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Abstract 

 

Title of Dissertation: In Vitro and in Vivo Characterization of Candida albicans and 

Streptococcus mutans Interactions 

 

Zaid H. Khoury, Doctor of Philosophy, 2019 

Dissertation Directed By: Mary Ann Jabra-Rizk, Ph.D. 

Professor 

Department of Oncology and Diagnostic Sciences, School of Dentistry 

Department of Microbiology and Immunology, School of Medicine 

 

 

The oral cavity is a complex environment harboring diverse microbial species 

that often co-exist within biofilms formed on oral surfaces. Within a biofilm, inter-

species interactions can be synergistic in that the presence of one organism generates a 

niche for another enhancing colonization. Among these species are the opportunistic 

fungal pathogen Candida albicans and the bacterial species Streptococcus mutans, the 

causative microorganisms strongly linked to the development of oral candidiasis and 

dental caries, respectively. Recent studies have reported the enhanced prevalence of C. 

albicans in children with early childhood caries indicating that this fungal-bacterial 

interaction may have clinical implications. In this study, we aimed to elucidate and 

characterize this interaction between these diverse species. Specifically, we designed 

in vitro and in vivo studies to validate the hypothesis that the presence of C. albicans in 

the oral cavity augments S. mutans colonization, potentially mediating dental caries 

development. Using various C. albicans mutant strains and a GFP-tagged S. mutans, 



 
 

metabolic viability and fluorescent biofilm assays were performed to assess S. mutans 

recovery from mixed biofilms and to elucidate the mechanisms of interactions. 

Additionally, to visualize the architecture of formed biofilms, confocal scanning laser 

fluorescent and electron scanning microscopy were used. Importantly, a clinically 

relevant mouse model of oral co-infection was developed to demonstrate C. albicans-

mediated enhanced S. mutans colonization in a host. The findings demonstrated 

significantly higher recovery of S. mutans from biofilms with C. albicans in vitro. 

Images revealed a high bacterial affinity to C. albicans, and secreted fungal cell wall 

polysaccharides were identified as the key factor mediating biofilm formation, 

particularly mannans. Importantly, analyses of harvested tissue demonstrated 

significantly higher S. mutans recovery from teeth of co-infected mice compared to 

mice infected only with S. mutans. Collectively, the findings strongly indicate that the 

presence of C. albicans in the oral environment may impact the development of dental 

caries and should be considered as a factor in evaluating the risk of caries. Results 

obtained in this thesis will support future studies using animal models of dental caries 

to further characterize this relationship in a closely related model in our laboratory.  
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Chapter 1: Introduction and Scope of Dissertation 

 

A) Microbial Biofilms 

 

Overview 

The distribution of microorganisms vary between individuals and is site-specific 

within an individual (1). Both inheritance and environmental influences in the post-natal 

and the adult life determine the populations of microorganisms humans acquire (2, 3). 

Microorganisms exist within highly organized structured microbial communities referred 

to as biofilms. Within a biofilm, microorganisms are embedded within self-produced 

extracellular polymeric substance considered to be a major component of biofilms (4, 5). 

Polysaccharides are generally the primary constituents of these polymeric substances, 

however, depending on the environment, other materials can be present in the biofilm 

matrix such as proteins, and extracellular DNA (5-7). The biofilm mode of existence is 

advantageous as it confers biofilm-associated microbial cells protection from challenging 

surrounding environmental conditions as well as protection against antimicrobial agents (7-

9).  

Horizontal gene transfer, where genetic material is exchanged between a donor and 

another unrelated microorganism as opposed to vertical gene transfer which involves direct 

descendants, is greatly enhanced within biofilms. Although this phenomenon is necessary 

for the heterogeneity and evolution of microbial strains, it is also responsible for the 

emergence of multidrug-resistance (10). In addition to retention and colonization of biotic 

and abiotic surfaces, channels within the biofilm structure enhance nutrient availability and 
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facilitate the removal of toxic waste. Quorum sensing or cell-cell communication is another 

important feature of microbial biofilms that allows microbial species to sense each other, 

communicate, and regulate gene expression via secreted chemical molecules (Figure1.1). 

This phenomenon is particularly important within complex multi-species biofilms with 

diverse organisms such as fungi and bacteria (11, 12).   

The human microbiome represents the commensal, symbiotic, and pathogenic 

microorganisms that colonize the various surfaces in the body (13). There is increasing 

evidence associating changes in the host-microbiome with health or disease. In health, the 

resident microbes contribute to the biological, physical, and chemical barrier that prevents 

pathogenic microbial colonization (14). Additionally, the microbiome is crucial in 

promoting the maturation of innate and adaptive host immune systems, as well as vascular 

health (15, 16). Through the human microbiome project, technological advances have enabled 

the study of microbiota variations influenced by demographics, food habits, medication, 

and the underlying genetic profile of individuals. (17). Importantly, characterization of the 

conserved microbial communities in the oral cavity and gastrointestinal and urogenital 

tracts has provided a standardized source of information for identifying specific microbial 

clustering patterns as markers for disease risk (1).  

The oral microbiome is one of the most complex environments harboring diverse 

microbiota that co-exist in equilibrium. (14, 18, 19). This equilibrium is crucial for maintaining 

the health of an individual as an imbalance in this equilibrium, potentiates the dominance 

of pathogenic species, which may lead to the development of oral infections (19-23). In this 

complex environment, extensive inter-species interactions take place, which can be 

synergistic in that the presence of one organism generates a niche for other organisms 
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enhancing colonization and retention (24). In addition to co-adhesion, the microbiome is 

further tipped towards pathogenesis as a result of metabolic communications between 

different species (25). To date, more than 700 bacterial species and 100 fungal species have 

been identified in the oral cavity suggesting a potential role for fungal-bacterial interactions 

in mediating disease development (20, 26, 27). 

 

Streptococcus mutans: Biofilm formation and pathogenesis 

Streptococcus mutans (S. mutans), described first by James Kilian Clarke in 1924, 

is a facultative anaerobic Gram-positive coccus, with an average diameter of  0.75 m, that 

tends to grow in medium length chains (28). From a clinical standpoint, S. mutans is 

considered the primary etiologic microbial species of dental caries. However, in addition 

to dental plaque biofilm, S. mutans was also isolated from atherosclerotic plaques and has 

been implicated in the etiology of hemorrhagic strokes and coronary artery disease (29-31). 

S. mutans serotype c is the most common serotype isolated from the oral cavity, while 

serotypes e and f were shown to adhere to and invade endothelial cells, and the novel 

serotype k was more commonly implicated in cardiovascular disease (29). S. mutans UA159 

is a serotype c strain, and it is considered to be the standard laboratory strain as its genome 

has been completely sequenced and most of its open reading frame is assigned recognized 

functions (32).  

Dental plaque is one of the earliest biofilm models studied as it is composed of 

diverse microbial species co-adhering to the surface of teeth and interacting within a matrix 

of exopolysaccharides (33, 34). Within the plaque biofilm, S. mutans is considered to be the 

critical effector for the development of carious lesions. Dental caries is the most common 
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chronic disease in youth aged between 6-19 years in the United States and continues to be 

the most common biofilm-dependent oral infectious disease among children and adults 

despite its declining rate in more recent years (35, 36). S. mutans contributes to cariogenesis 

due to its acidogenic and aciduric potentials, attributes critical to the development of dental 

caries on a susceptible tooth structure over time (37, 38). Frequent exposure to carbohydrates 

(sucrose and starch) creates a positive feedback cycle resulting in the production of lactic 

acid that lowers the pH. The acidic environment favors S. mutans and selects for other 

acidogenic and aciduric organisms such as non-mutans streptococci, Actinomyces, 

Bifidobacterium, and Candida species while diminishing non-cariogenic species, which 

ultimately results in tooth demineralization (39, 40). Although in some instances S. mutans 

might be less prevalent than other species in a cariogenic biofilm, it is considered to be the 

major producer of extracellular matrix (38, 40).  

The three main components of the extracellular matrix produced by S. mutans are 

exopolysaccharides, extracellular DNA (eDNA), and lipoteichoic acid (LTA) (41). 

Exopolysaccharides are mainly glucans synthesized by S. mutans glucosyltransferases 

(Gtfs), and to a lesser extent, -2,6-fructans synthesized by fructosyltransferases (Ftfs), by 

breaking dietary sucrose and sugar alcohols. GtfB synthesizes water-insoluble -1,3-

glucans, GtfD synthesizes water-soluble -1,6-glucans, and GtfC synthesizes a mixture of 

both, with GtfB and GtfC being the most essential for extracellular matrix assembly (42-44). 

eDNA is often produced from S. mutans autolysis, and also independent from lysis by 

secreted membrane vesicles. By enhancing glucan synthesis, eDNA further strengthens S. 

mutans surface colonization, as well as plays an important role in early biofilm formation 

(41, 45). Similarly, in addition to contributing to late biofilm formation, LTA was also shown 
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to enhance insoluble glucan synthesis (41, 46). It is important to iterate that S. mutans possess 

intracellular polysaccharides (IPS) that provide an endogenous source of nutrients for the 

microorganism in the absence of a carbohydrate-rich diet, further contributing to 

cariogenesis (42). The activity of the phosphotransferase system, a phosphoenolpyruvate-

dependent sugar transport system used by S. mutans was shown to be enhanced with 

increased oxygen level (as expected in immature plaque biofilms compared to low oxygen 

level in mature biofilms); this process results in internalizing more glucose, fructose and 

mannose, enhancing S. mutans growth (47). Additionally, the production of non-Gtfs 

proteins such as the glucan-binding proteins which possess domains that adhere to glucans 

allows for biofilm architectural changes, which further contributes to cariogenicity and 

antimicrobial resistance (48).  

Early childhood caries (ECC) is defined as the presence of one or more decayed 

(non-cavitated or cavitated lesions), missing (due to caries), or filled tooth surfaces in any 

primary tooth in children 71 months of age or younger (49, 50). Severe early childhood caries 

(SECC) follows the same criteria as ECC but occurs in children less than three years of 

age, or in children 4-6 years with high caries score (50). ECC is a costly form of dental caries 

in terms of the health of oral tissues as well as financially. Importantly, although mainly a 

preventable disease, it is considered a significant public health problem by the American 

Dental Association (51) (see examples in figure 1.2).  

In healthy individuals, the supra-gingival dental plaque was characterized by the 

repetitive presence of large, annular structures that were referred to as the hedgehog model 

(52). In this proposed model, elucidation of the spatial and structural organization of the 

bacteriome suggested that micron-scale factors may play a role in this distributional 
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pattern. However, aside from the known large-scale factors that promote dental caries, such 

as the source, type, and frequency of carbohydrate intake, the role of micron-scale factors 

exerted by the dysbiosis in the microbiological community that promotes S. mutans spatial 

and structural organization in a caries-promoting environment have not been elucidated. 

 

Pathogenesis of Candida albicans biofilm  

Candida albicans (C. albicans) is a common commensal colonizer of the human 

mucosal surfaces, particularly the oral cavity (53). However, under conditions of immune 

suppression or changes in the host environment, this opportunistic organism can rapidly 

transition to a pathogen causing a variety of infections, most commonly oral candidiasis 

(54). C. albicans is a dimorphic species, capable of growing as a unicellular yeast form and 

invasive filamentous forms known as hyphae, considered to be responsible for mucosal 

infections as they are capable of penetrating host tissue (53).  

Most of C. albicans localized and disseminated diseases are associated with host 

mucosal surfaces and implanted medical devices, and this is primarily due to the ability of 

C. albicans to form biofilms, a property crucial for its pathogenesis (55). As with any 

microbial biofilm, surface adherence is the first step in C. albicans biofilm formation, 

which is partly achieved through cell surface adhesins, comprised mostly of 

glycosylphosphatidylinositol (GPI)-anchored proteins in the fungal cell wall (56). The most 

characterized of these are the agglutinin-like sequence (ALS) family of glycoproteins 

(Als1, Als2, Als3, Als4, Als5, Als6, Als7, and Als9) which mediate adherence to biotic 

and abiotic surfaces through their domains by interacting with various host substrates, such 

as cell adhesion molecules (E-cadherin), sugars (fucose), and extracellular matrix proteins 



7 
 

(56, 57). Among the Als adhesins, Als3 is hyphal-specific, and mutant strains lacking the 

ALS3 gene exhibit severe defects in biofilm formation (58). Other notable C. albicans 

surface adhesins involved in biofilm formation, filamentation and virulence are the Hwp 

(Hyphal wall protein) and the Iff/Hyr families of adhesins (56). In addition to adhesion, 

hyphae formation is crucial for forming a spatially organized biofilm. Several transcription 

factors regulate hyphal formation most notably Efg1 that regulates the transition from yeast 

to hyphal phase through the Ras-cAMP-protein kinase signaling pathway. 

