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 The polymorphic fungus Candida albicans and gram-positive bacterium 

Staphylococcus aureus are biofilm-forming organisms commonly found in 

immunocompromised patients, with each organism ranked by the CDC in the top causes 

of mortality for US hospitals. Murine models have demonstrated that C. albicans and S. 

aureus can form a polymicrobial biofilm on epithelial tissue and facilitate systemic 

infection of both organisms from the oral cavity. While many studies have examined host 

responses to each organism in mono-species infections, few have sought to determine the 

impact of dual-species interaction, despite most infections being polymicrobial in nature. 

In addition to collaborative pathogenesis, previous research has shown S. aureus gains 

tolerance to the glycopeptide antibiotic vancomycin when co-cultured with C. albicans. 

However, the mechanism behind this phenomenon has not been well elucidated. We 

hypothesized that interaction of C. albicans and S. aureus induces specific changes 

within both organisms that allow for increased antimicrobial tolerance, survival and 

virulence in dual-species biofilms. To examine this interaction further, we conducted two 

global transcriptomics studies (in vitro and in vivo) and one lipidomic study to analyze 

changes in genetic and lipid profiles in pathogen and host. In vitro transcriptomics 



revealed that genes in C. albicans remained mostly unchanged but numerous genes in S. 

aureus were differentially expressed. These results paralleled our in vivo transcriptomic 

analysis in our murine model of oral co-infection. From these results, we tested multiple 

S. aureus mutants to determine their vancomycin tolerance and found that mutation of a 

single stress response gene, clpP (proteolytic subunit), abolished acquisition of 

staphylococcal antimicrobial resistance. This induction of clpP-dependent antimicrobial 

tolerance was induced by farnesol produced by C. albicans at physiologically relevant 

concentrations. Finally, we used our murine co-infection model determine if cells of the 

innate immune system may be involved in systemic S. aureus infection. Organ culture 

and flow cytometry analysis revealed intracellular S. aureus in labeled macrophages and 

neutrophils within lymph nodes of only dual-species infected mice. These findings 

demonstrate the importance of the dual-species biofilm phenotype, its impact on 

antibiotic treatment, and its modulation of the host immune response to promote 

infection.  
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CHAPTER I: Introduction 

Candida species are the most common commensal fungus that coexists with 

hundreds of species of bacteria in the human body. Between 24-70% of humans harbor 

Candida species in various body niches, including the oral and vaginal mucosa and the 

skin (1). Out of over 150 Candida spp., Candida albicans is the principal pathogenic 

species that causes infections, especially in those patient populations with immune 

dysfunction due to HIV infection, malignancy, immunosuppressive therapy, and organ 

transplantation. Therefore, these opportunistic infections of Candida in topical or 

systemic forms have become widespread today and account for 8-10% of bloodstream 

infections in hospitals (2). Nearly 70% of denture wearers experience denture stomatis, or 

inflammation of oral mucosa covered by denture prostheses, with C. albicans being a 

primary etiological factor (3, 4). Almost 75% of the female population has experienced 

an episode of vulvovaginal candidiasis at least once in their lifetime and many have 

recurring episodes (5). In most of these conditions, there is a phenotypic change of 

Candida from harmless commensal to invasive pathogen. Adhesion to various surfaces, 

morphogenesis, phenotypic and genotypic switching, and production of lytic enzymes are 

major virulence mechanisms facilitating this conversion (6). However, properties of the 

host commiserate in enabling Candida to act as an invasive pathogen since compromise 

in the IL-17/Th17 arm of the host immune response (e.g. AIDS, Job’s Syndrome, etc.) or 

an imbalance in the host microbiome (7) both can contribute to candidiasis (7). During 

this shift, commensal or transient organisms living with Candida species in various 

locations may play diverse roles in the process of pathogenesis; environmental bacteria 

may also be introduced via catheters, cannulae, and prosthetic appliances and interact 
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with present Candida. Such interactions may be detrimental to the health of the human 

host, leading to mortality.  

Currently, fungal-bacterial relations have gained attention due to their impact on 

human health, the environment, and the healthcare economy (8). However, polymicrobial 

infections associated with Candida have been reported in the past at variable levels and in 

a variety of loci. A previous study that analyzed both veterans affair (VA) and university 

hospital patients concluded that 27% of candidemic infections had a polymicrobial 

composition (9). Candida spp. have been found to co-exist with Staphylococcus aureus 

and Streptococcus mutans frequently on denture surfaces and oral mucosa of denture 

users (10). Polymicrobial infective endocarditis cases among IV drug abusers have 

increased in frequency, with mixtures of Candida species and bacteria becoming 

common etiologies(11). Alarmingly, Candida-associated polymicrobial infections have 

often resulted in high mortality and morbidity in both adults and children because of their 

increased dissemination behavior and the current lack of diagnostic sensitivity (9, 12). 

The interplay between resident microbes, the host, and the compartment environment 

contributes towards virulence seen in the host and must be taken into account when 

discussing Candida, especially in a biofilm mode of growth (Figure 1.1). Here we review 

some of the important interactions between Candida species, with a focus on C. albicans, 

and clinically relevant bacteria with reference to their regulation of virulence and 

pathogenicity as well as the current diagnostic and management strategies of these 

polymicrobial infections. 
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Figure 1.1. Schematic showing the interdependent relationships required for 

development of human disease. Infection is influenced by microbe-microbe 

interactions, microbe-host interactions, antimicrobial host defenses, and environmental 

factors. Significant changes in any of these factors can lead to the development of or 

predisposition to infection. For example, microbes lacking virulence factors may become 

non-pathogenic. Similarly, host immunodeficiencies will encourage infectious processes. 

It is now becoming increasingly appreciated that intermicrobial interactions and 

environmental cues also determine infection outcomes such that specific microbial 

populations under certain conditions may enhance or predict disease progression (13). 
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PART 1: Candida biofilms 

Biofilms are comprised of heterogeneous communities of microorganisms that 

attach to biotic or abiotic surfaces and or to one another and are embedded within a host 

and/or microbe-derived hydrated extracellular matrix (ECM), having a complex three-

dimensional architecture (14-16) (Figure 1.2). Biofilm-associated infections have unique 

clinical significance because of the tendency of embedded microbes to harbor resistance 

against antimicrobials and host defenses. Biofilms are known to utilize multiple strategies 

to withstand antimicrobial agents, such as physical barriers, dramatically down-regulated 

metabolic rates, and persister phenotypes (17). These complex communities develop both 

on mucosa and the surfaces of indwelling medical devices, incorporating endogenous and 

exogenous microorganisms, thereby creating polymicrobial environments. Many 

common infections such as dental caries, periodontitis, otitis media and diabetic foot 

wound infections are associated with polymicrobial biofilms (13). With the help of 

advanced culture-independent molecular techniques (e.g. next generation sequencing) 

interspecies interactions have been demonstrated to play a significant role in colonization, 

survival, infection dynamics and resistance to antimicrobials and host defenses (18, 19). 

Recently, dual-species transcriptomics has been utilized to examine gene expression of C. 

albicans in the presence of other organisms. Dutton and colleagues used RNA-Seq to 

analyze the transcriptomes of Streptococcus gordonii and C. albicans during co-culture 

and found that C. albicans genes contributing to hyphal development and arginine 

biosynthesis were highly upregulated in the presence of S. gordonii (20). The presence of 

multiple and differing organisms within the biofilm community may also provide growth 

advantages to pathogens and increase the ability to share genetic information encoding 
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antimicrobial resistance (13). In particular, Staphylococcus epidermidis and C. albicans 

form thicker biofilms in the presence of eDNA (21).  

 

 

 

 

 

 

 

 

 

 

Figure 1.2. C. albicans strain DAY185 stained with a combination of calcofluor 

white (blue)/Syto9 (green), and imaged by confocal laser scanning microscopy (22). 

C. albicans is the leading pathogenic biofilm former among Candida species and 

its ability to form biofilms is dependent on the morphogenetic switch from yeast to 

filamentous hyphae (23). Through multiple knockouts and genetic manipulation, genes 

governing the transition between yeast and hyphae as well as those factors affected 

downstream have been determined to create ‘yeast-locked’ and ‘hyphae-locked’ mutants 

(24, 25). In particular, EFG1 and CPH1 have been implicated in the phenotypic change 

of yeast to hyphae; EFG1 is considered the master transcription regulator for hyphae and 

is required in most conditions found a human host, including neutral pH, carbon dioxide, 

and sera presence (26). In vivo infection studies with C. albicans strains harboring 
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homozygous deletions of EFG1 and CPH1 have demonstrated that hyphal morphogenesis 

is required for the development of oropharyngeal, vulvovaginal and hematogenously 

disseminated candidiasis (27-29). Hyphae facilitate inter-microbial interactions and 

adhesion to surfaces, knitting the complex biofilm architecture together. One of the 

earliest in vitro studies demonstrated that certain piliated strains of bacteria enhanced C. 

albicans attachment to epithelial cells, showing how bacteria could assist fungi (30). 

