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Biofilms on silicone rubber voice prostheses are the major cause for frequent failure and replacement of these devices. The presence of both bacterial and yeast strains has been suggested to be crucial for the development of voice prosthetic biofilms. Polymicrobial biofilms that include Candida albicans and Rothia dentocariosa are the leading cause of voice prosthesis failure. An in vitro biofilm comprising these two organisms was developed on silicone rubber, a material used for Groningen button voice prosthesis. We found that this biofilm environment was not conducive for C. albicans growth or differentiation. Global transcriptional analyses of C. albicans biofilm cells grown with R. dentocariosa revealed that genes with functions related to cell cycle progression and hyphal development were repressed >2-fold. The mixed species biofilms were more compact and less robust compared to C. albicans mono-species biofilms, even when developed under conditions of continuous nutrient flow. Under these conditions R. dentocariosa also significantly inhibited C. albicans biofilm dispersal. Preferential adherence of R. dentocariosa to candidal hyphae was mediated by the adhesin Als3.
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INTRODUCTION

Silicone rubber voice prostheses are used for rehabilitation of speech after total laryngectomy, and are inserted in a non-sterile habitat. As a consequence, these devices are found to be rapidly colonized by bacteria and yeasts, leading to deterioration of the voice prosthesis. While the functional lifetime of voice prostheses in patients, ranges from several days to years; this period is most often cut short due to rapid biofilm formation, with an average in situ lifetime of around 3 to 4 months (Van Den Hoogen et al., 1996; van Weissenbruch et al., 1997; Op de Coul et al., 2000; Buijssen et al., 2012). Biofilms formed on silicone rubber voice prosthesis, largely comprise of yeast and bacterial spp. and facilitate device deterioration, resulting in internal leakage, increased airflow resistance, and difficulties in respiration and swallowing (Sayed et al., 2012). Different clinical studies have identified the bacterial species Rothia dentocariosa and Staphylococcus aureus in biofilms on explanted prostheses of patients needing most frequent replacement, while C. albicans is one of the yeast generally held responsible for silicone rubber deterioration (Palmer et al., 1993; Elving et al., 2000). The Rothia spp. (R. dentocariosa, R. aeria, R. nasimurium, and R. amarae) are part of the normal flora of the human oropharynx and upper respiratory tract (Trivedi and Malhotra, 2015) and are commonly associated with dental caries and periodontal disease (Trivedi and Malhotra, 2015). Currently, this organism is considered as an emerging opportunistic pathogen and recent reports describe it as causing an array of life threatening diseases such as bacteremia (Ramanan et al., 2014; Abidi et al., 2016; Wang et al., 2016), endocarditis (Shands, 1988; Ruben, 1993), peritonitis (Morris et al., 2004; Keng et al., 2012), bone and joint infections (Trivedi and Malhotra, 2015), pneumonia (Wallet et al., 1997; Maraki and Papadakis, 2015), endophthalmitis (MacKinnon et al., 2001; Alvarez-Ramos et al., 2016), and prosthetic device infection (Elving et al., 2000, 2001, 2002, 2003; Millsap et al., 2001). Oropharyngeal infections due to adhering yeast and bacteria are responsible for a number of biomaterials-related infections, such as denture stomatitis (Radford et al., 1999) or malfunctioning of voice prosthesis in laryngectomized patients (Mahieu et al., 1986). In fact, R. dentocariosa and C. albicans are reported to be the predominant strains isolated from the mixed species biofilms responsible for replacement of voice prosthesis as early as 4 months of use (Elving et al., 2001, 2002). Besides C. albicans, Candida tropicalis has also been found to adhere in higher numbers to silicone rubber when adhering R. dentocariosa, Lactobacillus spp., or S. aureus is present (Millsap et al., 2001; van der Mei et al., 2014).

Processes involved in adhesion and biofilm formation by C. albicans have been investigated in considerable detail. Also, recent studies with biofilms containing C. albicans and bacterial species have suggested striking physiological interactions between the two adherent cell populations (Shirtliff et al., 2009). In several reports the bacterium associates with fungal hyphae. For example, within a biofilm, the opportunistic bacterial pathogen Pseudomonas aeruginosa is known to adhere, grow on, and kill only the C. albicans hyphae while surprisingly not able to attack the yeast form (Hogan and Kolter, 2002). Streptococcus gordonii adheres to hyphae which is mediated by the Candidal agglutinin like protein Als3 and bacterial SspB adhesins (Silverman et al., 2010) and biofilm development is influenced by bacterial signaling molecules (Bamford et al., 2009). Als3, which is the major adhesin of C. albicans, plays a key role in biofilm formation, host cell invasion and iron acquisition (Liu and Filler, 2011). This protein also mediates association of S. aureus with hyphae (Peters et al., 2012) which results in the alteration of protein profile of organisms in a dual species biofilm (Peters et al., 2010). Some studies on mixed species biofilm have focused on the consequence of this interaction on drug susceptibility patterns of both pathogens (Adam et al., 2002; Hogan and Kolter, 2002; Bamford et al., 2009; Diaz et al., 2012). For example, interactions with slime producing S. epidermidis enhances C. albicans resistance to fluconazole (Adam et al., 2002). We have initiated a study to investigate the interaction between two predominant pathogens responsible for silicone rubber voice prosthesis degradation, C. albicans and R. dentocariosa, in a biofilm setting. We have also extended the study to examine the impact of the presence of bacteria on C. albicans planktonic growth, biofilm dispersal and co-adhesion.