Similarly, Cph1 is another transcription factor that mediates yeast to hyphal 

transition. However, it acts through the mitogen-activated protein kinase (MAPK) 

pathway. Biofilms formed by a double mutant strain lacking EFG1 and CPH1 genes have 

altered monolayer morphology with less numerous cells compared to a wild-type control 

C. albicans biofilm (59). This is mostly attributed to the EFG1 gene as it is considered to be 

one of the core regulators of C. albicans biofilm formation along with BCR1, TEC1, 

NDT80, ROB1, and BRG1 (60).   

The extracellular matrix is another significant component of C. albicans biofilms, 

which contributes to the protection of the biofilm cell population from environmental 

threats, antimicrobials, and host defense mechanisms (61). C. albicans extracellular matrix 

is composed of proteins, carbohydrates, lipids, and eDNA (57); carbohydrates include α-

mannan (85%), β-1,3-glucan (~1%), and β-1,6-glucan (14%), which forms the mannan–

glucan complex (MGCx), a major extracellular matrix component (61). Through co-

isolation studies and the use of mutant strains, it was shown that a reduction in the 

accumulation of one MGCx component would generally result in the reduction of all three 

(57, 61). Although these polysaccharides are also present in the dynamic cell wall of C. 
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albicans, they are not structurally similar, with cell wall mannan having a much smaller 

structure compared to that of the matrix. Also, β-1,6-glucan of the cell wall is highly 

branched compared to matrix β-1,6-glucan, which exists as a linear chain, and forms a 

complex with branched β-1,6-mannan (62, 63). Interestingly, mixed Candida species biofilms 

formed with strains blocked in production of carbohydrate components of the MGCx 

showed extracellular compensation suggesting that the MGCx of the extracellular matrix 

is assembled extracellularly (57). Additionally, the source of most of the extracellular matrix 

proteins is in fact, assembled into the matrix from the host rather than from C. albicans (64), 

further strengthening this argument. 

Matrix eDNA contributes only partly to antimicrobial resistance, as resistance to 

the azole antifungal fluconazole was shown to be maintained when C. albicans biofilms 

were treated with DNase (65) highlighting the importance that overall disruption of the 

matrix is required to overcome resistance. However, in addition to the matrix, persister 

cells in C. albicans biofilms have been identified; these cells are characterized as dormant 

cells that have the ability to survive despite repeated antimicrobial treatments (66). This 

property is most likely due to a “shut-down” in the metabolic activity, which reverts to 

normal levels after the antimicrobial pressure is relieved. Distinct from bacterial persister 

cells, those from C. albicans are only found within biofilms, while in addition to biofilms, 

bacterial persister cells can also be present during the stationary growth phase (66). 

However, the presence of fungal persister cells is controversial, as their presence could be 

attributed to the survival of biofilm-embedded cells protected from antifungals (67).   

In addition to infections associated with biofilm formation on abiotic surfaces such 

as on implanted medical devices and prosthetic replacements, C. albicans causes an array 
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of mucosal infections, including oral candidiasis and gastrointestinal and urogenital tracts 

infections (55). In the oral cavity, candidiasis can be manifested as erythematous, 

pseudomembranous, central papillary atrophy, denture stomatitis, angular cheilitis (angles 

of the mouth), hyperplastic, chronic multifocal, mucocutaneous, or as a part of autoimmune 

polyendocrinopathy-candidiasis-ectodermal dystrophy (APECED) syndrome (68-70).  

However, although a crucial oral pathogen, while the oral bacterial microbiome 

(bacteriome) has been extensively studied, the fungal microbiome, also known as the 

mycobiome, is an evolving area of active research (14). In fact, increasing evidence 

demonstrates the synergy between different bacterial and fungal species in the oral cavity 

with potentially important clinical implications (71). This synergy is particularly important 

in the case of synergistic interactions between C. albicans and S. mutans within oral 

biofilms.  

 

B) Fungal-Bacterial Interactions: C. albicans and S. mutans  

Evidence from clinical studies has indicated the presence of S. mutans in higher 

proportions in dental biofilms where C. albicans has been co-isolated, particularly in 

children with early childhood caries (ECC) (72-74). Children in this group also showed a high 

frequency of oral candidal carriage compared to control group free of the presence of 

carious lesions, an unexpected finding in terms of contributing risk factors for caries 

development (72). A recent systematic review and meta-analysis have concluded that 

children younger than six year of age that harbor C. albicans in their oral cavity have more 

than five times higher odds of acquiring ECC compared to children without C. albicans, 

which is usually undetected in healthy children without caries (51). These findings are 
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suggestive of the potential cariogenic role of C. albicans in mediating ECC development 

via synergistic physical and metabolic interactions with S. mutans (71, 75, 76). Such 

interactions emphasize the complexity of polymicrobial biofilms and the therapeutic 

challenges of treating biofilm-associated polymicrobial infections. 

The S. mutans-derived GtfB enzyme is crucial in mediating S. mutans interactions 

with C. albicans as it was shown to bind to C. albicans cell wall -mannan and β-1,3-

glucan, contributing to the formation of dual-species biofilm on teeth (77-79). Further, GtfB 

was also shown to augment C. albicans biofilm formation by BCR1 (Biofilm and Cell wall 

Regulator)-independent upregulation of HWP1 (Hyphal-Wall Protein 1), ALS1 

(Agglutinin-Like Sequence), and ALS3 genes encoding cell wall adhesins crucial for C. 

albicans adherence and biofilm formation (56, 80). Importantly, GtfB was associated with C. 

albicans resistance to the antifungal azole, fluconazole during mixed growth with S. 

mutans. This finding was supported by demonstrating that the growth of C. albicans with 

a gtfB-defective strain of S. mutans resulted in enhanced susceptibility of C. albicans to 

fluconazole. Importantly, upon exogenous supplementation of GtfB, restored C. albicans 

antifungal resistance was noted, attributing a pivotal role for this bacterial enzyme in the 

process (81). Furthermore, in addition to S. mutans-derived lactic acid, S. mutans GtfB 

activity may provide carbohydrates which serve as a source of nutrient for C. albicans (79, 

82). In return, C. albicans utilization of carbon lowers the oxygen tension in the 

environment, which is advantageous to the facultative anaerobe S. mutans (14). 

Interestingly, S. mutans metabolites such as mutanobactin A and trans-2-decenoic 

acid were shown to exert filamentation suppressive activity on C. albicans (76, 83), 

suggesting that in dual-species biofilms with S. mutans, C. albicans filamentation is not 
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crucial for the observed enhanced S. mutans retention. These observations were 

substantiated by the findings that formation of an intact dual-species biofilm with  S. 

mutans was not affected when S. mutans was grown with the non-hyphal producing C. 

albicans mutant strain lacking the EFG1 gene (41, 78). Similarly, the acidic environment 

provided by lactic acid bacteria also suppresses C. albicans filamentation (84). Hence, S. 

mutans metabolites can modulate and spatially organize dual-species biofilms. Further, the 

S. mutans antigen I/II family of polypeptides, important adhesins mediating S. mutans 

attachment to tooth surfaces, also enhance C. albicans incorporation into dual‐species 

biofilm in a fashion independent of the C. albicans adhesins Als1 and Als3 (85, 86). 

Reciprocally, C. albicans contributes to this synergistic interaction through various 

mechanisms. Specifically, farnesol, a secreted C. albicans quorum-sensing molecule that 

inhibits yeast-to-hyphae transition, was shown to enhance S. mutans growth and GtfB 

expression and activity, at low concentrations (~25M) (87). Further, C. albicans was also 

shown to stimulate the S. mutans quorum-sensing system in dual-species biofilms, 

potentially impacting S. mutans virulence (88). Interestingly, the levels of C. albicans 

secreted aspartyl proteinases (Saps1-5), a family of at least 10 proteins considered to be 

important virulence factors in C. albicans (89), were shown to be significantly higher in 

children with SECC compared to children lacking carious lesions, indicating a potential 

role for these enzymes in SECC pathogenesis (90).   

Significantly, a recent study demonstrated a superior ability for dual-species 

biofilms to resist oxidative and antimicrobial stresses compared to single-species biofilms 

in vitro. This phenomenon was attributed to the increased overall thickness of dual-species 

biofilms mediated by an increase in alkali-soluble polysaccharides compared to C. albicans 
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single-species biofilm. Further, a higher biofilm biomass and protein content were also 

shown in mixed biofilms compared to either S. mutans or C. albicans single-species 

biofilms (91). On a genetic level, and compared to dual-species biofilms, C. albicans single-

species biofilms exhibited higher expression of the BGL2 and PHR1 genes, involved in the 

assembly of cell wall and matrix -1,3-glucans (91)(100). However, the phenotypic effect of 

bgl2/bgl2 and phr1/phr1 mutant strains on C. albicans-S. mutans dual-species biofilm, as 

well the other genes encoding different C. albicans-derived matrix secreted 

polysaccharides, has not been studied yet.  

In conclusion, in addition to possessing an array of virulence factors and co-existing 

within dental plaque, S. mutans and C. albicans are acidogenic and aciduric microbial 

species attributes crucial for the development of carious lesions (37). Therefore, although 

acknowledgeable, given the clinical implications of this mutualistic fungal-bacterial 

relationship, further in-depth investigations, including animal studies, are warranted. In this 

project, we hypothesize that, based on the avid co-adherence of S. mutans to C. albicans, 

the C. albicans secreted biofilm matrix components play a central role in enhancing S. 

mutans colonization and proliferation, which may potentially impact the development and 

progression of dental caries. To that end, in vitro and ex vivo studies were designed to 

provide mechanistic insights into this complex interaction between these diverse and 

essential microbial pathogens. Importantly, an animal model of oral co-infection was 

developed to demonstrate these phenomena in a host. Combined, we expect the findings 

generated from this project to aid in the design of novel interventional therapeutic strategies 

targeting polymicrobial oral conditions such as dental caries.  
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Figure 1.1. Five stages of microbial biofilm development. (i) planktonic, (ii) attachment; 

reversible (initial; weak) & irreversible (stable), (iii) microcolony formation, (iv) 

macrocolony formation and (v) dispersal. Adapted from (7) with permission (Monds RD, 

O’Toole GA, 2009). 
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Figure 1.2. Representative clinical images demonstrating extensive destruction of the 

primary dentition characteristic for early childhood caries. (Courtesy of Dr. Melo; 

University of Maryland School of Dentistry) 
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Chapter 2: C. albicans and S. mutans interactions: In Vitro and Ex Vivo Studies 

 

Introduction 

 

A polymicrobial biofilm is best exemplified by the highly structured three-

dimensional microbial community found in dental plaque (27). The clinical implications of 

the interaction between C. albicans and S. mutans within oral biofilms have been an area 

of increasing research. These diverse microbial species share virulence factors implicated 

in tooth structure demineralization and caries progression (37). Therefore, understanding the 

mechanisms of their interactions as they co-exist in the oral cavity is crucial in order to 

develop targeted therapeutic strategies for the prevention of dental caries development. It 

is established that the interaction between C. albicans and oral streptococci, including S. 

mutans, involve metabolic as well as physical associations, mediated by cell wall adhesins, 

secreted cell wall polysaccharides that make up the biofilm matrix and morphological 

switching of C. albicans between yeast and hyphal forms (8, 14, 23, 37, 51, 57, 73, 75, 76, 78-80, 85, 92, 

93).  

The secreted extracellular matrix of both S. mutans and C. albicans is essential for 

the retention and interactions of these species within the biofilm (94). In addition to S. 

mutans-mediated fermentation of sucrose and other carbohydrates to lactate, S. mutans also 

uses sucrose as a significant substrate for exopolysaccharides synthesis, the main S. 

mutans-derived extracellular matrix component (43). S. mutans secreted polysaccharides are 

sticky and are composed of a mixture of insoluble -1,3-glucans and water-soluble -1,6-

glucans synthesized by S. mutans-derived glucosyltransferases (Gtfs); these glucans can 
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also form the highly branched polymer dextran (42, 43). Interestingly, some S. mutans-

derived Gtfs were shown to adhere to the dental pellicle in an active form, as well as on 

the cell walls of other oral microbial species that do not produce Gtfs, including C. 

albicans, rendering them -glucan producers (43, 77, 78). Of significance, the S. mutans-

derived -glucans may have therapeutic relevance as they have also been linked to 

antifungal resistance development in C. albicans (81).  

