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Abstract

:

Lactobacillus spp. generally dominate the vaginal microbiota and prevent pathogen adhesion and overgrowth, including Candida spp., by various mechanisms. Although Candida spp. can be commensal, in certain conditions they can become pathogenic, causing vulvovaginal candidiasis. The insurgence of candidiasis is related to the expression of Candida virulence factors, including morphologic switching and biofilm formation. Germ tubes, pseudohyphae, and hyphae promote Candida tissue invasion, biofilms increase persistence and are often resistant to antifungals and host immune response. Here, we explored the inhibitory activity of vaginal Lactobacillus strains belonging to Lactobacillus crispatus, Lactobacillus gasseri, Limosilactobacillus vaginalis, and Lactiplantibacillus plantarum species towards Candida virulence factors. With the aim to investigate the interrelation between mode of growth and functionality, supernatants were collected from lactobacilli planktonic cultures and, for the first time, from adherent ones, and were evaluated towards Candida dimorphic switching and biofilm. Candida biofilms were analyzed by multiple methodologies, i.e., crystal violet staining, MTT assay, and confocal microscopy. Lactobacillus supernatants reduce Candida switching and biofilm formation. Importantly, L. crispatus supernatants showed the best profile of virulence suppression, especially when grown in adherence. These results highlight the role of such species as a hallmark of vaginal eubiosis and prompt its employment in new probiotics for women’s health.
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1. Introduction


Among microorganisms colonizing the human vaginal cavity, Candida spp. are frequently retrieved. This yeast can also colonize the gastrointestinal tract, oral cavity, and skin, coexisting with other members of the local microbiota most of the time. However, owing to perturbations of the microbiota and changes in an individual healthy immune system or alteration of the local environment, Candida spp. can increase in cell load and cause infection [1]. At the vaginal level, Candida overgrowth and pathogenic feature acquisition cause vulvovaginal candidiasis (VVC), an infection characterized by itching or irritation of the vulva, pain, and abnormal vaginal discharge [2]. VVC affects 75% of the world’s female population at least once in their lifetime, and about 5–8% of these women suffer from recurrent VVC (RVVC) [3,4,5]. Most VVC cases (75–90%) are attributable to Candida albicans, but recently Candida non-albicans species (NAC) infections have been increasingly diagnosticated [2,6]. Similar to other pathogens, the clinical impact of Candida spp. could be related to their ability to grow in an adherent form, i.e., a biofilm, a dense community of cells immersed in a secreted matrix [3,7], although most studies involving vaginal Candida isolates are carried out in vitro [8,9,10]. Frequently, Candida biofilms are intrinsically resistant to conventional antifungal therapeutics and to host immune response, making biofilm-based infections a significant clinical challenge [1]. The evolution of vaginal Candida infections is also related to the dimorphism of this yeast, which consists in the morphologic switching of fungal round or ovoidal cells into elongated pseudohyphae and branched hyphal structures [11]. The capability of Candida spp. to undergo dimorphic switching and the ability to form complex biofilms are considered virulence factors, since pseudohyphal and differentiated hyphal forms, together with adherence to a surface, make Candida more invasive into human mucosae and resistant to antifungal treatments [1].



The vaginal microbiota is composed of aerobic and anaerobic microorganisms colonizing the epithelium. The resulting microbial diversity and multi-microbial interactions contribute to the maintenance of vaginal homeostasis [12,13]. In particular, Lactobacillus and related genera are dominant and abundant in the vaginal microbiota of healthy women. The probiotic and antimicrobial properties of individual species are well recognized and include the ability to prevent pathogen overgrowth, such as Candida spp. [14]. Indeed, it has been well-documented that lactobacilli can prevent or reduce Candida growth through multiple mechanisms. Among these, lactobacilli are reported to compete with pathogens for nutrients and adhesion sites on the host epithelium, as well as to release active compounds such as bacteriocins, hydrogen peroxide, and organic acids. In particular, the production of lactic acid is related to vaginal pH lowering, which impairs pathogen growth [15,16,17,18,19]. Many studies have dealt with the ability of vaginal lactobacilli to reduce Candida spp. growth in vitro [15,20], but enabling impairment of dimorphic switching and biofilm formation has been poorly investigated till now.