MATERIALS AND METHODS

Strains and Media

The strains used in this study were R. dentocariosa GBJ 52/2B and C. albicans GBJ 13/4A, isolated from explanted silicone rubber voice prostheses, C. albicans SC5314 and C. albicans als3/als3 (kindly provided by Dr. Stephen Saville) (Cleary et al., 2011). Stock cultures were stored in 15% glycerol in Yeast Peptone Dextrose (YPD) medium at −80°C. R. dentocariosa was routinely grown on Brain Heart Infusion agar (BD Biosciences, San Jose, CA), and incubated at 37°C. C. albicans were routinely grown on YPD agar plates and incubated at 30°C (0.5% yeast extract, 1% bacto peptone, 1% glucose).

Mixed Species Static Biofilm Formation

Biofilms were developed on silicone rubber, the material used for Groningen button voice prostheses. R. dentocariosa GBJ 52/2B and C. albicans GBJ 13/4A were first grown overnight at 37 and 30°C respectively, on an agar plate from a frozen stock. One colony for the bacterial and yeast strains were used to inoculate a mixture of 30% brain heart infusion broth (OXOID, Basingstoke, Great Britain) and 70% defined yeast medium [per liter: 7.5 g glucose, 3.5 g (NH4)2SO4, 1.5 g L-asparagine, 10 mg L-histidine, 20 mg DL-methionine, 20 mg DL-tryptophane, 1 g KH2PO4, 500 mg MgSO4.7H2O, 500 mg NaCl, 500 mg CaCl2.2H2O, 100 mg yeast extract, 500 μg H3BO3, 400 μg ZnSO4.7H2O, 120 μg Fe(III)Cl3, 200 μg Na2MoO4.2H2O, 100 μg KI, 40 μg CuSO4.5H2O] and incubated at 37°C for 24 h. To develop a mixed species biofilm, a 1:2 ratio of C. albicans and R. dentocariosa pre-cultures were inoculated into fresh mixed medium, added to a glass container with a silicone rubber covered bottom and left for 5 h at 37°C. After 5 h, the silicone rubber was washed and fresh medium was added. The silicone rubber was incubated at 37°C for 24 h to promote mixed species biofilm development. A C. albicans mono-species biofilm was also cultured under similar conditions.

Mixed Species Flow Biofilm Formation

Biofilms were developed under continuous media flow using the simple flow biofilm model, as described previously (Uppuluri and Lopez-Ribot, 2010). The medium used for the flow experiments was a 50:50 mixture of YPD (2% dextrose): BHI. This model involves a controlled flow (~1 ml/min, using a peristaltic pump) of fresh medium via Tygon tubing (Cole-Parmer, Vernon Hills, IL) into a 15 mL polypropylene conical tube (BD, Franklin, NJ) holding a 9 cm/1 cm silicone rubber (SR) strip. First, the autoclaved strips were pre-treated for 24 h with bovine serum. C. albicans and R. dentocariosa were grown overnight, washed, and incubated with the SR strips at a ratio of 1:10 (C. albicans 1 × 106 cells/ml and R. dentocariosa 1 × 107 cells/ml) for 5 h at 80 rpm agitation for the initial adhesion of cells. This 1:10 ratio of fungus:bacterium was chosen to achieve optimal adhesion of R. dentocariosa to fungal cells, prior to subjecting the cells to continuous flow of fresh medium that results in bacterial cells getting washed away over time. The flow process indirectly selects for the more robustly adhered bacterial populations. Next, the strip was inserted into the conical tube and the peristaltic pump was turned on. At various time points during biofilm development (2, 8, 12, and 24 h), cells spontaneously dispersed from the biofilm in the flow-through were collected from the bottom of the conical tube. We have previously reported (Uppuluri et al., 2010a) that C. albicans dispersed cells are predominantly yeast cells. The dispersed cells were quantified at each time point using a hemocytometer and compared (ANOVA p ≤ 0.05).