Similar to S. mutans, the C. albicans secreted cell wall polysaccharides make up 

the biofilm matrix, with α-mannan being the most abundant component followed by β-1,6-

glucan and β-1,3-glucan. Interestingly, although β-1,3-glucan is the minor component of 

the matrix, it is the most consequential as it has been linked to antibacterial resistance 

development, as was recently shown by Kong et al. (9) in mixed-species biofilms with the 

bacterial species Staphylococcus aureus. Interestingly, however, it was recently shown that 

the presence of one exopolysaccharide is required for the assembly of the other 

exopolysaccharides, and the lack of any of the exopolysaccharides reduces the abundance 

of all three. Further, it was shown that the growth of various mutant strains of C. albicans 

with modulated secreted polysaccharides production with the wild-type strains, resulted in 

compensation of the extracellular exopolysaccharides (57, 61).  

In this study, we hypothesize that C. albicans secreted matrix exopolysaccharides 

play a vital role in the S. mutans- C. albicans interaction, contributing to the enhanced S. 

mutans colonization of dental surfaces in the presence of C. albicans, with potential 

implications for caries development.  
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Materials and Methods  

 

Strains and growth conditions. The Streptococcus mutans wild-type strain 

UA159 was used in all experiments, and a GFP-tagged S. mutans wild-type strain (UA159-

GFP) was used in some experiments where indicated. S. mutans isolates were maintained 

on brain–heart infusion (BHI) (Sigma-Aldrich, USA) agar plates; for experiments, a few 

isolated colonies of S. mutans were suspended in BHI broth and incubated overnight in an 

anaerobic jar at 37°C under constant agitation. Cells were washed twice with PBS and cell 

density was adjusted to final concentration as indicated. The standard wild-type Candida 

albicans SC5314 serotype A strain (C. albicans WT) was used in all experiments; this 

strain was isolated from a patient with disseminated candidiasis, and its diploid genome 

sequence has been analyzed and annotated (95, 96). The C. albicans mutant strains listed in 

(Table 2.1) were used in some experiments where indicated. All C. albicans isolates were 

maintained on yeast extract, bacto-peptone, and dextrose (YPD) agar plates. A single C. 

albicans colony was suspended in YPD broth and grown overnight at 30°C with shaking. 

Following incubation, cells were harvested and washed twice with PBS, and final cell 

density was adjusted as indicated. For species isolation from mixed infection, the Candida-

specific chromogenic media CHROMagar media (DRG International, Inc.) was used for 

C. albicans recovery and S. mutans selective growth; samples were grown on mitis 

salivarius agar (MSA) (Sigma-Aldrich, USA) supplemented with bacitracin to a final 

concentration of 0.2 U/mL. 
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Reagents. RPMI with L-glutamine and HEPES, and FUN1 fluorescent dye were 

purchased from (Invitrogen, Grand Island, NY); Calcofluor White stain, β-1,3-glucan 

(laminarin from Laminaria digitata), lyticase from Arthrobacter luteus (Zymolyase), -

mannan (from Saccharomyces cerevisiae), concanavalin A (from Canavalia ensiformis), 

α-mannosidase (from jack bean) were purchased from (Sigma-Aldrich Chemical, St. Louis, 

MO). The MTS tetrazolium-based proliferation assay was purchased from (Promega, 

Madison, WI). 

 

Microscopic evaluation of S. mutans-C. albicans co-adherence. To 

microscopically evaluate the physical interaction between the two species, Gram staining 

was performed as per the standard procedure. After allowing a drop of S. mutans and C. 

albicans cell suspension to dry on a glass slide, crystal violet stain was added for one 

minute at room temperature. Slides were rinsed with distilled water, and iodine solution 

was added for one minute to form a crystal violet-iodine complex. The slides were rinsed 

with water, decolorized with acetone, rinsed, then safranin stain was added for one minute. 

Slides were rinsed with water and allowed to air dry then examined by light microscopy 

(Laxco™ LMC-1000 Series), and images were captured using 3MP Color Camera 

obtained at 63x magnifications.  

 

Design and optimization of high-throughput fluorescence-based biofilm 

assays. As a Green Fluorescent Protein tagged S. mutans (S. mutans-GFP) strain is 

available, we designed a novel quantitative biofilm assay to assess S. mutans biofilm 

formation based on measurement of fluorescence emission. To standardize these 
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fluorescence-based assays, the S. mutans-GFP strain was placed in a transparent flat bottom 

black sides 96-well plate (Greiner bio-one) at different cell concentrations ranging from 1 

x 105 to 1 x 109 cells/mL in RPMI. GFP fluorescence expressed by the different cell 

densities of GFP-tagged S. mutans strain was measured at an excitation of 488 nm and 

emission 530 nm using BioTek cytation 5 (Winooski, VT).  

 

In vitro analysis of single and dual-species biofilms. To more closely mimic the 

oral cavity environment, saliva was used in some biofilm assays, and adhesion in the 

presence of saliva was compared to that with no saliva. Unstimulated whole human saliva 

was collected from at least three healthy volunteers and pooled. Saliva was clarified by 

centrifugation (10,000g; 10 mins), filter-sterilized through a 0.22 m nitrocellulose 

membrane. Aliquots were stored at 4°C until used for coating surfaces. Flat bottom wells 

of 96-well plates (Sigma-Aldrich) were pre-coated with 60 L saliva, and saliva-uncoated 

wells served as controls. Plates were incubated for 60 mins at 37°C then saliva was 

removed, and the wells were gently washed with 10 mM PBS. A 100 L of 1x107 cells/mL 

C. albicans cell suspension in RPMI was added to indicated wells and plates were 

incubated for 90 mins at 37°C. Following incubation, wells were washed with 10 mM PBS 

and 100 L S. mutans cell suspension of either 5 x 105 cells/mL or 1x107 cells/mL in RPMI 

were added into the wells with C. albicans. As controls, S. mutans was also grown alone 

in single species biofilm. Plates were incubated at 37°C overnight, and following 

incubation, the supernatant was discarded, and 100 L of 10 mM PBS was added to all 

wells. Biofilm cells were recovered by sonication (Fisherbrand™ Q500 Sonicator with 

Probe) (10 sec, 0 pulse, 30% ampl), serially diluted and plated on mitis salivarius agar 
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(MSA) supplemented with bacitracin (0.2 U/mL) for CFU (cells/mL) enumeration. 

Experiments were also performed using the S. mutans-GFP strain in single and mixed 

biofilm assays, and biofilm formation was evaluated by measurement of the fluorescence 

intensity of the cells recovered after sonication, at an excitation of 488 nm and emission 

530 nm using BioTek cytation 5 (Winooski, VT). 

Confocal scanning laser microscopy (CSLM). To comparatively visualize the 

architecture of single and dual-species biofilms, a cell suspension of 1x104 cells/mL of S. 

mutans was grown in RPMI alone or in combination with a cell suspension of 1x106 

cells/mL C. albicans in glass-bottom dishes (35 mm petri dish, 14 mm microwell No. 0 

coverglass, (0.085-0.13mm) MatTek Corporation) that allow for microscopic examination 

of biofilm formation. In some experiments where a non-GFP producing S. mutans strain 

was used, C. albicans was incubated for 90 mins at 37°C; and following incubation, dishes 

were washed with 10 mM PBS, and S. mutans was added, and the dishes were incubated 

at 37°C overnight. The following day, dishes were washed with 10 mM PBS and cells were 

stained with 10 m FUN1 fluorescent dye (Invitrogen) which stains viable cells and plates 

were incubated at 30°C in the dark for 45 mins. Following incubation, dishes were washed 

with 10 mM PBS, and 0.01% Calcofluor White dye which stains C. albicans cell wall 

chitin was added for 10 mins at room temperature. For other experiments where a GFP-

tagged S. mutans strain was used, similarly C. albicans was incubated for 90 mins at 37°C; 

following incubation, dishes were washed with 10 mM PBS, and GFP-tagged S. mutans 

was added, and the dishes were incubated at 37°C overnight. However, the following day, 

following washing the dishes with 10 mM PBS, Concanavalin A dye which stains 

polysaccharides was added to a final concentration of 0.05 mg/mL, and the dishes were 
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incubated at 37°C for 60 mins. Following incubation, dishes were washed with 10 mM 

PBS, and 0.01% Calcofluor White dye which stains C. albicans cell wall chitin was added 

for 10 mins at room temperature. Before images were taken, dishes were washed with 10 

mM PBS and examined by confocal laser scanning microscopy at 63x magnification 

(Spinning disk confocal on Nikon Ti2 inverted microscope equipped with Hamamatsu 

sCMOS camera for high-resolution imaging). 

 

Evaluation of exogenous supplementation with the C. albicans polysaccharides 

-mannan and -1,3-glucan on S. mutans adherence and biofilm formation. To 

determine whether C. albicans cell wall polysaccharides augment S. mutans biofilm 

formation, S. mutans was grown in media supplemented with purified -mannan and -

1,3-glucan. Mixed biofilms with C. albicans with no polysaccharide supplementation were 

also grown for comparison. For these experiments, purified matrix components were 

dissolved in 10 mM PBS to a final concentration of 0.5 mg/mL and 100 L of -mannan 

or -1,3-glucan were used to coat well of a flat bottom 96-well plates (Sigma-Aldrich, 

USA), and plates were incubated at 37C° overnight. Following incubation, a 100 L of 

1x107 cells/mL C. albicans cell suspension in RPMI was added to indicated wells, and 

plates were incubated at 37C° for 90 mins. Wells were then washed with 10 mM PBS and 

100 L of either 1x105 cells/mL or 5x105 cells/mL S. mutans cell suspensions in RPMI 

were added, and plates were incubated at 37°C for 3 hrs to assess early adhesion or 

overnight to allow evaluation of mature biofilm formation. Following incubation, wells 

were washed with 10 mM PBS and biofilm cells were recovered by sonication 

(Fisherbrand™ Q500 Sonicator with Probe) (10 sec, 0 pulse, 30% ampl), serially diluted 
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in PBS then plated on mitis salivarius agar (MSA) supplemented with bacitracin (0.2 

U/mL) for colony enumeration and CFU (cells/mL) counts. 

 

Assessment of mixed biofilm of S. mutans with various matrix deficient C. 

albicans mutant strains. To further explore the effects of C. albicans polysaccharides on 

S. mutans biofilm formation, an array of C. albicans strains lacking genes involved in 

extracellular matrix secretion and assembly were used in mixed biofilm assays.  

Before performing mixed biofilm assays, the ability of the C. albicans mutant strains to 

form single-species biofilms was evaluated using the MTS tetrazolium-based proliferation 

assay. In a flat bottom 96-well plates (Sigma-Aldrich, USA), 100l of 107 cells/mL cell 

suspension in RPMI of C. albicans mutant strains were added into indicated wells. The 

following C. albicans stains (WT, mnn4/mnn4, mnn9/mnn9, FKS1/fks1 (heterozygous 

mutant since homozygous is not viable), bgl2/bgl2, phr1/phr1, xog1/xog1, als3/als3, 

cph1/efg1) were used in this assay (Table 2.1). Plates were incubated at 37C° for 90 mins, 

and following incubation, wells were washed with 10mM PBS and100 µL of fresh RPMI 

was added to each well and plates were incubated at 37C° overnight. Following incubation, 

RPMI was removed, then wells were washed with 10 mM PBS. Fresh RPMI was added to 

the wells and mixed with 20 l MTS reagent (tetrazolium-based proliferation assay), and 

the plate was incubated for 60 mins at 37C°. The absorbance was read at 490 nm using 

BioTek cytation 5 (Winooski, VT).   

For S. mutans mixed biofilm formation with C. albicans mutant strains, 100 L of 

1x107 cells/mL cell suspension in RPMI of the following C. albicans mutant stains (WT, 

mnn4/mnn4, mnn9/mnn9, FKS1/fks1 , bgl2/bgl2, phr1/phr1, xog1/xog1) was added into 
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wells of transparent flat bottom black sides 96-well plate (Greiner bio-one) and were 

incubated at 37°C for 90 mins. Following incubation, wells were washed with 10 mM PBS 

and 100 L of 1x106 cells/mL S. mutans-GFP cell suspension was added into indicated 

wells, and the plates were incubated overnight at 37°C. Wells with S. mutans-GFP grown 

alone and with wild-type C. albicans were used as controls. Following incubation, the 

supernatant was removed from wells; biofilms were covered with 100 µL of 10 mM PBS 

and biofilms were mechanically disrupted by sonication (Fisher Scientific Ultrasonic Bath 

5.7 L model 15337417) for 20 minutes. GFP fluorescence intensity was quantified by a 

fluorescence plate reader (BioTek cytation 5; Winooski, VT) at an excitation of 488 nm 

and emission at 530nm.  