Several subsequent studies have focused on these bacterial interactions with C. albicans 

biofilms in the context of disease. Pseudomonas aeruginosa, another potent former of 

biofilms and a pathogen in immunocompromised cystic fibrosis patients, has been shown 

to create a thick biofilm on C. albicans hyphae, which results in killing of the fungus 

(31). S. aureus also favors binding to C. albicans hyphae; however, both bacteria and 

fungus co-exist in a live, mature biofilm on biomedical surfaces and oral epithelium (32, 

33). Several species of bacteria have been shown to alter the expression of hyphae-

associated genes in C. albicans, such as CDR4, when grown in co-culture (34). 

Streptococcus mutans, a major bacterial player in the formation of dental caries, 

possesses specific glycosyltransferase enzymes that allow it to tightly bind to C. albicans, 

providing a possible explanation for both species being frequently isolated together from 

caries in children (35). The large scope of unique interactions observed in Candida-

bacteria biofilms have opened up a need to better understand how these interactions occur 

and are maintained. 
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PART 2: Candida and coaggregation 

Adhesion to various microbial cells, or coaggregation, is the initial step in inter-

microbial interactions, making the adhesion between Candida and bacteria a key factor in 

colonization and pathogenesis (36). Deletion of C. albicans ALS3, which encodes a 

surface glycoprotein, results in the loss of C. albicans attachment to saliva-coated 

surfaces as the biofilm matures, promoting their importance in maintaining adhesion 

throughout the biofilm lifecycle (37). Coaggregation has been known for many years to 

be a vital component in cross-kingdom interactions. Utilizing a simple agglutination 

assay, Bagg and Silverwood demonstrated that C. albicans yeast cells coaggregated well 

with oral bacteria including Streptococcus sanguinis, Streptococcus salivarius, S. mutans, 

Streptococcus mitis, Fusobacterium nucleatum and Actinomyces viscosus but not 

Bacteroides melaninogenicus (Prevotella melaninogenica) (Figure 1.3). Their study 

provided evidence that bacterial surface lectins and yeast cell surface carbohydrates may 

interact to allow coagulation with specific bacteria species, such as Fusobacterium, but 

could not explain all adherence mechanisms, including those of oral streptococci (38). 

Jenkinson and colleagues followed up on the mechanisms of aggregation in regards to 

oral streptococci and C. albicans by starving yeast cells of glucose and testing their 

adherence with S. gordonii and S. sanguis. They determined that starvation promoted 

adherence of oral streptococci to C. albicans yeast and that since the conditions may have 

triggered expression of new surface molecules, the biofilm environment must also be 

taken into account when thinking about adhesion mechanisms (39).  
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Figure 1.3. Scanning electron micrographs of a polymicrobial biofilm formed on 

discs of hydroxyapatite. This shows the affinity of S. mutans to the C. albicans hyphal 

elements as the streptococcal chains wrap around the hyphae. Small perforations are 

evident on the surfaces of the hydroxyapatite due to the highly acidic local 

microenvironment induced by the acidogenic bacterial species, S. mutans. Bars 10 mm. 

(40) 

Holmes and others further evaluated the interaction of C. albicans and S. 

gordonii, concluding that cell wall polysaccharides from S. gordonii participate in 

binding to C. albicans and that treatment with anti-polysaccharide antibodies can abolish 

the adherence between the organisms (41). Advances in in vitro biofilm growth have 

recently provided better insights into biofilm formation and its core components. Diaz 

and colleagues utilized a novel flow cell apparatus that incorporated mucosal tissue from 

the oral cavity and esophagus to better characterize the interaction between C. albicans 

and oral Streptococcus species. They saw there was a cooperative interaction occurring, 
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as the presence of C. albicans increased the amount of Streptococcus oralis on oral 

mucosal tissue and that invasion of C. albicans into the tissue increased when in co-

culture (42). Recently, Arzmi and others examined aggregation of polymicrobial biofilms 

using artificial saliva media and co-cultured combinations of S. mutans and Actinomyces 

naeslundii with different strains of C. albicans. They discovered that the aggregation of 

bacteria and fungus was variable, depending on the specific strain of C. albicans present 

(43). These studies suggest that different surface receptors, each of which contributes to 

aggregation, may be expressed at different times during dual-species biofilm 

development, particularly in the oral cavity. 
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PART 3: Candida-bacterial interactions in the human host 

C. albicans often exists in a milieu with other microbial species. These relations 

are likely to affect how C. albicans interacts with the host. This section discusses the 

various inter-species interactions that are dependent upon not only the environment of the 

host compartment, but also the resident microbial species in these compartments. While 

certain inter-microbial interactions can occur in multiple host compartments, we have 

grouped C. albicans with the historically recognized bacterial partner(s) in each 

compartment.  

3A: Interactions on the Skin and into Systemic Disease: Candida–Staphylococcus 

Species 

Clinical Co-isolation 

Staphylococcus aureus, a gram-positive bacterium, is a common colonizer of the 

skin and mucosa, such as the nasal cavity. Clearance of S. aureus from this particular 

body niche is dependent on a functioning Th17 axis of the immune system and neutrophil 

access (44). This requirement becomes problematic in immunocompromised patients, 

predominantly HIV-positive patients with low T-cell counts, where S. aureus may have 

an increased opportunity to interact with C. albicans. Such an interaction may be lethal to 

the host, with S. aureus frequently isolated from the blood of patients with candidemia, 

suggesting that patients with candidemia may have higher rates of bacteremia (9, 11). 

This co-isolation in bloodstream infections is present even in the neonatal population, 

where S. aureus and Candida species co-isolated in about 9% of polymicrobial 

bloodstream infections (12). Infective endocarditis, a major health concern due to a 
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significant 16% in-hospital mortality, has occasionally been associated with 

polymicrobial infection with both staphylococcal and fungal species present (45, 46).  

Infectious Synergy 

Multiple animal models have shown a significant increase in the virulence of both 

Candida and Staphylococcus species when co-infection exists. When mice were given 

intraperitoneal injections of C. albicans and S. aureus, mortality resulted within two days 

but was not seen when each organism was given alone. In these mice, both fungus and 

bacteria were found together in the spleen, pancreas, and esophagus, indicating 

dissemination from the intraperitoneal site. S. aureus was always accompanied by C. 

albicans in these disseminated pockets of infection, suggesting a synergistic role between 

organisms (47-49). A neonatal colonization model has demonstrated that co-infection of 

C. albicans and Staphylococcus epidermidis, another skin colonizer, caused delays in 

weight gain as the rat pups aged and an increase in morbidity at sublethal doses delivered 

subcutaneously. When young rat pups were given fluconazole prophylaxis prior to co-

infection, there was a substantial increase in survival and weight gain in these co-infected 

rats, providing evidence of the importance of C. albicans in this infection process (50). A 

mouse model mimicking polymicrobial peritonitis, a complication that has increased with 

the usage of peritoneal dialysis methods, further supported previous studies that mono-

infection of C. albicans or S. aureus are non-lethal but dual-species infections raise 

mortality significantly. Larger bacterial and fungal burden was detected in kidneys and 

spleens of dual-infected mice compared to mono-infected mice and increases in pro-

inflammatory cytokines, such as IL-6 and G-CSF, were seen within one day in these 

organs. Increased neutrophil presence was also detected in the dual-species infection and 
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when mice were treated with non-steroidal anti-inflammatory drugs (NSAIDs), all mice 

survived with lower bacterial and fungal burdens in kidneys and spleens. This protective 

effect was countered by application of PGE2 (prostaglandin E2), an oxylipin known to 

increase pro-inflammatory cytokines, and suggests that polymicrobial infection control 

may involve modulating the host innate immune response (51).  

With indwelling medical devices serving as excellent substrates to form biofilms, 

a polymicrobial infection model was developed using subcutaneous implanted titanium 

discs in mice and proximately injecting S. aureus and C. albicans nearby. These discs, 

coated with antimicrobial agents, were able to decrease some of the microbial burden on 

the implant, but could not decrease the burden in nearby tissue. Such results exemplify 

how polymicrobial infections can be tenacious and difficult to treat, as well as the need 

for new and functional treatment methods (52). Taken together, these animal models have 

thoroughly demonstrated the potent power of C. albicans-Staphylococcus species 

infections in causing morbidity and mortality in multiple body niches. 