Biofilm biomass was quantified by measuring the dry weights of the biofilm. The total biomass of each biofilm was calculated by subtracting the weight of the silicone rubber prior to biofilm growth from the weight of the silicone rubber after biofilm growth, post dehydration of the biofilm containing SR strip for 16 h at 37°C. Statistically significant differences were analyzed using the T-test, with p < 0.05 considered statistically significant.

R. dentocariosa and C. albicans Planktonic Growth Conditions

C. albicans (1 × 105 cells/ml) was co-inoculated with R. dentocariosa (1 × 105 cells/ml and 1 × 106 cells/ml) in YPD:BHI medium. Another flask of C. albicans cells were allowed to grow in the absence of R. dentocariosa, as control. The suspension was incubated overnight at 30°C, after which the cultures were diluted several fold and several aliquots were used to count yeast cells under a hemocytometer.

Next, C. albicans-R. dentocariosa co-cultures were monitored under hyphal permissive conditions. The fungus 1 × 106 cells/ml (a cell number ideal for optimal hyphal induction) was mixed with the bacterium at a 1:10 and 1:100 ratio, in the 37°C pre-warmed liquid medium, buffered to pH 7. Cells were observed every hour for 7 h, under a bright field microscope and counted for proportion of yeast:germ tube/hyphal cells. C. albicans growth was also monitored in the presence or absence of R. dentocariosa conditioned medium. For conditioned medium preparation, R. dentocariosa 24 h cultures grown in YPD:BHI medium, were first centrifuged, and then media was filtered using filters with a 0.2 micron pore size. This cell-free medium was used for growing C. albicans yeast cells at three different starting concentrations 1 × 104, 1 × 105, and 1 × 106 cells/ml. The conditioned medium was also supplemented with 2% glucose before C. albicans inoculation. For comparative controls, all three cell concentrations of C. albicans were grown in fresh media.

For some studies C. albicans 1 × 104 cells/ml were grown in the cell-free medium diluted with fresh medium, to yield a final composition of 0, 25, 50, 75, and 100% conditioned medium.

R. dentocariosa and C. albicans Binding Assay

R. dentocariosa, C. albicans SC5314, C. albicans GBJ 52/2B and a C. albicans als3/als3 mutant were cultured for 24 h under their respective growth conditions. Bacteria were harvested by centrifugation (5,000 × g; 5 min), washed twice, and then suspended in several tubes of YPD:BHI medium at a concentration of 1 × 107 cells/ml, and incubated at 37°C. After 1 h, respective C. albicans cells (1 × 106) were added to individual tubes of this pre-warmed culture of R. dentocariosa and incubated further at 37°C for 6 h, to induce hyphal formation in the presence of the bacteria. This was done to serve two purposes, one, to study if presence of bacteria impaired C. albicans germ tube formation, and two, to find out the extent of bacterial binding to the fungus. Portions of the suspensions were then deposited onto microscope slides and visualized by light microscopy (40X magnification). At least 50 hyphal cells were counted for each co-binding pairings, from two independent experiments. The numbers of hyphae with clumps of bacterial binding vs. hyphae largely free of bacteria, were expressed as percentages of the total number of hyphae counted. The stability of adherence was followed by observing adherence after two gentle washes in PBS followed by centrifugation at 3,000 rpm for 5 min and re-suspension in sterile PBS.

RNA Extraction and cDNA Synthesis

Cells from C. albicans mono species biofilm and mixed species biofilm were collected by scraping off the biofilm from the silicone rubber bottomed wells using a spatula. Total RNA was isolated using the standard hot acid phenol method, after grinding frozen cells in liquid nitrogen using a mortar and pestle (Uppuluri et al., 2007b). For control purposes, 24 h planktonic R. dentocariosa was also included for RNA extraction. The RNA preparation was DNAse-treated and the absence of C. albicans DNA contamination was confirmed with PCR amplification of the housekeeping gene EFB1 (Maneu et al., 2000). RNA quantity was estimated spectrophotometrically at 260 nm and the RNA integrity verified by electrophoresis under non-denaturing condition in a 1.2% agarose gel, using Tris–acetate–EDTA buffer. The gel was stained with ethidium bromide (Sigma-Aldrich, St. Louis, MO) and observed under UV light. The amount of mRNA in the total RNA was quantified by using the Poly (A) mRNA detection system kit, (Promega, Madison, WI).

cDNA was synthesized using Oligo- 20 primer, 10 mM dNTP (includes AA-dUTP) mix and SuperScript III RT (Invitrogen, Carlsbad, CA) (Schmidt et al., 2002). The cDNA was labeled with Cy3 NHS ester (Amersham, Piscataway, NJ) and purified using the cDNA labeling and purification module (Invitrogen). Labelled cDNA was estimated spectrophotometrically at 550 and 650 nm.

