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Abstract 

The emergence of Candida species resistant to currently used antifungals is one of the 

more relevant factors determining the outcome of patients suffering from infections caused by 

these species pushing the need of developing new anti-Candida therapies and new targets 

different from those targeted by current antifungals. A hypothesis under the table is the use of 

probiotics to treat Candida infections. The human host is widely populated by a cohort of 

organisms defined as the human microbiota. Among these organisms, some Lactobacillus 

species are constantly isolated from the vaginal and intestinal tract, being considered 

endogenous to the human host. The constant observations that probiotics containing lactobacilli 

have positive outcomes for patients infected with Candida and that these bacteria can reduce the 

growth and virulence traits of Candida in vitro suggest a possibility of using lactobacilli based 

probiotics against these yeast infections. Thus, this thesis focused on the interaction of two 

lactobacilli species, Lactobacillus gasseri and Limosilactobacillus reuteri (formerly Lactobacillus 

reuteri), considered endogenous to the vaginal and intestinal tracts, respectively, with Candida 

albicans and Candida glabrata, two Candida species commonly isolated from these niches. This 

manuscript demonstrated that L. gasseri and L. reuteri were able to reduce growth and virulence 

traits of C. glabrata and C. albicans in planktonic and biofilm forming conditions, this effect being 

attributed to the presence of acetate, at least in L. gasseri.  Additionally, we unveiled relevant 

genomic adaptations of C. glabrata and L. gasseri, including competitiveness genes of C. glabrata 

responsible for survival in co-cultivation using transcriptomics and phenomics analysis that 

included members of the HOG, PKA and calcineurin signalling pathways. In summary, the results 

discussed in this thesis are anticipated to enhance the development of new probiotic-based 

therapies, using endogenous lactobacilli species, for combating Candida infections, that could 

potentially alleviate the significant health burden posed by Candida infections in humans. 

Key-words: Candida, Lactobacillus, transcriptomics, co-cultivation, competitiveness 
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Resumo 

O aparecimento de espécies de Candida resistentes aos antifúngicos atualmente 

utilizados é um dos fatores mais relevantes que determinam o desfecho dos doentes que sofrem 

de infeções causadas por estas espécies, o que torna necessário o desenvolvimento de novas 

terapias anti-Candida e de novos alvos diferentes dos visados pelos antifúngicos atuais. Uma 

hipótese em estudo é a utilização de probióticos para tratar as infeções por Candida. O 

hospedeiro humano é amplamente povoado por um conjunto de organismos definidos como a 

microbiota humana. Entre estes organismos, algumas espécies de Lactobacillus são 

constantemente isoladas do trato vaginal e intestinal, sendo consideradas endógenas ao 

hospedeiro humano. As constantes observações de que probióticos contendo lactobacilos têm 

resultados positivos para pacientes infetados com Candida e que essas bactérias podem reduzir 

o crescimento e a virulência da Candida in vitro sugerem a possibilidade de usar probióticos à 

base de lactobacilos contra essas infeções. Assim, esta tese centrou-se na interação de duas 

espécies de lactobacilos, Lactobacillus gasseri e Limosilactobacillus reuteri (anteriormente 

Lactobacillus reuteri), consideradas endógenas dos tratos vaginal e intestinal, respetivamente, 

com Candida albicans e Candida glabrata, duas espécies de Candida comummente isoladas 

destes nichos. Esta tese demonstrou que L. gasseri e L. reuteri foram capazes de reduzir o 

crescimento e a virulência de C. glabrata e C. albicans em condições planctónicas e de formação 

de biofilme, sendo este efeito atribuído à presença de acetato, pelo menos em L. gasseri.  Além 

disso, revelámos adaptações genómicas relevantes de C. glabrata e L. gasseri, incluindo genes 

de competitividade de C. glabrata responsáveis pela sobrevivência em co-cultura, utilizando 

abordagens de transcriptómica e fenómica, que incluíram membros das vias de sinalização HOG, 

PKA e calcineurina. Em suma, espera-se que os resultados discutidos nesta tese contribuam 

para o desenvolvimento de novas terapias baseadas em probióticos, utilizando espécies 

endógenas de lactobacilos, para combater as infeções por Candida, o que poderia 

potencialmente aliviar os encargos significativos para a saúde colocados por estas infeções nos 

seres humanos. 

Palavras-chave: Candida, Lactobacillus, transcriptómica, co-cultivo, competitividade 
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asymptomatically. Nonetheless, through hyphal formation or tissue damage, it can cross the 

epithelial layer and develop infections throughout most organs of the human host. Figure taken 
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Figure I.9. Schematic representation of the known mechanisms of action of the different classes 

of antifungals available for the treatment of candidiasis. Abbreviations: 5-FU - 5-fluorouracil; 5-

FUMP - 5-fluorouridine monophosphate; FdUM - 5-fluorodeoxyuridine monophosphate; FUTP - 

5-fluorouridine triphosphate. Figure taken from Salazar et al. 2020[259]. .................................. 27 

Figure I.10. Proposed decision tree to determine if a candidate probiotic could be considered and 

used as a probiotic in the human host. Most endogenous species fail because of their poor 
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Figure I.11. Proposed mechanisms of how Lactobacillus inhibits the adhesion, growth, biofilm 

formation, hyphal formation and virulence traits of Candida. These mechanisms include the 

secretion of biosurfactants, bacteriocins, H2O2, exopolysaccharides and 1-acetyl-β-carboline. 

Moreover, Lactobacillus species have the ability to immunomodulate the host epithelial cells. 

Although the proposed mechanisms are similar between vaginal and intestinal environments, 

lactobacilli species and environmental pH are distinct, and thus could differently modulate the 

anti-Candida properties of lactobacilli. ........................................................................................ 39 

Figure I.12. Brief overview of the metabolic pathways of homofermentative (a) and 

heterofermentative (b) Lactobacillus spp. Homofermentation results mostly in the production of 

lactic acid as the final by-product while heterofermentation results in the production of lactic acid, 

acetate and ethanol. Note that the glucose used as the substrate originates from the breakdown 

of glycogen by α-amylase. Figure taken from Ravinder Kumar et al., 2015[419]. ...................... 40 

Figure I.13. Mechanistic model describing the toxic effects exerted by weak acids over Yeast 

cells and corresponding adaptive responses that can be triggered to overcome these effects. 

Firstly, the activity of H+-ATPases in the plasma and vacuolar membranes is stimulated, 

contributing to the recovery of internal pH (pHi) towards more physiological levels and facilitating 

metabolite compartmentalization in acid-stressed cells. Additionally, the reconfiguration of the cell 

wall structure and plasma membrane lipid composition may reduce the diffusion rate of 

undissociated weak acids, resulting in a decrease of weak acid-induced damage to the plasma 

membrane. Figure taken from Nuno Mira et al., 2010[425]. ....................................................... 41 

Figure I.14. Lactic acid concentration close to the concentration found in the vaginal tract in a 

eubiosis state is ineffective in reducing C. albicans and C. glabrata growth under microaerophilic 

conditions in minimal medium supplemented with 0.2% glucose in low pH. Adapted from Lourenço 

et al., 2018[430]. .......................................................................................................................... 42 

Figure I.15. (A) Flow cytometry analysis of β-glucan exposure. C. albicans cells grown in the 

presence of L-lactate, L. reuteri supernatant and macrophage supernatant exhibited reduced β-
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glucan exposure while D-lactate did not. β-glucan exposure was determined using the median 

fluorescence intensity (MFI) shown in each graph at the right (glucose/fresh medium grown) and 

left (glucose+lactate/spent medium grown). (B) Proposed model of β-glucan masking in C. 

albicans. L-Lactate is detected by Gpr1, which in turn signals to Crz1 in a calcineurin-independent 

manner. With the help of Ace2, Crz1 regulates a polygenic response, resulting in the masking of 

β-glucan on the C. albicans cell surface. Adapted from Elizabeth R. Ballou et al., 2016[289]. .. 43 

Figure I.16. Proposed model of the mechanisms by which Yak1, Oca6, and Rob1 interact in 

regulating C. albicans hyphal morphogenesis in the absence or presence of 1-ABC. 1-ABC is a 

strong inhibitor of filamentation specific genes by blocking the action of Rob1 through binding to 

Yak1. Figure taken from Jessie MacAlpine et al., 2021[395]. ..................................................... 44 

Figure I.17. Proposed model for the lipid II-mediated nisin pore formation. Nisin first binds to the 

outwardly orientated carbohydrate moiety of lipid II in a 1:1 stoichiometry. The N-terminal segment 

of the nisin is essential for binding, and a negative surface charge is not necessary. The C-

terminal part of nisin is then assumed to translocate across the membrane creating a pore in the 

target membrane. Thus, resulting in the inhibition of the target cells by either inhibition of cell wall 

synthesis or pore formation[452]. Figure taken from Rodney Honrada Perez et al., 2015[453]. 46 

Figure I.18. Proposed model for Lacticin 3147 pore formation mechanism. First occurs the 

membrane association of the A1 peptide and binding to lipid II (i); Second there is a binding of 

the A2 peptide to A1:lipid II and formation of a high-affinity three-component complex (ii); Third 

there is a translocation of the C-terminus of A2 and formation of a defined pore in the membrane 

of the target (iii). Figure taken from Imke Wiedemann et al., 2006[455]. .................................... 46 

Figure I.19. The mechanism of interaction between Lactococcin G and the target membrane 

involves the binding of two peptides through specific motifs: G7xxxG11 in the α-peptide and 

G18xxxG22 in the β-peptide. These peptides come together to form a transmembrane helix–helix 

structure. The C-terminal end of the α-peptide, which is highly positively charged and structurally 

flexible, is driven through the membrane by the transmembrane potential. Meanwhile, the 

tryptophan residues located in the N-terminal region of the β-peptide, which is structurally flexible, 

are positioned either within or near the outer membrane interface. Figure taken from Jon Nissen-
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Figure I.20. Selected bacteriocins produced by L. gasseri, L. reuteri, L. rhamnosus, L. acidophilus, 

L. jensenii, L. iners, L. crispatus, L. ruminis, L. plantarum and L. salivarius. Black square 

corresponds to the presence of the bacteriocin or a homolog in at least one strain of the 

corresponding species. This table was built using the available literature and primary amino acid 

sequence analysis (blastp) on NCBI (https://www.ncbi.nlm.nih.gov/). Bacteriocins with high 

degree of homology between species are represented by an asterisk (*1: L. reuteri - reutericin 6; 

*2: L. acidophilus - AciA; *3 and 4: L. crispatus – two helveticin-like proteins). .......................... 50 

Figure I.21. EPS gene cluster organization of L. reuteri (two clusters), L. gasseri, L. acidophilus, 

L. rhamnosus, L. plantarum and L. salivarius strains selected from the analysed cohort of Dipti 

Deo et al., 2019[242]. Note that gene clusters are composed of different genes, number of genes, 

and the overall organization of the cluster is completely different, which could originate distinct 
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EPSs. The number in front of the cluster indicates the cluster genomic location. Adapted from 

Dipti Deo et al., 2019[242]. .......................................................................................................... 54 

Figure I.22. (A) Heat map representing the similarity between the EPS gene clusters of the strains 

L. gasseri ATCC 33323, L. reuteri ZLR003 L. reuteri I5007, L. rhamnosus ATCC 8530, L. 

acidophilus NCFM, L. plantarum WCSF1 and L. salivarius CICC23174 with the EPS genes 

present in the representative genomes of L. gasseri, L. reuteri, L. acidophilus, L. jensenii, L. iners, 

L. crispatus, L. ruminis, L. plantarum and L. salivarius deposited in the NCBI. Colour represents 

the identity of the best-hit protein in the representative genome of the species in the x-axis. Low 

identity proteins are in green while similar proteins are in red. (B) Schematic representation of the 

presence of the EPS cluster proteins of L. gasseri and L. reuteri in the EPS cluster of the 

remaining species. Cross indicates no protein homologous while green check mark indicates 

proteins with high degree of homology. Proteins were considered highly similar when their identity 

was above 80% and with a p-value under 10-20 accordingly to the blastp results. Protein 

sequences were obtained from the work of Dipti Deo et al., 2019[242]. .................................... 56 

Figure I.23. Model proposed by Alonso-Roman et al., 2022 of the survival adaptations of C. 

albicans in the presence of L. rhamnosus during intestinal epithelial cells (IECs) infection. Data 

was gathered from in silico, metabolomics, and transcriptomic approaches. Green pathways 

indicate increased expression and red pathways indicate decreased expression, while grey 

pathways were not significantly changed in the presence of L. rhamnosus. Figure taken from 

Raquel Alonso-Roman et al., 2022[398]. .................................................................................... 58 

Figure I.24. Gene networks of gene ontology (GO) terms and up-regulated genes in dual-species 

biofilms of C. albicans and L. crispatus. (A) GO terms of C. albicans genes differentially regulated 

after 24h; (B) Biological functions of up-regulated genes of C. albicans in dual-species biofilms 

considered relevant for adaptation to L. crispatus; (C) Log2 fold change of genes identified by the 

authors to be important for the growth of C. albicans in the presence of L. crispatus. Figure taken 

from McKloud et al., 2021[140]. .................................................................................................. 59 

Figure II.1. Cellular viability of C. glabrata, C. albicans and L. gasseri along single or co-cultivation 

in MRS medium. After inoculation, cells of C. albicans (○,●), C. glabrata (○,●) or L. gasseri 

(◻︎,◼︎) were cultivated at 37oC and 100 rpm for 96h with the growth of the different species being 

accompanied based on cellular viability, as detailed in materials and methods. Filled symbols 

correspond to the samples taken during single-species cultivation while open symbols 

corresponds to the samples taken during co-cultivation. Statistical significance was calculated 

using one-way ANOVA (*p-value below 0.1; **p-value below 0.01; ***p-value below 0.001; ****p-

value below 0.0001). ................................................................................................................... 70 

Figure II.2. (A) Biofilms formed by L. gasseri, C. albicans and C. glabrata during single or co-

cultivation in MRS, as detected by scanning electron microscopy. The biofilms were obtained 

using the same conditions described in materials and methods, with the exception that was used 

5 mL-polystyrene plates instead of the 8 mm plates used in the fluorescence microscopy imaging. 

These images were obtained after 24h of cultivation at 37ºC and 25 rpm using a magnification of 

2000x to 35000x over the dried biofilms. For the sake of facilitating identification of cells, in the 
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last column, the yeast cells were labelled in yellow, while the bacterial cells were labelled in blue. 

(B) Image obtained at the nanoscale clearly shows the close cell-cell contacts established 

between L. gasseri and C. glabrata. The image is representative of others also found while 

examining the imaged field. ......................................................................................................... 71 

Figure II.3. (A) Live/dead imaging of cells in single-species or in mixed biofilms formed by L. 

gasseri, C. albicans or C. glabrata after 24h of cultivation, at 37oC and 25 rpm, in MRS. The insert 

details the labelling of the dead yeast cells while in the mixed biofilms. The images presented are 

representative of a set taken from the biofilms in three replica experiments performed; Candida 

spp. single and mixed biofilms scale bar corresponds to 75 μm while L. gasseri single biofilm 

scale bar corresponds to 25 μm; (B) Quantification of the number of dead Candida cells in the 

single-species or in the multi-species biofilms formed, based on quantification of the number of 

red-labelled yeast cells in all pictures taken from the biofilms, compared to the total number of 

Candida cells in the field (corresponding to green-labelled cells). For this quantitative analysis, 

more than 1000 yeast cells were imaged in each condition. Statistical significance was calculated 

using one-way ANOVA (*p-value below 0.1; **p-value below 0.01; ***p-value below 0.001; ****p-

value below 0.0001). ................................................................................................................... 73 

Figure II.4. L. gasseri reduces the adhesion of C. glabrata and C. albicans to vaginal epithelial 

cells. Columns represent the colony forming units (CFUs) of Candida spp. and L. gasseri adhered 

and non-adhered to vaginal epithelial cells in single and co-cultivation. Cultivation was performed 

at 37°C under 5% CO2 for 3 hours. Statistical significance was calculated using one-way ANOVA 

(*p-value below 0.1; **p-value below 0.01; ***p-value below 0.001; ****p-value below 0.0001). 74 

Figure II.5. (A) Variation of medium pH during cultivation of L. gasseri (◻︎,◼︎) in MRS, alone or in 

combination with C. glabrata or C. albicans (○,●), under the same conditions as those used to 

obtain the growth curves shown in Figure II.1. In panel (B) the variations in the ratio of lactate/ 

lactic acid (LA) and acetate/acetic acid (AA) are shown along the single-species or co-cultivation 

settings, as estimated by the Handerson-Hasselbach equation and using the pHs determined in 

panel A, a pKa of 3.86 for lactic acid and a pKa of 4.76 for acetic acid. Filled symbols correspond 

to the samples taken during single-species cultivation while open symbols correspond to the 

samples taken during co-cultivation. The results presented are representative of, at least, three 
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Figure II.6. The acetate present in MRS medium potentiates the inhibitory effect of L. gasseri 

over C. glabrata cells. (A) Cellular viability and medium pH during single or co-cultivation of C. 

glabrata (○,●) with L. gasseri (◻︎,◼︎) in MRS medium having 60 mM sodium chloride as the 

sodium source (instead of the normally used sodium acetate). The cells were cultivated, alone or 

in the presence of each other, in the same conditions described in Figure II.1. Filled symbols 

correspond to the samples taken during single-species cultivation while open symbols correspond 

to the samples taken during co-cultivation.; (B) Cellular viability of C. glabrata and L. gasseri after 

96h of cultivation, in single-culture or in co-culture, in MRS media having increasing 

concentrations of acetate. Note the decreasing viability of the yeast cells as the concentration of 

acetate increases. The results shown in this panel concerning the cellular viability of the different 
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microbial species were taken from the full growth curves that are shown in Annex Figure II.5. 

Statistical significance of the differences found in the presence or absence of acetate was 

calculated using one-way ANOVA (*p-value below 0.1; **p-value below 0.01; ***p-value below 

0.001; ****p-value below 0.0001). ............................................................................................... 78 

Figure II.7. Effect of acetate on the capability of L. gasseri to induce loss of C. glabrata cellular 

viability in mixed biofilms. Biofilms formed by L. gasseri and C. glabrata after 24h of single or co-

cultivation in MRS medium with increasing amounts of acetate at 37ºC and 25 rpm were imaged 

by fluorescence confocal microscopy to distinguish between live and dead cells, as detailed in 

materials and methods. The pictures presented are representative of a cohort obtained in three 

independent replicas and that were used to quantify the number of dead C. glabrata cells (labelled 

in red) compared to the total number of C. glabrata cells in the field (labelled in green and 

distinguishable from the bacterial cells based on their yeast-like morphology). All scale bars 

corresponds to 100 μm. The result of the quantification is shown in the chart presented at the 

right. The data presented concerning the number of C. glabrata cells in mixed biofilms formed in 

MRS having 60 mM acetate is the one shown in Figure II.3. Statistical significance of the 

differences obtained in the number of dead yeast cells in the different conditions was calculated 

using one-way ANOVA (*p-value below 0.1; **p-value below 0.01; ***p-value below 0.001; ****p-

value below 0.0001). ................................................................................................................... 79 

Figure III.1. Cellular viability of C. glabrata and L. gasseri along single or co-cultivation in MRS 

medium. After inoculation, cells of C. glabrata (○,●) and L. gasseri (◻︎,◼︎) were cultivated at 37oC 

and 100 with the growth of the different species being accompanied based on cellular viability, as 

detailed in materials and methods. For total RNA extraction cells from single and co-cultures were 

collected at the time points highlighted by the black arrows (2 and 8 hours growth). Filled symbols 

correspond to the samples taken during single-species cultivation while open symbols correspond 

to the samples taken during co-cultivation. Statistical significance was calculated using one-way 

ANOVA (*p-value below 0.1; **p-value below 0.01; ***p-value below 0.001; ****p-value below 
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Figure III.2. Differentially expressed genes of C. glabrata and L. gasseri at 2 and 8 hours of 

growth at 37oC and 100 rpm between single and co-cultivation. Gene differential expression was 

determined using the single-culture as control. ........................................................................... 94 

Figure III.3. (A) Volcano plots of the differentially expressed genes (log2(FC)) of C. glabrata and 

L. gasseri after 8h of growth in MRS at 37oC and 100 rpm. Each dot represents a single gene and 

the red dots are the up-regulated genes while the green dots are the down-regulated genes in co-
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Cluster analysis of the samples genomic expression. Clustering was performed based on FPKMs, 

where log2(FPKM) was used. The red colour represents genes with higher expression, while the 

green colour represents genes with lower expression. Different columns represent different 
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Figure III.4. Venn diagram of the up-regulated and down-regulated genes of C. glabrata and L. 

gasseri at 2 and 8 hours of growth in co-cultivation. Growth was performed in MRS at 37oC and 
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100 rpm. In blue is represented the DEG of both species after 2h of co-cultivation, while in yellow 

is represented the DEG after 8h of co-cultivation. Intersections represent genes that are 

simultaneously up-regulated or down-regulated at different growth stages. Diagram was made 

using Venny 2.1.0. The list of genes used to construct the Venn diagrams is in Annex Table III.4. 

Abbreviations: aa – amino acid; OSR – oxidative stress response; MFS – major facilitator 
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Figure III.5. Heatmap of the DEGs of C. glabrata and L. gasseri that were simultaneously 

identified at both cultivation time points. Green genes were found to have a negative fold-change 
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2 hours and down-regulated at 8 hours and vice-versa. COGs of each gene are also indicated. 

The list of genes used to construct the heat map is in Annex Table III.5. .................................. 98 

Figure III.6. Cluster of orthologous groups (COGs) of the DEGs at 2 and 8 hours of C. glabrata 

and L. gasseri in co-cultivation compared with the respective single-cultures. Among the genes 
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and biogenesis while most genes of L. gasseri were attributed to carbohydrate transport and 

metabolism. However, for many of the DEGs was not possible to determine their COG annotation 

(Function Unknown). COG classification for each gene is given in Annex Table III.6. ............. 100 

Figure III.7. Growth, in the presence and absence of L. gasseri, of single deletions mutants of C. 

glabrata devoid of genes that were up-regulated after 2 hours (Cg∆CAGL0L03828g, 
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Figure III.8. Gibson assembly strategy used to construct the L. gasseri single deletion mutants. 

For this was used the plasmid pCMPG10205 with the resistance markers for erythromycin and 
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biological function. Note that some biological functions are either up or down-regulated 

simultaneously. The list of DEGs used to construct this model is described in Annex Table III.4.
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Figure IV.1. HOG signalling pathway architecture in S. cerevisiae. The two signalling branches 

(SHO1 and SLN1) converge to phosphorylate the protein Pbs2 which directly regulates the Hog1 
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Figure IV.2. Schematic representation of the PCR strategy used for the amplification of the 

upstream and downstream barcodes of each single deletion mutant of C. glabrata. First PCR was 

used to amplify the barcodes and add an adapter to be served as binding site for the second PCR 

(black square). In the second PCR was added the Illumina adapter required for sequencing (blue 
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Figure IV.3. Experimental design used for the competitiveness screening, in planktonic conditions, 

of the C. glabrata mutant collection in the presence of L. gasseri. Individual mutants were pooled 
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Figure IV.4. PCR strategy used for barcode amplification of the mutants belonging to the five 
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Figure IV.6. C. glabrata genes required for competitiveness against L. gasseri in biofilm forming 

conditions. Growth was performed at 37oC and 100 rpm for 24 hours. This data was obtained 

from 4 individual replicates for both upstream and downstream barcodes of each mutant. 

Competitiveness genes were identified based on their relative abundance in single cultivation 

(similar to the WT) and in co-cultivation with L. gasseri (more or less barcode abundance 

compared with the WT) using one-way ANOVA. Each dot corresponds to a single deletion strain. 
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Figure IV.8. (A) Live/dead imaging of cells in single-species or mixed biofilms formed by L. 
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number of cells in the field (corresponding to green-labelled cells). For this quantitative analysis, 

more than 1000 cells were imaged in each condition. Statistical significance was calculated using 
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Figure IV.9. Susceptibility of C. glabrata mutant strains to the presence of L. gasseri in biofilm 

forming conditions. Growth was performed at 37oC and 25 rpm for 24h to allow biofilm formation. 
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strain, while mutant group 2 was built in the background strain ∆his3. The respective WT strain 
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independent replicas. The selection of the susceptible deletions strains to be tested was based 

on the screening assay using propidium iodide. Statistical significance was calculated using one-

way ANOVA (*p-value below 0.1; **p-value below 0.01; ***p-value below 0.001; ****p-value below 
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I.1. Overview 

The idea that to function properly the human body depends not only on the way by which 

its highly specialized cells interact and communicate with one another, but also from their 

interaction with a vast cohort of microorganisms that co-colonizes the different niches, is a hot 

topic in nowadays research. This large set of microorganisms, along with their genetic content, is 

commonly known as the human microbiota and consists of millions of bacterial, archaeal, and 

small eukaryotic species along with viruses[1]. With the prominent advances in the development 

of metagenomics, it has been possible to show that these microbial communities are complex 

and comprise many more species than those first believed to serve as human colonizers. With 

this metagenomics-derived data it has been possible to estimate the abundance of these 

microbial populations as being around ten-fold higher than the abundance of human cells[2]. In 

this context, humans can be seen as holobionts, that is, “super-organisms” composed of a 

complex interplay between human cells and commensal microbes that co-evolved and 

established close relationships that shape homeostasis[3]. The composition of the individual 

microbiome is diverse and reflects not only traits associated with the genetic portrait of each 

individual, but also “environmental” factors, out of which diet has probably been the one most 

studied[4-6]. Evidence to date suggests that long-term diets shape the individual gut microbiome, 

however, a sufficiently extreme short-term dietary change can also cause prominent changes in 

the gut microbiomes and people sharing diets can show remarkable resemblances of their 

microbiomes within days[4-7]. The use of antibiotics has also been found to have a strong effect 

in modulating the gut microbiome with certain species being more affected than others, possibly 

due to differences in their growth phase or metabolic state[8]. Other important factors found to 

influence the microbiome include those that directly impact lifestyle such as sleep deprivation[9], 

stress[10], occupation[11], sexual activity[12], ownership of a pet[13], or regular physical 

exercise[14]. Despite these changes prompted by the environment in the overall microbiome 

composition, it is becoming increasingly clear that certain species or genera can establish 

colonization, being consistently found in different individuals of the same population. The 

consistent identification of these species may result from them having evolved specific adaptive 

responses that allowed them to thrive in these variable conditions, probably due to years of co-

evolution in association with the host. In most cases, the molecular players underpinning these 

adaptive responses remain to be characterized, a reflection of the poor knowledge gathered on 

the biology and physiology of most of these indigenous human colonizing microbial species. 

One of the aspects that has been more intensely scrutinized is how changes in the 

microbiome impact health, with evidences accumulating that the imbalance of microbial 

communities (a condition also known as dysbiosis) can lead to the dysregulation of bodily 

functions and development of heart, respiratory or liver diseases or cancer (reviewed in Kaijian 

Hou et al., 2022) (Figure I.1)[15]. 
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Figure I.1. The human microbiota contributes to the health of various human host niches. Reduction in the 
abundance of health associated microbiota species leads to a state of dysbiosis and the increased risk of 
developing diseases, including cancer, hypertension, inflammation bowel disease, diabetes, and asthma 
among many others. Figure taken from Kaijian Hou et al., 2022[15]. 

This thesis will specifically address the potentially protective effect of Lactobacillus 

species in the vaginal (with emphasis on L. gasseri) and intestinal (with emphasis on L. reuteri) 

tracts. Thus, in the introduction, it is provided a general overview of the microbial diversity 

observed in the vaginal and intestinal tracts, after which are described relevant aspects of 

physiology, molecular biology, and genomics of L. gasseri and L. reuteri due to the central role of 

these species in this thesis. The focus of the project is the exploration of the lactobacilli species 

in preventing infections caused by yeasts of the Candida genus, significant vaginal pathogens. 

Consequently, aspects related to the pathogenesis of infections caused by Candida (with a focus 

on vaginal candidiasis), as well as the state-of-the-art regarding the use of probiotics for the 

treatment of vaginal candidiasis will be addressed. Finally, known or proposed mechanisms 

regarding the ecological interaction established between lactobacilli and Candida will be reviewed, 

including those potentially responsible for the yeast’s inhibition. 
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I.2. The diversity across the human microbiome 

The organisms that comprise the human microbiota colonize various anatomical sites 

such as the skin, the gastrointestinal tract, the respiratory tract or the urogenital tract[3, 16-23]. 

The characterization of the colonizing species was in the past limited by the incapacity of culturing 

a great number of species in the laboratory. Nonetheless with the development of culture-

independent methods, for example metagenomics (e.g., 16S or ITS sequencing), our ability to 

identify microbial species greatly increased by removal of the culture step and simply identifying 

them based on the presence of their genetic material in the biological sample. Additionally, 

culture-dependent methods or “culturomics” have been thoroughly optimized to obtain more 

information regarding human-colonizing microbial species. That has been boosted by the 

development of more suitable culture media, coupled with improved mass spectrometry (MS) 

techniques that can accurately (and rapidly) identify microorganisms with matrix-assisted laser 

desorption ionization time-of-flight (MALDI-TOF), allowing a rapid screening of large numbers of 

colonies[24]. Despite these advances, culture-dependent methods are still intrinsically unable to 

detect “non-cultivable” organisms and have a huge workload, compared with culture-independent 

methods. The latter has, however, the disadvantage of missing less abundant species. Thus, to 

have a more comprehensive view of the human microbiota, the optimal approach would be to use 

both culture-dependent and independent methods benefiting from a cooperative approach. 

Taking advantage of these approaches was possible to characterize the human microbiota to 

what we know currently, showing that the human host is highly populated by members of the 

Actinobacteria, Bacteroidetes, Firmicutes, and Proteobacteria phyla (Figure I.2).  

The human mouth was found to consist of hundreds of species belonging to the phyla 

Actinobacteria, Bacteroidetes, Firmicutes and Proteobacteria, including species from the genera 

Streptococcus, Granulicatella, Gemella, Actinomyces, Rothia, Veillonella, Fusobacterium, 

Prevotella, Porphyromonas, Capnocytophaga, Neisseria, Eikenella, Leptotrichia and 

Eubacterium[25-27]. In the gut, most likely the more often studied microbiome, there is a greater 

variety of species, with some being considered endogenous, while others are just transient 

passengers resulting from food ingestion. Streptococcus, Lactobacillus, Prevotella, Clostridium, 

Veillonella, Staphylococcus, Bacteroides, Clostridium, Bifidobacterium and Ruminococcus are 

the genera more commonly identified[28-39]. In the respiratory tract, the more commonly found 

species belong to Streptococcus genera, followed by Corynebacterium diptheriae, 

Staphylococcus aureus, Haemophilus influenza, Mycobacterium tuberculosis, Bordetella 

pertussis, Klebsiella spp., Neisseria meningitides, Mycoplasma pneumonia, Pseudomonas 

aeruginosa, Moraxella spp. along with Adenovirus, Rhinovirus and Influenza viruses[40, 41]. The 

most abundant colonizers of the skin are Staphylococcus, Propionibacterium and 

Corynebacterium species[17, 42, 43], however, studies have shown that the skin microbiota is 

hugely dependent of the skin region examined[42, 44]. For instance, Propionibacterium spp. 

dominate sebaceous areas such as the forehead, retro-auricular crease and back, whereas 

Staphylococcus and Corynebacterium species dominate moist areas like the axillae[42, 44]. The 
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most commonly isolated species from the genitourinary tract are those belonging to Lactobacillus, 

Corynebacterium, Gardnerella, Staphylococcus and Prevotella species[22, 45-50]. Interestingly, 

bacterial species belonging to the Streptococcus, Prevotella, Staphylococcus, and Lactobacillus 

genera, are found in niches that have very different characteristics (as highlighted in Figure I.2), 

reflecting what can be a great adaptability to colonize and thrive in the human host (e.g., L. gasseri 

is found in the vaginal and intestinal tract). It is also important to mention that identification of true 

endogenous species of the human microbiome is a complex subject due to interfering effects 

caused by the ingestion of food (e.g., in the gastrointestinal tract) or simply by direct physical 

contact with the environment (e.g., the skin). Thus, the scientific community have considered true 

colonizers of the human host species that are consistently identified in most individuals while 

species that are not constantly identified are considered transients organisms.  

 

Figure I.2. Overview of the human host microbiota. Commonly found genus of bacteria (in red) and fungus 
(in blue) in the nose[51-55], mouth[25-27, 56-59], lungs[60-65], skin[17, 42, 43, 66-68], stomach[37, 69], 
gut[28-39], urethra/bladder[45-48, 70], and vagina[22, 49, 50, 71-74] of the healthy human host. Note that 
several genera, including Streptococcus, Prevotella, Lactobacillus and Candida are isolated from different 

niches. This figure was built using information to the genus level. 

While the human microbiome has been fully investigated, the mycobiome, which 

corresponds to the fungal species that colonize the human host is substantially less studied, along 

with potential functional impacts on the host[74-76]. Bacterial cells vastly outnumber fungal cells, 

however, there are a significant number of fungal species in the gut[75], vagina[74], skin[77], 

mouth[59] and even in the lungs[76] (Figure I.2); with some of them only being detected with non-

culture-based techniques (including amplification of ITS1, ITS2 or 18S rRNA regions[78, 79]). 

However, the cost of sequencing required to identify fungi in samples that are dominated by 

bacteria is a considerable obstacle, because it requires a higher depth of sequencing. 
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Nonetheless, the efforts in characterizing the human host mycobiome have determined a core of 

eukaryotic microorganisms in various human host niches (Figure I.2). The most usually 

encountered fungal species in the human host are those belonging to the Candida, Cryptococcus 

and Saccharomyces genera. In the mouth were commonly identified species belonging to 

Candida, Cryptococcus, Malassezia and Saccharomyces[56-59], while in the stomach only 

Candida and Phialemonium were detected[69]. The gut is, on the other hand, colonized by 

members of Saccharomyces, Candida, Aspergillus and Cryptococcus, with some reporting the 

presence of Fusarium and Malassezia[32-35]. However, there is a possibility that not all these 

species are true endogenous species of the gut since fungi are typically used in production of 

foods and beverages whose ingestion can cause confusion. Malassezia, Aspergillus, 

Cryptococcus and Cladosporium[53-55] were found in the nasal cavity, while in the lungs were 

encountered members from the genus Candida, Aspergillus, Penicillium, Cryptococcus and 

Cladosporium[63-65]. The skin is dominated by Malassezia, Candida and Cladosporium[66-68], 

however, this can be influenced by the direct contact with the environment since some of these 

species are also frequently found in the surfaces of many objects. Finally, in the genitourinary 

tract, were identified both in the urine and in the vagina Candida and Saccharomyces species[49, 

70-74]. Like it was observed for bacteria, some fungal genera, including Candida and 

Cryptococcus are identified in various niches such as Candida that is commonly identified in 

vaginal, oral and intestinal samples while Cryptococcus are present in various oral, gut and 

respiratory tract samples (Figure I.2). Such ability of Candida spp. to colonize various human host 

niches is intrinsically related with their capability to adhere and invade host cells, undergo 

morphological transitions, form biofilms, and the presence of specific metabolic and fitness traits 

that confers them an advantage in the human host niches. These traits enable its survival in a 

variety of conditions and stresses, including low pH, temperature, other microbiota and immune 

system, among others, resulting in their persistence in various niches, that includes the mouth[58, 

80], respiratory tract[65, 76], gastrointestinal tract[33], urogenital tract[49, 81], skin[77, 82] and 

even the bloodstream[83]. 

Despite the perceived beneficial impact of microbial homeostasis as an important 

contributing factor for health, several of the identified bacterial and fungal species belonging to 

microbiome or mycobiome of a given niche also have recognized potential to cause infection. 

This is, for example, the case of Staphylococcus species that have the potential to cause sepsis, 

pneumonia, osteomyelitis, endocarditis or soft tissue infections[84]; or of Candida spp. that are 

capable of causing both mucosal and systemic infections[85-89]. The ability of these fungi to shift 

from harmless commensals to pathogens can be linked with the immune system activity of the 

host and, even more importantly with the interspecies interaction between other members of the 

microbiome which can restrict the activity of the potential pathogens resulting in reduced 

pathogenicity. This aspect further increases the interest in studying the ecological interaction 

between species of the microbiome and mycobiome and also the interactions that these 

organisms establish with human cells. This intertwined interaction could be responsible for the 
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pathobiont behaviour of these species, contributing to a state of health or the dissemination of 

species able to induce disease. 

I.2.1. The female vaginal microbiome 

The mucosal lining of the upper genital tract (endometrium, endocervix, and Fallopian 

tubes) is made up of a single layer of columnar epithelial cells, while the mucosa of the lower 

genital tract (vagina and ectocervix) is comprised of a stratified squamous non-keratinized 

epithelium[90]. The mucosal surfaces are covered with a mixture of cervical mucus and vaginal 

transudate called cervicovaginal secretion (CVS) and are colonized by a complex cohort of 

microorganisms[90, 91]. Thus, epithelial cells, mucosal secretions, and microbiota are all key 

components responsible for maintaining vaginal health functioning as a physical, biochemical, 

and biological barrier against pathogens. Due to the limitations of culture-based approaches, the 

characterization of the vaginal microbiota in recent years has been studied using culture-

independent methods. These molecular techniques, including sequencing of 16S rRNA[92, 93] 

and quantitative PCR[94, 95] proved crucial for the exhaustive characterization of the vaginal 

microbiome. Regardless of the detection methodology used, studies suggest that the healthy 

female vaginal microbiome is characterized by a dominance of lactobacilli species including 

Lactobacillus iners, Lactobacillus crispatus, Lactobacillus jensenii, and Lactobacillus gasseri 

being the most abundant[96-98]. An array of facultative and strictly anaerobic species belonging 

to the genera Atopobium, Corynebacterium, Anaerococcus, Peptoniphilus, Prevotella, 

Gardnerella, Sneathia, Eggerthella, Mobiluncus or Finegoldia, were also found in the vaginal 

microbiome[22, 91, 99]. Verhelst et al., 2005 was one of the first studies dividing the vaginal 

microbial community into four types: type 1, defined as the “normal” microbiota consisting of 

communities dominated by L. crispatus, L. jensenii, L. iners and L. gasseri; type 2, dominated by 

L. iners, L. gasseri, L. crispatus, Atopobium vaginae, Gardnerella vaginalis, Actinomyces neuii 

and Peptoniphilus; type 3, characterized by the presence of BV-associated species; and type 4, 

characterized by a variety of Streptococcus species[92]. More recently, an extensive study 

undertaken by Ravel et al., 2011, evaluated the types of bacterial communities that dominate the 

vaginal environment in 396 asymptomatic North American reproductive-age women representing 

four ethnic groups (white, black, Hispanic, and Asian). The authors distributed these microbiomes 

into five different community state types (CSTs), or groups (Figure I.3). These communities were 

dominated by L. crispatus, L. gasseri, L. iners, L. jensenii or formed a polymicrobial community 

associated with bacterial vaginosis-associated bacteria[21, 22]. Despite groups I, II, III and V were 

always enriched in Lactobacillus spp., the dominant species varied being L. crispatus, L. gasseri, 

L. iners and L. jensenii, respectively[22]. In contrast, group IV was enriched in species belonging 

to Prevotella, Megasphaera, Atopium and Sneathia (Figure I.3), associated with BV[22].  
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Figure I.3. Heatmap of percentage abundance of microbial taxa found in the vaginal microbial communities 
of 394 reproductive-age women. Samples were grouped in five different community states (CSTs) or groups. 
Group I, II, III and V were enriched in L. crispatus, L. gasseri, L. iners and L. jensenii, respectively, while 
group IV was dominated by a polymicrobial population containing mostly Prevotella, Megasphaera, Atopium 
and Sneathia. Figure taken from Ravel et al., 2011[22]. 

Similar results were obtained by Drell et al., 2019 while characterizing the vaginal 

microbiome of 494 asymptomatic reproductive-age Estonian women, revealing a distribution of 

communities across 5 major groups with a clearly distinct diversity and composition, 

demonstrated by the principal components analysis (PCA) plot shown in (Figure I.4)[49]. The 

authors reported that lactobacilli were one of the most abundant members in all groups, although 

high predominance of members of the Gardnerella genus was also observed in some community 

groups[49]. These communities were distributed in: i) Groups I and II, highly enriched in L. iners; 

ii) groups III and IV, dominated by L. crispatus; iii) group V, not dominated by Lactobacillus but 

rather by a polymicrobial population enriched in Gardnerella, Atopobium and Prevotella[49], 

corroborating what has been previously described[22]. 
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Figure I.4. PCA plot clustering the vaginal bacterial communities. Vaginal communities were clustered in 
five groups dominated by L. iners (group I and II), L. crispatus (groups III and IV) and a polymicrobial 
population (Group V). Samples clustered in group 0 were not characterized by any specific community type. 

Figure taken from Drell et al., 2019[49]. 

As occurs with microbiomes from other sites, the vaginal microbiome has been much 

more characterized in terms of its bacterial species, while less attention has been given to the 

mycobiome. Nonetheless, more recent studies advanced such characterization showing that the 

mycobiome is dominated by Ascomycota species (such as Candida albicans, Candida glabrata, 

Candida tropicalis or Saccharomyces cerevisiae), with Basidiomycota and Oomycota species 

also being detected, but at much lower abundances[49, 81]. Candida species deserve, in this 

context, a special attention due to their well-known ability to trigger infections of the vaginal tract, 

as it will be further dissected in the section of this introduction that is dedicated to candidiasis. A 

distinguishing aspect of the pathophysiology of Candida, compared with other human-infecting 

fungi, is that these species are part of the microbiota of various niches, even in the absence of 

disease[75, 100, 101]. Indeed, C. albicans has been identified as a true gut symbiont based on 

its consistent identification in resident microbial populations of this niche[75, 100]. Despite 

Candida spp. have been identified in the vaginal mycobiome of “healthy” women, using both 

culture-dependent and independent methods[101-103], these yeasts are not ubiquitously 

observed in all samples suggesting that the presumed “healthy” women could be asymptomatic 

carriers and leaving open whether or not the vaginal tract is a primary site of colonization of 

Candida or if their identification results from a translocation of these organisms from the gut[100, 

104, 105]. 

The vaginal environment is a complex and dynamic ecosystem continuously affected by 

fluctuations moved by changes in nutrient availability, pH, diet, pregnancy, hormones and 

exercise, for example[106-108]. The vaginal mucosa acquires oxygen, glucose, and other 
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nutrients from underlying submucosal tissues through diffusion, nonetheless, due to the limited 

blood supply this results in an anaerobic microenvironment that favours a complex microbial 

community that persists in a symbiotic relationship with the host[109]. In addition to the 

environmental factors abovementioned, choice of contraception[110], use of personal hygiene 

products or medications[111], the presence of sexually transmitted diseases[112], as well as 

numerous factors related to sexual behaviours (age at which sexual activity begins, frequency of 

sex, number of sexual partners, specific sexual practices engaged in, and even the introduction 

of semen) contribute for the regulation of the vaginal microbiota[111]. On top of that, fluctuating 

levels of hormones during lifetime are also crucial for the modulation of the vaginal ecosystem. 

Age is intrinsically associated with the estrogen concentration in the vagina which is significantly 

lower in the premenarchal and menopause compared with the reproductive years[113]. Before 

the first menstruation (premenarcheal), young women were found to be highly colonized by 

diphtheroids, Staphylococcus epidermidis, α-hemolytic streptococci and Escherichia coli[114-

117]. Interestingly, lactobacilli were isolated most frequently from older girls while enteric 

organisms were isolated most frequently from younger girls, suggesting that lactobacilli 

colonization could be age associated[114-117]. During puberty, approximately 70% of young 

women exhibited the presence of Lactobacillus spp., with sexually active adolescents having 

nearly double the likelihood of carrying a higher concentration of lactobacilli compared to their 

non-sexually active counter-partners[118]. During reproductive age, women have high amounts 

of estrogen and their vagina is colonized, as stated, mostly by lactobacilli. In the menopause, 

women suffer a reduction in estrogen production, resulting in drying and atrophy of the vaginal 

epithelium[119]. Reduction in estrogen greatly affects the vaginal environment resulting in the 

depletion of lactobacilli and subsequent rise in vaginal pH because of the reduced production of 

lactic acid[120]. These changes promote the growth of pathogenic bacteria, particularly 

colonization by enteric species[113]. In fact, it was reported that only 46.3% of postmenopausal 

women had Lactobacillus-dominated populations[121]. Although nearly half of the 

postmenopausal women retained colonization with lactobacilli, it was observed that their 

concentrations were 10 to 100 times lower than those observed in women of reproductive age[121, 

122]. Interestingly, when postmenopausal women were subjected to hormonal treatment, such 

as the administration of estrogen, a reduction in the vaginal pH was observed, concomitant with 

an increase of the lactobacilli abundance, reinforcing the important role of estrogen in shaping 

the vaginal microbiota[119, 120, 122]. Such role of hormones in modulation of the vaginal 

microbiota was also reported in association with the use of hormonal contraceptives. In specific, 

the use of estrogen-containing contraceptives resulted in a decreased risk of bacterial vaginosis 

(BV) recurrence and increased concentrations of Lactobacillus in the vagina[123, 124], 

corroborating the previous evidence that estrogen favours a vaginal microbiome dominated by 

Lactobacillus[21, 125, 126]. Another factor that could influence the vaginal microbiota is 

menstruation. Although it is generally accepted that it has a strong influence on the stability of the 

vaginal ecosystem, reports have shown conflicting results. Some studies have reported that 

during menstruation Lactobacillus spp. tended to decrease in abundance and Streptococcus spp., 
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Peptostreptococcus spp., and Anaerococcus spp. tended to increase, suggesting that 

microbiome diversity increases during menses, concurrent with a decrease in Lactobacillus 

abundances at the genus level[106]. Differently, other studies show that the vaginal microbiome 

of most women remained relatively stable throughout the menstrual cycle, typically dominated by 

L. crispatus, L. iners, and L. jensenii with little variation in diversity and only modest fluctuations 

in species richness[127].  

Vaginal dysbiosis results from the disruption of the usual microbial communities 

established in the vagina and is, if not treated, associated with several gynaecological diseases, 

such as pregnancy loss, preterm labour, and low conception rates[128, 129]. Vaginal dysbiosis is 

usually accompanied by a change in the vaginal pH, caused by a reduction of the lactic acid 

produced by lactobacilli species[130]. Indeed, vaginal health has been well linked with a 

lactobacilli-enriched microflora (predominantly in L. crispatus, L. gasseri L. jensenii, or L. iners[22, 

49, 98]) that is associated with absence of vaginal symptoms, lower risk of infections and good 

pregnancy outcomes[92, 130, 131] (Table I.1). Thus, dominance by Lactobacillus spp. of the 

vaginal microbiome is a useful biomarker for evaluating health and disease.  

The beneficial role of the lactobacilli-enriched microflora has been particularly well 

established for bacterial vaginosis (BV) (Table I.1). BV is a common vaginal dysbiosis among 

women of reproductive age, characterized by the overgrowth of opportunistic bacteria (e.g., 

Prevotella spp. and G. vaginalis) and decreased abundance of lactobacilli[132, 133]. Verhelst et 

al., 2005 was one of the first studies dividing the vaginal microbial community and correlating the 

lower abundance of Lactobacillus spp. with the presence of BV-associated species[92]. Later on, 

other studies substantiated these findings by linking the decrease in vaginal lactobacilli (in 

particular L. crispatus) with the increased prevalence of BV-causative species such as A. vaginae, 

Leptotrichia amnionii, Prevotella amii or Fusobacterium gonidiaformans[22, 93, 131]. Notably, 

these studies observed that L. iners was abundant in all women, including those who suffered 

from BV, while L. crispatus was almost exclusively isolated from healthy women[93]. This finding 

suggested that within Lactobacillus, not all species could contribute equally for health 

maintenance in the vaginal environment, as schematically represented in (Figure I.5).  
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Figure I.5. Model proposed by Petrova et al., 2015 for the composition of the vaginal microbiome during 
healthy and their transition to a dysbiosis state. Healthy women vaginal communities can be divided into 
different groups. Although the exact number of communities and their composition is still under study, most 
reports on this subject observed that L. crispatus, L. gasseri, L. iners and L. jensenii are predominant in 
healthy subjects while L. iners was associated with a transition from healthy to disease condition. Moreover, 
some of these studies identified a non-Lactobacillus-dominated VMB in various healthy individuals[21, 22, 
92, 110, 134]. Figure taken from Petrova et al., 2015[134]. 
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Table I.1. Example of studies associating the role of Lactobacillus spp. abundance with the development of vaginal infections. The table describes the samples, the designed 
methodologies, the disease or disease causing pathogen and the major findings of the study. Overall, the presence of Lactobacillus was found to be crucial for the health status 
of the vagina, suggested by differences in the bacterial communities of healthy (dominated by Lactobacillus) and diseased women. Abbreviations: BV – bacterial vaginosis; VVC 
– vulvovaginal candidiasis; CTI – C. trachomatis infection. 

Study Samples 
Design/Microbiota 

determination 
Pathogen/infection Major findings 

Rita 
Verhelst et 

al.[92] 

515 vaginal swabs from 
197 pregnant women 

Vaginal swabbed samples were 
smeared onto a glass slide and 

gram stained for bacterial 
identification. G. vaginalis and A. 
vaginae were further quantified 
using 16S rRNA amplification 

G. vaginalis and A. 
vaginae 

Bacterial communities characterized by the 
absence of L. crispatus have a higher risk of 

developing BV. 
A. vaginae abundance was associated with the 

development of VVC 

Ruben 
Hummelen 
et al.[131] 

132 vaginal swabs from 
Tanzanian women with 

HIV, including 39 
diagnosed with BV and 

treated with 
metronidazole 

Bacterial load of the vaginal 
samples was determined using 

PCR amplification of the V6 
sequence of the rRNA 

G. vaginalis, Prevotella 
bivia, Lachnospiraceae, 

multi-species 

The presence of L. crispatus was associated with 
a healthy pH<4.5, and a reduced risk of 

developing BV 

Sujatha 
Srinivasan 
et al.[93] 

220 vaginal swabs from 
women with (98) and 

without BV (122) (based 
on Amsel’s criteria) 

Bacterial load of the vaginal 
swabs of women with and with 

BV was compared and 
determined using pyrosequencing 

of 16S rRNA 

Megasphaera spp., L. 
amnionii, Sneathia 
sanguinegens, G. 

vaginalis and A. vaginae  

The presence of healthy associated L. crispatus 
was inversely correlated with the abundance of 

BV associated bacteria 

Camilla 
Ceccarani 
et al.[130] 

Vaginal swabs of healthy 
(21), BV (20), CTI (20) or 

VVC (18) diagnosed 
women 

Microbiome of women diagnosed 
with BV, CT or VVC were 

compared with healthy women. 
Bacterial load was determined 

using 16S rRNA gene sequencing 

Bacterial vaginosis (BV), 
Chlamidia trachomatis 
(CTI), and vulvovaginal 

candidiasis (VVC) 

Vaginal health was characterized by an 
abundance of lactobacilli. Development of CTI, 

VVC, and BV was accompanied by a reduction of 
L. crispatus and a progressive replacement by L. 

iners 

Carola 
Parolin et 

al.[135] 

Vaginal swabs of healthy 
(22), BV (19) and CTI 

(20) diagnosed women 

Vaginal bacterial communities 
were determined using 

VaginArray, a phylogenetic DNA 
microarray able to detect the 

most representative species of 
the human vaginal microbiota in 

eubisosis and dysbiosis 

C. trachomatis (CTI) 

CT infection was characterized by bacterial and 
metabolic signatures similar to a healthy 

condition, even though higher amounts of L. iners 
were observed. The abundance of L. crispatus 

was higher in asymptomatic CTI-positive patients 
than in women with CTI-correlated symptoms. 
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The protective effect of lactobacilli against other vaginal pathogens is far less clear. For 

example, in the case of vaginal candidiasis conflicting results had been published with some 

studies reporting no significant difference in the abundance of vaginal lactobacilli in women 

diagnosed with this infection[102, 136-138] while in others reduced densities of the Lactobacillus 

populations are reported[139]. As also suggested for bacterial infections, it has been shown that 

women suffering from Candida infections may have an overall similar abundance of lactobacilli 

compared with healthy individuals, but the predominant species is L. iners[130] and not L. 

crispatus or L. gasseri[101, 140]. Compared to these two species, L. iners was recently reported 

to lack a cysteine biosynthetic pathway and also a restricted repertoire of mechanisms for the 

uptake of this amino acid which can prompt a lower competitiveness over vaginal pathogens[141]. 

