α levels significantly dropped in the HCMI group, they did not in the HCMV group, pointing to oral administration as the preferred 
method for probiotic-metronidazole combination therapy. Interestingly, even inactivated strains (SCV) reduced IL-1β and TNF-α 
levels, showing Lactobacillus metabolism mitigates inflammation in BV rats. Moreover, no marked difference was noted between the 
model and metronidazole groups, indicating metronidazole’s delayed anti-inflammatory effect in BV rats. 

7. Discussion 

Traditional probiotic selection methods, relying on extensive in vitro experiments, are time-consuming and labor-intensive. This 
study established metabolism databases tailored to Lactobacillus probiotic traits and utilized whole-genome high-throughput screening 
annotated to these databases for more efficient and accurate selection. This approach also offers an effective method for identifying 
other functional strains. The study highlighted the lack of effective animal models for vaginal research, introducing a preliminary BV 
model in rats. This model, alongside selected clinical indicators, evaluated the impact of candidate strains on BV, with different strains’ 
doses providing data for clinical intervention strategies. 

Three well-developted Lactobacillus strains were selected as controls in this study. L. rhamnosus GR-1 and L. reuteri RC-14 are well- 
developed vaginal health probiotics identified in the 1980s by Reid et al. and explored for decades [41]. To date, many clinical trials 
have been conducted on treating vaginitis and urethritis by administering the strains orally or vaginally [42,43]. Moreover, 
L. delbrueckii DM8909 served as the active ingredient of the unique IND-approved live biotherapeutic drug in China. These three strains 
have been recognized as excellent probiotics for female reproductive health. 

Lactic acid is a main metabolite of Lactobacillus. Despite the controversial effects of its isomers D-lactate and L-lactate, a D/L-lactate 
ratio of 1 is likely to be more beneficial [44], matching the ratio found in our candidate strains. Specifically, L. crispatus LG55-27 and 
L. gasseri TM13-16 displayed D/L-lactate ratios of 1.00 ± 0.11 and 1.16 ± 0.19, respectively, distinguishing them from other strains. 
Considering that probiotics often mix strains to enhance efficacy, we evaluated the D-/L-lactic acid production of a combined culture of 
L. crispatus LG55-27 and L. gasseri TM13-16. This combination produced significantly more total lactic acid than any single strain or the 
reference strain duo GR-1 and RC-14 (P < 0.001), highlighting its potential as an effective LBP for vaginal health. Furthermore, lactic 
acid produced by Lactobacillus is the major antimicrobial compound, hindering the growth of G. vaginalis [45], E. coli [46], and 
C. albicans [47]. The supernatants of our candidate strains inhibited the growth of E. coli, G. vaginalis, C. albicans, Staphylococcus aureus, 
and Pseudomonas aeruginosa significantly, which indicated that the production of lactic acid may contribute to protecting the vagina 
against pathogen infections. 

Generally, vaginal and oral probiotics are two key administration methods for treating vaginitis. Vaginally, the adhesion of pro-
biotics to vaginal epithelial cells is crucial for outcompeting pathogens and enhancing protection [48,49], particularly for exogenous 
Lactobacillus strains like TM13-16 and LG55-27. These strains exhibit superior adhesion to VK2/E6E7 vaginal epithelial cells. Orally, 
these strains demonstrate enhanced survival in acidic conditions and high bile salt concentrations, suggesting oral probiotics’ potential 
for supporting vaginal health. Oral lactobacilli can increase vaginal Lactobacillus abundance, helping maintain a healthy vaginal 
environment or aiding in vaginitis treatment [43,50,51]. 

Safety is critical for potential probiotics, including assessing the risk of antibiotic resistance genes that may transfer to pathogens 
[52]. Except for a tetracycline resistance gene, no antibiotic resistance genes were found in L. crispatus LG55-27 and L. gasseri TM13-16. 
Despite this, both strains remained sensitive to tetracycline and most other tested antibiotics in vitro, except for metronidazole and 
bacitracin. This sensitivity profile confirms the strains’ safety and potential for use alongside metronidazole, a common treatment for 
BV. Additionally, the absence of virulence genes in L. crispatus LG55-27 and L. gasseri TM13-16 suggests a low risk of pathogenicity to 
humans. 

The effectiveness of probiotics significantly depends on the appropriate formulation and dosage [53]. In our study, we explored 
various efficacy factors through oral and vaginal administrations, assessing different dosages and strain combinations. Our findings 
suggest that for oral administration, a combination of metronidazole with a high dose of probiotics is advisable. This approach can 
effectively decrease vaginal pH and lower pro-inflammation levels. Indeed, evidence confirms the higher cure rate of bacterial vag-
inosis by combining metronidazole with a high dose of probiotics administrated orally [54]. For vaginal administration, a high 
probiotic dose efficiently reduces vaginal pH, whereas a medium dose is more effective in alleviating the inflammatory response. 
Intravaginal probiotics supplementation was useful in decreasing the vaginal pH an hindering the pathogens’ growth after metroni-
dazole therapy [55]. Further exploration into the probiotics’ colonization and their functional mechanisms should be conducted 
through microbiota analysis. Such insights will improve guidance on the appropriate dosages and methods of administering probiotics 
for vaginitis treatment. 

8. Conclusion 

This study developed metabolism databases for Lactobacillus probiotics and applied whole-genome high-throughput screening for 
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more precise selection. Two candidate strains were identified as superior, based on their effective pathogen inhibition, higher lactic 
acid and H2O2 production, improved adherence to vaginal cells, and resistance to bile and acid, compared to three well-established 
reference strains. Optimal dosages and methods for BV treatment were explored through animal studies. Findings recommend 
combining metronidazole with high dose probiotics for oral administration. A high dose probiotics lowers vaginal pH effectively, while 
a medium dose alleviates inflammation better for vaginal administration. This research presents two promising probiotics and stra-
tegies for vaginitis biotherapy. 
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