Transcriptional Analyses

Corning UltraGAPS™II slides were printed with 70 mer oligonucleotides (QIAGEN, Valencia, CA) for approximately 6,000 C. albicans genes, by Oklahoma Medical Research Foundation Microarray Research Facility (Oklahoma City, OK). Labeled cDNA was hybridized on to the blocked microarray slides and washed at high stringency as previously described (Uppuluri et al., 2007a,b). Each condition was performed in quadruplicate. Slides were scanned with GenePix 4000B microarray scanner (Axon Instruments, Foster City, CA) and data was obtained using GenePix Pro 5.0 microarray image analysis software (Axon Instruments, East Lyme, CT). Analysis was performed with GeneSpring v7.2 software (Agilent Technologies, Santa Clara, CA). The expression level of some genes was very low and only genes with transcript levels at or above the 20th percentile were further analyzed. Cross-hybridization with R. dentocariosa was observed with 211 genes that were removed from further analysis (Supplementary Table S1). Differential gene expression of organisms recovered from the dual species biofilm compared to C. albicans biofilm alone was determined (p ≤ 0.05, T-Test with Benjamin-Hochberg multiple testing correction) and genes with at least a 2-fold change in expression were determined (p ≤ 0.05 T-test). The processes associated with differentially expressed genes were identified using Gene Ontology Slim Mapper (Inglis et al., 2012).

Real Time Reverse Transcriptase PCR (RTPCR)

RNA (1 μg) was treated with DNase I (Invitrogen, Carlsbad, CA) and followed by cDNA synthesis with the SuperScript® III RT enzyme (Thermoscientific, Grand island, NY) as per manufacturer's instructions. Expression levels of 23 genes were evaluated in this study. The genes were selected based on their expression changes in the mixed spp. environment vs. the single spp. growth. A total of 10 upregulated, 9 down regulated, and 4 unchanged genes were selected for validation of their expression patterns by this method. The primer sets were used in conjunction with SYBR Green PCR master mix and MicroAmp Fast Optical 96 well reaction plate (both ordered from Applied Biosystems), in an ABI PRISM 7,000 real-time PCR system (Applied Biosystems, Foster City, CA). Parameters for primer design were set according to the recommendations of Applied Biosystems, and as previously published by us (Uppuluri et al., 2010b). Briefly, the primer sizes were between 20 and 25 bases in length, and the Tm of each primer was 58°C. The amplicons were between 90 and 110 bp in size. Each reaction mixture was set up in triplicate in a 25 μl volume with 25 ng of cDNA for 40 cycles (thermal cycling conditions were initial steps of 50°C for 2 min and 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min). Relative gene expression was quantified using the threshold cycle (CT) method with the 7,300 System sequence detection software with the Relative Quantitation RQ study application from Applied Biosystems (Zhao et al., 2005). The target genes were normalized to the housekeeping gene ACT1. The variation in expression level was calculated for each biofilm by using the equation 2−ΔΔCT, and results from the different replicates were averaged after the 2−ΔΔCT calculations.

Scanning Electron Microscopy

Biofilms of 24 h on silicone rubber were placed in fixative (4% formaldehyde v/v, 1% glutaraldehyde v/v in phosphate buffered saline) overnight. To preserve the integrity of biofilms and to minimize dehydration, the biofilms on silicone rubber were simply air dried in desiccators, coated with gold/palladium (40/60%) and observed in a scanning electron microscope (Leo 435 VP) in high vacuum mode at 15 kV. The images were processed for display using Photoshop software (Adobe, Mountain View, Calif.).