In the present paper, a collection of Lactobacillus strains of vaginal origin (belonging to Lactobacillus crispatus, Lactobacillus gasseri, Limosilactobacillus vaginalis, and Lactiplantibacillus plantarum species) was tested for the potential to reduce germ tube/pseudohyphal/hyphal development and biofilm formation of Candida spp. Notably, cell-free culture supernatants (CFS) collected from lactobacilli grown in planktonic (pk-CFS) and adherent form (bf-CFS) were employed to challenge Candida clinical isolates, in order to investigate the interrelation between mode of growth (planktonic/biofilm) and functionality. Both Candida albicans and NAC clinical isolates (Candida glabrata, Candida lusitaniae, Candida tropicalis, Candida krusei, and Candida parapsilosis) were employed to reflect the most common VVC etiological agents.




2. Materials and Methods


2.1. Lactobacilli Culture Conditions and Preparation of Planktonic/Biofilm Cell-Free Supernatants


Lactobacilli were isolated from vaginal swabs of healthy premenopausal Caucasian women, following the protocol approved by the Ethics Committee of the University of Bologna, Bologna, Italy (52/2014/U/Tess) [15]. Strains were identified and re-classified as Lactobacillus crispatus (BC1–BC8), Lactobacillus gasseri (BC9–BC14), Limosilactobacillus vaginalis (BC16–BC17), and Lactiplantibacillus plantarum (BC18–BC19). They were routinely cultured in 10 mL de Man, Rogosa, and Sharpe (MRS) broth (Difco, Detroit, MI, USA) supplemented with 0.05% L-cysteine (Merck, Milan, Italy), at 37 °C, in anaerobic jars containing GasPak™ (GasPak™ EZ Anaerobe Container System, Becton, Dickinson and Co., Sparks, MD, USA). For each strain, two sequential 24 h cultures were set up, then a 107 CFU/mL suspension was prepared. Such suspensions were inoculated both in 10 mL glass tubes to obtain the planktonic (pk) cultures, and in 6-well plates (4 mL per well) to obtain the biofilm (bf) cultures. All cultures were incubated for 72 h at 37 °C, in anaerobiosis, then culture supernatants were recovered by centrifugation (2750× g, 10 min) and filtered through a 0.22 μm membrane filter to obtain cell-free supernatants (CFS, pk-CFS, and bf-CFS) [20].




2.2. Candida spp. Culture Conditions and Treatment with Lactobacilli Supernatants


Candida strains were isolated from vaginal swabs of premenopausal, VVC-affected women during routine diagnostic procedures at the ‘Microbiology Laboratory’ in Sant’Orsola-Malpighi University Hospital of Bologna, Bologna, Italy and belong to the Microbiology Laboratory yeasts collection [16,21]. Candida strains were identified as Candida albicans (SO1, SO2), Candida glabrata (SO17, SO18), Candida lusitaniae (SO22), Candida tropicalis (SO24), Candida krusei (SO26), and Candida parapsilosis (SO27) and were routinely cultured on Sabouraud Dextrose (SD, Difco) agar plates at 35 °C in aerobiosis. Following the protocols suggested by EUCAST guidelines [22], fungal suspensions were prepared in sterile water at an absorbance (measured at 600 nm) of 0.8–1.3, then diluted 1:10 in RPMI 1640 medium (Euroclone, Milan, Italy) buffered to pH 7.0 with 0.165 M MOPS (morpholinepropanesulfonic acid buffer, Merck), and added with 2% glucose (Merck) to obtain 1–5 × 106 Candida CFU/mL. Such suspensions were inoculated in flat-bottomed 96-well plates (0.1 mL per well), added with the same volume of each Lactobacillus pk-CFS and bf-CFS. Growth control wells were set up by adding the same amount of MRS medium to Candida suspensions. Plates were incubated at 35 °C in aerobic conditions. Each condition was tested at least in triplicate.




