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Abstract

:

Asymptomatic bacterial vaginosis (BV) in reproductive-age women has serious obstetric and gynecological consequences. Despite its high incidence, the behavior of vaginal lactobacilli in asymptomatic BV is unknown. We analyzed the functional properties of previously isolated vaginal lactobacilli from asymptomatic women with normal, intermediate, and BV microbiota. Lactic acid and antimicrobial activity against seven urogenital pathogens were evaluated from lactobacilli cell-free culture supernatants (CFCs) (n = 207) after 48 h incubation in MRS. Lactobacilli isolates were used to evaluate H2O2, autoaggregation and coaggregation with C. albicans. Lactobacilli from normal microbiota produced more d-lactate than lactobacilli from intermediate and asymptomatic BV (p = 0.007). L. plantarum, L. fermentum and L. reuteri produced greater d-lactate whereas L. rhamnosus, L. crispatus, L. johnsonii were greater producers of l-lactate. Interspecies positive correlation was observed in the lactic acid contents of CFCs. Distribution of H2O2-producing lactobacilli did not vary significantly among the groups. When lactic acid isomers were considered, species from intermediate and BV microbiota clustered together with each other and distinctly from species of normal microbiota. Broad-spectrum antagonism (≥90% inhibition) against E. coli, C. albicans, S. aureus, P. aeruginosa, G. vaginalis, N. gonorrhoeae, S. agalactiae were displayed by 46.86% (97) of isolates. Our study highlights the differential functional properties of vaginal lactobacilli from women with normal microbiota and asymptomatic BV.
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1. Introduction


Vaginal microbiota are one of the critical features in maintaining vaginal homeostasis and providing protection against urogenital infections. Dysbiosis of the vaginal microbial composition could lead to bacterial vaginosis (BV) and other associated infections such as vulvovaginal candidiasis, trichomoniasis, and sexually transmitted infections (STIs) [1,2,3]. Bacterial vaginosis is the most common reproductive tract infection in women which could be symptomatic (with symptoms) or asymptomatic (without manifestation of clinical symptoms) [4]). Apart from symptomatic cases, incidences of asymptomatic BV can be 14.5% to as high as 84% [4,5,6]. Both symptomatic and asymptomatic BV has been associated with severe obstetrics’ and gynecological consequences [7,8,9,10]. Asymptomatic BV has been identified as a risk factor for late miscarriage and preterm delivery [8], and persistent infection of HPV [11]. Despite the increased risk of other infections, reproductive morbidity, and complications, asymptomatic BV is understudied.



We previously reported that vaginal microbiota of asymptomatic BV are different from healthy microbiota. Predominant Lactobacillus communities in eubiosis were L. iners, L. crispatus, L. reuteri, L. jensenii, and L. gasseri while women with asymptomatic BV harbored L. iners, L. rhamnosus, L. reuteri, L. salivarius and L. johnsonii [6]. Lactobacilli in the vaginal ecosystem play a protective role by limiting the growth, proliferation, and colonization of pathogens. These beneficial microbes contribute to the control of infections by producing antimicrobial compounds which include organic acids [12,13], hydrogen peroxide [14], bacteriocins and biosurfactants [15]. The presence of H2O2-producing lactobacilli strains during pregnancy has been associated with reduced risk of BV and adverse gynecological consequences [16]. Besides, lactobacilli can compete with pathogens for adherence to vaginal epithelial cells and prevent their colonization [17]. The mechanism of competitive exclusion could be due to the coaggregation of lactobacilli with the pathogenic microorganisms thus hindering the adherence and colonization of pathogens on the vaginal epithelium [18]. Another exclusion mechanism could be due to autoaggregation where Lactobacillus can form multi-cellular aggregates with bacteria from the same species and their adherence to epithelial cells and surfaces of mucus creates a barrier for pathogens [19].



Thus, Lactobacillus plays a protective role in the vaginal microenvironment, and reduction in their abundances and diversity leads to dysbiosis [6]. However, it is uncertain if the probiotic properties of lactobacilli, inhabiting the vaginal tract, vary during eubiosis and dysbiosis. So, we aimed to study the probiotic functional properties of lactobacilli isolated from normal and BV microbiota of asymptomatic women.




2. Material and Methods


2.1. Isolation of Lactobacilli


In this study, 207 Lactobacillus isolates were previously recovered from 145 healthy premenopausal, regularly menstruating participants of reproductive age asymptomatic for any vaginal complaints [6]. The study had the approval of the human ethics review board at the institute (Protocol Number 215/2012, 14 September 2012) and the collaborating institute (Sheth G.S and KEM hospital) (Protocol No EC/GOV-5/ 2012, 8 July 2013). Classification of the vaginal samples was done according to Nugent scoring [20]. We adopted the standardized 0–10 point Nugent scoring system based on identifying proportions of three bacterial morphotypes on Gram-stained vaginal smears: large Gram-positive rods (Lactobacillus spp.), small Gram-negative or Gram-variable coccobacilli (Gardnerella and anaerobic spp.), and curved Gram-variable rods (Mobiluncus spp.). A score of 0–3 was considered normal, 4–6 was intermediate, and scores ≥7 indicated BV. The lactobacilli were isolated from 116 women with normal microbiota, 11 with intermediate microbiota, and 18 women with asymptomatic BV. All the Lactobacillus strains had been isolated as colonies on MRS (deMan Rogosa and Sharpe) (HiMedia, Mumbai, India) agar medium after incubation for 24 to 48 h in a candle jar. The isolates further grown in MRS broth (HiMedia, Mumbai, India) were stored as glycerol stocks (20%) at −80 °C. For the present study, glycerol stocks of the 207 lactobacilli isolates were streaked on MRS agar and incubated at 37 °C for 48 h in a candle jar.




2.2. Preparation of Cell-Free Culture Supernatants


Colonies of lactobacilli obtained on MRS agar were inoculated in MRS broth followed by incubation at 37 °C for 48 h in a candle jar. About 100 µL of lactobacilli cultures was used to measure bacterial growth at 600 nm using Synergy H1 Hybrid Multi-mode reader (BioTek Instruments, Winooski, VT, USA). Cell-free culture supernatants (CFCs) were obtained by centrifuging the culture medium at 10,000× g for 10 min at 4 °C. Centrifuged CFCs were passed through a sterile Millex GS filter unit (0.22 µm) (Millipore, Darmstadt, Germany). The pH of CFCs was measured using HiIndicatorTM pH papers (Himedia, Mumbai, India).




2.3. Determination of Lactic Acid


Briefly, 100 µL of lactobacilli CFCs was used to quantify d-/l- and total lactic acid using the d-/l-Lactic Acid test kit (Megazyme, K-DLATE, Co. Wicklow, Ireland) according to the manufacturer’s instructions. The amount of d-lactate and l-lactate was calculated after taking the absorbance at 340 nm using a microplate reader (BioTek Instruments, Winooski, VT, USA).




2.4. Determination of Hydrogen Peroxide


The Lactobacillus isolates were plated onto MRS agar containing horseradish peroxidase (HRP) (Sigma-Aldrich, St Louis, MO, USA) and 3,3′,5,5′-tetramethylbenzidine (TMB) (Sigma-Aldrich, St Louis, MO, USA) using the protocol mentioned elsewhere [21]. After incubation, colonies were exposed to ambient air. Colonies turning to blue color were considered H2O2 producers. Depending on the intensity of blue, isolates were graded semi-quantitatively as strong, moderate, and weak producers.