RESULTS

Architecture of the C. albicans–R. dentocariosa Mixed Species Biofilm

C. albicans mono species as well as mixed species biofilms were grown on silicone rubber under static conditions for 24 h, and visualized using scanning electron microscopy (Figures 1A,B). While biofilms in the mono species biofilm presented an abundance of hyphae, a different picture emerged in the C. albicans biofilms containing R. dentocariosa. The mixed biofilms contained a higher number of yeast cells and pseudohyphae, compared to the C. albicans mono species biofilm. Visually, the mixed spp. biofilms appeared to be more compact and less robust compared to the C. albicans biofilm. The bacteria appeared to have occupied the empty channels created by hyphae in the biofilm. To estimate the impact of R. dentocariosa on C. albicans growth in the mixed biofilms, we enumerated the ratio of hyphal cells at the beginning (after 5 h of adhesion) and at the end of the 24 h biofilm, using a hemocytometer. While C. albicans mono species biofilm grew confluent hyphae after 24 h, we found no significant (p > 0.05) increase in the number of hyphal cells in the mixed species biofilm, indicating a stasis in C. albicans morphologic differentiation in the presence of R. dentocariosa. Additionally, we found that C. albicans cells in the mixed species biofilm were at least 11-fold less in number (1.3 × 107 cells/ml) compared to the C. albicans mono-species biofilm (1.5 × 108 cells/ml).
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FIGURE 1. C. albicans biofilms were developed under static conditions on silicone rubber either in the absence (A) or presence of R. dentocariosa (B) and visualized by scanning electron microscopy (Mag: 1300X, scale bar: 10 μm). Biofilms were also developed in a flow system. C. albicans mono-spp. biofilms visually appeared denser than mixed spp. biofilms (C), also indicated by the dry weights of the two biofilms under each biofilm. The frequency of C. albicans dispersal from both mono and mixed spp. biofilms were enumerated at different time points of biofilm formation. Asterisks identify a statistically significant p-value < 0.05, obtained by ANOVA test (D). The top most hyphal layers of the biofilms grown under flow were examined for lateral yeast budding, under a light microscope (Mag: 20X)—Mono spp. flow biofilm (E) and Mixed spp. flow biofilm (F).



R. dentocariosa grows and multiplies more rapidly in media, compared to C. albicans. Thus, we questioned if nutrient starvation induced by R. dentocariosa or secondary metabolites secreted by this bacterium, could be the reason for reduced C. albicans growth and differentiation in the mixed biofilms. To test this hypothesis, we developed biofilms under conditions of continuous media flow, for 24 h. Both visual and dry weight measurements revealed at least a 2-fold reduction in the biomass of mixed biofilms compared to the C. albicans mono-species biofilms and this difference was found to be significant (t-test, p < 0.05) (Figure 1C). Interestingly, we found that despite the overall reduction in cell number under flow biofilm conditions, C. albicans hyphae in the mixed biofilm conditions under flow displayed elongated hyphae (Figure 1E).

C. albicans Dispersion from Mixed Species Biofilms

Dispersion from biofilms is considered as the culprit causing biofilm mediated disseminated candidiasis. Since, C. albicans growing on voice prosthesis is often found in the presence of R. dentocariosa, we attempted to study the extent of dispersion of C. albicans cells from mixed biofilms vs. biofilm formed by the fungus alone. We collected cells released from biofilms at growth time-points ranging from 2 to 24 h. A statistically significant decrease (>4-fold, ANOVA p < 0.05) in C. albicans dispersal from the mixed spp. biofilms vs. mono-spp. biofilm was found only by 12 h, and this decrease in dispersal rose to 6-fold at 24 h (Figure 1D). Lateral yeast production by hyphae in C. albicans biofilms account for a majority of the dispersed cells. Microscopic imaging of the top-most layers of the biofilms indicated that C. albicans biofilms, as expected, demonstrated abundant lateral yeast production from the hyphal filaments (Figure 1E, arrows) and a drastic reduction in dispersal from mixed spp. biofilms (Figure 1F).

Gene Expression Profiling of C. albicans Recovered from a Mixed Species Biofilm

Until date, little information is available on the genome-wide changes that occur in C. albicans because of its presence within a mixed species biofilm. We attempted to investigate the effect of mixed species association at a molecular level by analyzing the gene expression changes in C. albicans using microarray techniques. As a first step, RNA was extracted from the mono species as well as the mixed species biofilms as described earlier (Uppuluri et al., 2007b). RNA from mixed species biofilms resolved as four major bands indicating ribosomal sizes of 23S and 16S for bacterial rRNA and 25S and 18S for yeast rRNA (Figure 2A). As expected, the RNA from the yeast mono-species biofilms resolved as 2 major rRNA bands (Figure 2A). The total RNA extracted from both biofilm conditions was analyzed individually to determine the amount of messenger RNA (mRNA) present in each sample. This step ensured that regardless of the amount of the total RNA used as starting material for microarray hybridization, each sample contained equal amounts of mRNA. Inclusion of this step also rectified the possibility of contaminating bacterial RNA being estimated as a part of the total RNA, for subsequent experiments. Differential expression was observed for 1188 genes (p ≤ 0.05) A total of 633 C. albicans genes were found differentially regulated (317 up and 316 down) > 2-fold between mixed species and C. albicans only biofilm conditions (p ≤ 0.05) (Supplementary Table S2).
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FIGURE 2. RNA obtained from C. albicans mono spp. as well as mixed spp. biofilms were separated on an agarose gel for visualization of RNA quality (A). Real time PCR results of 23 C. albicans genes differentially regulated under mixed species biofilms (compared to mono spp. C. albicans biofilms) for validation of microarray gene expression patterns (B).