 

Assessment of the role of C. albicans hyphae and the hyphal-specific surface 

adhesin Als3 in promoting S. mutans biofilm. Since bacteria have been shown to have 

an affinity to the C. albicans hyphal element and adherence is mediated by cell wall 

receptors, we aimed to evaluate the importance of C. albicans morphology and the most 

notable cell wall adhesin in mixed biofilm formation. For these experiments, 100 L of 

1x107 cells/mL cell suspension of the following C. albicans stains (WT, als3/als3, 

cph1/efg1) was added to the wells of a flat bottom 96-well plate and plates were incubated 

at 37°C for 90 mins. Following incubation, wells were washed with 10 mM PBS then 100 

L of 1x105 cells/mL S. mutans cell suspension in RPMI was added to the wells and the 

plate was incubated at 37°C overnight. Wells with S. mutans grown alone and with S. 

mutans grown with wild-type C. albicans were used as controls. Following incubation, 

supernatants were discarded, and wells were filled with 100 µL of 10 mM PBS and biofilm 
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cells were recovered by sonication (Fisherbrand™ Q500 Sonicator with Probe) (10 sec, 0 

pulse, 30% ampl), serially diluted in PBS then plated on mitis salivarius agar (MSA) 

supplemented with bacitracin (0.2 U/mL) for colony enumeration and CFU (cells/mL) 

counts. 

 

CSLM analysis of S. mutans biofilms grown with exogenous -mannan and -

1,3-glucan or in C. albicans cell-free spent media. For microscopic analysis of biofilms, 

S. mutans was grown in RPMI supplemented with either exogenous -mannan or -1,3-

glucan in RPMI, as well as spent culture media from WT C. albicans biofilms. WT C. 

albicans spent media were was prepared by seeding a final cell density of 1x106 cells/mL 

in RPMI, and biofilms were grown in tissue culture flasks (BioLite 75 cm Flask; Thermo 

Scientific) for 48 hrs. Spent biofilm media was collected and filter-sterilized through a 0.22 

m nitrocellulose membrane and stored at 4°C until used. A 2.5x106 cells/mL GFP-tagged 

S. mutans cell suspension in RPMI was grown in C. albicans cell-free spent culture media 

diluted in fresh RPMI (1:1). Alternatively, S. mutans-GFP was grown in fresh media 

exogenously supplemented with 0.5 mg/mL of the C. albicans purified matrix components 

-mannan or -1,3-glucans in glass-bottom dishes for confocal microscopy analysis of 

formed biofilms. The dishes were incubated at 37C° overnight. Following incubation, 

dishes were washed with 10 mM PBS and Concanavalin A solution was added to a final 

concentration of 0.05 mg/mL, and the dishes were incubated at 37C° for 60 mins. 

Following incubation, dishes were washed twice with 10 mM PBS, and CSLM images 

were taken at 63x magnification (Spinning disk confocal Nikon Ti2 inverted microscope 

equipped with Hamamatsu sCMOS camera for high-resolution imaging). 
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Evaluation of S. mutans biofilms formed during growth in spent media from 

the C. albicans matrix deficient mutant strains. To further explore the effects of C. 

albicans secreted polysaccharides on S. mutans biofilm formation, spent media from 48 hr-

biofilms of C. albicans strains lacking genes involved in extracellular matrix secretion 

and/or assembly that showed significant effect on S. mutants growth in the previous 

experiments were selected and filtered as described above, to assess for S. mutans biofilm 

formation in vitro. Spent media from C. albicans biofilms was generated as described 

above for the following strains: WT, mnn4/mnn4, mnn9/mnn9, FKS1/fks1, phr1/phr1, and 

mnt1/mnt2. In a transparent flat bottom black sides 96-well plate (Greiner bio-one), 50 L 

of C. albicans mutants biofilm spent media was mixed to 50 L of 2x107 cells/mL S. 

mutans-GFP cell suspension, and the plates were incubated overnight at 37°C. Wells with 

S. mutans-GFP grown alone and with S. mutans grown with spent media from wild-type 

C. albicans were used as controls. Following incubation, the supernatant was removed 

from wells, biofilms were covered with 100 µL of 10 mM PBS and mechanically disrupted 

by sonication (Fisher Scientific Ultrasonic Bath 5.7 L model 15337417) for 20 minutes. 

GFP fluorescence intensity was quantified by a fluorescence plate reader (BioTek cytation 

5; Winooski, VT) at an excitation of 488 nm and emission at 530nm. 

 

Enzymatic digestion of C. albicans spent media. To confirm whether the effect 

of C. albicans spent media on S. mutans biofilm formation is due to the mannans and 

glucans secreted by C. albicans, spent media was enzymatically digested with specific 

enzymes. Also, to determine whether proteins in the spent media are also involved, the 

media was heated at 100°C for 10 mins to denature any proteins present. Processed spent 
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media was diluted (1:1) with fresh RPMI and GFP-tagged S. mutans was added to a final 

density of 1x106 cells/mL. 100l of cells in media suspension were added to wells of a 

transparent flat bottom black sides 96-well plate (Greiner bio-one). For enzymatic 

digestion, 2 U/mL  -mannosidase or 5 U/mL -1,3-glucanase enzymes were added to 

appropriate wells and plates were incubated at 37°C for 24 hrs. Wells with S. mutans-GFP 

grown alone in RPMI and diluted spent media without added enzymes were used as 

controls. Following incubation, wells were washed with 10 mM PBS then sonicated in 

(Fisher Scientific Ultrasonic Bath 5.7 L model 15337417) for 20 minutes. GFP 

fluorescence expressed by the GFP-tagged S. mutans strain was measured at an excitation 

of 488 nm and emission 530 nm using BioTek cytation 5 (Winooski, VT).  

 

Scanning Electron Microscopy (SEM) analysis of mixed biofilms formed on 

enamel slabs of extracted human teeth. To obtain enamel slabs from human teeth, sound 

third molars extracted due to impaction (IRB approval # HP-00079029) were refrigerated 

at 4C° in a 0.01% (w/v) thymol solution until use. Slabs (4 mm x 4 mm x 2 mm) of enamel 

were obtained from these teeth following root separation using a water-cooled diamond 

saw (Extec Corp., Enfield, CT, USA) and a cutting machine (IsoMet Low Speed Saw, 

Buehler, Lake Buff, IL, USA). Enamel slabs were placed in a 24-well plate, precoated with 

unstimulated whole human saliva (as described above) and biofilm formation was assessed 

by incubating around 1 x 106 cells/mL for each of S. mutans and C. albicans in RPMI 

followed by incubation for 24 hrs at 37C°. Following incubation, slabs were gently rinsed 

in 10mM PBS and fixed in 2% paraformaldehyde/2.5% glutaraldehyde and following 

washing steps with PBS, post-fixed with 1% osmium tetroxide then rinsed with PBS and 
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dehydrated using a series of washes with ethyl alcohol, (30-100%). Samples were dried by 

critical point drying using an Autosamdri-810 (Tousimius), mounted on aluminum stubs 

and sputter-coated with 10-20 nm of Platinum/Palladium and imaged with a Quanta 200 

scanning electron microscope (FEI Co. Hillsboro). 

 

Statistical analysis: All in vitro analyses were performed on at least three separate 

occasions. All statistical analyses were carried out using Prism software (GraphPad, USA). 

Different sample groups were analyzed by ANOVA with Bonferroni's posttest or unpaired 

t-test as indicated in the figures’ legends. Differences were considered statistically 

significant if p values < 0.05. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



28 
 

Results 

 

Microscopic evaluation of S. mutans-C. albicans co-adherence. As a starting 

point to characterize the synergism between C. albicans and S. mutans, Gram stain was 

performed on an S. mutans-C. albicans dual-species biofilm. Images revealed an intimate 

interaction between the two microorganisms, where S. mutans was seen avidly and 

extensively adhering to the hyphae (Figure 2.1). However due to the limited information 

gained from this simple staining technique, and the lack of high-resolution insights on the 

structural and spatial organization of this dual-species biofilm formed under various 

experimental designs, confocal scanning laser microscopy (CSLM) was used to investigate 

three-dimensional interactions further.  

 

Confocal scanning laser microscopy (CSLM). Images revealed accumulation of 

S. mutans around C. albicans hyphae forming cellular clumps (Figure 2.2). Additionally, 

an increase in S. mutans biomass was noted in the presence of C. albicans as opposed to 

its absence suggesting a significantly increased level of S. mutans retention and adherence 

to C. albicans and surfaces in dual-species biofilms compared to biofilms formed with S. 

mutans alone (Figure 2.3). Furthermore, C. albicans allowed for an avid adherence of S. 

mutans to both its yeast and hyphae cell walls, approximating the spatial distribution of S. 

mutans as compared to a sparse S. mutans alone biofilm, and enhancing the complexity of 

the biofilm (Figure 2.4). These findings suggest a role for C. albicans cell wall 

components/secreted matrix components in mediating this synergistic interaction.  
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Design and optimization of high-throughput fluorescence-based biofilm assays 

The incorporation of a gtfB promoter -GFP reporter system in S. mutans strains provided 

a valuable tool to be used in experiments to provide mechanistic insights into the 

pathophysiology of this cariogenic pathogen (97, 98). To that end, we exploited the 

availability of GFP producing S. mutans strain to develop a novel assay to assess biofilm 

formation based on fluorescence emission as a measure of S. mutans. The GFP-tagged S. 

mutans strain was successfully optimized and standardized whereby the measured signal 

was found to be accurately and consistently proportional to the cell density reflecting, in 

turn, the biomass of the formed biofilms. The developed high-throughput assay was 

subsequently used in various experiments under different experimental conditions (Figure 

2.5). 

 

In vitro analysis of single and dual-species biofilms. In order to test the 

hypothesis that in the presence of C. albicans, S. mutans retention is enhanced, single and 

dual-species biofilms were formed in vitro, and microbial analysis was performed by 

comparing CFU/mL recovery from single and mixed biofilms. Also, to evaluate whether 

saliva precoating plays a role in such recovery, these experiments were carried out in two 

different S. mutans seeding densities in the presence or absence of saliva (Figure 2.6; A 

and B). Based on CFU values, results demonstrated enhanced S. mutans recovery from 

mixed biofilms with C. albicans compared to single-species biofilms. Interestingly, results 

were comparable when wells were precoated with saliva, indicating that other factors might 

be involved in C. albicans enhanced S. mutans retention. Similar results were obtained 

when the experiment was carried out using the GFP-tagged strain where the level of S. 



30 
 

mutans presence in the biofilm was demonstrated based on fluorescence intensity 

measurements (Figure 2.6; C). Collectively, the previous in vitro results indicated an 

insignificant effect for saliva on S. mutans retention within biofilms and therefore, 

subsequent in vitro experiments were performed excluding saliva.  

 

Evaluation of exogenous supplementation with the C. albicans polysaccharides 

-mannan and -1,3-glucan on S. mutans early adherence and biofilm formation. 

Based on CSLM analysis indicating a key role for the C. albicans cell wall secreted 

polysaccharides in the C. albicans-mediated enhanced S. mutans retention, the major 

constituents of the C. albicans biofilm matrix, namely -mannan and -1,3-glucan were 

incorporated in some assays. Specifically, the roles of -mannan and -1,3-glucan in 

mediating S. mutans early adhesion and subsequent biofilm formation were evaluated by 

allowing S. mutans single-species biofilms to form in the presence of exogenous 

supplementation of these polysaccharides. Results for the early adhesion period 

demonstrated that compared to recovery from mixed early biofilms with C. albicans, 

recovery from biofilms formed in the presence of either polysaccharide was lower, 

particularly when S. mutans seeding density is 5x105 cells/mL (Figure 2.7). Nevertheless, 

S. mutans recovery from mature biofilms formed with either -mannan or -1,3-glucan 

was slightly higher compared S. mutans recovery from the single-species mature biofilm, 

but still significantly lower compared to S. mutans recovery from dual-species mature 

biofilm formed with C. albicans (Figure 2.8). These findings indicated that -mannan and 

-1,3-glucan play a more prominent role in mediating S. mutans biofilm formation 

compared to S. mutans early adhesion to C. albicans, but not sufficient to retain similar S. 
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mutans recovery as from biofilms formed in the presence of C. albicans necessitating 

further investigation.  

 Assessment of mixed biofilm of S. mutans with various matrix deficient C. 

albicans mutant strains. To elucidate the role of polysaccharides in mixed biofilm 

formation, we aimed to identify the contribution of various enzymes and proteins involved 

in glucan and mannan biosynthesis and matrix assembly. To that end, we utilized an array 

of C. albicans mutants (listed in Table 2.1), lacking genes involved in matrix production. 