In testing the impact of hyphae-formation in polymicrobial biofilm development, 

S. aureus adherence to mutants in regulators of morphogenesis, CPH and EFG was 

evaluated. It was found that S. aureus bound in high numbers to C. albicans hyphae 

produced by cph1/cph1 and efg1/efg1 single mutants. In contrast, when staphylococcal 

adherence to the cph1/cph1, efg1/efg1 double mutant was evaluated, binding was nearly 

abolished. This is most likely of the predilection for S. aureus to preferentially bind 

hyphae since the double mutant produced a majority of yeast cells compared to the 

complete or partial hyphal production in the cph1/cph1 and efg1/efg1 single mutants, 

respectively. While this hyphae dependence on staphylococcal binding is very important, 
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it should be noted that increased concentrations of serum strongly promote non-specific 

polymicrobial adherence within these biofilms. This alterative effector of adherence 

serves as a reminder that the proximal environment around the biofilm can play a potent 

role in its development (22, 53). When grown in dual-species biofilm models with C. 

albicans and S. aureus, the bacterial cells preferably bound and associated with the 

hyphae within the biofilm mass (Figure 1.4 and 1.5) (33, 47-50, 53). Harriot and Noverr 

elucidated part of this interaction by using different killing methods on C. albicans 

biofilms to see if this changed the polymicrobial biofilm dynamic with S. aureus. They 

saw that formalin and heat killed, but not antifungal treated (53), C. albicans hyphae 

were unable to sustain a thick and closely associated biofilm with S. aureus, suggesting 

that a fungal protein was the major player in this dual-species interaction (53). With yeast 

and hyphae being distinct forms in C. albicans, the protein composition as well as the 

secretome of both stages differs, opening the chance for new interactions that could 

explain the specificity of C. albicans hyphae and S. aureus association. Utilizing 2-D gel 

electrophoresis on protein extracts from dual-species biofilms, Peters and colleagues 

demonstrated that specific proteins for yeast and hyphae stages were upregulated when C. 

albicans was grown with S. aureus (32, 54). The yeast-S. aureus biofilm had the most 

changes in protein expression for both species; this may be due to the fact that yeast form 

C. albicans produce a unique quorum-sensing molecule called farnesol, which causes a 

loss in S. aureus membrane integrity and decreased bacterial viability. Such a harsh 

environment may further explain the upregulation of S. aureus stress proteins in this 

interaction (32, 54). 
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Figure 1.4. High resolution scanning electron microscopy confirming co-association 

of S. aureus with C. albicans hyphae during polymicrobial biofilm growth. These 

findings demonstrate a three dimensionally distributed pattern of S. aureus hyphal 

attachment. S. aureus cannot only be found bordering the basal layer of the hyphae-

substratum interface but bacterial cells are also seen attached to the upper portion of the 

hyphal surface. The precise architectural details and spatial arrangement cannot be fully 

appreciated like those in the cryo-SEM image of a C. albicans-S. aureus dual species 

biofilm on PVC catheter disks. 
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Figure 1.5. Images of C. albicans and S. aureus dual-species biofilm probed with (A) 

Tamra-labeled Universal Yeast probe and FlTC-labeled S. aureus probe and (B) 

Tamra-labeled S. aureus probe and FITC-labeled C. albicans probe (32). 

 

Candida Adhesins that Bind S. aureus 

Determination of respective fungal and bacterial adhesion mechanisms has been a 

central focus in the study of C. albicans and S. aureus interaction. These studies have 

concentrated on previously noted Candida surface adhesins, such as ALS (Agglutinin 

Like Sequence) proteins and Hwp1p (hyphal wall proteins), as well as hyphal 

transcription factors Bcr1p and Tec1p (55). Initially, Harriot and Noverr took their cues 

from studies looking at S. epidermidis and C. albicans and decided to use mutants in 

multiple ALS (Agglutinin Like Sequence) proteins and HWP1. They found no significant 

effect of deleting any of these proteins when C. albicans and S. aureus were grown in 

dual-species biofilms with large concentrations of serum. However, these large 

concentrations of serum may have compensated for some of the mutations. The authors 
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suspected that the Candida biofilm matrix was a key to polymicrobial development (53). 

This work was followed by Peters and colleagues, who used ALS mutants in serum-free 

media and noted a significant defect in S. aureus binding to C. albicans lacking Als3p 

(22) (Figure 1.6). These results suggest that environmental conditions can alter 

polymicrobial biofilm development and that there may be some non-specific S. aureus-C. 

albicans interactions that involve sera components, such as fibronectin and albumin. 

Beaussart and others used single force spectroscopy (SFSC) to examine the molecular 

interactions of S. epidermidis with C. albicans Als1/Als3 proteins, noticing that there was 

a reduced amount of binding in yeast cells compared to germ tube, the previous lacking 

Als proteins. They performed SFSC with Als1/Als3 double knock-outs as well as 

mannosyl-transferase mutants and concluded that Candida-staphylococci adherence 

required ALS proteins with correct o-mannosilations (56). 
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Figure 1.6. Infection of CD-1 mouse tongue tissue by S. aureus alone, C. albicans 

DAY185 + S. aureus (DAY185+SA), or C. albicans als3 mutant + S. aureus 

(Δals3/Δals3 + SA) and subsequently stained by PNA-FISH or hematoxylin and 

eosin (H&E). (A) Monomicrobial S. aureus (green) infections were confined to the 

epithelial surface but were non-invasive as confirmed by a lack of inflammatory infiltrate 

by H&E staining. (B) Co-infection with DAY185+SA showed staphylococci attached to 

the hyphal surface of C. albicans (red) and in some instances where hyphae had pierced 

the epithelial layer, S. aureus (green) could be seen co-embedded within the epithelium 

(white arrow). (C) However, co-infection with Δals3/Δals3 +SA, demonstrated a fully 

invasive C. albicans infection with relatively few staphylococci seen attached to the 

hyphae and an absence of epithelial co-invasion (22). 
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Schlecht and colleagues using a dual-species oral infection model in an 

immunocompromised murine host, simulating the environment of a patient with oral 

candidiasis, verified the importance of Als3p in a recent study. In infected tongue tissues, 

S. aureus was only shown to invade with wild-type and Als3 complemented C. albicans 

strains. Such specificity was shown to impact systemic disease, with no S. aureus 

dissemination found in kidney tissues when co-infected on the tongue with the als3∆ 

mutant strain. Since the als3∆ mutant can still form hyphae and actively penetrate tissue, 

the authors concluded that this defect was attributed to specific S. aureus-C. albicans 

binding and prevented S. aureus from attaching with these invasive hyphae (33). 

However, other factors such as complicity of the host immune response or augmented 

microbial virulence may also come into play in this interaction. These results support one 

of the first studies examining polymicrobial intra-abdominal infections, completed in 

1983. Similar to the kidney dissemination witnessed by Schlecht and colleagues with 

dual infections of bacteria and fungus, Carlson observed that even at sublethal doses, S. 

aureus could be recovered from the bloodstream of mice co-infected with C. albicans. 

These findings were also shown during dual species infection of Serratia marcescens and 

Enterococcus faecalis (48). The translation of the binding mechanism of S. aureus to 

Als3p protein in C. albicans from in vitro to in vivo is an important finding and suggests 

the need for biofilm treatments that address both organisms. 

Staphylococcus Adhesins that Bind C. albicans 

While the C. albicans binding protein in the C. albicans-S. aureus interaction has 

been elucidated, the S. aureus binding partner remains unknown, as does the impact of S. 

aureus-produced factors on the polymicrobial biofilm. Fehrmann and colleagues chose to 
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use biopanning to see which peptides produced by S. aureus would have strong binding 

to C. albicans biofilms in the presence of fibronectin and noted consistent binding with 

staphylococcal coagulase and Efb. Since these staphylococcal components can block 

complement pathways used by the innate immune system, Fehrmann and others 

examined how these might play into the host-pathogen response with C. albicans present. 