The data set of genes differentially regulated >2-fold were subjected to Gene Ontology analysis using the GO-Slim Mapper (Inglis et al., 2012), and clustered according to their biological processes. A brief summary of the differentially regulated processes along with their respective genes is presented in Table 1. The largest category of genes differentially regulated (37%) was of unknown functions. Genes involved in mitosis, maintenance of cell growth and proliferation (BEM3, BNR1, AXL2, LAS1, CYB2, CLB4, CDC27, CDC28, HCM1, GIN1) were down regulated >2-fold. Also downregulated were genes involved in cell wall biosynthesis and those encoding for GPI anchor proteins (HOG1, ADA2, PKC1, HWP1, SSR1, TSC11, PMR1, GPI1, GPI17). Several C. albicans genes playing a role in biofilm formation, e.g., ALS1, CDR2, HWP1, MDR1, ZCF39, were also downregulated in mixed biofilm conditions. A decrease in the transcript levels of cell wall biosynthesis genes and cell proliferation genes was in accordance with presented data that indicated reduced biomass, and a >11-fold decrease in cell number in the mixed species biofilm.


Table 1. List of C. albicans genes displaying up or down regulation in a mixed species biofilm with R. dentocariosa, after 24 h of incubation.
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Genes preferentially associated with hyphal development such as HWP1, FKH2, MKK2, BEM3, YAK1 and TUP1 were found differentially regulated >2-fold between the two biofilm conditions. Other major categories of hyphal genes such as those involved in the Ras-cAMP pathway (EFG1, TPK1, TPK2) or the MAP kinase pathway (CEK1, CPH1, CST20) were found to remain unchanged in the presence of R. dentocariosa. The absence of genes associated with morphogenesis may reflect that there are enough hyphae in the mixed species biofilm to not alter the global profile compared to a yeast cell only profile. Genes functioning in cell cycle regulation and cell wall biosynthesis contribute greatly toward morphogenetic functions and these were found downregulated in mixed spp. conditions.

Among those genes up-regulated in the mixed species biofilm, the majority had functions related to chromatin binding (GCN5, MCM10), chromatin silencing (PNC1, SAS10) and DNA damage repair (YKU80, ASF1, MSH2, LCD1). In fact >22% of the genes induced under mixed species biofilm condition were those involved in nucleic acid binding and metabolism (compared to only 11% in C. albicans mono species biofilm). This was also evident when the differentially regulated gene sets were categorized on basis of their cellular localization. Almost half of genes induced in the presence of R. dentocariosa localized to the nucleus (Figure 3A), with genes localizing to the chromosome, four times greater in number compared to the C. albicans biofilm alone. On the other hand, genes downregulated in the presence of the bacterium had a noteworthy presence (2–4 times more than the upregulated set) in the cell wall, the endoplasmic reticulum and the ribosome (Figure 3B).
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FIGURE 3. Pie-chart categorizing differentially expressed genes in the mixed spp. condition, into various cellular components. R, ribosome; V, vacuole; CW, cell wall; ER, endoplasmic reticulum; PM, plasma membrane; CY, cytoplasm; C, chromosome; M, mitochondria; N, nucleus.



We further corroborated our transcriptome results by quantitative real time PCR to analyze the expression of 23 C. albicans genes found either elevated or downregulated in the mixed spp. environment. Expression levels of all the 23 genes by PCR, mirrored the microarray data; amongst these were ALS1, BEM3, CLB4, FKH2, CLB4, HWP1, PKC1, CHT2, HOG1, MCM1, PMR1, GIN1, YAK1, and CDC28—genes involved in filamentation and biofilm growth, that were found downregulated. Results of the real time PCR study are summarized in Figure 2B.

C. albicans Planktonic Growth and Differentiation in the Presence of R. dentocariosa

Both microarray as well as physiological studies demonstrated a reduction of C. albicans in the presence of R. dentocariosa, in a biofilm setting. We questioned to what extent such phenomenon was reflected in suspension culture. Hence, to investigate the dynamics of the mixed species interaction under planktonic conditions, C. albicans yeast cells and R. dentocariosa were inoculated at a ratio of 1:1, or 1:10 in suspension media and incubated at 30°C. After 24 h, a reduction between 10- and 50-fold in C. albicans cell number was observed which was directly proportional to the starting concentration of R. dentocariosa added to the mixture (Figure 4A).
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FIGURE 4. C. albicans yeast growth in the presence of different concentrations of R. dentocariosa was measured under planktonic conditions. Data was represented as Log10 of total cell numbers counted by a hemocytometer. The asterisks represent statistically significant reduction between all conditions (ANOVA, p < 0.05) (A). Varying cell numbers of C. albicans were inoculated into control medium, and R. dentocariosa cell-free conditioned medium in the presence and absence of 2% glucose. Yeast growth after 24 h of incubation, was monitored by measuring OD600. The conditions that showed statistically significant reduction compared to the control (black bars) are denoted by an asterisk (ANOVA, p < 0.05) (B). Interaction of R. dentocariosa with C. albicans SC5314 and C. albicans als3/als3 respectively, was visualized by light microscopy (C), and the total number filaments of the two strains harboring R. dentocariosa were plotted (D).