2.5. Semi-Quantitative Estimation Lactobacilli Agglutination with C. albicans


Slide agglutination of a clinical C. albicans with lactobacilli was carried out as per a previous protocol with slight modifications [22]. Briefly cells were washed and resuspended in sterile PBS to achieve 1.0 OD600 nm. About 20 μL of previously isolated vaginal C. albicans CA119 (Pramanick et al., 2019) suspension was added to 20 μL of Lactobacillus cell suspension, along with 5 μL of crystal violet. Visual and microscopic agglutination was observed after 10 min of incubation.




2.6. Quantitative Evaluation of Coaggregation and Autoaggregation


Overnight cultures of lactobacilli and C. albicans CA119 grown in MRS and Sabourauds broth (HiMedia, Mumbai, India), respectively, were centrifuged at 10,000× g for 10 min, followed by washing the cell pellet twice with sterile PBS. After washing cells were resuspended in sterile PBS and adjusted to 0.1 OD620 nm. For coaggregation assay, 100 µL each of Lactobacillus and C. albicans cell suspensions were added on a 96-well microplate. For autoaggregation, only 200 µL of Lactobacillus was added to each well. After 3 h of incubation at 37 °C, 100 µL of the upper supernatant was removed and OD620 nm was recorded.



Coaggregation and autoaggregation were calculated using the following equations:


% Coaggregation = [(A0 − As)/A0] × 100.



(1)







A0 refers to the initial OD620 nm taken immediately after both the cultures were mixed. As refers to the OD620 of the supernatant after 3 h incubation.


% Autoaggregation = [(A0 − As)/A0] × 100.



(2)







A0 refers to the initial OD620, and As refers to the OD620 determined after 3 h [23].




2.7. Antagonistic Activity of Lactobacilli Metabolites against Pathogens


The inhibitory activity of lactobacilli CFCs were assessed against different urogenital pathogens, Escherichia coli ATCC 25922, Candida albicans CA119 (clinical sample), Staphylococcus aureus ATCC 25923, Neisseria gonorrhoeae ATCC 43069 and Pseudomonas aeruginosa ATCC 27853, Gardnerella vaginalis ATCC 14019, Streptococcus agalactiae ATCC 12386.



G. vaginalis, N. gonorrhoeae and S. agalactiae were grown in Brain-heart infusion (BHI) broth (HiMedia, Mumbai, India). Mueller Hinton (MH) broth (HiMedia, Mumbai, India) was used to grow E. coli, S. aureus, and P. aeruginosa and Sabouraud’s broth (HiMedia, Mumbai, India) was used to culture C. albicans. The overnight grown cultures of pathogens were, washed and resuspended in phosphate-buffered saline (PBS) to obtain 0.1 OD600 nm cell suspension. The pathogen cell suspensions were further diluted 1:100 in the respective growth medium to prepare the inoculum. In a 96-well microtiter plate containing 100 µL lactobacilli CFCs, 100 μL pathogen inoculum was added into each well. Media control with no microbial culture and a positive control containing pathogen inoculum and MRS broth were used as negative control and positive control for growth. CFCs of each pathogen were used to determine the effect of any nutrient exhaustion in the metabolites. The plates were incubated under anaerobic conditions at 37 °C for 48 h. The growth of the cultures was measured at OD600 nm after 4 h, 18 h, 24 h, and 48 h incubation. Percent growth inhibition was calculated using the following formula,


% Growth = [(Positive control OD600 − Test well OD600)/Positive control OD600] * 100



(3)






% Inhibition = 100 − % Growth



(4)








2.8. Statistical Analysis


Data were analyzed using the Graphpad Prism 8.0.1 software. Results are the mean of experimental readings taken at least in duplicates. Lactic acid concentrations are represented in mM. Readings are expressed as mean ± std.deviations. Data of qualitative variable H2O2 was analyzed using the chi-square test and, Fisher’s exact test. Other variables were analyzed using Kruskal–Wallis one-way analysis of variance followed by pairwise multiple comparisons using Dunn’s multiple comparison test. Spearman’s rank correlation was used to determine the relationship between the variables. Statistical significance was considered at p < 0.05.





3. Results


3.1. Lactobacillus Isolates Diversity


For this study, 207 lactobacilli from 145 reproductive age women with no vaginal complaints and infections were assessed. These samples were previously classified as normal microbiota (116), intermediate (11) and BV (18) (Pramanick et al., 2019). Of the 207 lactobacilli, 169 were recovered from normal microbiota, 15 from intermediate, and 23 from asymptomatic BV. These 207 lactobacilli comprised of 12 different Lactobacillus species that constitutes L. reuteri (42, 20.29%), L. rhamnosus (40, 19.32%), L. gasseri (22, 10.62%), L. jensenii (18, 8.69%), L. crispatus (14, 6.76%) and L. salivarius (14, 6.76%).




3.2. Acidification of Medium


Lactobacilli in the vaginal milieu determine the vaginal pH. Herein, we evaluated the pH-buffering capacity of lactobacilli isolated from normal, intermediate, and BV microbiota in growth medium. The maximal OD600 nm of lactobacilli cultures in MRS ranged from 0.7 to 0.9. The CFCs of lactobacilli from normal, intermediate, and BV microbiota had an average pH of 4.17, 4.27, 3.96, respectively, with no significant difference (p = 0.4). The acidifying ability of Lactobacillus species differed significantly from each other (Figure 1). The average pH of L. plantarum, L. fermentum, L. rhamnosus, L. johnsonii CFCs were below 4. L. acidophilus, L. delbrueckii, and L. vaginalis isolates acidified the medium poorly. Acidifying potential of different isolates of the same species was similar regardless of vaginal microbiota (Figure S1).




3.3. Lactic Acid Quantification


All Lactobacillus isolates produced lactic acid. Both isomers of lactic acid were detected in the metabolites of all Lactobacillus isolates. The mean lactic acid concentrations in metabolites of lactobacilli from normal microbiota (62.78 ± 16.98) did not differ significantly from intermediate (59.71 ± 24.74) and BV microbiota (66.74 ± 14.21) (p = 0.478) (Figure 2a). However, a higher amount of mean d-lactic acid was produced by lactobacilli from normal (21.34 ± 18.75) microbiota compared to that produced by lactobacilli from intermediate (11.42 ± 12.27) and BV microbiota (12.87 ± 15.27) (p = 0.007) (Figure 2b). l-lactic acid in metabolites of lactobacilli from normal microbiota (41.98 ± 20.13) was significantly less than intermediate (47.29 ± 21.84) and BV microbiota (52.33 ± 17.88) (p = 0.04) (Figure 2c). Moreover metabolites of lactobacilli from normal microbiota (0.77 ± 0.92) had a better d-/l- lactic acid ratio than those picked from intermediate (0.28 ± 0.32) and BV samples (0.39 ± 0.61) (p = 0.004) (Figure 2d).




