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ABSTRACT 

 

Title: Interactions Between Candida albicans and Streptococcus mutans in the Oral 

Cavity  

Name of Candidate: Hadeel Al Saud 

Thesis Directed by: Dr. Mary Ann Jabra-Rizk, PhD, and Department of Oncology & 

Diagnostic Science  

 

Dental caries is a common oral disease characterized by teeth destruction. 

Streptococcus mutans is considered the etiologic agent, however we have shown that 

S. mutans adheres to Candida albicans. To understand the implications of their 

interactions in the host, we developed a mouse model of oral co-colonization where 

animals were infected in combination or with S.mutans alone. Animals were 

euthanized and tongues and teeth were processed for microbial burden and 

microscopic analysis. Significantly higher numbers of S. mutans were recovered from 

co-infected mice compared to mice with only S. mutans. Histopathology of  tongues 

revealed massive invasion by C. albicans with large number of S. mutans present, 

whereas minimal S. mutans was detected in mice infected only with S. mutans. This 

study indicates a potential role for C. albicans in caries development via physical 

interactions with S. mutans. Future studies should focus on developing strategies for 

prevention of microbial interacions. 
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I - BACKGROUND AND SIGNIFICANCE 
 

The oral cavity is a complex environment habituated by numerous microbial species 

where extensive inter-species interactions take place. The interactions between the diverse 

species can be synergistic in that the presence of one organism generates a niche for other 

organisms, which can facilitate their retention. The fungal species Candida albicans (C. 

albicans) is a common colonizer of the oral cavity. However, this opportunistic organism can 

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

Similarly, although Streptococcus mutans (S. mutans) is part of the oral microbial flora, this 

bacterial species is considered to be the primary etiologic agent of dental caries. Our previous 

studies have shown that S. mutans avidly adheres to C. albicans in vitro as these species co-

adhere to abiotic surfaces forming mixed biofilms. In this project, we aim to characterize the 

interaction between C. albicans and S. mutans in vivo using a biologically relevant animal model 

system. The accomplishment of the work proposed may have important clinical implications as 

the interaction between these species in the oral cavity could impact caries development. 
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II. HYPOTHESIS 
 

We hypothesize that the physical interactions and co-adherence between C. albicans and 

S. mutans in the oral cavity promotes S. mutans colonization of oral surfaces which may 

ultimately impact development of dental caries. This hypothesis will be validated through the 

accomplishment of the following aims:  

 

 

SPECIFIC AIMS 
	
	

1. To develop a clinically relevant mouse model of oral co-infection. 

2. To utilize the animal model to demonstrate C. albicans-mediated enhanced S. mutans 

colonization of oral tissue. 
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III. INTRODUCTION 
 

The oral microbial communities are some of the most complex microbial floras in the 

human body, consisting of more than 700 different bacterial species (1-3). In addition to the 

bacterial population, fungi also constitute a main component of the oral microbiome referred to 

as the mycobiome, which contains 74 cultivable and 11 non-cultivable fungal species (4). 

Occurrence of disease results from disturbance of the equilibrium of this complex ecosystem 

where population shifts lead to overrepresentation of pathogenic species. This microbial shift 

contributes to the onset and progression of the most common oral diseases, caries and 

periodontal disease (2, 5).  

 

The oral tissues comprised of mucosal and solid surfaces such as teeth are coated by a 

pellicle to which the microbial cells attach. In addition to adhering to surfaces, microbial cells 

also stick to each other and generate a matrix of polysaccharide material within which cells grow 

forming a community known as microbial biofilm (6, 7). However, the properties of the oral 

cavity as a microbial living space are progressive and change over the life of a person. During 

the first few months of life, only mucosal surfaces are available for microbial colonization, 

however eruption of teeth provides ample hard surfaces for retaining larger masses of 

microorganisms. Extraction of teeth or use of dentures and orthodontic appliances also impact 

the topography and microbial ecology of the oral cavity (8). Further, food ingestion, difference in 

salivary flow and antibiotic treatment may incite transient changes in the steadiness of the oral 

environment (8). In addition, the gingival crevicular fluid delivered in the gingival sulcus 

provides extra supplements to sub-gingival microorganisms including periodontal pathogens (8). 
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Therefore, the human mouth with its diverse niches and ample supply of nutrients is undoubtedly 

conducive for the unrestricted formation of natural microbial biofilms. 