2.3. Evaluation of Candida Dimorphic Switching


Candida suspensions treated with Lactobacillus pk-CFS and bf-CFS were evaluated after 48 h of culture for dimorphic switching by observing a sample aliquot under a light microscope using a 20× objective (Eclipse 90i microscope, Nikon Instruments, Europe BV, Amsterdam, The Netherlands). At least three microscopic fields per sample were observed for the presence of round and elongated yeast cells (i.e., germ tubes, pseudohyphae, and hyphae) and samples treated with CFS were compared to untreated samples (growth control). Candida growth controls showed the occurrence of dimorphic switching except for C. glabrata SO17 and SO18, which were excluded from this analysis. If CFS treatment determined the disappearance of elongated yeast cells in at least two microscopic fields, the treatment was considered as inhibitory of dimorphic switching. On the contrary, in the presence of elongated yeast cells in at least two microscopic fields, CFS was considered as non-inhibitory.




2.4. Evaluation of Candida Biofilms


Here, 96-well plates inoculated with Candida suspensions and Lactobacillus pk-CFS and bf-CFS were incubated at 35 °C for 72 h to allow biofilm formation. At the end, floating cells were removed and adherent biofilms were gently washed with PBS twice. Three replicated 96-well plates were prepared. The first plate was used for biofilm biomass quantification by crystal violet staining, the second plate was used for biofilm metabolic activity quantification by MTT assay, and the third plate for biofilm visualization by confocal microscopy, as described below.



2.4.1. Candida Biofilm Quantification by Crystal Violet Staining


Biofilms were quantified by crystal violet staining as previously described, with minor modification [18]. Briefly, adherent cells were fixed with 200 μL of 99% ethanol (Merck) for 15 min then stained for 5 min with 100 μL of 1% (w/v) crystal violet (Merck) in 12% ethanol. Wells were washed with PBS three times to rinse out excess staining, then plates were air-dried. Crystal violet bound to the adherent yeast cells was resolubilized in 200 μL of 33% (v/v) ethanol and the absorbance was measured at 595 nm using a GENios Plate Reader (Tecan Group Ltd., Männedorf, Switzerland). Biofilm formation inhibition was calculated as follows:


%inhibition = [1 − (Abs T/Abs C)] × 100



(1)




where Abs T represents the absorbance of the well subjected to a treatment with CFS and Abs C is the absorbance of growth control wells.




2.4.2. Candida Biofilm Quantification by MTT Assay


Candida biofilms were incubated with 0.5% 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT, 100 μL/well) diluted in culture medium at 35 °C for 30 min–4 h, depending on Candida species. Incubation time was optimized as 4 h for C. albicans, 3 h for C. glabrata, 30 min for C. lusitaniae and C. parapsilosis, and 2 h for C. tropicalis and C. krusei. For time optimization, see Supplementary Figure S1. At the end of the incubation time, supernatants were removed from wells and replaced by the same amount of isopropanol to solubilize the formed formazan salt. The absorbance was measured at 570 nm using a GENios Plate Reader. Biofilm formation inhibition was calculated following Equation (1) [23].




2.4.3. Candida Biofilm Visualization by Confocal Microscopy


Candida spp. biofilms were stained using the Yeast Live-or-Dye Fixable Live/Dead staining kit, according to the manufacturer’s instructions (Biotium, Inc., Fremont, CA, USA). Briefly, samples were incubated with diluted dyes for 30 min at room temperature, then biofilms were air-dried for 15 min. Biofilms were visualized using a Nikon A1+ point confocal laser scanning microscope (CSLM) integrated with NIS-Elements C Software (Nikon Instruments), equipped with a Plan Apo λ 20× objective directly on the plastic support of the 96-well plate (λ exc = 489.3 nm and 561.4 nm).





2.5. Data Analysis


Experiments were repeated at least twice, and each condition was tested at least in triplicate. Data were analyzed by using GraphPad Prism version 9.2.0 for Windows (GraphPad Software, San Diego, CA, USA). Biofilm inhibition data were compared by ANOVA for multiple comparisons and Wilcoxon paired-rank test. A p-value < 0.05 was considered significant. Average values ± SEM are reported in the text and figures.