I.2.2. The intestinal microbiome 

The gastrointestinal tract (GIT) microbiome is a dynamic and functional interface between 

the external environment, the ingested food, and the human host. It changes spatially and 

temporally in relation to an individual health condition. The microbes that colonize the GIT can 

shift in composition as humans age, reaching the highest diversity during adolescence and 

adulthood[142]. During childhood and adolescence, the GIT microbiome is mostly composed of 

Bifidobacterium spp., Faecalibacterium spp., and species of the Lachnospiraceae family[142]. As 

humans age, microbial diversity increases steadily in healthy individuals[143, 144] to encompass 

species belonging to Bacteroides, Faecalibacterium and Bifidobacterium, together with aerobes 

or facultative anaerobes belonging to Enterobacter, Klebsiella, Enterococcus, Lactobacillus, 

Escherichia, and Proteus, usually less identified (Figure I.6)[16, 145, 146]. On top of the age factor, 

the microbial composition of the GIT also varies according to the anatomic site. Upstream jejunal 

samples showed an abundance of Streptococcus, Prevotella, Veillonela, Fusobacterium, 

Escherichia, Klebsiella, and Citrobacter[147] and as the small intestine progresses distally in the 

ileum, the microbial composition becomes more complex and starts to resemble those found in 

the colon concerning diversity and richness[148]. The colon is dominated by Bacteroidetes, 

Firmicutes, Verrucomicrobia, Proteobacteria, and Actinobacteria[39].  
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Figure I.6. Predominant genera determined by metagenomic analysis of the human gut belonging to 39 
faecal samples from six nationalities revealed that the gut is characterized by a great biodiversity while being 
dominated by the phyla Firmicutes and Bacteroidetes, and the genera Bacteroides, Faecalibacterium, and 
Bifidobacterium. Figure taken from Manimozhiyan Arumugam et al., 2011[16]. 

As denoted before, the distinction between true GUT symbionts and transient species 

(originating from the ingestion of foods) complicates the task of identifying a “core” gut 

microbiome[100, 149]. This is relevant in the case of lactic acid bacteria since many of these 

species are explored by the food industry to produce fermented foods. Despite this, efforts have 

been made to distinguish between endogenous and transient species where among the many 

Lactobacillus species found in the gut, L. gasseri, Limosilactobacillus reuteri (formerly 

Lactobacillus reuteri), Ligilactobacillus ruminis (formerly Lactobacillus ruminis) and 

Ligilactobacillus salivarius (formerly Lactobacillus salivarius) were considered true endogenous 

species due to their constant presence and the long-term colonization of this niche[150]. Besides 

these abovementioned species that are believed to be true gut symbionts, metagenomic analyses 

have also unveiled the presence of many other lactobacilli species, albeit in a more inconsistent 

manner among samples. Examples of these species are Lactobacillus acidophilus, 

Levilactobacillus brevis (formerly Lactobacillus brevis), Lacticaseibacillus casei (formerly 

Lactobacillus casei), L. crispatus, Lactobacillus delbrueckii, Limosilactobacillus fermentum 

(formerly Lactobacillus fermentum), L. jensenii, Lactobacillus johnsonii, Lacticaseibacillus 

paracasei (formerly Lactobacillus paracasei), Lactiplantibacillus plantarum (formerly Lactobacillus 

plantarum) and Lacticaseibacillus rhamnosus (formerly Lactobacillus rhamnosus)[150-156]. 

Notably, some of these lactobacilli species are also found in the oral cavity (such as L. plantarum, 

L. salivarius and L. acidophilus[157]) suggesting a possible translocation of these species across 

the gastrointestinal tract.  
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The GIT microbiome is also populated by various fungal species. Nash et al., 2017 

studied the faecal mycobiome of 317 healthy donors from the Human Microbiome Project 

reporting high prevalence of species belonging to the Saccharomyces, Malassezia and Candida 

genera, with the highest abundance attributed to S. cerevisiae, Malassezia restricta and C. 

albicans, respectively[33]. A previous study examining 98 subjects have also found many fungal 

taxa in common in the samples, with the top three being Saccharomyces, Candida, and 

Cladosporium[158]. Similarly, to the microbiome, the identification of the true intestinal 

mycobiome is complex and to overcome this challenge, Fiers et al., 2019 defined a set of “rules” 

with the purpose of identifying true fungal symbionts of the human gut, these being: 1) detection 

by both sequencing and culturomics; 2) activation of host immune responses; 3) ability to populate 

and thrive in the gastrointestinal niche; and 4) evidence of trans-kingdom interactions between 

bacteria and fungi. Using these “rules”, the authors determined that among Candida spp. only C. 

albicans could be accepted as a true symbiont of the human gut[100]. In addition to C. albicans, 

other Candida spp. like C. glabrata and C. tropicalis are also commonly identified in human gut 

samples[33, 101-103]. 

The gut microbiome, like the vaginal microbiome, is subject to a wide range of both 

internal and external influences that modulate its composition (Figure I.7)[145, 159]. These factors 

include the method of delivery during childbirth[160], the genetic makeup of the host[161], the 

immune response of the host[162], dietary habits[7], exposure to xenobiotics (in particular 

antibiotics)[163], infections[164], diurnal rhythm[165], exposure to microorganisms in the 

environment[166] and age[167]. The first year of life represents a significant period of fluctuation 

and maturation of the GIT microbiome. In this period there is a relatively low taxonomic diversity 

right after birth, but over time it increases as the infant is colonized with bacteria acquired from 

breast milk and the environment[168, 169]. Diet is a significant driver for the development of the 

infant microbiome as it adapts to the changing availability of nutrients. Early in infancy, the GIT 

microbiome is enriched in genes involved in the digestion of oligosaccharides found in breast milk, 

while later in infancy, due to the introduction of solid foods, the microbiome is enriched in genes 

involved in the digestion of polysaccharides[160, 170, 171]. In addition to infant diet, 

environmental and pharmacological exposures are also associated with differences in the 

developing infant microbiome including antibiotic exposure[172, 173], number of siblings[172], 

exposure to pets[174], day care attendance[169] and geography[175]. During childhood, the gut 

microbiota of American children had reported to have an increased abundance of Firmicutes[142, 

176], Proteobacteria[177] and Actinobacteria[142, 176], while abundance of Bacteroidetes 

decreases[177], compared to the microbiome of adult population. Differences in the microbiome 

of adults and children had also been observed at a more functional level, with the GIT 

microbiomes of children being enriched in functions supporting ongoing development such as 

biosynthesis of vitamin B12[142]. The production of sexual hormones, starting in the adolescence, 

was also found to modulate the gut microbiota with the levels of testosterone and estradiol levels 

in men and women being associated with the abundance of Acinetobacter, Dorea, Ruminococcus, 

and Megamonas in the gut of men, and more abundance of Bacteroidetes and less Firmicutes 
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phyla in women gut[178]. During adulthood the gut microbiome remains relatively stable, mostly 

dominated by Firmicutes, Bacteroidetes and Proteobacteria[146], except for perturbations 

induced by infections, antibiotic treatment or drastic dietary interventions[7]. Even though the GIT 

microbiome recovers to its initial state relatively quickly after these perturbations[7, 179] they can 

alter microbial composition over time and are likely strong drivers behind the extensive strain-

level interindividual differences observed among healthy adults[180]. Finally, in the elderly there 

is a higher Firmicutes to Bacteroidetes ratio when compared to adults[181] with a concomitant 

reduction in protective commensal Bifidobacteria and Bacteroides[181] that is believed to result 

in an overall decrease in life quality[182].  

On top of age, the gut microbiome can also be modulated by other factors. Geographical 

location affects the gut microbiome to a great extent, possibly attributable to variations in dietary 

habits or other environmental influences[183, 184]. For example, elderly individuals that live in a 

community setting have higher proportions of Firmicutes to Bacteroidetes, in comparison to long-

stay residential individuals[185]. Data from the Human Microbiome Project has also found that 

the human microbiome fingerprint is very similar between individuals that share the same 

home[186]. Host genetics also influences the gut microbiota, where heritability of 

Christensenellaceae in the gut did not appear to be driven by diet but possibly due to host genetic 

factors[161]. Gender-specific differences in GIT microbiome composition have also been 

observed, which may be explained by combinations of host genetics and social context[23, 187]. 

Dietary is another important factor able to modulate the gut. Fibre-rich diets can have short term-

impacts on the GIT microbiome[7], but more importantly, long-term fibre intake has been linked 

to microbiome beneficial properties[188]. For example, the intake of fibre-rich diets promotes the 

colonization of Prevotella spp. and Xylanibacter spp., two genera capable of degrading 

nondigestible fibres. Children from Burkina Faso, which have a diet rich in fibre have a higher 

abundance of these species compared to European children[189], whose diet includes more 

processed foods, simple carbohydrates, animal protein, fat and is low in fibres[189]. The 

administration of antibiotics leads to decreased bacterial diversity and richness, with outcomes 

ranging from mild diarrhoea to life-threatening pseudomembranous colitis[190]. Although the GIT 

microbiome is restored after approximately one month without antibiotic administration, some taxa 

are permanently lost[191, 192]. The abovementioned studies are only a small portion of the 

enormous number of studies focused on factors that could influence the gut microbiota. Altogether, 

these evidences demonstrate that the human gut is highly influenced simultaneously by 

microbiome intrinsic, environmental, host intrinsic and host extrinsic factors that contribute for the 

differences observed between host microbiomes (Figure I.7). The study of how these factors 

impact the gut microbiota is crucial for the understanding of microbiome associated diseases, 

including infection caused by pathogens. 
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Figure I.7. Human gut microbiota is modulated by several microbiome intrinsic, environmental, host intrinsic 
and host extrinsic factors including diet, age, medication, geographical location, sex and immune system, 
among many others. Together these factors contribute to the establishment of a healthy gut microbiota or 
under certain conditions, for example, the administration of antibiotics or ageing, for a dysbiosis associated 
with negative effects for the host. Figure taken from Thomas S.B. Schmidt et al., 2018[193]. 

There is growing evidence that dysbiosis of the gut microbiota is associated with the 

development of diseases, including inflammatory bowel disease (IBD)[194], coeliac disease[195, 

196], allergy[197], cardiovascular disease[198], obesity[199] and infections[200-204]. Gut 

microbiota dysbiosis was also associated with various infectious diseases including infections 

caused by Clostridium difficile, Helicobacter pylori, Hepatitis C virus or bloodstream infections 

(Table I.2). C. difficile causes disease that ranges from mild diarrhoea to severe 

pseudomembranous colitis[205] and stool samples gathered from patients infected with this 

bacterium were characterized by a depletion of Bacteroidetes as well as of several species 

described as antagonists against C. difficile[200]. An extensive study performed on the Chinese 

population also revealed that H. pylori-positive group had a higher abundance of 

Prevotella, whereas the healthy H. pylori-negative group had a higher abundance of Bacteroides 

and that vitamin B12 biosynthesis module was depleted in the H. pylori-positive group[201]. Other 

examples of the association between gut microbiome dysbiosis and diseases include the reduced 

bacterial diversity and abundance of Clostridiales and increase of Streptococcus and 

Lactobacillus in patients infected with Hepatitis C virus[202] and the development of secondary 

bloodstream infections in COVID-19 patients[203]. 
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Table I.2. Example of studies associating the role of intestinal microbiota with the development of intestinal infections. Table describes the samples, the designed methodologies, 
the disease or disease causing pathogen and the major findings of the study. Overall, under intestinal infected conditions, the host gut microbiota is significantly altered compared 
with the healthy gut microbiota. Abbreviations: CDI - C. difficile infection; HPI - H. pylori infection; CHC - chronic hepatitis C virus infection; HCV - Hepatitis C virus infection; IBD 
- inflammatory bowel disease; DEC - Diarrheagenic Escherichia coli 

Study Samples Design/Microbiota determination 
Pathogen/ 
infection 

Major findings 

Sophie 
Amrane et 

al.[200] 

11 stool samples from 
patients with CDI and 
8 stool samples from 

healthy patients 

Culturomics and metagenomics 
analysis of the gut microbiota 
composition between CDI and 

controls 

C. difficile 
Significant depletion of Bacteroidetes in the CDI group 

(5.3%) compared to the control group (18.2%) 

Daoming 
Wang et 
al.[201] 

128 stool samples 
from patients with HPI 
and 185 stool samples 
from healthy patients 

Metagenomic analysis of stool 
samples from HPI and healthy 

subjects 
H. pylori 

Gut microbial and plasma vitamin B12 biosynthesis 
were significantly lower in H. pylori-positive individuals; 

H. pylori-positive group had a higher proportion of 
Prevotella, whereas the healthy H. pylori-negative 

group had a higher abundance of Bacteroides 

Takako 
Inoue et 
al.[202] 

166 stool samples 
from CHC patients and 
23 stool samples from 

healthy subjects 

Gut microbiota community was 
analysed using 16S ribosomal RNA 

gene sequencing 
Hepatitis C virus 

Bacterial diversity was lower in persons with HCV 
infection, with a decrease in the order Clostridiales and 

an increase in Streptococcus and Lactobacillus 

Mericien 
Venzon et 

al.[203] 

130 stool samples 
from SARS-CoV-2 
infected patients 

Metagenomic analysis of stool 
samples from patients infected with 

SARS-CoV-2 

Secondary 
bloodstream 

infections (e.g., 
caused by 

Staphylococcus) 

Secondary bloodstream infection in COVID-19 patients 
was associated with gut microbiome dysbiosis, being 

negatively associated with the presence of the 
immunosupportive Faecalibacterium 

Harry 
Sokol et 
al.[204] 

Stool samples from 56 
IBD patients, including 

8 infected with C. 
difficile, 24 without C. 

difficile, and 24 
patients in remission, 
as well as 24 healthy 

subjects 

Comparison of 16S rRNA gene 
sequencing of stool samples from 
IBD patients infected or not with C. 

difficile with stool samples from 
healthy subjects 

C. difficile/ 
inflammatory 

bowel disease 
(IBD) 

Reduced abundance of Blautia and Dorea in CDI 
patients and increased abundance of Ruminococcus 

gnavus and Enterococcus in IBD-only and CDI 
patients. 

Pablo 
Gallardo et 

al.[206] 

63 diarrheal stool 
samples from children 

Bacterial load was determined using 
FilmArray® GI which is an FDA-

cleared qualitative PCR system that 
detects gastrointestinal pathogens 

Diarrheagenic E. 
coli 

Higher abundance of Bacteroidetes and Proteobacteria 
in the DEC group compared to the healthy group. DEC 
group was characterized by low numbers of Firmicutes 

compared with the healthy children 
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Even though Lactobacillus spp. are recurrently identified from human intestinal samples[39, 

207], they have been shown to represent only between 1% to 6% of the total bacterial community 

found in the GI tract[207, 208]. Nonetheless, members of this genus have a long history of being 

associated with good intestinal health. This notion comes from studies showing the benefit of 

probiotics administration, nonetheless the importance of resident intestinal Lactobacillus 

populations in prompting health remains elusive. Studies suggest that several diseases such as 

irritable bowel syndrome (IBS), inflammatory bowel disease (IBD), rheumatoid arthritis (RA), type 

1 and type 2 diabetes, multiple sclerosis (MS), obesity, cancer and cognitive development and 

behaviour were all linked with the abundance of lactobacilli in the gut, however, while in some 

pathologies is observed a decrease of these populations (e.g. in irritable bowel syndrome 

(IBS)[209], multiple sclerosis (MS)[210] or in colon cancer[211]), in others (e.g. Crohn’s 

disease[212], rheumatoid arthritis[213], breast and head and neck squamous cell cancer[214, 

215]) they appear to increase.  

I.3. Lactobacillus gasseri and Limosilactobacillus reuteri 

(former Lactobacillus reuteri) - a brief overview of physiology 

L. gasseri and L. reuteri are two endogenous lactobacilli species found in the human host. 

While L. gasseri is isolated from both intestinal and vaginal environments, L. reuteri is almost 

exclusively identified in the gut. In this thesis these species are explored and because of that the 

following sections intend to provide an overview about relevant aspects of their physiology and 

biology. 

As described above L. gasseri is one of the most abundant species found in the vaginal 

tract. This Gram-positive bacterium consists of rod-like cells that can be organized in single or 

chain morphology, being non-mobile and non-flagellated. Growth of L. gasseri is greatly 

enhanced by anaerobiosis and in environments with a low concentration of CO2. It can utilize 

glucose, fructose, sucrose, cellobiose, and salicin[216], almost always using a homofermentative 

carbon metabolism that leads to the production of lactic acid. Their optimal growth temperature 

ranges from 35 to 38 degrees, with no growth detected below 22 degrees[216]. L. gasseri can 

successfully sustain low pH environments (about 2) and, besides the vaginal and the intestinal 

tract, it can also be found in the mouth[216]. The L. gasseri reference strain ATCC 33323, isolated 

from stool, has a genome with around 1.89Mb in size (GC content ~35.3%; Bioproject - PRJNA84) 

that encodes approximately 1755 proteins. Besides chromosomic DNA, some strains also 

harbour a plasmid that is known for the coding of gassericin, a bacteriocin[217]. This small peptide 

known for its antimicrobial properties is not the only one encoded by L. gasseri, helveticin J, 

encoded in the chromosomal DNA is also frequent in most strain (including in the reference strain 

ATCC 33323) as well acidocin[218, 219]. L. gasseri cells were also reported to produce significant 

amounts of H2O2 (of about 0.8mM)[220] as well as biosurfactants[221], although the exact 

chemical nature of these molecules is not characterized yet. L. gasseri ATCC 33323 also encodes 
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14 mucus-binding proteins (MUBs), crucial for host adhesion, six of which exhibit a signal peptide 

and four predicted to be covalently linked to the membrane via sortase A cleavage of the LPTXG 

motif[222]. Additionally, it also been documented that this species displays the production of 

exopolysaccharides (EPS)[223], consistent with the identification of at least one EPS biosynthesis 

gene cluster. This noteworthy aspect will be discussed in further detail in a dedicated section of 

this thesis. 

L. reuteri is commonly isolated from human faeces and has a slightly irregular morphology, 

bent Gram-positive rods with rounded ends and appears to associate in pairs or in small 

clusters[224]. Just like L. gasseri, it is also non-motile and non-flagellated with optimal growth in 

low oxygen conditions or anaerobiosis at 35 to 38 degrees[224]. It can tolerate acidic 

environments (with a pH~5) but also more alkaline ones (up to pH 7.5) with the optimal being 

between 6 to 6.8[224], which could explain with it is frequently isolated from the gut and not the 

vagina like L. gasseri. L. reuteri is able to consume glucose, fructose, arabinose, ribose, sucrose, 

lactose, maltose, melibiose, raffinose and gluconate, while producing CO2, acetic acid or ethanol 

and both isomers of Iactic acid (D and L), thus having a heterofermentative metabolism[224]. L. 

reuteri ATCC 23272 reference strain contains a genome of around 1.99Mb encoding 

approximately 1900 proteins with around 38.9% GC content (Bioproject PRJNA15766 at NCBI) 

with some strains able to produce the antimicrobial compounds reuterin (3-

hydroxypropionaldehyde (3-HPA))[225, 226] and reutericyclin[227, 228] as well as the bacteriocin 

reutericin[229, 230]. L. reuteri is able to produce reuterin by converting glycerol into this 

compound using a coenzyme B12-dependent glycerol dehydratase (GDH) under anaerobic 

conditions. This dimeric enzyme contains three subunits (α2, β2, and γ2) encoded by the genes 

pduCDE in the pdu operon and is responsible for biosynthesis of 3-HPA[231, 232]. L. reuteri was 

also reported to produce considerable amounts of biosurfactant[233, 234], H2O2[235, 236] and to 

stimulate the immune system[237-239], all these being potential factors contributing to its 

probiotic properties. L. reuteri is especially well suited for the colonization of the gut, mostly 

because of its ability to attach to mucin and the intestinal epithelia through expression of mucus-

binding proteins (MUBs) and MUB-like proteins[240, 241] capable of efficiently adhering to mucus. 

The considerable diversity of MUBs among L. reuteri strains and the variation in the abundance 

of cell-surface MUBs significantly correlates with their mucus-binding ability, suggesting an 

evolution that improved its ability to bind intestinal cells and colonize the human gut[240]. The 

presence of a biosynthesis EPS gene cluster in L. reuteri strains was also reported[242]. 

Evidences of the physiological and molecular mechanisms prompted by L. gasseri and L. 

reuteri to colonize the human host are still only few, reflecting what is a still poor knowledge about 

the biology and physiology of these species, especially compared to other lactobacilli that are far 

more studied. The vaginal environment is dominated by hydrogen producing bacteria (including 

L. gasseri itself) and thus it is expected that this bacterium must have evolved adaptative 

mechanisms rendering it able to cope with H2O2 in the environment. Although there is no study 

directly evaluating the effects of oxidative stress over L. gasseri cells, the genome of this species 

includes a thioredoxin (LGAS_0427; TrxA) and thioredoxin reductase (LGAS_1325; TrxB) which 
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could have a role in oxidative stress response in this species. L. gasseri is also equipped with a 

set of ClpATPases (ClpE, ClpC, ClpL, and ClpX) in the dependence of the HrcA operon, that were 

involved in the response to heat stress in this species[243]. Additionally, the predicted chaperone 

ClpL (lr1516), a putative esterase (lr1516) and a putative phosphatidylglycerophosphatase 

(lr1797) were required for L. reuteri survival at low pH[244]. BlastP analysis also revealed that L. 

gasseri encodes a set of transporters (WP_003657106.1, WP_003656709.1, WP_003647559.1 

and WP_003646748.1), belonging both to the Major facilitator (MF) or the ABC Superfamilies, 

homologous to those described to actively extrude bile salts in L. acidophilus[245]. Future studies 

will be required to determine whether these proteins will have a similar function and contribute for 

the capability of this species to thrive in the intestinal tract. Three homologues of these MFS 

transporters were also identified in the genome of L. reuteri (WP_267493717.1, 

WP_168240781.1 and WP_019253162.1). In L. reuteri bile tolerance was also found to be 

significantly reduced by deletion of the Clp chaperone (lr1864), by the putative esterase lr1516 

and by the multidrug resistance transporter lr1584 (homolog of WP_019253162.1)[246]. Genome 

analysis has also predicted that both L. gasseri and L. reuteri species encode at least a house-

keeping sigma factor (rpoD, LGAS_RS05465 and C6H63_05440) while L. gasseri encodes two 

σ70 sigma factors (LGAS_RS01695 and LGAS_RS07205)[222] and L. reuteri encodes only one 

σ70 sigma factor (C6H63_05025) (data obtained from NCBI). 

I.4.  The relevance of Candida species as human pathogens 

The genus Candida includes approximately 160 species, some of which are adapted to 

live in mammalian hosts, causing infections in both immunocompetent and immunocompromised 

individuals[247]. C. albicans is the most commonly isolated Candida species from faecal samples, 

however, C. parapsilosis, C. krusei, C. glabrata, C. tropicalis are also frequently identified[248]. 

In the vagina, more than 70% of the Candida strains isolated belong to C. albicans, nonetheless, 

C. glabrata, C. krusei, C. parapsilosis and C. tropicalis have also been isolated from asymptomatic 

women[49, 101, 249]. Both systemic and vulvovaginal candidiasis are more commonly caused 

by C. albicans[250-253], however, the number of infections attributable to non-albicans Candida 

species (NACS) is on the rise, particularly those caused by C. glabrata or C. parapsilosis[254-

256]. Infections caused by NACS are worrisome since these species are usually more tolerant 

than C. albicans to commonly used antifungals and, thus, are associated to poorer outcomes for 

patients[257, 258]. Among NACS, C. glabrata is usually the more prevalent species, in part due 

to its innately higher tolerance to azoles (specially to fluconazole) and extreme genomic plasticity 

that, among other traits, prompts fast adaptive responses to the challenging environment of 

infection sites[257, 259].  

Infections caused by Candida are mainly superficial, but in severely 

immunocompromised or hospitalized patients (especially those using invasive indwelling medical 

devices) systemic infections (known as candidemia) can occur[260, 261]. Candidemia accounts 

for 9% of all nosocomial bloodstream infections[262, 263] and is associated with prolonged 
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hospital stays and increased healthcare costs[264]. Candidemia mortality rate ranges from 

approximately 20% to 75% of all diagnosed cases, depending on the causative etiological agent 

and also of the patient conditions[265-267]. While candidemia is linked with specific risk factors 

(out of which the impairment of the immune system is the more important one), superficial 

candidiasis is very common even among the “healthy” population. Most women are colonized by 

Candida species at some point in their lives, resulting in asymptomatic colonization or in a 

symptomatic infection known as vulvovaginal candidiasis. Historically the development of 

candidemia was associated with the use of indwelling medical catheters that could be colonized 

by Candida resulting in the direct introduction of the yeast in the patient’s bloodstream. However, 

more recently it has grown the idea that the resident Candida populations present in the gut can 

also serve as reservoirs for dissemination, invading the epithelial layer and propagating into the 

bloodstream. Such behaviour was well described to occur for C. albicans[268]. In “healthy” 

conditions, C. albicans colonization of the gut is asymptomatic, however, under certain conditions, 

due to hyphal penetration or rupture in the epithelial layer C. albicans cells can disseminate into 

the bloodstream and colonize major organs (Figure I.8)[268, 269]. It has also been suggested 

that the vaginal tract may serve as driveway for dissemination of Candida[270, 271], supported 

by the observations that blood isolates of septic patients were similar to the ones obtained from 

genital swabs[272].  

 

Figure I.8. Model proposed by Pappas et al., 2018 of C. albicans colonization of the gut. Under normal 
conditions, C. albicans colonize the human gut and adheres to the intestinal epithelial cells asymptomatically. 
Nonetheless, through hyphal formation or tissue damage, it can cross the epithelial layer and develop 

infections throughout most organs of the human host. Figure taken from Pappas et al., 2018[268]. 

Vulvovaginal candidiasis (VVC) is defined as a superficial symptomatic vaginitis 

(inflammation of the vagina) caused by infection with Candida spp. Common symptoms are vulval 

itching and abnormal vaginal discharge (which may be minimal, a "cheese-like" material, or a 

watery secretion)[273]. VVC can be classified into uncomplicated and complicated infections. 

Uncomplicated cases are characterized by fewer than four episodes per year with mild to 
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moderate severity, while complicated cases are characterized by recurrent infections (more than 

four per year) resulting in a condition known as recurrent vulvovaginal candidiasis (or RVVC)[274-

276]. Fungal infections of the vulva and vagina are estimated to be the second most common 

cause of vaginal dysbiosis, after bacterial vaginosis[273, 277]. Around 75% of women experience 

at least one episode of vulvovaginal candidiasis during their life-time and around 50% of women 

will develop at least two episodes during their reproductive age[278]. C. albicans was estimated 

to be responsible for 85% to 90% of all VVC cases, with the remaining being attributed to C. 

glabrata, C. krusei, and C. tropicalis[250, 279, 280]. Around 5 to 8% of VVC cases are estimated 

to be recurrent, and C. glabrata and other NACS are isolated from 10 to 20% of these cases[278, 

281]. Host-related risk factors that increase the probability of VVC occurrence include pregnancy, 

hormone replacement therapy, uncontrolled diabetes mellitus, immunosuppression, and the use 

of antibiotics or glucocorticoids[250, 256], while behavioural risk factors for VVC include the use 

of certain contraceptives (such as oral contraceptives and intrauterine devices), spermicides and 

condoms, as well as certain sexual, hygienic, and clothing habits[250, 256, 282]. 

The observation that the same Candida species identified as colonizers are also those 

capable of overgrowing suggest that these cells are well equipped with mechanisms that allow 

them to thrive in this environment, increasing their competitiveness. Indeed, this has been 

investigated, in particular the ability of Candida cells to evade and avoid the host immune system. 

A common strategy of fungal pathogens to avoid interaction with immune cells is the masking of 

immunostimulatory components located at the cell wall as a mean to avoid recognition and 

macrophage activation and/or phagocytosis[283, 284]. Yeasts typically have cell walls made up 

of chitin, β-1,3-glucan, and β-1,6-glucan, attached to an external layer composed of extensively 

mannosylated proteins and phospholipomannan[285, 286]. β-1,3-glucan is an essential 

component in immune recognition being recognized by the dectin-1 receptor present in 

macrophages[287]. The capacity of masking the β-glucan was first demonstrated for C. albicans, 

with the outer mannan layer shielding the β-1,3-glucan and resulting in low dectin-1 reactivity[288]. 

Only when the cell wall is disrupted, and β-1,3-glucan becomes exposed, does dectin-1 binding 

enable macrophage activation and the production of cytokines, including TNF-α[288]. Notably, 

lactate in the environment was found to trigger β-1,3-glucan masking[289]. In specific, it was found 

that exposure of C. albicans to lactate triggers a signalling pathway that involves the recruitment 

of the evolutionarily conserved receptor Gpr1 and the transcription factor Crz1[289]. In C. glabrata 

mutants lacking cell surface-proteases (yapsins) were also found to induce a stronger 

inflammatory response prompted by macrophages, attributable to a higher accessibility of the 

immune cells to the cell wall components[290-292]. Besides these evasion mechanisms, Candida 

cells also appear to have evolved adaptative responses upon internalization in the macrophage 

after phagocytosis. In specific, it has been found that C. glabrata subverts phagolysosome 

maturation inhibiting various markers of the phagolysosomal stage, including cathepsin D, 

proteolytic activity, and lysosomal fusion[293, 294]. Moreover, despite a potent acidification of 

phagosome prompted by a proton pump V-ATPase, internalized yeast cells retained their viability 

sustaining the acidification[293, 294]. C. albicans cells have also been shown to disrupt the 
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lysosomal system of macrophages in mice by delaying phagosome maturation and 

acidification[295, 296]. Macrophage antimicrobial response is also associated with the production 

of reactive oxygen species (ROS), which is driven by the macrophage NADPH oxidase complex 

generating superoxide, hydroxyl anions and hydroxyl radicals.[297]. Studies on human and 

murine macrophages have shown that C. glabrata suppresses ROS production undertaken by 

these phagocytes[293, 298]. Additionally, in vitro, C. glabrata superoxide dismutase Sod1 was 

shown to impair the antimicrobial action of macrophages[299] and a catalase CTA1-reporter gene 

was found to be induced after macrophage phagocytosis[300].  

The very high adhesiveness of Candida cells to biotic and abiotic surfaces is one of the 

more important virulence factors of these species that strongly contributes to the establishment 

and persistence of infections[301]. Indeed, Candida species are capable of efficiently adhere to 

vaginal epithelial cells[302] but also to intrauterine devices[303]. The adhesion process to these 

biotic and abiotic surfaces is mediated by favourable cell surface physicochemical properties and 

by a set of cell surface adhesins[304]. Adhesins recognize various ligands frequent in the host 

such as serum proteins as well as components of the extracellular matrix (e.g. laminin, fibronectin, 

collagen, vitronectin and entactin), also facilitating binding to abiotic surfaces through hydrophobic 

interactions[305]. Adhesins are better characterized in C. albicans that encompasses a major 

group encoded by the agglutinin-like sequence (ALS) gene family that includes eight members 

(ALS1-7, 9)[306]. In C. glabrata, most adhesins belong to the EPA gene family, which encodes 

at least 23 different adhesins, including EPA1, EPA6 and EPA7[307]. Consistently, these three 

adhesins were found to be expressed in C. glabrata during reconstituted human vaginal 

epithelium (RHVE) infection, hinting for their critical role in the infectivity of this species, specially 

of EPA1 which was more expressed than the others[308]. The study of adhesins in other NACS 

is limited, although, it was demonstrated that they are required for C. parapsilosis and C. tropicalis 

adhesion to biotic and abiotic surfaces[309-311].  

One of the most important virulence traits of C. albicans is hyphae formation. C. albicans 

and C. dubliniensis can form hyphae and/or pseudohyphae, C. parapsilosis can generate 

pseudohyphae, C. tropicalis pseudohyphae and possibly true hyphae and C. glabrata grows only 

as budding yeasts[301]. Filamentous forms provide mechanical strength, enhanced colonization 

and invasion of host tissues and increased protection against phagocytosis[301]. Importantly, 

hyphae formation was shown to be crucial for tissue invasion, demonstrated by the inability of C. 

albicans strains unable to form hyphae to invade tissues[312]. Hyphae formation in C. albicans 

requires phospholipase D (encoded by PLD1)[313] as well some secreted aspartyl proteinases 

(SAP) genes (SAP4-6)[314]. Notably, SAP4 and SAP5 were associated with hyphae formation 

during vaginal candidiasis in mice[315]. Furthermore, it was demonstrated during RHVE infection 

C. albicans had increased expression of the hyphal wall protein (HWP1) gene, which is a specific 

hyphae-adhesin responsible for a covalent attachment of the yeast to host epithelial cells, 

providing evidence of the role of hyphal formation on tissue adhesion and invasion[308].  
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The capability to form biofilms is another important factor for the dissemination and 

virulence of Candida spp. Biofilms are highly organized structured communities of 

microorganisms, irreversibly attached to a surface and enclosed in a self-produced extracellular 

matrix[316]. The ability to form biofilms provides Candida spp. advantages over their planktonic 

cells, including increased resistance to antifungals, to host defence mechanisms and to physical 

and chemical stresses occurring in the environment[317]. Additionally, biofilm cells exhibit 

metabolic cooperation, community-based regulation of gene expression and the ability to 

withstand the competitive pressure from other organisms[318]. Biofilm formation process is better 

characterized in C. albicans, being divided into three stages of development that include the 

adhesion of the yeast cells to the surface (early stage); the differentiation of the yeast cells into 

hyphae cells (intermediate stage); and increased matrix production, which is the maturation 

phase[319]. Nonetheless, the ability to form biofilms in Candida is highly dependent of the species, 

strain and even of the environmental conditions thus remaining very complex to establish the 

extent at which it contributes for increased virulence of Candida in the vaginal tract[320, 321]. 

Importantly, C. albicans was demonstrated to form biofilms on vaginal epithelium[322, 323], being 

dependent of BCR1 and EFG1 genes, and correlated with the use of intrauterine devices (IUDs) 

which contributed to the increased risk of VVC[324].  

To adhere and invade host epithelial cells, Candida spp also requires several secreted 

hydrolytic enzymes crucial for adhesion, tissue penetration, invasion and destruction of host 

tissues[325]. These enzymes include secreted aspartic proteases (SAPs), phospholipases, 

lipases and haemolysins and are essential for Candida virulence[301]. SAPs play a role in 

enabling attachment to host tissues and causing damage, and are associated with alterations in 

the host immune response[326]. In C. albicans were identified 10 SAP genes (SAP1-10)[327], 

while in C. parapsilosis and C. tropicalis were identified three and four of such genes, 

respectively[328, 329]. In C. glabrata no obvious SAP genes could be identified by analysis of its 

genome[330], albeit in one study it was shown the ability of a strain to produce proteinases, 

although it failed to elucidate the type[331]. An interesting aspect of SAPs is that contrary to other 

proteinases their activity is maximal under acidic conditions (pH ≤ 4.0)[325, 332]. This 

characteristic is of most importance when discussing virulence of Candida in the vagina due to 

its intrinsic acidity[333]. Consistently, several studies have reported higher expression of SAPs 

and higher proteinase activity prompted by Candida strains isolated from women with VVC, 

compared to strains recovered from asymptomatic women, suggesting a role for these enzymes 

in the development of VVC[334]. Phospholipases exert their function by hydrolysing the ester 

bonds in glycerophospholipids contributing to membrane damage and improving adhesion of 

Candida to host tissues[335]. As with SAPs, the expression of phospholipases is strongly 

dependent of the species and even the strain, with C. albicans having higher expression 

compared with NACS[336]. On top of that, it seems that phospholipase expression is dependent 

of the environment, being more expressed in strains obtained from the vagina compared with 

those recovered from the respiratory tract or from the skin[337]. In C. albicans seven 

phospholipase encoding genes were identified (PLA, PLB1-2, PLC1-3 and PLD1)[338], with PLB1 
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and PLB2 being significantly more expressed in strains recovered from women with VVC, 

compared with strains recovered from asymptomatic carriers[339]. Notably, C. albicans cells 

recovered from infected RHVE showed increased expression of PLB and PLD gene families[308].  

I.4.1. Available therapeutic approaches for the treatment of 

candidiasis 

The development of therapeutic methodologies for treating candidiasis is difficulted by 

the similarities existing between the yeast and the host cells, both eukaryotic. Currently, the 

treatment of Candida infections involves the administration of antifungals belonging to four major 

drug classes: azoles (e.g., fluconazole), polyenes (e.g., amphotericin B), echinocandins (e.g., 

caspofungin) and fluoropyrimidines (5-flucytosine (5-FC)) (Figure I.9).  

 

Figure I.9. Schematic representation of the known mechanisms of action of the different classes of 
antifungals available for the treatment of candidiasis. Abbreviations: 5-FU - 5-fluorouracil; 5-FUMP - 5-
fluorouridine monophosphate; FdUM - 5-fluorodeoxyuridine monophosphate; FUTP - 5-fluorouridine 
triphosphate. Figure taken from Salazar et al. 2020[259]. 

The largest family of antifungals used to treat Candida infections is the azoles. 

Clotrimazole and miconazole were the first azoles to be approved for clinical use in 1969, followed 

by ketoconazole in 1981[340]. These three drugs are classified as imidazoles due to the presence 

of an imidazole ring in their structure. However, the use of clotrimazole and miconazole as 

antifungals was restricted due to their inhibitory effect on human hepatic CYP enzymes[341]. To 

address this issue, in the early 90s, fluconazole and itraconazole were introduced, both belonging 

to the triazole family and, compared to imidazoles, exhibiting improved pharmacokinetic profiles, 
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broader antifungal activity, and reduced inhibitory effects against the human CYP450 system[340]. 

Voriconazole was introduced in the early 2000s and demonstrated higher activity against the more 

azole-resistant NACS than fluconazole or itraconazole[340]. Currently, imidazoles are mainly 

used to treat superficial candidiasis, while triazoles are preferred to treat invasive candidiasis[340]. 

Regardless of their family, azoles function by inhibiting the activity of the lanosterol-14α-

demethylase enzyme, encoded by the ERG11 gene, which is involved in ergosterol biosynthesis 

(Figure I.9)[342]. As a result, azole-treated fungal cells accumulate toxic sterols in the plasma 

membrane, significantly impacting its permeability[342].  

Polyenes, including amphotericin B, which was the first antifungal agent developed to 

treat disseminated candidiasis[343] and nystatin, mostly used to treat oral infections[344], are 

also widely used against Candida infections. These are macrocyclic organic molecules composed, 

in most cases, by a 20-40 carbon macrolactone ring conjugated with a d-mycosimine group[345]. 

Due to the amphipathic nature of these molecules, they can bind to the lipid bilayer of the 

membrane and form a complex with the ergosterol, producing pores that result in cell permeability, 

leakage of cytoplasmic contents, oxidative damage and, ultimately, cell death (Figure I.9)[346]. 

Despite its potent antifungal effects against Candida, the use of amphotericin B is limited due to 

its nephrotoxicity resulting from its ability to bind to the cholesterol present in human cells[347, 

348]. Although safer formulations have been developed, mostly based on the use of liposomes, 

the high cost of amphotericin B remains a significant obstacle, being mostly used as a second-

line therapy[348].  

In recent years, the only newly discovered class of antifungals was the 

echinocandins[349], commercially available in three forms: caspofungin, anidulafungin, and 

micafungin. More recently, rezafungin and biafungin have also been described, but their efficacy 

in the clinical setting is still being assessed in clinical trials. Nonetheless, compared to the already 

available echinocandins, rezafungin and biafungin have shown higher activity, lower toxicity, and 

fewer drug interactions[350-352]. Echinocandins inhibit the catalytic subunits of (1,3)-β-D-glucan 

synthase, which is essential for cell wall synthesis, resulting in no elongation of (1,3)-β-D-glucans 

in fungal cells exposed to these antifungals (Figure I.9)[342]. This renders the fungal cells highly 

susceptible to lysis[342]. Although C. parapsilosis is intrinsically less susceptible, echinocandins 

have shown efficacy against all Candida species[348]. Due to their safety profile and fungicidal 

activity, echinocandins are frequently used as the primary treatment for invasive candidiasis[348].  

Finally, the most commonly used fluoropyrimidine for the treatment of candidiasis is 5-

flucytosine (5-FC), which enters the fungal cells through cytosine transporters and is 

subsequently metabolized via the pyrimidine salvage pathway to 5-fluorouracil (5-FU), the active 

form of 5-FC[342, 353]. Once 5-FU is incorporated into RNA, it causes premature chain 

termination and inhibits the activity of thymidylate synthase, an enzyme essential for DNA 

synthesis (Figure I.9)[342, 353]. Candida species are susceptible to 5-FC, with the exception of 

C. krusei. Although mammalian cells lack the enzymes required to convert 5-FC into 5-FU[342], 

gut bacteria are capable of efficiently undertaking this conversion[353], which explains the 



29 | P a g e  
 

reported toxic effects associated to 5-FC therapy. Due to its potential for toxicity, 5-FC is 

administered in low concentrations and in combination with other antifungal agents[348].  

Depending on the severity of the infection several therapies based on the above 

described antifungals are utilized, alone or in combination, using topical or oral formulations (as 

detailed in Table I.3). A mild infection is mostly treated using short-term local therapy or using a 

single-dose oral treatment. In the case of VVC, this approach is effective in suppressing the 

majority of uncomplicated cases[274, 275]. Typically, it takes up to 3 days to treat VVC using local 

azoles, resulting in efficacy rates of 80 to 90% in most cases[354]. Commonly used azoles in 

these circumstances include fluconazole, clotrimazole, and miconazole[273]. Another approach 

besides the local application of azoles in the infected area is the oral treatment with a single dose 

of 150 mg fluconazole. Efficacy of this treatment was evaluated in a clinical trial where the authors 

compared it to one week application of clotrimazole vaginal suppositories[355]. The results 

obtained showed similar effectiveness for these two treatments that reached approximately 80% 

of cure in patients after seven days of antifungal administration[355]. In contrast, treatment of 

RVVC, requires a more prolonged therapy. In these cases, it is recommended that patients take 

three times a dose of oral fluconazole with a gap of 72h, or undergo treatment with local azoles 

daily for at least 1 week[274]. In Sobel et al., 2001 the authors compared a single dose and a two-

dose ingestion of oral fluconazole in women with complicated VVC, concluding that the two-dose 

treatment was better at treating disease[356]. Moreover, another study by Sobel et al., 2004 

evaluated the effectiveness of fluconazole in treating recurrent VVC. Here a total of 387 patients 

suffering from recurrent VVC were randomly divided into study and placebo groups. After initial 

treatment with 150 mg doses of fluconazole every 72h, the study group received weekly doses of 

150 mg of fluconazole for 6 months while the placebo group did not receive any dose of 

fluconazole. After 6 months, 90.8% of the women that received the fluconazole doses remained 

disease-free, while among the women receiving the placebo only 35.9% were found not to 

develop the disease[357]. The average recurrence of VVC was approximately 4 months in the 

placebo groups whereas in the fluconazole group was around 10 months[357]. However, the 

treatment of VVC with azoles is less effective against NACS and it is also important to note that 

prolonged treatments in prophylactic regimes are likely to increase selective pressure for 

resistance. Other commercially available alternatives to treat Candida infections are the use of 

polyenes. The effectiveness of nystatin applied locally to the vagina, compared with oral 

fluconazole, in a cohort of 293 RVVC patients demonstrated that both methods were effective in 

treating the disease[358]. Additionally, nystatin was shown to have the advantage of being 

efficient in treating infections caused by Candida strains resistant to azoles[358]. Another study 

assessed the effectiveness of local administration of 50 mg amphotericin B in a suppository form 

for two weeks in women with VVC caused by NACS, achieving a success rate in treating the 

infections that was circa 70%[359]. Limited studies have been done to investigate the 

effectiveness of echinocandins in treating VVC, contrasting with their application in the context of 

oropharyngeal, oesophageal, and invasive candidiasis were they had been found to be quite 

successful[360]. The use of topical treatments involving flucytosine and boric acid to treat VVC 
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had also been determined, revealing that administration of 600 mg boric acid intravaginally for 14 

to 21 days was effective in 64 to 71% of the cases, while a 14 days therapy using flucytosine was 

effective in treating 90% of the cases that were not susceptible to boric acid[361].  

Table I.3. Common therapies used to treat vulvovaginal candidiasis (VVC). Table described the drug used, 
formulation (topical or oral agents) and the dosage for each treatment. Table taken from Bondaryk et al., 
2013[362]. 

Drug Formulation Dosage regimen 

Topical agents 

Butaconazole 2% cream 5 g for 3 days 

Clotrimazole 

1% cream 5 g for 7 to 14 days 

100 mg vaginal tablets 1 tablet for 7 days 

100 mg vaginal tablets 2 tablets for 3 days 

500 mg vaginal tablets Single dose of 1 tablet 

Miconazole 

2% cream 5 g for 7 days 

100 mg vaginal suppository 1 suppository for 7 days 

200 mg vaginal suppository 1 suppository for 3 days 

1200 mg vaginal suppository Single dose of 1 suppository 

Econazole 150 mg vaginal tablets 1 tablet for 3 days 

Fenticonazole 2% cream 5 g for 7 days 

Tioconazole 
2% cream 5 g for 3 days 

6.5% cream Single dose of 5g 

Terconazole 

0.4% cream 5 g for 7 days 

0.8% cream 5 g for 7 days 

80 mg vaginal suppository 80mg for 3 days 

Nystatin 100 000 U vaginal tablets 1 tablet for 14 days 

Oral agents 

Ketoconazole 400mg twice a day For 5 days 

Itraconazole 
200mg twice a day For 1 day 

200mg For 3 days 

Fluconazole 150mg Single dose 

The use of lactobacilli-based probiotics is another potential approach to treat Candida 

infections. The pursue of this line of treatment has been gaining traction as it increases the need 

of finding novel therapeutic targets besides those targeted by the above described antifungals to 

overcome the observed emergence of resistant strains[363, 364]. Presently, the consensual 

definition of probiotics is “live microorganisms that, when administered in adequate amounts, 

confer a health benefit on the host”. This definition was recommended by the International 

Scientific Association for Probiotics and Prebiotics which retained the probiotic definition given by 

the Food and Agriculture Organization of the United Nations and World Health Organization 

(WHO). The most used probiotics belong to Lactobacillus and Bifidobacterium genera, but other 

species (such as those belonging to the genus Bacillus, Streptococcus, or Saccharomyces) can 

also be used[365-368]. Several lactobacilli species have already been used, alone or in 

combination with other drugs, to treat candidiasis in patients suffering from acute or severe VVC 

(Table I.4). The results obtained show that women with acute VVC receiving only antifungal 
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therapy, compared with women receiving antifungal therapy and a vaginal probiotic containing L. 

acidophilus, L. rhamnosus, S. thermophilus, and L. delbrueckii subsp. Bulgaricus, have more 

clinical complaints[369]. More recently, Xin Yee Ang et al., 2022 tested the effectiveness of a 

probiotic containing Lactobacillus helveticus LA25, L. delbrueckii subsp. lactis LDL114, L. 

plantarum LP115, L. fermentum LF26, L. paracasei LPC12 and L. rhamnosus LRH10 (SynForU-

HerCare; two capsules/day of 9.5 log CFU/capsule) and concluded that it reduced the abundance 

of Candida cells in the lower and higher vaginal region, while increasing the abundance of L. 

crispatus in the lower vaginal region and of L. jensenii in the cervicovaginal region[370]. These 

changes in the microbiome were also accompanied by a shortening in the period of 

inflammation[370]. In the same direction, the intake of vaginal tablets containing L. plantarum 

I1001 was associated to a three-fold reduction in the risk of VVC recurrence for 91.3% of women 

after six months when administrated as a follow-up therapy after clotrimazole treatment[371]. 

Additionally, a study using a L. acidophilus based probiotic without prior fluconazole treatment 

proved successful in treating VVC[372]. Briefly, in this study patients were divided into two groups: 

the first received a single dose of 150 mg fluconazole before probiotic administration, while the 

second one received a placebo before the administration of the probiotic[372]. Both groups 

showed similar effectiveness in treating VVC after 30 to 35 days after starting the treatment[372]. 

Another study also investigated the effectiveness of a probiotic containing L. rhamnosus DSM 

14870 and L. gasseri DSM 14869 in treating VVC, reporting that women who received both 

fluconazole and probiotics achieved cure rates of 100% and 89% after 6 and 12 months, 

respectively. In contrast, those who received only fluconazole had cure rates of 100% and 70% 

after 6 and 12 months, respectively; thus indicating that the probiotic cocktail used improved 

(albeit slightly) the ability of fluconazole to prevent recurrence of VVC[373]. There are several 

other clinical trials that examined the potential of probiotics to treat infections caused by Candida, 

with the majority of them concluding that probiotic supplementation attenuates infection 

symptoms, reduces Candida abundance and/or reduces the recurrence of VVC when used alone 

or in combination with antifungal drugs[374-377], reinforcing the notion that probiotics, mostly 

formulated using lactobacilli, can be quite useful tools to treat VVC (Table I.4).  
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Table I.4. Studies reporting clinical trials on the use of lactobacilli-based probiotics against VVC (Part 1). The table described the probiotic strain, the subjects of the clinical trial, 
the therapy duration, the groups compared, the study and the main outcomes of the trial. Abbreviations: VVC – vulvovaginal candidiasis; RVVC – recurrent vulvovaginal candidiasis. 

Probiotic cocktail Subjects 
Duration 

of 
therapy 

Groups Main outcomes Study 

L. acidophilus, 
L. rhamnosus, 

L. delbrueckki subsp. 
bulgaricus and 
S. thermophilus 

416 patients 
suffering from 

acute VVC 
10 days 

Antifungal treatment 
(fluconazole and fentinazole) 

The probiotics increased the effectiveness of 
the antifungal therapy. Briefly, in patients receiving 

probiotics, clinical complaints were reduced by 15%, 
the number of Candida hyphae and spores reduced 
by 31% and 26% respectively, and the abundance of 

C. albicans reduced by 32%, while lactobacilli 
abundance increased 7% 

[369] 
Antifungal treatment 

(fluconazole and fentinazole) + 
probiotic administration 

L. helveticus LA25, 
L. delbrueckii subsp. 

lactis LDL114, 
L. plantarum LP115, 
L. fermentum LF26, 
L. paracasei LPC12 

and 
L. rhamnosus LRH10 

78 pregnant 
women 

suffering from 
VVC 

8 weeks 

No probiotic treatment after VVC 
treatment with 200 mg of 

clotrimazole The probiotics decreased the abundance of Candida, 
promoted an increase in indigenous lactobacilli 
species and decreased vaginal inflammation 

[370] 
Probiotic administration (2 

capsules per day) after VVC 
treatment with 200 mg of 

clotrimazole  

L. plantarum 
55 patients 

suffering from 
acute VVC 

2 months 

Clotrimazole treatment The use of probiotics after clotrimazole treatment 
reduced the risk of symptomatic recurrence three-fold 
over 3 months. Recurrence after 6 months was 27.2% 

in the probiotic group, compared with 65.1% in the 
azole treatment only group 

[371] Clotrimazole treatment and 
vaginal probiotic administration 3 

times per week 

L. acidophilus 

80 married 
women 

suffering from 
acute VVC 

65 days 

Probiotic treatment after 1 dose 
of 150 mg fluconazole 

Probiotic administration treatment had an effect 
similar to that of probiotic and fluconazole in most 
VVC-associated symptoms, however, it was less 

effective in preventing recurrence 

[372] 
Probiotic treatment without 
fluconazole administration  
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Table I.4. Studies reporting clinical trials on the use of lactobacilli-based probiotics against VVC (Part 2). The table described the probiotic strain, the subjects of the clinical trial, 
the therapy duration, the groups compared, the study and the main outcomes of the trial. Abbreviations: VVC – vulvovaginal candidiasis; RVVC – recurrent vulvovaginal candidiasis. 

Probiotic strain Subjects 
Duration 

of 
therapy 

Groups Main outcomes Study 

L. rhamnosus DSM 
14870 and L. gasseri 

DSM 14869 

28 women, 
with RVVC, 

suffering from 
acute VVC 

6 months 

Antifungal treatment (50 mg 
every day) Probiotic supplementation slightly improved the ability of 

fluconazole to prevent VVC recurrence (19%) 
[373] 

Antifungal treatment and 
probiotic administration 

L. acidophilus, 
B. bifidum and 

B. longum 

59 women, 
with RVVC, 

suffering from 
acute VVC 

10 days 

Treatment with 1 dose of 
150 mg of fluconazole Probiotic administration after antifungal treatment was 

effective in treating VVC and reduced the recurrence rate 
from 35.5% to 7.2%  

[374] 
Probiotic treatment after 1 

dose of 150 mg fluconazole 

L. fermentum 
LF10, L. 

fermentum LF11, and 
L. acidophilus 

LA02 with 
arabinogalactan 

and 
fructooligosaccharides 

30 women, 
with RVVC, 

suffering from 
acute VVC 

2 months 

No control/placebo group 

Probiotic treatment was effective in treating VVC in 86.6% 
of the patients. Additionally, only 11.54% of the patients 

suffered a recurrence  
[375] 

Treatment with probiotic 

L. fermentum 
LF10, L. 

acidophilus LA02 
with arabinogalactan 

and 
fructooligosaccharides 

58 women, 
with RVVC, 

suffering from 
acute VVC 

11 weeks 

No control/placebo group Probiotics decreased recurrence of VVC. After 10-week 
probiotic treatment, only 14% developed VVC and during 
the 7-month follow-up only 14.3% of patients suffered a 

recurrence 

[376] 

Probiotic administration 
after fluconazole treatment 

L. plantarum P17630 

93 women, 
with RVVC, 

suffering from 
acute VVC 

90 days 

Placebo treatment Probiotic intake significantly attenuated the VVC 
associated symptoms (of about 33%) after 90 days 

compared with the placebo group 
[377] 

Probiotic treatment 
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The role of a healthy microbiota and the probiotics potential in maintaining a healthy 

environment in the gut is also well documented, but this has been mostly studied in the context 

of inflammatory bowel disease (IBD)[194], coeliac disease[195, 196], allergy[197], cardiovascular 

disease[198], obesity[199] and gut infections (e.g., Clostridium difficile infection)[200-204]. The 

benefits of administering probiotic cocktails containing Lactobacillus spp. (composed by L. 

rhamnosus, L. acidophilus and/or L. reuteri) and/or Bifidobacterium, in effectively reducing 

Candida spp. colonization in the gut had been demonstrated (as detailed in Table I.5). It is worth 

mentioning that in probiotics containing more than one species (e.g., Lactobacillus and 

Bifidobacterium) the anti-Candida potential observed could result from a synergy between these 

organisms. Administration of L. acidophilus, L. rhamnosus, B. longum, B. bifidum, S. boulardi and 

S. thermophilus was found to reduce the number of patients colonized with Candida species after 

7 and 14 days, while also reducing the incidence of candiduria (from 37.3% to 17.3%) and from 

candidemia (from 6.35% to 1.61%) compared with the results obtained in the patient group that 

was not treated with the probiotic cocktail but with the placebo[378]. Newborns food 

supplementation with L. acidophilus, B. longum, B. bifidum and B. lactis also reduced Candida 

load in the gut, with C. albicans being only detected in 12.5% of the subjects taking probiotics, 

compared with 28.6% in the placebo group[379]. Notably, the presence of C. glabrata was only 

found in the placebo group[379]. Finally, a probiotic cocktail composed of L. rhamnosus and B. 

animalis was also found to reduce the levels of C. albicans antibodies in schizophrenic patients 

suggesting a reduction of these yeast in the gut[380]. Additionally, some studies have used 

probiotics containing only Lactobacillus spp., including L. rhamnosus and L. reuteri. These 

demonstrated that probiotic treatment with L. rhamnosus significantly reduced Candida spp. 

colonization of the gut from 48.8% in the control groups to 23.1% in the probiotic group[381], while 

a probiotic containing L. reuteri was as effective as nystatin in reducing Candida colonization of 

the gut and skin[382]. 
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Table I.5. Studies reporting clinical trials on the use of lactobacilli containing probiotics against gastrointestinal candidiasis. Table described the probiotic strain, the subjects of 
the clinical trial, the therapy duration, the groups compared, the study and the main outcomes of the trial. 