3.4. Species-Specific Lactic Acid Production


Our studies showed significant difference in lactic acid isomer production from lactobacilli isolated from the three groups. Hence, we further investigated whether the production of lactic acid and its isomers could be attributed to a particular species. L. plantarum isolates produced the highest lactic acid in the medium (74.11 ± 15.72) followed by L. johnsonii (69.80 ± 18.39), L. rhamnosus (68.77 ± 17.26) and L. fermentum (67.58 ± 17.03). Furthermore L. plantarum (42.19 ± 23.45) L. fermentum (38.09 ± 21.71), L. reuteri (38.09 ± 21.71), produced higher d-lactic acid and L. rhamnosus (57.61 ± 18.49), L. crispatus (53.93 ± 18.84), L. johnsonii (47.33 ± 21.62) were higher producers of l-lactic acid. The average d-/l-lactic acid ratio of L. plantarum (1.70 ± 1.31), L. fermentum (1.35 ± 0.97), L. delbreuckii (1.13 ± 1.19) metabolites were higher, while metabolites of L. rhamnosus (0.20 ± 0.25), L. crispatus (0.29 ± 0.47), L. gasseri (0.41 ± 0.50) had the lowest average d/l ratios (Table S1).



The total lactic acid in metabolites of the different lactobacilli species differed significantly (p = 0.003) (Figure 3a). Metabolites of L. plantarum (p = 0.01) and L. rhamnosus (p = 0.006) contained a significantly higher amount of lactic acid than L. jensenii (Figure 3a).



Additionally, species-specific variations in l- lactic acid (p = <0.0001) (Figure 3b), d-lactic acid (p = <0.0001) (Figure 3c) and d-/l- lactic acid ratios were noted (p = <0.0001) (Figure 3d). The average d-lactic acid produced by L. plantarum was significantly higher than that produced by L. crispatus (p = 0.02), L. gasseri (p = 0.01), L. rhamnosus (p = 0.0002). Likewise, L. fermentum (p = 0.002) and L. reuteri (p = 0.0008) isolates produced significantly higher d-lactic acid than L. rhamnosus (Figure 3b). l-lactic acid was significantly higher in CFCs of L. rhamnosus than L. jensenii (p = 0007), L. reuteri (p = 0.0002) and L. plantarum (p = 0.02) (Figure 3b). Metabolites of L. reuteri (p < 0.0001), L. fermentum (p = 0.002), L. plantarum (p = 0.0003) had a significantly greater d-/l-lactic acid ratios than L. rhamnosus. Likewise, metabolites of L. plantarum had higher d-/l- lactic acid ratio than L. crispatus (p = 0.03) (Figure 3d).




3.5. Intraspecies Comparison of Lactic Acid Production from Different Microbiota


We further investigated whether there was a strain-to-strain difference among the major lactobacillus isolates from the eubiotic and dysbiotic vaginal state. Metabolites of L. jensenii isolates from healthy samples had significantly higher d-/l-lactic acid ratios as compared to L. jensenii isolated from intermediate and BV samples (p = 0.04) (Figure 4a), but the sample size is small. Though not statistically significant, metabolites of other major Lactobacillus species from healthy samples had higher d-/l-lactic acid ratio than isolates of same spp. from other groups (Figure 4b–f).




3.6. Species-Specific Correlation of Lactic Acid


Normal vaginal microbiota have a heterogeneous lactobacilli population. Our previous studies had shown that majority of normal microbiota harbored at least two Lactobacillus species simultaneously [6]. Heterogeneity of lactobacilli population is reduced during dysbiosis (6). To determine the plausible synergistic effect of different Lactobacillus species with each other, we did a correlation analysis of lactic acid produced by different Lactobacillus isolates from normal microbiota. The concentrations of d-, l- Lactic acid isomers in metabolites of certain Lactobacillus species positively correlated with each other while few others negatively correlated (Figure 5a–h).



d-lactic acid produced by L. rhamnosus correlated negatively with L. reuteri (r = −0.6, p = 0.35) (Figure 5b) whereas positively with L. crispatus (r = 1, p = 0.3) concentrations of d-lactic acid in CFCs (Figure 5c). l-lactic acid in the CFCs of L.reuteri positively correlated with L.gasseri and L.rhamnosus (Figure 5e,f) and L. rhamnosus and L. crispatus l-lactic acid amount negatively correlated (Figure 5g).




3.7. Hydrogen Peroxide Evaluation


From normal microbiota, 129 (76.33%) isolates, from intermediate 10 (66.67%), and BV microbiota 19 (82.6%) lactobacilli produced H2O2. To analyze the species-level distribution of H2O2 producers in different microbiota, intermediate and BV group were merged as dysbiosis group due to smaller of isolates for each species. We observed no statistical difference in the distribution of H2O2-producing Lactobacillus species between the groups (Table 1).



Of the 207 lactobacilli, 158 (76.32%) produced H2O2 on TMB-HRP MRS medium. At least 80% of isolates of L. jensenii (16, 88.89%), L. salivarius (12, 85.71%), L. rhamnosus (34, 85.0%), L. vaginalis (11, 84.62%) and L. gasseri (18, 81.82%) produced H2O2. Semi-quantitative analysis resulted in identification of 95 (45.89%) isolates as strong, 37 (17.87%) lactobacilli as medium and 26 (12.56%) as weak H2O2 producers. L. jensenii (12, 66.67%), L. rhamnosus (23, 57.5%), L. salivarius (6, 48.86%) and L. vaginalis (6, 46.15%) were the major producers of strong H2O2 (Table 2).




3.8. Autoaggregation of Lactobacilli


Autoaggregating properties of lactobacilli from normal, intermediate, and BV microbiota were similar (p = 0.64) (Figure 6a). However significant differences in mean rate of autoaggregation (%) were noted between different species of Lactobacillus (p = 0.013). L. johnsonii (59.3 ± 12), L. gasseri (57.4 ± 2.7), exhibited the highest self-aggregation followed by L. salivarius (56.1 ± 7.01) and L. plantarum (54.9 ± 9.52). % Autoaggregation of L. fermentum differed significantly with L. gasseri (p = 0.01), L. johnsonii (p = 0.006) (Figure 6b). The self-aggregating property of different strains of the same species from normal, intermediate and BV microbiota did not vary significantly.




3.9. Coaggregation of Lactobacillus with C. albicans


About 119 (70.41%), 9 (60%) and 13 (56.5%) lactobacilli from normal, intermediate and BV microbiota, respectively, could agglutinate C. albicans. Agglutination of C. albicans by lactobacilli was further semi-quantified as strong, medium, and weak based on the size of aggregates (Figure S2). Only 21 (12.42%) lactobacilli demonstrated strong agglutination with C. albicans. Of the 21 isolates, 17 (10%), 2 (13.3%), and 2 (8.69%) isolates of normal, intermediate, and BV women showed strong agglutination, respectively.



Furthermore, on quantitation we observed 75.3, 77.3 and 81.8 mean % coaggregation of C. albicans by lactobacilli from normal, intermediate, and BV women, respectively. The mean % coaggregation of C. albicans with L. crispatus, L. gasseri, L. reuteri and L. rhamnosus was 74 ± 20.6, 79.8 ± 17.6, 77.1 ± 15.6 and (80.7 ± 16.6), respectively (Table S1). The % Candida coaggregating ability of lactobacilli when evaluated quantitatively were not statistically significant among the groups as well as among the species (Figure 6c,d).