 

C. albicans and Candidiasis 
 

Among the oral microbial flora commonly colonizing oral mucosal surfaces is the 

commensal fungal species C. albicans (9-11). Colonization by Candida is thought to occur at an 

early age when the organism is acquired during passage through the birth canal, during nursing 

or from diet. However, although a component of the normal microflora, as an opportunistic 

pathogen, under conditions of immune dysfunction such as HIV infection or disruption in the 

host environment, C. albicans can proliferate causing an array of infections ranging from 

mucosal to systemic infections that are often life-threatening (12-16). C. albicans possesses an 

array of virulence factors such as surface adhesins that mediate binding to host tissues, abiotic 

surfaces and bacteria as well as secreted proteolytic enzymes that allow it to invade host tissue 

(17, 18). However, the ability of this highly adaptable fungal pathogen to transition from 

commensal to pathogen is primarily the result of its ability to morphologically switch between a 

unicellular yeast form and a filamentous hyphal form (11, 19, 20). The majority of C. albicans 

infections are associated with its ability to form biofilms where adhesion of yeast cells to the 

substrate is followed by proliferation and hyphae formation resulting in a network of cells 

embedded in extracellular polymeric matrix (21-23).  
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Oral candidiasis (OC) commonly known as thrush, is the most prevalent manifestation of 

candidiasis (9, 10). This condition is considered a biofilm-associated infection resulting from the 

adherence of yeast cells to mucosal tissue followed by hyphal invasion (24). The incidence of 

OC has increased in recent decades primarily due to the increase in immunocompromised 

populations and escalation in use of immunosuppressive treatments and broad-spectrum 

antibiotic (12).  In HIV+ individuals, OC is considered an AIDS-defining illness with 80-90% of 

these individuals suffering recurrent episodes during the course of their illness despite HIV 

therapy (12, 13, 25). In addition to HIV infection, OPC occurs in 35% of cancer patients who 

have recently received chemotherapy, the elderly and infants, under conditions of malnutrition 

and local immune suppression (e.g. steroid inhalers for asthma). Further, patients with Sjogren's 

syndrome, diabetes and other metabolic or hormonal disorders or those on antibiotics are also 

predisposed to OPC (13, 14, 26, 27). There are 4 main clinical manifestations of oral candidiasis; 

typically the diagnosis of OC is essentially clinical and is based on the recognition of the lesions 

by a healthcare provider, which can be confirmed by the microscopic identification of Candida 

or by culture of samples from infected area (28, 29). 

	
Manifestations of Oral Candidiasis 
 

Erythematous candidiasis. Erythematous candidiasis appears as flat, red patches of varying size 

that commonly occur on the palate and the dorsal surface of the tongue (Figure 1 A, B). The 

lesions are frequently subtle in appearance and they may be easily overlooked. Patients generally 

complain of burning sensation when eating sour food.  
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Pseudomembranous Candidiasis. This form of candidiasis is commonly referred to as thrush 

and is characterized by the formation of creamy, white plaques or lesions on the buccal mucosa, 

tongue, palate or pharynx (oropharyngeal candidisasi) (Figure 1 C,D). These white plaques are 

caused by overgrowth of fungal hyphae mixed with desquamated epithelium and inflammatory 

cells and can removed from the mucosal surface leaving an erythematous area. 

Pseudomembranous candidiasis is typically diagnosed clinically however diagnosis can be 

confirmed by microbiological culturing. Although lesions can resolve without treatment, topical 

antifungal treatment may accelerate the healing process. However in immunocompromised 

patients infection can be recurrent requiring systemic antifungal therapy. 

 

Denture Stomatitis. Candida-associated denture stomatitis (DS) is the most common form of 

oral candidal infections in otherwise healthy individuals, and is primarily caused by C. albicans 

(30, 31). Denture stomatitis is a chronic disease characterized by localized or generalized 

inflammation of the denture bearing mucosa that affects patients wearing removable partial or 

complete dental prostheses (Figure 1G). Symptoms of Candida-associated DS range from mild 

to severe, including palatal edema, painful inflammation, and papillary hyperplasia (small 

pebble-like sores) (30). This condition is prevalent in approximately 70% of denture wearers 

with very high recurrence rates despite antifungal therapy (30-32). C. albicans readily adheres to 

the acrylic denture material and forms biofilms, which could result in continuous seeding of 

biofilm-associated organisms on the palatal tissue. This is particularly exacerbated in situations 

where an ill-fitting denture and frictional irritation damage the normally protective mucosal 

barrier, allowing infiltration of C. albicans into the tissue (27). 