Probiotic strain Subjects 
Duration 

of 
therapy 

Groups Main outcomes Study 

L. rhamnosus 
80 preterm neonates 

with a birth weight 
above 1500 g 

12 
months 

Human milk group 
Probiotic supplementation significantly reduced Candida spp. 

colonization of the gut from 48.8% in the control groups to 23.1% 
in the probiotic group 

[381] 
Human milk 

supplemented with L. 
rhamnosus group 

L. acidophilus, 
L. rhamnosus, B. 

longum, B. 
bifidum, S. 

boulardi and S. 
thermophilus 

150 children between 
3 months to 12 years 

who had received 
broad-spectrum 

antibiotics  

14 days 

Placebo Group 
Probiotic supplementation reduced the number of colonized 

patients with Candida spp. from 29 to 19 after 7 days and from 
34 to 21 after 14 days after treatment. Candeduria incidence 
reduced from 37.3% to 17.3% and candidemia from 6.35% to 

1.61% in the probiotic-treated group compared with the placebo 

[378] 

Probiotic group 

L. reuteri 300 preterm infants 

From the 
first 

feed until 
death or 
hospital 

discharge 

Antifungal group 
(nystatin) 

L. reuteri supplementation is as effective as nystatin in reducing 
Candida colonization of the gut (18.7% compared with 16%) and 

skin (14% compared with 12%). Invasive candidiasis was 
detected in two patients of the probiotic group and one patient of 

the antifungal group 

[382] Milk supplemented 
with L. reuteri 

(probiotic group) 

L. rhamnosus 
and B. animalis 

56 patients 
diagnosed with 
schizophrenia 

between 18-65 years 

14 weeks 
Placebo group Patients taking a placebo had higher levels of C. albicans 

antibodies compared to those taking the probiotics following a 
14-week regimen 

[380] 

Probiotic group 

L. acidophilus, 
B. longum, B. 
bifidum and B. 

lactis 

112 newborns 6 weeks 

Placebo group Probiotic supplementation reduced Candida load in the gut. Only 
12.5% of the subjects taking probiotics were colonized by C. 

albicans compared with 28.6% of the placebo group. Additionally, 
35.7% of the placebo subject had C. glabrata while none of the 

subjects of the probiotic group had C. glabrata in the gut 

[379] 

Probiotic group 
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Although it is considered that probiotics are valuable in the treatment of VVC and 

gastrointestinal candidiasis, not all clinical studies on the use of probiotics report the same level 

of effectiveness, which can be attributable to the variability of the different probiotic strains, 

differences in the delivery mechanisms and or in therapy details, such as the length or the 

intervals of probiotic administration. Moreover, the results obtained also suggest that the efficacy 

of probiotics can be dependent of the severity of the infection and also from the patient’s 

characteristics. Another important note is that most studies conducted with probiotics to treat VVC 

did not resorted to species considered endogenous to this niche, something that can be 

attributable to these being considerably less studied, compared with other species that have an 

already long track-record of use in the probiotics worlds[383, 384]. To date, several rules have 

been considered when determining if a species could be used as a probiotic. The most relevant 

rules include: microbial lysates, non-living bacteria and non-colonizing spores cannot be 

considered probiotics; the microorganisms have to be extensively characterized; probiotics 

should lack antibiotic resistance genes; and probiotics must survive and colonize the human host 

and interact positively with the healthy microbiota[385]. Recently, it was discussed the 

development of a decision tree to be used to classify if a potential probiotic species or product 

could be used as a probiotic therapy in the human host (Figure I.10)[386]. From this analysis it 

was concluded that probiotic strains should be well characterized, safe for their intended use, 

supported by at least one positive human clinical trial and be alive in the product at an efficacious 

dose throughout shelf life[386]. Taking these guidelines into consideration, some endogenous 

species of the human host fail to be considered as a potential probiotic due to their poor 

characterization (e.g., L. gasseri and L. jensenii). This clearly presents an opportunity for the 

characterization of these less studied species that could be explored with success to help foster 

treatments against infections caused by Candida species.  

 

Figure I.10. Proposed decision tree to determine if a candidate probiotic could be considered and used as 
a probiotic in the human host. Most endogenous species fail because of their poor characterization. Figure 
taken from Sylvie Binda et al. 2020[386]. 
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I.4.2.  An overview of the molecular mechanisms underneath the 

interference effects between lactobacilli and Candida cells 

As overview in the previous sections a vaginal microflora dominated by lactobacilli has 

been generally associated with health and reduced activity of vaginal pathogens. Probiotics 

formulations containing lactobacilli species have been shown to reduce colonization and improve 

treatment of infections caused by Candida, hinting for a possible inhibitory role of lactobacilli 

against Candida. In addition to this, many studies have demonstrated in vitro the role of different 

lactobacilli species (albeit not necessarily those that are part of the vaginal microflora) in inhibiting 

growth and also relevant traits for pathogenesis of Candida in the vaginal tract, such as adhesion, 

the ability to undertake yeast-hyphae transition; or the capacity to form biofilms. In most cases, 

however, the so far undertaken studies report only phenotypic observations and do not scrutinize 

the molecular mechanisms underneath the observed anti-Candida effects. Another important note 

is that in the vast majority of these studies, the anti-Candida potential of lactobacilli is evaluated 

using supernatants obtained from Lactobacillus single cultures, that although could be enriched 

in metabolites with inhibitory activity do not necessarily recapitulate all relevant aspects of this 

interaction in vivo that involves direct cell-cell contacts. Indeed, it was shown that the direct 

contact of Lactobacillus cells with Candida results in inhibited growth, adhesion and yeast-to-

hyphae differentiation of the yeasts[387]. 

Studies demonstrated that culture supernatants obtained from L. gasseri, L. crispatus, L. 

rhamnosus, L. vaginalis and L. fermentum single cultures, effectively reduced biofilm formation 

and adhesion to vaginal epithelial cells of C. albicans but did not reported whether the same was 

obtained when these Lactobacillus cells were directly co-cultivated with Candida[218, 388-391]. 

Similarly, powerful inhibitory effects had been obtained using supernatants obtained from different 

vaginal lactobacilli clinical strains[390, 392-394]. Importantly, an exhaustive study of the broth 

obtained from single cultivation of lactobacilli was unable to correlate the anti-Candida properties 

of these supernatants with the production of lactic acid which is the major fermentation by-product 

of lactobacilli, meaning that lactic acid is most likely not responsible for the inhibition of Candida 

cells[390]. A more recent thorough analysis, exploring MS-based metabolomics, led to the 

identification of a small molecule, 1-acetyl-β-carboline (1-ABC), shown to be produced by several 

lactobacilli (L. reuteri, L. rhamnosus, L. helveticus, L. casei, L. brevis and L. plantarum), that under 

laboratory conditions was found to blocks the C. albicans yeast-to-hyphae transition by inhibiting 

the Yak1 protein kinase[395]. These findings were very important considering the essential role 

of Yak1 in prompting biofilm formation by C. albicans cell[396], however, it is not clear whether 

this molecule is also produced in conditions more similar to those observed in the context of 

human infections, nor the underneath biosynthetic pathway was elucidated preventing the 

identification of producing and non-producing lactobacilli species[395]. Moreover, was identified 

in the supernatant of various species of Lactobacillus significant amounts of amino acids and 

derivatives (e.g., glycine, histidine, valine, among others), organic acids (acetate, lactate and 
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pyruvate), sugars (fructose, galactose, glucose, ribose and myo-inositol), sn-glycerol-3-

phospocholine orotate and uracil[397]. Additionally to these metabolites, smaller concentrations 

of 4-hydroxyphenylacetate, 4-hydroxybenzoate, acetone, hydroxyacetone and ethanol, among 

many others were also identified[397]. Among these, high concentrations of histidine, acetate and 

pyruvate and low concentrations of glycine, lactate and fructose were associated with 

supernatants with high anti-Candida potential[397]. Another example includes the study of the 

spent growth medium of L. rhamnosus, which was found to be highly enriched in intermediate 

metabolites related to pyrimidine metabolism, pantothenate and CoA biosynthesis, phenylalanine, 

tyrosine and tryptophan biosynthesis, beta alanine metabolism and thiamine metabolism, among 

others[398]. Interestingly, among the metabolites produced by L. rhamnosus, the authors 

identified phenyllactic acid[399, 400], mevalonolactone[401], 2-hydroxyisocaproic acid 

(HICA)[402-404], and 3-hydroxyoctanoate[405] which have already been demonstrated to be 

potential antifungal agents including against Candida spp. (such as C. albicans, C. glabrata, C. 

vini, C. tropicalis, C. krusei). 

Most commonly, the antimicrobial (and necessarily anti-Candida) effect of lactobacilli is 

attributable to the production of lactic acid[333, 406], along with other molecules that might have 

antimicrobial activity such as hydrogen peroxide[130, 140, 407], bacteriocins[408], 

biosurfactants[409] and exopolysaccharides[410] (as detailed in Figure I.11). However, the 

properties of these molecules may not be exactly the same in every niche where they might be 

produced. For example, the antimicrobial effect of lactic acid, as of all weak organic acids, is 

largely dependent of the pH which is very different in the vaginal tract (~4) or in the gut (~5 to 7). 

In the following sections are dissected what can be the eventual contribution of these different 

factors, when put into context with relevant physicochemical parameters of the vaginal and 

intestinal gut that might necessarily modulate the anti-Candida properties of the residing 

lactobacilli-populations. 
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Figure I.11. Proposed mechanisms of how Lactobacillus inhibits the adhesion, growth, biofilm formation, hyphal formation and virulence traits of Candida. These mechanisms 
include the secretion of biosurfactants, bacteriocins, H2O2, exopolysaccharides and 1-acetyl-β-carboline. Moreover, Lactobacillus species have the ability to immunomodulate the 
host epithelial cells. Although the proposed mechanisms are similar between vaginal and intestinal environments, lactobacilli species and environmental pH are distinct, and thus 
could differently modulate the anti-Candida properties of lactobacilli. 
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I.4.2.1. Production of lactic acid 

The association of a vaginal microflora enriched in lactobacilli with vaginal health has 

been attributed to the acidification prompted by the bacterium, resulting from their ability to 

produce lactic acid[96, 97]. Vaginal lactobacilli produce both D- and L-lactic acid in concentrations 

that can reach 120mM[411-413]. D- and L-lactic acid are not produced by all lactobacilli species, 

with L. crispatus and L. gasseri producing both isomers[216, 414], while L. iners only producing 

L- lactic acid[415]. It has been suggested that the domination of L. iners in the vaginal microbiome 

may be less effective in suppressing infections prompted by other pathogens, due to a lower 

antimicrobial potential of the L-form, in comparison with the D-one[416]. It is worth mentioning 

that vaginal epithelial cell secretions contain a plethora of compounds (e.g., glycogen, urea, 

proteins, ions, glycerol, defensins, cytokines and chemokine), including also L-lactic acid[417, 

418]. However, studies showed that this L-lactic acid accounts only 15% of the total amount found 

in the vaginal fluid with the majority being attributed to lactobacilli activity[413, 417]. Although the 

vaginal lactobacilli are homofermentative, which means they solely produce lactic acid from 

glucose, some intestinal species (such as L. reuteri) perform heterofermentation and thus 

produce also acetic acid and ethanol as major fermentation products (Figure I.12)[412, 419, 420].  

 

Figure I.12. Brief overview of the metabolic pathways of homofermentative (a) and heterofermentative (b) 
Lactobacillus spp. Homofermentation results mostly in the production of lactic acid as the final by-product 
while heterofermentation results in the production of lactic acid, acetate and ethanol. Note that the glucose 
used as the substrate originates from the breakdown of glycogen by α-amylase. Figure taken from Ravinder 

Kumar et al., 2015[419]. 
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The acidic environment in the vagina is linked with decreased risk of bacterial vaginosis 

and infections caused by viruses[421]. This correlates well with the poor tolerance of bacteria to 

acidic conditions, however, Candida cells are acidophilic, as most yeasts[422]. Thus, the mere 

reduction of pH prompted by the vaginal bacteria up to 4 (which is the normal pH found in the 

vaginal tract) is not likely to pose a significant challenge. It is important to mention that low pH 

and weak acids exert distinct effects on microbial cells and thus what can be the antimicrobial 

potential of lactic acid, cannot be confused with the effect of low pH itself. When a strong acid is 

used, high concentrations of protons (H+) are produced in the external environment that can affect 

cell wall structure, alter protein conformation (specially of those protruding from the cell wall) and 

influence nutrient availability[423]. However, due to poor proton diffusion across the plasma 

membrane, the inhibitory potential of low pH is well below the one caused by weak acids that 

dissociate directly in the cytosol[424]. Conversely, at a pH below its pKa the undissociated form 

(RCOOH) of the weak acid accumulates and can cross the plasma membrane at a rate that will 

be dependent of its lipophilicity (Figure I.13). Once in the cytosol, the weak acid chemically 

dissociates, due to the higher cytosolic pH, releasing protons (H+) and the counter-ion (RCOO−) 

that cannot cross the hydrophobic membrane bilayer thus accumulating in the cell interior (Figure 

I.13)[425]. Besides the expected reduction in internal pH, the accumulation caused by the weak 

acid counter-ion also impacts the lipid organization and function of cellular membranes, affecting 

the activity of proteins embedded therein and, ultimately, causing nonspecific 

permeabilization[426-428]; and it can also cause the reduction (and in the limit total dissipation) 

of the electrochemical potential maintained across the membrane that is essential for secondary 

transport (Figure I.13)[426-428].  

 

Figure I.13. Mechanistic model describing the toxic effects exerted by weak acids over Yeast cells and 
corresponding adaptive responses that can be triggered to overcome these effects. Firstly, the activity of H+-
ATPases in the plasma and vacuolar membranes is stimulated, contributing to the recovery of internal pH 
(pHi) towards more physiological levels and facilitating metabolite compartmentalization in acid-stressed 
cells. Additionally, the reconfiguration of the cell wall structure and plasma membrane lipid composition may 
reduce the diffusion rate of undissociated weak acids, resulting in a decrease of weak acid-induced damage 

to the plasma membrane. Figure taken from Nuno Mira et al., 2010[425]. 
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At the expected vaginal pH of ~4, most lactic acid produced will be in its dissociated form 

(of lactate) as the pKa of lactic acid is 3.86. Thus, only a small fraction of this will be capable of 

crossing the plasma membrane and inhibit growth. A study undertaken from our laboratory has 

examined what could be the potential effect of lactic acid in inhibiting growth of Candida cells at 

different pHs and using different concentrations of glucose and oxygen. The results obtained, 

showed in Figure I.14, clearly show that under the tested conditions lactic acid did not significantly 

inhibited growth of C. glabrata nor of C. albicans[429]. Thus, suggesting that the production of 

undissociated lactic acid per se does not appear to be a main mechanism for the inhibition of 

Candida prompted by vaginal lactobacilli. In line with this idea, a previous study has not found a 

correlation between the anti-Candida activity of culture supernatants of vaginal lactobacilli strains 

and the amounts of lactic acid present therein[390]. Nonetheless, the presence of lactic acid was 

found to boost the inhibitory effect of clotrimazole, fluconazole, miconazole and tioconazole 

against C. albicans and, much less significantly, for C. glabrata[430]. In the gut, where the pH is 

in between 5 to 8[431, 432], the accumulation of undissociated lactic acid is expected to be even 

lower (in the range of 0-7%). 

 

Figure I.14. Lactic acid concentration close to the concentration found in the vaginal tract in a eubiosis state 
is ineffective in reducing C. albicans and C. glabrata growth under microaerophilic conditions in minimal 
medium supplemented with 0.2% glucose in low pH. Adapted from Lourenço et al., 2018[430]. 
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As said above in the vaginal tract, and more prominently in the less acidic environment 

of the gut, the lactic acid produced by lactobacilli prevails as lactate. Candida cells have been 

shown to be able to consume lactate as a carbon source[433, 434], and this metabolic flexibility 

is an important virulence trait for these pathogens by allowing them to cope with changes in the 

panoply of nutrients available in the different niches with different carbon sources. Furthermore, 

recently it was shown that lactate promotes the evasion of C. albicans cells from immune cells by 

inducing β-glucan masking and reducing macrophage recruitment[289]. Notably, this phenotype 

was also observed when the yeasts were exposed to culture supernatants of L. reuteri and was 

not found when the yeast cells were exposed to other host-derived metabolites such as acetate, 

methionine, or proline[289]. The β-glucan masking induced by lactate correlated with reduced 

uptake of C. albicans cells by macrophages in vitro, decreased stimulation of TNFα and MIP1α 

by human macrophages, and diminished recruitment of neutrophils in vivo[289]. More detailed 

molecular analysis revealed that the β-glucan masking is dependent on the Gpr1-Crz1 axis, as 

schematically represented in Figure I.15. These two findings strongly suggest that Candida cells 

evolved adaptive responses that allowed them to cope with the production of lactic acid, and 

indirectly of lactate, by lactobacilli in a manner that favours colonization and, eventually, infection.  

 

Figure I.15. (A) Flow cytometry analysis of β-glucan exposure. C. albicans cells grown in the presence of 
L-lactate, L. reuteri supernatant and macrophage supernatant exhibited reduced β-glucan exposure while 
D-lactate did not. β-glucan exposure was determined using the median fluorescence intensity (MFI) shown 
in each graph at the right (glucose/fresh medium grown) and left (glucose+lactate/spent medium grown). (B) 
Proposed model of β-glucan masking in C. albicans. L-Lactate is detected by Gpr1, which in turn signals to 
Crz1 in a calcineurin-independent manner. With the help of Ace2, Crz1 regulates a polygenic response, 
resulting in the masking of β-glucan on the C. albicans cell surface. Adapted from Elizabeth R. Ballou et al., 

2016[289]. 

I.4.2.2. Production of 1-acetyl-β-carboline (1-ABC) 

Recently, was demonstrated that several Lactobacillus species (L. rhamnosus, L. reuteri, 

L. helveticus, L. casei, L. brevis and L. plantarum) secrete 1-acetyl-β-carboline (1-ABC) that 

represses the ability of C. albicans to undergo morphogenesis in response to diverse filament-

inducing cues[395]. 1-ABC did not, however, reduced viability or growth rate of the fungus when 

in the yeast form[395]. Using a detailed genetic analysis, the authors successfully identified the 

target of 1-ABC responsible for the inhibition of C. albicans filamentation to be the DYRK (dual-

specificity tyrosine phosphorylation-regulated kinase)-family member, Yak1[395]. In brief, 1-ABC 
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was found to be able to bind to Yak1 protein, resulting in the blocking of signalling transmission 

to the transcription factor Rob1 protein and, thus, inhibiting the expression of filament-specific 

genes (Figure I.16)[395]. Since the ability to switch between yeast and filamentous morphologies 

is a crucial attribute for C. albicans pathogenesis[435], the production of 1-ABC can be an 

important factor in the way by which lactobacilli species can impart virulence of Candida. However, 

the underneath pathway leading to production of β-carboline is not known and therefore it is not 

possible to determine whether this metabolite could be produced by other lactobacilli and how 

environmental changes could affect such production. β-carboline compounds are distributed in 

nature and most derive from plants using pathways that involve a strictosidine synthase that 

produces a tetrahydro-β-carboline compound through a stereoselective Pictet–Spengler 

reaction[436, 437]. In bacteria, production of β-carboline compounds has been attributed to 

specific enzymes in Marinactinospora thermotolerans and Nocardiopsis synnemataformans, that 

were found to synthesize 1-acetyl-3-carboxy-β-carboline and 1-acetyl-β-carboline through Pictet–

Spengler reactions using l-tryptophan and oxaloacetaldehyde as substrates[438-440]. A 

completely different mechanism of production of a β-carboline compound was described for the 

production of kitasetaline by Kitasatospora setae[441]. In these cells, the β-carboline core 

skeleton is formed via successive enzymatic reactions using the KslA, KslB and KslC proteins, 

and Mca for the synthesis of the N-acetylcysteine moiety of kitasetaline[441]. Interestingly, 

tryptophan appears to serve as the initial substrate for β-carboline biosynthetic pathways 

regardless the microbial species[437-441]. However, there was no amino acid sequence 

homology between these proteins and the proteins of lactobacilli, suggesting that this species 

may synthesize β-carboline compounds using a still uncharacterized biosynthetic pathway. 

 

Figure I.16. Proposed model of the mechanisms by which Yak1, Oca6, and Rob1 interact in regulating C. 
albicans hyphal morphogenesis in the absence or presence of 1-ABC. 1-ABC is a strong inhibitor of 
filamentation specific genes by blocking the action of Rob1 through binding to Yak1. Figure taken from Jessie 

MacAlpine et al., 2021[395]. 
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I.4.2.3. Bacteriocins 

Lactobacillus spp. produce small peptides defined as bacteriocins that have antimicrobial 

activities and that had been found to provide ecological advantage to producing strains. 

Numerous studies have identified lactobacilli (e.g., L. rhamnosus and L. acidophilus) that can 

produce different bacteriocins (e.g., lactocin 16) with antimicrobial properties against vaginal 

pathogens (e.g., G. vaginalis)[442-444]. These small peptides have a plethora of different 

structures and physicochemical properties. Although several authors have proposed different 

classifications for these small proteins, mostly diverging in the number of subclasses, the most 

well accepted classification divides them into three major different classes[445, 446]: class I, class 

II and class III. Bacteriocins classified in class I are small (<5 kDa) heat-stable peptides that are 

highly posttranslational modified and that contain characteristic polycyclic thioether amino acids 

such as lanthionine, methyl-lanthionine, and unsaturated amino acids such as dehydroalanine 

and 2-amino isobutyric acid[447]. These can be divided into several different subclasses, 

including lanthipeptides (type I and type II), cyclic peptides, sanctibiotics, linear azol(in)e-

containing peptides and glycocins[446, 448]. Lanthipeptides are characterized by the presence 

of sulfur-to-β-carbon thioether crosslinks (named lanthionines and (methyl)lanthionines), while 

cyclic bacteriocins have the feature of having their N- and C-terminals linked by a peptide bond, 

resulting in a circular molecule. Sanctibiotics are characterized by the presence of a linkage 

between a cysteine thiol and the α-carbon of another residue resulting in a sulphur-bridged protein, 

and linear azol(in)e-containing peptides (LAPs) have in their composition various combinations of 

heterocyclic rings of thiazole and (methyl)oxazole. Finally, glycocins are bacteriocins containing 

glycosylated residues[446, 448]. Among these types of bacteriocins, the most common examples 

are nisin and lacticin 3147 (type I and type II lanthipeptides, respectively), enterocin, subtilisin A, 

streptolysin S and glycocin F, respectively[446, 448].  

Class II bacteriocins are heat-stable peptides slightly larger than those classified in class 

I (<10 kDa) without lanthionine and not-posttranslational modified (beyond the elimination of a 

leader peptide and the formation of a conserved N-terminal disulphide bridge[446, 448, 449]). 

Class II is subdivided into IIa, IIb and IIc. Subclass IIa comprises bacteriocins that are monomers 

and have an N-terminal consensus sequence Tyr-Gly-Asn-Gly-Val-Xaa-Cys, e.g., pediocin PA-1. 

Subclass IIb includes two-component bacteriocins having two different peptides acting 

synergistically to generate an antimicrobial effect (e.g. lactococcin G)[446, 448]. Finally, subclass 

IIc is composed of circular bacteriocins, e.g., gassericin A, that carries two transmembrane 

segments to enable the formation of pores in the target cells membrane[446-449].  

Class III comprise the larger molecular weight bacteriocins (>30kDa) that are not included 

in any of the classes described above. Bacteriocins from this group have various domains, hence 

their size, and are heat-sensitive proteins, e.g. helveticin[446-449]. 

Despite their very distinct structures, the general mechanism by which bacteriocins exert 

their antimicrobial activity is by forming pores and permeabilizing the cell membrane of the target 
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cell[450, 451]. While the mechanisms for pore formation are not well understood in general, in the 

case of nisin A, lacticin and lactococcin this has been more thoroughly investigated. Briefly, nisin 

(a Class I, type I lanthipeptide) was shown to remove lipid II from its natural location which prompts 

the insertion of the bacteriocin into the cell membrane resulting in formation of a pore (Figure 

I.17)[452].  

 

Figure I.17. Proposed model for the lipid II-mediated nisin pore formation. Nisin first binds to the outwardly 
orientated carbohydrate moiety of lipid II in a 1:1 stoichiometry. The N-terminal segment of the nisin is 
essential for binding, and a negative surface charge is not necessary. The C-terminal part of nisin is then 
assumed to translocate across the membrane creating a pore in the target membrane. Thus, resulting in the 
inhibition of the target cells by either inhibition of cell wall synthesis or pore formation[452]. Figure taken from 
Rodney Honrada Perez et al., 2015[453]. 

Lacticin 3147 is composed of two lanthionine-containing peptides, LtnA1 and LtnA2, with 

masses of 3,306 Da and 2,847 Da, respectively[454]. Lacticin 3147 requires both LtnA1 and 

LtnA2 to exert full antimicrobial activity. When both peptides are present, lacticin 3147 inhibits its 

target cells through the formation of pores in the cell membrane. Rapid efflux of K+ and phosphate 

ions causes immediate dissipation of the membrane potential, hydrolysis of intracellular ATP and 

ultimately cell death[455]. The maturation of the subunits is performed by LtnM1 and LtnM2 genes 

and the bifunctional enzyme LtnT, which removes the leader peptide and translocates the 

modified peptide to the extracellular environment. Like Nisin A, Lacticin 3147 also targets lipid II, 

and a three-step model has been proposed where the α-peptide binds to lipid II, then it is 

recognized by the β-peptide which inserts into the membrane and forms a pore (Figure I.18)[455]. 

 
Figure I.18. Proposed model for Lacticin 3147 pore formation mechanism. First occurs the membrane 
association of the A1 peptide and binding to lipid II (i); Second there is a binding of the A2 peptide to A1:lipid 
II and formation of a high-affinity three-component complex (ii); Third there is a translocation of the C-
terminus of A2 and formation of a defined pore in the membrane of the target (iii). Figure taken from Imke 
Wiedemann et al., 2006[455]. 

Lactococcin G is a bacteriocin whose activity also depends on the complementary activity 

of two peptides, termed α and β, that can bind independently to the target cell surface[456]. Upon 

formation of a complex between the α and β peptides a transmembrane pore is formed, that 
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conducts monovalent cations (with the exception of protons)(Figure I.19)[456]. Thus, exposure of 

to lactococcin G results in rapid depletion of ATP and release of intracellular potassium[456].  

 
Figure I.19. The mechanism of interaction between Lactococcin G and the target membrane involves the 
binding of two peptides through specific motifs: G7xxxG11 in the α-peptide and G18xxxG22 in the β-peptide. 
These peptides come together to form a transmembrane helix–helix structure. The C-terminal end of the α-
peptide, which is highly positively charged and structurally flexible, is driven through the membrane by the 
transmembrane potential. Meanwhile, the tryptophan residues located in the N-terminal region of the β-
peptide, which is structurally flexible, are positioned either within or near the outer membrane interface. 
Figure taken from Jon Nissen-Meyer et al., 2010[457]. 

Due to their antimicrobial properties, bacteriocins have been applied in various sectors 

ranging from food preservation to health. In this context, the use of bacteriocins to inhibit vaginal 

pathogens has been attempted. For example, in a review by Dover et al., 2008, the authors 

compiled information regarding several bacteriocins that were isolated from Lactobacillus spp. 

and that shown efficacy in inhibiting growth of N. gonorrhoeae, G. vaginalis and C. albicans (as 

detailed in Table I.6)[458]. An important note is the fact that most studies that examined the 

antimicrobial effect of bacteriocins focused on lactobacilli producing species not endogenous to 

the vaginal tract. 

  



48 | P a g e  
 

Table I.6. Examples of studies demonstrating that bacteriocins have an inhibitory effect against potential 
bacterial vaginal pathogens (e.g., G. vaginalis) and fungal vaginal pathogens (e.g., C. albicans). The table 
describes the bacteriocin producing species, the name of the bacteriocin when available, the pathogen that 
it inhibits and the respective reference. 

Producing species Bacteriocin Pathogen inhibited Study 

Bacterial pathogens 

L. rhamnosus 160 Lactocin 160 

G.vaginalis, P. bivia, 
P. anaerobius, P. 

assacharoliticus, M. 
luteus, L. 

monocytogenes 

[443, 444, 459] 

Lactococcus lactis 
subsp. lactis HV219 

Bacteriocin HV219 

E. faecalis, E. coli, L. 
casei, L. innocua, P. 

vulgaris, P. 
aeruginosa 

[460] 

L. fermentum HV6b 
MTCC 10770 

Fermenticin HV6b G. vaginalis [461] 

B. amyloliquefaciens Subtilosin G. vaginalis [462] 

P. pentosaceus SB83 Bacteriocin SB83 L. monocytogenes [463] 

E. faecium strain 62-6 Enterocin 62-6 
Corynebacteria, 

Streptococci, and 
Enterococci 

[464] 

L. acidophilus 
Bacteriocin with 
an expected size 

of 7.5 kDa 

G. vaginalis, S. 
agalactiae, P. 
aeruginosa 

[465] 

L. gasseri EV1461 Gassericin E 

S. aureus; S. 
intermedius; P. bivia; 
L. mesenteroides; G. 
vaginalis; E. faecium 

[466] 

Fungal pathogens 

L. pentosus TV35b Pentocin TV35b C. albicans [467] 

L. plantarum 
Plantaricin 

peptides PlnE, -F, -
J, and -K 

C. albicans [468] 

E. faecalis Bacteriocin EntV C. albicans [469] 

E. durans 
Durancin A5‐11a 

and durancin A5‐
11b 

C. krusei [470] 

L. plantarum WZD3 Not characterized C. albicans [471] 

L. pentosus, 
L. rhamnosus, 

L. paracasei and  
L. delbrueckii 

Not characterized 
C. albicans and C. 

glabrata 
[472] 

An important note concerning the bacteriocin-producing phenotype is that it is both strain 

and species dependent. For example, L. gasseri encodes acidocins (AAP55753.1 and 

AAP56345.1), gassericins (GaaA and GaeA) and helveticin J (encoded by LGAS_RS02335). 

However, in the genome of the reference strain only helveticin J protein is annotated and 

acidocins and gassericins are strain-specific, with the last being encoded in a plasmid that is not 

present in all strains[217-219]. A thorough search of the literature as well as inspection of the 

genomes of L. gasseri[466, 473-475], L. reuteri[230, 476], L. rhamnosus[459, 477, 478], L. 

acidophilus[383, 479, 480], L. jensenii, L. iners[481], L. crispatus[482], L. ruminis[483], L. 

plantarum[484] and L. salivarius[485] were performed in order to render clear which bacteriocins 

are in fact (or could be) produced by these different species, this being something that was not 
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performed at a systematic level. The results obtained (schematically represented in Figure I.20) 

show that, with the exception of helveticin family proteins and gassericin A, which had homologs 

on the genomes of L. gasseri, L. acidophilus and L. crispatus, bacteriocins are quite species 

specific. L. reuteri LA6 strain was shown to produce the bacteriocin reutericin 6, its sequence had 

not been fully disclosed although it was found to be similar to the one of gassericin A[230]. Also, 

the sequences of lactocin 160[444] and rhamnosin A[478], produced by L. rhamnosus, and the 

sequence of inecin, produced by L. iners[481], were not determined and, thus, it was not possible 

to investigate their presence in the genomes of other lactobacilli species. L. acidophilus, on the 

other hand, encoded a helveticin family protein (WP_241234180.1), which had a great degree of 

homology with a helveticin encoded by L. crispatus (WP_158182237.1). Additionally, some 

strains of L. acidophilus also encoded a protein (AciA) similar to the gassericin A (GaaA), acidocin 

A (AcdA), acidocin J1132 (AJP47090.1), lactacin F (A37324) and lactacin B (AJP47084.1)[383]. 

L. crispatus encoded two different helveticin-like proteins, one similar to L. gasseri 

(WP_257942957.1) and the other similar to L. acidophilus (WP_158182237.1). L. ruminis was 

recently reported to produce a pediocin-like protein[483], and leucocin A (WP_129915276.1), with 

no evidence of these being present in the genome of other lactobacilli species. L. plantarum was 

previously demonstrated to produce a wide range of bacteriocins described as plantaricins (e.g., 

Plantaricin C, Plantaricin E/F and Plantaricin J/K, among others), that vary accordingly to the 

producing strain[484]. No homologues of these proteins could be found in the genome of other 

described lactobacilli species. Similarly, various L. salivarius strains produced various variations 

of salivaricin (e.g., salivaricin P, salivaricin L and salivaricin T, among others), which to our best 

knowledge were not produced by any of the remaining lactobacilli[485]. The vaginal species L. 

jensenii was not reported to produce any bacteriocins, nor we could detect in the available 

genome sequences homologs for those already characterized. In conclusion, most of these small 

peptides do not show a great degree of homology between species, which validates the observed 

structural differences among bacteriocin and their diversity. The fact that most of the bacteriocins 

produced by lactobacilli are poorly characterized highlights the need for their study since they can 

be a valuable option for bacterial and fungal infections treatment, including the development of 

new anti-Candida therapies. 
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Figure I.20. Selected bacteriocins produced by L. gasseri, L. reuteri, L. rhamnosus, L. acidophilus, L. jensenii, L. iners, L. crispatus, L. ruminis, L. plantarum and L. salivarius. 
Black square corresponds to the presence of the bacteriocin or a homolog in at least one strain of the corresponding species. This table was built using the available literature 
and primary amino acid sequence analysis (blastp) on NCBI (https://www.ncbi.nlm.nih.gov/). Bacteriocins with high degree of homology between species are represented by an 
asterisk (*1: L. reuteri - reutericin 6; *2: L. acidophilus - AciA; *3 and 4: L. crispatus – two helveticin-like proteins). 

Bacteriocin L. gasseri L. reuteri L. rhamnosus L. acidophilus L. jensenii L. iners L. crispatus L. ruminis L. plantarum L. salivarius 

Helveticin J       * 3    

Acidocin LF221A           

Acidocin LF221B           

Gassericin A    * 2       

Gassericin E    * 1         

Lactocin 160           

Rhamnosin A           

Helveticin       * 4    

Acidocin A           

Acidocin J1132           

Lactacin F           

Lactacin B           

Inecin           

Leucocin A           

Pediocin PA-1 
family protein 

         
 

Plantaricin           

Salivaricin           

https://www.ncbi.nlm.nih.gov/
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I.4.2.4. Production of hydrogen peroxide (H2O2) 

Another metabolite produced by Lactobacillus spp. that has been hypothesized to 

contribute for its antimicrobial properties is hydrogen peroxide (H2O2). H2O2 is a toxic agent 

capable of inducing oxidative stress and, ultimately, cellular death in an array of microorganisms, 

including E. coli, G. vaginalis or C. albicans[220]. Production of H2O2 in the presence of oxygen 

is characteristic of most lactobacilli species[220]. Previous reports have shown that L. acidophilus, 

L. gasseri and L. crispatus produce, in vitro, between 100 and 800 μM H2O2 when grown 

aerobically[220]. Given the high production of H2O2 by lactobacilli, and the fact that vaginal 

microbiome studies consistently find significant reductions in levels of H2O2-producing 

Lactobacillus spp. during bacterial vaginosis[486, 487], the potential of H2O2 as an antimicrobial 

has been investigated. Some studies have assessed the role of H2O2 in restoring vaginal health, 

nonetheless, these studies showed that H2O2 was only effective in treating bacterial vaginosis 

and not infections caused by Candida species[488]. It is also important to denote that the amount 

of H2O2 in the vaginal fluid is about 25μM, substantially lower than the levels produced in vitro[489]. 

This difference could be attributed to the higher level of oxygen in the in vitro studies[220] and 

also to the H2O2-blocking activity of cervicovaginal fluid (CVF) that was shown to reduce H2O2 

from the mili- to the micro-molar concentrations[489]. Importantly, studies have shown that 

Candida infections of the vaginal tract seem to be accompanied by a reduction of H2O2-producing 

Lactobacillus spp. (L. crispatus and L. jensenii) in infected patients[130, 140], suggesting clinical 

importance for H2O2 in VVC, although it is hard, if not impossible, to individualize this effect in the 

panoply of the other factors that can condition the anti-Candida activity of lactobacilli.  

I.4.2.5. Production of biosurfactants 

Surfactants produced by microorganisms, or biosurfactants, are amphipathic molecules 

containing a hydrophilic head (usually a peptide, amino acid, monosaccharide, disaccharide, or 

polysaccharide) and a hydrophobic tail with a linear, branched, saturated, unsaturated, or 

hydroxylated fatty acid[490, 491]. This combination of hydrophobic and hydrophilic moieties 

enables surfactants to reduce surface and interfacial tensions[490, 491]. Although lactic acid 

bacteria, including lactobacilli, have been reported to be good biosurfactant producers (well-

reviewed by Surekha K. Satpute et al., 2016[409]), the characterization of the production 

pathways and the environmental factors modulating this is much less studied than in other 

organisms that produce similar molecules (e.g. rhamnolipids produced in P. aeruginosa or 

surfactin produced by B. subtilis[492, 493]. The better characterized biosurfactant produced by 

different lactobacilli, including L. acidophilus where it was first isolated, is surlactin. This is a 

protein-rich cell associated biosurfactant released during the stationary phase and shown to 

reduce adhesion of E. faecalis to silicone rubber[494]. Like surlactin, the majority of the described 

biosurfactants produced by lactobacilli are cell-associated, with only a minor fraction being 

released into the medium[409]. The precise identification of the chemical composition of the 

biosurfactants produced by lactobacilli has also been not performed in most cases, being 
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described generalistic compositions in which the cell-free molecules are described to include a 

sugar and glycolipid-type moiety[495, 496], while cell-associated ones are described to have a 

proteinaceous portion along with glycoproteins, glycolipids and glycopeptides[409]. It is also worth 

mentioning that lactobacilli biosurfactant production, structural composition and activity are highly 

affected by the nutrients and conditions in the environment, such as protein abundance, 

micronutrients, pH and temperature[497], which further complicates the characterization of these 

molecules.  

As said above, due to their chemical properties one of the more relevant aspects of the 

production of biosurfactants by lactobacilli is the reduction in the ability of other organisms to 

adhere to biotic surfaces. Indeed, it has been found that biosurfactants produced by L. crispatus 

vaginal isolates prevent the ability of C. albicans, C. tropicalis and C. krusei strains ability to 

adhere to human cervical epithelial cells, mainly by an exclusion mechanism[498]. Interestingly, 

delivery of this biosurfactant using hyalurosomes, reduced colonization of a broad spectrum of 

Candida species (C. albicans, C. glabrata, C. lusitaniae, C. tropicalis, C. krusei and C. 

parapsilosis) onto a plastic surface[499]. Biosurfactants produced by L. jensenii P6A and L. gasseri 

P65 showed inhibitory potential against C. albicans[221] as well the biosurfactants surfactin and 

iturin produced by vaginal strains of L. plantarum, Latilactobacillus sakei (formerly Lactobacillus 

sakei) and L. fermentum, that also showed to potently inhibit formation of C. albicans biofilms[500].  

Table I.7. Selected examples of biosurfactants produced by Lactobacillus spp. The table describes the 
species and strain of the producer, when available a brief description and the antimicrobial/antifungal 
potential of the biosurfactant. 

Species 
Biosurfactant 
description 

Main outcome Study 

L. casei subsp., 
rhamnosus 36 

Surlactin 
Protein rich biosurfactant that 

may interfere with uropathogen 
adhesion (e.g., E. faecalis) 

[501] 

L. brevis CV8LAC 

Biosurfactant with a 
mixture of components 
including sugar as one 

of the fractions 

Inhibition of adhesion, biofilm 
formation of C. albicans  

[495] 

L. reuteri DSM 
20016 

Not described 
Inhibition of S. mutans initial 
adhesion to the tooth surface 

[234] 

L. acidophilus Surlactin 
Not tested as antimicrobial or 

antifungal 
[497] 

Lactobacillus 
vaginal isolates, 

including L. 
plantarum, L. sakei 
and L. fermentum 

Surfactin and iturin 

Anti-adhesive activity (up to 
74.4% reduction of the biofilm 

formed in abiotic surface) 
against C. albicans. 

[500] 

L. acidophilus RC14 Surlactin 
Inhibit E. faecalis adhesion to 

silicone rubber 
[502] 

L. jensenii P6A and 
L. gasseri P65 

Biosurfactant was 
composed of 51.49 to 
38.61% carbohydrate, 
15.17 to 9.81% protein 
and 29.45 to 49.53% 

lipids. 

Antimicrobial activity against 
clinical isolates of E. coli, S. 

saprophyticus, E. aerogenes, 
K. pneumoniae and C. 

albicans. 

[221] 
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I.4.2.6. Production of exopolysaccharides 

Exopolysaccharides (EPSs) are large carbohydrates with diverse chemical properties 

and functions that are intimately related to their structure and origin. Capsular exopolysaccharides 

(cEPSs) form a capsule around cells, while slime exopolysaccharides (sEPSs) are released into 

the surrounding environment. EPSs can be classified into two groups based on their monomer 

composition: homopolysaccharides, composed of a single type of monomer, and 

heteropolysaccharides, composed of two or more types of monomers. Additionally, these can be 

linear or branched chained, with the bonds between the monomers being β-1-3, β-1-4, α-1-2 or 

α-1-6[503]. EPSs have multiple functions including the enhancement of surface adhesion, 

facilitation of biofilm formation and protection against environmental aggressions[503]. 

Lactobacilli EPSs are characterized by their exceptional biocompatibility, high viscosity, and 

ability to stabilize emulsions[503]. Consequently, in the food industry, these EPSs are utilized as 

bio-thickeners due to their emulsifying properties. EPSs produced by Lactobacillus species are 

both homopolymeric and heteropolymeric. The gene organization and functional properties of the 

EPSs gene clusters have been studied in a few lactobacilli species, including L. gasseri, L. reuteri, 

L. delbreuckii, L. helveticus, L. johnsonii, L. paraplantarum, L. plantarum and L. rhamnosus[242]. 

Such analyses revealed a great diversity among the EPS gene clusters (for example in the 

number of copies in the genome) being in common the presence of regulatory genes on the 5’end; 

polymerization- and export-related genes on the 3’end; and glycosyltransferase (gt) genes at the 

centre of the cluster[504]. The generic EPS gene cluster organization include a transcriptional 

regulator, epsA; a phosphoregulatory module, epsBCD; and a priming glycosyltransferase, epsE 

arranged in a tandem array commonly called epsABCDE[504]. In Lactobacillus, it appears that 

EPS gene clusters comprise a glycosyltransferase (epsE), a glycosyltransferase (gt), a flippase 

(wzx), a polysaccharide polymerase (wzy), a tyrosine kinase (epsC) and a tyrosine kinase 

modulator (epsB)[242]. Other genes which are often present as a part of some of the EPS clusters 

of lactobacilli include LytR transcriptional regulator (epsA), phosphotyrosine phosphatase (epsD), 

involved in the generation of activated sugar precursors and acetyl- and pyruvyl transferases, 

involved in the chemical decoration of the EPS[242]. An extensive analysis of the EPSs gene 

cluster of 106 Lactobacillus strains reported that most strains had an organization similar to the 

abovementioned, although some clusters appear incomplete by lacking the polysaccharide 

polymerase (wzy), the phosphoregulatory module (epsB and C or both), the flippase (wzx) or the 

priming glycosyltransferase (epsE)[242]. Such comparative analysis also point to EPS production 

being a phenotype that is highly strain-dependent[242]. Studies have identified the EPS gene 

cluster of some species that are commonly found in the human host including in L. gasseri, L. 

crispatus, L. reuteri, L. acidophilus, L. plantarum, L. rhamnosus and L. salivarius, showing that 

although consisting of the elements described above, they had very distinct cluster organization 

with some cluster having more or less of these genes (e.g., different numbers of 

glycosyltransferases and transposases) (Figure I.21)[242, 505]. 
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Figure I.21. EPS gene cluster organization of L. reuteri (two clusters), L. gasseri, L. acidophilus, L. 
rhamnosus, L. plantarum and L. salivarius strains selected from the analysed cohort of Dipti Deo et al., 
2019[242]. Note that gene clusters are composed of different genes, number of genes, and the overall 
organization of the cluster is completely different, which could originate distinct EPSs. The number in front 
of the cluster indicates the cluster genomic location. Adapted from Dipti Deo et al., 2019[242]. 

The antimicrobial and antifungal properties of lactobacilli EPSs has been addressed, with 

far less descriptions for the antifungal applications. Indeed, EPS produced by L. plantarum, L. 

gasseri, L. casei and L. rhamnosus was found to inhibit growth of E. coli, E faecalis and S. aureus 

as reviewed in Abdelmoneim K. Abdalla et al. 2021[506]. One study isolated a cohort of 

Lactobacillus strains (5 L. brevis, 2 L. pentosus, and 7 L. plantarum) from traditional fermenting 

green olives and demonstrated that their EPSs exhibited antifungal properties against C. 

pelliculosa[507], albeit in a strain-dependent manner. Additionally, L. plantarum R315 was also 

shown to produce an EPS with inhibitory activity against C. albicans[410] while the EPS produced 

by L. rhamnosus GG reduced the ability of C. albicans to form hyphae and adhere to vaginal 

epithelial cells[508]. 

A blastp analysis of the proteins described as being part of the EPS gene clusters of the 

vaginal (L. gasseri), intestinal (L. reuteri and L. salivarius) and other species also found in the 

human host (L. rhamnosus, L. acidophilus, and L. plantarum) was performed. The proteins 

belonging to the EPS cluster of the above species were compared with the proteome of each 

other and with three other vaginal species (L. crispatus, L. iners and L. jensenii) and one other 

intestinal species (L. ruminis). This comparative analysis rendered clear that the proteins 

belonging to the EPS clusters are represented in the genome of all the lactobacilli species 

examined, although with different degree of homologies, suggesting that they are all EPS 

producers (Figure I.22 panel A). Among the EPS proteins, UDP-galactopyranose mutase was the 

most conserved protein of the clusters. Despite this, significant variability was observed in the 

amino acids sequences of the different components. For example, the proteins of the EPS cluster 

belonging to L. rhamnosus ATCC 8530 and L. plantarum WCSF1 were significantly different to 

their corresponding orthologues in the remaining species used in this comparative analysis 

(Figure I.22 panel A). Another observation of remark was that the L. salivarius EPS cluster seems 

to be comprised of proteins very dissimilar of those encoded by the other species with the 

exception of dTDP-glucose 4,6-dehydratase and UDP-galactopyranose mutase that were similar 

to those found in the counter-partner species.  
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For a better visualization we have constructed the representation in Figure I.22 panel B 

for L. gasseri and L. reuteri. Comparing the EPS cluster of the vaginal species L. gasseri and 

intestinal species L. reuteri revealed that their EPS gene cluster is unique and with very little 

homology with other vaginal or intestinal species. For example, only L. crispatus showed some 

conservation of the proteins responsible for EPS production of L. gasseri, while in the intestinal 

species only a galactopyranose mutase and a glucose dehydratase were also encoded by other 

lactobacilli. It is interesting that among all of the proteins of the EPS clusters from various species, 

the galactopyranose mutase appear to be conserved among all lactobacilli, suggesting a feature 

that could be crucial and thus present in most lactobacilli genomes. 

A

B 

L. gasseri (vaginal species)
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L. reuteri (intestinal species) 

 

 

Figure I.22. (A) Heat map representing the similarity between the EPS gene clusters of the strains L. gasseri 
ATCC 33323, L. reuteri ZLR003 L. reuteri I5007, L. rhamnosus ATCC 8530, L. acidophilus NCFM, L. 
plantarum WCSF1 and L. salivarius CICC23174 with the EPS genes present in the representative genomes 
of L. gasseri, L. reuteri, L. acidophilus, L. jensenii, L. iners, L. crispatus, L. ruminis, L. plantarum and L. 
salivarius deposited in the NCBI. Colour represents the identity of the best-hit protein in the representative 
genome of the species in the x-axis. Low identity proteins are in green while similar proteins are in red. (B) 
Schematic representation of the presence of the EPS cluster proteins of L. gasseri and L. reuteri in the EPS 
cluster of the remaining species. Cross indicates no protein homologous while green check mark indicates 
proteins with high degree of homology. Proteins were considered highly similar when their identity was above 
80% and with a p-value under 10-20 accordingly to the blastp results. Protein sequences were obtained from 

the work of Dipti Deo et al., 2019[242].  

I.4.2.7. Immunomodulation  

The effects of lactobacilli on innate immune and adaptative responses have been shown 

to be exerted via their binding to pattern recognition receptors (PRR), such as toll-like receptors 

(TLR), expressed on immune cells and many other tissues such as the intestinal and vaginal 

epithelium[509]. These studies, reviewed and compiled by Atieh Abedin-Do et al. 2015, have 

been reporting that the presence of lactobacilli, including L. crispatus, L. gasseri, L. reuteri, L. 

johnsonii and L. acidophilus, among others, is able to induce significant changes in the immune 

system of the host[509]. In particular, the presence of this bacteria increased expression of the 

pro-inflammatory cytokine INF-γ and modulated the expression of defensin proteins, involved in 

host immunity[509]. In vaginal cells infected with C. trachomatis, the presence of L. crispatus 

reduced the production of the pro-inflammatory cytokines IL-6 and IL-8 and TNF-α and increased 

the production of IL-10, anti-inflammatory[510]. The presence of L. crispatus was also reported 

to reduced production of pro-inflammatory interleukin 8 and human beta defensin 2 while it 

increased expression of beta defensin 3 (HBD-3) along infection of vaginal epithelial cells with C. 

albicans[511]. The authors additionally concluded that HBD-3 was effective in killing C. albicans 

cells, proposing that L. crispatus also protects the epithelial cells against C. albicans virulence by 

inducing the expression of HBD-3[511]. Importantly, lactic acid and H2O2, produced by lactobacilli, 

have also been suggested to serve as important immunomodulators and above it has already 
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been described the important role of lactate as an inducer of immune evasion prompted by 

Candida cells. Moreover, lactate was also able to induce an anti-inflammatory response prompted 

by vaginal cells by stimulating the production of the anti-inflammatory cytokine IL-1RA as well as 

suppressing the production of pro-inflammatory cytokines including IL-6 and IL-8 and TNFα[512]. 

Additionally, the presence of H2O2 producing lactobacilli was also found to reduce the production 

of pro-inflammatory cytokines IL1β, leukocyte protease inhibitor and of beta defensin 2 (HBD-

2)[513]. It is worth mentioning that the immune modulation prompted by the presence of L. 

crispatus has similar features to the immunomodulatory effects observed for lactate (e.g., both 

reduced expression of pro-inflammatory cytokines IL-6 and IL-8).  