3.10. Antagonistic Effect on Pathogens


Growth of pathogens was tested after incubation with lactobacilli metabolites at different time intervals (4 h, 18 h, 24 h). Data represented is of 24 h growth inhibition, since there were no significant differences between readings of 18 h and 24 h. The pathogen inhibitory effects of lactobacilli were similar across the three groups for all the pathogens (Figure S3). Growth of S. agalactiae was inhibited up to 30% when grown in its own CFCs.



From the 207 lactobacilli, 97 (46.86%) isolates exhibited a broad-spectrum antagonistic effect with at least 90% growth inhibition of all the seven pathogens (Figure 7a). They primarily constitute of L. rhamnosus (25, 25%), L. reuteri (14, 14%) and L. gasseri (14, 14%). From these 97 isolates, 74 (76.29%) belong to normal microbiota whereas 8 (8.25%) and 15 (15.46%) isolates were from intermediate and BV microbiota, respectively. L. rhamnosus (18, 24.32%) and L. gasseri (11, 14.86%) were the predominant species in normal microbiota whereas L. rhamnosus (3, 37.5%), (4, 26.67%) and L. reuteri (2, 25%), (3, 20%) were the prevalent lactobacilli in intermediate and BV microbiota with broad-spectrum antimicrobial activity (Figure 7b).



Furthermore, L. crispatus (8, 8.23%), L. plantarum (8, 8.23%), L. jensenii (6, 6.19%), L. fermentum (2, 2.06%), L. acidophilus (1, 1.03%), and L. delbrueckii (1, 1.03%) also demonstrated a broad range of antimicrobial action that was present only in normal microbiota. These six species from normal microbiota constituted 26.80% (26/97) of the isolates with a broad range of antimicrobial properties.




3.11. Association of Probiotic Properties from Different Microbiota


Hierarchical clustering analysis showed different clustering of patterns of lactic acid in normal microbiota compared to intermediate and BV groups (Figure S4a–c). In BV microbiota, d-lactic acid clustered separately from total lactic acid and l-lactic acid (Figure S4c).



We further performed hierarchical clustering of lactic acid isomers produced by Lactobacillus species from normal, intermediate and BV microbiota. We could see the majority of lactobacilli species from intermediate and asymptomatic BV clustered together rather than with the species from normal microbiota (Figure 8).



L. jensenii, L. johnsonii from normal microbiota clustered distinctly from L. jensenii, L. johnsonii, respectively, from intermediate and asymptomatic BV microbiota (Figure 8).



Inhibition of the pathogens was positively correlated to pH and lactic acid content of metabolites. The inhibitory effects on S. aureus, C. albicans and N. gonorrhoeae were positively correlated to total and l-lactic acid present in the CFCs. Inhibition of the pathogens positively correlated to the l-lactic acid amount (Figure 9). Coaggregating and autoaggregating ability of lactobacilli isolates positively correlated with the growth inhibition of C. albicans.





4. Discussion


The efficacy of asymptomatic BV treatment with antibiotics is often debatable [7,24]. With no risk of antimicrobial resistance, the use of probiotic lactobacilli as a prophylaxis for symptomatic BV appears coherent. Asymptomatic BV is also highly prevalent in women, associated with a lactobacilli-deficient condition [6,25] and an increased risk of infection due to disruption of the vaginal epithelium [26]. However, it is largely unknown whether the lactobacilli present during eubiosis have different functional properties than lactobacilli during asymptomatic BV. To decipher the probiotic properties of 207 lactobacilli from contrasting vaginal niche, we examined their antimicrobial metabolites and antagonistic potential towards various urogenital pathogens.



Acidification is the primary mechanism by which Lactobacillus protects the vaginal microenvironment from pathogenic bacteria [13,27]. In this study, the total lactic acid in lactobacilli metabolites did not vary significantly between the groups. These observations are in contrast to previous reports on lactic acid from eubiotic and dysbiotic microbiota [12,28]. This discrepancy could be due to the detection of lactic acid from cervicovaginal fluid samples in the earlier reports and the use of axenic cultures in the present study. This implies that during asymptomatic BV, which is characterized by reduction in Lactobacillus abundance and diversity, the remaining lactobacilli strains are capable of producing lactic acid when suitable environmental conditions are provided. d-lactic acid, which is an isomer of l-lactic acid, has a greater protective role than l- lactic acid [13]. We report remarkably higher levels of d-LA and high d/l lactic acid ratios in metabolites of lactobacilli from normal microbiota compared to those from asymptomatic BV. d-lactic acid is exclusively contributed by the bacteria, whereas l- lactate is produced both by the bacteria and vaginal epithelial cells [29]. Recently higher d-lactic acid was reported in axenic cultures and cervicovaginal mucus samples from women with normal microbiota [30,31]. Thus, presence of d-lactic acid producing lactobacilli in the vaginal milieu is more important than any lactic acid producing species. We found isolates of L. fermentum, L. plantarum, L. reuteri were highest d-LA producers and L. rhamnosus, L. crispatus, L. johnsonii were the highest l-LA producers and. Furthermore, L. jensenii isolates from normal microbiota produced higher d-lactic acid than L. jensenii from intermediate and asymptomatic BV. Studies have associated L.jensenii with normal microbiota [32,33] and presence of d-lactic acid producing L. jensenii suggest protective effect of the species to maintain vaginal homeostasis. Thus, though lactobacilli strains from asymptomatic BV could acidify the medium and produce total lactic acid comparable to lactobacilli from normal microbiota, they could not produce an equivalent amount of d-lactic acid like their counterparts from normal microbiota.



In healthy vaginal microbiota, which is characterized by a heterogeneous Lactobacillus population, the protective outcome of these lactobacilli could be the result of their synergistic effects [6]. We noted certain lactobacilli species positively correlated in lactic acid and its isomer production. Additionally, the correlation of lactic acid concentrations produced by L. gasseri and L. reuteri strains from normal microbiota differed from dysbiotic microbiota. This difference between normal and dysbiotic microbiota in lactobacilli co-species relation indicates the presence of different strains of species. Thus, the interaction and relation among the Lactobacillus species may differ in a healthy environment and perturbed condition like BV. It will be interesting to note the composition of the metabolites when co-cultured. Such synergistic efficacy among the species forms the basis of selection of a multistrain consortia instead of a single probiotic strain to restore vaginal homeostasis.



Hydrogen peroxide is another metabolite of lactobacilli reported to have antimicrobial potential and immunomodulatory effect [33]. Studies have associated the presence of H2O2-producing lactobacilli with normal microbiota [34,35]. We did a semi-quantitative evaluation of H2O2 on the MRS-TMB-HRP medium, due to its instability in CFCs. We observed no significant difference in H2O2-producing lactobacilli between normal and dysbiotic microbiota. We did a qualitative or semi-quantitative estimation of H2O2 from the lactobacilli on solid medium. However, a quantitative estimation of hydrogen peroxide in liquid medium probably would confirm whether there was any difference in the production of H2O2 by lactobacilli isolated from normal, intermediate and BV microbiota.