Phagocytosis of C. albicans was inhibited in the presence of staphylococcal Efb and 

coagulase. Confocal images demonstrated that a fibrin shield coated C. albicans and 

protected the fungus, formed as the coagulase broke down the fibronectin in the media 

(57). These findings show that C. albicans could derive benefit from secreted 

staphylococcal factors, particularly against the innate immune system, which is the front 

line of defense in a dual-species infection. Meanwhile, low levels of farnesol produced by 

C. albicans biofilms, but not tyrosol, (a C. albicans quorum sensing molecule produced 

during early biofilm development) have shown a modest increase in S. aureus biofilm 

production (58). This same study also noted that the small amounts of PGE2 produced by 

C. albicans stimulated biofilm growth in S. aureus, with this being attenuated by the 

addition of indomethacin, a cyclooxygenase inhibitor. These results also support the 

findings of Peters and Noverr and suggest that prostaglandins produced during the host 

inflammatory response may be feeding into polymicrobial biofilm development (51). It is 

evident that fungal and bacterial aspects can work together to potentiate virulence while 

circumventing host immune systems in Candida-staphylococcal interactions. 
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Antimicrobial Resistance with Staphylococcus Species Induced by C. albicans 

Staphylococcus species are known for developing antimicrobial resistance in 

multiple clinical situations. The CDC’s most current report on invasive methicillin 

resistant S. aureus (MRSA) infections has shown that healthcare- associated MRSA 

infections remain the deadliest in the US even though overall rates of MRSA infections 

are decreasing in portions of the nation (59). Development of antimicrobial resistance by 

the biofilm organisms has traditionally been attributed to the complex matrix of the 

biofilm, rendering weak diffusion of the drug throughout the structure. Some studies have 

noted in vitro that S. aureus and S. epidermidis gain antimicrobial resistance in the 

presence of C. albicans (60, 61). Utilizing an in vitro catheter disk model system, Adam 

and colleagues demonstrated that some S. epidermidis strains released extracellular 

polymer slime that hindered fluconazole activity against C. albicans in a mixed species 

biofilm. The authors also tested the effects of co-culture with vancomycin treatment, a 

last resort drug for highly resistant staphylococcal infections, and discovered that even in 

slime-negative S. epidermidis strains, co-culture could protect against clinical levels of 

vancomycin (60). These findings show that C. albicans and S. epidermidis share mutual 

benefits to counteract the action of antimicrobials in polymicrobial biofilm development. 

Similarly, Al-Fattani and Douglas examined the biofilm matrices of C. albicans and C. 

tropicalis, noting stark differences in their major constituents, with C. albicans matrix 

comprised of glucose and C. tropicalis matrix comprised of hexosamine. These 

differences made significant contributions to drug resistance in Candida biofilms, with C. 

tropicalis biofilms being almost completely resistant to both fungicidal and fungistatic 

agents (62).  
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Harriot and Noverr followed up on these observations by looking at S. aureus- C. 

albicans biofilms in the presence of antimicrobials and reported an increased vancomycin 

resistance in S. aureus during co-culture. They postulated that the resistance was 

conferred by secretion of extracellular matrix components of C. albicans into the biofilm. 

Through immunofluorescence microscopy, the authors showed that S. aureus could 

become coated in C. albicans matrix and that this could help block vancomycin from 

reaching its target of peptidoglycan (61). However, it should be noted that addition of C. 

albicans matrix alone did not restore vancomycin resistance in S. aureus to levels similar 

to that seen in polymicrobial biofilm culture, suggesting there are several components 

mediating this interaction. Importantly, C. albicans mutant Bcr1p was unable to adhere to 

plastic, formed a weak biofilm matrix, and was incapable of conferring vancomycin 

resistance when grown with S. aureus, supporting the concept that adhesion and biofilm 

matrix can be vital factors in antimicrobial resistance. However, dual-species biofilms 

grown with als3∆ and hwp1∆ C. albicans mutants of were capable of conferring the 

vancomycin resistance as closely as to the wild type strain. It is important to remember 

that Als proteins and Hwp1p are surface-expressed adhesins, some of which can be 

rendered unnecessary in the presence of large amounts of sera (utilized in these 

experiments), and that these mutants can still form biofilms (53). Such conditions with 

large concentrations of sera could possibly simulate grown on bloodstream catheters but 

would not be as applicable in deep tissue infections, further suggesting that 

staphylococcal factors may be important in this induced resistance.  
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3B: Interactions in the Lungs 

Candida–Pseudomonas aeruginosa 

Pseudomonas aeruginosa is a gram-negative bacterium that is ubiquitous in the 

environment but can become an opportunistic pathogen in the immunocompromised 

population. In the CDC’s 2013 report on antibiotic resistance, multidrug-resistant P. 

aeruginosa was listed as a serious threat, alongside of pathogens such as MRSA and 

multidrug-resistant tuberculosis (63). Strikingly, P. aeruginosa engages in an antagonistic 

relationship when grown with C. albicans in in vitro biofilms, with a noticeable killing of 

hyphal filaments (31). However, these organisms have the opportunity to engage within 

an immunocompromised patient in multiple locations. Early studies utilized mouse burn 

models to examine if P. aeruginosa infection could influence or amplify a concurrent C. 

albicans infection. These demonstrated that a low virulence P. aeruginosa strain could 

prime a mouse for lethal candidiasis; it should be noted that as C. albicans CFUs 

increased in these studies, P. aeruginosa CFUs decreased. The authors speculate that the 

large amount of elastase produced by this P. aeruginosa strain may have further damaged 

tissues and facilitated C. albicans dissemination from the skin into the kidneys as purified 

elastase injected with C. albicans produced similar deaths (64). Yu and colleagues noted 

the similarities in structure of the P. aeruginosa pilus adhesin and the C. albicans 

fimbrial adhesin and investigated if the two structures could share a common epitope for 

immune recognition. Through agglutination assays, they detailed how monoclonal 

antibodies raised against bacteria could bind to fungus and vice versa (65). Since both 

pilus adhesin and fimbrial adhesin recognize glycosphingolipids on cell surfaces, a 
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common antibody against each could be utilized in the prevention of P. aeruginosa or C. 

albicans biofilms through the action of neutralizing antibodies. 

On the contrary, the fungicidal effects of P. aeruginosa on C. albicans in multiple 

in vitro co-culture settings have been reported by several investigators (66-68). Hogan 

and Kolter provided a foundation in this work by showing that P. aeruginosa could attach 

to C. albicans hyphae and kill them. They also examined mutations in P. aeruginosa pili, 

structures responsible for adhesion to a variety of surfaces, and noted an overall decrease 

in attachment to hyphae with these pili mutants (31). This correlates with the data of Yu 

and others and suggests pili are important to Pseudomonas in this relationship (65). 

Corroborating this antagonism, live/dead imaging revealed that P. aeruginosa bound to 

C. albicans hyphae and remained stationed on these particular hyphae as they caused cell 

lysis in the immediate area. Brand and colleagues further tested if direct contact was 

needed for P. aeruginosa to kill using spent media on fungal cultures and determined that 

secreted products in the media did have a modest inhibitory effect on C. albicans (69). 

Overall, most evidence suggests that direct interaction between P. aeruginosa and C. 

albicans is detrimental to C. albicans. 

Like many bacteria, P. aeruginosa can use quorum sensing to signal between cells 

within biofilm structures; gram-negative bacteria use homoserine lactones to accomplish 

these tasks. P. aeruginosa secretes N-3-oxo-C12 homoserine lactone (3OC12HSL) in 

large micromolar amounts within biofilms; when smaller amounts were introduced into 

C. albicans cultures, complete repression of filamentation was witnessed. This effect 

could also be seen when C. albicans was treated with similar 12-carbon backbone 

molecules, suggesting that C. albicans may be able to sense its environment and respond 
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through detection of these small molecules (70). McAlester and colleagues followed 

these observations by examining multiple strains of P. aeruginosa and noticed that 

production of HSL varied between strains; when supernatant from these strains were 

placed on yeast form C. albicans, only high HSL producers could inhibit the yeast-

hyphae switch, while low HSL producers did not have any effects on fungal transition. 

Since C. albicans can also produce its own quorum sensing molecule, farnesol, the 

authors decided to see if this could alter growth or other aspects of P. aeruginosa and 

determined that micromolar concentrations of farnesol could stop swarming activity, an 

important method of dispersal for P. aeruginosa (71). At the molecular level concerning 

P. aeruginosa, Cugini and colleagues utilized qPCR to show that while transcripts of 

genes in the Pseudomonas quinolone signal operon (PQS), another quorum sensing 

mechanism in P. aeruginosa, are decreased in the presence of farnesol, the modulating 

transcription factor for the operon was unaffected. Through EMSAs, the authors were 

able to show that farnesol interfered with the transcription factor and directed it towards 

an alternative site, ultimately reducing production of the bacterial virulence factor 

pyocyanin (72). Such findings highly support the idea of an antagonistic relationship in 

the immunocompromised patient, with bacteria and fungus each producing their own 

molecules to silence the opponent.  