We next studied the effect of R. dentocariosa on C. albicans differentiation. C. albicans at a concentration of 1 × 106 cells/ml were added to a 10- to 100-fold concentrated R. dentocariosa culture suspension and incubated at 37°C. To rule out the effect of pH change due to microbial growth, the filamentation assay was done in media buffered to pH 7. Cells were observed every hour for 7 h, under a bright field microscope and counted for proportion of yeast:germ tube/hyphal cells. Surprisingly, even up to a cell number of 1 × 108 cells/ml, R. dentocariosa did not have an inhibitory effect on C. albicans germ tube induction. However, >50% of the germ tubes were unable to undergo hyphal elongation after 3 h of incubation with R. dentocariosa. Interestingly, the bacterium appeared to adhere only to the hyphal filaments, and continued to do so even after a couple of gentle washes. Even after 10 h of interaction, the bacteria did not have an effect on the viability of the hyphal or yeast cells (data not shown).

C. albicans Planktonic Growth and Differentiation in the Presence of R. dentocariosa Conditioned Medium

The mixed species biofilm environment yielded reduction in expression of genes involved in carbohydrate metabolic process, and induction of those enriched in the vitamin metabolic process. This indicated growth of the fungus in a milieu starved for nutrition. This was also noticed under planktonic growth conditions, where C. albicans exhibited growth retardation in the presence of R. dentocariosa. We postulated that this may be due to the depletion of nutrients by the rapidly growing bacterium, and the accumulation of secondary metabolites produced thereof. Hence, we investigated the influence of R. dentocariosa conditioned medium (cell-free growth medium) on C. albicans yeast growth and morphogenesis (Figure 4B). The growth medium alone (black bars) displayed maximum overnight proliferation of C. albicans yeast cells (range from 1 × 104 to 1 × 106 cells/ml starting concentration). Compared to that, C. albicans proliferation was drastically inhibited when grown in the bacterial conditioned medium (gray bars). In fact C. albicans at a starting concentration of 1 × 104 cells/ml were inhibited >10-fold in the conditioned medium. To rule out the contribution of the lack of glucose in the conditioned medium toward this detrimental effect, we added glucose to the cell-free conditioned medium to a final concentration of 2%. Despite the presence of glucose (white bars), the conditioned medium inhibited planktonic yeast growth, ~2-fold compared to the control medium alone (Figure 4B). We additionally monitored C. albicans yeast growth in a mixture of fresh medium and varying concentrations of conditioned medium (0, 25, 50, 75, and 100%), with glucose levels always maintained at 2%. Conditioned medium at a concentration of 50% resulted in a 3-fold inhibition of planktonic yeast cells (1 × 104 cells/ml), compared to growth in 0% conditioned medium.

Role of a C. albicans Adhesin Als3 in R. dentocariosa Binding

Our study revealed that R. dentocariosa adheres to C. albicans hyphal filaments. We questioned if C. albicans adhesins may contribute to this binding. We co-cultured C. albicans wild type strain (1 × 106 cells/ml) along with R. dentocariosa (1 × 107 cells/ml) under planktonic, hyphal permissive conditions. Another culture suspension under similar growth conditions was initiated with a mixture of C. albicans als3/als3 mutant and R. dentocariosa. After 6 h of growth, we found that R. dentocariosa adhered to the wildtype C. albicans hyphae in large numbers, frequently growing as clusters on the filaments (Figure 4C). These clusters bound tightly and were resistant to gentle washes with PBS. On the other hand, the hyphal filaments of the C. albicans als3/als3 mutants were largely bacteria-free (Figure 4C). Occasionally a few cells of R. dentocariosa were found attached to the hyphae, which easily detached after a couple of light PBS washes. Overall, at least 70% of the C. albicans wild-type hyphal filaments were found harboring R. dentocariosa, vs. only 20% of the C. albicans als3/als3 hyphae that were bound by the bacterium (Figure 4D).