3. Results


3.1. Lactobacilli CFS Impair Candida Dimorphic Switching


Culture supernatants collected from vaginal lactobacilli grown in planktonic (pk-CFS) and biofilm (bf-CFS) forms were tested for their capability to impair the dimorphic switch of Candida spp. Germ tubes, pseudohyphae, and hyphae formation or inhibition were qualitatively evaluated by microscopic observation of Candida cultures, and the results are summarized in Table 1. Some representative micrographs are reported in Figure 1 and Supplementary Figure S2. C. albicans isolates SO1 and SO2 developed germ tubes, pseudohyphae, and hyphae when grown in control conditions (i.e., Candida suspension in supplemented RPMI added with MRS medium). The treatment of C. albicans SO1 with lactobacilli CFS caused the inhibition of germ tube, pseudohyphae, and hyphae formation for most of the CFS analyzed, with the only exception being bf-CFS from L. gasseri BC9, pk- and bf-CFS from L. vaginalis BC16, and BC17 and pk-CFS from L. plantarum BC19. Similarly, dimorphic switching of C. albicans SO2 was inhibited by most Lactobacillus CFS, except for pk-CFS from L. crispatus BC3 and BC8, bf-CFS from L. gasseri BC9, pk- and bf-CFS from L. gasseri BC13, and from L. vaginalis BC16. C. lusitaniae SO22 produced an elongated-shape cellular form that we defined as an early germ tube. For this clinical isolate, treatment with most CFS did not abolish this morphologic form, except for CFS mainly from L. crispatus strains, i.e., CFS from L. crispatus BC1, BC5, BC6, and bf-CFS from L. crispatus BC3, BC4, and BC8. As for L. gasseri species, only pk-CFS from BC9 and CFS from BC10 and BC13 were able to inhibit C. lusitaniae SO22 dimorphic switching. C. tropicalis SO24 and C. krusei SO26 control cultures showed germ tubes and hyphae coexisting with ovoidal yeast cells. C. tropicalis SO24 switching was not inhibited by any Lactobacillus CFS. When C. krusei SO26 was treated with CFS, especially with CFS derived from strains of L. crispatus (BC1, BC4, BC5, BC6, and BC7) and L. plantarum (BC10, bf-CFS from BC11, and pk-CFS from BC14), dimorphic switching inhibition was observed. The formation of germ tubes and pseudohyphae by C. parapsilosis SO27 was inhibited by bf-CFS (but not pk-CFS) from all tested L. crispatus and L. plantarum strains and by pk-CFS from L. gasseri BC9. C. glabrata SO17 and SO18 did not show dimorphic switching in our experimental conditions, and thus its inhibition by CFS was not evaluated.



To better analyze CFS effects on Candida spp. dimorphism, CFS were grouped for Lactobacillus species and mode of growth (pk/bf), and inhibition was expressed in percentage form, calculated as the number of inhibitory cases (corresponding to “+” in Table 1) over the total cases for each category (Lactobacillus species/mode of growth), considering all Candida isolates together. CFS recovered from L. crispatus strains were more effective than those from L. gasseri. In addition, for L. crispatus species, bf-CFS were active in 32 out of 42 cases (corresponding to 76%) and pk-CFS were able to inhibit Candida spp. dimorphic switching in 20 out of 42 cases (48%). On the other hand, CFS from L. gasseri strains looked more active when recovered from planktonic cultures than the biofilm counterparts, since 17 pk-CFS out of 36 (47%) and only 13 bf-CFS out of 36 (36%) inhibited Candida dimorphic switching. A few CFS from L. vaginalis turned to inhibit dimorphic switching (2 out of 12, corresponding to 17%, for pk-CFS and 1 out of 12, corresponding to 8%, for bf-CFS) while for L. plantarum species pk-CFS were active in 5 out of 12 cases (42%) and bf-CFS in 7 out of 12 cases (58%), resembling L. crispatus CFS behavior.