In an early report, Kerr and colleagues demonstrated that pyocyanin produced by 

P. aeruginosa could be an antifungal agent, though not at the same levels as current 

antifungal treatments, such as fluconazole (67). Since P. aeruginosa is known to produce 

phenazine compounds that can act as antimicrobial agents and pyocyanin is a phenazine 

derivative through the shikimate pathway, Gibson and others chose to examine if 
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phenazines were important in these dual-species interaction. The authors documented a 

red pigment on C. albicans lawns inoculated with single points of P. aeruginosa; 

knocking out the PQS operon abolished this pigmentation, suggesting an association with 

pyocyanin. Through further genetic knockouts, the component responsible for the red 

pigment was determined to be a pyocyanin precursor, 5-methyl-phenazinium-1-

carboxylate (5MPCA), and appeared only in areas of fungal cell death, supporting the 

concept that pyocyanin components may act as antifungal agents (73). Further studies on 

5MPCA by Morales and colleagues demonstrated that this phenazine compound was 

taken up by C. albicans cells and interacted with oxygen, generating ROS species that 

could be detected by probes. When testing catalase-deficient C. albicans mutants to 

confirm the role of ROS damage in this interaction, the authors saw that these C. albicans 

mutants, which could not handle oxidative stress, had increased death after treatment with 

5MPCA (74). All of these current studies show that quorum-sensing molecules may play 

an important role in the cross talks between Candida and Pseudomonas in co-culture and 

as such, purified molecules may be exploited in controlling biofilm-associated infections 

in the face of rapidly developing antimicrobial and antifungal resistance. 

To further dissect the genetic effects of P. aeruginosa secreted factors on C. 

albicans biofilms, Holcombe and others performed a transcriptomic screen on the fungus 

and discovered that the expression of genes related to drug or toxin efflux increased while 

biofilm and adhesion genes decreased (75). This inhibitory effect of P. aeruginosa on 

Candida biofilms has been shown for multiple Candida species. Biofilms of C. tropicalis 

and C. dubliniensis grown with P. aeruginosa had decreased fungal viability and were 

thinner compared to mono-species fungal biofilms alone (76). Further studies by Bandara 
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and colleagues on P. aeruginosa interactions with different Candida species have 

revealed that P. aeruginosa LPS inhibited C. glabrata, C. krusei, and C. dubliniensis 

biofilm formation and maturation, suggesting that bacterial LPS can have an effect 

throughout biofilm development (77). However, Candida species are not without their 

own defenses, as Chen and colleagues pointed out that ethanol produced by the fungus 

can halt swarming behavior and promote biofilm development. Using a transposon 

screen, the authors determined that levels of cyclic-di-GMP, an important secondary 

messenger molecule, were decreased through WspR, a factor that stimulates 

exopolysaccharide production for biofilms (78). Lopez-medina and others further 

examined C. albicans defense mechanisms against P. aeruginosa using a neutropenic 

murine mouse model and inoculated the gut with both pathogens. Their results 

demonstrated that P. aeruginosa virulence was attenuated in the presence of C. albicans 

and that when the transcriptome of P. aeruginosa was analyzed via RNA-Seq, genes 

encoding pyochelin and pyoverdine, siderophores used to sequester iron for bacteria, 

were highly downregulated. Utilizing spent media, the authors concluded that C. albicans 

secreted proteins that inhibited the pyochelin and pyoverdine produced by P. aeruginosa 

and that virulence of the bacteria could be rescued by the addition of iron in the murine 

model (79). While P. aeruginosa and Candida species maintain an antagonistic 

relationship, these studies elucidating defense mechanisms of each opportunistic 

pathogen might be applied to other polymicrobial biofilm situations and provide unique 

therapeutic targets. 

 

 



 

 27

Candida–Burkholderia cenocepacia 

Burkholderia cepacia complex (Bcc) is comprised of 17 distinct species of gram 

negative bacteria that survive in a wide range of environments, including some antiseptic 

solutions, and can cause serious infection within immunocompromised patients (80). 

These bacteria possess important virulence factors such as quorum sensing mechanisms, 

the ability to form biofilms on plastics and epithelial cells, and intrinsic resistance to 

several antibiotics (81). Burkholderia cenocepacia, one of the members, is responsible 

for causing an invasive respiratory disease called cepcia syndrome in individuals with 

cystic fibrosis, which can lead to death (82). The reports on interactions between B. 

cenocepacia and Candida are rare; however they have the potential for interaction by 

overlap of niche in the cystic fibrosis lung environment. Boon and colleagues noted a 

molecule produced in most of the Bcc species, cis-2-dodecenoic acid (BDSF), was 

important to produce biofilms and extracellular polysaccharides in B. cenocepacia. In 

both co-culture and with the sole addition of BDSF, C. albicans hyphal formation was 

stunted; this was further supported by rescue of hyphal health through knocking out the 

genes controlling BDSF production (83). How this suppression of fungal growth is 

accomplished is currently unknown, as is any effect on C. albicans quorum sensing 

molecules on Bcc members. Such molecules may serve as a mechanism to establish 

dominance in the cystic fibrosis lung and further analysis on the therapeutic potential of 

the purified BDSF molecule is needed. 

Candida–Mycobacterium tuberculosis 

While tuberculosis is not a major health concern in the western world, throughout 

sub-Saharan Africa and portions of Asia, the disease is endemic. Patients with latent 
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tuberculosis can serve as reservoirs and may progress to active disease once their immune 

system falters (84). With an increase in multidrug resistant strains as well as patients 

immunocompromised from HIV infection, this provides a suitable environment for 

interaction of the acid-fast bacteria with Candida species. Examining a hospital in South 

India, Kali and colleagues noted that 40% of their surveyed population with 

Mycobacterium tuberculosis also had C. albicans co-infection. The authors did recover 

several species of Candida, particularly in those displaying pulmonary disease symptoms. 

This suggests that it may be clinically beneficial to screen patients with tuberculosis 

infection for fungal pathogens, especially female patients, who were determined to have a 

significantly higher chance of harboring dual infection (85). An earlier study in 5 

different hospitals across Northern Kenya examined HIV positive patients with positive 

tuberculosis tests and of the 11 patients determined to harbor both virus and 

mycobacterium, 4 were co-infected with Candida species (86). As there are such limited 

reports regarding the co-isolation of Candida and M. tuberculosis in patients, little 

research has been conducted on the interaction between these pathogens of the 

immunocompromised.  

M. tuberculosis and Candida infection both depend upon the host being somewhat 

immunocompromised, though traditionally tuberculosis is associated with a compromise 

in Th1 cytotoxic killing through interferon-γ while Candida infection is associated with 

compromise in neutrophils, IL-17, and Th17 lineage. Genetic errors in IL-17A/F result in 

mucocutaneous candidiasis while errors in interferon-γ genes lead to increased 

mycobacterial diseases, even from weak strains such as the tuberculosis vaccine strain, 

M. bovis. A recent study noted that some pediatric patients have been infected with both 
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pathogens, suggesting a common genetic mutation. Okada and others used genomic 

sequencing of seven pediatric patients over many ethnic backgrounds and were able to 

find a common loss-of-function mutation in both copies of RORC. This alteration lead to 

a non-functioning RORγ, the vital transcription factor for Th17 linage, and the production 

of T-cells that could no longer produce IL-17A/F. Further examination of this genetic 

defect through analysis of TCR repertoire demonstrated a decrease in rearrangement of 5’ 

portions of the V regions in the TCR, resulting in the absence of type 1 NKT cells, cells 

important in recognizing the unique glycolipids of mycobacterium species (87). While no 

current literature has examined the phenotypic or genetic effects of mycobacterium and 

Candida co-infection on the respective organisms, it may prove important to further an 

understanding on different T-cell subsets, primarily invariant T-cells, of which little is 

currently known. 

3C: Interactions in the Oral Cavity 

S. aureus and C. albicans 

The discussion above of the interaction of S. aureus and C. albicans also plays a 

role in the oral cavity. S. aureus is often carried within the nares and on the skin of 

colonized hosts. Although S. aureus is generally thought to be a non-commensal, 

increasing culture and molecular-based studies have shown that this pathogenic species is 

more common on mucosal surfaces from healthy subjects than originally hypothesized 

(88-98). While this pathogen may not directly contribute to localized mucosal virulence 

in the oral cavity, the transient or persistent carriage of S. aureus on various mucosal 

surfaces can provide an infectious source for systemic disease, particularly when C. 

albicans is present (9, 33, 48, 99-101). 
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Candida–Streptococcus species 

The oral microbiome is comprised of many Streptococcus species, providing 

multiple locations for contact with Candida species, including dental appliances and the 

periodontal pocket. Some of the earliest work on cross-kingdom interactions reported on 

coaggregation between Candida and various oral bacteria species, including S. mutans 

and S. salivarius (38, 102). These studies suggested that binding of C. albicans with 

viridans streptococci (oral streptococcus that are α-hemolytic and optochin-resistant) was 

important for yeast colonization on the oral surfaces. Holmes and colleagues were able to 

determine that S. gordonii, a streptococcus species that rapidly adheres to tooth surfaces, 

was able to bind to C. albicans through streptococcal surface proteins A and B (SspA and 

SspB) in addition to surface-associated proteins CshA and B. By expressing SspB on the 

surface of E. faecalis, the authors enabled Candida- enterococcus binding, supporting 

their hypothesis (102). These original studies implied that a complex environment exists 

within the oral cavity, with salivary factors such as mucus, interacting with Candida 

species and oral bacteria to provide multiple ligand-receptor interactions.  