DISCUSSION

In the present study, we have investigated the interactions between C. albicans and R. dentocariosa in biofilms, as well as planktonic conditions, in vitro. Scanning electron microscopy of the biofilm and cell number enumeration experiments revealed that C. albicans experienced >10-fold growth retardation in the presence of R. dentocariosa, including a detrimental effect on hyphal proliferation as a result of the mixed species interaction (Figure 1). A recent report by van der Mei et al. (2014) on interactions between different Candida spp. with bacteria on silicone rubber revealed a similar loss in viability of C. albicans in the presence of R. dentocariosa. This report also observed a marginal induction in C. albicans hyphal formation in the presence of R. dentocariosa, a finding contrary to our static biofilm data that displayed an inertia in filamentous growth after 48 h. The report by Van der Mei developed biofilms under frequent changes in fresh media throughout the growth period. Our observations in the flow biofilm model resonated more with their findings, revealing that mixed spp. biofilms under flow conditions contained larger numbers of hyphal filaments (vs. in the static situation). However, in both flow and static biofilm conditions, the biomass of mixed biofilms was significantly smaller than the C. albicans mono spp. biofilms. Overall, this indicated that washing away of R. dentocariosa metabolites (in the flow system) perhaps had a positive impact on C. albicans differentiation. Nevertheless, sustained reduction in the biofilm biomass indicates a direct physical, detrimental influence of R. dentocariosa on C. albicans hyphal cells—a possibility confirmed under planktonic conditions. Keeping with the stasis in hyphal growth in the mixed spp. biofilm, we found a decrease in expression of some of the genes associated with filamentation and biofilm formation, such as ALS1, YAK1, HWP1, and FKH2.

Some interactions that cannot be easily identified under biofilm conditions, due to the close proximity of the two organisms with each other in high cell numbers and in a packed environment, can be clearly discovered under free-living growth conditions. For example, only under planktonic growth did we find that, R. dentocariosa appeared to adhere exclusively to C. albicans hyphal filaments and this adhesion was dependent on the C. albicans cell wall adhesin Als3 (Figures 4C,D). In fact, while >70% of wild type C. albicans hyphae had bound bacteria after 7 h of incubation, hyphae of an als3/als3 mutant strain of C. albicans were virtually devoid of bacterial attachment. This pattern of preferential adherence has been illustrated earlier with Pseudomonas aeruginosa that not only adhered to, but also proved lethal to the C. albicans hyphae (Hogan et al., 2004; Morales et al., 2010). The contribution of adhesion molecules in yeast-bacterium attachment was first highlighted in a S. gordonii and C. albicans mixed biofilm model (Silverman et al., 2010). Several elegant assays pointed to the need for not only Candida adhesins (Als3) but also surface protein adhesins of the Streptococcus (SspA and SspB) for successful mutual adhesion.

In this study we found that C. albicans yeast growth under planktonic conditions was reduced between 10- and 50-fold on co-culture with R. dentocariosa (Figure 4A). We entertained the possibility of this occurrence due to early exhaustion of nutrients (especially glucose) from the growth media by the much rapidly growing R. dentocariosa. Growth in R. dentocariosa conditioned medium, supplemented with 2% glucose, and pH adjusted to 7.0, still had >2-fold deleterious effects on yeast growth, indicating factors other than nutrient limitation (perhaps quorum-sensing molecules secreted by R. dentocariosa) mediating the growth defect (Figure 4B).

This detrimental effect on C. albicans growth by R. dentocariosa was clearly manifested in the form of a much-reduced biofilm and reduced biofilm dispersal (Figure 1). Dispersal from biofilms is facilitated by the ability of hyphal cells to generate lateral yeast cells, and is prevented by depletion of the SET3 histone deacetylase complex genes in the cells (Uppuluri et al., 2010a; Nobile et al., 2014). We found a complete disappearance of lateral yeast cells on the hyphae extending from the mixed spp. biofilms, while the C. albicans-only biofilms possessed abundant lateral yeast cells. Perhaps R. dentocariosa attachment to biofilm hyphae inhibited signaling pathways involved in lateral yeast production in C. albicans. Direct effects of bacterial signaling on yeast growth has been reported in the case of S. gordonii, which mediates regulation of several farnesol signaling genes in C. albicans such as Cek1p, Mkc1p, and Hog1p (Bamford et al., 2009); some of these were also downregulated under our mixed biofilm conditions. In fact, we also saw elevation in the SET3 gene, which is contraindicative for biofilm dispersal (Nobile et al., 2014).

Finally, our study has endeavored to decipher the nature of interaction between the opportunistic human pathogenic fungus, C. albicans and an emerging opportunistic bacteria R. dentocariosa—an association that is the root cause for frequent failure of voice prosthesis in laryngectomized patients. Our results show a distinct dominance of the bacterium over the fungus, in most major aspects of its growth and differentiation, both under static or flow biofilm conditions. Our studies under planktonic conditions further suggest a role of both bacterial secondary metabolites as well as physical attachment, for this bacteria-favorable outcome. An integration of knowledge gained from our planktonic as well as biofilm studies, together with a better understanding of the molecular profiling within cross-kingdom interactions, will shed light on ways to manage biofilm infestation of medical devices.
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