Before performing mixed-species biofilm experiments with S. mutans, the ability of these 

strains to form biofilms was evaluated individually; this is important as mutant strains 

affected in production of cell wall components may exhibit defects in adherence. Using the 

MTS metabolic assay, results confirmed that there were no significant differences in the 

level of adherence and biofilm formation for the mutants tested compared to the WT strain 

(Figures 2.9 and 2.10). Results from mixed-species biofilm where S. mutans was grown 

with each of the C. albicans mutant strains demonstrated that in general, based on recovery 

of S. mutans from the mixed biofilms, all the strains resulted in lower S. mutans recovery 

compared to growth with the WT strain, with the mutants lacking the MNN9, PHR1, 

MNN4, and BGL2 genes being the least retentive of S. mutans (figure 2.11). Consistent 

with what is reported in the literature, these findings indicate that C. albicans all assembled 

matrix components need to be present for more effective S. mutans colonization. 

Combined, these findings indicated that the enzymes encoded by these genes; namely  -

1,3-glucosyltransferases involved in -1,3-glucan delivery into the extracellular matrix, 

and mannosyl-phosphate transferase and α-1,6 mannosyltransferase which are involved in 

the cell wall and extracellular matrix α-mannan synthesis, have an important role in 
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mediating the S. mutans-C. albicans interaction. Since the mutant strains tested are mostly 

involved in -mannan or -1,3-glucan biosynthesis, further studies should be performed 

to investigate the role of -1,6-glucan in these interactions. In addition to matrix 

polysaccharides, we also investigated whether C. albcians hyphae or Als3 adhesin are 

important for enhancing S. mutans colonization, However, although the hyphal specific 

glycoprotein Als3 was shown to binds to the SspB adhesin of S. gordonii in mixed biofilm 

(99), our results demonstrated comparably similar level of S. mutans recovery from mixed 

biofilms formed with the Als3 deficient and the C. albicans WT strain (Figure 2.12). Using 

hyphae deficient strains, results indicated that C. albicans hyphae have only a partial role 

in mediating S. mutans in mixed biofilms, as was also evident with confocal scanning laser 

microscopy images as S. mutans seem to avidly adhere to the yeast cells as well as the 

hyphae (Figures 2.2 and 2.4).  

 

CSLM analysis of S. mutans biofilms grown with exogenous -mannan and -

1,3-glucan or in C. albicans cell-free spent media. In order to further investigate the role 

of C. albicans secreted extracellular matrix, CSLM was used to characterize the 

tridimensional structure of S. mutans biofilms grown alone or in the presence of RPMI 

supplemented with -mannan or -1,3-glucan. Importantly, since these polysaccharides 

are components of the fungal cell wall and are secreted into the environment, experiments 

were designed where culture media from C. albicans biofilm was collected and used to 

grow S. mutans biofilms (Figure 2.13). Images revealed a thicker S. mutans biofilm formed 

when S. mutans was grown in the C. albicans cell-free spent media with secreted 

polysaccharides compared to growth with -mannan or -1,3-glucan supplementation. 
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These results emphasize the importance of the mannan-glucan complex for forming a 

biofilm matrix (61). 

Evaluation of S. mutans biofilms formed during growth in spent media from 

the C. albicans matrix deficient mutant strains. To confirm the results from the mixed 

S. mutans biofilms with C. albicans mutant strains, experiments were similarly performed 

where S. mutans was grown in spent media recovered from cultures of the C. albicans 

mutant strains that demonstrated to be the most defective in retaining S. mutans. 

Specifically, spent media from the mnn4/mnn4, mnn9/mnn9, FKS1/fks1, and phr1/phr1 

mutants were used. Also, spent media from mnt1/mnt2 mutant C. albicans strain defective 

in O-mannan synthesis was tested. Results from these experiments confirmed the previous 

findings as S. mutans recovery was significantly and comparably compromised when 

grown in the spent media of mutants defective in mannans synthesis (mnn4/mnn4, 

mnn9/mnn9, and mnt1/mnt2), compared to spent media from WT strain more so than from 

spent media of -1,3-glucan-defective strains (Figure 2.14). 

 

Enzymatic digestion of C. albicans spent media. The critical role for the secreted 

polysaccharides in the spent culture media was further confirmed using enzymatic 

digestion where -mannosidase and -1,3-glucanase enzymes that degrade mannan and 

glucans, respectively, were added to the C. albicans spent media with S. mutans. The 

results from the enzymatic digestion demonstrated a reduction in S. mutans recovery from 

biofilms grown in spent media where polysaccharide components were digested. Further, 

the results seem to indicate a more significant role for C. albicans secreted -mannan in 

mediating S. mutans enhanced biofilm formation, compared to secreted -1,3-glucan 
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(Figure 2.15), consistent with results obtained with S. mutans grown in spent media from 

C. albicans mutants defective in -mannan synthesis. To rule out a contribution from 

secreted proteins, spent media was heated to denature any proteins present before using it 

to grow S. mutans. Results from these experiments indicated a minimal and insignificant 

role for secreted proteins in the S. mutans-C. albicans interaction.  

 

Scanning Electron Microscopy (SEM) analysis of mixed biofilms formed on 

enamel slabs of extracted human teeth. For clinical relevance, mixed species biofilms 

were grown on saliva-coated extracted human teeth (Figure 2.16) and analyzed by SEM. 

Consistent with findings from microbial recovery and CSLM analysis, SEM images 

revealed avid adherence of S. mutans to C. albicans forming a mature and thick biofilm 

consisting of C. albicans hyphae and polysaccharide matrix (Figure 2.17). However, 

although human teeth were used, the ex vivo environment does not reflect the complexity 

of host factors that may contribute to S. mutans-C. albicans interaction warranting the 

development of a clinically relevant animal model.  
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Mutant 

strain 

Deficiency  Reference 

als3/als3 The hyphal-specific adhesin Als3. (58) 

bgl2/bgl2 -1,3-glucosyltransferase.  (100) 

cph1/efg1 Double-mutant strain that does not germinate.   (59) 

FKS1/fks1 

 

Heterozygous deletion mutant; FKS1 encodes for an 

essential  -1,3-glucan synthase subunit. 

(101) 

mnn4/mnn4 Regulator of mannosylphosphorylation of N-linked 

mannans to cell wall proteins; reduced phosphomannan 

(102) 

mnn9/mnn9 Protein of N-linked outer chain mannan biosynthesis; 

reduced mannan. 

(103) 

mnt1/mnt2 Both genes encode for mannosyltransferases involved 

in O-glucosylation, a double mutant has a truncated O-

Mannan 

(104) 

phr1/phr1 -1,3-glucosyltransferase.  

 

(100) 

xog1/xog1 -1,3-glucanase. (100) 

Table 2.1.  C. albicans mutant strains used in this study  
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Figure 2.1. Light microscopy image demonstrating strong adherence of S. 

mutans to the C. albicans hyphae. Red arrow: C. albicans; Yellow arrow: S. 

mtans. 
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Figure 2.2. CLSM analysis of S. mutans and C. albicans interactions in biofilm. Images 

demonstrating the adherence and clumping of bacterial cells around the hyphae. FUN1 dye 

stained the nucleic acid of S. mutans and C. albicans with green, while Calcofluor White 

stained the cell wall chitin of C. albicans with blue.  Images were acquired using Spinning 

disk confocal Nikon Ti2 inverted microscope and processed with ImageJ software.  
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Figure 2.3. Confocal images demonstrating the biomass and complexity of the 

architecture of a mixed biofilm S. mutans-C. albicans biofilm compared to S. mutans 

single-species biofilm. A thicker S. mutans biofilm in the presence of C. albicans with 

more numerous cellular densities, compared to S. mutans alone biofilm. Green: GFP-S. 

mutans. Images were acquired using Spinning disk confocal Nikon Ti2 inverted 

microscope and processed at ImageJ software. 
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Figure 2.4. CSLM comparative analysis of 

single S. mutans biofilm and mixed biofilm 

with C. albicans. 

(A) Single species biofilm of S. mutans 

demonstrating a heterogenous and sparse 

biofilm with scattered cellular clumps. 

 

 

 

(B) Mature and dense mixed S. mutans and 

C. albicans biofilm composed of a complex 

hyphal network with adhering bacteria. 

 

 

 

 

 

 

(C) Mirror image of (B) showing only the 

green channel to highlight GFP-S. mutans 

adhering to C. albicans cell wall. A dense 

interconnected S. mutans biofilm is noted as 

compared with (A). 

 

 

Green; GFP-S. mutans; blue: C. albicans cell 

wall stained with calcofluor white; magenta: 

polysaccharides stained with ConA. 
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Figure 2.5. Standardization of a fluorescent-based S. mutans biofilm assay. Increase in 

the level of emitted fluorescence proportional to S. mutans density dependent. Fluorescence 

measured at an excitation of 488 nm and emission at 530 nm. 
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Figure 2.6. Significantly higher S. mutans recovery from mixed biofilms with C. 

albicans in the presence or absence of saliva. (A) S. mutans seeding density of 5x105 

cells/mL in the presence or absence of saliva. S. mutans quantified by CFU counts (B) S. 

mutans seeding density of 1x107 cells/mL in the presence or absence of saliva. S. mutans 

quantified by CFU counts; (C) S. mutans-GFP seeding density of 1x107 cells/mL in the 

presence or absence of saliva, S. mutans quantified as GFP fluorescence intensity (arbitrary 

units) in a fluorescence plate reader, excitation at 488nm and emission at 530nm. (A), (B), 

and (C) indicate that the presence or absence of saliva has a minimal contribution in S. 

mutans recovery from single- and dual-species biofilms formed on polystyrene plates. 

Unpaired t test; (**) p=0.0053, (****) p≤0.0001  
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Figure 2.7. Effect of -mannan and -1,3-glucan supplementation on S. mutans early 

adherence. (A)  Significantly higher S. mutans recovery (1x105 cells/mL S. mutans seeding 

density) following 3 hrs incubation with C. albicans. Significantly less recovery of S. 
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mutans when incubated with purified -mannan compared to S. mutans recovery in the 

presence of C. albicans. Recovery of S. mutans incubated with -1,3-glucan was not 

significantly less than in the presence of C. albicans (B) More significant recovery of S. 

mutans (5 x 105 cells/mL S. mutans seeding density) after 3 hrs incubation with C. albicans 

but significantly less recovery when incubated with either purified -mannan or -1,3-

glucan compared to S. mutans recovery in the presence of C. albicans. Ordinary one-way 

ANOVA with Bonferroni's multiple comparisons test; (ns) p>0.05, (*) p≤0.05, (***) p≤ 

0.001 (****) p≤ 0.0001 
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Figure 2.8. Effect of -mannan and -1,3-glucan on S. mutans biofilm formation. (A)  

Significantly higher recovery of S. mutans (1x105 cells/mL S. mutans seeding density) after 

24 hrs incubation with C. albicans but no significant differences when grown with  purified 

-mannan or -1,3-glucan as compared to S. mutans recovery in the presence of C. 

albicans (B) Significantly higher recovery of S. mutans (5 x 105 cells/mL S. mutans seeding 
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density) after 24 hrs incubation with C. albicans but no significant differences when grown 

with either purified -mannan or -1,3-glucan as compared to S. mutans recovery in the 

presence of C. albicans. Ordinary one-way ANOVA with Bonferroni's multiple 

comparisons test; (ns) p>0.05, (*) p≤0.05, (**) p≤0.01 (***) p≤ 0.001   
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Figure 2.9. Evaluation of the biofilm-forming ability of polysaccharide deficient C. 

albicans mutant strains. Based on colorimetric readings, a comparable level of biofilm 

formation was seen for all strains compared to that formed by the WT strain. Ordinary one-

way ANOVA with Bonferroni's multiple comparisons test; (ns) p>0.05  
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Figure 2.10. Evaluation of the biofilm-forming ability of C. albicans mutant strains 

lacking ALS3 and the CPH1/EFG1 genes. Based on colorimetric readings, a comparable 

level of biofilm formation was seen the strain lacking the Als3 adhesin as well as non-

hyphae producing strain compared to that formed by the WT strain. Ordinary one-way 

ANOVA with Bonferroni's multiple comparisons test; (ns) p>0.05 

  



48 
 

 

Figure 2.11. S. mutans recovery from mixed biofilms formed with different C. albicans 

mutant strains. Significantly lower GFP signal for S. mutans was detected from biofilms 

formed with mutant strains lacking the MNN 4, MNN9, BGL2 and PHR1 genes compared 

to those formed with the WT strain. Ordinary one-way ANOVA with Bonferroni's multiple 

comparisons test; (ns) p>0.05, (*) p≤0.05, (****) p≤ 0.0001  
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Figure 2.12. S. mutans recovery from mixed biofilms with C. albicans-hyphae and 

Als3 adhesin deficient strains. Based on CFU counts, significantly less S. mutans was 

recovered from biofilms formed with the hyphae deficient C. albicans strain; in contrast, 

no difference in S. mutans recovery when grown in biofilm with the strain lacking the Als3 

adhesin, compared to WT C. albicans strain. Ordinary one-way ANOVA with Bonferroni's 

multiple comparisons test; (ns) p>0.05, (****) p≤ 0.0001  
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Figure 2.13. CSLM images of S. mutans biofilm grown in C. albicans biofilm spent 

culture media or with supplementation of purified matrix components. (A) S. mutans 

alone forming a sparse biofilm. (B-D) S. mutans biofilm in the presence of C. albicans 

spent media showing the robust presence of S. mutans and increased biofilm thickness (E) 

S. mutans biofilm in the presence of -mannan. (F) S. mutans biofilm in the presence of -

1,3-glucan. Both (E) and (F) show less S. mutans in the biofilm as compared to (B-D), 

emphasizing the importance of C. albicans MGC Pink: exopolysaccharides; Green: S. 

mutans. Scale bar 50 m.  