Adherence to vaginal epithelial cells is another mechanism by which lactobacilli can colonize and sustain in the vaginal microenvironment. Autoaggregation of lactobacilli is an indicator of adherence ability and biofilm formation on host mucosa [36,37]. We observed species-specific lactobacilli self-aggregation and no significant difference among the microbiota groups. This observation was not surprising, because strains with poor adherence properties will not be able to colonize and will be lost from the vaginal microbiota and not recovered from the vaginal samples. Isolates of L. crispatus, L. fermentum, L. acidophilus, and L. delbrueckii were not present in women with asymptomatic BV [6]. A compromised adhering strength could be one of the plausible reasons for their absence from asymptomatic BV. Among the species that were recovered, isolates of L. gasseri and L. johnsonii had better autoaggregating abilities than isolates of L. fermentum. Moreover, L. johnsonii, L. gasseri, and L. salivarius displayed better autoaggregation than other species.



Coaggregation of lactobacilli with pathogens results in the physical elimination of pathogens (Pino, 2019). In this study, isolates of L. acidophilus, L. johnsonii and L. rhamnosus demonstrated the commendable coaggregating strength of C. albicans. Earlier L. crispatus was reported to have the highest C. albicans aggregating property [38]. Similar to autoaggregation, the C. albicans coaggregating property of lactobacilli did not vary among the groups. Desirable probiotic lactobacilli should have a strong adhesive strength for efficient pathogen displacement [18]. C. albicans is the main causative agent for vulvovaginal candidiasis [39], which is the second most gynecological infection of women in reproductive age [40]. Exploring these Candida coagglutinating lactobacilli strains seems a promising probiotic strategy against vulvovaginal candidiasis.



We further tested the antimicrobial effects of vaginal lactobacilli from normal and dysbiotic microbiota on the major urogenital pathogens causing aerobic vaginitis and urinary tract infections (E. coli, S. aureus, P. aeruginosa), bacterial vaginosis (G. vaginalis), vulvovaginal candidiasis (C. albicans), gonorrhea (N. gonorrhoeae) and preterm birth (S. agalactiae) [41]. Studies have reported lactic acid as the key lactobacilli defense factor against various pathogens [12,28,42]. Since total lactic acid did not vary between lactobacilli from normal and dysbiotic microbiota, their antagonistic activity might have remained similar.



Nearly half of the isolates exhibited broad-spectrum (>90% inhibition) antimicrobial activity and about three quarters of these lactobacilli belonging to normal microbiota predominantly consisted of L. rhamnosus, L. reuteri and L. gasseri. Recently, L. rhamnosus from vaginal samples have been reported to demonstrate broad-spectrum antagonistic activity [43]. Different studies have demonstrated the antimicrobial effect of selected lactobacilli on some pathogens [44,45]. However, an extensive evaluation of the probiotic properties of such a large number of lactobacilli was not reported earlier.



We observed a positive correlation of lactobacilli and C. albicans coaggregation with inhibition of C. albicans by lactobacilli metabolites. Besides lactic acid, metabolites of lactobacilli contain exopolysachharides (EPS) and membrane vesicles (MVs). Both EPS and MVs from lactobacilli can affect the adhesion of C. albicans on host epithelial cells [46]. Exoploysachharides present in lactobacilli metabolites have been reported to affect the growth of C. albicans by extending its lag phase. Thus, lactobacilli with higher C. albicans coaggregating ability may have a better growth inhibitory effect on C. albicans due to the presence of exopolysachharides.



Since lactic acid isomers were the quantitative variable that differed between the groups, we further analyzed the clustering pattern of the species. The species picked from intermediate and asymptomatic BV clustered together and were separated from the species from normal microbiota. This indicates that, though lactobacilli from asymptomatic BV may be similar to lactobacilli from normal microbiota in certain traits, they are different in some properties at the species and strain level.



Our study is limited by the fact that we have not evaluated other functional attributes of Lactobacillus such as other organic acids, bacteriocin, biofilm formation, or coaggregation with other pathogens. Despite being the prevalent vaginal lactobacilli, we were unable to evaluate L. iners due to its inability to grow on MRS [6]. In spite of these shortcomings, we could depict a broad view of the distinct functional traits of vaginal lactobacilli from normal, intermediate and asymptomatic BV microbiota which was not reported earlier with such an extensive sample size. It will be interesting to note the behavior of these lactobacilli along with other microbial co-members to further decipher their potential. Additionally, other functional traits such as their anticancer effects needs to be explored. The meritorious shortlisted lactobacilli will be evaluated for these traits in the future.




5. Conclusions


Numerous studies have reported the diversity of vaginal microbiota, but the functional aspects of lactobacilli, especially in asymptomatic BV, was overlooked. Our findings suggest that asymptomatic BV is characterized by the absence of beneficial strains of lactobacilli and should not be left untreated. A carefully selected microbial consortium of lactobacilli should be considered for the treatment of asymptomatic cases of BV to prevent any future episodes of other RTIs and STIs.








Supplementary Materials
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Author Contributions


Conceptualization, C.A., R.P.; funding acquisition, C.A.; investigation, C.A., R.P.; methodology, R.P., C.A.; supervision, C.A.; formal analysis, R.P., C.A.; writing—original draft, R.P.; writing—review and editing, C.A., R.P. All authors have read and agreed to the published version of the manuscript.




Funding


The authors acknowledge the Indian Council of Medical Research (New Delhi) (grant no. 5/7/726/12-RHN) and Department of health Research (R11012/12/2018-HR) for supporting the project and providing Junior Research Fellowship to Rinku Pramanick.




Acknowledgments


The authors acknowledge Susan Thomas and Ulka Gawde, Biomedical Informatics Centre, ICMR-NIRRH, Mumbai, India for the help in hierarchical cluster analysis.




Conflicts of Interest


The authors declare that there are no conflict of interest in the present study.




References


	



Wiesenfeld, H.C.; Hillier, S.L.; Krohn, M.A.; Landers, D.V.; Sweet, R.L. Bacterial vaginosis is a strong predictor of Neisseria gonorrhoeaee and Chlamydia trachomatis infection. Clin. Infect. Dis. 2003, 36, 663–668. [Google Scholar] [CrossRef] [PubMed]

	



Schwebke, J.R. Abnormal vaginal flora as a biological risk factor for acquisitionof HIV infection and sexually transmitted diseases. J. Infect. Dis. 2005, 192, 1315–1317. [Google Scholar] [CrossRef]

	



Brotman, R.M. Vaginal microbiome and sexually transmitted infections: An epidemiologic perspective. J. Clin. Investig. 2011, 121, 4610–4617. [Google Scholar] [CrossRef]

	



Koumans, E.H.; Sternberg, M.; Bruce, C.; McQuillan, G.; Kendrick, J.; Sutton, M.; Markowitz, L.E. The Prevalence of Bacterial Vaginosis in the United States, 2001–2004; Associations with Symptoms, Sexual Behaviors, and Reproductive Health. Sex. Transm. Dis. 2007, 34, 864–869. [Google Scholar] [CrossRef] [PubMed]

	



Joyisa, N.; Moodley, D.; Nkosi, T.; Talakgale, R.; Sebitloane, M.; Naidoo, M.; Karim, Q.A. Asymptomatic Bacterial Vaginosis in Pregnancy and Missed Opportunities for Treatment: A Cross-Sectional Observational Study. Infect. Dis. Obstet. Gynecol. 2019, 2019, 7808179. [Google Scholar] [CrossRef] [PubMed]

	



Pramanick, R.; Mayadeo, N.; Warke, H.; Begum, S.; Aich, P.; Aranha, C. Vaginal microbiota of asymptomatic bacterial vaginosis and vulvovaginal candidiasis: Are they different from normal microbiota? Microb. Pathog. 2019, 134, 103599. [Google Scholar] [CrossRef]