7	
	

Angular Cheilitis. Angular cheilitis appears clinically as redness, ulceration, and fissuring, either 

unilaterally or bilaterally at the corners of the mouth. It can appear alone or in conjunction with 

another form of candidiasis. (Figure 1 E-F). Antibiotic use, iron and vitamin B complex 

deficiency are etiological components that may contribute to the progression of angular chelitis 

(33). The microflora in angular cheilitis typically includes Candida with bacterial species such as 

staphylococci and streptococci, which may play a part in persistence of cheilitis (34, 35). 
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Dental caries and Streptococcus mutans 

 

In the oral cavity, C. albicans co-exists and forms tight associations with various 

commensal bacterial species from mucosal biofilms, primarily with the streptococci including 

Streptococcus mutans (S. mutans), the etiologic agent of dental caries (2, 36). Dental caries or 

tooth decay is among the most prevalent human diseases (37). Caries is a chronic disease that 

progresses slowly and is characterized by localized and irreversible destruction of the tooth (38, 

39). Despite scientific advancements in cariology, dental caries remains a serious issue 

worldwide and the primary source of tooth loss in children. In the U.S, 42% of children of ages 

between 2 to 11 have had dental caries in their primary teeth (38). People with disabilities and 

lower socioeconomic status suffer from the highest prevalence and pathogenicity of dental 

caries.  

Caries progresses slowly and is characterized by localized and irreversible damage of the 

tooth structure. While the precise mechanism is not fully understood, caries results from the  

 

Figure 1. The various manifestations of oral cadidiasis 

. Erythematous candidiasis is characterized by red lesions on the palate (A) or tongue (B). 

Pseudomembranous candidiasis is characterized by white plaques that can occur on the palate 

(C), tongue or pharynx (D) Angular cheilits is characterized by cuts and fissures at side of the 

mouth (E) which can occur alone or in conjunction with one of the other forms of candidiasis 

(F). Denture stomatitis is an inflammation of the gum due to tissue infiltration of Candida 

adhering to and colonizing denture acrylic (G).  
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complex interactions among the microbial species adhering to the tooth surface with dietary, 

salivary and genetic influences. The metabolic microbial interactions that take place in dental 

biofilm result in acid production and polysaccharide formation, which promote microbial 

attachment to teeth (6, 37, 38, 40). Ninety percent of carious lesions occur in the pits and fissures 

of posterior and molar teeth where the biofilm tends to stagnate and mature (6). Dental caries is 

typically initiated as lesions on the outer layer enamel and cementum of the tooth, which then 

advances to the inner dentin and pulp. Enamel is the hardest substance in the human body and 

includes the highest percentage of minerals with water and organic compound. The main mineral 

is hydroxyapatite, a crystalline calcium phosphate predisposed to attack by microorganisms in 

the oral cavity.  

 

The recognition of acid as the central etiological agent in dental caries initiated a search 

for the causative microorganisms. In the early 1960s the bacterial species Streptococcus mutans 

(S. mutans) became the main focus of caries research, assumed to be the specific cariogen (41). 

Streptococcus mutans are Gram-positive bacteria that reside in the human mouth and more 

specifically in the multi-species biofilms on the surfaces of teeth (39). Streptococcus mutans are 

considered the major cariogenic organisms the result of their ability to produce large quantities 

of glucans as well as acid providing low pH environments (42, 43). This ability to survive in acid 

environment coupled with irreversible binding to teeth is a key component to S. mutans 

pathogenesis. However, S. mutans is also able to co-adhere or co-aggregate with other microbial 

species followed by proliferation and biofilm formation which changes the equilibrium balance 

of the oral cavity, leading to dissolution of hydroxyapatite crystals in enamel and dentin which 

ultimately results in cavitation within the tooth (37, 38, 44).  
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Interestingly however, although S. mutans is considered the etiologic agent of dental 

caries, recent evidence indicate high prevalence for S. mutans in dental biofilms where C. 

albicans resides, suggesting that the interaction between these diverse species may mediate 

cariogenic development (45, 46). C. albicans and streptococci co-colonize the oral cavities of the 

majority of healthy humans and therefore, interactions between these species likely occur during 

commensal colonization of oral surfaces which may impact disease development.   