  



51 
 

 

Figure 2.14. Evaluation of S. mutans biofilms formed during growth in spent media 

from C. albicans matrix deficient mutant strains. Less S. mutans was recovered from 

biofilms formed with mnn4/mnn4, mnn9/mnn9, and mnt1/mnt2 mutants C. albicans strain 

compared to WT (SC5314). Ordinary one-way ANOVA with Bonferroni's multiple 

comparisons test; (ns) p>0.05, (****) p≤ 0.0001  
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Figure 2.15. The effect of enzymatic digestion of C. albicans spent media on S. mutans 

biofilm. Higher S. mutans-GFP fluorescence signal detected in biofilms grown under all 

conditions tested except with -mannosidase digestion. Ordinary one-way ANOVA with 

Bonferroni's multiple comparisons test; (ns) p>0.05, (**) p≤0.01 (***) p≤ 0.001  
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Figure 2.16. Preparation of dentin and enamel slabs from extracted human teeth. were 

obtained from intact 3rd molar teeth using a water-cooled diamond saw and a cutting 

machine (Courtesy of Dr. Melo; University of Maryland School of Dentistry). 
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Figure 2.17. Representative SEM micrographs of dual-species biofilm formation on 

teeth slabs. Images demonstrating a robust and thick biofilm formed on extracted human 

teeth infected in vitro with both species. Different magnifications of the same field in 

(A)(B)(C), scale bars; 500 m, 50 m and 20 m respectively. Different magnifications of 

the same field in (D)(E)(F), scale bars; 300 m, 40 m, 20 m respectively. (G) scale bar 

20 m. 
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 Discussion  

 

Consistent with those from previous studies (78, 87), our in vitro findings 

demonstrated C. albicans-mediated enhanced S. mutans recovery (Figures 2.3 & 2.6); 

however, the role of saliva in this process particularly during dual-species biofilms is not 

clearly established. By incorporating saliva in our experiments, our results indicated that 

precoating surfaces with human saliva had minimal effect on S. mutans adherence in single 

and dual-species biofilms. These results are in contrast to those from a previous study 

demonstrating that S. mutans colonization is significantly promoted in the presence of 

saliva, although the effect of saliva on C. albicans adherence was less prominent (105). A 

study that evaluated S. mutans- C. albicans mixed biofilms on different substrata showed 

a less compact biofilm in the presence of saliva precoated hydroxyapatite discs and glucose 

supplementation (106). A subsequent study, however, showed no difference in the adherence 

of S. mutans or C. albicans to surfaces precoated or not coated with saliva (107). Therefore, 

in order to limit variables in our in vitro assays, saliva precoating was not used in all 

subsequent experiments. 

 

Several physical mechanistic interactions that contribute to enhanced S. mutans-C. 

albicans reciprocity were previously characterized, such as S. mutans-derived GtfB 

enzyme binding to C. albicans cell wall components. This binding was shown to result in 

subsequent downstream signaling that ultimately up-regulates adhesins on C. albicans 

enhancing the accumulation and biofilm formation of C. albicans in dual-species biofilm 

(56, 77-79, 87). Other known mechanisms described include enhancing C. albicans 
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incorporation into dual‐species biofilms through the action of S. mutans antigen I/II family 

of adhesins (85, 86), and C. albicans enhancement of S. mutans growth and GtfB expression 

and activity by the quorum-sensing molecule farnesol (87).  

 

Confocal imaging studies suggested a potential role for C. albicans cell wall 

polysaccharides in mediating adherence and dual-species biofilm formation (Figures 2.2, 

2.4). Secreted -mannan, -1,6-glucan, and -1,3-glucan are significant constituents of C. 

albicans biofilm matrix and are structurally different from C. albicans cell wall 

polysaccharides. Previous studies indicate that a deficiency in secreting one matrix 

component will diminish the deposition of the other polysaccharides in the matrix (61). Due 

to the high abundance of -mannan in C. albicans matrix, and the significant role -1,3-

glucan contributes to the overall accumulation of the other matrix components (100), we 

investigated the role of both these polysaccharides in mediating S. mutans adhesion and 

biofilm formation. Biofilm assays incorporating exogenous supplementation of -mannan 

and -1,3-glucan demonstrated minimal enhancement in S. mutans biofilm formation 

(Figure 2.8), suggesting that these polysaccharides might enhance S. mutans retention post-

adherence and ultimately biofilm formation. Interestingly, less recovery of S. mutans was 

seen when -mannan and -1,3-glucan were added individually as compared to S. mutans 

recovery when grown with wild-type C. albicans, suggesting that all these polysaccharides 

must interact in order to impact S. mutans adherence and biofilm formation significantly.  

 

The synthesis and delivery of the extracellular matrix components in C. albicans is 

a highly regulated process orchestrated by many genes (108). Hence, in order to gain more 
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mechanistic insights into the role of matrix secreted polysaccharides, various C. albicans 

mutant strains were included in the biofilm assays (Table 2.1). Specifically, we used a 

heterozygous (homozygous is not viable) mutant strain of the FKS1 gene that encodes for 

-1,3-glucan synthase, and it is essential for the production of other matrix components as 

well as for development of antifungal resistance (100, 109). Additionally, mutant strains 

lacking the PHR1, BGL2, and XOG1 genes that encode for two -1,3-glucosyltransferases 

and a -1,3-glucanase, respectively were also included. These enzymes are essential as 

they play a main role in modifying and transferring -1,3-glucan to the extracellular matrix, 

and been shown to have typical cell wall glucan content and are not deficient in hyphae or 

biofilm formation (100). 

Further, mutants lacking MNN4 and MNN9, genes that encode for mannosyl 

phosphate transferase and α-1,6-mannosyltransferase, respectively, and are involved in the 

synthesis of C. albicans cell wall and extracellular matrix mannans were also tested (61, 110). 

However, MNN9 homozygous mutation was reported to lead aberrant phenotypic sequelae 

including defects in the cell wall, poor growth in liquid and solid media, and abnormal 

hyphal formation; therefore we also included the MNN4 mutant as it was shown to have 

normal cell growth and morphogenesis (102, 103). Overall findings from these studies 

demonstrated that co-growth with these mutants resulted in less S. mutans recovery 

compared to growth with wild-type parent strain, with significant roles for MNN9, MNN4, 

BGL2, and PHR1. It is important to note, that these mutant strains formed biofilms with 

similar viable biomass to wild-type control, further confirming the key role for mannans 

and glucans in mediating the S. mutans- C. albicans interaction (Figures 2.9 & 2.10).  
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To isolate the role of secreted C. albicans polysaccharides in mediating S. mutans 

colonization, S. mutans biofilms were grown in cell-free C. albicans biofilm culture 

supernatant (conditioned media) containing secreted polysaccharides. Consistent with 

quantitative analysis based on CFUs enumeration, CSLM images demonstrated enhanced 

S. mutans biofilm formation when grown in C. albicans conditioned media, which was 

considerably less notable with either -mannan or -1,3-glucan (Figure 2.13). These 

findings clearly emphasize the critical role of C. albicans-derived exopolysaccharides.  

 

Finally, we confirmed that C. albicans secreted mannans play a primary role 

favoring S. mutans biofilm growth by demonstrating impaired S. mutans biofilm growth 

on all three spent media from C. albicans biofilms of knock-out mutants for 

mannosyltransferases (mnn4/mnn4 and mnn9/mnn9) required for N-mannosylation and the 

double knock out for the mannosyltransferases (mnt1/mnt2), which are responsible for the 

O-glycosylation in the cell wall (104). Defective O-mannosylation C. albicans (mnt1/mnt2) 

strain result in an aberrant hyphal structure that is not identified by S. gordonii through the 

adhesin SspB, which is known to interact with the hyphal-specific Als3 adhesin of wild-

type C. albicans (111). Also, N- mannosylation is suggested to be essential for S. mutans-

derived GtfB binding to C. albicans cell wall than O-mannosylation, although a deficiency 

in either significantly alter this interaction (78). It is noteworthy to emphasize that the in 

vitro assays used in this project lacked the presence of sucrose, the primary substrate for S. 

mutans-derived GtfB required for the de novo synthesis of insoluble glucans, as well as 

saliva, which was reported to enhance Gtfs adsorption and activity (112) , further confirming 

the role of C. albicans secreted mannans in enhanced S. mutans retention. To further 
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confirm this phenomenon, biofilm assays were also performed using conditioned media 

pre-treated with -mannosidase and -1,3-glucanase enzymes. As expected, results from 

these experiments demonstrated significant loss of the observed effects of conditioned 

media on S. mutans biofilm formation upon enzymatic digestion of mannans, with notably 

less prominent effect of glucans digestion. Additionally, preheating the conditioned media 

to denature any proteins did not result in loss of augmented biofilm formation, indicating 

a minor role for proteins in mediating enhanced S. mutans adhesion (Figure 2.10).  

 

The demonstrated importance of C. albicans cell wall polysaccharides, however, 

does not exclude a role for C. albicans hyphae or surface adhesins. The hyphal specific C. 

albicans adhesin Als3 (under BCR1 regulation) is essential for C. albicans biofilm 

formation as well as for adherence of C. albicans to bacteria and formation of mixed 

biofilms such as with Streptococcus gordonii (99) and Staphylococcus aureus (113) In 

contrast, however, it was previously reported that Als3 adhesin does not play a role in 

mediating C. albicans- S. mutans interactions (78). In addition, mixed biofilm formation was 

also shown not to be affected when S. mutans was grown with the C. albicans mutant 

lacking the BCR1 (Biofilm and cell wall regulator 1) and EFG1 (transcription regulator of 

morphogenesis); genes important for C. albicans biofilm formation as these mutants are 

defective in hyphae formation (78). Although the yeast-locked double-mutant C. albicans 

strain lacking both the EFG1 and CPH1 genes was shown to be defective in biofilm 

formation in vitro compared to the wild-type control (59), it was not previously reported 

with S. mutans. Results demonstrated decreased S. mutans recovery when grown with the 

cph1/efg1 C. albicans strain compared to parent strain. This suggests that both cAMP/PKA 
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(cyclic AMP/ Protein Kinase A) and MAPK (Mitogen-Activated Protein Kinase) pathways 

have to be inactivated to influence S. mutans biofilm formation (Figure 2.14), keeping in 

mind that the cph1/efg1 strain showed comparably similar viable cellular biomass to wild-

type C. albicans using an indirect quantitative assay, counterinitiative to previous literature 

using qualitative SEM analysis (59) (Figure 2.12).   

 

The use of ex vivo biofilm models has allowed for more controlled experimental 

conditions and further manipulation compared to in vivo models; some examples of these 

models include: root canal biofilm model, porcine heart valve model, rabbit vaginal 

candidiasis model, rotating wall vessel bioreactor, and enamel biofilm model (114, 115). 

Therefore, in addition to in vitro studies, we also used an ex vivo enamel biofilm model as 

orally relevant substrata for S. mutans and C. albicans biofilms. Consistent with the in vitro 

findings, SEM imaging revealed a complex mixed biofilm architecture composed of C. 

albicans hyphal matrix with adhering S. mutans. Based on these findings, our subsequent 

studies were focused on developing a clinically relevant animal model to explore these 

phenomena in vivo. 
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Chapter 3: In vivo characterization of C. albicans and S. mutans interactions  

 

Introduction 

 

While in vitro models have contributed significantly to most of our current 

knowledge about biofilm-associated diseases and the microbial interactions that happen 

within, it is nearly impossible for these models to replicate the host environment, such as 

the complex physiology and the physical and immunity barriers of the host. Therefore, it 

is critical to developing in vivo models to further characterize biofilm-associated tissue and 

device-related infections, and importantly, to design therapeutic strategies targeting these 

infections taking into account host toxicity, bioavailability, and excretion (114, 116). 