	



Gibbs, R.S. Asymptomatic bacterial vaginosis: Is it time to treat? Am. J. Obstet. Gynecol. 2007, 196, 495–496. [Google Scholar] [CrossRef]

	



Leitich, H.; Kiss, H. Asymptomatic bacterial vaginosis and intermediate flora as risk factors for adverse pregnancy outcome. Best Pract. Res. Clin. Obstet. Gynaecol. 2007, 21, 375–390. [Google Scholar] [CrossRef]

	



Holzer, I.; Farr, A.; Kiss, H.; Hagmann, M.; Petricevic, L. The colonization with Candida species is more harmful in the second trimester of pregnancy. Arch. Gynecol. Obstet. 2017, 295, 891–895. [Google Scholar] [CrossRef]

	



Klein, L.L.; Gibbs, R.S. Use of microbial cultures and antibiotics in the prevention of infection-associated preterm birth. Am. J. Obstet. Gynecol. 2004, 190, 1493–1502. [Google Scholar] [CrossRef]

	



Kero, K.; Rautava, J.; Syrjänen, S.; Grenman, S. Association of asymptomatic bacterial vaginosis with persistence of female genital human papillomavirus infection. Eur. J. Clin. Microbiol. Infect. Dis. 2017, 36, 2215–2219. [Google Scholar] [CrossRef] [PubMed]

	



O’Hanlon, D.E.; Moench, T.R.; Cone, R.A. Vaginal pH and Microbicidal Lactic Acid When Lactobacilli Dominate the Microbiota. PLoS ONE 2013, 8, e80074. [Google Scholar] [CrossRef] [PubMed]

	



Witkin, S.S.; Mendes-Soares, H.; Linhares, I.M.; Jayaram, A.; Ledger, W.J.; Forney, L.J. Influence of Vaginal Bacteria and d- and l-Lactic Acid Isomers on Vaginal Extracellular Matrix Metalloproteinase Inducer: Implications for Protection against Upper Genital Tract Infections. mBio 2013, 4, 00460-13. [Google Scholar] [CrossRef] [PubMed]

	



Eschenbach, D.A.; Davick, P.R.; Williams, B.L.; Klebanoff, S.J.; Young-Smith, K.; Critchlow, C.M.; Holmes, K.K. Prevalence of hydrogen peroxide-producing Lactobacillus species in normal women and women with bacterial vaginosis. J. Clin. Microbiol. 1989, 27, 251–256. [Google Scholar] [CrossRef]

	



Kovachev, S. Defence factors of vaginal lactobacilli. Crit. Rev. Microbiol. 2018, 44, 31–39. [Google Scholar] [CrossRef]

	



Wilks, M.; Wiggins, R.; Whiley, A.; Hennessy, E.; Warwick, S.; Porter, H.; Corfield, A.; Millar, M. Identification and H2O2 Production of Vaginal Lactobacilli from Pregnant Women at High Risk of Preterm Birth and Relation with Outcome. J. Clin. Microbiol. 2004, 42, 713–717. [Google Scholar] [CrossRef]

	



Boris, S.; Suárez, J.E.; Vázquez, F.; Barbés, C. Adherence of Human Vaginal Lactobacilli to Vaginal Epithelial Cells and Interaction with Uropathogens. Infect. Immun. 1998, 66, 1985–1989. [Google Scholar] [CrossRef]

	



Younes, J.A.; Van Der Mei, H.C.; Heuvel, E.V.D.; Busscher, H.J.; Reid, G. Adhesion Forces and Coaggregation between Vaginal Staphylococci and Lactobacilli. PLoS ONE 2012, 7, e36917. [Google Scholar] [CrossRef]

	



Zeng, Z.; Zuo, F.; Marcotte, H. Putative Adhesion Factors in Vaginal Lactobacillus gasseri DSM 14869: Functional Characterization. Appl. Environ. Microbiol. 2019, 85, 00800-19. [Google Scholar] [CrossRef]

	



Nugent, R.P.; Krohn, M.A.; Hillier, S.L. Reliability of diagnosing bacterial vaginosis is improved by a standardized method of gram stain interpretation. J. Clin. Microbiol. 1991, 29, 297–301. [Google Scholar] [CrossRef]

	



Pendharkar, S.; Magopane, T.; Larsson, P.G.; De Bruyn, G.; Gray, G.E.; Hammarström, L.; Marcotte, H. Identification and characterisation of vaginal lactobacilli from South African women. BMC Infect. Dis. 2013, 13, 43. [Google Scholar] [CrossRef] [PubMed]

	



Reid, G.; McGroarty, J.A.; Gil Domingue, P.A.; Chow, A.W.; Bruce, A.W.; Eisen, A.; Costerton, J.W. Coaggregation of urogenital bacteria in vitro and in vivo. Curr. Microbiol. 1990, 20, 47–52. [Google Scholar] [CrossRef]

	



Todorov, S.; Botes, M.; Guigas, C.; Schillinger, U.; Wiid, I.; Wachsman, M.; Holzapfel, W.; Dicks, L. Boza, a natural source of probiotic lactic acid bacteria. J. Appl. Microbiol. 2007, 104, 465–477. [Google Scholar] [CrossRef] [PubMed]

	



Schwebke, J.R. Asymptomatic bacterial vaginosis: Response to therapy. Am. J. Obstet. Gynecol. 2000, 183, 1434–1439. [Google Scholar] [CrossRef] [PubMed]

	



Coleman, J.S.; Gaydos, C.A. Molecular Diagnosis of Bacterial Vaginosis: An Update. J. Clin. Microbiol. 2018, 56, 00342-18. [Google Scholar] [CrossRef] [PubMed]

	



O’Hanlon, D.E.; Gajer, P.; Brotman, R.M.; Ravel, J. Asymptomatic Bacterial Vaginosis Is Associated With Depletion of Mature Superficial Cells Shed From the Vaginal Epithelium. Front. Cell. Infect. Microbiol. 2020, 10, 106. [Google Scholar] [CrossRef] [PubMed]

	



Tachedjian, G.; O’Hanlon, D.E.; Ravel, J. The implausible “in vivo” role of hydrogen peroxide as an antimicrobial factor produced by vaginal microbiota. Microbiome 2018, 6, 29. [Google Scholar] [CrossRef]

	



Tachedjian, G.; Aldunate, M.; Bradshaw, C.S.; Cone, R. The role of lactic acid production by probiotic Lactobacillus species in vaginal health. Res. Microbiol. 2017, 168, 782–792. [Google Scholar] [CrossRef]

	



Boskey, E.; Cone, R.; Whaley, K.; Moench, T. Origins of vaginal acidity: High d/l lactate ratio is consistent with bacteria being the primary source. Hum. Reprod. 2001, 16, 1809–1813. [Google Scholar] [CrossRef]

	



Hoang, T.; Toler, E.; Delong, K.; Mafunda, N.A.; Bloom, S.M.; Zierden, H.C.; Moench, T.R.; Coleman, J.S.; Hanes, J.; Kwon, D.; et al. The cervicovaginal mucus barrier to HIV-1 is diminished in bacterial vaginosis. PLoS Pathog. 2020, 16, e1008236. [Google Scholar] [CrossRef]

	