 

Polymicrobial interactions in the oral cavity: C. albicans and S. mutans 
 

A considerable number of infectious diseases involve multiple microbial species 

coexisting and interacting in a host (35, 47). In these infections, the presence of one 

microorganism predisposes the host to colonization by others (2, 35, 48). Adherence of 

organisms to surfaces and to each other is a prerequisite for establishing concurrent infections, 

which often stem from the formation of polymicrobial biofilms that form on biotic or abiotic 

surfaces (49-52). The interactions between the various species can be synergistic in that the 

presence of one microorganism generates a niche for other microorganisms, which can serve to 

facilitate the retention of organisms, an oral phenomenon known as co-aggregation (2, 5, 34, 35, 

51, 53-56). The bacteria in the biofilm are always metabolically active which causes fluctuations 

in pH and loss of minerals from the tooth ultimately resulting in dissolution of the dental hard 

tissues and formation of lesions known as dental caries (6, 43). Interestingly, metabolic 

communications among oral microbial species may occur where the excretion of a metabolite by 

one organism is used as a nutrient by other organisms and breakdown of a substrate by 

enzymatic activity of one organism creates available substrates for different organisms (57, 58).  
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In the oral cavity, C. albicans co-exist and forms tight associations with numerous oral 

bacterial species particularly the streptococci and this co-adhesion is crucial for C. albicans 

colonization and persistence (50, 54, 55). In addition to providing adhesion sites, the streptococci 

excrete lactate that can act as a carbon source for yeast growth which in turn, reduce oxygen 

tension to levels preferred by streptococci and provide growth stimulatory factors for the bacteria 

(54, 59). The mechanism behind the co-adherence between C. albicans and oral streptococci 

have been shown to be mediated by specific adhesins located on the surface of the streptococcal 

cell wall, namely the antigen I/II family adhesins, SspA and SspB. Similarly, in the C. albicans, 

the hyphae-specific cell wall adhesin Als3p was identified serves as a receptor for the 

streptococcal adhesin SspB (60). More significantly, the intimate interactions between C. 

albicans and oral streptococci may play a key role in increased tolerance of the polymicrobial 

biofilm to anti-microbial agents and enhanced resilience to physical disruption which consider 

the most serious implications of these fungal-bacterial interactions to clinical implications (2). 

 

Although the interaction between C. albicans and streptococci is established, increasing 

interest seems to focus on the C. albicans coaggregation with S. mutans and adherence to dental 

surfaces (45). Colonization of tooth surface and other tissues occurs in a sequential manner 

where the attachment of one species becomes a scaffold to which other species adhere; this 

process of sequential attachment is referred to as “co-aggregation”. In an environment that is 

highly competitive for nutrients and space, co-aggregation allows competing microorganisms to 

increase colonization surface area (2, 61). The hypothesis of the association between C. albicans 

and S. mutans was based on their mechanisms of virulence and biochemical characteristics (44-
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46). More importantly, the pronounced ability of C. albicans to produce and tolerate acids 

indicate that C. albicans has a potential to induce dental caries. These speculations were recently 

supported in vivo by a study by Klinke et al. (62) where C. albicans was shown to be capable of 

causing advanced occlusal caries in rats. Combined with observations from in vitro studies, the 

findings seem to attribute a role for C. albicans in caries development and/or progression. 

Importantly, this hypothesis was supported by data from a clinical study where the occurrence of 

caries in children was positively correlated with the frequency of oral candidal carriage (44). The 

mechanism behind these observations however, is yet to be elucidated. 
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CONCLUSION 
 

 Our previous studies have shown that S. mutans adheres avidly to C. albicans hyphae in 

vitro forming a homogeneous mixed biofilms on hydroxyapatite discs and on extracted human 

teeth (40). The formation of biofilms on these substrata indicated a possible facilitation 

mechanism during this association where C. albicans could be used by the bacteria as support for 

adherence (44, 46). However, while in vitro studies can provide an understanding of the complex 

microbial relations and the dynamics of their interaction in the oral environment, host factors 

play a significant regulatory role. Therefore, in this project, we aimed to design a feasible animal 

model of co-colonization to validate the in vitro findings. Specifically, the goal of the project 

was to demonstrate that co-colonized mice that develop oral candidiasis, the formation of mixed 

biofilms on oral tissue results in retention of high level of S. mutans in the oral cavity.  