Recently, with a better understanding of the role of the oral microbiome in human 

health, studies have focused on determining how Candida-streptococcus interactions 

occur in biofilms. Bamford and others showed that S. gordonii enhanced hyphal 

development and biofilm formation in C. albicans when in the presence of human saliva, 

but that streptococcal contact to C. albicans through SspA and SspB was not the only 

factor for polymicrobial biofilm development. They investigated quorum sensing within 

S. gordonii through knockouts of the luxS system, which produces universal quorum 

sensing molecule AI-2, and discovered that these mutants could no longer form dense 
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biofilms with C. albicans (103). These results suggest that cross talk between Candida 

and S. gordonii could be vital for promoting the biofilm formation in the oral cavity and 

on oral appliances and that Candida species may be a bridge from healthy microbiome 

into pathogenic microbiome. 

Candida adhesins ALS proteins have also been found to mediate interactions with 

streptococci during many steps in polymicrobial biofilm formation. Silverman and 

colleagues demonstrated that Als3 in C. albicans was required in order to form and 

sustain biofilms on a salivary pellicle (initial stage of attachment to tooth surfaces) when 

S. gordonii was present. To further support their conclusions, the authors used genetic 

alterations of Saccharomyces cerevisiae, yeast that cannot attach to S. gordonii, to 

express Als3p on the surface of S. cerevisiae, and were able to establish yeast-bacteria 

adherence (37). However, several ALS proteins have similarities in structure and it is not 

illogical for multiple ALS proteins to take part in these interactions. Hoyer and others 

reported that Als1 also bound with S. gordonii during inter-kingdom interactions using 

NT-Als crystal structures to visualize the adhesion of Als1p to SspB on S. gordonii (104). 

Meanwhile, Dutton and colleagues have demonstrated that O-mannosylation of the C. 

albicans cell wall is required for hyphae to bind with S. gordonii (105). However, Hoyer 

and others noticed that even though the ALS protein of C. albicans bound open C-termini 

of respective ligands, in the case of S. gordonii SspB, the C-terminus is bound to 

peptidoglycans and obscured, suggesting that there must be some type of editing to free 

the SspB ligand (104).  

Streptococcus mutans, the principle bacteria found in human caries, is another 

member of the viridans streptococci group that can interact directly with C. albicans and 
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may exchange secretory products with the fungus. Jarosz and others examined the effects 

of spent media from S. mutans and a mutated strain of S. mutans that lacked the comC 

gene, encoding for both competence and a quorum-sensing molecule, CSP. When these 

media were placed on C. albicans, only the wild-type S. mutans-derived media could 

inhibit hyphae formation; this was further supported by the use of synthetic CSP in a 

dose-dependent fashion which prevented hyphal formation and forced reversion to yeast 

forms (106). Vilchez and colleagues continued exploration into components secreted by 

S. mutans and observed that one small molecule could inhibit the AI-2 quorum sensing. 

They pursued this further with NMR spectrometry to determine the molecule was trans-2-

decenoic acid and when placed on C. albicans it prevented hyphal formation but did not 

stunt overall growth. A possible mechanism for action for trans-2-decenoic acid is 

altering surface protein expression, as Hwp1 expression on C. albicans was terminated in 

the presence of the compound. This secreted molecule has a similar structure to 

molecules of the diffusible signal factor (DSF) family, previously seen in Burkholderia 

species, and was also determined to be secreted from other cariogenic bacteria, such as S. 

sanguinis (107). These findings demonstrate that oral streptococcus species and C. 

albicans can interact with each other but may limit each other, perhaps in the attempt to 

secure nutrients or other materials in the oral cavity. 

Examination of young children with dental caries has shown that Candida species 

are found at a higher prevalence in caries-positive children as opposed to caries-free 

children, with most children carrying C. albicans (108). Dental plaque collected from 

children with early childhood caries (ECC; where caries can be seen in those as young as 

six months) was found to have a positive association with C. albicans and S. mutans, 
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whereas plaque from an older group of children with caries only had a positive 

association with S. mutans (109). These clinical findings promote the concept that C. 

albicans and S. mutans together may facilitate survival in the cariogenic environment; in 

vitro examination of these dual-species biofilms showed that even though EPS 

production was reduced in S. mutans, induction of quorum sensing systems in the 

bacteria increased production of mutacin, a broad-spectrum bacteriocin (110). Since the 

S. mutans quorum sensing system also controls competence, induction by C. albicans 

may enable the bacteria to acquire new genetic information quickly, which may alter 

cariogenicity and the landscape of the oral microbiome. 

Previously, Gregoire and colleagues demonstrated that S. mutans preferred to bind 

to C. albicans cells that had glucans on their surfaces and that these reactions involved 

glucosyltransferases produced by S. mutans. Utilizing a micropipette technique to 

visualize individual adhesion events, the authors saw that beads coated with saliva 

adhered better to glucan-coated C. albicans. When S. mutans was added to the mixture, 

there was a significant increase in bacteria bound to saliva-coated structures with glucan-

positive C. albicans (111). This study suggested that the glucosyltransferases from S. 

mutans could help to increase a glucan and fructan matrix on the tooth surface, promoting 

caries. While this appears to be contradicted by Sztajer and others, who reported a 

decrease of EPS production by S. mutans, it may be that in the earlier stages (as noted by 

Greogire and others) that a more intense matrix is produced, which decreases over time 

as C. albicans takes up more sucrose, and forces S. mutans to induce its quorum sensing 

machinery(110, 111). Taken together, it is obvious that the interaction between Candida 

and streptococci is more complex than just synergistic, but with their interaction 
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positively associated with ECC, it can be concluded that treatments for this disease must 

include a multi-kingdom approach to be successful. 

Candida–Porphyromonas gingivalis 

Candida species have been isolated from periodontal lesions; however, the 

association of Candida species with the periodontal disease has not been solidified, only 

speculated. Periodontal disease affects the gingival tissue and tooth attachment/anchoring 

in the alveolar bone of the mouth. These diseases can range from mild gingival 

inflammation (gingivitis) to chronic gingival inflammation and alveolar bone loss 

(periodontitis) (112). It was shown that subgingival colonization of C. albicans was 

associated with the severity of chronic periodontitis and was the only yeast species to be 

present in all yeast-positive cases (113). 

Porphyromonas gingivalis is well known for its role in chronic periodontitis, with 

a variety of virulence factors such as lipopolysaccharide, gingipains, and fimbriae along 

with the ability to form biofilms (114). Unfortunately, interactions between Candida 

species and P. gingivalis have not been thoroughly assessed. Pretreatment of human 

gingival epithelial cells and human gingival fibroblasts with heat-killed C. albicans or 

mannoprotein-b-glucan complex (a major cell wall and biofilm matrix component of the 

fungus) derived from C. albicans enhanced P. gingivalis invasion of the cells. However, 

this enhancement was not through adhesion or upregulation of typical adhesive 

molecules, like ICAM-1. These results suggest that C. albicans exacerbates periodontal 

disease by providing assistance to P. gingivalis invasion of epithelial cells, possibly by 

serving as a scaffold to allow the bacterium time to invade (115). In the presence of some 

evidence of symbiotic interactions between Candida and P. gingivalis, it is important to 
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further explore the molecular mechanisms involved in order to determine better treatment 

methods for periodontal disease. 

Candida–Aggregatibacter actinomycetemcomitans 

Localized juvenile/aggressive periodontitis (LAP) is an acute form of periodontal 

disease associated with anaerobic bacteria in the oral cavity, resulting in bone loss and 

periodontal ligament destruction around specific clusters of teeth. Aggregatibacter 

actinomycetemcomitans has been identified as a causative agent of LAP (116). This 

organism produces a variety of virulence factors such as leukotoxin, cytolethal distending 

toxin, Fc-binding factors, and proteases (117). It was shown that in dual species biofilms, 

A. actinomycetemcomitans adhered to C. albicans and inhibited biofilm formation via the 

general quorum-sensing molecule autoinducer-2(AI-2), synthesized by luxS gene (118). 

This molecule can be used to communicate between both gram-positive and gram-

negative bacteria, and Bachtiar and colleagues demonstrated that synthetic AI-2 could 

also inhibit C. albicans biofilm formation, providing a possible treatment option by 

modulating the oral flora through quorum sensing. Periodontitis is linked with several 

systemic conditions, particularly diabetes mellitus, and patients with both diseases have 

been shown to have various Candida species, strikingly C. albicans (119). Determining 

how periodontal bacteria and Candida species interact within the gingival pocket will be 

vital to developing more effective oral health biomaterials. 