I.4.2.8. Global responses of Candida to the presence of lactobacilli 

The majority of the studies addressing the anti-Candida potential of lactobacilli are based 

on phenotypic observations in which it is concluded about the effect of the presence of a specific 

species or strain in inhibiting growth and/or virulence traits of the pathogenic yeasts, with little to 

no explanation of the molecular mechanisms that underly such antagonism. More recently, a few 

studies paved the way into a better understanding of how Lactobacillus and Candida respond to 

each other at a more molecular level and, in particular, at a transcriptome-wide scale. Alonso-

Roman et al. 2022 focused on the interaction established between L. rhamnosus and C. albicans 

and for that the authors undertook a transcriptomic and metabolomic profiling of a tri-culture 

containing C. albicans, L. rhamnosus and intestinal epithelial cells (IECs). Interestingly, the 

medium (KBM) used for cultivation intestinal epithelial cells was not sufficient to sustain the growth 

of L. rhamnosus, however, when this medium was supplemented with an intestinal epithelial cell 

culture supernatant growth of the bacterium was observed[398]. This observation strongly 

suggests that epithelial-secreted metabolites foster bacterial growth with the authors attributing 

this to the excretion of carnitine, citric acid and gamma-glutamylalanine[398]. Another important 

finding was that L. rhamnosus was only able to suppresses C. albicans pathogenicity against 

human intestinal epithelial cells, when in a metabolically active state[398]. This observation 

fostered a subsequent metabolomic analysis of a L. rhamnosus:intestinal epithelial cells culture 

supernatant, that was found to be enriched in intermediates of pyrimidine metabolism; 

pantothenate and CoA biosynthesis; phenylalanine, tyrosine and tryptophan biosynthesis; beta 

alanine metabolism and thiamine metabolism[398]. Among the metabolites that were only found 

to be secreted by L. rhamnosus in the presence of the intestinal cells, the authors identified 

phenyllactic acid, mevalonolactone, 2-hydroxyisocaproic acid (HICA), and 3-hydroxyoctanoate. 

Interestingly, these molecules were before shown to have some antifungal potential, including 

against Candida[399, 401-403, 405]. Moreover, the authors reported that L. rhamnosus produced 

hydroxyphenyllactate, DL-indole-3-lactic acid, 2-hydroxyisocaproic acid and α-hydroxicaproic 

acid, that favoured the hyphal-to-yeast transition[398]. Similarly, L. rhamnosus was also shown 

to deplete glucose, fructose, mannose, N-acetylglucosamine/N-acetylgalactosamine, serine, 

phenylalanine and leucine from the medium, these being major carbon and nitrogen sources 

supporting growth of C. albicans[398]. Consistent with these modifications in the environment, 
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transcriptomics analysis of C. albicans reflected a broad metabolic adaptation characterized by 

down-regulation of glycolysis-relevant genes and oxidative phosphorylation pathway and an up-

regulation of several TCA cycle and glyoxylate shunt genes (Figure I.23)[398]. 

 

Figure I.23. Model proposed by Alonso-Roman et al., 2022 of the survival adaptations of C. albicans in the 
presence of L. rhamnosus during intestinal epithelial cells (IECs) infection. Data was gathered from in silico, 
metabolomics, and transcriptomic approaches. Green pathways indicate increased expression and red 
pathways indicate decreased expression, while grey pathways were not significantly changed in the 
presence of L. rhamnosus. Figure taken from Raquel Alonso-Roman et al., 2022[398]. 

The interaction of C. albicans with L. crispatus was also inspected at a more molecular 

level by McKloud et al., 2021, however, in this case focusing the transcriptomic analysis observed 

in a mixed biofilm formed by these two species. Notably, in the early time points of 6 and 8h, gene 

expression of C. albicans was not significantly different in the mixed-biofilm than in the single-

species biofilm[140]. At 24h, however, the situation was different and it was found that the 

presence of L. crispatus induced the up-regulation of C. albicans genes involved in amino acid 

biosynthesis and breakdown (e.g. ARG3, BAT21, ILV1, and HIS5), in vitamin metabolism and in 

α-amino acid biosynthesis (Figure I.24)[140]. An important down-regulation of the C. albicans 

PRY1 gene was also observed this being of relevance due to the important role of this protein in 

mediating virulence of this yeast[140]. On the overall, the authors also concluded that the 

presence of L. crispatus modified the nutritional portfolio of the medium, causing C. albicans to 
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enter a starvation state[140], this having some analogy with the modifications that had also been 

observed in the C. albicans-L. rhamnosus interaction described above. 

 

Figure I.24. Gene networks of gene ontology (GO) terms and up-regulated genes in dual-species biofilms 
of C. albicans and L. crispatus. (A) GO terms of C. albicans genes differentially regulated after 24h; (B) 
Biological functions of up-regulated genes of C. albicans in dual-species biofilms considered relevant for 
adaptation to L. crispatus; (C) Log2 fold change of genes identified by the authors to be important for the 
growth of C. albicans in the presence of L. crispatus. Figure taken from McKloud et al., 2021[140]. 

I.5. Thesis aims 

Historically, lactobacilli have been associated with improved benefits in human health, in 

part, by protecting against infection caused by pathogens. Although studies have demonstrated 

that indeed commensal lactobacilli microflora abundance provides protection against bacterial 

infections of the vaginal mucosa, such protective effect against infections caused by pathogenic 

yeasts of the Candida genus (also frequent vaginal pathogens) is still elusive. Despite this, several 

studies, either involving clinical trials resorting to probiotic cocktails based on lactobacilli species 

or in vitro analyses of the inhibitory effect of different lactobacilli species/strains, support this idea 

that it could be possible to use lactobacilli to enhance protection against Candida. It is in this 

context that emerged this thesis, embedded in the activities of the research project LactoCan that 

focused on the investigation of the interactions established between Candida species and 

indigenous lactobacilli species of the vaginal and intestinal tract, that are, in most cases, still very 

poorly explored. In such context, it were specific objectives of this thesis: 

 i) to evaluate the anti-Candida potential of the vaginal species L. gasseri along cultivation, 

in planktonic or in biofilm-forming conditions, and the environmental parameters that might 

modulate this antagonism. For that, experimental settings allowing monitoring of cellular viability 

of C. albicans, C. glabrata and L. gasseri while growing in the presence of each other were 
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implemented. Different from most work undertaken until thus far, in this thesis we have explored 

direct co-cultivation of the different species instead of using bacterial supernatants as proxies.  

ii) investigate the L. gasseri-Candida interaction at molecular level gathering knowledge 

on the genes and pathways determining the response of these species to the presence of each 

other as well as the genes that assure growth in those co-cultures. For that, transcriptomic 

analyses (based on dual RNA-sequencing) coupled with large-scale phenotypic screenings were 

conducted in co-cultures established between C. glabrata and L. gasseri along planktonic growth 

and in mixed biofilms. While the identification of genes improving L. gasseri anti-Candida potential 

is relevant to design what can be better performing strains, the identification of Candida genes 

assuring survival of these yeasts in the presence of the bacteria provides a novel cohort of 

therapeutic target genes. 

iii) investigate differences and similarities between the antagonistic potential of L. gasseri 

and the one of the intestinal species L. reuteri. Although candidiasis is a well-known pathology of 

the vaginal tract, research is showing that resident Candida commensal populations in the gut 

are able to invade the bloodstream causing life-threatening infections. In the gut, like in the vaginal 

tract, there is also lactobacilli species and thus the same approach of developing probiotic-based 

approaches to control the commensal Candida populations in the gut may also be useful. In this 

context, the experimental setting previously established for L. gasseri was explored to investigate 

how L. reuteri interact with C. albicans and C. glabrata. 

The following chapters describe the findings that were obtained to pursue these 

objectives, followed by a comprehensive discussion that aims to integrate the state-of-the-art 

described in the introduction while putting in context the results obtained in this thesis. 
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II. Acetate modulates the inhibitory effect of 

Lactobacillus gasseri against the pathogenic yeasts 

Candida albicans and Candida glabrata 
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Candida glabrata.” Microbial Cell, 10(4), 88, 2023.  
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II.1. Abstract  

The exploration of the interference prompted by commensal bacteria over fungal 

pathogens is an interesting alternative to develop new therapies. This chapter scrutinized how 

the presence of the poorly studied vaginal species L. gasseri affects relevant pathophysiological 

traits of C. albicans and C. glabrata. L. gasseri was found to form mixed biofilms with C. albicans 

and C. glabrata that involve close cell-cell contacts that cause a pronounced death of the yeast 

cells, while bacterial viability is not affected. Reduced viability of the two yeasts was also observed 

upon co-cultivation with L. gasseri under planktonic conditions. Either in planktonic cultures or in 

biofilms, the anti-Candida effect of L. gasseri was augmented by acetate, in a concentration-

dependent manner. The two Candida species also counteracted the acidification prompted by L. 

gasseri impacting the balance between dissociated and undissociated organic acids. Importantly, 

this feature could not be phenocopied in single-cultures of L. gasseri (that accumulated high 

amounts of acetic acid, while in the co-culture prevailed the non-toxic acetate). Altogether these 

results herein described are expected to advance the design of new anti-Candida therapies based 

on probiotics, in particular, those based on vaginal lactobacilli species helping to reduce the 

significant burden that infections caused by Candida have today on human health. 
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II.2. Introduction 

Candidiasis is an infection caused by pathogenic yeasts of the Candida genus and 

account for around 50 to 70% of the reported fungal infections worldwide[514]. Infections caused 

by Candida are more frequent in the oral or in the vaginal mucosa, but in more serious cases, 

often life-threatening, these yeasts disseminate in the bloodstream and colonize major 

organs[268, 515]. Due to their high mortality rates, aggressiveness and recurrence, infections 

caused by Candida have a very high societal impact[516]. The occurrence of systemic candidiasis 

is most frequently observed upon immunosuppression (e.g., in patients undergoing 

chemotherapy or in the elderly), but vaginal candidiasis is common among the healthy female 

population. Women are estimated to suffer 2-3 episodes of vaginal candidiasis during their lifetime 

with a significant proportion (5 to 10%) suffering from recurrent infections, a condition known as 

recurrent vulvovaginal candidiasis (RVVC)[250, 517]. The more relevant species causative of 

candidiasis, both superficial and systemic, is Candida albicans but the incidence of infections 

caused by non-albicans Candida species (also called as NACS) is increasing, in some 

geographies prominently[255, 256]. Infections caused by NACS are worrisome as these species 

are usually very resilient to commonly used antifungals and the underlying infections have poorer 

outcomes for patients, compared to infections caused by C. albicans[257, 258]. Among NACS 

Candida glabrata is usually the more prevalent species, in part due to its innately high tolerance 

to azoles and extreme genomic plasticity that, among other traits, prompts fast adaptive 

responses to the challenging environment of infection sites[257, 259]. 

A distinguishing aspect of the pathophysiology of Candida, compared with other human-

infecting Fungi, is that these species are present as part of the microbiota of various sites, even 

in the absence of disease[75, 100, 518]. Indeed, C. albicans has been identified as a true gut 

symbiont based on its consistent identification in resident microbial populations of this niche[75, 

100]. C. glabrata has also been identified in the gut microbiome, however not consistently, 

remaining to be elucidated whether it is a true symbiont or a transient passenger[248, 519]. C. 

albicans and C. glabrata have also been identified in the vaginal mycobiome of “healthy” women, 

using both culture-dependent and independent methods[101-103]. However, these yeasts are not 

ubiquitously observed in all samples suggesting that the presumed “healthy” women could be 

asymptomatic carriers and thereby leaving open whether or not the vaginal tract is a primary site 

of colonization for these two Candida species. While in the past not much attention was given to 

these commensal populations of Candida, in the recent years it has been demonstrated that they 

can be reservoirs for dissemination, especially in the gastrointestinal tract[100, 268].  

 Besides Candida a plethora of other species compose the vaginal microbiome, their 

identity and abundance differing with the anatomic site (prominent differences were observed 

between the cervix or the uterus), with age, habits or race[520-522]. Despite the inter-individual 

variation, it is clear that the vaginal microbiome is dominated by lactobacilli with L. iners, L. 

crispatus, L. jensenii and L. gasseri being the most abundant[96, 97]. Perturbation of the vaginal 

microbiome was linked to adverse gynaecologic/obstetric outcomes including preterm birth[50], 
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mucosal inflammation[523] or infections caused by HPV[524], HIV[525] or bacteria[522, 526]. 

Studies examining the vaginal microbiome of asymptomatic women or of patients with diagnosed 

vaginal candidiasis obtained conflicting results, with some reporting decreased abundance of the 

lactobacilli population, others reporting changes in the species profile (for example, an unusual 

predominance of L. iners) and others reporting no alterations in the habitual lactobacilli-enriched 

flora[102, 130, 136-140, 527, 528]. Although it is not totally clear whether vaginal lactobacilli 

provide protection against candidiasis in vivo, it has been well reported the potential of those 

species in inhibiting growth and relevant pathogenic traits of Candida in vitro[390, 394, 529]. 

These observations opened the door to the use of probiotics based on lactobacilli as possible 

anti-Candida treatments with results pointing to a positive contribution to the prevention of relapse 

and avoidance of recolonization[377, 530, 531]. However, most of these probiotic cocktails were 

developed using lactobacilli species not indigenous to the vaginal tract, likely due to the poor 

knowledge available concerning their genetics and physiology[530, 532]. Intestinal lactobacilli 

species (which differ from those found in the vaginal tract) have also been found to restrain the 

growth and virulence of Candida in vitro and in infection models[398, 533, 534].  

Resulting from this interest in the exploitation of the lactobacilli microflora as potential 

anti-Candida agents some studies examined this interference in more detail (as reviewed in Graf 

et al., 2019, Zangl et al., 2019 and d’Enfert et al., 2021)[85, 534, 535]). Usually, the role of 

lactobacilli as drivers of vaginal health was attributed to lactic acid production which maintains an 

acidic vaginal pH and restrains bacterial growth[411, 536, 537]. However, the acidophilic nature 

of yeasts, including Candida spp, along with the demonstration that at pH 4 (the usual pH of a 

vaginal fluid dominated by lactobacilli[538]), physiologically relevant concentrations of lactic acid 

don’t inhibit the growth of C. albicans or C. glabrata[430], suggests that lactic acid may play a 

minor role in restraining Candida. Interestingly, it has been shown that lactate promotes the 

evasion of Candida cells from the immune system by inducing β-glucan masking and reducing 

macrophage recruitment[289], suggesting that these yeasts evolved adaptive responses to allow 

them to cope with the presence of this acid anion in the environment in a manner that favours 

colonization and, eventually, infection. Additionally, lactic acid was shown to be a potent 

immunomodulator, reducing the production of inflammatory cytokines by epithelial cells thereby 

containing inflammatory responses[406, 512, 539]. More recently, the anti-Candida potential of 

some lactobacilli species was attributed to the production of 1-acetyl-β-carboline[395], however, 

the only vaginal lactobacilli species studied was L. gasseri and the authors concluded that under 

their experimental setting, supernatants obtained from culturing this bacterium inhibited 

filamentation of C. albicans, but not growth[395]. Other studies also demonstrated reduced 

filamentation and growth of C. albicans when cultivated in medium supplemented with 

supernatants obtained from L. gasseri, L. jensenii or L. crispatus cultures, although strain-to-strain 

variation was observed, especially for the L. gasseri strains[394]. Other described anti-Candida 

effects attributed to lactobacilli involve the reduction in the ability of these yeasts to bind to 

epithelial cells due to a higher affinity for epithelial receptors and secretion of biosurfactants[387, 

389, 495, 500] or the production of bacteriocins, although no identification of relevant players had 
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been identified[468, 472]. However, no specific molecular players mediating these responses 

have been disclosed. 

In this chapter, was examined the growth, physiology and virulence traits of C. albicans 

and C. glabrata when co-cultivated with the poorly studied vaginal species L. gasseri under 

planktonic or biofilm-forming conditions. This combined approach is a distinct aspect of our work 

since most studies addressing this interaction used the cultivation of the yeasts in the presence 

of supernatants produced by vaginal bacterial cultures and not directly the cell-cell interaction. 

Besides assessing relevant physiological aspects of the interaction established between these 

two species, it was also uncovered the role of acetate as a positive modulator of the interference 

of L. gasseri over Candida even in concentrations similar to those found in a vaginal microflora 

dominated by lactobacilli. 
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II.3. Materials and methods 

II.3.1. Strains and growth media 

In this chapter were used the reference strains L. gasseri ATCC 33323 (acquired from 

DSMZ); C. glabrata KUE100 (a wild-type strain derived from the CBS138 strain[433]); and 

Candida albicans SC5314. We have also made use of five clinical strains: L. gasseri, ISTLg97, a 

vaginal isolate whose species identity was confirmed by MALDI-TOF and based on sequencing 

of the 16S RNA sequence; C. glabrata VG49, C. glabrata VG216, C. albicans VG217 and C. 

albicans VG485, all vaginal strains that had been recovered along epidemiological surveys 

undertaken in the Lisbon area[540]. The MRS medium used to co-cultivate yeasts and bacteria 

contains, per litre, 10 g casein peptone (Gibco); 10 g meat extract (Panreac AppliChem); 5 g 

yeast extract (Gibco); 20 g glucose (Nzytech); 1 g Tween 80 (Sigma); 2 g K2HPO4 (Merck); 5 g 

sodium acetate (Merck); 3 g ammonium sulphate (Panreac AppliChem); 0.20 g MgSO4.7H2O 

(Labchem) and 0.05 g MnSO4.H2O (Sigma). After preparation, the pH of MRS was adjusted to 

6.2-6.5 using HCl or NaOH. In indicated experiments, the sodium acetate used to prepare MRS 

was replaced by sodium chloride (Honeywell, FlukaTM). YPD medium, used for maintenance of 

the strains, contains, per litre, 20 g glucose (Nzytech), 20 g peptone (Gibco) and 10 g yeast extract 

(Gibco). Solid YPD or MRS were prepared by supplementing the corresponding liquid medium 

with 2% and 1.5% agar (Nzytech), respectively. Media were prepared using deionized water and 

sterilized by autoclaving for 15 min at 121°C and 1 atm. 

II.3.2. Co-cultivation in liquid MRS medium of L. gasseri with C. 

glabrata or C. albicans 

To examine the growth of L. gasseri in liquid MRS, alone or in the presence of C. glabrata 

or C. albicans, a pre-inoculum of each individual species was prepared in MRS (or in this same 

medium containing sodium chloride as a sodium source) and the cells were cultivated, overnight, 

at 37ºC with an orbital agitation of 100 rpm. On the next day, these cells were used to inoculate 

(at an OD600nm of 0.4 for L. gasseri and 0.1 for the two Candida species) fresh MRS medium. 

Growth in this co-culture system was accompanied for 4 days, at 37ºC and using an orbital 

agitation of 100 rpm, by following the increase in cellular viability of the two species based on the 

number of colony-forming units (CFUs). For this, aliquots of co-cultures were taken, serially 

diluted, and plated on solid MRS supplemented with 96 mg/L fluconazole (an antifungal 

concentration that fully prevented growth of Candida colonies and thus only L. gasseri colonies 

were visible) or in YPD supplemented with 300 mg/L tetracycline (an antibiotic concentration that 

fully prevented the growth of L. gasseri colonies and therefore only Candida colonies were visible). 

The number of Candida colonies formed onto the surface of YPD plates was counted after 2 days 

of incubation at 30ºC, while the number of L. gasseri colonies formed onto the surface of MRS 

plates was counted after 2 days of plate incubation at 37ºC in a Genbox (Biomerieux) with a 
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candle inside to assure microaerophilia[541, 542]. As controls, it was performed single-

cultivations of L. gasseri, C. albicans and C. glabrata in the same conditions used for the co-

cultivations. Quantification of the amounts of lactic acid, acetic acid or glucose present in the broth 

during single or multi-species cultivation was performed by HPLC (equipped with an UV detector, 

for quantification of lactic and acetic acids, and with a RI detector, for quantification of glucose) 

using an Aminex HPX87H (Biorad®) column and 0.005M H2SO4 (at a flow rate of 0.6 mL/min of) 

as eluent. 

II.3.3. Co-cultivation of L. gasseri with C. glabrata or C. albicans under 

biofilm-forming conditions 

To examine growth under biofilm-forming conditions of L. gasseri, alone or in co-cultivation 

with C. albicans or C. glabrata, a pre-inoculum of each species was prepared in MRS (or in this 

same medium containing sodium chloride as a sodium source) and the cells were cultivated, 

overnight, at 37ºC, using an orbital agitation of 100 rpm. These pre-cultures were used to 

inoculate 200 μL of fresh MRS in plastic µ-slide 8 well plates (Ibidi) so that the initial cell densities 

(estimated based on OD600nm) were 106 CFU/mL for the two Candida species and 108 CFU/mL for 

L. gasseri. After 24h of cultivation at 37ºC with 25 rpm agitation, the supernatant of the single or 

co-cultures was removed and the biofilm formed was washed with 200 μL of PBS. To assess 

cellular viability in the single- or multi-species biofilms formed, 3 μM of SYTO 9 Green Fluorescent 

Nucleic Acid Stain (Molecular Probes, Eugene, OR, USA) was added to the single or co-cultures 

and the cells were left in the dark for 30 minutes. After this time, 4 μM TO-PRO-3 iodide (Molecular 

Probes, Eugene, OR, USA) was added and the cultures were incubated under the same 

conditions for another 15 minutes. The gain adjustment in each channel was optimized (and kept 

during the experiments) taking into account the intensity fluorescence signal of live and dead 

single cells. Live single cells were stained directly after growth, while dead single cells were 

prepared by heating a cell sample at 65ºC for 10 minutes in a dry bath. Then, single or multiple 

species biofilms were imaged by confocal laser scanning microscopy using a Leica TCS SP5 

inverted microscope with a 63x water (1.2 numerical aperture) apochromatic objective. Cells were 

imaged with the 488 nm Ar+ laser line to detect cells stained with SYTO 9 (emission collected at 

500 – 590 nm) and with the 633 nm He-Ne laser line to detect cells stained with TO-PRO-3-Iodide 

(emission collected at 645-795 nm), a setup that minimizes cross-interference between the two 

channels as described in Pinto et al., 2019[543]. Scanning electron microscopy (SEM) was 

performed similarly to the aforementioned protocol but biofilms were prepared in 2.5 mL MRS in 

5 mL polystyrene plates. After 24h of incubation at 37ºC with 25 rpm agitation, the supernatant 

was removed and the cells adhered to the surface of the plate were dehydrated using the following 

protocol: washing with distilled water; washing with 70% ethanol for 10 minutes; washing with 95% 

ethanol for 10 minutes; and washing with 100% ethanol for 20 minutes. Plates were then dried in 

a desiccator for at least 96h and visualized by scanning electron microscope (SEM) using a 

magnification between 2000x and 35000x with a high voltage of 20.0 kV. 
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II.3.4. Candida spp. adhesion to vaginal epithelial cells 

Adhesion of Candida spp. and L. gasseri to the vaginal epithelial cells was performed by 

single and co-cultivating these species together with VK2/E6E7 human epithelial cells. These 

epithelial cells were cultivated and inoculated in 24-well polystyrene plates (Greiner) at a density 

of 1.25×105 CFU/well. To initiate the assays, the culture medium of mammalian cells was removed 

and replaced by new culture medium in each well. Subsequently, the wells were also inoculated 

with C. albicans or C. glabrata and L. gasseri at a density of 1.25×106 CFU/well, corresponding 

to a multiplicity of infection (MOI) of 10. Afterwards the plate was incubated at 37°C under 5% 

CO2 for 3 hours. After this time, the culture supernatant (corresponding to the non-adhered cell 

fraction) was collected and each well (containing the cells) was washed 3 times with 500 µL of 

phosphate-buffered saline (PBS) at pH 7.4, after which the cells were further incubated, for 15 

minutes at room temperature, with 500 µL of 0.5% Triton X-100. To determine the number of 

adhered and non-adhered Candida or L. gasseri cells appropriate aliquots of the non-adhered 

and adhered cell fractions were plated in solid MRS supplemented with 96 mg/L fluconazole (to 

estimate L. gasseri abundance) or in YPD supplemented with 300 mg/L tetracycline (to estimate 

Candida spp. abundance). The number of Candida colonies formed onto the surface of YPD 

plates was counted after 2 days of incubation at 30ºC, while the number of L. gasseri colonies 

formed onto the surface of MRS plates was counted after 2 days of plate incubation at 37ºC in a 

Genbox (Biomerieux) with a candle inside to assure microaerophilia[541, 542]. As controls, we 

performed incubations of the mammalian cells with L. gasseri and C. glabrata or C. albicans alone, 

in the same conditions used for the co-cultivations. 
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II.4. Results  

II.4.1. Co-cultivation of C. glabrata and C. albicans with L. gasseri 

results in decreased viability of the yeasts, either under planktonic or 

biofilm-forming conditions 

The majority of the studies that examined the interference established between the 

vaginal species L. gasseri and Candida focused on the inhibitory effect prompted by supernatants 

obtained from bacterial cultures[218, 388, 389], usually obtained in MRS, the canonical growth 

medium used for lactobacilli[544, 545]. Considering that in vivo these two species are in close 

contact, this work focused on their direct co-cultivation in planktonic or in biofilm-forming 

conditions. To examine planktonic growth, the two Candida species (C. albicans and C. glabrata) 

and L. gasseri ATCC 33323 were cultivated in liquid MRS for 96h (Figure II.1). To simulate the 

higher abundance of lactobacilli in the vaginal microflora, compared with the one of Candida[49, 

546-548], these co-cultivations were started using ~100 more bacterial than yeast cells (~108 

CFUs/mL L. gasseri compared to 106 CFUs/mL of C. albicans or C. glabrata - Figure II.1). Under 

the experimental conditions used for the co-cultivation (100 rpm of agitation and 37ºC) the yeast 

cells resumed growth immediately after re-inoculation and maintained it until 24h, after which they 

entered stationary phase (Figure II.1). The bacterial population also increased, although much 

less, likely due to a higher number of inoculated cells, compared with the one use for Candida 

(Figure II.1). Consistent with co-cultivation being a more competitive and challenging environment, 

the growth rate of C. glabrata and C. albicans in the presence of L. gasseri decreased by 32% 

and 33% respectively, compared to the values observed in single-culture (0.25h-1 obtained in 

single-culture of C. glabrata, compared to 0.17h-1 in co-culture; 0.24h-1 obtained in single-culture 

of C. albicans, compared to 0.16h-1 obtained in co-culture). Besides a reduction in the growth rate, 

it was also noticeable that co-cultivation with L. gasseri induced a prominent decrease (ranging 

between 53 and 98%) in the cellular viability of C. albicans and C. glabrata, this being 

considerably more prominent for the first species (Figure II.1). No significant reduction in viability 

was observed in the two single-cultures of Candida indicating that the loss of viability observed in 

the co-culture setting is a direct effect of the presence of L. gasseri (Figure II.1). Differently, co-

cultivation increased the cellular viability of L. gasseri up 107 CFUs/mL, compared to 105 CFUs/mL 

attained in single-culture (Figure II.1). In agreement with our results, reduced viability of L. gasseri 

cells upon short-medium term cultivation in MRS has been reported in other studies, presumably 

due to autolysis[549-554]. In order to exclude strain-dependent effects, we have repeated the co-

cultivations using four vaginal C. glabrata and C. albicans strains and in both cases, it was clear 

that co-cultivation with L. gasseri resulted in reduced viability of the yeast strains (see results in 

Annex Figure II.1). However, it was interesting to observe that the decrease in viability of the 

vaginal Candida strains imposed by co-cultivation with L. gasseri was smaller than the one 

obtained with the reference strains (compare results in Annex Figure II.1 and Figure II.1). 
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Figure II.1. Cellular viability of C. glabrata, C. albicans and L. gasseri along single or co-cultivation in MRS 
medium. After inoculation, cells of C. albicans (○,●), C. glabrata (○,●) or L. gasseri (◻︎,◼︎) were cultivated at 
37oC and 100 rpm for 96h with the growth of the different species being accompanied based on cellular 
viability, as detailed in materials and methods. Filled symbols correspond to the samples taken during single-
species cultivation while open symbols corresponds to the samples taken during co-cultivation. Statistical 
significance was calculated using one-way ANOVA (*p-value below 0.1; **p-value below 0.01; ***p-value 
below 0.001; ****p-value below 0.0001). 

To test the effect of co-cultivation under sessile conditions the same experimental setting 

was used with the difference that C. albicans, C. glabrata and L. gasseri were cultivated in 8-well 

microplates for confocal microscopy or small Petri dishes suited for scanning microscopy (SEM) 

analysis. After 24h of cultivation, it was possible to observe that C. albicans and C. glabrata 

formed a mixed biofilm with L. gasseri involving very close cell-to-cell contacts, as shown by the 

scanning electron microscopy (SEM) images depicted in Figure II.2. 
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Figure II.2. (A) Biofilms formed by L. gasseri, C. albicans and C. glabrata during single or co-cultivation in MRS, as detected by scanning electron microscopy. The biofilms were 
obtained using the same conditions described in materials and methods, with the exception that was used 5 mL-polystyrene plates instead of the 8 mm plates used in the 
fluorescence microscopy imaging. These images were obtained after 24h of cultivation at 37ºC and 25 rpm using a magnification of 2000x to 35000x over the dried biofilms. For 
the sake of facilitating identification of cells, in the last column, the yeast cells were labelled in yellow, while the bacterial cells were labelled in blue. (B) Image obtained at the 
nanoscale clearly shows the close cell-cell contacts established between L. gasseri and C. glabrata. The image is representative of others also found while examining the imaged 
field. 
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Single-species biofilms formed by C. albicans exhibited what appeared to be a multi-

layered structure, while those formed by C. glabrata appeared more disperse (Figure II.3). These 

differences in the structural organization of the biofilms formed by these two yeasts are consistent 

with results reported in other studies[320, 555-557]. No significant differences were obtained in 

what concerns height of the single-species and multi-species biofilms, with the exception of the 

biofilms formed by L. gasseri alone that were considerably thinner (Annex Figure II.2). To 

understand what could be the outcome of the formation of these mixed biofilms in terms of viability, 

we took advantage of SYTO9 and TO-PRO3 iodide labelling that allowed us to differentiate, the 

yeast from the bacterial cells, while also distinguishing viable from non-viable cells directly in the 

biofilm[558]. In Figure II.3 is shown the results of this labelling in single- and in multi-species 

biofilms. The results clearly demonstrate that the proportion of non-viable cells (labelled in red) 

was much higher in the mixed-biofilms than in the single-species ones, this effect being clearly 

more evident in the mixed biofilms formed between L. gasseri and C. glabrata (Figure II.3). Closer 

inspection of the images shows that these non-viable red-labelled cells correspond almost entirely 

to the yeasts while no significant loss of viability was observed for the L. gasseri cells (Figure II.3). 

To get a more quantitative view, was imaged in close detail a set of pictures (corresponding to 

more than 1000 yeast cells per condition) and found that the number of non-viable C. glabrata 

cells is about 2.6-fold higher in the mixed-biofilms than in the biofilms formed in the absence of 

the bacterium (Figure II.3). In the case of C. albicans the number of non-viable cells in the mixed-

biofilm increased roughly 2-fold (Figure II.3). A striking labelling of TO-PRO-3 iodide was 

observed in the single-species L. gasseri biofilms visualizing at higher magnification that the 

labelling corresponds to what appears to be the extracellular matrix (Figure II.3 and a 

magnification shown in Annex Figure II.3). Upon entry into microbial cells, TO-PRO-3 iodide is 

described to bind nucleic acids[558, 559] and thus it is possible that the observed labelling results 

from accumulated extracellular DNA (eDNA), as this was described to occur in biofilms formed 

by other lactobacilli species[560-562]. Notably, such labelling pattern was not detected in the 

single-species biofilms formed by the two Candida species, albeit eDNA has been reported in the 

extracellular matrix of C. albicans biofilms[563].  
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Figure II.3. (A) Live/dead imaging of cells in single-species or in mixed biofilms formed by L. gasseri, C. 
albicans or C. glabrata after 24h of cultivation, at 37oC and 25 rpm, in MRS. The insert details the labelling 
of the dead yeast cells while in the mixed biofilms. The images presented are representative of a set taken 
from the biofilms in three replica experiments performed; Candida spp. single and mixed biofilms scale bar 
corresponds to 75 μm while L. gasseri single biofilm scale bar corresponds to 25 μm; (B) Quantification of 
the number of dead Candida cells in the single-species or in the multi-species biofilms formed, based on 
quantification of the number of red-labelled yeast cells in all pictures taken from the biofilms, compared to 
the total number of Candida cells in the field (corresponding to green-labelled cells). For this quantitative 
analysis, more than 1000 yeast cells were imaged in each condition. Statistical significance was calculated 
using one-way ANOVA (*p-value below 0.1; **p-value below 0.01; ***p-value below 0.001; ****p-value below 
0.0001). 
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We have also tested the ability of L. gasseri to reduce the adhesion of Candida spp. on 

the surface of vaginal epithelial cells, this being the first step in the process of a successful biofilm 

formation. The results show in Figure II.4 revealed that the adhesion of the yeasts cells to vaginal 

epithelial cells is significantly reduced when the yeasts are cultivated in the presence of L. gasseri, 

while adherence of bacterial cells is not different in the single or in the co-culture setting. 

Specifically, we observed that in co-cultivation with L. gasseri, the number of C. glabrata or C. 

albicans cells adhered to the surface of vaginal cells was reduced 59% and 66%, respectively 

(Figure II.4). This result suggest that L. gasseri not only severely impacts formation of C. glabrata 

and C. albicans biofilms in abiotic but also in biotic surfaces. 

 

Figure II.4. L. gasseri reduces the adhesion of C. glabrata and C. albicans to vaginal epithelial cells. 
Columns represent the colony forming units (CFUs) of Candida spp. and L. gasseri adhered and non-
adhered to vaginal epithelial cells in single and co-cultivation. Cultivation was performed at 37°C under 5% 
CO2 for 3 hours. Statistical significance was calculated using one-way ANOVA (*p-value below 0.1; **p-
value below 0.01; ***p-value below 0.001; ****p-value below 0.0001). 

II.4.2. While in co-cultivation with L. gasseri, C. albicans and C. 

glabrata buffer the acidification prompted by the bacterium with 

consequences in the equilibrium of ionizable species like lactic and 

acetic acids 

Taking into account that co-cultivation increased the viability of L. gasseri, while it 

decreased the viability of the two Candida species (Figure II.1), and that the high autolysis of L. 

gasseri in MRS could be associated with the low pH of the medium (presumably due to the lactic 

acid formed)[552], it was decided to monitor the pH achieved in single and in co-cultures. HPLC 

analyses of the broth confirmed the expected production of lactic acid by L. gasseri in amounts 
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that ranged between 10 g/L in the single-culture to approximately 5 g/L in the co-culture (Annex 

Figure II.4 panel A). The lower amount of lactic acid produced in the co-cultures was consistent 

with a more rapid depletion of glucose in the fermentation medium, likely resulting from the yeast’s 

metabolic activity (Annex Figure II.4 panel A). As expected, no production of lactic acid was 

observed in the supernatants obtained from single-cultures of the two Candida species, only an 

accumulation of ethanol was detectable (results not shown), which is compatible with the 

microaerophilic setting used. Concomitant with the production of lactic acid, a continuous 

acidification of the fermentation broth was observed, both in the single and in the co-cultivation 

settings (Figure II.5 panel A). While in the single-cultures of L. gasseri, the acidification persisted 

along the entire 96h time frame and reaching a final pH of about 4, in the co-culture the pH started 

to increase after an initial drop (Figure II.5 panel A). These observations suggest that the 

metabolic activity of the two Candida species buffers the acidification prompted by the 

accumulation of lactic acid, this buffering capacity being higher for C. glabrata than for C. albicans 

(final pH of the co-cultures was around 6.8 and 5, respectively; Figure II.5 panel A). 

One of the factors imparted by the differences in pH of the broth registered during the 

single or co-cultivation of C. albicans/C. glabrata with L. gasseri is the distribution between the 

dissociated (RCOO-) and undissociated form (RCOOH) of lactic acid, as well as of other ionizable 

species accumulated in the broth, this necessarily depending on the corresponding pKa values. 

Using the Handerson-Hasselbach equation to estimate the ratios between the amounts of lactate 

and lactic acid achieved during single or co-cultivation with Candida, it is clear that most of the 

lactic acid accumulated in the broth of the co-culture was dissociated (Figure II.5 panel B). In the 

single-cultures of L. gasseri lactate also prevails, however, the amount of undissociated lactic 

acid is considerably higher than the one present in the broth of co-cultures (Figure II.5 panel B). 

Besides lactic acid, the ratio of dissociated and undissociated acetic acid was also computed 

since the MRS medium contains ~60 mM of sodium acetate supplied as a sodium source (Figure 

II.5 panel B). In this case, there was a marked difference between the result obtained in single 

and co-cultures of L. gasseri, as undissociated acetic acid clearly predominated in the single-

culture, while in the co-culture acetate prevailed (Figure II.5 panel B). These observations show 

that the co-cultivation of C. glabrata or C. albicans with L. gasseri modulates important aspects 

of the composition of the supernatant including its pH and, consequently, the acid-base 

equilibrium of ionizable species like lactic and acetic acids.  
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Figure II.5. (A) Variation of medium pH during cultivation of L. gasseri (◻︎,◼︎) in MRS, alone or in combination 
with C. glabrata or C. albicans (○,●), under the same conditions as those used to obtain the growth curves 
shown in Figure II.1. In panel (B) the variations in the ratio of lactate/ lactic acid (LA) and acetate/acetic acid 
(AA) are shown along the single-species or co-cultivation settings, as estimated by the Handerson-
Hasselbach equation and using the pHs determined in panel A, a pKa of 3.86 for lactic acid and a pKa of 
4.76 for acetic acid. Filled symbols correspond to the samples taken during single-species cultivation while 
open symbols correspond to the samples taken during co-cultivation. The results presented are 
representative of, at least, three independent replicas. 

 

 



77 | P a g e  
 

II.4.3. Acetate augments anti-Candida activity prompted by L. gasseri 

cells 

Our results shown in Figure II.5 panel B demonstrate that in co-cultures of L. gasseri with 

C. albicans or C. glabrata the sodium acetate supplied in the MRS medium prevails as in the 

acetate form. Considering that acetate has been demonstrated to induce the expression of 

bacteriocins in several Gram-positive species[564, 565], was hypothesized whether it could also 

modulate the anti-Candida effect exhibited by L. gasseri. For this was co-cultivated L. gasseri with 

C. glabrata in MRS medium under the same conditions used before but replacing sodium acetate 

by the same amount of sodium chloride. This replacement resulted in an accelerated loss of 

viability of L. gasseri cells while in single-culture, a phenotype that was rescued when the bacterial 

cells were cultivated in the presence of the yeasts (Figure II.6 panel A). Remarkably, despite the 

maintenance in the viability of L. gasseri population, no significant loss of viability of C. glabrata 

could be detected in the co-cultures performed in MRS with NaCl (Figure II.6 panel A). Notably, 

the capability of acetate to enhance the ability of L. gasseri cells to reduce the viability of C. 

glabrata cells was concentration dependent and still detectable at concentrations as low as 4 mM 

(Figure II.6 panel B and Annex Figure II.5). Consistent with the results observed for C. glabrata, 

co-cultivation of L. gasseri with C. albicans cells in MRS medium having NaCl (and not sodium 

acetate) as the sodium source also resulted in the incapability of the bacterium to induce loss of 

viability in the yeast cell population (Annex Figure II.6). The replacement of sodium acetate by 

increasing amounts of sodium chloride led to a reduction in the production of lactic acid (up to a 

maximum of 50%) prompted by the bacterium (Annex Figure II.4 panels B and C). While in single-

cultures, this decrease can be attributed to the lower viability of the bacterial cells when growing 

in MRS-NaCl, compared to MRS (Figure II.6 panel A and Figure II.1), in the co-cultures performed 

in MRS-NaCl or in MRS the viability of L. gasseri cells was identical and therefore the lower 

production of lactic acid is likely to result from the lower availability of carbon (Figure II.6 panel A 

and Figure II.1). The capability of acetate to increase the anti-Candida potential of L. gasseri was 

also detected when a vaginal clinical strain of the bacterium was used (L. gasseri ISTLg97) 

confirming that the effect is not exclusive for the used reference strain (Annex Figure II.7). 
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Figure II.6. The acetate present in MRS medium potentiates the inhibitory effect of L. gasseri over C. 
glabrata cells. (A) Cellular viability and medium pH during single or co-cultivation of C. glabrata (○,●) with L. 
gasseri (◻︎,◼︎) in MRS medium having 60 mM sodium chloride as the sodium source (instead of the normally 
used sodium acetate). The cells were cultivated, alone or in the presence of each other, in the same 
conditions described in Figure II.1. Filled symbols correspond to the samples taken during single-species 
cultivation while open symbols correspond to the samples taken during co-cultivation.; (B) Cellular viability 
of C. glabrata and L. gasseri after 96h of cultivation, in single-culture or in co-culture, in MRS media having 
increasing concentrations of acetate. Note the decreasing viability of the yeast cells as the concentration of 
acetate increases. The results shown in this panel concerning the cellular viability of the different microbial 
species were taken from the full growth curves that are shown in Annex Figure II.5. Statistical significance 
of the differences found in the presence or absence of acetate was calculated using one-way ANOVA (*p-
value below 0.1; **p-value below 0.01; ***p-value below 0.001; ****p-value below 0.0001).  

II.4.4. The effect of acetate in augmenting anti-Candida activity in L. 

gasseri cells is also observed in biofilm-forming conditions 

The above reported effect of acetate in enhancing the capability of L. gasseri cells to 

induce loss of viability in C. albicans and in C. glabrata prompted us to examine whether the same 

effect could also be detected in biofilms. For that, was used the same experimental setting as 

used above to detect the formation of mixed biofilms between L. gasseri and C. albicans or C. 

glabrata, including the live-dead confocal microscopy imaging. The modulation of acetate 

concentration in the MRS medium did not significantly alter the height of the biofilms formed 

(Annex Figure II.2). On the other hand, a marked increase in the viability of C. glabrata and C. 

albicans in mixed biofilms formed with L. gasseri during cultivation in MRS without acetate was 

observed, markedly contrasting with the high loss of viability that was observed in the normal 

composition of this medium including 60 mM acetate (Figure II.7 and Annex Figure II.8). Also as 

observed under planktonic conditions, this effect of acetate in augmenting the anti-Candida 

activity of L. gasseri cells was concentration-dependent (Figure II.6). Strikingly, the unusual TO-

PRO-3-labelling registered in the biofilms formed by L. gasseri cells was no longer detected when 

acetate was removed from the medium (Figure II.7). 
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Figure II.7. Effect of acetate on the capability of L. gasseri to induce loss of C. glabrata cellular viability in mixed biofilms. Biofilms formed by L. gasseri and C. glabrata after 24h 
of single or co-cultivation in MRS medium with increasing amounts of acetate at 37ºC and 25 rpm were imaged by fluorescence confocal microscopy to distinguish between live 
and dead cells, as detailed in materials and methods. The pictures presented are representative of a cohort obtained in three independent replicas and that were used to quantify 
the number of dead C. glabrata cells (labelled in red) compared to the total number of C. glabrata cells in the field (labelled in green and distinguishable from the bacterial cells 
based on their yeast-like morphology). All scale bars corresponds to 100 μm. The result of the quantification is shown in the chart presented at the right. The data presented 
concerning the number of C. glabrata cells in mixed biofilms formed in MRS having 60 mM acetate is the one shown in Figure II.3. Statistical significance of the differences 
obtained in the number of dead yeast cells in the different conditions was calculated using one-way ANOVA (*p-value below 0.1; **p-value below 0.01; ***p-value below 0.001; 

****p-value below 0.0001). 
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II.5. Discussion 

 This chapter focused on the interaction established between the poorly studied vaginal 

species L. gasseri and the pathogenic yeasts C. albicans and C. glabrata, both being frequent 

colonizers of the female vaginal tract. Other studies described the inhibitory potential of lactobacilli 

species, including of L. gasseri, against Candida and other vaginal pathogens[218, 387, 390]. 

However, these studies don’t explore co-cultivation describing instead relevant alterations in 

pathophysiological traits of Candida when cultivated in media supplemented with various amounts 

of supernatants obtained from bacterial cultures[218, 388, 389, 566]. The results herein shown 

demonstrate that the direct co-cultivation of L. gasseri with C. albicans and C. glabrata has 

outcomes that cannot be fully recapitulated by the bacterial supernatants themselves. For 

example, co-cultivation of C. albicans/C. glabrata with L. gasseri drastically altered the pH of the 

broth with consequences in the acid-base equilibrium of ionizable species like the organic acids 

acetic and lactic acid. In particular, we found that during co-cultivation, the two yeasts 

counteracted the prominent acidification of the medium promoted by the accumulation of lactic 

acid produced by L. gasseri cells. Consequently, the final pH of the co-cultures was ~6 after 96h, 

while in the single-cultures of L. gasseri this pH was about ~4.1. Prior studies have shown the 

capability of C. albicans to alkalinize the medium (via ammonium excretion) when using amino 

acids[567, 568] or carboxylic acids as carbon sources[567, 568]. C. glabrata has also been shown 

to alkalinize the medium while using amino acids as carbon sources but the identity of the 

buffering compound was not disclosed[294]. Notably, in these studies, the alkalinization of the 

medium prompted by C. albicans or C. glabrata occurred under glucose limiting conditions, which 

is in line with the results we had obtained since the pH started to increase after 48h, when no 

glucose was available in the broth (Annex Figure II.4). This capability of C. albicans and C. 

glabrata to induce alkalinization under acidic conditions has been linked with their increased ability 

to thrive in the highly acidic phagolysosome, favouring colonization and immune evasion[294, 

569]. In C. albicans the alkalinization has also been shown to auto-induce hyphal 

morphogenesis[568]. It is possible that in vivo, when present in the vaginal tract, Candida cells 

can also counteract the acidification prompted by lactobacilli. Among other outcomes (such as 

the promotion of yeast-hyphae transition) this buffering also avoids the accumulation of 

undissociated organic acids in the environment that have a potent antimicrobial effect, including 

against Candida[430, 570, 571]). Besides lactic acid, acetic acid, 4-hydroxyphenylacetic, succinic, 

butyric and formic acids are other organic acids present in the vaginal fluid[130, 411, 572] and 

whose chemical dissociation can be impacted by changes in pH.  

The modulation of pH observed to occur along co-cultivation of Candida with L. gasseri 

shows that the use of supernatants from bacterial cells may not be a good proxy to study the 

interaction since the amount of undissociated acids is much higher than the one obtained in a co-

culture supernatant creating confounding effects (is the inhibition caused by the lactobacilli or by 

the accumulation of undissociated organic acids?). The use of bacterial supernatants obtained 

from cultivation in MRS is particularly problematic since these will invariably contain toxic amounts 
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of acetic acid. In this context, some of the inhibitory effects reported in growth and virulence traits 

of Candida upon exposure to lactobacilli supernatant cultures result, in fact, from the effects of 

acetic acid. In line with our results, the acetate present in MRS medium was described to have 

antifungal properties when used in synergy with L. rhamnosus[573]. Collectively these findings 

increase the relevance of using experimental settings based on contact of the species as they 

appear to establish dynamic interactions that may go beyond the mere accumulation of 

metabolites in the broth and, therefore, are not fully phenocopied by bacterial supernatants.  

Co-cultivation of C. albicans or C. glabrata with L. gasseri resulted in decreased viability 

of the two yeasts (and this is induced by the bacterium and not by accumulated organic acids 

since we demonstrated that in co-cultures the non-toxic acetate and lactate forms prevailed), 

either in planktonic or in biofilm-forming conditions. Previous studies showed that biofilm 

formation by C. albicans is impacted by co-cultivation with the vaginal species L. crispatus, L. 

jensenii and L. iners[140, 387], however, as the biofilms formed were not microscopically 

observed the authors did not conclude about the capacity of these species to interact with one 

another. Both C. albicans and C. glabrata had been described to form mixed biofilms with other 

bacteria including Streptococcus mutans[574], Staphylococcus aureus[575] or Pseudomonas 

aeruginosa[576], but to the best of our knowledge, this is the first report involving L. gasseri. In 

the biofilms, the C. glabrata cells were highly susceptible to the presence of L. gasseri, while the 

reduction of viability of C. albicans cells was considerably lower (opposite to what was observed 

under planktonic conditions). We cannot rule out that the mechanism of inhibition prompted by L. 

gasseri in a biofilm may differ from those imparted in planktonic growth as close cell-cell contacts 

(well demonstrated to occur in Figure II.2) may trigger specific responses. In this context, it is 

interesting the previous demonstration that L. paracasei cells respond to direct contact with S. 

cerevisiae cells[577]. Another hypothesis is that the access of L. gasseri to C. glabrata cells in 

the mixed biofilm can be higher due to a stiffer structure of the C. albicans biofilms caused, among 

other aspects, by high amounts of extracellular matrix[578, 579]. The higher sensitivity of C. 

glabrata to L. gasseri in the mixed biofilm is interesting since this species is much less frequently 

isolated from the vaginal tract than C. albicans[256, 580, 581], although it is known to be very 

resilient to environmental stress[257, 330, 430].  

The fact that the anti-Candida activity prompted by L. gasseri cells depends on the 

presence of acetate in a concentration-dependent manner is a novel finding of our work. In vivo, 

acetate is present in the vaginal fluid due to the metabolic activity of colonizing microbes[21, 411, 

582] and thus it is possible that it contributes to maintain the interference of L. gasseri over 

Candida. Note that the potential of acetate in augmenting the virulence of L. gasseri towards 

Candida cells was detectable at 4 mM acetate, a concentration within the range found in vaginal 

fluid of a lactobacilli-dominated vaginal microflora[333, 411, 413]. Little is known concerning the 

biology and physiology of L. gasseri and thus the effects of acetate remain to be studied. In some 

Gram positive species such as L. plantarum, L. sakei and L. rhamnosus, acetate potentiated the 

expression of bacteriocin-encoding genes[565, 583-585] and thus one possibility is that it may 

have a similar effect in L. gasseri. Due to their small size and significant inter-species variation, 
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the annotation of bacteriocin-encoding genes is difficult[473, 586]. Recent genomic analysis of L. 

gasseri strains (including ATCC 33323) predicted that this species encodes acidocin A, gassericin 

and helveticin J[217-219]. However, in the reference strain only helveticin J, a class III bacteriocin 

that has been shown to have some activity against two clinical strains of C. albicans and C. 

glabrata[218], is represented in its genome. The fact that cellular density also affects the 

modulatory effect of acetate over bacteriocin-encoding genes[565, 585, 587] creates an important 

factor that has to be considered in a future study that may aim the study of the molecular 

mechanism underlying this acetate-induced virulence of L. gasseri against Candida. 
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III. Genomic expression profiling of C. glabrata while 

in co-cultivation with the vaginal species L. gasseri 

unveils aspects of this interaction and genes 

mediating competitiveness  
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III.1.  Abstract  

Understanding how the interaction between Candida and lactobacilli is modulated can 

provide crucial insights to develop new anti-Candida based on probiotic strains. Thus, to get 

further insights about how L. gasseri and C. glabrata cells respond to the presence of each other, 

in this chapter we resorted to a transcriptomic analysis (based on dual RNA-sequencing) of a 

planktonic co-culture established between these different species. From this transcriptomic 

analysis we could detect 30 new transcripts that were not previously annotated in the genome of 

L. gasseri ATCC 33323, likely corresponding to novel genes. We could also identify what appears 

to be a large number of regulatory RNAs both in L. gasseri and in C. glabrata, including 38 and 

42, respectively, that were differentially expressed in co-cultivation. After two hours of co-

cultivation, 724 C. glabrata and 118 L. gasseri genes were found to differently expressed, 

compared to the levels they attained in the corresponding single-cultures. Examination of the 

transcriptomes of the C. glabrata and L. gasseri populations after 8h of co-cultivation revealed a 

differential expression of 629 C. glabrata and 178 L. gasseri genes. Among these, 40 and 590 C. 

glabrata genes were exclusively up- and down-regulated, respectively, after 2h of co-cultivation, 

while 38 and 39 L. gasseri genes were up- and down-regulated at the same time point, 

respectively. Inspection of the differentially expressed genes after 8h of co-cultivation revealed 

397 and 138 C. glabrata genes to be up- and down-regulated, respectively, and 106 and 31 L. 

gasseri genes to be up- or -down-regulated, respectively. Interesting 8 and 64 C. glabrata genes 

were up- and down-regulated, respectively, and 19 and 17 L. gasseri genes were also up- and 

down-regulated in both growth stages thus suggesting a core response conserved during the 

entire co-cultivation period that was analysed. Functional clustering revealed that the C. glabrata 

or L. gasseri genes induced in the co-cultivation setting are involved in translation and ribosome 

biogenesis, in transport and metabolism of carbohydrate and amino acids, in transcription and in 

defense mechanisms (e.g., oxidative stress response, MDR and ABC transporters). It is, however, 

important to denote that for many of the DEGs both in C. glabrata and in L. gasseri could not be 

allocated to specific functional categories, likely reflecting the involvement in this interaction of 

genes that are yet still poorly characterized in the two species. Using the information gathered 

from the transcriptomic analysis it was examined the role in determining survival of C. glabrata in 

the presence of L. gasseri of the genes CAGL0L03828g, CAGL0F04499g, CAGL0L10208g, 

RHR2 and STR3, found to be up-regulated in the co-culture setting at least in one timepoint. From 

these, only the deletion of CAGL0L03828g, encoding a protein involved in sterol biosynthetic 

process; of CAGL0F04499g, encoding a uridine transmembrane transporter; and of 

CAGL0L10208g, encoding a protein with phosphopantothenoylcysteine decarboxylase activity, 

significantly reduced C. glabrata growth in the presence of L. gasseri. The identification of these 

genes as determining competitiveness of C. glabrata while in the presence of L. gasseri is 

interesting as it may allow them to be used as therapeutic targets in screenings aiming to reduce 

performance of this pathogenic yeast in favour of the commensal microbiota.   
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III.2.  Introduction 

The burden posed by candidiasis (or infections caused by Candida spp.) is a pressing 

concern due to its high rates of morbidity (that result in prolonged hospital stays). Invasive 

candidiasis, involving colonization of the bloodstream or deep-seated organ infections, is life-

threatening and has high rates of mortality (ranging between 20% to 75% of diagnosed cases, 

depending on the infecting species)[265-267, 514]. While invasive candidiasis is essentially 

observed in the immunosuppressed population, superficial infections, like vulvovaginal or oral 

candidiasis, are common even among the immunocompetent individuals[257, 268]. In fact, about 

75% of women are estimated to experience vulvovaginal candidiasis (VVC) at least once during 

their lifetime, a substantial percentage (~138 million/year) suffer from recurrent infections, a 

condition known as recurrent vulvovaginal candidiasis (RVVC)[517, 588]. Although VVC is not 

lethal, its high incidence and, in some cases, high morbidity, has a high economic impact, 

estimated, in the US, in ~1.8 billions of dollars[517, 589]. C. albicans is the more common 

causative etiological agent in VVC responsible for ~85-90% of the cases[590, 591]. Recently, the 

incidence of vaginal candidiasis caused by non-albicans Candida species (or NACS) is increasing, 

a trend that has also been observed across the other forms of candidiasis[592-594]. Among 

NACS, C. glabrata is typically most prevalent, a trait that may result from the extreme genomic 

plasticity of this species and that prompts fast adaptive responses to the challenging environment 

of the different infection sites[257, 259].  