 

The findings generated from accomplishment of the goals of this project will further our 

understanding of the complex mechanisms by which Candida and oral bacteria co-colonize. 

Such insights will greatly contribute to the development of novel protocols to block adhesive 

reactions and eradicate Candida from biofilm related oral infections. 
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IV. RESEARCH DESIGN 
 

Strains and Growth Conditions 
 

Streptococcus mutans wild-type strain UA159 was maintained on brain–heart infusion 

(BHI) (Difco, Sparks, MD) agar plates. For experiments, a single colony of S. mutans was 

suspended in BHI broth and incubated overnight in an anaerobic jar with CO2 at 37°C. Cells 

were washed twice with PBS and resuspended in PBS to a final cell density of 1x106 cells/ml. 

Candida albicans wild-type strain SC5314 (63) was maintained on yeast peptone dextrose agar 

(YPD) (Difco Laboratories) and grown in YPD broth overnight at 30°C with shaking. Following 

incubation, cells were harvested and washed twice with PBS and cell density adjusted to final 

concentration of 1x06 cells/ml in PBS. For culturing of samples from co-infected tissue, samples 

were plated on species-specific media. For C. albicans the chromogenic media CHROMagar was 

used and for S. mutans selective growth, samples were grown on mitis salivairus agar (MSA) 

supplemented with bacitracin to a final concentration of 2 U/mL. 

 

Animal Studies Ethics Statement  
 

In accordance with the USA animal Welfare Act as regulated by USDA, all animal 

experiments were conducted as per regulation at the AAALAAC accredited Animal Facility of 

the University of Maryland. Animal studies were approved by the University of Maryland 

Animal Care and Use Committee (IACUC Protocol #0814012). This institution has an Animal 

Welfare Assurance on file with the Office of Laboratory Animal Welfare, NIH.  The Assurance 

Number is A-3199-01.   
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Animals  
 

Pathogen-free three-month-old female C57BL/6 mice (Harlan) were used in these 

studies. Mice were kept at a maximum of 5 per cage in the animal facility at the Universtiy of 

Maryland Baltimore Dental School according to the regulations of the Animal Care and Use 

Committee. 

 

Infection Model 
		

 

The co-infection mouse model was performed in accordance with an established model of 

OC with modification (64). Time-line of infection and treatment is illustrated in Fig. 2. Mice 

were rendered susceptible to candidiasis by subcutaneous administration (0.2 ml) of cortisone 

acetate (200 mg/kg body weight) in the dorsum of the neck every other day starting one day 

before infection (Day 1) (total 3 injections). Animals were divided into 3 groups with 5 mice in 

each group:  (1) a group infected with S. mutans (mono infected); (2) a group infected with C. 

albicans; (3) a group infected with of S.mutans and C. albicans (co-infected).  

 

On day of infection (Day 2), mice were anesthetized by intraperitoneal injections (0.5 ml) of 

Tribromoethanol (Sigma-Aldrich) (250 mg/kg body weight). While under anesthesia, animals 

were positioned on heating pads with maintained  tempreture of 37°C. Anesthetized animals 

were weighed then orally inoculated by placing calcium alginate swabs (Fisher Scientific) 

saturated for 5 minutes with C. albicans yeast cell suspension sublingually for 50 minutes (Fig. 

3).  
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Animals were placed in a supine position on isothermal pads and monitored until they 

recovered from anesthesia. One day post infection with C. albicans (Day 3), sucrose (1%) was 

added to the drinking water and the following day (Day 4) S. mutans cell suspension was added 

to the drinking water at final cell density of 1 x 106 cells/ml. Mice were exposed to S. mutans for 

only 24 hours then water was replaced (Day 5) with fresh water. Animals were monitored daily 

for any developing clinical signs of distress. Animals were euthanized 4 days post-infection with 

C. albicans (Day 6) by CO2 inhalation followed by cervical dislocation. Tongues and teeth were 

harvested and weighed. Tongues were homogenized in PBS and teeth were sonicated using a 

sonicator. Homogenates from both samples were diluted with PBS and cultured in triplicate on 

yeast chromogenic media CHROMagar (DRG International, Inc.) for C. albicans and MSA agar 

for S. mutans. Plates were incubated for 48 hours at 37°C in anaerobic jars and viable colony 

counts were enumerated and expressed as log CFUs/gram tissue weight.  