To date, a wide range of animal models have been used to study various biofilm-

associated diseases; however, the study of dental plaque and caries have been limited 

mostly to rodent models; most commonly rats, and to lesser extent mice and hamsters (79, 

117, 118). Most recently, an in vivo Drosophila melanogaster model was used to demonstrate 

antigen I/ II-dependent colonization of both S. mutans and C. albicans; an interaction 

strongly related to ECC development (85); however, these models lack clinical relevance to 

the human host (114). Despite the well-established synergistic interactions between 

streptococci and C. albicans in the oral cavity, the interaction between C. albicans and S. 

mutans specifically, was only recently reported, and research into the implications of this 

interaction is still in its infancy mainly due to lack of feasible biofilm animal models. 

Importantly, the design of novel preventative strategies for inhibiting interspecies 

interactions and biofilm development in vivo is particularly lacking. 
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In order to develop an appropriate rodent model to study C. albicans and S. mutans 

interactions in a biofilm, many factors must be considered that would prevent cariology-

related data misrepresentation and misinterpretation. These include accounting for age, and 

sex, which correlates with different behaviors such as eating habits as well as the animal 

strain as these variables lead to inconsistencies in reproduced data (119). For example, there 

is an inverse relationship between the susceptibility of the animal to develop carious lesions 

and age (120). Additionally, studies showed that the use of screen-bottomed cages (to avoid 

the accumulation of animal waste) and the distribution of animal litters evenly among 

cages, are essential variables to consider (121).  

In this project, we designed our model based on our established mouse model of 

oral candidiasis with modifications for establishing mixed-species oral colonization (122). 

Specifically, the model was optimized to demonstrate whether C. albicans presence in the 

oral cavity augments S. mutans colonization or oral tissues, and proliferation. The findings 

from these studies will provide lacking insights to further our understanding of the 

synergistic interactions between S. mutans and C. albicans and the potential impact of these 

interactions on oral disease development, in particular, dental caries. Understanding this 

synergism in an animal model will also serve as a foundation for validating our other in 

vitro findings as well as for the development of a caries animal model. 

 

Materials and Methods 

 

Strains and growth conditions. Streptococcus mutans wild-type strain UA159 

was maintained on brain–heart infusion (BHI) (Sigma-Aldrich, USA) agar plates. A few 
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isolated colonies of S. mutans were suspended in BHI broth and incubated overnight in an 

anaerobic jar at 37°C with shaking. Cells were washed twice with PBS before adjusting 

cell density to final concentration as indicated. Candida albicans wild-type strain SC5314 

was maintained on yeast extract, bacto-peptone, and dextrose (YPD) agar plates. A few C. 

albicans isolated colonies were suspended in YPD broth and grown overnight at 30°C with 

shaking. Following incubation, cells were harvested and washed twice with PBS prior to 

adjusting cell density to final concentration as indicated. For species isolation from mixed 

infection, Candida specific CHROMagar media (DRG International, Inc.) was used for C. 

albicans recovery and for S. mutans selective growth; samples were grown on mitis 

salivarius agar (MSA; Sigma-Aldrich) supplemented with bacitracin to a final 

concentration of 0.2 U/mL. 

 

Optimization of the animal model of C. albicans- S. mutans co-infection. All 

animal experiments were conducted at the AAALAAC accredited Animal Facility of the 

University of Maryland by the USA Animal Welfare Act as regulated by USDA. Animal 

studies were approved by the University of Maryland Animal Care and Use Committee 

(IACUC Protocol #0717010). Two to three-month-old female C57BL/6 mice (Envigo 

Laboratories) were used in these studies. Mice were housed at a maximum of 5 per cage in 

the animal facility. For the optimization run, animals were divided into two groups 

containing three mice each: (1) infected only with S. mutans (2) co-infected with both 

species. As immunocompetent mice are generally not colonized with C. albicans, mice are 

rendered susceptible to candidiasis by subcutaneous (SQ) administration (0.2 mL) of 

cortisone acetate (200 mg/kg body weight) in the dorsum of the neck every other day 
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starting one day before infection (total 3 injections; days 1, 3 and 5, see timeline on Fig 

3.1) to allow C. albicans to colonize. The mice were weighed prior to infection and on the 

day of infection (Day 2). On day 2, mice in group 2 were anesthetized by intraperitoneal 

injections (0.5 mL) of Tribromoethanol (Sigma-Aldrich) (250 mg/kg body weight) and 

kept under a heating lamp maintained at 37°C until they wake up. Anesthetized animals 

were orally infected using calcium alginate swabs (Fisher Scientific) saturated for 10 

minutes with C. albicans cell suspension (2x107 cells/mL) (Fig. 3.2). For infection, oral 

tissue (tongues and buccal mucosa) was swabbed, and then the swabs were kept 

sublingually for 45 minutes. Animals were placed in a supine position and monitored until 

they recovered from anesthesia. The day after infection with C. albicans (Day 3), animals 

in both groups were given cortisone acetate (200 mg/kg) SQ injection, and on following 

day (Day 4), mice in both groups were infected with S. mutans following the same protocol 

used for C. albicans. After being anesthetized by intraperitoneal injections (0.5 mL) of 

Tribromoethanol (Sigma-Aldrich) (250 mg/kg body weight), animals were orally infected 

by placing calcium alginate swabs (Fisher Scientific) saturated for 10 min with S. mutans 

suspension (1x107 cells/mL) sublingually for 45 minutes. Importantly, in order to avoid 

any biofilm-disruption, the tongs were not swabbed this time. 

Additionally, the drinking water for both groups was supplemented with sucrose 

(final concentration 1% to more closely mimic a cariogenic diet) and S. mutans (1x07 

cells/mL). On day 5, mice in the two groups were given cortisone acetate (200 mg/kg) SQ 

injection. Animals were monitored daily for any developing clinical signs of distress and 

weight loss. On day 6, animals were euthanized by CO2 inhalation followed by cervical 

dislocation as a secondary method, as per IACUC requirements. Teeth and tongues were 
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harvested, weighed, and placed in 10 mM PBS. Tongues were homogenized while teeth 

were sonicated (Fisherbrand™ Q500 Sonicator with Probe) (20 sec, 10 pulse, 60% ampl) 

on ice and cell suspensions from both specimens were serially diluted in PBS and cultured 

in triplicate on yeast chromogenic media CHROMagar (DRG International, Inc.) for C. 

albicans recovery and mitis salivarius agar (MSA; Sigma-Aldrich) supplemented with 

bacitracin (0.2U/mL) for S. mutans quantification. Plates were incubated for 48 hours at 

37°C, and viable counts were enumerated and expressed as log10 CFUs/gram. The 

recovery of C. albicans and S. mutans was comparatively evaluated from mono- and co-

infected animals.  

 

Modifications added to the final animal biofilm model: Two to three-month-old 

female and male C57BL/6 mice (Envigo Laboratories) were used in these studies. Animals 

were divided into three groups with 3-5 mice included in each group: (1) infected only with 

S. mutans (2) infected only with C. albicans (3) co-infected with both species. The mice 

were weighed prior to initiation of experiments to monitor weight loss. Timeline of 

infection is illustrated in (Figure 3.4). Drinking water was supplemented with 0.5mg/mL 

ampicillin on days 1 and 2 (to control for enteric bacteria due to feces consumption) and 

then the drinking water was replaced with ampicillin-free water 24 hrs prior to infection 

with S. mutans. On Day 4, sucrose (final concentration 1%) and S. mutans were added to 

drinking water to a final cell density of 1 x 106 cells/ mL. On day 5, mice in all three groups 

were administered cortisone acetate (200 mg/kg) via subcutaneous injection and the 

drinking water was replaced with a fresh inoculum of S. mutans to a final cell density of 1 

x 106 cells/mL in 1% sucrose.  
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Tissue histopathology analyses. In order to visually assess the fungal presence 

and tissue invasion, representative tongues from all groups were cut in half longitudinally, 

and the tissue was fixed in paraformaldehyde, embedded in paraffin and sectioned. Tissue 

sections were deparaffinized with xylene and stained with Periodic Acid Schiff (PAS) to 

highlight C. albicans hyphae and Gram-stained to highlight the Gram-positive S. mutans. 

The whole periphery of each infected tongue section was examined by light microscopy 

and evaluated based on the presence and extent of adhering yeast cells and penetration of 

the epithelium by invasive hyphae, and the presence of Gram-positive bacteria adhering to 

the superficial epithelium and to the hyphae.  

 

Scanning electron microscopy of infected tongue tissue and teeth surface. 

Representative tongues and teeth from some mice were also subjected to SEM analysis for 

better visualization of the biofilm formed on tissue and teeth. Samples were fixed in 2% 

paraformaldehyde/2.5% glutaraldehyde and following washing steps with PBS, post-fixed 

with 1% osmium tetroxide then rinsed with PBS and dehydrated using a series of washes 

with ethyl alcohol, (30-100%). Samples were dried by critical point drying using an 

Autosamdri-810 (Tousimius), mounted on aluminum stubs and sputter-coated with 10-20 

nm of Platinum/Palladium and imaged with a Quanta 200 scanning electron microscope 

(FEI Co. Hillsboro). 

 

Statistical analysis. Animal experiments were performed on at least eight separate 

occasions, and averages from all experiments were used to present data. All statistical 
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analyses were carried out using Prism software (GraphPad, USA). Different sample groups 

were analyzed by unpaired t-test. Differences were considered statistically significant if p 

values < 0.05.  
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Results 

 

C. albicans-mediated and enhanced S. mutans colonization in vivo. In order to 

test whether C. albicans can enhance S. mutans colonization in an environment that closely 

mimics the human oral cavity, we optimized a co-infection mouse biofilm model from our 

established mouse model of oral candidiasis (122), to determine the level of S. mutans 

colonization in the presence of C. albicans. Figure 3.1 summarizes the initial co-infection 

mouse biofilm model protocol. Although 2 out of 3 mice from the co-infection group 

exhibited a significant increase in S. mutans recovery from both the teeth and tongue 

compared to S. mutans only infected mice, when all 3 were analyzed collectively, mice 

from the co-infection group showed no significant increase (p > 0.05) in S. mutans 

colonization compared to the S. mutans alone group (Figure 3.3; A and B). We identified 

a low recovery of S. mutans for both teeth and tongue on the same mouse from the co-

infection group, and we speculate the reason to be attributable to feeding and drinking 

habits/frequency, reducing the exposure to S. mutans.  

Further standardization led to establishing the final mouse biofilm co-infection 

model as summarized in (Figure 3.4). The final animal protocol was followed for 

subsequent 10 ten experimental runs, with 3-5 mice in each of the animal groups. 

Experiments with contaminated teeth and tongue samples were excluded, and a total of 32 

animals were included in the final analyses. Microbiological analysis of harvested teeth 

and tongues demonstrated significantly enhanced recovery (p≤0.05) of S. mutans from co-

infected mice compared to S. mutans-only infected mice (Figure 3.5; A). There was no 

significant difference (p > 0.05) in C. albicans recovery between co-infected mice and C. 
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albicans-only infected mice (Figure 3.5; B). Figure 3.2 demonstrates inoculation of the oral 

cavity of mice with C. albicans using calcium alginate swabs placed sublingually for 45 

minutes, which led to the development of clinically evident oral candidiasis (Figure 3.6). 

Also, recovered infected tissue was also processed for histopathology analysis. 

Microscopic examination of tissue sections of tongues from animals with oral candidiasis 

revealed the presence of invasive hyphae penetrating oral tissue (Figure 3.7). Further, 

harvested tongues and teeth were also processed for scanning electron microscopy (SEM), 

which similarly demonstrated the presence of mature mixed-species biofilms with hyphae 

penetrating the oral tissue and bacteria seen colonizing the tissue and adhering to the 

hyphae (Figures 3.8; B and 3.9; E and F). 
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Figure 3.1. Timeline for the initial protocol for oral co-infection in the mouse model. 