Treatments currently available for VVC include various antifungals like nystatin, 

amphotericin B or azoles, with fluconazole and clotrimazole at the forefront of those more 

commonly used[595]. The efficacy of these therapeutic agents is being hampered by the 

persistent increase in the number of resistant Candida strains, this being particularly evident for 

azoles[596, 597] and for the C. glabrata species that is already “naturally” less susceptible to 

these antifungals[259]. In this context, alternative treatments to control VVC have been attempted 

including the use of lactobacilli-based probiotics[531, 598, 599]. In specific, the utilization of 

cocktails of L. crispatus, L. gasseri, L. vaginalis, L. reuteri and L. rhamnosus (alone or in consortia), 

alone or combination with other VVC therapies, have been explored in clinical trials[390, 530, 531, 

600]. In general, improved control of VVC has been obtained exploring this avenue, however, 

different levels of effectiveness had been reported depending on predisposing factors of the 

subjects, the severity of the infection and also the lactobacilli strain used[369-377]. The choice to 

use lactobacilli stems from the long track record utilization of these species as probiotics (they 

are commonly used in multiple products aiming to restore the gastrointestinal microflora), but also 

because lactobacilli species are predominant in the vaginal microflora resulting in the idea that 

their abundance is linked to vaginal health[548, 601]. In specific, multiple metagenomic surveys 

undertaken with multiple cohorts of women showed that vaginal microbiomes are dominated by 

L. crispatus, L. gasseri, L. jensenii and L. iners, with the abundance of each species depending 

on factors like age or race[22, 49, 93, 98]. Although a decrease in lactobacilli vaginal flora is 

clearly associated with the development of bacterial vaginosis[92, 93, 131], far less is understood 
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on whether these species also offer protection against VVC with some studies demonstrating a 

pattern of decreased lactobacilli abundance in women with VVC[139], while in others this is not 

observed[101, 102, 130, 136, 137, 140, 602]. More recently, it has been shown that the 

microbiome of women suffering from VVC have a similar abundance of lactobacilli than healthy 

ones, however, the predominant species in the VVC cohort was L. iners, while in the others L. 

crispatus or L. gasseri were dominant[101, 130, 140]. It is thus likely that the equilibrium 

established between the different indigenous lactobacilli species may determine a more or less 

favourable environment for yeasts to thrive[134]. 

Although in vivo the role of lactobacilli in protecting against VVC remains elusive, in vitro 

it has been clearly shown that they can inhibit growth and virulence traits of Candida[390, 394, 

529]. Historically this inhibitory effect has been linked with the maintenance of an acid vaginal pH 

(due to increased production of lactic acid[85]), however, at the typical vaginal pH (close to 4) the 

majority of this acid will prevail in its non-toxic (and even metabolizable by Candida[433, 434]) 

lactate form. In fact, concentrations of about 160mM lactic acid were ineffective in exerting 

inhibition against Candida in vitro([430]) which far exceed those that usually are observed to occur 

in the vaginal tract[411, 413] and metabolomics studies could not found a correlation between the 

amounts of lactic acid and the anti-Candida effect prompted by supernatant of vaginal lactobacilli 

species[390]. It thus seems that the anti-Candida effect of lactobacilli goes beyond the mere 

production of lactic acid. More recently, the inhibitory effect of Lacticaseibacillus rhamnosus 

(formerly Lactobacillus rhamnosus) over Candida was associated to the production of 1-acetyl-β-

carboline[395], however, the underlying biosynthetic production pathway was not elucidated and 

thus it is not known whether indigenous vaginal species are also capable of producing it. 

Phenyllactic acid[399], mevalonolactone[401], 2-hydroxyisocaproic acid (HICA)[402, 403], 3-

hydroxyoctanoate[405] are examples of other metabolites produced by lactobacilli that also have 

a described anti-Candida potential, however, their production pathways are not well characterized 

and, thus, it is not known whether vaginal species produce it. The production of biosurfactants as 

a mean to reduce adhesiveness of Candida to the epithelial cells[409, 603, 604] and the 

production of bacteriocins or of H2O2 have also been suggested to underlie the antagonistic 

effects of lactobacilli, however, these molecular mechanisms had not been studied in the specific 

context of interactions with Candida cells. 

Recently a study from our laboratory showed that the vaginal species L. gasseri inhibits 

growth and promotes decreased viability of C. albicans and C. glabrata while in co-culture, both 

in planktonic and in mixed biofilms[605]. To get further insights into this, we have used the same 

experimental setting to undertake, for the first time, a transcriptome analysis of a L. gasseri-C. 

glabrata co-culture using dual RNA-sequencing. Other transcriptomic analyses have been 

undertaken to study C. albicans and lactobacilli interaction exposing the yeast cells to L. 

rhamnosus[398] and L. crispatus[140] in co-infection of intestinal epithelial cells (tri-culture) and 

in biofilm forming conditions, respectively. These works revealed that the co-cultivation caused 

profound alternations in the C. albicans metabolism that resulted in a slower growth of the yeasts 

due to exhaustion of the most favourable carbon and nitrogen sources from the medium[140, 398], 



87 | P a g e  
 

this being accompanied by an attenuation of virulence[140, 398]. This translated into an 

overexpression of Candida genes required for amino acid uptake, while the expression of genes 

involved in glycolysis decreased[398]. Genes encoding enzymes of the oxidative phosphorylation 

pathway were also found to be down-regulated along co-cultivation with L. rhamnosus, this being 

believed to promote a reduction in ATP synthesis and, consequently, reduced fungal growth, 

filamentation, and virulence[606]. Co-cultivation with L. rhamnosus has also been found to reduce 

the expression of the tyrosine phosphatase PTP3, encoding a protein required for hyphal 

maintenance[607]; of the transcription factor AHR1 that regulates the virulence genes ALS3 and 

ECE168; and of Orf19.4292 that encodes the prevacuolar trafficking protein Pep12, an essential 

determinant for virulence in mice[608]. These observations suggested that besides the effects on 

metabolism, the presence of L. rhamnosus also caused direct modifications in virulence genes, 

remaining to be clarified whether these stemmed from the metabolic alterations or had another 

origin.  

Different from what has been done in most studies that focused only on the yeast 

transcriptional modifications[140, 398], herein the transcriptional changes of L. gasseri are also 

considered resulting in a dual RNA-sequencing analysis of the co-cultivation. Additionally, to our 

best knowledge, this is the first focused on the transcriptomics response of the species C. glabrata 

to the presence of lactobacilli. It is expected that the identification of the molecular players 

modulating the interaction between L. gasseri and C. glabrata can also enlighten important 

aspects of the way in which these species interact with each other. Such knowledge could be 

leveraged to develop better therapeutics that may tip the ecological vaginal balance in favour of 

the bacteria, thus providing alternatives to currently used antifungal molecules for the treatment 

of vaginal candidiasis. 
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III.3. Materials and methods 

III.3.1. Strains and growth media 

For the transcriptomic profiling were used the strains L. gasseri ATCC 33323 (acquired 

from DSMZ) and C. glabrata KUE100, a wild-type strain derived from the CBS138 strain[433]. A 

set of C. glabrata single mutants (kindly provided by Dr Hiroji Chibana, from the Medical Mycology 

Research Center at Chiba University, Japan), built in the background of KUE100, that included 

Cg∆CAGL0L03828g, Cg∆CAGL0F04499g, Cg∆CAGL0L10208g, Cg∆RHR2 and Cg∆STR3 were 

also used. The MRS medium used to co-cultivate yeasts and bacteria contains, per liter, 10 g 

casein peptone (Gibco); 10 g meat extract (Panreac AppliChem); 5 g yeast extract (Gibco); 20 g 

glucose (Nzytech); 1 g Tween 80 (Sigma); 2 g K2HPO4 (Merck); 5 g sodium acetate (Merck); 3 g 

ammonium sulphate (Panreac AppliChem); 0.20 g MgSO4.7H2O (Labchem) and 0.05 g 

MnSO4.H2O (Sigma). After preparation, the pH of MRS was adjusted to 6.2-6.5 using HCl or 

NaOH. Solid YPD medium was used for maintenance of the yeast strains, and contained, per liter, 

20 g glucose (Nzytech), 20 g peptone (Gibco) and 10 g yeast extract (Gibco) while the bacterial 

strain was kept at -80oC in MRS and 86% glycerol. Solid YPD or MRS were prepared by 

supplementing the corresponding liquid medium with 2% and 1.5% agar (Nzytech), respectively. 

Media were prepared using deionized water and sterilized by autoclaving for 15 min at 121°C and 

1 atm. 

III.3.2. Co-cultivation in liquid MRS medium of L. gasseri and C. 

glabrata  

To examine growth of L. gasseri and of C. glabrata KUE100 or of the deletion mutants 

Cg∆CAGL0L03828g, Cg∆CAGL0F04499g, Cg∆CAGL0L10208g, Cg∆RHR2 and Cg∆STR3 in 

liquid MRS, a pre-inoculum of each strain was prepared, in MRS. The cells were then cultivated, 

overnight, at 37ºC with an orbital agitation of 100 rpm. On the next day, these cells were used to 

inoculate (at an initial OD600nm of 0.4 for L. gasseri and 0.1 for C. glabrata) fresh MRS medium, 

after which the cultures were cultivated at 37ºC and 100 rpm for 96 hours. Viability of the yeasts 

and of the bacteria in single- or in co-cultivation was followed based on the number of colony-

forming units (CFUs). For this, aliquots of co-cultures were taken, serially diluted, and plated on 

MRS supplemented with 96 mg/L fluconazole (an antifungal concentration that fully prevented 

growth of Candida colonies and thus only L. gasseri colonies were visible) or in YPD 

supplemented with 300 mg/L tetracycline (an antibiotic concentration that fully prevented the 

growth of L. gasseri colonies and therefore only Candida colonies were visible). The number of 

Candida colonies formed onto the surface of YPD plates was counted after 2 days of incubation 

at 30ºC, while the number of L. gasseri colonies formed onto the surface of MRS plates was 

counted after 2 days of plate incubation at 37ºC in a Genbox (Biomerieux) with a candle inside to 

assure microaerophilia[541, 542]. 
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III.3.3. Transcriptomic analysis 

For the transcriptomic analysis, the single and co-cultures of L. gasseri ATCCC 33323 and 

C. glabrata KUE100 were cultivated, in triplicates, in 120 mL of MRS medium, at 37ºC and 100 

rpm, in shake-flasks, as detailed above. After 2 and 8 hours of single or co-cultivation, cells were 

harvested, centrifuged (at 6000 rpm for 6 minutes at 4oC) and stored at -80ºC until further use. 

RNA extraction was performed using the RiboPureTM RNA Isolation Kit (Ambion, Life 

Technologies, CA) and following the manufacturer’s instructions. Quality and integrity of the 

purified RNA were determined using a fragment analyser at Instituto Gulbenkian de Ciência in 

Oeiras, Portugal. The three replicates obtained from L. gasseri and C. glabrata single and co-

cultures were pooled together into 6 RNA pools. To prepare these pools all RNA samples were 

quantified, pooled at equimolar concentrations and sent to CD Genomics (Ramsey Road, Shirley, 

New York, USA) for sequencing. Briefly, sequencing was performed using Illumina HiSeq PE150 

generating a total of 20M reads (6.0Gbase data) per sample. Before mapping, a double rRNA 

depletion protocol was undertaken in the samples using the Ribo-Zero Magnetic Gold 

epidemiology kit (Illumina) according with the manufacturer’s guidelines[609]. For cDNA library 

construction, the RNA samples were fragmented using ultrasound (four pulses of each 30s) at 

4oC to generate ~200–400 nt (average) fragmentation products. Short RNA fragments (<20 nt) 

were removed using the Agencourt RNAClean XP kit (Beckman Coulter Genomics). The 

remaining fragments were dephosphorylated with Antarctic Phosphatase (NEB), re-

phosphorylated with T4 Polynucleotide Kinase (NEB), and poly(A)-tailed using poly(A) 

polymerase (NEB). An RNA adapter was ligated to the 5′ monophosphate of the RNA fragments 

using T4 RNA ligase (NEB). First-strand cDNA synthesis was performed using an oligo(dT) 

adapter primer and the M-MuLV reverse transcriptase (NEB). The resulting cDNAs were PCR-

amplified to about 10–20 ng/μL using the Phusion high fidelity DNA polymerase (NEB) and 

primers designed for TruSeq sequencing according to the instructions of Illumina. The resulting 

cDNA libraries were purified using the Agencourt AMPure XP kit and analysed by capillary 

electrophoresis (Shimadzu MultiNA microchip electrophoresis system)[609]. After rRNA depletion, 

library construction and sequencing, the reads were mapped to the respective reference genome. 

Mapping of the sequenced reads was performed against the genomes of L. gasseri ATCC 33323 

(extracted from NCBI: Bioproject - PRJNA84) and C. glabrata CBS138 (extracted from the 

Candida Genome Database). Expression levels were measured as “FPKM”, normalizing to the 

total number of mapped reads (Fragments Per Kilobase of transcript per Million mapped 

reads)[610]. To analyse gene expression HTSeq[611] with model intersection-nonempty was 

used. Automatic detection of novel transcripts was performed using Rockhopper[612] software, 

followed by manual curation. For gene differential expression analysis was used EBSeq[613]. All 

required in-house bioinformatic analyses were performed using QIAGEN CLC Genomics 

Workbench 10.1.1.  
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III.4. Results 

III.4.1. Overview of the RNA sequencing data unveils novel aspects 

of the functional analysis of L. gasseri and C. glabrata genomes 

To get a glimpse of the molecular changes occurring in the transcriptome of C. glabrata 

and L. gasseri during planktonic single and co-cultivation in MRS medium, an experimental setup 

similar to the one explored in Chapter II was used. Briefly, C. glabrata and L. gasseri were 

cultivated using a yeast:bacteria proportion of 1:4, at 100 rpm and 37oC and after 2 and 8 hours 

they were collected for transcriptome analysis. These two time-points correspond, respectively, 

to the early period of adaptation of each species to the co-cultivation setting, or to the entrance in 

stationary phase (Figure III.1). In both these two time points the viability of the yeasts in the co-

culture setting was not significantly different than the one registered in single-culture (Figure III.1), 

however, had we opted for a later period in which reduced viability of C. glabrata cells was 

observed, we could get a strong transcriptional responses caused by the cell death thus masking 

the more specific response triggered by the yeast cells in response to the bacteria.  

 

Figure III.1. Cellular viability of C. glabrata and L. gasseri along single or co-cultivation in MRS medium. 

After inoculation, cells of C. glabrata (○,●) and L. gasseri (◻︎,◼︎) were cultivated at 37oC and 100 with the 
growth of the different species being accompanied based on cellular viability, as detailed in materials and 
methods. For total RNA extraction cells from single and co-cultures were collected at the time points 
highlighted by the black arrows (2 and 8 hours growth). Filled symbols correspond to the samples taken 
during single-species cultivation while open symbols correspond to the samples taken during co-cultivation. 
Statistical significance was calculated using one-way ANOVA (*p-value below 0.1; **p-value below 0.01; 
***p-value below 0.001; ****p-value below 0.0001). 
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The reads obtained after the RNA-seq step were mapped to the L. gasseri and C. glabrata 

genomes resulting in the data shown in Annex Table III.1. As expected, the reads obtained from 

the single-cultures mapped at high percentages (ranging between 96%-98%) to the reference 

genomes of C. glabrata and L. gasseri. In the co-cultures the reads obtained at 2h of co-cultivation 

distributed between L. gasseri and C. glabrata in a relatively equivalent manner (~40% for each 

species), while at the 8h period there was a predominance of reads gathered from C. glabrata 

(~70% of the overall), compared to those gathered from L. gasseri (that were on the range of 20-

30%). To the best of our knowledge, the current study is the first undertaking a transcriptomic 

analysis of L. gasseri for which we have also taken a closer look into the mapping results, hoping 

to further contribute for the functional analysis of the genome of the ATCC 33323 strain. From 

this more thorough analysis we could detect 30 transcripts (produced both in single and in co-

cultures) that map in regions not previously annotated as genes in the genome of L. gasseri ATCC 

33323 (Table III.1 and in more detail in Annex Table III.2). These hypothesized new genes were 

subjected to a BlastX analysis against the general database of proteins deposited at NCBI, 

revealing that some bear similarity (albeit at different extents) to proteins annotated in the genome 

of other L. gasseri strains or of species closely related to L. gasseri (see Table III.1). This is, for 

example, the case of genes 2 and 4 found to bear similarity against proteins WP_223891855.1 

and WP_015981461.1 proteins from L. paragasseri, or of gene 1 that had been annotated in the 

genome of the L. gasseri strain MV-22 (Table III.1 and Annex Table III.2). For 16 of the 

hypothesized new L. gasseri transcripts (from 15-30), we could not detect significant homologies 

with described proteins (Annex Table III.2). Despite the identified similarities, the corresponding 

homologous proteins to these new hypothesized “new” genes identified in L. gasseri ATCC 33323 

do not have a known function and thus it is hard to predict what can be the biological role of these 

proteins. The exception to this are gene 2, similar to a prenyltransferase that are cell wall-

anchored surface proteins used as signalling peptides; and gene 1 predicted to be a signal 

peptide protein from the YSIRK family involved in peptide signalling. Notably, we could also 

identify two transcripts mapped in regions of the C. glabrata CBS138 genome that had no 

annotations for genes, CgNovel_870 and CgNovel_1656, although these bear similarities with 

two hypothetical proteins KAI8395120.1 and KAH7579243.1, annotated in the genome of C. 

glabrata P35-2 and CAS08-0016 strains, respectively. 
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Table III.1. Potential new transcripts of L. gasseri. Transcripts were identified manually by the presence of 
reads in genomic regions without a described annotation. Analysis was performed using CLC Genomics 
Workbench 10.1.1. Blastx analysis was performed in NCBI. Proteins were considered similar when the 
BlastX had a p-value under 10-15.  

Candidate 
gene 

Genome 
location 

Blastx best hit Blastx best hit description P-value 

1 157047 EFQ46842.1 
Gram-positive signal peptide 

protein, YSIRK family 
[Lactobacillus gasseri MV-22] 

0 

2 276100 WP_223891855.1 
prenyltransferase [Lactobacillus 

paragasseri] 
3.00E-23 

3 274034 ABJ59649.1 
hypothetical protein LGAS_0240 

[Lactobacillus gasseri] 
2.00E-36 

4 612818 WP_015981461.1 
hypothetical protein 

[Lactobacillus paragasseri] 
5.00E-48 

5 1479598 DAW44901.1 
hypothetical protein 

[Caudoviricetes spp.] 
1.00E-19 

6 1567401 WP_230577983.1 
hypothetical protein, partial 

[Lactobacillus gasseri] 
1.00E-32 

7 1810871 WP_221930141.1 
hypothetical protein, partial 

[Lactobacillus gasseri] 
2.00E-16 

8 477048 WP_230577983.1 
hypothetical protein, partial 

[Lactobacillus gasseri] 
9.00E-35 

9 535335 EFQ46544.1 
hypothetical protein 

LBGG_02068 [Lactobacillus 
gasseri MV-22] 

7.00E-25 

10 976092 EEQ25408.1 
hypothetical protein 
HMPREF0890_0084 

[Lactobacillus gasseri 202-4] 
4.00E-19 

11 1793776 WP_230577983.1 
hypothetical protein, partial 

[Lactobacillus gasseri] 
1.00E-26 

12 1817748 WP_003648189.1 
hypothetical protein 

[Lactobacillus gasseri] 
1.00E-49 

13 1560729 WP_222423892.1 
hypothetical protein, partial 

[Lactobacillus gasseri] 
7.00E-29 

14 652903 WP_015981461.1 
hypothetical protein 

[Lactobacillus paragasseri] 
8.00E-49 

Another interesting finding that we have obtained upon a more exhaustive analysis of the 

read mapping was the identification of transcripts, both from L. gasseri and C. glabrata, mapping 

in the opposite strand where are annotated genes, in most cases these transcripts encompassing 

only part of the gene, as detailed in (Annex Table III.3). With the data that we have available, it is 

not possible to determine whether these transcripts correspond to regulatory non-coding RNAs 

or whether they result from artefactual anti-sense transcripts produced along the preparation of 

the libraries, as before described to occur[614, 615]. Nonetheless, it is interesting that 157 of 

these C. glabrata transcripts herein detected had been previously detected in a study that 

specifically searched for regulatory RNAs in this pathogenic yeast species (Annex Table 

III.3)[616]. Although the existence of regulatory RNAs has not been specifically described in L. 

gasseri, it has been reported in L. casei and in L. salivarius[617, 618]. Notably, the structure of 

these putative anti-sense RNAs appears to be quite divergent with some comprising the entire 

gene size while others are bigger than the gene (both from the 5’ and 3’ termini)(as detailed in 

Annex Table III.3). It was also noticeable in L. gasseri some anti-sense RNAs mapping in more 
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than one gene (e.g., LgNovel_74) (Annex Table III.3) or in intergenic regions (as it was the case 

of the C. glabrata antisense Novel_1550, Novel_1567 and Novel_1278.). The co-cultivation 

affected the expression of these presumed anti-sense RNAs in both yeast and bacteria, with 42 

of these being differently expressed in C. glabrata (e.g., Novel_973 and Novel_1175 up-regulated 

after 8h) and 38 in L. gasseri (e.g., Novel_77 and Novel_119 up-regulated after 8h), as detailed 

in Annex Table III.3. 

III.4.1.1. Transcriptomic alterations of C. glabrata and L. gasseri along co-

cultivation 

The co-cultivation setting induced prominent alterations in the transcriptome of both L. 

gasseri and C. glabrata, as depicted by the results shown in Figure III.2 and the volcano plots 

depicted in Figure III.3 panel A and Annex Figure III.1). In total, around 1300 C. glabrata genes 

(detailed in Annex Table III.4) changed their expression during co-culture with L. gasseri, with the 

majority of the changes being observed after 2 hours, although the difference is small (as detailed 

in Figure III.2). Notably, most the C. glabrata differentially expressed genes at 2 hours of co-

cultivation were down-regulated, while after 8 hours the number of up-regulated genes surpassed 

those repressed by the presence of L. gasseri (Figure III.2). This time-dependent effect observed 

in C. glabrata genomic expression may reflect the accumulation in the broth of metabolic products 

produced by the bacteria, like lactic acid, that may exert differential effects in the yeast cells. In 

the case of L. gasseri, the transcriptome-wide modifications were much milder with approximately 

300 genes being differentially expressed in the two times of the co-culture (Figure III.2 and 

detailed in Annex Table III.4), suggesting that the presence of the bacteria is more impactful for 

the yeast cells than the other way around. Clustering based on gene expression of the different 

samples, shown in Figure III.3 panel B, also clearly shows that cultivation time has a significant 

impact in the transcriptomes of both species (note the similarity of patterns observed for the 

transcriptomes obtained after 2 and 8h in single species cultivation), with a stronger impact for C. 

glabrata.  
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Figure III.2. Differentially expressed genes of C. glabrata and L. gasseri at 2 and 8 hours of growth at 37oC 
and 100 rpm between single and co-cultivation. Gene differential expression was determined using the 
single-culture as control. 
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Figure III.3. (A) Volcano plots of the differentially expressed genes (log2(FC)) of C. glabrata and L. gasseri after 8h of growth in MRS at 37oC and 100 rpm. Each dot represents 
a single gene and the red dots are the up-regulated genes while the green dots are the down-regulated genes in co-cultivation. Blue dots were not significantly differentially 
expressed in co-cultivation settings. (B) Cluster analysis of the samples genomic expression. Clustering was performed based on FPKMs, where log2(FPKM) was used. The red 
colour represents genes with higher expression, while the green colour represents genes with lower expression. Different columns represent different samples, while different 
rows represent different genes. 
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Comparison of the individual sets of genes considered to be up- or down-regulated at the 

early or later time points of the co-culture resulted in the Venn diagrams shown in Figure III.4. 

From that analysis, it was evident that the number of C. glabrata and L. gasseri genes that are 

maintained differently expressed at both time points is relatively small suggesting that cells trigger 

short- and later- responses that do not appear to make use of the same players. In Figure III.5 it 

is depicted, in more detail, the pattern of expression of those genes that were found to be up- or 

down-regulated in the co-culture at both time points, along with their biological function. The 8 C. 

glabrata genes up-regulated on both time points showed higher activation at the later-time point 

and comprised: CgTRR2 and CgTSA1, encoding two enzymes involved in antioxidant responses; 

CgTIR2 and CgAWP3, encoding two cell wall proteins; CAGL0C03740g and CAGL0L06930g, 

encoding proteins of unclear function; CAGL0L08114g encoding a structural constituent of 

ribosomes; and CAGL0J04576g encoding a protein involved in synthesis of diphthamide. Among 

the 64 genes of C. glabrata that were simultaneously down-regulated at 2 and 8h of the co-

cultivation were the hexose transporters HXT5 and HXT4/6/7; two genes responsible for glycerol 

metabolism, CAGL0E03916g and CAGL0H06699g; CAGL0M00550g and CAR2 involved in 

cysteine and arginine metabolism), and 18 genes with unclear biological function in this yeast 

(Figure III.5 and Annex Table III.5). In the case of the 19 L. gasseri up-regulated genes in both 

time points, 5 showed a lower pattern of induction at 8h (LGAS_RS08210, LGAS_RS00915, 

LGAS_RS00910, LGAS_RS05255 and LGAS_RS02640) while the remaining exhibited higher 

levels of up-regulation at the later time point. These up-regulated genes include mostly 

transporters involved in transport of glycerol (LGAS_RS01070), water (LGAS_RS02355, a 

predicted aquaporin) and the PTS glucose transporters LGAS_RS08210 and LGAS_RS02640 

(Figure III.5 and Annex Table III.5). All the down-regulated genes of L. gasseri at 2h and 8h of co-

cultivation showed higher levels of repression at the later time point (see Figure III.5 and Annex 

Table III.5). 
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Figure III.4. Venn diagram of the up-regulated and down-regulated genes of C. glabrata and L. gasseri at 2 and 8 hours of growth in co-cultivation. Growth was performed in 
MRS at 37oC and 100 rpm. In blue is represented the DEG of both species after 2h of co-cultivation, while in yellow is represented the DEG after 8h of co-cultivation. Intersections 
represent genes that are simultaneously up-regulated or down-regulated at different growth stages. Diagram was made using Venny 2.1.0. The list of genes used to construct 
the Venn diagrams is in Annex Table III.4. Abbreviations: aa – amino acid; OSR – oxidative stress response; MFS – major facilitator superfamily; ABC – ATP-binding cassette. 
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Figure III.5. Heatmap of the DEGs of C. glabrata and L. gasseri that were simultaneously identified at both cultivation time points. Green genes were found to have a negative 
fold-change (down-regulated) while red genes have a positive fold-change (up-regulated). Note that some genes are up or down-regulated at both culture stages, while some 
genes were up-regulated at 2 hours and down-regulated at 8 hours and vice-versa. COGs of each gene are also indicated. The list of genes used to construct the heat map is in 
Annex Table III.5. 
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III.4.2. Function analysis of the differential expressed genes in the co-

cultivation 

To get further insights into the biological function of the C. glabrata and L. gasseri genes 

differently expressed upon the co-cultivation a functional clustering was performed based on COG 

assignment. The results obtained are shown in Figure III.6. Notably, many of the DEGs of C. 

glabrata (of about 70%) and L. gasseri (of about 45%) could not be assigned to any COG 

annotation suggesting the involvement in this response of many genes that are, as of yet, poorly 

characterized. Indeed, CAGL0B00792g, CAGL0A02255g, CAGL0E05522g, CAGL0E03498g and 

CAGL0K07205g were between the most significantly C. glabrata up-regulated genes in the 

presence of L. gasseri, all of these encoding proteins with a very poorly characterized functions 

(Annex Table III.4). This also reflects some inaccuracy of the automatic COG functional 

assignment since in some cases the genes without COG class do have functions that are 

relatively well characterized as it is the case of the CgAWP3, CgAWP6 and CgEPA1, all predicted 

to encode C. glabrata adhesins and well characterized for their involvement in the ability of the 

cells to adhere to both biotic and abiotic surfaces[619] and found to be up-regulated in the co-

culture setting. In the case of L. gasseri, this lack of functional associations may result from the 

generalized poor knowledge that we still have about this species, that consequently results in 

limited functional analyses for most genes. Among the identifiable COG annotations, “translation”, 

“ribosomal structure and biogenesis”, “carbohydrate transport and metabolism”, “amino acid 

transport and metabolism”, “transcription” and “defense mechanisms” were the classes 

encompassing a higher number of DEGs in the two species (Figure III.6). In general, the functional 

classes encompassing more DEGs were identical in the two species, with the exception of the 

“translation, ribosomal structure and biogenesis” functional class that was only relevant in the 

dataset of C. glabrata DEGs but not in L. gasseri. In the following sections, we will provide a more 

comprehensive view of the DEGs included in these different functional classes and that help to 

better understand the yeast-bacteria interaction. 
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Figure III.6. Cluster of orthologous groups (COGs) of the DEGs at 2 and 8 hours of C. glabrata and L. 
gasseri in co-cultivation compared with the respective single-cultures. Among the genes that were classified, 
most genes of C. glabrata were attributed to translational, ribosomal structure and biogenesis while most 
genes of L. gasseri were attributed to carbohydrate transport and metabolism. However, for many of the 
DEGs was not possible to determine their COG annotation (Function Unknown). COG classification for each 
gene is given in Annex Table III.6. 

Carbohydrate metabolism and transport 

The “carbohydrate metabolism and transport” was the COG class having a higher number 

of L. gasseri DEGs both at the early and late phase of the co-cultivation (including 18 and 33 

genes up-regulated, respectively) (Figure III.6). In specific, it was observed the up-regulation of 

the predicted PTS transporters LGAS_RS02640, LGAS_RS08210, LGAS_RS00915, 
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LGAS_RS00730; the sugar ABC transporters LGAS_RS01085 and LGAS_RS01080, phospho-

beta-glucosidase (LGAS_RS00905) and of the family 1 glycosyl hydrolase LGAS_RS00930, 

required for hydrolysis of the glycosidic bond between two or more carbohydrates, or between a 

carbohydrate and a non-carbohydrate moiety (Table III.2). This relatively high number of up-

regulated genes involved in the transport of carbohydrates upon cultivation of L. gasseri with C. 

glabrata suggests competition of the two species for the sugar available, which is relatively 

expected. In contrast to L. gasseri, in C. glabrata most genes clustered in the “carbohydrate 

transport and metabolism” class were down-regulated in co-cultivation (Figure III.6). These 

included, for example, the pyruvate kinases PYK1 and CAGL0E05610g and the trehalose and 

fructose phosphatases CAGL0H02387g and CAGL0H04939g (Table III.3). Additionally, hexose 

transporters HXT5 and HXT4/6/7, were also down-regulated at both time points of the co-culture 

(Table III.3). Interestingly, genes CYB2 and DLD1, involved in the utilization of lactate were found 

to be up-regulated at 2h growth in C. glabrata (Annex Table III.4), which is coherent with the 

production of lactic acid by lactobacilli which the cells could be using as a carbon source as 

previously described[433, 434], however these were not differentially expressed after 8h of growth.  
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Table III.2. L. gasseri up-regulated genes belonging to the COG carbohydrate metabolism and transport. 
Table describes the gene ID, the log2 foldchange (Log2FC)) after 2h and 8h and a brief description of the 
gene. 

Gene ID 
2 hours 
Log2FC 

8 hours 
Log2FC 

Description 

LGAS_RS05255 3.52 3.04 
RpiB/LacA/LacB family sugar-phosphate 

isomerase 

LGAS_RS02465 1.08 2.49 PTS transporter subunit EIIC 

LGAS_RS00730 2.02 2.60 PTS sugar transporter subunit IIA 

LGAS_RS02630 2.63 2.76 alpha,alpha-phosphotrehalase 

LGAS_RS02355 1.66 2.78 aquaporin family protein 

LGAS_RS01070 1.37 3.66 
sn-glycerol-3-phosphate ABC transporter ATP-

binding protein UgpC 

LGAS_RS00955 1.01 2.70 PTS sugar transporter subunit IIC 

LGAS_RS00915 5.12 4.41 PTS cellobiose transporter subunit IIC 

LGAS_RS02640 3.25 2.21 PTS glucose transporter subunit IIA 

LGAS_RS08210 5.51 3.06 PTS glucose transporter subunit IIA 

LGAS_RS01060 1.43 - glycoside hydrolase family 65 protein 

LGAS_RS00725 1.07 - 1-phosphofructokinase 

LGAS_RS02440 1.24 - PTS fructose transporter subunit IIB 

LGAS_RS01050 1.12 - alpha-glucosidase 

LGAS_RS08625 1.35 - PTS beta-glucoside transporter subunit EIIBCA 

LGAS_RS02540 1.39 - PTS sugar transporter subunit IIC 

LGAS_RS01090 1.25 - alpha-glucosidase 

LGAS_RS00960 1.22 - glycoside hydrolase family 1 protein 

LGAS_RS00570 - 1.87 PTS sugar transporter subunit IIB 

LGAS_RS08245 - 1.45 PTS sugar transporter subunit IIC 

LGAS_RS00580 - 2.31 
PTS system mannose/fructose/sorbose family 

transporter subunit IID 

LGAS_RS00840 - 1.52 sugar transporter 

LGAS_RS08740 - 3.02 PTS sucrose transporter subunit IIABC 

LGAS_RS02810 - 1.48 PTS sugar transporter subunit IIC 

LGAS_RS08035 - 1.90 N-acetylglucosamine kinase 

LGAS_RS09105 - 1.86 PTS sugar transporter subunit IIC 

LGAS_RS08485 - 1.59 1-phosphofructokinase 

LGAS_RS08815 - 1.61 
PTS mannose/fructose/sorbose transporter family 

subunit IID 

LGAS_RS01085 - 4.43 sugar ABC transporter permease 

LGAS_RS00905 - 2.93 6-phospho-beta-glucosidase 

LGAS_RS00565 - 1.97 N-acetylglucosamine-6-phosphate deacetylase 

LGAS_RS08305 - 2.64 PTS transporter subunit EIIC 

LGAS_RS02470 - 2.46 6-phospho-beta-galactosidase 

LGAS_RS00585 - 2.23 PTS fructose transporter subunit IIA 

LGAS_RS07020 - 2.87 PTS sugar transporter subunit IIC 

LGAS_RS01075 - 4.01 extracellular solute-binding protein 

LGAS_RS01080 - 4.34 sugar ABC transporter permease 

LGAS_RS00575 - 2.24 PTS fructose transporter subunit IIC 

LGAS_RS08905 - 1.58 PTS sugar transporter subunit IIC 

LGAS_RS00930 - 2.90 family 1 glycosylhydrolase 

LGAS_RS01690 - 2.19 6-phospho-beta-galactosidase 
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Table III.3. C. glabrata DEG belonging to the COG carbohydrate metabolism and transport. Table describes the gene ID, the log2 foldchange (Log2FC) after 2h and 8h, the S. 
cerevisiae ortholog and a brief description of the gene (Part 1). 

Gene ID 
2 hours 
Log2FC 

8 hours 
Log2FC 

S. cerevisiae 
ortholog 

Description 

HXK2 - 4.09 HXK2 Putative hexokinase B 

HXT1 - 4.91 HXT1 
Ortholog(s) have fructose transmembrane transporter activity, pentose transmembrane 
transporter activity, role in glucose transport, mannose transport and plasma membrane 

localization 
MIG1 - 2 MIG1 Transcriptional regulatory protein 

CAGL0M08756g -10.43 2.05 EXG2 Putative exo-1,3-beta-glucanase; predicted GPI-anchor 

CAGL0H02387g -1.45 -2.96 TPS3 
Putative trehalose-6-phosphate synthase/phosphatase; gene is up-regulated in azole-resistant 

strain 

CAGL0M03377g -12.23 -3.76 GLC3 
Ortholog(s) have 1,4-alpha-glucan branching enzyme activity, role in glycogen biosynthetic 

process 

CAGL0H04939g -1.20 -3.87 FBP1 
Ortholog(s) have fructose 1,6-bisphosphate 1-phosphatase activity, role in gluconeogenesis, 

reactive oxygen species metabolic process and cytosol, periplasmic space localization 

HXT5 -1.89 -2.71 HXT3 
Ortholog(s) have glucose transmembrane transporter activity, role in glucose transport and 

plasma membrane localization 

HXT4/6/7 -1.41 -4.40 HXT6 
Ortholog(s) have glucose transmembrane transporter activity and mitochondrion, plasma 

membrane localization 
GLK1 -1.40 -2.86 EMI2 Aldohexose specific glucokinase 
PYK1 -17.66 - CDC19 Pyruvate kinase 

MDE1 -8.83 - MDE1 
Ortholog(s) have methylthioribulose 1-phosphate dehydratase activity, role in L-methionine 

salvage from methylthioadenosine and cytosol, nucleus localization 

CAGL0F04895g -1.64 - GPH1 
Ortholog(s) have glycogen phosphorylase activity, role in glycogen catabolic process, response 

to heat and cell surface, cytoplasm, hyphal cell wall localization 
CAGL0F08261g -1.20 - ENO1 Ortholog(s) have high molecular weight kininogen binding, phosphopyruvate hydratase activity 

CAGL0C01397g -1.37 - PFK26 
Ortholog(s) have 6-phosphofructo-2-kinase activity and role in fructose 2,6-bisphosphate 

metabolism 

CAGL0M02981g -10.69 - PRM15 
Ortholog(s) have phosphopentomutase activity, role in guanosine catabolic process, inosine 

catabolic process, purine ribonucleoside salvage and cytosol, nucleus localization 

FBP26 - -2.60 FBP26 
Ortholog(s) have fructose-2,6-bisphosphate 2-phosphatase activity, role in glucose metabolic 

process and cytoplasm localization 

GDB1 - -2.87 GDB1 
Ortholog(s) have 4-alpha-glucanotransferase activity, amylo-alpha-1,6-glucosidase activity, role 

in glycogen catabolic process and mitochondrion localization 
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Table III.3. C. glabrata down-regulated genes belonging to the COG carbohydrate metabolism and transport. Table describes the gene ID, the log2 foldchange (Log2FC) after 
2h and 8h, the S. cerevisiae ortholog and a brief description of the gene (Part 2). 

Gene ID 
2 hours 
Log2FC 

8 hours 
Log2FC 

S. cerevisiae 
ortholog 

Description 

CAGL0I04048g - -3.17 FBP1 
Ortholog(s) have fructose 1,6-bisphosphate 1-phosphatase activity, role in carbon utilization, 

cellular response to glucose starvation and cytosol, nucleus localization 

CAGL0E05610g - -2.58 PYK2 
Ortholog(s) have pyruvate kinase activity, role in canonical glycolysis, pyruvate biosynthetic 

process and cytosol, mitochondrion localization 

CAGL0K05137g - -3.70 ATH1 
Ortholog(s) have alpha,alpha-trehalase activity and role in cellular response to desiccation, 

cellular response to ethanol, cellular response to freezing, pathogenesis, trehalose catabolic 
process 

CAGL0G02717g - -2.91 SGA1 
Ortholog(s) have glucan 1,4-alpha-glucosidase activity, role in glycogen catabolic process and 
Golgi apparatus, endoplasmic reticulum, fungal-type vacuole, prospore membrane localization 

AQY1 - -2.63 AQY1 Has domain(s) with predicted transporter activity, role in transport and membrane localization 
PGM1 - -2.86 PGM1 Putative phosphoglucomutase 
TPS2 - -3.06 TPS2 Ortholog(s) have trehalose-phosphatase activity 
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Amino acid metabolism and transport 

The COG class related to amino acid metabolism and transport was another functional 

category comprising a high number of the L. gasseri genes found to be up-regulated along co-

cultivation with C. glabrata (Figure III.6). This effect was more prominent at 8h than at 2h which 

can be attributable to a higher exhaustion of amino acids from the growth medium at this later 

time-point. A more detailed analysis of the genes clustered in this functional analysis allows us to 

see that it includes the amino acid permeases LGAS_RS02795, LGAS_RS08890, 

LGAS_RS04265, LGAS_RS08770 and LGAS_RS07680; the oligoendopeptidase F 

(LGAS_RS08435), two branched-chain amino acid transporters LGAS_RS00240 and 

LGAS_RS04660; and an N(4)-(beta-N-acetylglucosaminyl)-L-asparaginase (LGAS_RS07030), 

among others (Table III.4). 

While in L. gasseri the genes clustered in this COG class were exclusively up-regulated, 

the C. glabrata genes clustered in this class showed differential behaviour with some being up-

regulated (e.g., CAGL0F02233g, ARG8 and ARG1, involved in arginine biosynthesis) while 

others were down-regulated (e.g., MET6, MET13 and CAGL0L12254g, involved in methionine 

biosynthesis) (Table III.5). Finally, was identified a set of genes to be down-regulated at both time 

points, including CAGL0M00550g, CAGL0M04499g, CAR2 and CAGL0E05632g (Table III.5). 

Table III.4. L. gasseri up-regulated genes assigned to the COG amino acid metabolism and transport. Table 
describes the gene ID, the log2 foldchange (Log2FC) after 2h and 8h and a brief description of the gene. 

Gene ID 
2h 

Log2FC 
8h 

Log2FC 
Description 

LGAS_RS08195 1.10 - 
oligopeptide ABC transporter substrate-

binding protein 

LGAS_RS02795 - 1.90 amino acid permease 

LGAS_RS08435 - 2.61 oligoendopeptidase F 

LGAS_RS08890 - 1.51 amino acid permease 

LGAS_RS04265 - 1.72 amino acid permease 

LGAS_RS00225 - 1.44 amino acid permease 

LGAS_RS08770 - 1.96 amino acid permease 

LGAS_RS00240 - 2.03 
branched-chain amino acid transporter II 

carrier protein 

LGAS_RS07680 - 1.82 amino acid permease 

LGAS_RS04660 - 2.94 
branched-chain amino acid transport 

system II carrier protein 

LGAS_RS01280 - 1.43 APC family permease 

LGAS_RS07030 - 1.90 
N(4)-(beta-N-acetylglucosaminyl)-L-

asparaginase 
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Table III.5. C. glabrata differentially expressed genes assigned to the COG amino acid metabolism and transport. Table describes the gene ID, the log2 foldchange (Log2FC) 
after 2h and 8h, the S. cerevisiae ortholog and a brief description of the gene (Part 1). 

Gene ID 
2h 

Log2FC 
8h 

Log2FC 
S. cerevisiae 

ortholog 
Description 

CAGL0M00550g -8.79 -2.55 STR2 
Ortholog(s) have cystathionine gamma-synthase activity, role in transsulfuration and 

cytosol, nucleus localization 

CAGL0M04499g -9.36 -2.52 PUT1 
Ortholog(s) have proline dehydrogenase activity, role in proline catabolic process to 

glutamate and mitochondrion localization 
CAR2 -10.14 -3.02 CAR2 Putative ornithine aminotransferase; protein abundance increased in ace2 mutant cells 

CAGL0E05632g -1.18 -3.67 PUT4 
Ortholog(s) have L-proline transmembrane transporter activity, role in gamma-

aminobutyric acid transport, proline transport and Golgi apparatus, endoplasmic 
reticulum localization 

STR3 1.98 -2.68 STR3 Putative cystathionine beta-lyase; gene is up-regulated in azole-resistant strain 

GLN1 1.85 - GLN1 
Ortholog(s) have glutamate-ammonia ligase activity, role in ammonia assimilation cycle, 

glutamine biosynthetic process and cytosol, nuclear periphery localization 
CAGL0F02233g - 2.20 YFR006W Ortholog(s) have dipeptidase activity and cytoplasm localization 

ARG8 - 4.31 ARG8 
Ortholog(s) have N2-acetyl-L-ornithine:2-oxoglutarate 5-aminotransferase activity, role 

in arginine biosynthetic process via ornithine, ornithine biosynthetic process and 
mitochondrial matrix, nucleus localization 

CAGL0K12232g - 2.34 ARO7 
Ortholog(s) have chorismate mutase activity, role in aromatic amino acid family 

biosynthetic process, sporocarp development involved in sexual reproduction and 
cytosol, nucleus localization 

CAGL0F00253g - 2.17 TRP3 
Ortholog(s) have anthranilate synthase activity, indole-3-glycerol-phosphate lyase 

activity, phosphoribosylanthranilate isomerase activity, role in tryptophan biosynthetic 
process and cytosol localization 

ARG1 - 2.15 ARG1 Argininosuccinate synthetase 

CAGL0M06017g -10.15 - TYR1 
Ortholog(s) have prephenate dehydrogenase (NAD+) activity, role in tyrosine 

biosynthetic process and cytosol localization 

SPE4 -10.80 - SPE4 
Ortholog(s) have spermine synthase activity, role in pantothenate biosynthetic process, 

spermine biosynthetic process and cytoplasm localization 
LYS9 -1.07 - LYS9 Putative saccharopine dehydrogenase 

CAGL0M11484g -14.26 - ARO1 Ortholog(s) have cytosol localization 

HOM6 -12.20 - HOM6 
Ortholog(s) have homoserine dehydrogenase activity, role in homoserine biosynthetic 

process, methionine biosynthetic process, threonine biosynthetic process and 
cytoplasm, nucleus localization 
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Table III.5. C. glabrata differentially expressed genes assigned to the COG amino acid metabolism and transport. Table describes the gene ID, the log2 foldchange (Log2FC) 
after 2h and 8h, the S. cerevisiae ortholog and a brief description of the gene (Part 2). 

Gene ID 
2h 

Log2FC 
8h 

Log2FC 
S. cerevisiae 

ortholog 
Description 

CAGL0M09636g -8.14 - TPP1 
Ortholog(s) have double-stranded DNA binding, polynucleotide 3'-phosphatase activity 

and role in double-strand break repair 

CAGL0M04059g -9.28 - PHA2 
Ortholog(s) have prephenate dehydratase activity, role in L-phenylalanine biosynthetic 

process and cytosol, nucleus localization 

CAGL0M12188g -10.09 - GCV3 
Ortholog(s) have glycine dehydrogenase (decarboxylating) activity, role in glycine 

catabolic process, one-carbon metabolic process, protein lipoylation and mitochondrion 
localization 

CAGL0M08272g -10.74 - TPO5 
Ortholog(s) have polyamine transmembrane transporter activity, role in cellular response 

to drug, polyamine transport and Golgi apparatus, endoplasmic reticulum localization 

GAP1 - -3.63 GAP1 
Ortholog(s) have L-proline transmembrane transporter activity, polyamine 

transmembrane transporter activity and role in amino acid transmembrane transport, 
nitrogen utilization, polyamine transport 

CAGL0D04026g - -2.42 UGA1 
Ortholog(s) have 4-aminobutyrate transaminase activity, pyridoxal phosphate binding 

activity and role in cellular amide catabolic process, gamma-aminobutyric acid catabolic 
process, glutamate metabolic process 

PRO1 - -2.77 
YHR033W 

 
Putative gamma-glutamyl phosphate reductase 

CAGL0K12518g - -2.79 AGX1 
Ortholog(s) have alanine-glyoxylate transaminase activity, role in glycine biosynthetic 

process, by transamination of glyoxylate and biofilm matrix, cytosol, mitochondrion 
localization 

MET6 - -2.89 MET6 
5-methyltetrahydropteroyltriglutamate homocysteine methyltransferase; protein 

abundance increased in ace2 mutant cells 

MET13 - -2.66 MET13 
Ortholog(s) have methylenetetrahydrofolate reductase (NAD(P)H) activity, role in 

methionine biosynthetic process, one-carbon metabolic process and mitochondrion 
localization 

CAGL0G06732g - -2.58 LEU9 
Ortholog(s) have 2-isopropylmalate synthase activity, role in leucine biosynthetic 

process and mitochondrion localization 

CAGL0L12254g - -2.71 ALT1 
Ortholog(s) have L-alanine:2-oxoglutarate aminotransferase activity, role in alanine 

biosynthetic process, alanine catabolic process, cellular response to drug, chronological 
cell aging and cytosol, mitochondrion, nucleus localization 
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Translation and ribosome biogenesis 

Many of the C. glabrata differentially expressed genes while co-cultivated with L. gasseri 

were involved in translation and ribosome biogenesis, something that was not observed with their 

bacterial counter-partners genes whose expression was not found to be affected by the presence 

of the yeast. It was also noticeable the differential pattern of expression observed for these genes 

being mostly down-regulated at the 2h of co-cultivation, but up-regulated at 8h (Figure III.6). 

Remarkably, there was a very small overlap (of 2 genes only, CAGL0M10197g, encoding a 

ribosomal large subunit biogenesis and CAGL0M06941g, encoding a rRNA (cytosine-C5-)-

methyltransferase) between these two datasets indicating that the genes that are down-regulated 

at 2h do not coincide with those that are later on up-regulated. In particular, after 2 hours of co-

cultivation, a down-regulation of 15 ribosomal-encoding proteins genes was detected (e.g., 

CAGL0M12408g, CAGL0M06303g, CAGL0M02497g and CAGL0M10241g), as well as of the 

translation initiation factor CAGL0M12144g, and the threonine-tRNA ligase CAGL0M12991g, 

among others (Figure III.6 and Annex Table III.6). In contrast, after 8 hours of co-cultivation with 

L. gasseri 17 ribosomal-encoding protein genes were up-regulated in co-cultivation after 8 hours 

(e.g., CAGL0A01562g, CAGL0E04994g, CAGL0D00616g, CAGL0G01078g). Strikingly 

contrasting with what was observed for C. glabrata, co-cultivation only led to down-regulation of 

two L. gasseri ribosomal-encoding proteins, LGAS_RS02200 and LGAS_RS00820, which can be 

due to an already smaller growth of the bacterial population (that was already inoculated at a 

higher density and therefore had less room to grow) both in single culture and in co-culture or it 

can result from protein synthesis being less susceptible to growth variations in this species. 

Transcription 

A considerable number of C. glabrata and L. gasseri DEGs in the co-culture were 

clustered in transcription functional class (11 and 7, respectively, after 2h; 13 and 5, respectively, 

after 8h). In the case of C. glabrata transcription-related genes were up-regulated after 8 hours 

but down-regulated at the early time point (Figure III.6). In specific, we found that the C. glabrata 

genes up-regulated included the RNA polymerases genes CAGL0J01848g, CAGL0E05500g, 

CAGL0L03872g, CAGL0L02799g, CAGL0I07799g, CAGL0D06160g, CAGL0E02453g, 

CAGL0F00561g and CAGL0B04125g, two genes encoding proteins involved in mRNA splicing 

(CAGL0A03051g and CAGL0C02497g) and a gene encoding a protein with ATP-dependent DNA 

helicase activity (CAGL0F05643g). On the other hand, the C. glabrata genes clustered in this 

functional class down-regulated at 2h of co-cultivation included the transcription initiation factor 

CAGL0M05335g; the transcription factors CAGL0M00594g, ACE2, CRZ1 and MSN4 (Figure III.6 

and Annex Table III.4). This differential pattern of gene expression likely reflects the need of C. 

glabrata to adjust its genomic expression along the period of co-cultivation with L. gasseri that will 

likely involve different players. In L. gasseri we could also observe a differential pattern of 

expression of these genes that have transcription-related functions with some being up-regulated 

at 2h (such as the MarR regulator LGAS_RS07000 or repressor of trehalose operon 
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LGAS_RS0263), while others were up-regulated at 8h (such as the heat-inducible transcriptional 

repressor HrcA and the GntR transcriptional regulator LGAS_RS00935) (Figure III.6 and Annex 

Table III.4). 

Defense  

In C. glabrata the genes included in the “defense response” COG class included the 

multidrug resistance transporters CDR1 and PDH1, both down-regulated at 2h and 8h, 

respectively (Annex Table III.4). It also included the MFS transporters FLR1 and CAGL0B02343g, 

although these were up-regulated after 8h of growth of the yeasts in the presence of the bacterium 

(Annex Table III.4). The down-regulation of these multidrug resistance transporters from C. 

glabrata along co-cultivation with L. gasseri is interesting in light of the demonstration that the 

efficacy of azoles against Candida, to whom these transporters confer resistance (as reviewed in 

Sarah G. Whaley and P. David Rogers, 2016[620]), is significantly enhanced in the presence of 

probiotic lactobacilli species, including in the presence of L. gasseri[369, 373]. This functional 

class also included several genes involved in response to oxidative stress in C. glabrata and that 

were up-regulated such as TSA1 (thioredoxin peroxidase), TRR2 (thioredoxin reductase) and 

CTA1 (catalase A) (Annex Table III.4). Several L. gasseri genes clustered in this functional class 

were also found to be differentially expressed such as the ABC transporters LGAS_RS05100, 

LGAS_RS06935 and LGAS_RS05105, up-regulated after 8h of co-cultivation, or 

LGAS_RS04480, encoding a hemolysin III family protein. Interestingly, other proteins of this 

family were before reported to inhibit yeast-to-hyphae transition in C. albicans[621]. 