Figure 2.  Infection timeline.	

Timeline for infection beginning with immunosuppression day prior to infection with C. 

albicans until animals are euthanized 4 days post infection. 
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Figure 3. Mouse oral infection model 

Anesthetized mice are infected with C. albicans using saturated swabs 

placed sublingually. 
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Histopathology tissue Analysis.  

 

One half of harvested tongues were fixed and processed for histopathology analysis. 

Tissue was embedded in paraffin, sectioned and sections were deparaffinized with xylene and 

stained with Periodic Acid Schiff (PAS) or Gram stain for better visualization of bacteria and 

slides were examined with light microscopy for fungal and bacterial presence.  

 

Scanning electron microscopy (SEM) of infected tongue tissue and teeth.  

 

 Some tongue sections were also processed for SEM analysis. 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 

(Tousimi), 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).  
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Data Analysis 
 

The database for statistical analysis was built up by incremental addition of experimental data. A 

total of 3 experimental groups were tested each including randomly selected 5 mice. All 

experiments were performed on at least 3 separate occasions and averages used to present data. 

All statistical analysis was performed using GraphPad Prism 5.0 software. The Kruskal-Wallis 

one-way analysis of variance test was used to compare differences between multiple groups and 

Dunn's Multiple Comparison Test was used to determine whether the difference between two 

samples was statistically significant. A student's unpaired T-test was used to compare differences 

between two samples. P values <0.05 were considered to be significant (*).  
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V. RESULTS 
	
Clinical Assessment of infected animals  

Clinical assessment of the oral cavities demonstrated that all mice infected with C. 

albicans alone (Fig. 4A,B) or with C. albicans and S. mutans (Fig. 4D) developed clinical 

candidiasis. Three days post infection with C. albicans white lesions developed on tongues (A), 

which rapidly progressed into advanced candidiasis covering the tongue surface (B). In contrast, 

mice infected with S. mutans alone (C) showed no sign of infection. Mice co-infected with S. 

mutans and C. albicans (D) developed oral candidiasis characterized by the typical white lesion 

on tongues and oral tissue (arrow). 
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Figure 4. Mouse model of oral candidiasis 

White lesions on tongues (A) progressing into advanced candidiasis covering the tongue 

surface (B). Mice infected with S. mutans alone (C) showed no sign of infection. Mice co-

infected with S. mutans and C. albicans (D) developed oral candidiasis (arrow). 
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Microbiological culturing of tongues and teeth 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
	
	

Figure 5. Microbiological culturing of tongues and teeth	

Significantly higher number of S. mutans colonies was seen growing on MSA agar from 

tongues and teeth recovered from co-infected (SM+CA) mice compared to recovery from 

mice infected only with S. mutans (SM). 
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Tissue microbial burden  
 

S. mutans colonization of oral cavity of mono- and co-infected mice. To comparatively assess 

S. mutans and C. albicans recovery from tongues and teeth in mono-infected and co-infected 

mice, 4 days following infection with C. albicans, mice were euthanized and tissue harvested for 

assessment of oral colonization. Based on viable colony counts (CFUs) adjusted per gram tissue 

weight, findings demonstrated significantly higher number of S. mutans recovered from tongues 

and teeth of co-infected with C. albicans (SC) compared to those infected with S. mutans (SM) 

alone (Fig. 5,6). Figure 6A is a scatter plot depicting CFU values for each mouse tested; Figure 

6B is a bar graph of the average of CFU counts from all animals in the group. 

 

 

Figure 6.  S. mutans recovery from tissue of mono-and co-infection mice 

A high level of C. albicans colonization was seen in mice infected with C. albicans or in 

combination with S. mutans. In contrast, high recovery of S. mutans was only seen in the co-

infected group with oral candidiasis.  
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C. albicans colonization of oral cavity of mono- and co-infected mice. In contrast to S. mutans 

recovery, based on viable colony counts (CFUs) adjusted per gram tissue weight, no significant 

differences were noted for level of C. albicans recovery from tongues and teeth from mice 

infected with C. albicans (CA) alone or those co-infected with S. mutans (SC) (Fig. 7). Figure 

7A is a scatter plot depicting CFU values for each mouse tested; Figure 7B is a bar graph of the 

average of CFU counts from all animals in the group. 