3.2. Lactobacilli CFS Impact on Candida Biofilms


The effect of lactobacilli CFS on Candida spp. biofilm formation was examined by different methodologies. Indeed, Candida biofilms were quantified by two different methods, namely, crystal violet staining and MTT assay, that provide different and complementary information on the fungal biofilms. Crystal violet is a non-specific dye which binds cellular components as well as the extracellular matrix, allowing quantification of the total biofilm structure, including live cells, dead cells, and their secreted material. MTT is enzymatically reduced and converted into a formazan salt, allowing the selective quantification of metabolically active fungal cells.



Results obtained by crystal violet staining of Candida spp. biofilm subjected to different CFS treatments were collected and biofilm inhibition was calculated and reported in Figure 2A. Overall, C. lusitaniae SO22 and C. parapsilosis SO27 biofilms were the most susceptible to lactobacilli CFS, showing the highest inhibition percentages (inhibition average 74.8 ± 3.8% and 71.7 ± 4.3%, respectively). In particular, regarding C. lusitaniae SO22 biofilm, inhibition percentages over 95% were measured for bf-CFS from L. crispatus BC1, BC3, BC4, and L. gasseri BC9. bf-CFS from L. crispatus BC7, BC8, and L. vaginalis BC16 reached 95% inhibition percentages on C. parapsilosis SO27 biofilms. On the contrary, C. tropicalis SO24 and C. krusei SO26 biofilms showed the lowest inhibition profile. Indeed most Lactobacillus CFS (21 and 24 CFS out of 34, respectively) caused an increase in CV staining, suggesting a biofilm stimulating effect. Stimulation averages of 17.5 ± 7.6% and 28.5 ± 10.3% were calculated for C. tropicalis SO24 and C. krusei SO26, respectively. Intermediate profiles of inhibition were registered for C. albicans and C. glabrata isolates, corresponding to inhibition averages of 47.7 ± 3.5% and 65.4 ± 1.6% for C. albicans SO1 and SO2, and 62.0 ± 5.0% and 41.1 ± 6.7% for C. glabrata SO17 and SO18, respectively. In Figure 2B, biofilm inhibition values are grouped for lactobacilli species and pk/bf growth form and expressed as averages. Comparing CFS groups, bf-CFS recovered from L. gasseri strains proved to be significantly less effective in Candida biofilm inhibition than CFS from L. crispatus and bf-CFS from L. vaginalis and L. plantarum (p < 0.05, ANOVA, Figure 2B). In addition, comparing pk-CFS and bf-CFS recovered from the same Lactobacillus species, bf-CFS from L. crispatus and L. gasseri proved to be significantly more effective than the pk-CFS counterpart (p < 0.05, Wilcoxon paired-rank test).



Biofilm formation and CFS inhibition activity were also analyzed in terms of residual Candida spp. viability, quantified by MTT assay. Results are reported as a heatmap in Figure 3A. Overall, C. lusitaniae SO22 biofilms were the most susceptible to lactobacilli CFS (inhibition average 78.1 ± 4.1%), followed by C. parapsilosis SO27 (inhibition average 57.8 ± 2.2%), in accordance with data obtained by crystal violet staining. Additionally in this case, inhibition percentages over 95% were reached for bf-CFS but not for pk-CFS, namely, L. crispatus BC6, BC7, BC8, L. vaginalis BC17, and L. plantarum BC18 bf-CFS almost completely abolished C. lusitaniae SO22 biofilm (inhibition percentages 98.7–99.1%). C. albicans SO1 and SO2 showed intermediate susceptibility (inhibition average 49.3 ± 7.3% and 53.5 ± 6.8%, respectively). C. tropicalis SO24 and C. krusei SO26 biofilms were inhibited by Lactobacillus CFS (inhibition average 27.9 ± 3.1% and 38.2 ± 2.9%, respectively), suggesting that CFS were able to reduce Candida cell viability in the biofilm, although biofilm staining by CV highlighted biofilm stimulation. Figure 3B reports biofilm inhibition average grouped for lactobacilli species and pk/bf growth form, and the inhibition profile resembles that obtained with CV staining data. Considering MTT results, CFS from L. crispatus showed the highest biofilm inhibition averages, and also in this case bf-CFS appeared more active than pk-CFS, although this difference was not significant. CFS from L. gasseri strains reduced the Candida viable component of biofilm to a lesser extent, especially for bf-CFS that were significantly less active than CFS from L. crispatus (p < 0.05, ANOVA, Figure 3B). Intermediate inhibition activity was observed for L. vaginalis and L. plantarum CFS, with slightly higher activity for bf-CFS with respect to pk-CFS.