Manhanzva, M.T.; Abrahams, A.G.; Gamieldien, H.; Froissart, R.; Jaspan, H.; Jaumdally, S.Z.; Barnabas, S.L.; Dabee, S.; Bekker, L.G.; Gray, G.; et al. Inflammatory and antimicrobial properties differ between vaginal Lactobacillus isolates from South African women with non-optimal versus optimal microbiota. Sci. Rep. 2020, 10, 6196. [Google Scholar] [CrossRef] [PubMed]

	



Ravel, J.; Gajer, P.; Abdo, Z.; Schneider, G.M.; Koenig, S.S.K.; McCulle, S.L.; Karlebach, S.; Gorle, R.; Russell, J.; Tacket, C.O.; et al. Vaginal microbiome of reproductive-age women. Proc. Natl. Acad. Sci. USA 2011, 108, 4680–4687. [Google Scholar] [CrossRef] [PubMed]

	



Mitchell, C.; Fredricks, D.; Agnew, K.; Hitti, J. Hydrogen Peroxide–Producing Lactobacilli Are Associated With Lower Levels of Vaginal Interleukin-1β, Independent of Bacterial Vaginosis. Sex. Transm. Dis. 2015, 42, 358–363. [Google Scholar] [CrossRef] [PubMed]

	



Cherpes, T.L.; Hillier, S.L.; Meyn, L.A.; Busch, J.L.; Krohn, M.A. A Delicate Balance: Risk Factors for Acquisition of Bacterial Vaginosis Include Sexual Activity, Absence of Hydrogen Peroxide-Producing Lactobacilli, Black Race, and Positive Herpes Simplex Virus Type 2 Serology. Sex. Transm. Dis. 2008, 35, 78–83. [Google Scholar] [CrossRef]

	



Pramanick, R.; Parab, S.; Mayadeo, N.; Warke, H.S.; Aranha, C. Cross sectional analysis of vaginal Lactobacillus in asymptomatic women of reproductive age in Mumbai, India. J. Infect. Dev. Ctries. 2018, 12, 1096–1104. [Google Scholar] [CrossRef] [PubMed]

	



Del Re, B.; Sgorbati, B.; Miglioli, M.; Palenzona, D. Adhesion, autoaggregation and hydrophobicity of 13 strains of Bifidobacterium longum. Lett. Appl. Microbiol. 2000, 31, 438–442. [Google Scholar] [CrossRef]

	



De Souza, E.L.; De Albuquerque, T.M.R.; Dos Santos, A.S.; Massa, N.M.L.; Alves, J.L.D.B. Potential interactions among phenolic compounds and probiotics for mutual boosting of their health-promoting properties and food functionalities—A review. Crit. Rev. Food Sci. Nutr. 2019, 59, 1645–1659. [Google Scholar] [CrossRef]

	



Gil, N.F.; Martinez, R.C.; Gomes, B.C.; Nomizo, A.; De Martinis, E.C.P. Vaginal lactobacilli as potential probiotics against Candida spp. Braz. J. Microbiol. 2010, 41, 6–14. [Google Scholar] [CrossRef]

	



Sobel, J.D. Recurrent vulvovaginal candidiasis. Am. J. Obstet. Gynecol. 2016, 214, 15–21. [Google Scholar] [CrossRef]

	



Martin, L.J.E. Candidiasis (vulvovaginal). BMJ Clin. Evid. 2015, 0815, 1–23. [Google Scholar]

	



Di Cerbo, A.; Palmieri, B.; Aponte, M.; Morales-Medina, J.C.; Iannitti, T. Mechanisms and therapeutic effectiveness of lactobacilli. J. Clin. Pathol. 2016, 69, 187–203. [Google Scholar] [CrossRef] [PubMed]

	



Ealdunate, M.; Esrbinovski, D.; Hearps, A.C.; Latham, C.F.; Ramsland, P.A.; Egugasyan, R.; Cone, R.A.; Tachedjian, G. Antimicrobial and immune modulatory effects of lactic acid and short chain fatty acids produced by vaginal microbiota associated with eubiosis and bacterial vaginosis. Front. Physiol. 2015, 6, 164. [Google Scholar] [CrossRef] [PubMed]

	



Pino, A.; Bartolo, E.; Caggia, C.; Cianci, A.; Randazzo, C.L. Detection of vaginal lactobacilli as probiotic candidates. Sci. Rep. 2019, 9, 3355. [Google Scholar] [CrossRef] [PubMed]

	



Graver, M.A.; Wade, J.J. The role of acidification in the inhibition of Neisseria gonorrhoeae by vaginal lactobacilli during anaerobic growth. Ann. Clin. Microbiol. Antimicrob. 2011, 10, 8. [Google Scholar] [CrossRef] [PubMed]

	



Valore, E.V.; Park, C.H.; Igreti, S.L.; Ganz, T. Antimicrobial components of vaginal fluid. Am. J. Obstet. Gynecol. 2002, 187, 561–568. [Google Scholar] [CrossRef]

	



Allonsius, C.N.; Broek, M.F.L.V.D.; De Boeck, I.; Kiekens, S.; Oerlemans, E.F.M.; Kiekens, F.; Foubert, K.; Vandenheuvel, D.; Cos, P.; Delputte, P.; et al. Interplay between Lactobacillus rhamnosus GG and Candida and the involvement of exopolysaccharides. Microb. Biotechnol. 2017, 10, 1753–1763. [Google Scholar] [CrossRef]








[image: Microorganisms 08 01949 g001 550] 





Figure 1. The acidity of CFCs (cell-free culture supernatants) was measured after the growth of different Lactobacillus species. The pH of the CFCs varied significantly among the species, as determined by the Kruskal–Wallis test. The topmost line indicates the Kruskal–Wallis test and downward pointing lines indicate Dunn’s multiple comparison test. * p < 0.05, ** p < 0.001, *** p < 0.001. Data are represented as a box plot wherein the box indicates the interquartile ranges, line within the bars represents the median and whiskers represent the minimum and the maximum values. 
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Figure 2. Lactic concentrations: (a) total lactic acid, (b) d-lactic acid, (c) l-lactic acid, (d) d-/l-lactic acid ratio of lactobacilli recovered from different vaginal microbiota. The amount of lactic acid isomers and d-/l-lactic acid ratio of lactobacilli metabolites differed significantly between the groups. Data are represented as mean ± SD. Ns = not significant and * p < 0.05, ** p < 0.01 indicating statistical significance after performing the Kruskal–Wallis test. 
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Figure 3. Lactic concentrations: (a) total lactic acid, (b) d-lactic acid, (c) l-lactic acid, (d) d-/l-lactic acid ratio of lactobacilli recovered from different vaginal microbiota. The amount of lactic acid isomers and d-/l-lactic acid ratio of lactobacilli metabolites differed significantly between the groups. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 indicating statistical significance after performing the Kruskal–Wallis test. The topmost line indicates the Kruskal–Wallis test and downward pointing lines indicate Dunn’s multiple comparison test. Data are represented as a box plot wherein the box indicates the interquartile ranges, line within the bars represents the median and whiskers represent the minimum and the maximum values. 
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Figure 4. d-/l- lactic ratios of (a) L. jensenii, (b) L. gasseri, (c) L. reuteri, (d) L. salivarius, (e) L. johnsonii, (f) L. rhamnosus from normal, intermediate and bacterial vaginosis (BV) microbiota. Data are represented as mean ± SD. ns =not significant and * p < 0.05, indicates statistical significance after performing the Kruskal–Wallis test. 