 

 

 

 

 

 

Figure 7. C. albicans recovery from mono- and co-infection mice 

.	No significant differences were seen in the level of C. albicans between mono (CA) and co-

infected (SC) mice on tongues and teeth.	
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Histopathology of infected tissue 
 

In addition to assessing microbial burden, tongue tissue was also processed for 

histopathology in order to assess microbial presence and visualize the tissue invasion process. 

Microscopic analysis of PAS-stained tissue sections revealed extensive fungal adherence and 

hyphal penetration of the epithelial tissue with massive influx of inflammatory cells (Fig. 8-15).  

Significantly, extensive and deep tongue tissue infiltration of the typically non-invasive S. 

mutans was seen in Gram-stained tissue sections (Fig. 11,13,14,15) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Low magnification of tongue from mouse with oral candidiasis 

Low magnification of border of tongue recovered from mouse with oral candidiasis 

revealing extensive fungal presence around tongue periphery.  
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Figure 9. Low and high magnification images demonstrating hyphal tissue invasion 

Low and high magnification (B) images demonstrating hyphal tissue invasion  
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Figure 10. Low and high magification images demonstrating hyphal tisssue invasion 

Low and high magnification (B) images demonstrating hyphal tissue invasion  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Low and high magnification images of hyphae and bacterial presence 

Low and high magnification (B) images demonstrating hyphal tissue invasion with bacterial 

presence (arrows) within the tissue  
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Figure 12. Magnified images of tongue tissue from mouse with oral candidiasis 

Magnified images of tongue tissue from mouse with oral candidiasis demonstrating 

tissue invasion by invasive hyphal elements of C. albicans. Hyphae can be seen 

penetrating within the sub-epithelial tissue.  

	

Figure 13. Magnified images of Gram stained tissue 

Magnified images of Gram stained tissue from co-infected mice demonstrating hyphal tissue 

invasion with bacterial presence (arrows) within the tissue candidiasis demonstrating tissue 

invasion by invasive hyphal elements of C. albicans. Hyphae can be seen penetrating within the 

sub-epithelial tissue.  
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Figure	13	

Figure 14. Magnified images of Gram stained tissue from co-infected mice 

Magnified images of Gram stained tissue from co-infected mice demonstrating hyphal 

invasion with bacterial presence (arrows) within the tissue.   

Figure 15. Magnified images of Gram stained tissue from co-infected mice 

Magnified images of Gram stained tissue from co-infected mice demonstrating hyphal 

invasion with bacterial presence (arrows) within the tissue.   
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Scanning Electron Microscopy 
 

In addition, tongues from infected mice were also subjected to SEM analysis. SEM 

Images revealed a thick biofilm consisting of S. mutans formed on the surface of the tongue (Fig. 

16).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. Representative SEM images of S. mutans adhering to tongue 
tissue 

Representative SEM images of S. mutans adhering to tongue tissue 
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Figure 17. Representative SEM images of S. mutans adhering to tongue 
tissue 

Representative SEM images of S. mutans adhering to tongue tissue 
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Figure 18. Representative SEM images of S. mutans adhering to tongue tissue 

Representative SEM images of S. mutans adhering to tongue tissue 
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Figure 19. A false colored SEM images demonstrating S. mutans cells 

A false colored SEM images demonstrating S. mutans cells (green) adhering to the surface 

of tongue tissue 
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VI. DISCUSSION 
 

The oral cavity is a complex environment habituated by a multitude of diverse microbial 

species, where extensive inter-species interactions take place. Microbiome studies have allowed 

understanding of the differences between the normal state of the oral microbiota and the 

alterations that are present during disease states (1). C. albicans and S. mutans are members of 

the normal commensal oral flora that typically adhere and colonize oral surfaces. Therefore, it is 

conceivable to speculate that a synergistic interaction between these diverse species may impact 

the development and progression of dental caries.  