Candida biofilms were also visualized by means of confocal microscopy, by using a dual fluorescent staining in order to discriminate between live and dead cells. Pk-CFS and bf-CFS recovered from L. crispatus BC5 and L. gasseri BC12 were chosen as model CFS to better investigate the effect of CFS from different Lactobacillus species. Figure 4 reports some representative confocal micrographs. C. albicans SO1 formed a thick biofilm, made up of complex aggregates of viable ovoidal cells and hyphae; the treatment with Lactobacillus CFS determined the biofilm disintegration. In particular, CFS from L. crispatus BC5 caused the complete loss of biofilm structure, and the staining highlighted few viable cells together with dead cells. The treatment with CFS from L. gasseri BC12 also impaired Candida biofilm formation, and only clusters of viable cells could still be observed. C. lusitaniae SO22 also built a continuous cellular mat with a dense extracellular matrix. The biofilm structure was completely dispersed by Lactobacillus CFS treatment, especially when L. crispatus BC5 CFS was used. Regarding C. tropicalis SO24, it formed a complex adherent biofilm, composed of viable cells immersed in a dense bright extracellular matrix. The treatment with Lactobacillus CFS caused the loss of biofilm architecture, although aggregates of adherent cells and extracellular matrix were still present. In particular, larger cell clusters were observed when C. tropicalis SO24 biofilm was treated with pk-CFS from L. crispatus or bf-CFS from L. gasseri. A similar pattern was observed for C. krusei SO26. Similar effects of biofilm inhibitory activity were observed for the other Candida isolates (Supplementary Figure S3).





4. Discussion


Vulvovaginal candidiasis and recurrent forms are highly prevalent infections in the female population, especially during reproductive age. Clinical symptoms associated with VVC negatively impact on women’s quality of life and ultimately turn into high social costs, in terms of request for medical assistance and lost productivity [24,25]. Treatment of VVC cases is generally based on azole antifungal drugs (mainly clotrimazole, miconazole, and fluconazole), topically or orally administered; up to 6 months’ azole maintenance therapy is recommended for RVVC cases (https://www.cdc.gov/std/treatment-guidelines.html (accessed on 1 July 2022)). However, antifungals generally are not able to eradicate vaginal pathogenic yeasts, but only exert cytostatic activity [26]. This is especially true when the infection is related to the establishment of a microbial biofilm, where pathogen cells are immersed in an extracellular matrix made up of complex polymers and thus partially or totally unattainable to antifungal drugs [27,28]. In addition, the morphologic switch of Candida cells to germ tube and hyphal forms represents a step of Candida spp. maturation towards a phenotype with increased invasiveness into tissues, and resistance to environmental and chemical stresses [7,29]. The formation of Candida biofilms has been related to the acquisition of resistance to antimicrobials, and adherence and morphology switching are considered important virulence factors [1,9]. With this in mind, a strategy effective towards Candida infections should be able not only to reduce Candida growth in the floating cellular form, but also to impair Candida biofilm formation and hyphae development. For these reasons, in vitro biofilm study is gaining importance as a platform to assess the potential of an active compound.



In the present paper, CFS already characterized for their antagonistic effect towards Candida planktonic growth were further analyzed for their anti-biofilm and anti-switching potential. In particular, CFS were recovered from vaginal Lactobacillus strains and tested against VVC Candida isolates; moreover, both lactobacilli pk-CFS and bf-CFS were employed, since the mode of growth of beneficial microbes themselves influences CFS functionality, as recently demonstrated [20,30]. To the best of our knowledge, spent supernatants recovered from adherent cultures of lactobacilli have never been tested towards Candida virulence factors, and this issue represents an important novelty of the present study. It is worth pointing out that the predominant microbial mode of growth in nature is the adherent mode, so that the formation of biofilms by endogenous vaginal lactobacilli is very likely and even desirable. Indeed, the establishment of biofilms of beneficial microbes on human mucosae and epithelia favors their persistence and, possibly, functionality.