Candida–Acinetobacter baumannii 

Acinetobacter baumannii, a gram-negative bacterium, has emerged as one of the 

most troublesome pathogens for health care institutions globally. The ability of A. 

baumannii to adhere to and persist on surfaces in a biofilm, particularly on medical 
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devices, has made the bacterium a concern in hospitals and war-zones. A. baumannii is 

emerging as a pertinent opportunistic human pathogen and is part of the ESKAPE 

pathogens due to its development of multidrug resistance along with the biofilm forming 

capability, garnering it the term ‘superbug’ (120). Given that C. albicans and A. 

baumannii are common etiological agents of nosocomial infections in the 

immunocompromised, and that they overlap niches in the oral cavity, it is vital to 

understand any interactions between these organisms. It was demonstrated that outer 

membrane protein A (OmpA) of A. baumannii 19606, a standard lab strain, was essential 

for bacterial attachment to C. albicans filaments through knock-out and complement 

experiments (121). OmpA was also shown to be important for attachment and invasion of 

epithelial cells; since C. albicans binds to N-cadherins on epithelial cells through its 

protein Als3, it is possible that OmpA may bind to Als3 on C. albicans(122). This 

interaction between bacteria and fungus resulted in fungal death, visualized with 

fluorescent microscopy and only when A. baumannii was in direct contact with C. 

albicans filaments through a functional OmpA protein (121). These findings show 

antagonism between these two opportunists; determination of the mechanism of fungal 

killing by Acinetobacter baumanni deserves further exploration in order to minimize 

serious infections in the immunocompromised population. 

3D: Interactions in the Gastrointestinal Tract 

Candida–Enterococcus faecalis 

The gram-positive bacterium Enterococcus faecalis and C. albicans often co-

inhabit the human large intestine and the oral cavity, with E. faecalis consistently isolated 

after failing endodontic (root canal) treatments (123, 124). Unfortunately to date, the 
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interactions between C. albicans and enterococci have not been thoroughly examined. 

Several studies showed that the relationship between E. faecalis and C. albicans in 

polymicrobial biofilms is antagonistic. In a Ceanorhabditis elegans model of a co-

infection infection with E. faecalis and C. albicans, E. faecalis inhibited C. albicans 

hyphal formation and protected C. elegans from being killed by C. albicans. 

Interestingly, the presence of C. albicans reduced E. faecalis cell death. These results 

correspond with their findings in vitro, where E. faecalis inhibits Candida hyphal 

formation in a dual species biofilm. The inhibition of Candida hyphal morphogenesis by 

E. faecalis was caused by a secreted heat stable protein approximately 10 kDa and was 

partially dependent on the Fsr quorum-sensing (QS) system, which regulates virulence in 

E. faecalis (125). Shekh and Roy identified an E. faecalis strain that produces an APC, an 

anti-mycotic protein that was non-hemolytic and different from the one Cruz and 

colleagues discovered (126). Heat-killed E. faecalis prevented C. albicans from adhering 

to plastic substrates and in a murine oral infection model, heat-killed E. faecalis protected 

against oral candidiasis, showing that direct cell contact between the two species plays an 

important role in cross-kingdom interactions (127). These findings indicate a role for 

quorum sensing molecules and other proteins produced by both C. albicans and E. 

faecalis in the interaction between these two organisms. These molecules may be 

promising in the quest to find new therapeutic strategies in the battle against 

antimicrobial drug resistance and further research may further elucidate the role of these 

molecules and their mechanism of action. 
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Candida–Escherichia coli 

Escherichia coli remains one of the most important organisms found in the 

gastrointestinal tract and different virotypes of E. coli are responsible for causing variety 

of infections, including diarrhea, respiratory tract infections, wound infections and 

septicemia. E. coli and C. albicans are often found together in human tissues and bodily 

fluids (128). Polymicrobial intra-abdominal infections involving fungi result in higher 

mortality rates (up to 75%) compared to bacterial polymicrobial infections (up to 30%), 

and Candida species are the most common found fungi in these infections (129-132). In 

an experimental murine model of peritonitis, C. albicans showed synergism with E coli. 

In this model, co-infection with both C. albicans and E. coli resulted in a higher mortality 

in mice compared to a single species infection (133). This Candida-associated mortality 

of experimental animals was augmented by E. coli and its LPS (134). Bandara and 

colleagues evaluated the effect of E. coli LPS on different Candida species biofilms in 

vitro and found that E. coli LPS caused a significant reduction in the growth of C. 

tropicalis, C. parapsilosis, C. krusei and C. dubliniensis (135). In addition, E. coli 

secretory elements significantly impair Candida biofilm development, possibly by 

modulating hyphal-specific genes and their transcriptional regulation (136). Interestingly, 

when Candida-E. coli biofilms are treated with the fluoroquinolone antibiotic ofloxacin, 

the β-1, 3-glucan produced by C. albicans increased E. coli tolerance against ofloxacin 

(137).  

These findings suggest that the interaction between Candida and E. coli is 

synergistic. Since they are commonly isolated from infection sites, and seem to increase 

mortality and tolerance against antibacterial agents, they can cause serious problems in 
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immunocompromised individuals. More research on the interaction between these two 

species is needed, and targeting β-1, 3-glucan production by C. albicans is currently used 

in the clinic through the echinocandin class of antifungals. These drugs may be useful in 

combination therapy with other antimicrobial agents, as there is still little fungal 

resistance to echinocandins (138).  

Candida–Salmonella species 

Salmonella species can survive intracellularly within epithelial cells, dendritic 

cells, and macrophages, causing chronic inflammation. The bacterium is well-known for 

its ability to cause gastrointestinal pathology, ranging from asymptomatic carriage, to 

gastroenteritis and typhoid fever (139). Since Candida appears as a commensal in the 

gastrointestinal tract, the overlap of niches provides an excellent point for interaction 

between species. In a C. elegans polymicrobial infection model, S. typhimurium inhibited 

C. albicans filamentation, stunting fungal virulence. Moreover, an in vitro co-culture 

model showed that S. typhimurium inhibits C. albicans viability and its ability to form a 

biofilm (140). The type III secretion systems (TTSS) are important virulence factors for 

Salmonella pathogenesis and are encoded by Salmonella pathogenicity island 1 (SPI-1) 

and SPI-2 on the bacterial chromosome (141). TTSS allows the bacterium to inject 

effector proteins directly into the host cell (141, 142). There are more than 30 SPI-1- and 

SPI-2-regulated effectors known in Salmonella species who utilize these systems (143). 

One of these effectors, sopB, plays a critical role in interaction and competition with C. 

albicans by killing filaments. Deletion of sopB significantly increased the survival of C. 

albicans in vitro. The sopB effector translocates into filaments via SipB, killing C. 

albicans hyphae. In C. elegans, S. typhimurium sopB decreased the viability of C. 
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albicans filaments and repressed elongation of filaments, germ tubes, and biofilm 

formation during infection. Remarkably, they found that the sopB effector is associated 

with the transcriptional repression of CDC42 in C. albicans (which encodes a Rho-type 

GTPase related to viability) and suggest that the sopB effector of S. typhimurium is an 

important for competing against fungi (144). 

Considering these findings, it is reasonable to conclude that interaction between S. 

typhimurium and C. albicans is multifactorial and that the viability of C. albicans is 

associated with the S. typhimurium sopB and sipB TTSS translocation machinery. 

However, only limited research has been done on the interaction of C. albicans with 

intestinal bacterial pathogens. The human intestinal tract has a remarkable microbial 

community, including Candida. Understanding the interactions between the diverse 

organisms within the complex milieu of the intestinal tract may expose important 

pathogenic and therapeutic insights. 

Candida–Helicobacter pylori 

H. pylori has been found to colonize the human gastrointestinal tract and is 

responsible for many conditions, ranging from gastritis and peptic ulcers to 

adenocarcinoma (145). In terms of association to Candida, Helicobacter has shown 

unique interactions with the fungus as illustrated by a handful of reports. H. pylori DNA 

was found within Candida yeasts isolated from cheek swabs of dyspeptic Iranian 

patients, a location with endemic H. pylori presence (146). This is an important finding in 

the co-habitation of these two pathogens, with reference to treatment, prevention and the 

control of cross-transmission. Analysis of the relationship between H. pylori and Candida 

using specimens obtained from patients with specific upper gastrointestinal tract 
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disorders suggested a positive relationship of Helicobacter with Candida, which may 

help maintain the persistence of H. pylori in the oral cavity, possibly favoring re-

inoculation of the stomach with the bacterium and allow the bacterium to perpetuate in 

these endemic regions. Furthermore, analysis of samples taken from patients with severe 

gastric ulcerations confirmed co-inhabitation of Candida and Helicobacter in human 

disease conditions (147). 