 

      A main mechanism for synergistic interactions between microbial species may be at the 

level of colonization, where one species aids others to colonize certain oral surfaces more 

efficiently. Although, most streptococci favorably colonize tooth surfaces, when disruption of the 

oral microbial flora occurs, they may colonize mucosal sites in higher numbers. Therefore, 

presence of C. albicans in the oral cavity may generate favorable conditions, which enhance 

colonization and biofilm growth on mucosal surfaces by S. mutans (65). Further, within mixed 

microbial biofilms, one species may modify the structure of a polymicrobial biofilm to form 

certain architectural configurations, which may stimulate biofilm pathogenicity (6, 65). One 

example is via exopolysaccharide secretion by C. albicans, which enhances biofilm mass in turn 

harboring more bacteria. Another important factor is mutualistic metabolic activity where the 

secretion of a metabolite by one organism is used as a nutrient by other organisms and 

breakdown of a substrate by enzymatic activity of one organism generates available substrates 

for different organisms (58). This microbial metabolic activity in the oral cavity causes 

fluctuations in pH, loss of minerals from the tooth, dissolution of the dental hard tissues 
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ultimately leading to formation of carious lesions (6). In general, oral bacteria consume 

carbohydrates as an energy source. S. mutans specifically, colonizes the dental surface in the 

presence of fermentable carbohydrates such as sucrose (43). Sucrose is rapidly fermented to 

acidic end products and can be transformed into extracellular polysaccharides (EPS) in the 

plaque. Therefore, it is considered to be the most cariogenic carbohydrate in the human diet.  

 

Further, commensal oral microorganisms do not typically trigger host inflammatory 

responses due to their limited numbers in the oral cavity. In one study, when S. oralis was given 

in high infectious doses, S. oralis did not induce an inflammatory response in the oral mucosa 

(65). However, when mice were co-inoculated with S. oralis and C. albicans, an exaggerated 

mucosal inflammatory response developed. Therefore, in addition to biofilm formation, and 

mutualistic metabolic activity, interactions between microorganisms can modulate host responses 

(66). 

     A positive correlation between dental caries and the frequency of oral candidal carriage 

has been indicated by findings from a clinical study on caries in children (44). Although further 

clinical and epidemiological studies are necessary to investigate the clinical implications of their 

co-existence, these preliminary findings evidently support the hypothesis that the interactions 

between these species in the oral cavity could impact the development and the progression of 

dental caries. While in vitro studies can contribute to our understanding of these associations, the 

immune status of the host and other factors such as oral hygiene and dietary habits can play a 

significant regulatory role. To that end, we developed a mouse model of co-colonization in order 

to study and comparatively evaluate S. mutans colonization of oral surfaces in the presence and 

absence of C. albicans.   
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Using microbiological and microscopic analyses, the combined findings from this study 

demonstrated that in the presence of C. albicans, a significantly higher numbers of S. mutans 

were recovered from tongues and teeth compared to mice infected only with S. mutans. Further, 

microscopic analysis of co-colonized tongues revealed avid co-adherence between these species 

where S. mutans can be seen extensively adhering to C. albicans hyphae. Importantly, mature 

mixed biofilms with massive penetration of tissue by the invasive C. albicans hyphae along with 

accumulation of large amounts of S. mutans was clearly evident. In contrast, in mice with S. 

mutans alone, minimal amount of S. mutans was seen adhering to the tongues. The significant 

differences between combined colonization of S. mutans and C. albicans versus single 

colonization highlighted the possible association of oral candidal carriage with caries. 

Altogether, these findings provide new insights into this recently identified cross-kingdom 

interaction. 
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VII. CONCLUSION AND FUTURE DIRECTIONS 
  

The mechanisms behind the synergistic interactions between S. mutans and C. albicans 

and their impact of dental caries development are not fully understood. As teeth loss in both 

children and adults has become a heath and financial affliction worldwide, understanding the 

interactions between the resident microflora thereby preventing biofilm-induced caries and 

improving the quality of life has become critical. Therefore, unraveling the basis of oral 

microbial colonization will ultimately contribute to both oral and overall health. This would 

provide new understandings of pathogenesis of dental caries and open new paths for its 

prevention and management. It may be achievable to develop new protocols to block adhesive 

inter-species interactions, thereby impeding development of biofilm-related oral disease (6, 42, 

43, 62). Although further in depth investigations are warranted, based on preliminary findings, 

the presence of C. albicans in the oral environment can be considered as an additional factor that 

needs to be taken into account in evaluating risks to caries (45). 
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