Most of the tested CFS were able to reduce Candida spp. morphology switching, with bf-CFS recovered from L. crispatus strains the most effective. Regarding biofilm formation, different methods of biofilm analysis were employed, since the literature frequently underlined limits of each method, and also in relation to different Candida species [23,31]. Crystal violet staining is probably the most common method for biofilm quantification, due to its easiness of execution and low cost. Nevertheless, problems in staining reproducibility have been frequently reported, besides poor selectivity for cells over biofilm extracellular matrix. MTT assay is intended to evaluate only metabolically active cells, giving the chance to quantitate the viable cellular component of the biofilm over the inert matrix.



When we applied crystal violet staining, we demonstrated a marked anti-biofilm activity of CFS recovered from L. vaginalis, L. crispatus, and L. plantarum, especially for bf-CFS, while bf-CFS from L. gasseri strains showed the lowest inhibiting activity. The best anti-biofilm profile was also shown for CFS recovered from L. crispatus strains when MTT assay was employed, demonstrating a high accordance between the two methods. In addition, CFS recovered from L. crispatus strains proved to be significantly more effective than those from L. gasseri.



Notably, most Lactobacillus CFS determined an increase in CV staining of C. tropicalis SO24 and C. krusei SO26 biofilms, indicating a stimulating effect. When the same samples were analyzed by MTT assay, such a stimulating effect was not observed. On the contrary, an inhibitory effect was shown. Such inconsistency of the results obtained by CV staining and MTT assay can be explained considering that crystal violet dye also binds to the extracellular matrix, and thus quantifies biofilms as the complex of biomass and matrix, while MTT assay only responds to active cells. It can be speculated that treatment of C. tropicalis SO24 and C. krusei SO26 biofilms with Lactobacillus CFS reduced the viable cellular component of Candida biofilms, albeit increasing the accumulation of extracellular material.



Candida biofilms were also visualized by confocal microscopy by using dual fluorescent staining, in order to gain information on structure and architecture. Candida isolates employed in the present study are able to form biofilms in vitro, although only C. albicans isolates and C. parapsilosis SO27 built thick structured biofilms, while other isolates showed thinner adherent layers. Overall, the treatment with Lactobacillus CFS impedes the formation of such biofilm structures, allowing only the adhesion of small cellular clusters made up of both viable and dead cells. By the confocal microscopy technique, in our experimental conditions, no appreciable differences in biofilm inhibition level could be observed, but only qualitative profiles.



Anti-Candida activity of Lactobacillus supernatants has been frequently correlated to the production of organic acids, especially lactic acid, and resulting vaginal pH lowering [32,33]. Nevertheless, other mechanisms have been proposed, such as the release of bacteriocin-like substances and biosurfactants. In the present study, a possible antagonistic effect due to the acidic feature of CFS was suppressed by the employment of buffered RPMI medium, as also suggested by EUCAST guidelines for antifungal tests [22], although an enhancement of the anti-Candida effect in acidic conditions cannot be excluded. The observed inhibitory activity of Lactobacillus CFS towards Candida dimorphic switching and biofilms should thus be ascribed to other compounds produced by bacterial metabolism.