LGAS_RS02335, encoding helveticin J, the sole bacteriocin that we could found in the genome 

of L. gasseri, was also found to be down-regulated in the co-culture setting (by 2.5- and 4.5-fold, 

respectively at 2 and 8h of co-cultivation). 

III.4.3. Identification of genes improving C. glabrata competitiveness 

in the presence of L. gasseri  

The genes differentially expressed by C. glabrata in the presence of L. gasseri (and vice-

versa) could, at least in part, modulate the competitiveness of the yeast while growing in the 

presence of the bacterium. In particular, the up-regulated genes can be hypothesized to improve 

growth of C. glabrata while in the presence of L. gasseri. In this context, we have compared 

growth of wild-type C. glabrata KUE100 cells and of a selected set of mutants devoid of 5 C. 

glabrata genes found to be up-regulated in the co-culture setting: Cg∆CAGL0L03828g, 

Cg∆CAGL0F04499g, Cg∆CAGL0L10208g, Cg∆str3 and Cg∆rhr2 (Annex Table III.4). C. glabrata 

CAGL0L03828g encodes a protein predicted to have electron transfer activity with a role in sterol 

biosynthesis; CAGL0F04499g is a predicted uridine transporter; and CAGL0L10208g encodes a 

phosphopantothenoylcysteine decarboxylase, with an anticipated role in CoA biosynthesis[622-

624]. Only the mutants devoid of CAGL0L03828g, CAGL0F04499g and CAGL0L10208g genes 

exhibited increased susceptibility to L. gasseri, showing a decrease in viability when co-cultivated 
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with the bacteria of 65%, 61% and 56%, compared with a decrease of 37% in viability observed 

for cells of the parental strain. The deletion of STR3 and RHR2 led to only marginal decreases in 

susceptibility to L. gasseri (Figure III.7). 

 

Figure III.7. Growth, in the presence and absence of L. gasseri, of single deletions mutants of C. glabrata 
devoid of genes that were up-regulated after 2 hours (Cg∆CAGL0L03828g, Cg∆CAGL0F04499g, 
Cg∆CAGL0L10208g, Cg∆str3) or 8 hours (Cg∆rhr2) in co-cultivation settings. Growth was performed for 96 
hours at 37oC and 100 rpm. Cellular viability was determined based on the CFU method described in the 
material and methods section. The viability in co-cultivation (white bars) was compared with the viability in 
single cultivation (black bars) and the percentage of inhibition of the strains is given. Statistical significance 
was calculated using unpaired t-test (*p-value below 0.1; **p-value below 0.01; ***p-value below 0.001). 

III.4.4. Identification of L. gasseri genes required for survival in the 

presence of C. glabrata 

Similar to the above described exploration of the transcriptomics data to identify among 

the up-regulated genes those improving competitiveness of C. glabrata while in the presence of 

L. gasseri, we also tried to identify among L. gasseri up-regulated genes those improving 

competitiveness of this bacterium in the co-culture setting . To do this we chose to delete three 

genes from the genome of L. gasseri: LGAS_RS04480, encoding an hemolysin III; 

LGAS_RS00970, encoding a protease; and LGAS_RS08435, encoding an oligoendopeptidase F. 

The selection of these genes was based on their anticipated role in determining the interaction 

considering their biological function and also on their observed up-regulation in the co-culture with 

C. glabrata, by 3.4-, 3.7- and 6.1-fold, respectively. To undertake the genetic engineering of L. 

gasseri a collaboration with the laboratory of Prof Sarah Lebeer, at the University of Antwerp, was 

settled. In this context, I stayed at Lebeer’s laboratory for approximately 3 months taking the first 

steps into the implementation of a strategy that would allow the envisaged gene deletions in this 

poorly characterized lactobacilli species. Such strategy, which is schematically represented in 

Figure III.8, is based on Gibson assembly and involves the construction of a vector that has a 

backbone, a tetracycline resistance marker in between two DNA fragments that comprise the 

flanking regions of the gene we want to eliminate. Transformation of L. gasseri cells with such 
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vector would allow the targeted gene deletion, after a double homologous recombination event, 

resulting in the replacement of the target gene by the tetracycline marker. However, during the 

course of my stay in Belgium and until the conclusion of this thesis it was not yet possible to the 

envisaged vector to be ready to be transformed into L. gasseri. 

 

Figure III.8. Gibson assembly strategy used to construct the L. gasseri single deletion mutants. For this was 
used the plasmid pCMPG10205 with the resistance markers for erythromycin and tetracycline. First is 
amplified the upstream and downstream homologous regions of the target genes and the amplification of 
the tetracycline from the backbone plasmid. After Gibson assembly of these fragments, including the linear 
backbone, it would be inserted in the cells of L. gasseri and the target gene would be replaced by the 

tetracycline genes by double homologous recombination. 
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III.5. Discussion 

Considering the harmful impact of vaginal candidiasis in women health, along with its 

economic impact, it is crucial the development of alternative anti-Candida therapies. In this 

context, research aiming to explore probiotic lactobacilli (especially those indigenous to human 

microbiomes) as eventual anti-Candida agents have been gaining traction and in this work we 

address this by focusing the interaction established between C. glabrata and the poorly studied 

vaginal species L. gasseri. After demonstrating in the previous chapter that such co-cultivation 

results in reduced viability of the yeast cells, a phenotype modulated by the presence of acetate 

in the medium, in this chapter we undertake a molecular analysis of these co-cultivated cells using 

a dual RNA-seq approach. Importantly, L. gasseri has already demonstrated good potential to 

serve as anti-Candida agents in clinical trials[373] and the understanding of the factors that can 

modulate this interaction may help guide more efficient approaches for its successful exploration 

as an anti-Candida platform. Besides shedding light into the interaction established between L. 

gasseri and C. glabrata, the herein undertaken transcriptomic analysis also advanced the 

annotation genome of the reference strain L. gasseri ATCC 33323 and at a lower extent the one 

of C. glabrata CBS138. In specific, detailed analysis of the read mapping obtained from the RNA-

seq to the genome sequence of L. gasseri ATCC 33323 identified 30 transcripts likely to encode 

genes that are not annotated but should. We believe some of these are real genes because they 

encode proteins described in other species (in some cases even in other L. gasseri strains), 

although most of them with uncharacterized functions. Similarly, two genes not annotated in the 

genome of the C. glabrata CBS138 strain (Novel_870 and Novel_1656, encoding two 

uncharacterized proteins) were also uncovered based on their differential pattern of expression 

in the single- and in the co-cultures with L. gasseri. Besides this, a set of possible non-coding 

RNAs were also identified in this work, both in L. gasseri and in C. glabrata (listed in Annex Table 

III.3). In most cases, these novel RNA transcripts mapped in the opposite strand of annotated 

genes, while in a few other cases these were mapped in intergenic regions. While the first can be 

considered as possible cis-sRNAs and likely affect the expression of the gene where they are 

located at by preventing transcription due to the formation of an RNA duplex with the mRNA they 

encode; the second ones are trans-sRNAs and therefore will have a more pleiotropic effect much 

harder to dissect with the data available. In this context, it is interesting that the up-regulation of 

the cis-sRNA identified as CgNovel_981 (mapped to region 553922 to 555499 in chromosome E) 

was accompanied by a concomitant down-regulation of the CAGL0E05610g gene. Similarly, up-

regulation of LgNovel_8 (see Annex Table III.3) and LgNovel_261 (see Annex Table III.3) was 

accompanied by a down-regulation of the gene located where they mapped, LGAS_RS00380 

and LGAS_RS09035. However, from the remaining predicted sRNAs (detailed in Annex Table 

III.3) most had a pattern of expression that was identical to the one of the gene they originate 

from. We cannot rule out that these predicted antisense RNAs can also be artifacts originated 

during the preparation of the library used for the sequencing, however, the fact that they are 

detected in all the samples that had been used for the sequencing reduces this probability as in 
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the case of artifacts we would expect to obtain a random distribution of appearance (they would 

be produced in some samples but in not in others and therefore they would be discarded along 

the RNA sequencing analysis pipeline that requires information obtained from all the samples). It 

is also relevant to say that among the 1777 predicted anti-sense transcripts hypothesized in C. 

glabrata, 157 were previously recognized as possible non-coding RNAs in this species (Annex 

Table III.3)[616].  

A substantial portion of the genes from C. glabrata and L. gasseri could not be attributed 

to a specific COG functional annotation, which can indicate that this interaction might involve a 

relatively set of genes that could be specifically involved in this type of interactions and since 

these are relatively under-explored they remain to be uncharacterized (this especially true in the 

case of the C. glabrata differently expressed genes); but also the lack of knowledge about 

physiology and biology of L. gasseri. Notably, the herein reported transcriptomic changes in C. 

glabrata while growing the presence of L. gasseri show similarities to those observed in C. 

albicans while growing in the presence of L. rhamnosus and L. crispatus[140, 398]. Specifically 

the presence of L. rhamnosus and L. crispatus induced changes in genes related with amino acid 

and carbohydrate transport and metabolism[140, 398] reflecting competition of the species for 

these crucial nutrient sources, although it is important to denote important differences in the 

experimental settings used in the different experiments (the interaction with L. crispatus was 

examined in a biofilm and the interaction with L. rhamnosus in a tri-culture setting that also 

involved epithelial intestinal cells). In particular, it was found a down-regulation of C. glabrata 

genes involved in carbon metabolism, specifically genes with a possible role in glycolysis, similar 

to what was previously observed in the response of C. albicans to the presence of L. 

rhamnosus[398]. Additionally, it was observed in both yeast species while growing in the presence 

of the different lactobacilli species an up-regulation of two enzymes involved in oxidative 

phosphorylation, succinate dehydrogenase (CAGL0C03223g) and cytochrome c (CYC1). 

Presumably an impaired oxidative phosphorylation could limit ATP production, which could 

reduce fungal growth, filamentation, and virulence as previously demonstrated[606]. From our 

data set was also observed an up-regulation of two genes involved in lactate consumption (CYB2 

and DLD1). Although their up-regulation was not possible to be correlated with a consumption of 

lactic acid in these early timepoints we have observed a decrease of the lactic acid concentrations 

from 5 g/L at 24h of growth to 3.5 g/L at 96h of growth which indicates a consumption of this weak 

acid by C. glabrata (Annex Figure II.4 panel A). In C. albicans no correlation between the 

presence of lactobacilli and the up-regulation of genes responsible for lactate utilization was 

described. While we could not detect a differentially expression of L. gasseri genes responsible 

for production of lactic acid we have observed that in co-cultivation its concentration is lower than 

the one observed in L. gasseri single cultures (Annex Figure II.4 panel A.). However, we could 

not disclose if this decrease was a consequence of a lower ability of L. gasseri to produce lactic 

acid, the ability of C. glabrata to consume it or even a consequence of both. 

An interesting observation was the observed prominent up-regulation of C. glabrata 

genes involved in translational, ribosomal structure and biogenesis regulation during the co-
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cultivation that was not observed to occur at a significant extent for L. gasseri and was also not 

observed in the case of C. albicans[140, 398]. It is possible that these differences found in the 

pattern of expression of these genes related with protein synthesis reflect the different state of 

the cells in co-culture and in single-culture (which was what we used as controls), being the cells 

in co-culture growing more actively (and thus requiring higher protein synthesis) at 8h, compared 

to the single-culture at the same time point that is already approaching the stationary phase; while 

at 2h it is the single-culture that is growing more actively since the co-inoculation with L. gasseri 

reduced the growth rate and resulted in some delay in growth.  

Modified expression of the C. glabrata hexose transporters along co-cultivation with L 

gasseri was also observed with HXT1 being up-regulated, while HXT5 and HXT4/6/7 were down-

regulated. Studies show that like S. cerevisiae, C. glabrata adjusts the expression of HXT genes 

according with the glucose concentration in the environment, presumably as a mean to optimize 

consumption since these transporters have different affinities for glucose[625]. Previous reports 

have shown that HXT1 and HXT4 expression was identical in media with low or high glucose 

conditions[625] suggesting that they have constitutive expression; while, HXT3 and HXT5 are 

believed to be high affinity hexose transporters as their expression was higher when glucose was 

scarce in the environment[625]. In co-cultivation we have a quick consumption of glucose from 

the broth resulting in its complete utilization after 24h of growth. However, in the 2h and 8h 

timepoints we have not examined the glucose concentration of the broth, this being a task to be 

performed in the near future. Nonetheless, we could observe that C. glabrata had different HXT 

gene expressions, with an up-regulation of C. glabrata HXT1 in co-cultivation, while HXT5 and 

HXT4/6/7 were down-regulated. With the information gathered so far it is not possible to correlate 

the pattern of expression of these HXT genes with a glucose starving state induced by L. gasseri, 

however it remains as an interesting topic to be explored in the future. In L. gasseri co-cultivation 

also prompted an up-regulation of the genes involved in phosphotransferase (PTS) sugar 

transport system (LGAS_RS02465, LGAS_RS00730 and LGAS_RS08210) suggesting an 

attempt to improve the uptake of this sugar from the environment. Although PTS system has not 

yet been specifically studied for the L. gasseri species, in L. acidophilus the expression of these 

PTS genes was found to increase in response to reduced glucose concentration in the 

environment[626].  

In the same line several genes related to amino acid transporters and metabolism were 

also differentially expressed in the co-cultivation, both in C. glabrata and in L. gasseri. In particular, 

it was observed an over-expression of C. glabrata genes involved in ammonia assimilation (GLN1) 

and in biosynthesis of arginine, tryptophan and of aromatic amino acids. In L. gasseri an up-

regulation of a significant number of amino acid permeases was also observed (LGAS_RS02795, 

LGAS_RS08890, LGAS_RS04265, LGAS_RS00225, LGAS_RS08770, LGAS_RS07680, 

LGAS_RS01280) as well as of the two branched-chain amino acid transport system II carriers 

(LGAS_RS00240, LGAS_RS04660). Altogether, these observations suggest that both types of 

cells aim to evolve responses that might help them to improve amino acid uptake and subsequent 

biosynthesis reflecting what is an expected reduced availability of nitrogen sources in the co-
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culture setting. Interestingly, in Chapter II we could observe that along co-cultivation with L. 

gasseri, C. glabrata (and also C. albicans) cells prompt an alkalinization of the growth medium, 

something that was also observed to occur in single-cultures even at a higher rate than the 

observed in the co-culture. Although we could not determine the nature of the alkalinizing agent, 

in C. albicans this was attributed to the excretion of amino acids and linked to the activity of the 

Stp2 transcription factor, regulator of amino acid permeases expression; of the acetyl-coenzyme 

A hydrolase Ach1; of the urea amidolyase DUR1,2; and of ATO5, a putative ammonia 

transporter[567, 568]. Notably, the expression of CgDUR1,2 was reduced in the co-cultivation 

with L. gasseri, compared with the expression levels that these genes attained during single-

cultivation of C. glabrata cells, with this pattern of expression being in line with the lower kinetics 

of alkalinization observed in the co-culture. 

The co-cultivation with L. gasseri also induced the expression of genes linked with iron 

homeostasis in C. glabrata including GRX4 and CTH2, encoding a putative glutathione-

dependent oxidoreductase induced by excess iron and a protein involved in cellular iron 

homeostasis, respectively. These two genes are targets of the transcription factor Aft2, a key 

player in control of iron starvation response in C. glabrata[627] and although expression of ATF2 

transcription factor itself was not differentially expressed in the co-culture, we could find several 

other Atf2 documented targets also up-regulated in the co-cultivation setting, including ROX1, 

CAGL0K07007g, CAGL0K08734g, CTA1, CAGL0G06248g, CAGL0B02343g and SAM1. This 

observation suggests that it is possible that Aft2 is activated under the co-culture setting, a 

hypothesis that needs to be addressed with further detail. Lactobacilli species don’t have specific 

iron requirements and this is believed to give them an advantage over other microbes in 

environments with scarce levels of iron, as it is the human infection sites[628, 629]. Despite this, 

it was interesting to observe in the co-culture an up-regulation of the L. gasseri hemolysin 

LGAS_RS04480, an enzyme that causes lysis of red blood cells resulting in the release of iron, 

that in other bacteria (Vibrio vulnificus, Aeromonas hydrophila and S. aureus) has also been found 

to be up-regulated in conditions of iron starvation[630-632]. This aspect is considerably important 

since the environment conditions of the host have a lower concentration of iron, thus competition 

for this nutrient can be crucial to guarantee the successful colonization of microorganisms. 

Therefore, would be interesting for the future to verify if co-cultivation between L. gasseri and C. 

glabrata results in the limitation of iron. 

The production of hydrogen peroxide has been suggested to underlie the anti-Candida 

effect prompted by lactobacilli and therefore we searched our dataset of L. gasseri for differentially 

expressed genes encoding pyruvate oxidase, NADH oxidase, lactate oxidase, glycolate oxidase 

and NADH-dependent flavin reductases, shown to be the main sources of H2O2 production in L. 

johnsonii[633, 634]. We could not detect significant up-regulation of L. gasseri genes with the 

above-mentioned functions in the co-culture setting, however, several C. glabrata genes involved 

in anti-oxidative stress response (such as the thioredoxin peroxidase Tsa1, the thioredoxin 

reductase Trr2 and catalase Cta1) were up-regulated. This response prompted by the yeast cells 

suggests that indeed along the co-cultivation the cells appear to suffer from an increased oxidative 
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stress but it is not possible to know whether that is because the bacteria is indeed producing H2O2 

which is afterwards affecting the yeasts, or if this merely reflect a higher metabolic activity of the 

yeasts that consequently results in enhanced production of ROS. It is however important to note 

that the lack of up-regulation of L. gasseri genes involved in production of H2O2 does not mean 

that these cells are not producing this metabolite at enhanced rates in the co-culture since it is 

possible that such production does not depend on higher levels of the enzymes whose activity 

may be increased by other means (e.g., higher activity due to post-translational modifications).  

Previous works shown that C. glabrata Hog1, involved in response of yeasts to osmotic 

stress, is crucial for competitiveness against Lactobacillus, including L. gasseri[635]. Despite this, 

we could find the HOG1 gene down-regulated in the co-culture at the early time point of adaptation, 

however, the past observation showing that Hog1p is required for competitiveness against 

lactobacilli were performed after 24h C. glabrata of cultivation. Thus, it is possible that these gene 

can be down-regulated at an early stage of growth but up-regulated in later stage. Additionally, it 

is important to mention that the activity of the Hog1 signalling pathway does not depend entirely 

of the genomic expression of HOG1 gene because it is not regulated at a transcriptomic level, but 

regulated through protein phosphorylation[636, 637]. Lactic acid was showed to induce the 

translocation of Hog1p to the nucleus[635], thus lactic acid produced by lactobacilli could function 

as an activator of the HOG pathway. However, due to the complexity of a co-cultivation containing 

lactobacilli it could be possible that other environmental cues (e.g., other metabolites produced 

by lactobacilli) could also be responsible for the activation of Hog1p. Additionally, we could also 

observe a down-regulation of CAGL0E03916g (glycerol kinase) and CAGL0H06699g (glycerol-

3-phosphate dehydrogenase) required for glycerol metabolism, resulting in its accumulation in 

the cytoplasm in co-cultivation conditions, possibly compensating an hyperosmolarity of the 

extracellular environment caused by L. gasseri produced metabolites that could also potentially 

activate the Hog1 pathway. 

The production of bacteriocins is a common mechanism by which lactobacilli species 

antagonize other microbial species and some of these proteins have been found to have activity 

against C. albicans and C. glabrata[467, 468, 472]. The L. gasseri strains used in this work has 

been described to produce only helveticin, which was already reported to have antifungal 

properties against C. glabrata and C. albicans[218]. The gene encoding helveticin was found to 

be expressed by L. gasseri cells both when these were cultivated alone or in the presence of C. 

glabrata, with the expression being considerably lower in the co-culture setting. It remains to be 

established whether the levels of helveticin produced by the L. gasseri cells, even if lower in the 

co-culture, are sufficient to cause damages to C. glabrata. In this context it was also noticeable 

the higher expression of the hemolysin III family protein LGAS_RS04480 in the co-culture since, 

like bacteriocins, these proteins were also shown to target the cell envelope structure, including 

the one of C. albicans[621]. 

C. glabrata genes found to be up-regulated by the presence of L. gasseri are candidates 

to be important in this interaction and assure survival of the yeast. Using that principle, we show 
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herein that the deletion of CAGL0L03828g, CAGL0F04499g and CAGL0L10208g genes, all up-

regulated in the co-culture setting, increases susceptibility of C. glabrata to L. gasseri. 

CAGL0F04499g is an ortholog of the uridine permease ScFUI1[623], CAGL0L10208g is an 

orthologue of ScVHS3, involved in repression of signalling mediated by the Ppz1 

phosphatase[638] and CAGL0L03828g, a predicted cytochrome b5 protein, is homologous to 

ScCyb5 that in S. cerevisiae was shown to be involved in sterol and lipid biosynthesis pathways 

by compensating for the function of Erg11. While in the case of the uridine transporter it can be 

argued that the absence of this protein can reduce the ability of C. glabrata to uptake it from the 

medium, thus compromising the ability of the yeast to synthesize nucleic acids it is difficult to 

anticipate the reasons underlying why C. glabrata cells require the other two proteins for maximal 

survival in the presence of L. gasseri this requiring more studies that can specifically address this 

subject. In C. albicans the deletion of CYB5 was found to affect the overall lipid composition of 

the plasma membrane (and because of that affecting tolerance to azoles) and therefore one can 

speculate that a similar thing can happen in this C. glabrata mutant, that may result in enhanced 

susceptibility to the products secreted by L. gasseri to the environment and, eventually, to the 

cell-cell contacts that may also occur, despite we are using agitation in the co-cultures. For future 

perspective would be important to evaluate if these genes are required for competitiveness of C. 

glabrata against lactobacilli vaginal isolates, which would reenforce the notion that these are 

potential new therapeutic targets to be used to treat vaginal candidiasis. Interestingly, several 

genes encoding C. glabrata adhesins were found to be up-regulated in the co-culture including 

AWP3, AWP6 and EPA1. It is unclear why under these conditions such genes are up-regulated 

but it is possible that the high cellular density of the cultures used (8.5x107 CFUs/mL including 

both yeast and bacterial cells at 2h and 1.3x108 at 8h) may somehow promote contacts between 

these cells whose outcome will be quite interesting to study. In the future it will also be important 

to investigate the set of up-regulated C. glabrata genes in a more systematic manner to search 

for others that might also contribute to maximize survival in the presence of L. gasseri. By helping 

the yeasts thrive in the presence of the bacteria, these genes can be targeted in assays designed 

to improve competitiveness of the microflora in detriment of Candida. In this context, it is 

particularly interesting that Fui1 was found to have high affinity to benzbromarone, an already 

approved drug for the treatment of gout and that has shown some capacity to inhibit C. 

albicans[639]. It will be interesting to test how the C. glabrata/L. gasseri equilibrium is affected in 

the presence of this pharmaceutical. It is exactly in this context of providing new therapeutic target 

that the search for competitiveness genes provides essential information. In Figure III.9 we tried 

to compile the different aspects of the C. glabrata – L. gasseri interaction and also on the herein 

undertaken analysis support, or contradict, the involvement of anticipated players in determining 

lactobacilli antimicrobial potential. 
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Figure III.9. Proposed model of adaptation of C. glabrata and L. gasseri interaction based on the RNA sequencing data. Co-cultivation induced changes in several genes related 
to carbon and amino acid transport and metabolism, MDR transporters, iron homeostasis and adhesins. Additionally, C. glabrata modulated the genomic expression of genes 
related to the oxidative and osmotic stress response. Production of helveticin, hemolysin and other metabolites, while still unclear, could be correlated with the anti-Candida 
potential of L. gasseri. Red arrows indicate the up-regulation while the green arrows indicate the down-regulation of genes associated with each biological function. Note that 
some biological functions are either up or down-regulated simultaneously. The list of DEGs used to construct this model is described in Annex Table III.4. 



119 | P a g e  
 

IV. A phenOMICs approach to identify genes 

determining C. glabrata survival along planktonic and 

biofilm co-cultivation with L. gasseri  
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IV.1.  Abstract  

Identification of genes determining the ability of C. glabrata genes contributing for 

capacity of these yeasts to thrive in the presence of L. gasseri provides an interesting cohort of 

novel targets that could be used in the development of new anti-Candida drugs, eventually based 

on probiotics. In this sense, in this work we profiled a collection of single deletion C. glabrata 

mutants for their ability to grow, in planktonic and in biofilm forming conditions, in the presence of 

L. gasseri. For the phenotypic screening undertaken in planktonic conditions a competitive pooled 

growth assay was performed leveraging the sequencing of barcodes that unequivocally identify 

each C. glabrata mutant strain. The screening performed in mixed biofilms formed between C. 

glabrata mutant strains and L. gasseri was performed resorting to a herein described experimental 

assay that involved a first screening using propidium iodide, complemented with confocal 

microscopic imaging of the biofilms, to search for yeast strains with reduced viability. Due to a 

number of technical problems, it was not possible to conclude the screening performed under the 

planktonic conditions, although it had been possible to establish the important role in determining 

survival of C. glabrata of genes involved in resistance to acidic environments (CAGL0G08844g), 

in osmotic sensing in the HOG signalling pathway (CAGL0F08833g), in ergosterol biosynthesis 

(ERG5) and the adhesin Epa1. Differently, the screening performed in biofilm-forming conditions 

was successfully completed and allowed us to conclude on the involvement of a cohort of genes 

that include BCY1 from the PKA signalling pathway, SHO1, HKR1, PBS2, and SMP1 from the 

HOG signalling pathway and MID1, CCH1 CNA1 and CRZ1 from the calcineurin signalling 

pathway. Despite the evidence of a possible role of these pathways in the survival of C. glabrata 

in mixed cultures, it was not identified the downstream effectors, possibly due to the redundancy 

of their role, or simply because they were not present in the mutant collection. In conclusion, this 

work was successful in developing two phenotypic screenings, that could be used in other 

contexts, and more importantly, identified possible mechanisms of competitiveness of C. glabrata 

that will be scrutinized in the future.  



121 | P a g e  
 

IV.2.  Introduction 

Despite the doubts remaining the extent at which vaginal lactobacilli species restrain the 

progress of vaginal candidiasis in vivo, the results obtained from in vitro studies and clinical strains 

sustain that some of these bacterial species do have a strong anti-Candida potential that can be 

leveraged to develop new anti-Candida therapies. Consequently, the interest in studying how 

these species interact with each other is high aiming to create foundational knowledge that can 

also help designing strategies that could favour the commensal vaginal lactobacilli microbiota, in 

detriment of Candida. The reduction (or even elimination) of the activity of genes and pathways 

that mediate the ability of Candida cells to thrive in the presence of vaginal lactobacilli species 

can be such a strategy. However, to date, this topic is still quite elusive. In a pioneer study, 

Reinhard Beyer et al., described the involvement of the C. glabrata Hog1 protein as mediating 

the capability of this yeast to grow while in the presence of L. crispatus, L. gasseri and L. 

rhamnosus[635]. In C. glabrata, as in S. cerevisiae, the HOG (high osmolarity glycerol) pathway 

responds to variations in osmotic pressure[637]. In specific, under osmotic stress, the MAPK 

Hog1 protein is phosphorylated by MAPKK kinase Pbs2, which is itself phosphorylated by the 

MAPKKK kinases Ssk2, Ssk22 or Ste11 (Figure IV.1)[637, 640].  

 

Figure IV.1. HOG signalling pathway architecture in S. cerevisiae. The two signalling branches (SHO1 and 
SLN1) converge to phosphorylate the protein Pbs2 which directly regulates the Hog1 protein. Figure taken 

from Eulàlia de Nadal and Francesc Posas, 2022[637]. 

Although the role of the HOG signalling cascade in C. glabrata has been more studied in 

the context of environmental insults that are known to alter osmotic pressure (such as presence 

of high concentrations of sodium chloride, that cause hyperosmotic stress), the CgHog1 protein 

has also been demonstrated to be activated in response to stress imposed by weak organic 

acids[641, 642] or by high external iron levels in the environment[643]. Such incapacity to respond 
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to iron excess conditions was suggested to be linked with defects in iron metabolism related 

genes in the Cg∆hog1 mutant[643]. Consistent with this hypothesis, the transcript level of 

CgYAP5, encoding a high iron-responsive transcriptional activator; CgFTH1, encoding a vacuolar 

iron permease; and CgCTR2, encoding a low-affinity vacuolar copper transporter, were lower in 

the Cg∆hog1 mutant, compared to the levels attained in cells of the parental strain[643]. Hog1 

protein was also reported to be required for maximal survival of C. glabrata inside macrophages 

and increased this yeast virulence in the murine model of disseminated candidiasis[643]. 

Altogether, these observations suggest other additional roles for CgHog1 beyond the response 

to alterations of external osmotic pressure.  

In the specific context of the role played by C. glabrata Hog1 along co-cultivation with 

lactobacilli, it was shown that deletion of HOG1 gene resulted in reduced growth in the presence 

of L. crispatus, L. gasseri and L. rhamnosus along co-cultivation in MRS agar plates[635]. 

Consistently, in cells of the parental strain it was shown an increase in CgHog1 activity upon 

exposure to culture supernatants obtained from L. rhamnosus, with the levels of phosphorylated 

Hog1 increasing very rapidly after exposure of the cells to the bacterial supernatant, although at 

lower levels than those caused by osmotic stress, possibly because of the presence of lactic 

acid[635]. The adjustment of supernatant pH to neutral pH did not change the activation kinetics 

of the Hog1 protein[635]. Although the authors showed that lactic acid triggered Hog1 activation 

and a strain lacking this gene was susceptible to lactic acid under vaginal physiological conditions, 

they failed to elucidate if other compounds in the medium could also activate the HOG pathway 

leaving only open the hypothesis of the involvement of this signalling pathway in resistance to 

other individual stresses that could be caused by the presence of the bacteria such as oxidative, 

nitrosative, and other weak acid stress[635]. 

In the last chapter of this thesis, we have demonstrated the prominent role of 

CAGL0L03828g, CAGL0F04499g and CAGL0L10208g genes in maximizing growth of C. 

glabrata while in the presence of L. gasseri. The selection of these genes was based on their up-

regulation during co-cultivation of C. glabrata with L. gasseri, however, the dataset of up-regulated 

genes was very large and not all genes required for competitiveness will have to be 

transcriptionally regulated. Thus, in this chapter we endeavoured on a large scale phenotypic 

screening using a commercial collection of C. glabrata mutant strains that had been before used 

to elucidate important aspects of the physiology of this species including antifungal tolerance 

mechanisms[644]. Besides searching for genes that could determine growth of C. glabrata in the 

presence of L. gasseri in planktonic conditions, we have also examined the viability of the different 

yeast strains while in a mixed biofilm with the bacterium considering that this is the expected way 

by which these cells are expected to stay in vivo. 
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IV.3. Material and Methods 

IV.3.1. Strains and growth media 

In this chapter it was used the bacterial strain L. gasseri ATCC33323 (acquired from 

DSMZ), C. glabrata ATCC2001 and the C. glabrata mutant collection (comprised of 578 single 

mutants)[644]. This collection is divided into two groups, built in different genetic backgrounds. 

Mutants belonging to group 1 were constructed in the background of C. glabrata ATCC2001 

(auxotrophic for histidine, tryptophane and leucine; HTL) and include 438 strains. To build the 

mutant strains, the dominant recyclable nourseothricin resistance marker SAT1 was used to 

replace the coding sequences of HIS3, LEU2 and TRP1 resulting in a triple auxotroph for histidine, 

leucine and tryptophan. The repeated use of this marker cassette resulted in the new C. glabrata 

background recipient strain for deletions referred to as HTL, to which was further added two 20 

bp barcodes in the trp1 locus using a NAT1 cassette (HTL: his3∆::FRT leu2∆::FRT trp1∆::NAT1 

(barcoded)). Afterwards, replacement of the different genes was performed using the same 

strategy based on homologous recombination that had been used to replace the HIS3, LEU2 and 

TRP1 genes using a NAT1 cassette containing a specific barcode. Mutants belonging to group 2 

were engineered in the background of the ATCC2001_∆his3 mutant (not barcoded), a derivative 

of the background HTL (and thus only auxotrophic for histidine). The list of all 578 C. glabrata 

deletion strains phenotyped is described in Annex Table IV.1 and the specific barcode for their 

identification is described in Annex Table IV.2.  

The L. gasseri and the C. glabrata strains were cultivated in MRS medium that contains, 

per liter, 10 g casein peptone (Gibco); 10 g meat extract (Panreac AppliChem); 5 g yeast extract 

(Gibco); 20 g glucose (Nzytech); 1 g Tween 80 (Sigma); 2 g K2HPO4 (Merck); 5 g sodium acetate 

(Merck); 3 g ammonium sulphate (Panreac AppliChem); 0.20 g MgSO4.7H2O (Labchem) and 0.05 

g MnSO4.H2O (Sigma). After preparation, the pH of MRS was adjusted to 6.2-6.5 using HCl or 

NaOH. Solid YPD medium was used for maintenance of the yeast strains, and contained, per litre, 

20 g glucose (Nzytech), 20 g peptone (Gibco) and 10 g yeast extract (Gibco) while the bacterial 

strain was kept at -80oC in MRS and 86% glycerol. When required for plating solid YPD or MRS 

were prepared by supplementing the corresponding liquid medium with 2% and 1.5% agar 

(Nzytech), respectively. Media were prepared using deionized water and sterilized by autoclaving 

for 15 min at 121°C and 1 atm. 

IV.3.2. Phenotyping of the C. glabrata mutant collection along 

planktonic co-cultivation with L. gasseri 

IV.3.2.1. Mutant pooling 

The C. glabrata mutant collection was rendered available in 7 96-multiwell plates, in each 

well being placed one deletion strain. For subsequent phenotyping during growth in co-cultivation 
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with L. gasseri, pools containing approximately 96 yeast strains were prepared. For that, strains 

were thawed and inoculated (using a 96-multiwell pin replicator) in a Petri dish (having 75mL of 

volume) containing solid YPD supplemented with 100 mg/L nourseothricin (resistance marker). 

The plates were incubated at 30oC for 48h, after which 12mL of YPD supplemented with 100 mg/L 

nourseothricin were added to the surface of the agarised plates to resuspend the strains. In total, 

7 pools were prepared for subsequent phenotyping. Besides the mutants, all pools also included 

the wild-type C. glabrata strain (ATCC2001 HTL or ATCC2001_∆his3, depending on the cohort) 

that was added individually to each Petri dish. Slow-growing mutants were thawed individually 

and added to the pool of mutants. Pools were constructed taking into consideration the 

abundance of each mutant on the pool to be phenotyped. The cellular density of C. glabrata 

mutants during co-cultivation with L. gasseri was prepared to be around 106 CFU/mL in total, 

which corresponds to an average abundance of 104 CFU/mL for each mutant strain in 50 mL MRS 

medium. To standardize the inoculum between different pools (100 μL in 50mL of MRS medium), 

these were frozen with an optical density (OD600nm) of 50, measured using a U-2001 

Spectrophotometer from Hitachi, and adjusted to 15% glycerol before storage at -80oC until 

further use.  

IV.3.2.2. Phenotyping of the mutant collection 

Each pool of ~96 C. glabrata mutants (in a total of 7) was thawed and 100 µL of it were 

diluted in 50 mL of fresh MRS (control) or in MRS already containing a population of L. gasseri 

having an OD600nm of 0.4. With this setup, the cellular density of the C. glabrata mutant pool was 

around 106 CFU/mL in total that corresponds to an average abundance of 104 CFU/mL for each 

mutant strain. The pooled yeast cultures, either exposed to L. gasseri or not, were incubated in a 

shaking incubator at 37oC and 100 rpm for 24h. After this time, 1 mL of growth culture was 

collected and centrifuged at 13500 rpm for 2 minutes and the cell pellet obtained was harvested 

and stored at -80ºC until further use. Total DNA was extracted from each cell pellet. For that, 200 

µL of lysis buffer [50 mM Tris-HCL; 50 mM EDTA; 250 mM NaCl; and 0.3 % SDS] were added to 

each cell pellet and the suspension vortexed for 2 minutes at maximum speed, followed by an 

incubation at 65oC for 1 hour. After this time, the cellular suspension was placed on ice for a few 

minutes and vortexed again for 2 minutes at maximum speed. The suspension was centrifuged 

for 15 minutes at 13000 rpm at 4oC and the supernatant collected to a new Eppendorf tube. To 

recover the DNA, 20 µL of sodium acetate 3 M (at pH 4.8) and 400 µL cold ethanol were added 

to the suspension and this was left at -20oC for at least 30 minutes. The mixture was centrifuged 

for 20 minutes at 13500 rpm, at 4oC, and the supernatant discarded. The DNA pellet was washed 

with 70% ethanol, centrifuged for 20 minutes at 13500 rpm, at 4oC, dried in a speed vacuum for 

15 minutes and finally eluted in 50 µL of water.  

IV.3.2.3. Amplification of barcodes 

Amplification of the barcodes to allow unequivocal identification of the C. glabrata mutants 

was carried out using two PCR reactions, the first to amplify the barcodes of each mutant and the 
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second to insert the Illumina adapters required for the sequencing and the specific multiplex 

indexes used to distinguish between replicates and between growth conditions. A schematic 

representation of the overall procedure utilized is depicted in Figure IV.2. Briefly, C. glabrata 

deletion strains were engineered by double homologous recombination using a NAT1 cassette 

containing two variable sequences (barcodes) while the remaining cassette sequence was 

identical between all deletion mutants. The first PCR reaction aimed to amplify the upstream and 

downstream barcodes of the deletion cassette, specific for each deletion mutant, using for that 

two primers specifically designed for the upstream (PU1 and PU2) and downstream (PD1 and 

PD2) barcode and that sit on the conserved sequences of the NAT1 cassette (in specific they site 

on the U1/D1 sequences and the NAT1 gene shown in Figure IV.2)(Table IV.1). For this 1st PCR 

reaction was used a mixture containing: 10 µL HF buffer; 1 µL dNTPs [10mM]; 2,5 µL PU1 primer 

forward [corresponding to 10 µM]; 2,5 µL PU2 primer reverse [corresponding to 10 µM]; 150 ng 

of DNA (1 µL); 1 U Phusion polymerase; 32,5 µL of H2O; For the amplification of the downstream 

barcode was used: 10 µL HF buffer; 1 µL dNTPs [10 mM]; 2,5 µL PD1 primer forward [10 µM]; 

2,5 µL PD2 primer reverse [10 µM]; 150 ng of DNA (1 µL); 1 U Phusion polymerase; 32,5 µL of 

H2O. The PCR programs used for the amplification of barcodes in the 1st PCR is shown in Table 

IV.3. The obtained PCR products were purified by ethanol precipitation, as before detailed, and 

eluted in 20 μL of water. 

Table IV.1. List of primers used for upstream and downstream barcode amplification (1st PCR). 

Primer Sequence 

PU1 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCGCTGCTAGGCGCGCCG 

PU2 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGAAGACTGTCAAGGAGGGTAT 

PD1 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTCATGCGTCAATCGTATGTG 

PD2 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGCAGGGATGCGGC 

The second PCR was performed to add to the PCR product obtained in the 1st PCR the 

adapters required for Illumina sequencing, as well as unique indexes for multiplex analysis. These 

unique indexes allowed us pool together DNA samples obtained from different technical replicas 

and from the two growth conditions used (single culture of C. glabrata or co-cultivation with L. 

gasseri). The primers used for this second PCR reaction were designed to anneal with a 

sequence that was specifically introduced for this purpose in the 1st PCR reaction (Figure IV.2) 

and that are described in Table IV.2, along with the multiplex index sequence. 

 

 

 

 

 



126 | P a g e  
 

Table IV.2. List of primers used for adding the Illumina adapter (required for sequencing) and the multiplex 

indexes to the upstream and downstream barcodes (2nd PCR). 

Condition Primers Sequence 
Multiplex 

Index 

Single-
culture 

Replicate 1 FW 
AATGATACGGCGACCACCGAGATCTACACag

cttgatacTCGTCGGCAGCGTC 
agcttgatac 

Replicate 1 REV 
CAAGCAGAAGACGGCATACGAGATaagaggag

caGTCTCGTGGGCTCGG 
aagaggagca 

Replicate 2 FW 
AATGATACGGCGACCACCGAGATCTACACca

cccactaaTCGTCGGCAGCGTC 
cacccactaa 

Replicate 2 REV 
CAAGCAGAAGACGGCATACGAGATctcgaattcc

GTCTCGTGGGCTCGG 
ctcgaattcc 

Replicate 3 FW 
AATGATACGGCGACCACCGAGATCTACACgtt

atggcagTCGTCGGCAGCGTC 
gttatggcag 

Replicate 3 REV 
CAAGCAGAAGACGGCATACGAGATggatggttc

aGTCTCGTGGGCTCGG 
ggatggttca 

Replicate 4 FW 
AATGATACGGCGACCACCGAGATCTACACat

gtacgcacTCGTCGGCAGCGTC 
atgtacgcac 

Replicate 4 REV 
CAAGCAGAAGACGGCATACGAGATacgtgtgaa

gGTCTCGTGGGCTCGG 
acgtgtgaag 

Co-culture 

Replicate 1 FW 
AATGATACGGCGACCACCGAGATCTACACgg

gaaggtgtTCGTCGGCAGCGTC 
gggaaggtgt 

Replicate 1 REV 
CAAGCAGAAGACGGCATACGAGATtgaccactc

gGTCTCGTGGGCTCGG 
tgaccactcg 

Replicate 2 FW 
AATGATACGGCGACCACCGAGATCTACACttc

cccgatcTCGTCGGCAGCGTC 
ttccccgatc 

Replicate 2 REV 
CAAGCAGAAGACGGCATACGAGATtcgcggactt

GTCTCGTGGGCTCGG 
tcgcggactt 

Replicate 3 FW 
AATGATACGGCGACCACCGAGATCTACACgt

ggataagaTCGTCGGCAGCGTC 
gtggataaga 

Replicate 3 REV 
CAAGCAGAAGACGGCATACGAGATcttggattga

GTCTCGTGGGCTCGG 
cttggattga 

Replicate 4 FW 
AATGATACGGCGACCACCGAGATCTACACtc

gacaacatTCGTCGGCAGCGTC 
tcgacaacat 

Replicate 4 REV 
CAAGCAGAAGACGGCATACGAGATttaggactgt

GTCTCGTGGGCTCGG 
ttaggactgt 

The mixtures used for this second PCR were identical to those used for the 1st PCR and 

the program of amplification is shown in Table IV.3. The PCR products obtained after the second 

PCR were excised from the agarose gel and subsequently purified using the NZYGelPure kit from 

Nzytech. To assess their concentration and purity before sequencing, the PCR products obtained 

from the seven tested pools were analysed in a DNA fragment analyser at Instituto Gulbenkian 

de Ciência (IGC) in Oeiras, Portugal. The 7 samples were sent for sequencing as a paid service 

at CD Genomics (USA). 

Table IV.3. Thermocycler program used for amplification of C. glabrata mutant upstream and downstream 
barcodes (1st PCR) and addition of Illumina adapters and multiplex indexes (2nd PCR). 

 Step Temperature [°C] Time 

1x Initial Denaturation 98 30 s 

30x 

Denaturation 98 10 s 

Annealing 62 (1st PCR) / 61 (2nd PCR) 10 s 

Elongation 72 5 s 

1x Final Elongation 72 5 min 
1x Hold 10 ∞ 
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Figure IV.2. Schematic representation of the PCR strategy used for the amplification of the upstream and downstream barcodes of each single deletion mutant of C. glabrata. 
First PCR was used to amplify the barcodes and add an adapter to be served as binding site for the second PCR (black square). In the second PCR was added the Illumina 
adapter required for sequencing (blue square) and a multiplex index to distinguish between the DNA obtained from different replicates and different conditions (variable colour). 
U1, U2, D2, D1 and NAT1 sequences are conserved between all mutants. In dark green and dark grey are represented the upstream and downstream barcodes (UPS BC and 
DWS BC), respectively. Primer sequences are described in Table IV.1 and Table IV.2. 
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IV.3.3. Phenotyping of the C. glabrata mutant collection along co-

cultivation in mixed biofilms with L. gasseri 

To phenotype the mutant collection in co-cultivation with L. gasseri in sessile conditions 

each 96-multiwell plate containing the mutant strains was thawed and used to inoculate (using a 

96-multiwell pin replicator) a new 96-multiwell plate containing 200 μL liquid YPD supplemented 

with 100 mg/L nourseothricin. To each plate, it was added the corresponding wild-type strain 

(ATCC2001 HTL or ATCC2011_∆his3). The strains were afterwards incubated overnight at 30ºC 

using an agitation of 250 rpm. In this first day, L. gasseri cells were also thawed and cultivated 

overnight in liquid MRS at 37ºC with an agitation of 100 rpm. On the next day, the C. glabrata 

strains were resuspended, the OD600nm of each well was measured and the average OD600nm 

calculated. Using that average OD600nm of the strains, a standardized volume (identical to all the 

strains) of each cell suspension was calculated and transferred (using a multichannel pipette) into 

two new 96-multiwell plates aiming to obtain a cell suspension having an OD600nm of 0.1. In order 

to allow the establishment of the mixed biofilm one of these prepared Elisa plates was inoculated 

with a volume of L. gasseri cells (obtained by centrifugation from the pre-inoculum) that yield an 

OD600nm of 0.2 in each of the wells. A similar Elisa plate was prepared but using only MRS without 

bacterial cells (this was the control). Each well contained, thus, 190 μL of fresh MRS medium or 

fresh MRS containing 0.2 OD600nm of L. gasseri. Both these two Elisa plates were inoculated with 

10 μL of a standardized inoculum of the different C. glabrata strains. This experimental setup had 

been previously used with success in Chapter II to examine mixed biofilms formed between C. 

glabrata and L. gasseri. The plates, either containing the mixed biofilms formed between the 

different C. glabrata strains and L. gasseri, or containing the single-species C. glabrata biofilms, 

were incubated at 37ºC, with an agitation of 25 rpm, for 24h. Cellular viability in the single- and in 

the multi-species biofilm was determined by fluorescence spectroscopy, after a prior labelling with 

propidium iodide. Briefly, after the incubation step the culture medium was removed from each of 

the wells, and the formed biofilm carefully washed with 200 µL phosphate-buffered saline (PBS) 

1% to avoid biofilm disruption. Afterwards, 100 µL of PBS 1% containing 10µM propidium iodide 

were added to each of the wells and the plates were incubated, in the dark, for 30 minutes, at 

room temperature. After this, the supernatant was removed, the PI-labelled biofilm cells were 

washed with 200 µL of PBS 1% and fluorescence was measured (at an excitation of 530nm and 

emission of 630nm) using a multi-mode microplate reader FilterMax F5 and the software SoftMax 

Pro 6.2.1. 

IV.3.4. Confocal imaging of mixed biofilms formed between L. gasseri 

and C. glabrata 

The formation of mixed biofilms formed between a selected set of C. glabrata mutants 

(∆CCH1, ∆CAGL0D03674g, ∆CAGL0A03586g, ∆BCY1, ∆CAGL0G06754g, ∆CAGL0K12078g, 

∆CAGL0E02915g, ∆CAGL0L10956g, ∆YPK2, ∆CBK1, ∆CAGL0B01991g, ∆RGT1, 
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∆CAGL0E02805g, ∆CAGL0F06743g, ∆CAGL0L12562g, ∆CAGL0M03927g, ∆EMI1 and 

∆CAGL0F03025g) and L. gasseri under the above described experimental conditions were 

examined by confocal microscopy. In this case, after 24h growth, the mixed biofilms were stained 

with 3 µM SYTO 9 for 30 min and, afterwards with 4 µM TO-PRO-3 iodide for 15 min, similarly to 

what was performed in Chapter II. Labelled biofilms were imaged by confocal laser scanning 

microscopy (CLSM) using the 488 nm Ar+ laser line (emission collected at 500 – 590 nm) for 

SYTO 9 imaging and the 633 nm He-Ne laser line (emission collected at 645-795 nm) for TO-

PRO-3 Iodide imaging, to minimize cross-interference between the two channels. Observations 

were performed using a Leica TCS SP5 inverted microscope with a 63x water (1.2 numerical 

aperture) apochromatic objective. 

IV.4. Results 

IV.4.1. Design of the experimental setup to phenotype the C. glabrata 

mutant collection along co-cultivation with L. gasseri under planktonic 

conditions 

OMICs analysis, in particular transcriptomics, gave valuable information regarding how 

C. glabrata and L. gasseri species interact with each other along co-cultivation in MRS, including 

the identification of a few of C. glabrata genes that help the yeasts thrive under such conditions, 

as detailed in Chapter III. To expand knowledge on this issue, a high throughput profiling of the 

available collection of C. glabrata mutants while growing in the presence of L. gasseri was 

undertaken. Although, as described in the introduction, this mutant collection had been previously 

profiled in the presence of other environmental stresses[644], the fact that herein we are 

anticipating to use it in the presence of other microbial cells posed an important challenge 

because it had not been performed before. Quantification of strain abundance was, as usual in 

this type of assays, based on sequencing of a set of barcodes present upstream and downstream 

of the resistance marker NAT1 gene, used to undertake gene deletion[644]. In particular, each 

deletion cassette consists of the resistance marker (the NAT1 gene), four conserved regions (U1, 

U2, D1 and D2) and a unique barcode that was specifically added to the genetic background of 

each deletion mutant allowing its unequivocal identification (Figure IV.2). The design of our 

screening was performed taking into consideration the work of David G. Robinson et al. which 

demonstrated that using an experimental design of fourfold biological replicates and 6 million 

reads per condition, it was possible to accurately detect significant differences while phenotyping 

the entire S. cerevisiae mutant collection that includes around 5000 strains (while ours is 

considerably smaller as it includes only 578 strains)[645]. The authors came to the conclusion 

that to reliably profile the deletion strains at least 1397 sequence reads per mutant, per condition, 

or 349 reads per biological replicate library, would be needed[645]. We designed our assay to 

obtain around 6500 sequence reads per mutant, per condition, which was well within the 

parameters previously established for successful barcode quantification in S. cerevisiae[645-647]. 
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For that, we pooled the 578 mutants of the collection in groups of ~96 mutants that were cultivated 

(in quadruplicates) in two conditions (in single and in co-culture with L. gasseri). To amplify the 

barcodes we have used the strategy shown in Figure IV.3 that was designed in order to allow also 

the pooling of the samples into the same sequencing runs (being the experimental conditions and 

replicas distinguishable based on the multiplex indexes as detailed in Table IV.2). 

 

Figure IV.3. Experimental design used for the competitiveness screening, in planktonic conditions, of the C. 
glabrata mutant collection in the presence of L. gasseri. Individual mutants were pooled and stored until 
further use. Afterwards, the pooled mutants were phenotyped by their ability to grow in the presence of L. 
gasseri based on the abundance of the unique barcodes in each mutant strain that was determined by 
Illumina sequencing (barcode sequencing). 

 With this approach, the final amplicon to be sequenced encompassed around 320 base 

pairs including the Illumina adapters, the multiplex indexes that allowed the distinction of the 

replicas and experimental condition and the specific mutant barcode. In Figure IV.4 it is shown 

an example of the amplification products obtained after the 1st and 2nd PCR, these being 

subsequently purified from the agarose gel, checked for their integrity in a DNA fragment analyser 

and sent for sequencing.  
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Figure IV.4. PCR strategy used for barcode amplification of the mutants belonging to the five pools 
constructed using the background strain HTL. The remaining two pools constructed using the ∆his3 
background strain were excluded due to a sequencing artefact. This figure shows only one replicate. The 1st 

PCR was used to amplify both upstream and downstream barcodes. While the 2nd PCR was performed to 
add the Illumina adapters and specific multiplex indexes useful for pooling various samples together. The 

list of primers used is shown in Table IV.1 and Table IV.2.  