Figure 4. d-/l- lactic ratios of (a) L. jensenii, (b) L. gasseri, (c) L. reuteri, (d) L. salivarius, (e) L. johnsonii, (f) L. rhamnosus from normal, intermediate and bacterial vaginosis (BV) microbiota. Data are represented as mean ± SD. ns =not significant and * p < 0.05, indicates statistical significance after performing the Kruskal–Wallis test.



[image: Microorganisms 08 01949 g004]







[image: Microorganisms 08 01949 g005 550] 





Figure 5. Correlation between Lactobacillus species from normal microbiota in d-lactic acid production (a to d- top panel) (a) L. gasseri with L. reuteri, (b) L. reuteri with L. rhamnosus, (c) L. rhamnosus with L. crispatus, (d) L. fermentum with L. reuteri and l- lactic acid production (e to h- bottom panel) of (e) L. gasseri with L. reuteri, (f) L. reuteri with L. rhamnosus, (g) L. rhamnosus with L. crispatus, (h) L. fermentum with L. reuteri. Correlations between species were carried out by Spearman’s rank correlation. The correlation coefficient and p value for each analysis are mentioned in the graph. 
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Figure 6. Autoaggregation of (a) Lactobacillus isolates from different groups and (b) species-specific % autoaggregation. Candida coaggregation of (c) Lactobacillus from different microbiota and (d) coaggregation of various species. The topmost line indicates the Kruskal–Wallis test and downward pointing lines indicate Dunn’s multiple comparison test. Data are represented as a box plot wherein the box indicates the interquartile ranges, line within the bars represents the median and whiskers represent the minimum and the maximum values. ns = not significant, * p < 0.05, ** p < 0.01. 
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Figure 7. Lactobacilli with broad-spectrum antimicrobial activity. Lactobacilli isolates showing ≥90% growth inhibition on all the tested urogenital pathogens. (a) Proportions of lactobacilli isolates from normal, intermediate, and BV microbiota. The parts of the whole plot indicate that 76.29%, 8.25%, 15.46% of the isolates with broad-spectrum antimicrobial activity belonged to normal, intermediate and BV microbiota, respectively. (b) Lactobacillus species distribution from each normal, intermediate, and BV microbiota. The stack bar graph indicates the diversity of lactobacilli with broad-spectrum antimicrobial potential in normal microbiota is different from intermediate and BV microbiota. 
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Figure 8. Heatmap of concentrations of lactic acid produced by different species of Lactobacillus present in normal, intermediate and asymptomatic BV microbiota. Mean values of d- and l-lactic acid amount in CFCs of each species from the three groups were used for hierarchical clustering. Lactobacillus species are shown on the right side and the microbiota from which they were isolated are represented on the left side of the heatmap. A color bar with scales is shown, indicating that dark red corresponds to the maximum value and dark blue to minimum value. 
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Figure 9. Relationship of different functional properties of lactobacilli with each other. The Spearman’s correlation matrix indicates the correlation nature between the lactobacilli probiotic traits. Dark blue color on the scale denotes a perfect positive correlation (r = 1) and dark red indicates a perfect negative correlation (r = −1). 
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Table 1. Diversity of H2O2 production by Lactobacillus species from normal and dysbiotic (intermediate and BV) microbiota. Semi-quantitative measurement of H2O2 production on MRS-TMB-HRP agar by lactobacilli isolates was evaluated based on the intensity of blue color obtained on colonies. n = number of isolates of Lactobacillus species. Fisher’s exact test was carried out to determine the statistical significance.
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	Lactobacillus Species
	H2O2 Production
	Normal
	Dysbiosis
	p Value





	L. crispatus (n = 14)
	H2O2 producer
	10
	0
	_



	
	H2O2 non producer
	4
	0
	



	L. gasseri (n = 22)
	H2O2 producer
	15
	3
	0.99



	
	H2O2 non producer
	4
	0
	



	L. jensenii (n = 18)
	H2O2 producer
	15
	1
	0.22



	
	H2O2 non producer
	1
	1
	



	L. johnsonii (n = 11)
	H2O2 producer
	4
	3
	0.99



	
	H2O2 non producer
	3
	1
	



	L. rhamnosus (n = 40)
	H2O2 producer
	23
	11
	0.64



	
	H2O2 non producer
	3
	3
	



	L. salivarius (n = 14)
	H2O2 producer
	9
	3
	0.99



	
	H2O2 non producer
	2
	0
	



	L. reuteri (n = 42)
	H2O2 producer
	26
	5
	0.99



	
	H2O2 non producer
	9
	2
	



	L. plantarum (n = 13)
	H2O2 producer
	6
	1
	0.99



	
	H2O2 non producer
	5
	1
	



	L. fermentum (n = 11)
	H2O2 producer
	7
	0
	_



	
	H2O2 non producer
	4
	0
	



	L. vaginalis (n = 13)
	H2O2 producer
	9
	2
	0.42



	
	H2O2 non producer
	1
	1
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Table 2. Semi-quantitative distribution of H2O2 production by different Lactobacillus species. The number in the parenthesis denotes the percentage.
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Lactobacillus Species

	
Number of H2O2

Non Producers

	
Number of H2O2

Producers




	

	

	
Weak

	
Medium

	
Strong

	
Total






	
L. acidophilus (n = 2)

	
1(50)

	
0 (0)

	
1 (50)

	
0 (0)

	
1 (100)




	
L. delbrueckii (n = 5)

	
2 (40.0)

	
0 (0)

	
1 (20.0)

	
2 (40.0)

	
3 (60.0)




	
L. crispatus (n = 14)

	
4 (28.57)

	
0 (0)

	
5 (35.71)

	
5 (35.71)

	
10 (71.43)




	
L. gasseri (n = 22)

	
4 (18.18)

	
4 (18.18)

	
5 (22.72)

	
9 (40.91)

	
18(81.82)




	
L. jensenii (n = 18)

	
2 (11.11)

	
1 (5.56)

	
3 (16.67)

	
12 (66.67)

	
16 (88.89




	
L. johnsonii (n = 11)

	
4 (36.36)

	
2 (18.18)

	
2 (18.18)

	
3 (27.27)

	
7 (63.63)




	
L. rhamnosus (n = 40)

	
6 (15.0)

	
5 (12.5)

	
6 (15)

	
23 (57.5)

	
34 (85.0)




	
L. salivarius (n = 14)

	
2 (14.29)

	
2 (14.29)

	
4 (28.57)

	
6 (48.86)

	
12 (85.71)




	
L. reuteri (n = 42)

	
11 (26.19)

	
7 (16.67)

	
6 (14.29)

	
18 (42.86)

	
31 (73.81)




	
L. plantarum (n = 13)

	
6 (46.15)

	
2 (15.38)

	
0 (0)

	
5 (38.46)

	
7 (53.85)




	
L. fermentum (n = 11)

	
4 (36.36)

	
1 (9.09)

	
1 (9.09)

	
5 (45.45)

	
7 (63.63)




	
L. vaginalis (n = 13)

	
2 (15.38)

	
2 (15.38)

	
3 (23.08)

	
6 (46.15)

	
11 (84.62)
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