Here, we demonstrated that antagonist activity towards Candida dimorphic switching and biofilm formation was higher for CFS from L. crispatus strains than for those recovered by L. gasseri strains, and bf-CFS showed the best inhibition percentages. Such a profile of anti-Candida activity resembles the results obtained on Candida planktonic growth, which identified bf-CFS from L. crispatus BC1–BC7 as the most active, along with bf-CFS from L. plantarum BC18 and BC19 [20]. In the same study, the composition of Lactobacillus bf-CFS and pk-CFS has been analyzed by 1H-NMR. The above-mentioned bf-CFS were characterized by lower amounts of glucose and fructose and higher amounts of galactose with respect to non-active CFS. We can thus speculate that carbohydrate metabolism and preferential consumption of glucose/fructose can be involved in the functional activity. Besides metabolic features of individual Lactobacillus species, other mechanisms supporting the observed anti-Candida activity could be involved, such as the release of bacteriocin-like molecules or biosurfactants which can prevent the adhesion of Candida cells to the surface and, thus, biofilm formation. In this respect, there is poor information on the presence and amount of bacteriocins or biosurfactants in Lactobacillus supernatants and further studies based on untargeted proteomic or metabolomic analysis are needed. In addition, Lactobacillus supernatants could impair Candida virulence factors by modulating the transcription of genes involved in adhesion and biofilm formation, although effector molecules responsible for this function have not been identified yet.



These findings, although obtained in in vitro tests, underline the potential of L. crispatus strains as beneficial microbes and strengthen the identification of L. crispatus species as a hallmark of vaginal eubiosis [34,35]. Therefore, strains belonging to this species should be further characterized for their safety in cellular models and in in vivo studies, in the perspective of employing probiotic strains to prevent VVC and RVVC or to restore vaginal homeostasis. Furthermore, the fact that L. crispatus strains showed enhanced anti-Candida activity when grown in the biofilm form confirmed that the formation of biofilms by L. crispatus cells is highly desirable in the vaginal niche, in order to improve not only persistence, but also functional activity. In the light of possible applications, these results make this species a good candidate in the development of new-generation probiotics, so called “fourth-generation probiotics”, which are based on strains endowed with good aptitude to form biofilms and suitable to encapsulation [36].
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Figure 1. Representative images of C. albicans SO1 cell morphology obtained by optical microscope (20×): (A) growth control, (B) sample treated with pk-CFS from L. crispatus BC3, (C) sample treated with bf-CFS from L. crispatus BC3, (D) sample treated with pk-CFS from L. gasseri BC9, (E) sample treated with bf-CFS from L. gasseri BC9. Scale bar = 50 μm. 
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Figure 2. Inhibition of Candida isolate biofilm formation by lactobacilli pk-CFS and bf-CFS, evaluated by crystal violet (CV) staining. (A) Heatmap of biofilm inhibition percentage, calculated over corresponding Candida growth control. White squares indicate the absence of inhibition and stimulation of biofilm formation. (B) Average ± SEM of biofilm inhibition percentages, grouped for Lactobacillus species and mode of growth (pk/bf). Lc, Lactobacillus crispatus; Lg, Lactobacillus gasseri; Lv, Limosilactobacillus vaginalis; Lp, Lactiplantibacillus plantarum. * p < 0.05 (ANOVA). 
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Figure 3. Inhibition of Candida isolate biofilm formation by lactobacilli pk-CFS and bf-CFS, evaluated by MTT assay. (A) Heatmap of biofilm inhibition percentage, calculated over corresponding Candida growth control, (B) average ± SEM of biofilm inhibition percentages, grouped for Lactobacillus species and mode of growth (pk/bf). Lc, Lactobacillus crispatus; Lg, Lactobacillus gasseri; Lv, Limosilactobacillus vaginalis; Lp, Lactiplantibacillus plantarum. * p < 0.05 (ANOVA). 
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Figure 4. Confocal microscopy analysis of Candida biofilm treated with pk-CFS and bf-CFS from L. crispatus BC5 and L. gasseri BC12 (second—fifth columns). Biofilms were stained using two fluorescent dyes: thiazole orange (viable cells, green) and Live-or-Dye™ (dead cells, red). (A) C. albicans SO1 biofilm; (B) C. lusitaniae SO22 biofilm; (C) C. tropicalis SO24 biofilm. Scale bar = 100 μm. 
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Table 1. Inhibition of Candida morphology switching by lactobacilli pk-CFS and bf-CFS. +, inhibition of germ tube, pseudohyphae, or hyphae formation, evaluated by microscopic observation of at least three microscopic fields; -, absence of inhibition (i.e., formation of germ tubes, pseudohyphae, or hyphae comparable to the corresponding control sample).
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