IV.4.2. Identification of C. glabrata genes required for growth in the 

presence of L. gasseri in planktonic conditions  

In Figure IV.5 we are showing the results obtained for the total of C. glabrata mutant 

strains phenotyped for their growth along co-cultivation with L. gasseri. Strikingly, all the strains 

derived from the C. glabrata ATCC2001 (∆his3) background could not be quantified since the 

reads obtained from these mutant pools could not be aligned with the barcodes predicted for 

reasons that we could not understand and that appear to have resulted from a problem while 

preparing and/or sequencing the DNA library. After having concluded the sequencing of the 

barcodes we came across the information that the initial information that we had concerning the 

association between barcodes and mutant strains (provided in the paper of Tobias Schwarzmüller 

et al. 2014[644]) was wrong. While examining the correct set of associations (kindly provided to 

us by Dr Sascha Brunke, from Hans Knoell Institute Jena (HKI), Germany) we realized that for 

227 mutants we could not make a reliable quantification since we had pooled in the same cohort 

of mutants strains that had an identical barcode (these mutants being identified in the Annex 

Table IV.3). Thus, in total, only 210 out of the 578 mutants could be phenotyped properly under 
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planktonic conditions, this corresponding to ~36% of the overall collection. The data shown in 

Figure IV.5 shows a wide dispersion of barcode abundance, being clearly identifiable strains with 

much higher abundance than the wild-type (plotted on the top of the graph) and others clearly 

less abundant (plotted on the bottom of the graph). These mutant strains that exhibited reduced 

(below 30%) or higher (above 50%) the abundance of wild-type cells in single-culture are detailed 

in Annex Table IV.4, these being strains that exhibit either a poor or enhanced growth under the 

experimental conditions that were established (growth in MRS, 30ºC, 100 rpm for 24h). All these 

mutants (with higher or lower barcode abundance in single cultivation when compared with the 

wild-type) showed a similar behaviour in the co-culture setting. However, since this phenotype 

could not be attributed to the presence of L. gasseri (but rather to a growth defect/enhancement 

in MRS medium) we discarded from downstream analyses. 

 

Figure IV.5. PhenOMIC analysis of C. glabrata deletion mutant collection. C. glabrata deletion mutants were 
grown in the absence and presence of L. gasseri at 37oC and 100 rpm for 24 hours. Afterwards, the viability 
of each mutant was determined using their relative barcode abundance (compared to the WT). This data 
was obtained from 4 individual replicates for both the upstream and downstream barcode of each mutant. 
In total 210 single deletion mutants were properly phenotyped. 

The set of mutant C. glabrata strains that exhibited a differential level of abundance 

compared to the WT strain in the presence of L. gasseri (while exhibiting similar abundance levels 

while in single-culture) is shown in Figure IV.6 and totals 7 strains. Among these were two mutants 

Cg∆GLO1 and Cg∆CAGL0G09757g, that exhibited better growth than the parental strain, with 

the abundance increasing between 50% and 70%, respectively), as detailed in Figure IV.6. The 

genes deleted in these mutants included a lactoylglutathione lyase (GLO1) and a transcription 

factor with unclear function (CAGL0G09757g). On the other hand, Cg∆CAGL0G08844g, 

Cg∆CAGL0F08833g, Cg∆EPA1, Cg∆CAGL0M05929g, and Cg∆ERG5 mutants were found to 

have increased susceptibility to L. gasseri compared with the wild-type (38%, 34%, 16%, 15% 



133 | P a g e  
 

and 9% less barcode abundance in co-cultivation, respectively). These less competitive deletion 

strains are devoid of a transcription factor with unknown activity (CAGL0G08844g), of two 

adhesins (CAGL0F08833g and EPA1), of a predicted mitochondrial matrix protein 

(CAGL0M05929g) and of the putative C22 sterol desaturase (Erg5). In Figure IV.6 are shown 

how the abundance of these strains in the co-cultures with L. gasseri changed in comparison with 

the one of the parental strain zooming in on the results shown in Figure IV.5 for the overall set of 

strains. 

 

Figure IV.6. C. glabrata genes required for competitiveness against L. gasseri in biofilm forming conditions. 
Growth was performed at 37oC and 100 rpm for 24 hours. This data was obtained from 4 individual replicates 
for both upstream and downstream barcodes of each mutant. Competitiveness genes were identified based 
on their relative abundance in single cultivation (similar to the WT) and in co-cultivation with L. gasseri (more 
or less barcode abundance compared with the WT) using one-way ANOVA. Each dot corresponds to a 
single deletion strain. Open symbols represent the genes with enhanced competitiveness while closed 

symbols represent genes with decreased competitiveness. 

IV.4.3. Identification of C. glabrata genes required for growth in the 

presence of L. gasseri in biofilm forming conditions  

To identify the C. glabrata genes required for the ability of this yeast to thrive in a mixed 

biofilm with L. gasseri we had to design a new experimental setting since all the work already 

published (and that we have also leveraged on while profiling the collection in planktonic 

conditions) did not used sessile conditions, let alone in a multi-species setting. A schematic 

representation of the protocol herein developed is provided in Figure IV.7. The method was based 

on the use of propidium iodide (PI), that is a well described marker of cellular viability due to its 

inability of permeate cells with intact plasma membrane[648]. Differently, in non-viable cells, PI 

intercalates between the DNA bases (without any sequence preference) and it can be detected 

using an excitation wavelength of 490nm and an emission of 630nm. The results in Chapter II 
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show that during formation of mixed biofilms between L. gasseri and C. glabrata there is a 

significant reduction in the viability of the yeast cells while the bacterial cells remain largely alive 

(Chapter II). Thus, we hypothesized that using PI fluorescence we could measure the loss of 

viability of the yeast cells, but not of the bacterial ones. Based on this hypothesis, each mutant 

was cultivated individually in each well of 96 well ELISA plates in single cultivation or in co-

cultivation with L. gasseri. 

 

Figure IV.7. Experimental design used for the competitiveness screening, in biofilm forming conditions, of 
the C. glabrata mutant collection in the presence of L. gasseri. Each mutant was grown individually in the 
presence and absence of L. gasseri, and their competitiveness was assessed based on their viability 
determined using the fluorescence dye propidium iodide (fluorescence spectroscopy). 

With this experimental setting we could find differences in the PI-labelling of a cohort of 

mutants that we have profiled as a proxy of what would happen while profiling the entire mutant 

collection. In this preliminary screening, we could identify mutant C. glabrata strains that 

accumulated higher levels of the fluorophore, suggestive that these strains would exhibit a higher 

number of dead cells when in a mixed biofilm with L. gasseri, compared to C. glabrata cells of the 

parental strain. To assure that was the case, a validation of the assay was performed in which a 

selected set of these mutants, selected based on their levels of accumulation of PI in the high-

throughput assay, were imaged while in a biofilm with L. gasseri using confocal fluorescence 

microscopy, as done in Chapter II. The results of that imaging of the biofilm provided by confocal 

microscopy is in Figure IV.8 showing clearly that co-cultivation of wild-type C. glabrata cells with 

L. gasseri resulted in a partial loss of viability of the population of C. glabrata higher than the one 

registered in the biofilm formed by this species alone (Figure IV.8 panel A). These results 

recapitulate and confirm those obtained before in Chapter II. For all the deletion strains tested, a 

similar decrease in viability in the mixed biofilms, compared with the biofilms while in single-culture, 

was obtained (Figure IV.8 panel A), albeit at different levels. These results confirming the value 

of the used PI-labelling in the fast screening of more susceptible strains to L. gasseri. It has 
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however to be noted that the higher levels of PI did not necessarily correlated with higher cell 

death of the yeast cells since ∆CCH1 was the strain showing the lowest increase of PI compared 

to the levels exhibited by cells of the parental strain, but it was the strain in which the loss of 

viability was more prominent (Figure IV.8 panel B). It has to be pointed out that the surface in 

which these biofilms were formed was not exactly the same; in the initial PI-based screening (that 

used polystyrene Elisa plates); and in the confocal microscopy assays was used µ-slide 8 well 

plates (e.g., µ-slide plates have a flat surface while the Elisa plates have a well like shape surface) 

which can underlie some of the differences found. Either way, these results showed us that the 

initial PI-based screening could be useful to identify among the large pool of available C. glabrata 

mutant to test those that could be more susceptible to L. gasseri while in a mixed-biofilm, despite 

it is still necessary to make confirmatory tests with confocal imaging to get more definitive 

conclusions on the reduction of cellular viability.  

 

Figure IV.8. (A) Live/dead imaging of cells in single-species or mixed biofilms formed by L. gasseri, C. 
glabrata WT, Cg∆CCH1, Cg∆CAGL0D03674g and Cg∆CAGL0A03586g after 24h of cultivation, at 37oC and 
25 rpm, in MRS. The insert details the labelling of the dead yeast cells while in the mixed biofilms. The 
images presented are representative of a set taken from the biofilms from three replica experiments; Candida 
spp. single and mixed biofilms scale bar corresponds to 100 μm while the insert scale bar corresponds to 
50 μm; (B) Quantification of the number of dead Candida cells in the multi-species biofilms formed, based 
on quantification of the number of red-labelled yeast cells in all pictures taken from the biofilms, compared 
to the total number of cells in the field (corresponding to green-labelled cells). For this quantitative analysis, 
more than 1000 cells were imaged in each condition. Statistical significance was calculated using one-way 

ANOVA (*p-value below 0.1; **p-value below 0.01; ***p-value below 0.001; ****p-value below 0.0001). 

Reassured by the results of this preliminary screening, we undertook the profiling of the 

remaining C. glabrata mutant collection resulting in phenotyping of all 578 strains (Figure IV.9). 

In the background of ATCC2011 no significant differences in PI labelling were observed between 

the mutants and the cells of the parental strain when forming biofilms in the absence of L. gasseri 

(Figure IV.9). In the case of mutants derived from ATCC2011_∆his3 background such differences 

were observed, with mutants Cg∆INO2, Cg∆RTG1, Cg∆CAGL0L05412g, Cg∆SNF5 and 
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Cg∆CAGL0F06237g showing increased PI-fluorescence, comparing to the levels exhibited by the 

parental strain cells (Figure IV.9). The genes lacking in these mutants encode, respectively, a 

transcriptional regulator involved in inositol biosynthesis (CgIno2), a transcription factor involved 

in osmotic stress response (CgRtg1), CgSnf5 involved in alternative carbon source utilization 

under hypoxia and the poorly characterized proteins CAGL0L05412g and CAGL0F06237g. 

Further studies will be required to confirm if indeed the viability of these mutants in single-species 

biofilms is lower than the one of the parental strain and the molecular reasons underneath that 

phenotype.  

 
Figure IV.9. Susceptibility of C. glabrata mutant strains to the presence of L. gasseri in biofilm forming 
conditions. Growth was performed at 37oC and 25 rpm for 24h to allow biofilm formation. Each dot 
corresponds to a single deletion strain. Mutants were divided into two groups based on the background 
strain used to delete the respective gene. Mutant group 1 was built in the HTL strain, while mutant group 2 
was built in the background strain ∆his3. The respective WT strain for each group is indicated with the 
contrary colour dot. This data was obtained from five different replicates. In total were phenotyped 578 
mutant strains of C. glabrata for their ability to survive in the presence of L. gasseri. Susceptibility was 

determined based on the propidium iodide fluorescence of each strain. 

In the presence of L. gasseri a wider distribution of fluorescence values was obtained, 

compared to the one observed in single-species biofilms, reflecting what can be a significantly 

wider impact of the bacteria. After downstream analysis of the results, we identified 77 strains as 
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having higher levels (above 2.5-fold) of PI fluorescence in the mixed biofilms formed with L. 

gasseri, compared to those exhibited by the parental strain (shown in Figure IV.10 and Annex 

Table IV.5). This higher accumulation of PI suggests that the genes missing in these strains could 

be required to increase survival of C. glabrata in the mixed biofilm. In Figure IV.10 we provide a 

more detailed analysis of how their levels of fluorescence differed from those of the wild-type 

strain, while in Table IV.4 we provide a list of some of these genes (the full list is available in 

Annex Table IV.5).  

 

Figure IV.10. Susceptible C. glabrata mutant strains to the presence of L. gasseri in biofilm forming 
conditions. Growth was performed at 37oC and 25 rpm for 24h to allow biofilm formation. Each dot 
corresponds to a single deletion strain. Mutants were divided into two groups based on the background 
strain used to delete the respective gene. Mutant group 1 was built in the HTL strain, while mutant group 2 
was built in the background strain ∆his3. The respective WT strain for each group is indicated with the 
opposite colour dot. This data was obtained from five different replicates. Susceptibility was determined 
based on the propidium iodide fluorescence of each strain. The list of the susceptible C. glabrata deletion 
strains in co-cultivation with L. gasseri is described in Annex Table IV.5. 
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Table IV.4. Selected strains of C. glabrata with increased susceptibility to the presence of L. gasseri in biofilm forming conditions. Growth was performed at 37oC and 25 rpm for 
24h. Table describes the deleted ORF, the gene name when available, the S. cerevisiae ortholog, the decreased viability fold change compared with the WT and a brief gene 
description obtained from the Candida genome database (CGD). The remaining susceptible genes are described in Annex Table IV.5. 

Deleted ORF 
Gene 
Name 

S. cerevisiae 
ortholog 

PI fluorescence 
(fold change) 

Gene Description (CGD) 

CAGL0I05236g BCY1 BCY1 12.0 cAMP dependent protein kinase, regulatory subunit 

CAGL0H05005g  CSR1 8.6 Ortholog(s) have phosphatidylinositol transfer activity 

CAGL0L11110g CNA1 CMP2 7.1 
Catalytic subunit of calcineurin, calcium/calmodulin-dependent Ser/Thr-specific 

protein phosphatase; regulates stress-responding transcription factor Crz1p; 
involved in thermotolerance, response to ER stress, cell wall integrity, virulence 

CAGL0G06754g  CDC10 6.2 
Ortholog(s) have 1-phosphatidylinositol binding, GTPase activity, molecular 

adaptor activity, phosphatidylinositol-4-phosphate binding, phosphatidylinositol-5-
phosphate binding, structural constituent of cytoskeleton activity 

CAGL0M03597g 
 

MID1 MID1 4.3 
Putative calcium transporter; putative regulatory subunit of a plasma membrane 

gated channel involved in Ca2+ uptake; required for viability upon prolonged 
fluconazole stress 

CAGL0M06325g  SMP1 4.1 
Ortholog(s) have DNA binding, bending, sequence-specific DNA binding activity 

and cytoplasm, nucleus localization 

CAGL0L05632g 
 

PBS2 PBS2 4.0 Ortholog(s) have MAP kinase kinase activity, MAP-kinase scaffold activity 

CAGL0F03003g  HKR1 3.9 
Ortholog(s) have osmosensor activity and role in (1->3)-beta-D-glucan biosynthetic 
process, cellular bud site selection, fungal-type cell wall organization, hyperosmotic 

response, osmosensory signalling pathway via Sho1 osmosensor 

CAGL0M06831g 
 

CRZ1 CRZ1 3.6 Transcription factor; downstream component of the calcineurin signalling pathway 

CAGL0F09097g 
 

SKN7 
 

SKN7 
 

2.9 
 

Predicted transcription factor, involved in oxidative stress response; required for 
induction of TRX2, TRR1 and TSA1 transcription under oxidative stress 
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To confirm the results obtained, a set of 10 mutants identified in the screening as being 

more susceptible to L. gasseri than cells of the parental strain, were selected for subsequent 

imaging of the mixed biofilm (labelled with TO-PRO-3 iodide and SYTO9) by confocal microscopy. 

The results obtained with these strains are shown in Figure IV.11. All these mutants exhibited a 

higher level of fluorescence than the one exhibited by the cells of the parental strain, which was 

a remarkable observation and again reinforced the findings obtained in the initial screening only 

performed with PI. Despite this, in some cases the difference obtained for the cells of the parental 

strain was not high enough to achieve statistically significance. 

 

Figure IV.11. Susceptibility of C. glabrata deletion strains in the presence of L. gasseri in biofilm forming 
conditions using fluorescence confocal microscopy. Growth was performed at 37oC and 25 rpm for 24h to 
allow biofilm formation. The results presented are representative of three independent replicas. The selection 
of the susceptible deletions strains to be tested was based on the screening assay using propidium iodide. 
Statistical significance was calculated using one-way ANOVA (*p-value below 0.1; **p-value below 0.01; 
***p-value below 0.001; ****p-value below 0.0001). 

In Figure IV.12 is shown the functional distribution of the 77 C. glabrata genes that we 

have found as being required for maximal growth of C. glabrata while in a mixed biofilm with L. 

gasseri. A first glimpse over the results shows that they are widespread in terms of their biological 

function including genes involved in adhesion, in amino acid and carbohydrate metabolism and 

transport, in cell signalling, in cell wall structure, in actin cytoskeleton organization, in metabolism 

and transport of inorganic ions, in lipid metabolism (in particular, sterol biosynthesis), among 

others. The biological function comprising the higher number of C. glabrata genes maximizing 

growth in the mixed biofilm with L. gasseri was “transcriptional regulation” and included 21 genes. 

Among these were the transcription factor SKN7, involved in oxidative stress response[649]; 

HAL9[650], involved in resistance to acidic environments; SMP1 involved in osmoadaptation and 

maintenance of cell wall integrity[651, 652]; and many other, such as CAGL0M06325g, 

CAGL0M03927g and CAGL0F06743g, that are poorly characterized. A robust number of genes 

was also clustered in the “signalling” functional class that included key players of the PKA (BCY1), 

calcineurin (CNA1 (catalytic subunit of calcineurin, calcineurin A) and CRZ1 (downstream 

transcriptional regulator)) and HOG signalling pathway (HKR1 (osmosensor) and PBS2 
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(MAPKK)). The C. glabrata genes required for maximal growth in the presence of L. gasseri 

clustered in the amino acid metabolism and transport class included the genes CAGL0F06501g, 

involved in ornithine biosynthesis; CAGL0B02651g, involved in methionine biosynthesis and THI3, 

involved in thiamine biosynthesis.  

 

Figure IV.12. Functional analysis of the cohort of C. glabrata genes identified as modulators of the 
competitiveness of the yeast in mixed biofilms with L. gasseri. Functional analysis was manually curated. 
Among these genes, transcriptional regulation, cell signalling and amino acid and carbohydrate transport 
and metabolism were the biological functions with more genes. 
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IV.4.4. Discussion 

This work focused on the identification of C. glabrata genes that could be mediating the 

competitiveness of the yeast when co-cultivated in the presence of L. gasseri, either in planktonic 

and in biofilm forming conditions. The assay conducted under sessile conditions was pioneering 

as it was the first of such kind described in the literature in which a mutant collection is phenotyped 

in a mixed biofilm setting. Although different technical problems limited the range of strains that 

could be tested under planktonic conditions, still this was also innovative since it is the first study 

focusing on the interaction of this yeast with L. gasseri, advancing thus what is the current 

knowledge on this relevant ecological interaction. In particular, in the screening performed it was 

not possible to phenotype the mutants derived from the ∆his3 background and also those mutants 

that were pooled together although they had identical barcodes. While for the profiling of the first 

mutant set, the phenotypic screening can likely be performed using the same conditions herein 

described (as the problem appeared to have occurred at the DNA sequencing step), to phenotype 

the second set of mutants (built in the HTL background) it will be necessary to make new mutant 

pools, placing in different pools the strains that have identical barcodes. Note that these issues 

only affected the examination of the co-cultivation in planktonic conditions since the screening 

undertaken with the biofilm-forming cells were performed individually (that is without pooling the 

strains) and did not require DNA sequencing. Despite the difficulties, it was still possible to identify 

the adhesins EPA1 and CAGL0F08833g and the sterol desaturase Erg5, as being required for 

maximal growth of C. glabrata in the presence of L. gasseri. Interestingly, in the transcriptomic 

analysis undertaken in Chapter III we could also observe an up-regulation of C. glabrata genes 

involved in adhesion in the co-culture, including of EPA1 (that was up-regulated 14-fold). Although 

we hypothesized that this up-regulation could result from the higher cell density that could 

somehow stimulate cell-cell contacts, the herein demonstration that these adhesins also 

maximize growth of the yeast is intriguing. It is possible that the lack of Epa1 could alter the 

cellular surface of the yeast resulting in an increased susceptibility to the compounds produced 

by L. gasseri or even the physical contact between these species. In this sense adhesins have 

been described to have roles other than adhesion, for example Epa3 was shown to mediating 

azole resistance in C. glabrata[653]. The identification in this cohort of CgCAGL0F08833g is 

particularly interesting considering its similarity with S. cerevisiae ScMSB2, a mucin family 

member described to be a plasma membrane sensor of the HOG signalling pathway leading to 

the activation of the pathway. Specifically, MSB2 is an upstream element of the SHO1 branch, 

responsible for the activation of the Hog1p kinase[636]. Considering the already demonstrated 

essential role of the Hog1-pathway in determining the C. glabrata/lactobacilli interaction[635], it is 

possible that the deletion of MSB2 decreased the activity of Hog1 and, consequently, reduced 

growth of C. glabrata while in co-culture with L. gasseri. It will be interesting to evaluate in the 

future if the remaining genes of the HOG pathway are also required for survival of C. glabrata in 

the presence of L. gasseri since only the strains lacking the genes SHO1, PBS2, HKR1, SMP1 

STE20, STE50 and SSK1 were tested and found to be not susceptible to L. gasseri under the 
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planktonic conditions. This pathway seems to be even more relevant for survival of C. glabrata in 

mixed biofilms as it will be discussed shortly. 

The deletion of CAGL0G08844g also reduced growth of C. glabrata along planktonic 

growth in the presence of L. gasseri. This gene was found to encode a transcription factor required 

for C. glabrata tolerance to acidic conditions, caused by supplementation of the medium with the 

strong acid HCl[650]. Previously (in Chapter II) we have shown that co-cultivation of C. glabrata 

with L. gasseri involves acidification of the medium due to the accumulation of lactic acid in the 

broth. Thus, it is possible that the registered positive effect of CAGL0G08844g expression can 

also benefit C. glabrata cells although the mechanisms by which lactic acid and HCl exert toxicity 

are very different. In the undertaken screening of the mutant collection, we have successfully 

profiled the effect in C. glabrata growth of only 5% (corresponding to 17 strains) of the genes 

documented to be regulated by CAGL0G08844g with none of these showing an effect in 

improving growth of C. glabrata while in co-cultivation with L. gasseri. It is expected that the 

conclusion of the screening can help better understand this protective effect exerted by 

CAGL0G08844g against L. gasseri since 27 other mutants devoid of CAGL0G08844g -targets 

will be profiled.  

In the results described in Chapter III we show that the expression of CYB5, involved in 

sterol biosynthesis, improves C. glabrata growth in the presence of L. gasseri. Herein we show 

that CgERG5, encoding a C-22 sterol desaturase also involved in the ergosterol biosynthetic 

pathway, is also necessary for maximal C. glabrata growth while in co-cultivation with L. gasseri. 

It is conceivable that the deletion of ERG genes can affect the overall composition of the plasma 

membrane of C. glabrata cells resulting in the susceptibility of these cells to the presence of the 

bacteria and eventually also to the presence of metabolites they produce that can be harmful, 

including lactic acid. Indeed, in S. cerevisiae the levels of ergosterol in the plasma membrane 

were recently linked with higher lactic acid tolerance[654]. Also, as shown in Chapter II, along co-

cultivation of C. glabrata with L. gasseri in MRS there is an expected accumulation of ~30 mM 

acetic acid which, although is well below the concentrations shown to exert toxicity for this species 

in vitro at this pH[430], it may pose some challenge for more susceptible strains as it can be the 

case of the erg mutants above described.  

To further extend the knowledge about the interaction established between L. gasseri 

and C. glabrata and also considering that in vivo these species are expected to interact in the 

form of a mixed biofilm, we have also phenotyped the C. glabrata mutant collection in sessile 

conditions. During this phenotyping we could detect some loss of cell viability in wild-type cells 

even in biofilms formed only by C. glabrata, which may result from the lower availability of the 

cells to nutrients and the accumulation of damaging compounds[655]. We could also identify a 

set of mutants that exhibited even lower viability than the one exhibited by cells of the parental 

strain in this single-species biofilms including strains devoid of genes encoding the transcription 

factors Ino2, Rtg1 or CAGL0F06237g; the histone binding protein CAGL0L05412g and Snf5, a 
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DNA translocase. Taking into consideration the little that is known concerning the reasons 

underlying loss of cell viability in biofilms, it is difficult to hypothesize what could be the reasons 

underlying their protective effect but this certainly deserve attention in future studies aiming to 

limit capacity of C. glabrata to form biofilms.  

As for the genes that improved protection to C. glabrata while in a mixed biofilm with L. 

gasseri, we could uncover several involved in different multiple signalling pathways involved in 

response to environmental stress, with emphasis on the Hog1 and calcineurin-pathways 

(represented in Figure IV.13). The involvement of the HOG pathway was not entirely surprising, 

since it was before shown its involvement in the response of Candida to lactobacilli and 

associated with the presence of lactic acid[635]. In particular we found herein that the deletion of 

CgHKR1 and CgPBS2, two upstream elements of the HOG signalling pathway, resulted in the 

prominent loss of viability of C. glabrata cells while in a mixed biofilm with L. gasseri. CgHkr1 is 

responsible for transmitting into the pathway cues from the external environment, while CgPbs2 

directly phosphorylates Hog1 protein under osmotic stress, resulting in the activation of the kinase 

and its downstream targets[636, 656]. Notably, Sho1, the other protein that belongs to the same 

signalling branch as Hkr1 and Pbs2 was also more susceptible to the presence of L. gasseri than 

wild-type cells, however the difference in fluorescence was of 1.7-fold, below the threshold of 2.5 

fold that we used to filter the data and thus this gene was not in the lists of susceptible mutants 

shown in Annex Table IV.5. The deletion of the transcription factor CgSMP1, a downstream target 

of Hog1[651, 652], also resulted in increased C. glabrata susceptibility to L. gasseri. After 

activation by Hog1, Smp1 induces the expression of genes involved in the osmoadaptation 

response and maintenance of cell wall integrity[652, 657]. Up to now there is no information 

concerning documented targets of Smp1 but it will be interesting in the future to identify these 

and, eventually, profile their growth while in a mixed biofilm with L. gasseri. We could also not 

profile in this screening the ∆hog1 mutant because this strain was not present in the initial 

collection, but this is also something that should be performed to confirm the findings that the 

HOG pathway is indeed involved in response of C. glabrata to L. gasseri in mixed biofilms. On 

the overall, it seems that the SHO1 branch of the HOG pathway is the one crucial for response 

crucial for the survival of C. glabrata in mixed cultures, although it was interesting to note that 

deletion STE20 and STE50, downstream elements of the Sho1-pathway[636, 637], did not 

affected competitiveness of C. glabrata cells while in the mixed biofilm, meaning that signal 

transduction could use other proteins. It is also crucial to mention that the observations 

abovementioned could be related with the demonstration that deletion of Hog1 protein resulted in 

susceptibility of the mutant to lactic acid under physiological relevant concentrations (11 to 

180mM)[635], implicating this pathway in resistance to this weak acid produced by lactobacilli. 

Thus, disruption of HOG pathway, through the deletion of several upstream genes, can result in 

the increased susceptibility of these mutants to lactobacilli, in specific susceptible to the lactic 

acid that is produced by L. gasseri in co-cultivation (of about 5 g/L in planktonic conditions) (Annex 

Figure II.4 panel A). 
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The other pathway that emerged more prominently from the screening as mediating 

competitiveness of C. glabrata in the presence of L. gasseri was the calcineurin signalling 

pathway, as shown in Figure IV.13. In Candida this pathway is involved in ion homeostasis, 

sphingolipid and cell wall biosynthesis, protein trafficking, ubiquitin, autophagy, adaptation to 

stress and antifungal resistance[658-661]. Calcineurin is a calcium/calmodulin-dependent 

serine/threonine-specific protein phosphatase with a catalytic A (Cna1) and a regulatory B 

calcium-binding subunit (Cnb1)[662, 663]. This pathway is activated by calcium binding to 

calmodulin that afterwards activates the dephosphorylation cascade that activates the 

transcription factor Crz1[663-665]. Deletion of the calcineurin catalytic subunit CNA1, of its main 

target, the transcription factor Crz1, and of the calcium plasma membrane transporter MID1, 

resulted in the increased susceptibility of C. glabrata cells to L. gasseri in mixed biofilms. Deletion 

of CCH1, the other calcium transporter of the calcineurin pathway[665], also reduced viability of 

C. glabrata cells while in the presence of L. gasseri as shown by confocal microscopy imaging of 

the mixed biofilms that we did. Necessarily, in the future work it will be needed to identify the set 

of target genes that could be under Crz1 regulation in these conditions, but among those that are 

already known (based on the information available in the PathoYeastract database), we observed 

that deletion of CAGL0J09416g, encoding a protein of unknown function, localized to the vacuolar 

membrane, also reduced viability of C. glabrata cells in the presence of L. gasseri. Interestingly, 

in C. albicans, β-glucan masking induced by lactate, was also found to be dependent of 

CRZ1[289], for which it is tempting to speculate that the eventual production of this metabolite 

could be inducing the pathway also in these conditions. It is also important to mention that in 

addition to the susceptibility that the CRZ1 deletion mutant has when co-cultivated with L. gasseri, 

targeting this gene could also reduce the β-glucan masking allowing for a better action of the host 

immune defense, making it a very promising target to be used to formulate new anti-Candida 

therapies. It will be interesting to establish whether the genes mediating this -glucan evasion 

mechanism also affect, somehow, the tolerance of C. glabrata cells to L. gasseri.  

Other proteins of known function that also emerged from our screening as mediating 

tolerance of C. glabrata to L. gasseri included Bcy1, the regulatory subunit of the PKA pathway; 

the transcription factor Skn7 involved in oxidative stress; the predicted zinc transporters 

CAGL0E01353g and CAGL0M08250g involved in zinc uptake and homeostasis; as well as genes 

involved in adhesion (CAGL0L06424g, CAGL0E02915g) that were also shown to be required for 

survival in the presence of L. gasseri in planktonic conditions (schematically represented in Figure 

IV.13). The challenge for the future will be to elucidate what could be the role played by these 

genes in determining the interaction between L. gasseri and C. glabrata in the context of the 

mixed biofilm. Additionally, would be interesting to study the effect of pharmaceutical that could 

specifically target and inhibit these pathways, as it is for the case of Crz1 that is inhibited by 

FK506[666]. The use of such pharmaceuticals would shift the ecological balance in favour of the 

bacteria resulting in the inhibition of Candida from the environment.  
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Figure IV.13. Signalling pathways found to be required for C. glabrata survival in the presence of L. gasseri. The competitiveness of C. glabrata against L. gasseri was found to 
be dependent on genes related to upstream proteins of the PKA, HOG and calcineurin signalling pathway. Genes in purple were phenotyped and found to be susceptible while 
genes in red were phenotyped but not susceptible. Genes in grey were not phenotyped because they were not part of the C. glabrata mutant collection. Note that all of the genes, 
except for MSB2 and EPA1 (found to be required in the planktonic conditions), were obtained from the phenotypic assay in biofilm forming conditions. Despite this, we decided 
to add them to the model to highlight the role of the HOG pathway and adhesins in the interaction between these species. Additionally we found SKN7, two zinc uptake and 
homestasis related transporters and two other adhesins to be required for survival of C. glabrata in mixed biofilms. 
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V. Co-cultivation of C. glabrata and C. albicans with 

Limosilactobacillus reuteri (formerly Lactobacillus 

reuteri) results in growth inhibition and attenuated 

virulence of these pathogenic yeasts 
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V.1. Abstract  

In the previous chapters of this thesis, it had been described different aspects on the way 

by which Candida species may interact with indigenous lactobacilli of the vaginal flora and, in 

particular, with L. gasseri. In this chapter it was examined such interaction but with the intestinal 

species L. reuteri considering that both C. albicans and C. glabrata are also frequently found in 

the gut. The results obtained show that in co-cultures with Candida, L. reuteri, like L. gasseri, 

reduces viability and growth rate of the two yeasts while in planktonic growth; forms mixed biofilms 

involving close cell-cell contacts and inhibit the ability of C. albicans to undergo filamentation and 

to cause virulence against the wax Galleria mellonella. Despite this, prominent differences in the 

way by which L. reuteri and Candida interact under the tested conditions were found, compared 

to L. gasseri including: i) in the co-cultures with L. reuteri it was not observed the alkalinization of 

the broth prompted by Candida cells that counteracted the acidification caused by the 

accumulation of lactic acid in the medium; ii) the heterofermentative metabolism of L. reuteri 

results in the accumulation of acetic acid in the medium that is believed to cause additional toxic 

effects for the Candida cells, alone or in combination with lactic acid and eventually other 

metabolites produced by the bacteria. These findings indicate the existence of important species-

specific effects that can determine the way by which Lactobacillus species interact with Candida 

and should be further scrutinized in order to foster what can be probiotic based treatments for 

invasive candidiasis progressing from the gut.   
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V.2.  Introduction 

Various Lactobacillus species are commonly found in the human gut such as L. 

acidophilus, L. fermentum, L. rhamnosus and L. reuteri, the species that is focused in this 

study[150, 151, 667]. Although in the past L. reuteri was classified as a Lactobacillus species, in 

a recent reorganization of the genus this species was reclassified and renamed as 

Limosilactobacillus reuteri. The great diversity among Lactobacillus species prompted the 

scientific community into reconsidering their classification based on old and new parameters that 

included core genome phylogeny, pairwise average amino acid identity, clade‐specific signatures, 

physiological criteria and the ecology of the organisms[668]. For example, this reclassification 

divided homofermentative from heterofermentative lactobacilli and, as stated, reclassified L. 

reuteri in the Limosilactobacillus group which comprises species able to produce 

exopolysaccharides from sucrose (“slimy Lactobacillus”)[668]. 

L. reuteri is considered an endogenous gut symbiont and has evolved suitable adaptation 

mechanisms to thrive in this host that assure colonization such as the expression of mucus-

binding proteins (MUBs) that can bind to the intestinal epithelia, promoting adhesion[150, 240, 

241]. The genome of the reference L. reuteri strain ATCC 23272 has approximately 1.99 Mb in 

size with a total predicted protein count of 1900 and a GC content of ~38.9% (data obtained from 

NCBI: Bioproject PRJNA15766). Unlike vaginal lactobacilli species, L. reuteri ferments glucose in 

a heterofermentative manner[224], meaning that it produces both lactic and acetic acid. While in 

the vaginal tract the most abundant lactobacilli are exclusively homofermentative (producing two 

molecules of lactic acid from glucose), in the gut there are both homo- (e.g. L. ruminis and L. 

salivarius) and heterofermentative lactobacilli[150, 151, 667]. As in the vaginal tract, most 

lactobacilli are widely regarded as biomarkers of health of the human gut due to their association 

with a healthy environment and this has been justifying the investment in research put in their 

study and, eventually, in their exploration as probiotics[134, 669-671]. Indeed, several studies 

have been showing good results in exploring L. reuteri in adults, children and infants as a probiotic 

treatment[382, 672-674] with the benefits including improved feed tolerance; enhanced 

absorption of nutrients, minerals, and vitamins; stimulation of host immune responses; enhanced 

gut mucosal integrity; and reduced bacterial translocations which consequently results in reduced 

frequency of infections originating from the gut[675-677]. Importantly, lactobacilli have been 

explored as anti-Candida therapies in the gut. Specifically, supplementation of neonates with L. 

rhamnosus (also found in the gut) resulted in a significantly reduction of Candida spp. colonization 

of the gut from 48.8% in the control groups to 23.1% in the probiotic group[381]. Additionally, 

infant supplementation with a probiotic containing L. reuteri was shown to be as effective as 

nystatin in reducing Candida colonization of the gut (18.7% compared with 16%) and skin (14% 

compared with 12%)[382] and a clinical trial of in vivo supplementation of newborns with L. reuteri 

showed that this species was a potent antagonist of Candida spp., effective in preventing the 

enteric colonization of the yeasts (reduced gut Candida load)[678].  
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In this work we analyse, in detail, the interaction established between L. reuteri and the 

pathogenic yeasts C. albicans and C. glabrata. Previous studies have shown that L. reuteri cell-

free supernatants obtained from L. reuteri cultures inhibit growth of these two Candida 

species[679]. However, the use of bacterial supernatants does not recapitulate the aspects that 

could be related with the direct cell-cell interaction or aspects that could be specifically induced 

in the bacteria when Candida cells are present. For example, in chapter II, we showed that the 

pH dynamics observed along a co-culture established between L. gasseri and Candida species, 

cannot be recapitulated when only bacterial supernatants are used. As a consequence, a 

confounding effect is observed resulting from the presence of high concentrations of acetic acid, 

that are supplied in the MRS medium in the form of sodium acetate. Thus, it is of relevance the 

study of how these two species interact by exploring co-cultures. L. reuteri cells were also found 

to be able to co-aggregate with Candida cells resulting in inhibition of their growth[236, 680, 681].  

Not much is known concerning the factors underlying these inhibitory effects caused by 

L. reuteri and this is also an objective of this study. This species was previously reported to 

produce considerable amount of biosurfactant[233, 234] and of exopolysaccharides[682, 683], 

these being some features that have been suggested to underlie the antimicrobial potential of L. 

reuteri, but their effect in specifically inhibiting Candida has not been fully addressed. L. reuteri is 

also known to produce the bacteriocin reutericin[229, 230], although to our best knowledge its 

specific effects against Candida have not been studied. L. reuteri is also able to produce the 

antimicrobial compounds reuterin (3-hydroxypropionaldehyde (3-HPA))[225, 226] and 

reutericyclin[227, 228], and reuterin was shown to inhibit both growth and biofilm formation of C. 

albicans[225, 226, 684]. L. reuteri has been also reported to produce phenyllactic acid[239], 2-

hydroxyisocaproic acid[404] and 1-acetyl-β-carboline[395]. Phenyllactic acid was shown to impair 

biofilm formation of C. albicans and prolong the survival rate of Galleria mellonella larvae infected 

with this species[685], while 2-hydroxyisocaproic acid exerted a fungicidal effect against C. 

albicans and C. glabrata[403]. 1-acetyl-β-carboline was shown to block yeast-to-hypha transition 

in C. albicans, but has not able to cause inhibition in growth of these species[395]. 
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V.3. Material and Methods 

V.3.1. Strains and growth media 

In this chapter were used the following strains: Limosilactobacillus reuteri ATCC 23272 

(formerly Lactobacillus reuteri) (acquired from DSMZ), Lactobacillus gasseri ATCC 33323 

(acquired from DSMZ), C. glabrata KUE100 (a wild-type strain derived from the C. glabrata 

reference strain CBS138[433]) and Candida albicans SC5314. The MRS medium used to co-

cultivate yeasts and bacteria, contains, per litre, 10 g casein peptone (Gibco); 10 g meat extract 

(Panreac AppliChem); 5 g yeast extract (Gibco); 20 g glucose (Nzytech); 1 g Tween 80 (Sigma); 

2 g K2HPO4 (Merck); 5 g sodium acetate (Merck); 3 g ammonium sulphate (Panreac AppliChem); 

0.20 g MgSO4.7H2O (Labchem) and 0.05 g MnSO4.H2O (Sigma). After preparation, the pH of 

MRS was adjusted to 6.2-6.5 using HCl or NaOH. In indicated experiments, the sodium acetate 

used to prepare MRS was replaced by sodium chloride (Honeywell, FlukaTM) or was added 3-

morpholinopropane-1-sulfonic acid buffer (MOPS) to buffer the medium to a pH 6.5. YPD medium, 

used for maintenance of the yeast strains, contains, per litre, 20 g glucose (Nzytech), 20 g 

peptone (Gibco) and 10 g yeast extract (Gibco). Solid YPD or MRS were prepared by 

supplementing the corresponding liquid medium with 2% and 1.5% agar (Nzytech), respectively. 

Media were prepared using deionized water and sterilized by autoclaving for 15 min at 121°C and 

1 atm. 

V.3.2. Co-cultivation of L. reuteri with C. glabrata or C. albicans 

To examine growth of L. reuteri in liquid MRS, alone or in the presence of C. glabrata or 

C. albicans, a pre-inoculum of each individual species was prepared in this medium and the cells 

cultivated, overnight, at 37ºC with an orbital agitation of 100 rpm. On the next day, these cells 

were used to inoculate (at an OD600nm of 0.4 for L. reuteri and 0.1 for the two Candida species) 

fresh MRS medium. Growth in this co-culture system was accompanied for 4 days, at 37ºC and 

using an orbital agitation of 100 rpm, by following the cellular viability of the two species based 

on the number of colony-forming units (CFUs). For this, aliquots of co-cultures were taken, serially 

diluted, and plated on MRS supplemented with 96 mg/L fluconazole (an antifungal concentration 

that fully prevented the growth of Candida colonies and thus only L. reuteri colonies were visible) 

or in YPD supplemented with 300 mg/L tetracycline (an antibiotic concentration that fully 

prevented the growth of L. reuteri colonies and therefore only Candida colonies were visible). The 

number of Candida colonies formed onto the surface of YPD plates was counted after 2 days of 

incubation at 30ºC, while the number of L. reuteri colonies formed onto the surface of MRS plates 

was counted after 2 days of plate incubation at 37ºC in a Genbox (Biomerieux) with a candle 

inside to assure microaerophilia[541, 542]. As controls, single-cultivations of L. reuteri, C. albicans 

and C. glabrata in the same conditions used for the co-cultivations were performed. Quantification 

of the amounts of lactic acid, acetic acid or glucose present in the broth during single or multi-
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species cultivation was performed by HPLC (equipped with an UV detector, for quantification of 

lactic and acetic acids, and with a RI detector, for quantification of glucose) using an Aminex 

HPX87H (Biorad®) column and 0.005M H2SO4 (at a flow rate of 0.6 mL/min of) as eluent. The 

same experimental setup was used to co-cultivated C. glabrata/C. albicans and L. reuteri in MRS 

having sodium chloride as a sodium source (instead of the usually used sodium acetate) or in 

MRS buffered to pH 6.5 using 3-morpholinopropane-1-sulfonic acid buffer (MOPS). 

V.3.3. Co-cultivation of L. reuteri with C. glabrata or C. albicans under 

biofilm-forming conditions 

To examine growth under biofilm-forming conditions of L. reuteri, alone or in co-cultivation 

with C. albicans or C. glabrata, a pre-inoculum of each species was prepared in MRS (or in this 

same medium containing sodium chloride as a sodium source or MOPS) and the cells were 

cultivated, overnight, at 37ºC, using an orbital agitation of 100 rpm. These pre-cultures were used 

to inoculate 200 μL of fresh MRS in plastic µ-slide 8 well plates (Ibidi) so that the initial cell 

densities (estimated based on OD600nm) were 106 CFU/mL for the two Candida species and 108 

CFU/mL for L. reuteri. After 24h of cultivation at 37ºC with 25 rpm agitation, the supernatant of 

the single or co-cultures was removed and the biofilm formed was washed with 200 μL of PBS. 

To assess cellular viability in the single- or multi-species biofilms formed, 3 μM of SYTO 9 Green 

Fluorescent Nucleic Acid Stain (Molecular Probes, Eugene, USA) was added to the single or co-

cultures and the cells were left in the dark for 30 minutes. After this time, 4 μM TO-PRO-3 iodide 

(Molecular Probes, Eugene, OR, USA) was added and the cultures were incubated under the 

same conditions for another 15 minutes. The gain adjustment in each channel was optimized (and 

kept during the experiments) taking into account the intensity fluorescence signal of live and dead 

single cells. Live single cells were stained directly after growth, while dead single cells were 

prepared by heating a cell sample at 65ºC for 10 minutes in a dry bath. Then, single or multiple 

species biofilms were imaged by confocal laser scanning microscopy using a Leica TCS SP5 

inverted microscope with a 63x water (1.2 numerical aperture) apochromatic objective. Cells were 

imaged with the 488 nm Ar+ laser line to detect cells stained with SYTO 9 (emission collected at 

500 – 590 nm) and with the 633 nm He-Ne laser line to detect cells stained with TO-PRO-3-Iodide 

(emission collected at 645-795 nm), a setup that minimizes cross-interference between the two 

channels as described in Pinto et al., 2019[543]. Scanning electron microscopy (SEM) was 

performed similarly to the aforementioned protocol but biofilms were prepared in 2.5 mL MRS in 

5 mL polystyrene plates. After 24h of incubation at 37ºC with 25 rpm agitation, the supernatant 

was removed and the cells adhered to the surface of the plate were dehydrated using the following 

protocol: washing with distilled water; washing with 70% ethanol for 10 minutes; washing with 95% 

ethanol for 10 minutes; and washing with 100% ethanol for 20 minutes. Plates were then dried in 

a desiccator for at least 96h and visualized by scanning electron microscope (SEM) using a 

magnification between 5000x and 10000x with a high voltage of 15.0 kV. 
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V.3.4. Effect of L. reuteri or L. gasseri in filamentation undertaken by 

C. albicans 

Yeast-to-hyphae transition prompted by C. albicans was assessed by co-cultivation of 

this species together with L. reuteri and L. gasseri in RPMI, at pH 7 and at pH 4. For this, mid-

exponential phase cells of C. albicans (obtained from a pre-culture performed also in RPMI) were 

inoculated in RPMI with L. reuteri or L. gasseri cells (obtained from a pre-culture performed in 

MRS medium) in a proportion of 1:4 yeast:bacteria (corresponding to OD600nm of 0.1 of the yeasts 

and of 0.4 of the bacteria). To induce filamentation, 10% FBS (fetal bovine serum) was further 

added to the medium. The cultures were incubated for 24h, at 37ºC and 100 rpm, after which they 

were imaged in an optical Zeiss microscope equipped with a 1000x magnification lens. The assay 

was repeated but using inactivated lactobacilli cells, obtained by incubating the bacteria pre-

culture sample to be inoculated in the RPMI medium at 65oC, for 10 minutes in a dry bath.  

V.3.5. Effect of L. reuteri on virulence of C. glabrata against the 

infection model wax Galleria mellonella  

To assess how the presence of L. reuteri affected the virulence of C. albicans against the 

infection model wax Galleria mellonella an experimental methodology previously explored in the 

lab[686] was used. Briefly, a microsyringe was used to inject 5 µL of a suspension of Candida 

cells (containing approximately 109 CFU/mL) in the last left proleg of each caterpillar. Following 

injection, larvae were placed in glass Petri dishes and stored in the dark at 37 °C. For each 

condition, at least 10 larvae were tested, being followed their survival over a period of 72 hours. 

Caterpillars were considered dead when they displayed no movement in response to touch. To 

assess the effect of L. reuteri, approximately 105 CFUs of this bacterium were added to the food 

used to feed the larvae and when these were considered mature were inoculated with C. glabrata 

following the methodology described above.  
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V.4. Results 

V.4.1. Planktonic co-cultivation of C. glabrata and C. albicans with L. 

reuteri results in reduced growth and viability of the yeasts  

We started this study by analysing the impact of the direct co-cultivation of C. albicans or 

C. glabrata with L. reuteri, in similar terms to those before with the vaginal species L. gasseri. As 

such, we have examined how the co-cultivation setting impacted growth parameters and viability 

of the involved species. As in Chapter II, in which these same aspects were investigated for L. 

gasseri, we have examined the co-cultures both in planktonic and in biofilm-forming conditions. 

For the planktonic cultures, we started using ~100 more bacterial than yeast cells resulting in a 

total amount of ~108 CFUs/mL L. reuteri, compared to 106 CFUs/mL of C. albicans or C. glabrata 

(Figure V.1).  

 

Figure V.1. (A) Cellular viability of C. glabrata, C. albicans and L. reuteri along single or co-cultivation in 
MRS medium. After inoculation, cells of C. albicans (○,●), C. glabrata (○,●) or L. reuteri (◻︎,◼︎) were cultivated 
at 37oC and 100 rpm for 96h with the growth of the different species being accompanied based on cellular 
viability, as detailed in materials and methods. Filled symbols correspond to the samples taken during single-
species cultivation while open symbols correspond to the samples taken during co-cultivation. Statistical 
significance was calculated using one-way ANOVA (*p-value below 0.1; **p-value below 0.01; ***p-value 
below 0.001; ****p-value below 0.0001). (B) Variation of medium pH during cultivation of L. reuteri (◼︎), C. 
glabrata or C. albicans (●) in MRS alone or in co-cultivation (○) under the same conditions as those used to 
obtain the growth curves shown in panel A. 
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Similarly to what was observed in Chapter II for L. gasseri, the viability of L. reuteri 

population while in single-culture decreased along time, but this was considerably attenuated 

when these cells were co-cultivated with the two Candida spp. (Figure V.1 panel A). While in 

single culture the decrease in L. gasseri viability was attributed to the accumulation in MRS 

medium of undissociated acetic acid (resulting from the protonation of the sodium acetate 

supplied as a source of sodium) that exerts powerful toxic effect in the cells. Co-cultivation with 

the two Candida species abrogated this effect since both of them were capable of alkalinizing the 

broth to values above acetic acid pKa, thus assuring that the predominant form was acetate (and 

not acetic acid). In the single-cultures of L. reuteri production of lactic acid to levels close to 5 g/L 

was observed (Annex Figure V.1) resulting in a final pH of 4.4, maintained constant at this value 

along the time took to complete the experiment. It is important to denote that by being 

heterofermentative, L. reuteri also produced acetate increasing the total amount to around 100 

mM (Annex Figure V.1). In this context, it is likely that the observed loss of cell viability observed 

in the single-culture L. reuteri population could result from this exceeding accumulation of acetic 

acid. Under the experimental conditions used for the co-cultivation (100 rpm of agitation and 37ºC) 

the yeast cells resumed growth immediately after re-inoculation and maintained it until 24h, after 

which they entered stationary phase (Figure V.1 panel A). The bacterial population also increased, 

although much less prominently than the yeasts, likely due to an already higher starting population, 

comparing with the one of Candida (Figure V.1 panel A). Reflecting the more competitive and 

challenging environment of the co-culture, the growth rates of C. glabrata and C. albicans 

decreased 61% and 63%, respectively, comparing to those obtained in single-culture. Specifically, 

the growth rate of C. glabrata decreased from 0.25 h-1 in single-culture to 0.1 h-1 in co-culture, 

while the growth rate of C. albicans decreased from 0.24 h-1 in single-culture to 0.09 h-1 in co-

culture (Figure V.1 panel A). Co-cultivation with L. reuteri resulted in a significant reduction in 

cellular viability of the two yeasts (of about 93% 99%) after 48 hours, with the effect being more 

pronounced for C. albicans than C. glabrata and increasing along time (as shown in Figure V.1 

panel A). In this co-culture, L. reuteri produced ~5 g/L lactic acid when co-cultivated with C. 

albicans and 2.5 g/L when co-cultivated with C. glabrata (Annex Figure V.1). In the two co-cultures 

it was also denoted the production of ~40 mM acetate, bringing the total amount of acetate present 

to 100 mM (considering the initial 60 mM present in the medium). Concomitant with the production 

of lactic and acetic acids, the pH in the two co-cultures decreased rapidly and was maintained in 

the range of 4.3 and 4.5 for C. albicans and C. glabrata, respectively (Figure V.1 panel B). In this 

case it was not evident the alkalinization of the fermentation broth that was observed in the co-

cultures undertaken with L. gasseri and, consequently, it is impossible to distinguish whether the 

reduced viability of the yeasts (and of the bacteria as well) results from the toxic effects of the 

accumulation of undissociated acetic acid or from the presence of L. reuteri, or from a combination 

of the two.  

To clarify this matter, the co-cultivation was repeated but this time using MRS without any 

sodium acetate (sodium was supplied as sodium chloride). The results obtained, shown in Figure 

V.2, reveal a powerful acceleration of viability loss in L. reuteri cells while in single-culture, that 
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was not observed when the cells were cultivated in the presence of the yeasts (Figure V.2 panel 

A).  

 

Figure V.2. (A) Cellular viability of C. glabrata, C. albicans and L. reuteri along single or co-cultivation in 
MRS medium without sodium acetate. After inoculation, cells of C. albicans (○,●), C. glabrata (○,●) or L. 
reuteri (◻︎,◼︎) were cultivated at 37oC and 100 rpm for 96h with the growth of the different species being 
accompanied based on cellular viability, as detailed in materials and methods. Filled symbols correspond to 
the samples taken during single-species cultivation while open symbols correspond to the samples taken 
during co-cultivation. Statistical significance was calculated using one-way ANOVA (*p-value below 0.1; **p-
value below 0.01; ***p-value below 0.001; ****p-value below 0.0001). (B) Variation of medium pH during 
cultivation of L. reuteri (◼︎), C. glabrata or C. albicans (●) in MRS-NaCl alone or in co-cultivation (○) under 
the same conditions as those used to obtain the growth curves shown in panel A. 

Expectedly, under these conditions L. reuteri also produced acetate, but the final amount 

(~20 mM) was now well below the one observed in standard MRS. Notably, the pH of the single-

cultures undertaken in MRS-NaCl achieved 3.6 (compared to 4.3 that was obtained using 

standardized MRS medium), which is attributable to a buffering effect caused by sodium acetate. 

In the co-cultures with C. glabrata and C. albicans were visible two effects: i) growth of the yeasts 

appeared to be more limited, compared with the one observed in single-cultures, achieving ODs 

at stationary phase that were smaller (this effect was particularly visible for C. albicans; ii) viability 

of C. glabrata in the co-culture was reduced along time (Figure V.2). A decrease in pH was 

observed also in these two co-cultures, concomitant with the production of lactic acid (2.5 g/L in 

the co-cultivation with C. glabrata and 5 g/L in co-cultivation with C. albicans (Annex Figure V.2)) 

and acetic acid (achieving 50mM in the co-cultivation with C. glabrata and 40mM in co-cultivation 
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with C. albicans (Annex Figure V.2)), to a value close to 4 (Figure V.2 panel B). Under these 

conditions it is also conceivable that the observed decreased viability of the yeasts (or their limited 

growth) results from the acetic acid accumulated in the undissociated form (estimated to be in the 

range of 12-20 mM for the time-point of 96h taking into account the final pH and the amount of 

acetate quantified in the broth), however, in this case this acetic acid is produced by the bacteria 

and not part of the medium. It is also important to note that previous studies undertaken to assess 

tolerance levels of C. glabrata to acetic acid stress show almost no growth inhibition at this range 

of concentrations and pH[430].  