Day 1, Day 3 and Day 5: Immunosuppression was induced (day 1) and maintained by 

cortisone acetate (200 mg/kg) via SQ injection. Day 2: Animals were infected with C. 

albicans, except the S. mutants-only group. Day 4: Sucrose and S. mutans cells were added 

to drinking water. Day 6: Mice were euthanized, and tissue was harvested. 
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Figure 3.2. Animals were orally infected with C. albicans cell suspension using calcium 

alginate swabs placed sublingually for 45 min. 
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Figure 3.3. S. mutans recovery from teeth and tongues of S. mutans-only infected mice 

and co-infected mice. Recovery is expressed as colony-forming units (CFUs) per gram 

tissue weight. No significant difference in CFUs between S. mutans-only infected mice and 

co-infected mice recovered from (A) teeth (B) tongue. Unpaired t-test; (ns) p > 0.05 
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Figure 3.4. Timeline for the final oral co-infection mouse model. Day 1, Day 3 and Day 

5: Immunosuppression was induced (day 1) and maintained by cortisone acetate (200 

mg/kg) via SQ injection. Day 1 and 2: Drinking water was supplemented with 0.5mg/ml 

ampicillin. Day 2: Animals were infected with C. albicans. Day 3: Drinking water was 

replaced with ampicillin-free sterile water. Day 4: Sucrose (1%) and S. mutans were added 

to drinking water Day 5: Drinking water was replaced by freshwater supplemented with S. 

mutans and sucrose (1%). Day 6: Mice were euthanized, and tissues were harvested. 
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Figure 3.5. Recovery of S. mutans and C. albicans from teeth and tongues of mice 

infected with S. mutans, C. albicans or co-infected with both. (A) Significantly higher 

recovery of S. mutans from teeth and tongues of co-infected animals compared to animals 

infected with S. mutans only. (B) No difference in the recovery of C. albicans from teeth 

and tongues between co-infected animals compared to animals infected with C. albicans 

only. Unpaired t-test; (ns) p > 0.05, (*) p≤0.05 
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Figure 3.6. Oral candidiasis. Mouse with white lesions (arrows) on the tongue indicative 

of advanced oral candidiasis.  
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Figure 3.7. Histopathology analysis of PAS stained tongue tissue sections from co-

infected mice. Representative images of sections of tongues of co-infected mice 

demonstrating extensive presence of C. albicans around the periphery of the tongue along 

with hyphal invasion (red arrows) into the epithelial tissue. Scale bar 400 µm; Inset scale 

bar 100 µm. Image was taken by Aperio Scanscope. 
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Figure 3.8. Scanning electron microscopy images of harvested teeth and tongues.  

Enhanced S. mutans colonization in co-infection samples compared to control; blue arrows: 

S. mutans, red arrows: C. albicans. (A) Tongue of S. mutans-only infected mouse with 

minimal biofilm formation (inset); (B) Tongue of co-infected mouse showing extensive 

biofilm of C. albicans with S. mutans adhering avidly to the surface of C. albicans and 

within clumps of extracellular matrix; (C) Teeth of S. mutans-only infected mouse showing 

scattered clumps of S.mutans; (D) Teeth of co-infected mouse demonstrating a thicker 

biofilm of C. albicans intermixed with S. mutans embedded in extracellular matrix 

material.   

A B 

C D 
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Figure 3.9. Scanning electron microscopy images of harvested tongues. Enhanced S. 

mutans colonization in co-infection samples compared to control; blue arrows: S. mutans, 

red arrows: C. albicans. (A)(C)(E) Tongue of S. mutans only infected mouse (B)(D)(F) 

Tongue of the co-infected mouse. 
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C D 
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Discussion 

 

In addition to the virulence potential of the S. mutans strain, risks for dental caries 

development has also been linked to several host and extrinsic factors, most notably the 

oral microbiome composition, immune status, carbohydrate-rich diet and oral hygiene (42, 

123). As a starting point to explore the clinical implications of the interactions between C. 

albicans and S. mutans on disease development, an animal model is warranted. The rodent 

model is ideal for studying oral candidiasis due to close similarities in the disease process 

to that in humans. To that end, to demonstrate the phenomenon of C. albicans-mediated 

enhanced S. mutans adherence and colonization in an environment that anatomically and 

immunologically mimics humans, a mouse model of oral co-infection was developed.  

 

 The ease of inoculation, sample collection, and the ability to control the host and 

the experimental environment, are advantages for developing rodent models to study 

pathogen-pathogen and host-pathogen interactions (124). Using a mouse model as compared 

to a rat model might translate more accurately to the human oral environment because rats 

can be the natural hosts for sialodacryoadenitis virus, a coronavirus that can cause salivary 

gland disease, potentially affecting the health of the animal and the quality and quantity of 

saliva, contributing to variable results. Rats can also become infected by Streptococcus 

rattus (mutans) during the study resulting in false-positive data, particularly for 

microbiological analysis (119). Another critical advantage for using mice is the absence of 

Candida as part of their healthy flora as opposed to rats; additionally, mice are smaller in 

size and cheaper in cost of maintenance (125) allowing for the use of bigger sample groups, 
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rendering a more robust statistical analysis. Hamsters are rarely used for candidal infections 

due to the low salivary flow and oxygen tension, conditions not reflective of the 

environment in the human host (126). Therefore, as mice do not harbor C. albicans and S. 

mutans as part of their healthy oral flora, the mouse model serves as an ideal and feasible 

host to study C. albicans-S. mutans interactions. 

 

The genetic background of different mice strains contributes to different host innate 

and adaptive immune responses to pathogens (127); using mice model systems, it was 

demonstrated that immunity against S. mutans is primarily achieved through salivary IgA 

antibodies. However, in these studies, the BALB/c strain of mice was used (128, 129). The 

host immune defense against oral candidiasis involves mainly CD4+ Th17 cells and less 

CD4+ Th1, as shown in the C57BL/6 mouse strain (130). CD4+ Th17 co-expresses 

interleukin-17 and interleukin-22, which were shown to induce the salivary glands and oral 

epithelial cells to produce the antimicrobial peptides histatins and defensins, respectively 

(131). In our study, we used the C57BL/6 strain as it is the most widely used for oral 

candidiasis (132) C. albicans is an opportunistic pathogen that typically infects 

immunocompromised individuals and therefore, using immunosuppressed mice closely 

correlates with the expected clinical scenario in humans. Our co-infection model was 

developed based on the standard mouse model established for oral candidiasis with 

modifications (133). As per standard procedure, before inoculation with C. albicans, animals 

were administered cortisone subcutaneously, which was maintained throughout the 

infection period. The animals were exposed to S. mutans through drinking water after 

infection with C. albicans as our hypothesis is that colonization with C. albicans and onset 
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of candidiasis augments and supports S. mutans colonization and proliferation. As rodents 

typically consume their feces, drinking water was supplemented with ampicillin to control 

the growth of enteric bacteria.  

 

Microbiological analysis of teeth and tongues harvested from euthanized animals 

upon completion of the infection protocol demonstrated significantly enhanced recovery 

of S. mutans from the teeth of co-infected mice compared to those from mice exposed only 

to S. mutans (Figure 3.5; A). These expected findings are in line with those from our in 

vitro studies demonstrating a primary role for the C. albicans-derived exopolysaccharides 

in enhancing and retaining S. mutans colonization in the biofilm matrix as revealed by 

microscopy images (Figures 2.8 & 2.9). In contrast, however, no significant difference in 

C. albicans recovery was observed between co-infected mice and C. albicans only infected 

mice (Figure 3.5; B). 

 

It is well known that cariogenicity of plaque due to the low pH and high levels of 

S. mutans and lactobacilli, is enhanced in the presence of sucrose, the most fermentable 

dietary carbohydrate as compared to starch, glucose, or fructose (42) Importantly, sucrose 

seems to contribute to the S. mutans-C. albicans interaction, as previous studies 

demonstrated a weak association between the two microorganisms in its absence (134). 

Previous dental caries rodent models of C. albicans and S. mutans co-infection used a high-

carbohydrate diet in addition to 5% sucrose in water ad libitum, or 2% sucrose and 2% 

glucose in water, with or without surgical hyposalivation (78, 79, 135). In our biofilm mouse 

model, we found that supplementing drinking water with 1% sucrose ad libitum for 48 hrs 
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before euthanizing the animals was sufficient to establish C. albicans-mediated enhanced 

S. mutans colonization of teeth and tongue surfaces. To ensure the viability of the bacteria 

in the drinking water, the water was sampled and cultured for S. mutans, which confirmed 

100% survival of S. mutans for the duration of experiments (data not shown).  

 

The current understanding of plaque biofilm and dental caries indicates that S. 

mutans is the initial colonizer on the pellicle-coated tooth surface, whereas C. albicans is 

considered a weak tooth colonizer. In vitro, both S. mutans and C. albicans counts were 

shown to be increased in dual-species biofilms compared to single-species biofilms (79, 93). 

However, although the results from our in vivo studies clearly demonstrated enhanced S. 

mutans recovery from dual-species biofilms as expected, C. albicans recovery from the 

teeth of co-infected animals was comparable to that from animals infected only with C. 

albicans (Figure 3.5; B). Although interesting, it is possible that the significant level of C. 

albicans colonization of teeth in mice infected only with C. albicans was artificially higher 

due to the experimental conditions; this would, in fact, be most likely due to the constant 

contact of the resting tongue with lesions, with the lingual surface of the mandibular teeth 

serving as a nidus for continuous seeding of C. albicans. Importantly, although an animal 

study, our model supports findings from clinical studies suggesting that HIV+ children and 

adolescents experience increased caries burden with significantly higher DMFT/DMFS 

(Decayed, Missing, Filled Teeth/Surfaces) scores in their primary dentition compared to 

healthy children without signs of immunodeficiency (136). This could be partially due to the 

high level of fungal colonization in HIV+ individuals attributed to immunosuppression 

which, as supported by our findings, augments S. mutans colonization and potentially 
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increases the risk of dental caries. Further, it is important to note that our animal model is 

maintained under conditions of immunosuppression and therefore, it is relatively predictive 

of the physiology and pathology in HIV+ individuals and other immunosuppressed patient 

populations, such as cancer and organ transplant patients. 
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Chapter 4: Concluding Remarks and Future Studies 

 

The synergistic interaction between C. albicans and S. mutans in the oral cavity is 

an area of increasing interest due to the relevant clinical implications in promoting dental 

caries, a highly prevalent yet mostly preventable disease. Previous studies have indicated 

a potential role for C. albicans in mediating caries development via physical and metabolic 

interactions with S. mutans. The role of C. albicans-derived extracellular matrix and more 

specifically the fungal secreted polysaccharide components of the biofilm matrix is a 

poorly studied area. To that end, taking different experimental approaches, we aimed to 

provide mechanistic insights into this complex interaction between two diverse and 

important human pathogens. Importantly, we established the clinical relevance of the 

phenomenon demonstrated from the in vitro studies in a clinically relevant animal model. 

 

Historically, for the prevention of dental caries, fluoride, and sodium bicarbonate 

have been used clinically due to their effects on altering and disrupting the plaque biofilm 

(137). However, the findings generated from this study indicate that future studies should 

focus on designing novel preventive strategies targeting inter-species interactions with 

potential clinical implications, such as that between S. mutans and C. albicans.  To that 

end, our future studies are directed towards identifying alternative therapeutics to prevent 

dental caries by targeting C. albicans and, consequently, reducing S. mutans tooth 

colonization. Specifically, natural antimicrobial peptides have gained considerable interest 

as candidates for drug development due to their broad-spectrum antimicrobial activity and 

lack of toxicity to humans (138, 139). The salivary peptide histatin-5 (Hst-5) specifically, 
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secreted by host salivary glands, has exhibited potent activity against C. albicans. To that 

end, to explore the potential development of Hst-5 as an antifungal agent, our lab has 

recently developed the first Hst-5 based bio-adhesive hydrogel formulation designed 

specifically for oral, topical application. Importantly, we demonstrated the efficacy of the 

formulation in vivo in our mouse model of oral candidiasis (122). More recently, using Hst-

5 as a blueprint and through amino acid mutations, we designed a new peptide variant of 

Hst-5 (K11R/K17R) with enhanced stability (patented). However, the efficacy of a 

formulation with the novel peptide against mixed-species biofilm formation on oral 

surfaces has not been investigated. We are aiming to use orally relevant substrata as well 

as our biologically relevant animal model system to evaluate the efficacy of the novel 

formulation against mixed species biofilm-associated oral infections. 

 

Additionally, to demonstrate the association between oral Candida carriage and 

ECC, we plan on conducting clinical studies where clinical isolates of C. albicans and S. 

mutans co-isolated from the oral cavities of children with active ECC will be evaluated in 

vitro for mixed biofilm formation and pathogenic potential. Finally, we are developing a 

rat model of dental caries to demonstrate the implications of these interactions on caries 

development.  
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