To determine whether the capability of L. reuteri to inhibit growth of Candida goes beyond 

the production of acetic acid, we repeated the co-cultivations in standardized MRS medium (that 

is the one containing 60mM sodium acetate) but buffering it to pH 6.5 using 3-morpholinopropane-

1-sulfonic acid buffer (MOPS) (Figure V.3). 

 

Figure V.3. (A) Cellular viability of C. glabrata, C. albicans and L. reuteri along single or co-cultivation in 
MRS medium buffered with MOPS. After inoculation, cells of C. albicans (○,●), C. glabrata (○,●) or L. reuteri 
(◻︎,◼︎) were cultivated at 37oC and 100 rpm for 96h with the growth of the different species being 
accompanied based on cellular viability, as detailed in materials and methods. Filled symbols correspond to 
the samples taken during single-species cultivation while open symbols correspond to the samples taken 
during co-cultivation. Statistical significance was calculated using one-way ANOVA (*p-value below 0.1; **p-
value below 0.01; ***p-value below 0.001; ****p-value below 0.0001). (B) Variation of medium pH during 
cultivation of L. reuteri (◼︎), C. glabrata or C. albicans (●) in MRS (buffered to pH 6.5 using MOPS) alone or 

in co-cultivation (○) under the same conditions as those used to obtain the growth curves shown in panel A. 
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Under these conditions a reduction in viability of L. reuteri cells while in single-cultures 

was observed, similarly to what had been observed in the other two settings and suggesting that 

this effect is not only attributable to the accumulation of acetic acid (since in this case the pH was 

maintained at 5 along the experiment, thus being above the acid pKa (Figure V.3 panel B)). 

Remarkably, viability of the bacterial cells in the co-cultivation is maintained suggesting that the 

yeasts are, somehow, sustaining bacterial viability. In the co-cultures it was still visible the 

reduction in viability of the yeast population, especially in the case of C. albicans were this was 

considerably more pronounced (Figure V.3 panel A). Despite the production of acetic acid is also 

observed in these two co-cultivations, the pH was maintained at 5 and thus there is no 

accumulation of toxic undissociated acetic acid and we attribute the loss of yeast cell viability to 

the presence of the bacteria.  

V.4.2. While in co-cultivation in sessile conditions, C. glabrata/C. 

albicans form mixed biofilms with L. reuteri 

To study the formation of mixed biofilms between the two Candida species and L. reuteri, 

the same experimental setting used for L. gasseri was utilized, with the objective of promoting the 

formation of biofilms in 8-well microplates that were, afterwards, imaged by confocal microscopy 

and small scanning microscopy (SEM). Under the conditions detailed in materials and methods, 

after 24h of cultivation in MRS, both C. albicans and C. glabrata formed a mixed biofilm with L. 

reuteri as shown by the scanning electron microscopy (SEM) images depicted in Figure V.4. 

Noteworthy, in some regions of the mixed biofilm formed between L. reuteri and C. glabrata it was 

observed what appear to be a thick extracellular matrix that was not found in other regions of the 

plate and it was also not found in the mixed biofilms involving C. albicans (Figure V.4 and Annex 

Figure V.3). To understand the outcome for the viability of the different species of the formation 

of these mixed biofilms, the same fluorescence microscopy assay with SYTO9 and TO-PRO-3 

iodide labelling used before was utilized (shown in Figure V.5). The results obtained showed 

significant red labelling in the biofilms formed only by L. reuteri, however, closer looking into the 

image revealed that this labelling was not confined to the cells but actually correspond to what 

appeared to be an extracellular matrix (insert in Figure V.5). Since TO-PRO-3 iodide binds to 

DNA, it is possible that this labelling corresponds to the binding of the dye to nucleic acids 

accumulated in the extracellular matrix of the biofilm (Figure V.5). The same observation was also 

made in the biofilms formed by L. gasseri. However, unlike the mixed biofilms formed between 

Candida and L. gasseri that did not exhibited this “extracellular labelling”, in the mixed biofilms 

formed with L. reuteri such labelling was observed (Figure V.5). It was also noticeable that the 

number of yeast cells present in these mixed biofilms was considerably reduced, compared to 

those formed with L. gasseri, suggesting a predominance of the bacteria over the Candida cells 

that prevent them to form the biofilms (Figure V.5). It was also evident from the imaging of the 

mixed biofilms several L. reuteri red-labelled cells (note the increased number of red-labelled cells 
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in the central image of Figure V.5) indicating that some loss of bacterial viability occurs which was 

also not observed for L. gasseri.  

 

Figure V.4. Biofilms formed by L. reuteri, C. albicans and C. glabrata during single or co-cultivation in MRS, 
as detected by scanning electron microscopy. Note that L. reuteri and C. glabrata mixed biofilms contain 
what appears to be an extracellular matrix (green). The biofilms were obtained using the same conditions 
described in materials and methods, with the exception that was used 5 mL-polystyrene plates instead of 
the 8mm plates used in the fluorescence microscopy imaging. These images were obtained after 24h of 
cultivation at 37ºC and 25 rpm using a magnification of 5000x to 10000x over the dried biofilms. For the sake 
of facilitating the identification of cells, in the last column, the yeast cells were labelled in yellow, while the 
bacterial cells were labelled in blue. 
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Figure V.5. Live/dead imaging of cells in single-species or in mixed biofilms formed by L. reuteri, C. albicans 
or C. glabrata after 24h of cultivation, at 37oC and 25 rpm, in MRS. The images presented are representative 
of a set taken from the biofilms in three replica experiments performed. L. reuteri and Candida spp. single 
and mixed biofilms scale bar corresponds to 100 μm.  

Since we could not directly link the results obtained with the TO-PRO-3 iodide 

fluorescence directly with cellular viability (this would require an individualized quantification of 

fluorescence in bacterial and in yeast cells), these experiments were repeated (by the student 

Joana Valério that kindly allowed me to use her results in this thesis) under the same conditions 

but instead of labelling the mixed biofilms, we used a methodology to tear them apart after which 

aliquots were plated in different solid media to assess the number of CFUs/mL of each species 

(Figure V.6). 



161 | P a g e  
 

 

Figure V.6. Cellular viability of single-species or mixed biofilms formed by L. reuteri, C. albicans or C. 
glabrata after 24h of cultivation, at 37oC and 25 rpm, in MRS containing 60mM sodium acetate. The viability 
of the different species was determined using the same plating method as for the planktonic growth, as 
detailed in materials and methods. The CFUs presented were obtained from three independent replicates. 
Statistical significance was calculated using one-way ANOVA (*p-value below 0.1; **p-value below 0.01; 

***p-value below 0.001; ****p-value below 0.0001).  

Using this approach we could confirm some loss of viability of L. reuteri cells in the mixed 

biofilms (more evident in those formed with C. glabrata), in line with the observations made in the 

imaging made with confocal microscopy. We could also observe that the CFU/mL of Candida 

cells was lower, decreasing almost completely for C. albicans and of about 20-fold for C. glabrata, 

comparing to the levels that could be determined in the biofilms formed in the absence of the 

bacteria. 

V.4.3. Effect of L. reuteri on virulence traits of C. glabrata and C. 

albicans 

Taking into account the potential of L. reuteri to inhibit growth of Candida it was decided 

to examine whether these bacterial cells would also have the capability of restraining virulence of 

these yeasts, especially in a co-culture setting that has not yet been investigated. We started by 

examining the effect of co-cultivation in the yeast-to-hyphae transition in C. albicans since this is 

crucial for full pathogenesis of this species[268, 687]. We started by trying to assess this in MRS 

medium, the same that was used above to co-cultivate L. reuteri and Candida cells, however, 

under these conditions we could not detect any significant filamentation of the yeast cells (results 

not shown). This incapacity to filament could be linked with the highly complex composition of the 

MRS medium that could inhibit filamentation, but also with the pH of the broth that reached values 
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near 4 after 24h of co-cultivation (it is documented that low pH reduces C. albicans 

filamentation[688]), or possibly from a synergy between these two factors. Thus, we repeated the 

co-cultivation in RPMI at pH 7 supplemented with FBS since this is described to be a potent 

filamentation inducer[689]. Under these conditions, it was possible to denote a clear reduction in 

the number of filamenting C. albicans cells in the co-culture with L. reuteri, a phenotype partly 

rescued when the incubation was made with inactivated bacterial cells (Figure V.7). Co-incubation 

with the vaginal species L. gasseri under these conditions also resulted in decreased number of 

C. albicans filamenting cells, albeit in this case the difference was milder than the one observed 

with L. reuteri (Figure V.7). The same observations were made when performing this assay in 

RPMI pH 4 (Annex Figure V.4). Altogether, it appears that filamentation of C. albicans was highly 

affected by both lactobacilli and that this inhibition occurred both in acidic and neutral pHs. 

 

Figure V.7. Filamentation ratio of C. albicans in the presence of L. reuteri and L. gasseri live and dead cells. 
Growth was performed at 37oC at 100 rpm for 24h in RPMI pH 7 supplemented with 10% FBS to induce 
filamentation. This data was obtained from a large set of images taken using an optical microscope with a 
magnification of 1000x. Statistical significance was calculated using one-way ANOVA (*p-value below 0.1; 
**p-value below 0.01; ***p-value below 0.001; ****p-value below 0.0001). L. gasseri data was obtained from 
three different replicates, while L. reuteri was only obtained from one replicate.  

We have also examined how virulence of Candida against the infection model Galleria 

mellonella could be modulated by the presence of L. reuteri. In a first approach we tried to do a 

co-infection directly in the blood lymphae, however all injected larvae died, presumably due to the 

very high microbial burden. We took thus a different approach and supplied G. mellonella food 

with L. reuteri so that maturation of the larvae could occur in the presence of the bacteria, after 

which we would then inject the larvae with C. glabrata. Under this setup, we could show that 

feeding G. mellonella with L. reuteri supplemented food during larvae growth reduced the mortality 

rate prompted by C. glabrata by about 50% after 48 hours of yeast injection (Figure V.8).  
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Figure V.8. L. reuteri reduces the virulence traits of C. glabrata. Survival rate of G. mellonella after infection 
with C. glabrata in larvae previously fed with L. reuteri supplemented food. The mortality rate of G. mellonella 
was monitored for a period of 72h. Statistical significance was calculated using one-way ANOVA (*p-value 
below 0.1; **p-value below 0.01; ***p-value below 0.001; ****p-value below 0.0001).
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V.5. Discussion 

This chapter focused on the interaction established between the endogenous intestinal 

species L. reuteri and the pathogenic yeasts C. albicans and C. glabrata. L. reuteri has been 

extensively used in probiotics, with several reports demonstrating that improves gut health 

through the production of antimicrobial molecules responsible for inhibiting the colonization of 

pathogenic microbes, by modulating host immune system through the reduction of pro-

inflammatory cytokines and by strengthening the intestinal barrier[239, 677, 690, 691]. Our results 

demonstrated that co-cultivation of L. reuteri with C. glabrata and C. albicans in MRS medium 

reduces both the growth rate and the cellular viability of the yeasts, while also resulting in 

improved viability of the bacteria. Notably, this phenotype was also obtained when we made the 

co-cultivations in MRS having NaCl as the sodium source and also in MOPS-buffered MRS. This 

means that the Candida cells exert a beneficial effect in augmenting viability of the L. reuteri, a 

trait that was also observed in the co-cultivation established between these same two Candida 

species and L. gasseri. However, in the case of the co-cultures with L. gasseri, this beneficial 

effect was attributed to the alkalinization of the broth prompted by the yeast cells and that avoided 

the accumulation in the MRS medium of toxic concentrations of acetic acid. In this case, in the 

co-cultures established between L. reuteri and C. glabrata such buffering effect was not observed, 

neither in MRS, neither in MRS-NaCl and the final pH of the co-cultures was always in the range 

of 4.4-4.5. This creates an important effect caused by the accumulation in the broth of 

undissociated acetic acid molecules (whose pKa is 4.76) that have a described antimicrobial 

effect and can thus underlie the reductions observed in viability observed both for the yeast and 

for the bacterial cells. This accumulation of undissociated acetic acid results from the acetate 

already provided in the standardized MRS medium, but also from acetate that is naturally 

produced along fermentation of glucose by L. reuteri. Besides this mechanism that involves the 

production of acetic acid, other mechanisms appear also to underlie the reduction in viability of 

Candida while growing in the presence of L. reuteri since a reduction in viability of these cells was 

observed even when the co-cultivation was made in MOPS-buffered medium at pH 5 (above 

acetic acid pKa). L. reuteri produces other metabolites described to affect Candida cells out of 

which reuterin, an intermediate of glycerol catabolism to 1,3-propanediol[231, 232]. Under the 

conditions that we used for HPLC analysis of the fermentation broth of the single and co-cultures 

we could not detect production of propanediol, however, further studies will be required to 

demonstrate if indeed there is no production and if the analytical conditions used were adequate 

to make such measurement.  

The fact that along the co-cultivation of Candida with L. reuteri the yeasts were unable to 

alkalinize the growth medium as they do when co-cultivated with L. gasseri was quite intriguing. 

Although it could be hypothesized that the higher concentration of acetate accumulating in the 

broth of L. reuteri (because of its heterofermentative metabolism) could result in a higher buffering 

capacity of the medium, inhibiting eventual alkalinization mechanisms prompted by Candida, we 

do not favour this hypothesis since Candida cells were able to increase pH in co-cultures with L. 
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gasseri in standard MRS that also contained approximately 50mM acetic acid, the same amount 

that was present in the co-cultures with L. reuteri in NaCl-MRS (Annex Figure II.4 panel A and 

Annex Figure V.2). Further studies will be required to investigate if, for example, L. reuteri 

produces a compound that inhibits the excretion of the alkalinizing molecule(s) that Candida cells 

are using to increase pH while in co-culture with L. gasseri.  

We also investigated an eventual role of L. reuteri in inhibiting biofilm formation prompted 

by C. glabrata and C. albicans. In this case we used the same experimental design used for L. 

gasseri (in Chapter II) resorting to confocal fluorescence microscopy. As previously stated, this 

method enables to distinguish less viable cells among bacterial and fungal cells. In mixed biofilms, 

we observed that the presence of L. reuteri reduces the numbers of Candida cells, more 

prominently of C. albicans. However, unlike what was performed with L. gasseri, in this case it 

was not possible to quantify this loss of viability because L. reuteri cells (and possibly its 

extracellular matrix) were also stained with TO-PRO-3 iodide. Directly determining the number of 

CFUs/mL in the biofilm, we could demonstrate that L. reuteri viability is not significantly affected 

by the presence of the yeasts, while C. glabrata and C. albicans viability was severely inhibited. 

This was in line with other reports showing impact of L. reuteri presence in biofilm formed by C. 

albicans[692]. 

A hypothesis currently under study is the fact that acetate has previously been 

demonstrated to be an inducer of bacteriocin production in other lactobacilli[564, 565] and 

required for the anti-Candida potential of L. gasseri[605]. While L. gasseri lost most of its anti-

Candida potential in MRS without acetate (Chapter II), when co-cultivated with the Candida spp. 

L. reuteri retained its anti-Candida potential. A crucial difference is the capacity of producing acetic 

acid of these species. L. reuteri can produce considerably large amounts of acetic acid compared 

with L. gasseri[239, 605]. The fact that L. reuteri produced a significant amount of acetic acid 

makes it impossible to determine the outcome of removing the acetate from the growth medium 

since it is naturally produced by this species to the point that it accumulates in the broth. Inevitable, 

this could result in the inhibition of Candida spp. directly by the produced acetic acid or activation 

of an anti-Candida potential modulated by it similar to what was observed for L. gasseri[605], or 

even both.  

We have also demonstrated herein that L. reuteri and L. gasseri cells reduces 

filamentation prompted by C. albicans, and even more importantly, these cells were more effective 

in reducing filamentation when these cells were metabolically active (the effect is reduced when 

the lactobacilli cells are killed). It is possible that viable cells are more effective in reducing 

filamentation through the production of secondary metabolites. One of such metabolites could be 

1-acetyl-β-carboline, shown to be produced by L. reuteri strains and to have a strong anti-

filamentation potential against C. albicans[395]. Further metabolomic studies will be required to 

investigate which other molecules could also underlie this effect of L. reuteri and eventually its 

capacity to induce loss of cell viability in Candida. Another relevant virulence trait of Candida spp 

is to induce a systemic infection in the host. For this was used the infection model organism G. 
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mellonella. Feeding these larvae with L. reuteri during their growth before infection with C. 

glabrata resulted in the reduction of the mortality prompted by the yeast. Previous results have 

demonstrated that several species of Lactobacillus (e.g., L. paracasei and L. rhamnosus), were 

able to modulate the immune system of G. mellonella and protect against Candida infection[693, 

694], and thus it is possible that L. reuteri could be exerting its protective effect by modulating the 

innate immune system of G. mellonella and not directly inhibiting the proliferation of the Candida 

cells. A future prospect would be to evaluate the impact of L. reuteri in the expression of G. 

mellonella innate immune system related genes. 
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VI. Final discussion 

The surging of new Candida spp. resistance to the commonly used antifungal therapies 

is highly problematic, especially considering the high rates of morbidity and mortality associated 

with systemic infections and the recurrence and persistence of superficial infections that are 

accompanied by an overall reduction of quality of life and increased health burden for society. 

The current shortage of antifungal alternatives in the market increases the interest in developing 

new anti-Candida therapies based on other active principles and targets. It is also expected that 

this effort can foster the identification of novel therapeutic targets and also identify new molecules 

that can be used alone, or in combination with classical antifungals, to control the emergence of 

resistant strains. This thesis research focused on the hypothesis of using live probiotics to treat 

Candida infections. The human host microbiota has been correlated with the overall state of 

health in various human host niches, including the vagina and the gut. Among the organisms that 

comprise the human microbiota, Lactobacillus are considered pivotal for the well-being and health 

maintenance of the human host niches. An example is the vaginal microbiota, where lower 

lactobacilli abundance was correlated with the increased risk of bacterial vaginosis[132, 133, 695, 

696]. However, the same correlation between lactobacilli abundance and the development of 

Candida infections is still unclear[102, 136-139]. Nonetheless, lactobacilli supplementation has 

been correlated with the reduced Candida load and attenuation of Candida infections symptoms 

in the vaginal and intestinal tract[372, 377, 381, 382]. Additionally, in vitro reports have 

demonstrated that lactobacilli are potent antagonists of Candida growth and virulence traits[327, 

429, 435, 578, 582]. However, most of these studies focus on Lactobacillus species not 

considered endogenous to the human host, mostly because of our poor understanding of these 

autochthonous species, despite the observations that they are crucial to maintain a healthy 

environment. Altogether, these evidences support the hypothesis that probiotics, including the 

ones formulated with endogenous lactobacilli species, could be used to treat and prevent Candida 

infections. This thesis focused specifically on the use of endogenous lactobacilli species of the 

human host (vaginal and intestinal), and their potential to be used as probiotics against Candida 

spp. To be precise, it focused on the vaginal species L. gasseri and the intestinal species L. reuteri.  

In this thesis we strongly invested in the study of the direct co-cultivations of Candida and 

Lactobacillus, instead of what had been made for most works where the anti-Candida potential 

was determined using lactobacilli supernatant as a proxy[389, 390, 397]. This effort paid-off 

because we could demonstrate in the case of L. gasseri, that its single-culture supernatants do 

not phenocopy what happens in the co-cultivation settings. In particular L. gasseri single-culture 

supernatants in MRS were very acidic and thus contained high concentration of acetic acid 

(supplied in the form of sodium acetate to the medium) creating a confounding effect (is the 

inhibition caused by the lactobacilli or by the accumulation of acetic acid?) while in the co-

cultivation Candida cells could alkalinize the medium above the pKa of the acid and thus we do 

not observe the accumulation of acetic acid (Chapter II). On the other hand, using L. reuteri we 
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could not completely avoid this issue because the Candida spp. were not able to alkalinize the 

broth. This confounding effect was even more significative because of its heterofermentative 

metabolism that resulted in the accumulation of acetic acid concentrations in the supernatant, in 

contrast with L. gasseri that has a homofermentative metabolism. Still, we could demonstrate that 

there is a potential anti-Candida effect of both lactobacilli. In L. gasseri we could observed a 

decrease of yeasts viability after the alkalinization (inhibition is not caused by the acetic acid) of 

the medium while in the case of L. reuteri we could demonstrate an inhibition of the yeasts in 

conditions buffered above the pKa of the acetic acid. Thus, we consider the main outcomes of 

this thesis the observations that L. gasseri and L. reuteri can antagonize both Candida spp. and 

that studying a co-culture setting is not the same as studying the bacterial supernatant. 

One of the main objectives of this thesis was to identify competitiveness genes of C. 

glabrata and L. gasseri, information that could be leveraged to develop better probiotic strains 

(obtained from the identification of L. gasseri competitiveness genes) or new anti-Candida 

therapies targeting C. glabrata competitiveness genes that could tip the ecological balance in 

favour of the healthy endogenous bacteria. For this we used two high throughput analyses based 

on transcriptomics and phenomics resulting in the model shown in Figure VI.1. Our first approach 

of using transcriptomics was used with the intention of unveiling, more from an academic point of 

view, the molecular mechanisms responsible for C. glabrata and L. gasseri interaction. Note that, 

this knowledge is crucial for the identification of competitiveness genes in this species that could 

be used to develop new anti-Candida therapies. Importantly, differentially expressed genes are 

not necessarily crucial for competitiveness. Thus, our second approach, consisted of using 

phenomics on a C. glabrata mutant collection with single deletion strains. We focused on the 

identification of genes that would be responsible for Candida growth in the presence of L. gasseri. 

Unfortunately, we could only search for competitiveness genes in C. glabrata during the time 

frame of this thesis because of the poor knowledge regarding L. gasseri molecular tools and the 

lack of a mutant collection in this species. In Figure VI.1 we describe the main molecular findings 

of C. glabrata and L. gasseri responsible for adaptation to co-cultivation and the genes of C. 

glabrata, that from phenotypic observations appear to be responsible for competitiveness of C. 

glabrata against L. gasseri (regardless of the growth being performed in planktonic or sessile 

conditions or the data obtained from transcriptomics or phenomics approaches). From both these 

approaches we could determine that only, CAGL0L03828g, CAGL0F04499g, CAGL0L10208g, 

EPA1, CAGL0D00220g and DIG1 were up-regulated and required for competitiveness. This small 

number of genes could result from the fact that up-regulated genes could not be required for 

competitiveness or result from the small number of genes tested from the mutant collection that 

comprises only 578 C. glabrata mutants strains, a number considerably low compared with the 

total number of genes in this species. In fact, from the 425 genes up-regulated after 8h of growth 

only 25 were present in the C. glabrata mutant collection and phenotyped for competitiveness 

against L. gasseri, which hardness the task of corroborating our transcriptomics results regarding 

the identification of true competitiveness genes. Interestingly, CAGL0D00220g and DIG1 were 

found to be up-regulated in co-cultivation settings (planktonic growth) but only required for 
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competitiveness in biofilm forming conditions. It is important to mention that the identified C. 

glabrata competitiveness genes in the planktonic versus the biofilm conditions were distinct, 

possibly reflecting what is a very different growth environment. Nonetheless we cannot exclude 

that the phenomics analysis in planktonic conditions was performed in pooled growth using 

barcode sequencing of the mutants in a pool that contained many C. glabrata mutant strains 

simultaneously, thus this method could be less sensitive compared with the approach used for 

the biofilm screening (fluorescence spectroscopy) where the mutants were grown separately. 

Differences between these pooled (planktonic) and single mutant (biofilm) growth methodologies 

can be related with the fact that the pooled assay has greater number of variables that could 

influence its outcome including barcode amplification efficiency, sequencing bias or simply the 

mutants being less fit to growth in pooled conditions even in the absence of L. gasseri. 

As previously mentioned, in Chapter III and Chapter IV we focused on the identification 

of genes of C. glabrata and L. gasseri responsible for adaptation to co-cultivation and the C. 

glabrata genes required for competitiveness against L. gasseri, respectively and their biological 

function. Many of the genes from C. glabrata and L. gasseri that were differentially expressed 

were assigned to the COG classes involved with translational, ribosomal structure and biogenesis, 

transcription, amino acid metabolism and carbohydrate transport and metabolism. This being in 

line with previous reports focusing on the co-cultivation of L. rhamnosus and L. crispatus with C. 

albicans[140, 398]. C. glabrata carbohydrate and transport metabolism included the up-regulation 

of HXT1 and down-regulation of HXT5 and HXT4/6/7 after 8h of co-cultivation, suggesting a 

different affinity for glucose of transporters. Additionally, many of its genes related to carbon 

metabolism were down-regulated (Table III.3). In L. gasseri we observed a strong up-regulation 

of the phosphotransferase (PTS) sugar transport system[697, 698], including LGAS_RS02465, 

LGAS_RS00730 and LGAS_RS08210 responsible for carbon uptake. While we could observe a 

differential expression of many genes belonging to this biological function, mostly down-regulated, 

we could not identify competitiveness genes related to carbon transport and metabolism in C. 

glabrata apart from the glucose responsive transcription factor RGT1 (not differentially expressed), 

which regulates the expression of several glucose transporter (HXT) genes in response to 

glucose[625]. Thus, suggesting that in co-cultivation, C. glabrata cells can rewire their metabolism 

in face of less optimal growth conditions (less carbon availability for example) without any impact 

on their ability to grow in the presence of L. gasseri. This was expected since cells have different 

genes with redundant functions that compensate for the single gene deletion of the mutant strain. 

Regarding competition for amino acids, and consequently nitrogen, C. glabrata showed 

simultaneous down and up-regulation of genes related to amino acid metabolism and uptake 

while L. gasseri was practically characterized by an up-regulation of these genes 

(LGAS_RS02795, LGAS_RS08890, LGAS_RS04265, LGAS_RS00240). Interestingly, the genes 

ARG8 and ARG1, involved in arginine metabolism were up-regulated (not present in the mutant 

collection thus were not phenotyped) in C. glabrata and ARG7 was found to be required for 

competitiveness against L. gasseri although it was not differentially expressed. Altogether these 

observations point to a role of arginine biosynthesis on the survival of C. glabrata in co-cultivation. 
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We could also observe an up-regulation of several oxidative stress response genes of C. glabrata 

(e.g., TSA1, CTA1 and TRR2) while SKN7 transcription factor, which is a core regulator of the 

oxidative stress response of C. glabrata[649, 699] was not differentially expressed. Although 

SKN7 was not differently expressed, it was found to be required for competitiveness against L. 

gasseri. The fact that SKN7 was not differentially expressed suggests that L. gasseri activates 

this factor through other mechanisms (e.g., protein oxidation and phosphorylation[700]) and not 

through modulation of its genomic expression. In addition to the TSA1, CTA1 and TRR2 genes, 

transcriptomics revealed that four other genes (acireductone dioxygenease (ADI1), cytochrome 

c peroxidase (CCP1), SCM4 (ORF uncharacterized) and cystathionine beta-lyase (STR3)), 

regulated by SKN7, were also up-regulated at the earliest growth stage (2 hours). Additionally, 

we determined that, although C. glabrata Hog1 protein was previously reported to be required for 

growth in the presence of lactobacilli, including L. gasseri[635], it was down-regulated at 2 hours 

of co-cultivation. However, phenotypic analysis revealed that deletion of the upstream genes of 

the HOG signalling pathway (MSB2, HKR1, PBS2 and SHO1) resulted in the increased 

susceptibility of C. glabrata to L. gasseri. Hog1 protein is known to transduce its signal through a 

cascade of protein phosphorylation[641]. We found evidence that disrupting this cascade either 

by deleting Hog1 protein, as previously reported[635] or by deleting the upstream elements MSB2, 

HKR1, PBS2 and SHO1, responsible for signal transduction, results in the competitiveness 

decrease of C. glabrata to the presence of L. gasseri. C. glabrata Hog1 protein was shown to be 

required for survival when challenged with physiological concentrations of lactic acid[635]. This 

suggests that the HOG signalling pathway in C. glabrata takes a role on competitiveness against 

L. gasseri, possibly by mediating survival in a high lactic acid concentration environment, that 

could be taken into consideration as a potential therapeutic target that could tip the ecological 

balance towards lactobacilli. Additionally, the transcriptional regulator CRZ1 and an upstream 

gene of the calcineurin pathway, MID1, were found to be down-regulated in co-cultivations with 

L. gasseri in the early growth stage. Both these genes, CNA1 and CCH1 (not differentially 

expressed) were found to be essential for growth in the presence of L. gasseri. As explained in 

Chapter IV these genes belong to the calcineurin signalling pathway which is responsible for 

various biological functions in the cells, including antifungal susceptibility, virulence, 

thermotolerance, biofilm formation and pH homeostasis in C. glabrata[45, 46]. Among the up-

regulated genes of C. glabrata and simultaneously regulated by CRZ1, only YPS5, a member of 

the glycosylphosphatidylinositol-linked aspartyl proteases shown to be required for virulence in 

mice[290] was found. Although CRZ1 is a transcriptional regulator protein, and thus their activity 

could be attributed to other protein modifications besides its genomic expression, MID1 is a 

calcium transporter that when deleted resulted in decreased C. glabrata competitiveness and thus 

should be up-regulated in co-cultivation settings to counteract the deleterious effects of L. gasseri. 

The fact that CRZ1 and MID1 were down-regulated after 2 hours of growth but required for 

competitiveness could be explained by the fact that this pathway can be less required in the early 

growth stage but become increasingly relevant in later co-cultivation period. This aspect is 

meaningful because transcriptomics analysis was performed after 2h and 8h of co-cultivation 
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while the phenomics analysis was performed after 24 hours of growth, which results in a higher 

accumulation of L. gasseri metabolites in the medium and consequently affects other 

mechanisms that could have escaped from our transcriptomic analysis. Nonetheless, although 

this pathway remains to be scrutinized for its role in protecting C. glabrata against L. gasseri, it 

appears that it may be a good candidate as a target for future anti-Candida therapies. For all 

these pathways, although we could provide evidence that they are important for competitiveness, 

due to the lower number of deletion strains tested, it remains to be identified the downstream 

effectors responsible for C. glabrata competitiveness to L. gasseri, this being an important line of 

study to be explored in the future.  

To summarize, in this thesis we could identify a wide number of genes responsible for 

adaptation in co-cultivation conditions belonging to various biological processes including 

ribosomal encoding genes, carbon and transport metabolism, osmotic and oxidative stress, 

adhesins, lactate metabolism and MDR transporters in C. glabrata while in L. gasseri we identified 

a set of genes related with carbon PTS transport and amino acid transport (detailed in the model 

represented in Figure III.9). Unfortunately, we could not overlap most of these genes with the 

ones obtained from the phenomics analysis. However, we could further add to our model the roles 

of the HOG and calcineurin signalling pathways (detailed in the model Figure IV.13). Overall, this 

thesis was successful in exploring and unveiling the anti-Candida potential of human lactobacilli, 

mostly focused on the interaction between C. glabrata and L. gasseri. Specifically, we could 

determine that both L. gasseri and L. reuteri are able to inhibit the pathogenic yeasts C. glabrata 

and C. albicans growth and virulence traits. Importantly, this anti-Candida potential appears to be 

modulated by the presence of acetate, at least in L. gasseri, which allowed us to add to our final 

model the role of the acetate, although it remains unclear how it modulates the expression of 

possible anti-Candida agents such as bacteriocins, which production has already been linked with 

the presence of acetate in the medium[565, 583-585]. Altogether, these findings were in line with 

this thesis goal of gathering information on Candida/Lactobacillus interaction that could be used 

to develop better probiotics strains using endogenous lactobacilli species and develop new anti-

Candida therapies that could tip the ecological balance towards lactobacilli. 



172 | P a g e  
 

 

Figure VI.1. Model representing the genomic players modulating C. glabrata and L. gasseri interaction including genes responsible for competitiveness in co-cultivation settings. 
Genes of C. glabrata phenotyped and required for competitiveness in the presence of L. gasseri are underlined in red. Red arrows indicate the up-regulation while the green 
arrows indicate the down-regulation of most genes associated with each biological function. Note that some biological classes have simultaneously up and down-regulated genes. 
This model was built using the information gathered with the high throughput methods of transcriptomics (in orange) and phenomics (in blue) and is intended to summarize the 
models described in Figure III.9 and Figure IV.13. 
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Another outcome of this thesis was an update of the hypothesized anti-Candida 

mechanisms of lactobacilli responsible for their probiotic properties that was shown in the chapter 

I of this thesis. In addition to the previously identified potential anti-Candida agents (e.g., 

biosurfactants, exopolysaccharides, bacteriocins, H2O2 and 1-acetyl-β-carboline) we were able to 

further investigate how lactobacilli exert their anti-Candida properties, mostly focused on the 

vaginal tract. Thus, we provide in Figure VI.2, an updated view of the possible mechanisms of 

lactobacilli responsible for Candida inhibition in the vaginal tract. Historically, lactic acid has been 

considered a potential anti-Candida agent, however, from work in the laboratory we determined 

that under physiologically relevant conditions lactic acid is not likely the major anti-Candida 

agent[430]. This would be expected taking into consideration the pH and pKa of lactic acid, 

resulting in a lower concentration of the undissociated lactic acid in the vaginal tract (around 30% 

of the total lactic acid), the fact that Candida spp. have evolved mechanisms that allow for immune 

system evasion in the presence of lactic acid[289] and due to their ability to consume lactate as 

a sole carbon source[433, 434]. All these arguments point to the conclusion that lactic acid is not 

responsible for the inhibition of Candida in the vaginal tract. However, we attribute to lactic acid 

the ability to reduce the medium pH, consequently affecting the undissociated/dissociated ratios 

of other weak acids. Phenyllactic acid and 2-hydroxyisocaproic, produced by lactobacilli, have 

been previously demonstrated to be effective antifungals agent[398-400, 402-404], and with a 

pKa of 4.02 and 4.26 respectively, these have a higher ratio of undissociated/dissociated, 

compared with lactic acid, and thus could be potential lactobacilli agents against Candida in vivo 

in low pH environments. Although this model works for the vaginal tract, which is an acidic 

environment, in the gut the pH is not expected to contribute to the anti-Candida potential of 

lactobacilli since it is a very alkaline niche (~5 to 7)[431]. From this work we have also identified 

the potential role of hemolysins in inhibiting C. glabrata, although this subject remains to be further 

pursued, and have concluded that L. gasseri reduced the growth, filamentation and biofilm 

formation of Candida. Additionally, during this thesis, we have identified acetate as a potential 

modulator of the anti-Candida properties of L. gasseri. Although it remains to be identified the 

mechanisms affected by the presence of acetate in L. gasseri, it was previously reported that the 

presence of acetate could modulate bacteriocin production in other gram-positive bacteria, 

including L. plantarum, L. sakei, and L. rhamnosus[565, 583-585], exopolysaccharides in L. 

reuteri[701] and H2O2 in other gram-positive bacteria (e.g., Weissella cibaria)[702] which are 

compounds that could have a role in contributing for the ecological balance of 

Candida/Lactobacillus in the vagina (Figure VI.2). 
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Figure VI.2. Proposed anti-Candida mechanisms of lactobacilli. Lactobacilli production of biosurfactants, 
exopolysaccharides, H2O2, bacteriocin, 1-acetyl-β-carboline and lactic acid (indirectly) could reduce Candida 
colonization of the vaginal tract. The novel findings of this work include (in the blue squares): the observation 
that the indirect effect of lactic acid could be responsible for the changes in the undissociated/dissociated of 
other weak acids with anti-Candida properties (e.g., phenyllactic acid and 2-hydroxyisocaproic); the potential 
role of hemolysin in inhibiting Candida spp; and the identification of the role of acetate in inducing the anti-
Candida mechanisms of L. gasseri. 
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Appendix - Supplementary data  

 

 

Annex Figure II.1. Viability of vaginal C. glabrata (A) and C. albicans (B) vaginal strains after 96h of single 
or co-cultivation with L. gasseri in MRS medium (corresponding to a concentration of acetate of 60 mM) or 
in this same medium having 60 mM NaCl (in replacement of the sodium acetate) or 10 mM sodium acetate 
and 50 mM NaCl. Statistical significance was calculated using one-way ANOVA (*p-value below 0.1; **p-
value below 0.01; ***p-value below 0.001; ****p-value below 0.0001). 



216 | P a g e  
 

 

Annex Figure II.2. Height of the biofilms (in µm) formed by L. gasseri, C. albicans and C. glabrata when 
cultivated, for 24h, alone or in combination in MRS medium containing 60 mM of NaCl (in replacement of 
sodium acetate) or containing 10 mM sodium acetate (NaAce) and 50 mM NaCl. After cultivation in 8-well 
microplates, the single and multi-species biofilms were washed, labelled with SYTO9, fixed and imaged by 
confocal microscopy, as detailed in materials and methods. Statistical significance was calculated using one-
way ANOVA (*p-value below 0.1; **p-value below 0.01; ***p-value below 0.001; ****p-value below 0.0001). 

 

 

Annex Figure II.3. Detail on the imaging obtained after the overlay of the SYTO9 and TO-PRO-3 Iodide 
labelling of biofilms formed by L. gasseri after 24h of cultivation in MRS medium, as detailed in Figure II.3. 
Note the marked red accumulation outside of the bacterial cells, in what appears to be the extracellular 
matrix of the biofilm. These images were obtained after 24h of cultivation at 37ºC and 25 rpm. Scale bar 

corresponds to 25 μm. 
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Annex Figure II.4. (A) Quantification of glucose (●), lactic acid (LA) (○) and acetic acid (AA) (◼︎) in supernatants of cultures obtained upon cultivation of L. gasseri, alone or in 

combination with C. glabrata or C. albicans, in MRS medium. (B) Quantification of glucose (●), lactic acid (LA) (○) and acetic acid (AA) (◼︎) in supernatants of cultures obtained 
upon cultivation of L. gasseri, alone or in combination with C. glabrata or C. albicans, in MRS-NaCl medium. (C) Quantification of glucose (●), lactic acid (LA) (○) and acetic acid 
(AA) (◼︎) in supernatants of cultures obtained upon cultivation of L. gasseri, alone or in combination with C. glabrata or C. albicans, in MRS having 50 mM NaCl and 10 mM 

sodium acetate. The results obtained correspond to those obtained in three independent replicas. 
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Annex Figure II.4. (B) Quantification of glucose (●), lactic acid (LA) (○) and acetic acid (AA) (◼︎) in supernatants of cultures obtained upon cultivation of L. gasseri, alone or in 

combination with C. glabrata or C. albicans, in MRS-NaCl medium. The results obtained correspond to those obtained in three independent replicas. 
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Annex Figure II.4. (C) Quantification of glucose (●), lactic acid (LA) (○) and acetic acid (AA) (◼︎) in supernatants of cultures obtained upon cultivation of L. gasseri, alone or in 

combination with C. glabrata, in MRS having 50 mM NaCl and 10 mM sodium acetate. The results obtained correspond to those obtained in three independent replicas.
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Annex Figure II.5. Cellular viability and medium pH during single or co-cultivation of C. glabrata (○,●) with 
L. gasseri (◻︎,◼︎) in MRS medium having 4 or 10 mM acetate (supplied in the form of sodium acetate). To 
maintain the total amount of sodium in 60 mM (the amount present in canonical MRS medium), it was further 
supplemented the MRS medium with 56 or 50 mM sodium chloride. The cells were cultivated, alone or in 
the presence of each other, in the same conditions described in Figure II.1. Filled symbols correspond to the 
samples taken during single-species cultivation while open symbols correspond to the samples taken during 
co-cultivation. Statistical significance was calculated using one-way ANOVA (*p-value below 0.1; **p-value 
below 0.01; ***p-value below 0.001; ****p-value below 0.0001). 
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Annex Figure II.6. Cellular viability and medium pH during single or co-cultivation of C. albicans (○,●) with 
L. gasseri (◻︎,◼︎) in MRS medium having 60 mM sodium chloride (instead of the 60 mM sodium acetate 
present in canonical MRS medium). The cells were cultivated, alone or in the presence of each other, in the 
same conditions described in Figure II.1. Filled symbols correspond to the samples taken during single-
species cultivation while open symbols corresponds to the samples taken during co-cultivation.; Statistical 
significance of the differences found in the presence or absence of acetate was calculated using one-way 
ANOVA (*p-value below 0.1; **p-value below 0.01; ***p-value below 0.001; ****p-value below 0.0001). 

 

Annex Figure II.7. Viability of C. glabrata after 96h of single or co-cultivation with the vaginal clinical L. 
gasseri LgIST97 in MRS medium (corresponding to a concentration of acetate of 60 mM) or in this same 
medium having 60 mM NaCl (in replacement of the sodium acetate) or 10 mM sodium acetate and 50 mM 
NaCl. Statistical significance was calculated using one-way ANOVA (*p-value below 0.1; **p-value below 
0.01; ***p-value below 0.001; ****p-value below 0.0001). 
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Annex Figure II.8. Live/dead imaging of single-species or mixed biofilms formed by L. gasseri and C. albicans after 24h of cultivation, at 37oC and 25 rpm, in MRS without 
acetate (having instead 60 mM sodium chloride) or having 10 mM sodium acetate. The chart on the right corresponds to the quantification of dead Candida cells in the single-
species or in the multi-species biofilms formed, based on quantification of the number of red-labelled yeast cells in all pictures taken from the biofilms, compared to the total 
number of Candida cells in the field (corresponding to green-labelled cells). C. albicans single and mixed biofilms scale bars correspond to 100 μm. For this quantitative analysis 
more than 1000 yeast cells were imaged in each condition. The data shown obtained with 60 mM acetate is the same shown in Figure II.3. Statistical significance was calculated 
using one-way ANOVA (*p-value below 0.1; **p-value below 0.01; ***p-value below 0.001; ****p-value below 0.0001). 
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 Annex Table III.1. Summary of the mapping results for each sample. Total reads, rRNA depletion and reads mapped (including once or multiple times) of C. glabrata (Cg) and 
L. gasseri (Lg) single and co-culture after 2 and 8 hours of growth at 37oC and 100 rpm are described. 

Sample ID 
Total 

Reads 
Reads mapped in 
the genome of Cg 

Reads mapped in only 
one locus of the Cg 

genome 

Reads mapped in 
the genome of Lg 

Reads mapped in only 
one locus of the Lg 

genome 

Reads mapped 
to rRNA 

Cg (single 2h) 23592891 
22719594 
(96.30%) 

21915729 
(92.89%) 

- - 
6134151 
(26.00%) 

Cg (single 8h) 31787714 
30762596 
(96.78%) 

30000220 
(94.38%) 

- - 
13710041 
(43.13%) 

Lg (single 2h) 21621757 - - 
21188429 
(98.00%) 

21060884 
(97.41%) 

0 
(0.00%) 

Lg (single 8h) 25764149 - - 
25044104 
(97.21%) 

24920170 
(96.72%) 

180349 
(0.07%) 

Co-culture (2h) 32156887 
17832237 
(55.45%) 

17395994 
(54.10%) 

13497661 
(41.97%) 

13410945 
(41.70%) 

8402594 
(26.13%) 

Co-culture (8h) 25877569 
19606239 
(75.77%) 

19089115 
(73.77%) 

5444188 
(21.04%) 

5422593 
(20.95%) 

9075263 
(35.07%) 

 
Annex Table III.2. Potential new transcripts of L. gasseri. Transcripts were identified manually by the presence of reads in genomic regions without a described annotation. 
Analysis was performed using CLC Genomics Workbench 10.1.1. Blastx analysis was performed in NCBI. 
https://docs.google.com/spreadsheets/d/16L4Br1NNUfZqgxUprHr_e87bcMWKrEj9R2v8Ij8WowY/edit?usp=sharing  

Annex Table III.3. All novel intergenic/anti-sense transcripts of C. glabrata and L. gasseri identified in the RNA sequencing data and the novel intergenic/anti-sense transcripts 
that were differentially expressed in co-cultivation. https://docs.google.com/spreadsheets/d/1Slp3RBU62PCBzo5AF1kylx8csMsT9tc-QL7JSCEV3m8/edit?usp=sharing. 
Transcripts of C. glabrata previously identified as possible long non-coding RNA were identified using the database CandidaMine v0.1.beta 

(https://Candidamine.org/Candidamine/begin.do) and highlighted in grey. 

Annex Table III.4. DEGs of C. glabrata and L. gasseri after 2 and 8 hours of growth. Table shows the systematic name and gene name when available, S. cerevisiae ortholog, 
log2FC, FDR and the description based on the Candida Genome Database (CGD) of each gene of C. glabrata, while L. gasseri tables show the gene ID in two different 
nomenclatures, gene description based on the NCBI, log2FC and the FDR of each gene. https://docs.google.com/spreadsheets/d/1m6KmgFOvG92DARZkZkP0-
FPxKW4YJMuCp2-1L6MeSlQ/edit?usp=sharing 

https://docs.google.com/spreadsheets/d/16L4Br1NNUfZqgxUprHr_e87bcMWKrEj9R2v8Ij8WowY/edit?usp=sharing
https://docs.google.com/spreadsheets/d/1Slp3RBU62PCBzo5AF1kylx8csMsT9tc-QL7JSCEV3m8/edit?usp=sharing
https://candidamine.org/candidamine/begin.do
https://docs.google.com/spreadsheets/d/1m6KmgFOvG92DARZkZkP0-FPxKW4YJMuCp2-1L6MeSlQ/edit?usp=sharing
https://docs.google.com/spreadsheets/d/1m6KmgFOvG92DARZkZkP0-FPxKW4YJMuCp2-1L6MeSlQ/edit?usp=sharing
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Annex Table III.5. Common C. glabrata and L. gasseri DEGs after 2 and 8 hours of growth. Note that some 
genes were up and down-regulated at both time points, while some showed a shift from up-regulation to 
down-regulation after 8 hours or vice-versa. The table describes the gene ORF, the fold change at 2 and 8 
hours of co-cultivation, COG annotation and the description of each gene. For C. glabrata was further added 
the information regarding the gene name and S. cerevisiae ortholog. These DEGs were used to construct 
the graph shown in Figure III.5, https://docs.google.com/spreadsheets/d/1T-x57GrbsboPG68wp-
2FqXlil8f0lmM6IMbYHvLgOJk/edit?usp=sharing.  

Annex Table III.6. COG annotation of DEGs of C. glabrata and L. gasseri used to construct the graph shown 
in Figure III.6. Gene ID and COG annotation are described for each time point and up and down-regulated 
genes of C. glabrata and L. gasseri, https://docs.google.com/spreadsheets/d/14VQ4bsjqix16I-
OdUs_oH3_OvdiedyFoX_jsqyeDbmc/edit?usp=sharing.  

 

Annex Figure III.1. Volcano plots of the differentially expressed genes (log2(FC)) of C. glabrata and L. 
gasseri after 2h of growth in MRS at 37oC and 100 rpm. Each dot represents a single gene and the red dots 
are the up-regulated genes while the green dots are the down-regulated genes in co-cultivation. Blue dots 

were not significantly differentially expressed in co-cultivation settings. 

Annex Table IV.1. List of C. glabrata deletion strains in the mutant collection. Table shows the ORF deleted, 
gene name when available, the background strain and the description of the ORF based on the website 
Candida genome database (http://www.candidagenome.org/). Note that some C. glabrata deletion strains 
were built in both background recipient strains (HTL and ∆his3), 
https://docs.google.com/spreadsheets/d/1S8aDqVSsuJtKmwjRaCK7XnZRxuWcHzqBReZJ35V8GUY/edit?
usp=sharing  

Annex Table IV.2. List of the upstream and downstream barcodes of the C. glabrata mutants comprising 
the collection. Table described the ORF, the background strains used to construct the deletion strains and 
the respective upstream and downstream barcode, 
https://docs.google.com/spreadsheets/d/1hC479dDdPrt-IG0w_BRxiKV-
WLKTjB8laS8l_aG01kc/edit?usp=sharing  

Annex Table IV.3. List of C. glabrata mutant strains not phenotyped because of wrong associations between 
barcodes and strain identification which resulted in the pooling of strains having similar barcodes in the 96 
mutant pools that were constructed, 
https://docs.google.com/spreadsheets/d/1BBRYVXu7svgr86yifDRKpcOwzrJ6MKeUSJPUL9Dup_s/edit?us
p=sharing  

Annex Table IV.4. List of C. glabrata mutant strains with enhanced or poor growth compared with the wild-
type in pooled growth in single cultivation. The threshold used for the considerably less fit strains was a ratio 
under 0.3 (mutant/WT) while for the strains with increased fitness was a 1.5 ratio (mutant/WT) as a threshold, 
https://docs.google.com/spreadsheets/d/1ZZ0gH69h4bnvRZMHJ28oAYYGSCzklx6oNDdwiR9A_4A/edit?u
sp=sharing  

 

https://docs.google.com/spreadsheets/d/1T-x57GrbsboPG68wp-2FqXlil8f0lmM6IMbYHvLgOJk/edit?usp=sharing
https://docs.google.com/spreadsheets/d/1T-x57GrbsboPG68wp-2FqXlil8f0lmM6IMbYHvLgOJk/edit?usp=sharing
https://docs.google.com/spreadsheets/d/14VQ4bsjqix16I-OdUs_oH3_OvdiedyFoX_jsqyeDbmc/edit?usp=sharing
https://docs.google.com/spreadsheets/d/14VQ4bsjqix16I-OdUs_oH3_OvdiedyFoX_jsqyeDbmc/edit?usp=sharing
http://www.candidagenome.org/
https://docs.google.com/spreadsheets/d/1S8aDqVSsuJtKmwjRaCK7XnZRxuWcHzqBReZJ35V8GUY/edit?usp=sharing
https://docs.google.com/spreadsheets/d/1S8aDqVSsuJtKmwjRaCK7XnZRxuWcHzqBReZJ35V8GUY/edit?usp=sharing
https://docs.google.com/spreadsheets/d/1hC479dDdPrt-IG0w_BRxiKV-WLKTjB8laS8l_aG01kc/edit?usp=sharing
https://docs.google.com/spreadsheets/d/1hC479dDdPrt-IG0w_BRxiKV-WLKTjB8laS8l_aG01kc/edit?usp=sharing
https://docs.google.com/spreadsheets/d/1BBRYVXu7svgr86yifDRKpcOwzrJ6MKeUSJPUL9Dup_s/edit?usp=sharing
https://docs.google.com/spreadsheets/d/1BBRYVXu7svgr86yifDRKpcOwzrJ6MKeUSJPUL9Dup_s/edit?usp=sharing
https://docs.google.com/spreadsheets/d/1ZZ0gH69h4bnvRZMHJ28oAYYGSCzklx6oNDdwiR9A_4A/edit?usp=sharing
https://docs.google.com/spreadsheets/d/1ZZ0gH69h4bnvRZMHJ28oAYYGSCzklx6oNDdwiR9A_4A/edit?usp=sharing
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Annex Table IV.5. List of C. glabrata deletion strains susceptible to the presence of L. gasseri in biofilm 
formation conditions. Growth was performed at 37oC and 25 rpm for 24h in MRS. Competitiveness was 
determined based on PI fluorescence and compared with the WT strain. Susceptible strains were identified 
based on two aspects: 1st only deletion strains with similar PI fluorescence with the WT in single cultivation 
were considered; 2nd was identified the strains with enhanced PI fluorescence compared with the WT in co-
cultivation (at least 2.5-fold). Susceptible strains were determined using statistical significance with one-way 
ANOVA. Table described the ORF, the background strain, the gene name when available, the S. cerevisiae 
ortholog, the decreased viability (fold change), the biological function and a brief gene description. 
https://docs.google.com/spreadsheets/d/1pAlNiwz5LODTrSvaXN56n1LCoOSzi118qnpFtXzfzUc/edit?usp=

sharing 

https://docs.google.com/spreadsheets/d/1pAlNiwz5LODTrSvaXN56n1LCoOSzi118qnpFtXzfzUc/edit?usp=sharing
https://docs.google.com/spreadsheets/d/1pAlNiwz5LODTrSvaXN56n1LCoOSzi118qnpFtXzfzUc/edit?usp=sharing
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Annex Figure V.1. Quantification of glucose (●), lactic acid (LA) (○) and acetic acid (AA) (◼︎) in supernatants of cultures obtained upon cultivation of L. reuteri, alone or in 

combination with C. glabrata or C. albicans, in MRS medium. The results obtained correspond to those obtained in three independent replicas. 
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Annex Figure V.2. Quantification of glucose (●), lactic acid (LA) (○) and acetic acid (AA) (◼︎) in supernatants of cultures obtained upon cultivation of L. reuteri, alone or in 

combination with C. glabrata or C. albicans, in MRS-NaCl medium. The results obtained correspond to those obtained in three independent replicas. 
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Annex Figure V.3. SEM images of L. reuteri and C. glabrata mixed biofilms. The biofilms were obtained 
using the same conditions described in materials and methods, with the exception that was used 5 mL-
polystyrene plates instead of the 8mm plates used in the fluorescence microscopy imaging. These images 
were obtained after 24h of cultivation at 37ºC and 25 rpm using a magnification of 5000x to 10000x over the 
dried biofilms.  

 

Annex Figure V.4. Filamentation ratio of C. albicans in the presence of L. reuteri and L. gasseri live and 
dead cells. Growth was performed at 37oC at 100 rpm for 24h in RPMI pH 4 supplemented with 10% FBS 
to induce filamentation. This data was obtained from a large set of images taken using an optical microscope 
with a magnification of 1000x. Statistical significance was calculated using one-way ANOVA (*p-value below 
0.1; **p-value below 0.01; ***p-value below 0.001; ****p-value below 0.0001). Data was obtained from three 

independent replicates. 

 