The intracellular existence of Helicobacter within Candida yeast cells was 

investigated by several groups in an attempt to explore the underlying mechanisms of this 

interaction. Fluorescent microscopy showed that labeled H. pylori survives as viable, 

fast-moving bodies inside the vacuoles of Candida yeast cells obtained from multiple 

niches (148-150). It has been suggested that the yeast vacuoles serve as a niche that 

protect H. pylori against environmental stresses while nourishing the bacteria and 

providing the bacteria with sterols, such as ergosterol (150). H. pylori seems to be 

vertically transmitted to the daughter cells of C. albicans and continues to express its own 

proteins in order to survive safely within the yeast cells (148, 149). The bacteria inside 

yeast cells produce peroxiredoxin and thiol peroxidase, substances which can counteract 

the respiratory bursts of most phagocytic immune cells. In addition, urease and VacA, 

two virulence factors of H. pylori, are produced when H. pylori is taken into C. albicans, 

and are capable of modulating the host innate immune response to promote bacterial 

survival (150). These virulence mechanisms may thus play a crucial role in intracellular 

survival of H. pylori in both epithelial cells and yeast cells. Human gastric epithelial cells 

and human immune cells have been recognized as the only eukaryotic cells that host H. 

pylori. H. pylori might use this intracellular establishment within yeast cells as a Trojan 
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horse mechanism to invade and persist inside human epithelial and immune cells. This 

could be a crucial step in the colonization of the human gastrointestinal tract, as well as 

persistence in a variety of environmental conditions, being masked from the host immune 

defenses. 

3E: Interactions in the Vulvovaginal Area 

Candida–Lactobacillus species 

Lactobacillus species are known for their probiotic effects and are widely known 

to negate the colonization of pathogens in the gastrointestinal tract and the female 

genitourinary tract (151). In the female genital tract, Lactobacilli function as a barrier 

against infection with other pathogens by competing for adherence and producing several 

antimicrobial compounds, such as H2O2 and lactic acid. These compounds lower the 

vaginal pH to an inhospitable level for many microbial species (152-156). Lactobacilli 

isolated from the oral cavity were shown to inhibit the growth of C. albicans through the 

production of H2O2 (157). Lactobacilli vaginal isolates also inhibited the growth of C. 

albicans but this effect was only partially attributed to the production of peroxides (158). 

It was shown that supernatants obtained from cultures of four different Lactobacillus 

species (L. rhamnosus, L. acidophilus, L. plantarum, and L. reuteri) impaired hyphal and 

biofilm formation of Candida (159). Taken together, this data shows an inhibiting effect 

of Lactobacilli on Candida growth, hyphal formation, and biofilm production.  

Kohler and others showed that the growth of Candida was suppressed by lactic 

acid (produced by Lactobacilli) and using fluorescent microscopy, showed a loss in 

metabolic activity and cell viability. Moreover, when kept under co-culture conditions, C. 

albicans showed an increased in expression of stress-related genes (e.g., SIS1, TPS3, 
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HSP78, TPO3, SEO1), indicating the cells were in hostile environments, most likely 

through the lower pH created by Lactobacilli acid production (160). Interestingly, 

Wagner and Johnson showed that Candida activated NF-κB pathway-associated genes 

Iκκα and ELK1 upon infection of VK2 cells. Lactobacilli suppressed this expression of 

NF-κB-related inflammatory genes and induced IL-1α and IL-1β expression via alternate 

signal transduction pathways, such as MAPK/AP-1. Activation of such alternate 

signaling mechanisms by lactobacilli may provide a mechanism to decrease inflammatory 

damage caused by vulvovaginal candidiasis and demonstrates a great importance for IL-

1β to stimulate anti-Candida defenses in the innate immune system (161). Lactobacillus 

crispatus, a common species found in the female genital tract, inhibited growth and 

adhesion of C. albicans to HeLa cells. TLR-2 and 4 expressed by HeLa cells are 

modulated by both L. crispatus and C. albicans, and the production of IL-8 and HBD2/3 

by both species is modulated via the TLR2/4 pathway. Given the fact L. crispatus 

inhibited C. albicans growth and adhesion to the epithelial cells, targeting this pathway 

could be a promising target in anti-fungal treatment (162).  

Two other Lactobacilli strains found in healthy vaginal microflora, Lactobacillus 

reuteri RC-14 and Lactobacillus rhamnosus GR-1, were found to inhibit C. albicans 

growth and attenuated virulence in vaginal cell cultures (163). In addition, Martinez and 

colleagues demonstrated that use of probiotic Lactobacilli and antifungal drug 

combinations were more effective in controlling the C. albicans growth in vaginal 

candidiasis than antifungal agents alone (164). Chew and others expanded these findings, 

showing that inhibition of Candida glabrata growth by L. rhamnosus GR-1 and L. reuteri 

RC-14 strains leads to cell death, an important observation due to an increase in non-C. 
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albicans infections in some populations (165). Romani and colleagues described that 

some bacteria can support host-fungal symbiosis (166). Commensal Lactobacilli and 

mammals together increase immune tolerance in response to C. albicans through the 

tryptophan catabolic pathway production of indoleamine 2,3-dioxygenase 1 (IDO1), 

which drives resources away from inflammatory T-cell lineages and promotes a T-

regulatory state. Given the commensal co-habitation by these microorganisms in humans 

and frequency of vulvovaginal candidiasis among women worldwide, it is important to 

ascertain the inhibitory mechanisms of Lactobacillus on Candida so that its probiotic 

nature can be fine-tuned to work with the host and prevent recurring infections. 
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PART 4: Diagnostic approaches for Candida-bacterial infections 

History and examination are the cornerstones of the diagnosis of infections, 

irrespective of their mono or polymicrobial etiology. Evidence for contamination, 

presence of a foreign body, and use of prosthetic or iatrogenic instrument could be often 

ruled out by the clinical history gathered from the patient. Further, the signs of 

inflammation and infection may be elucidated by systematic clinical examination. In 

addition, general assessment of the patient for hygiene and health is important in the 

assessment of the degree of contamination and the level of the host’s immune 

competence, respectively. In case of the patient using prosthetic appliance therapy, the 

nature and quality of the prosthesis and its use should also be assessed and monitored.  

Following history and examination, various investigations including 

microbiological methods play a role in the diagnostic process. Conventional 

microbiological cultures using the Sabouraud dextrose agar have been useful in isolation 

of Candida from clinical samples. However, investigations using bacteria-fungi co-

culture both in blood cultures and animal models showed that common microbiological 

techniques, including Gram stain and culture on solid media, were inadequate to detect 

fungemia when concomitant bacteremia was present (167). These investigators have 

suggested that the likely mechanisms for fungal growth suppression included nutritional 

depletion and elaboration of a toxic substance by the bacteria. Consequently, the reported 

incidence of blood cultures with synchronous bacteremia and candidemia may 

underestimate the definite incidence. One possible alternative is to perform an additional 

and simultaneous culture using chrome-agar Candida medium that prevents bacterial 

growth and is an excellent growth platform for identification of most commonly 
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encountered Candida spp. (168). In addition, the advances in molecular microbiology 

technology using polymerase chain reaction (PCR) did improve the rate of detection of 

Candida in blood cultures and has demonstrated Candida in the blood of patients with 

culture-negative results confirming the lack of sensitivity of blood culture in 

disseminated candidiasis (169). Several other factors have been suggested to avert the 

synchronous isolation of Candida and bacteria in blood cultures. One of the reasons for 

difficulty in isolation of Candida in blood culture is rapid bacterial proliferation that 

often inhibits the fungal proliferation (167). This phenomenon, if occurring in actual 

patient specimens, would lead to a reduction in numbers of blood cultures isolating 

Candida species. On the other hand, early commencement of antibacterial drugs 

immediately upon detection of fever in patients, would lead to a reduced incidence of 

synchronous bacteremia and candidemia because of the presence of bactericidal 

antibiotics in the blood.  

In the context of polymicrobial infections often related to biofilms, novel methods 

having potential to identify and quantify each individual member of the polymicrobial 

community have shown utmost importance. In particular, molecular biological methods 

have demonstrated the ability to precisely define the identity and the quantity of each 

species of a polymicrobial biofilm infection. For example, advanced techniques including 

metagenomic analyses are helpful to describe polymicrobial ecosystems (170). Flow cells 

are used to study microbial interactions in biofilms (171). Recently, microbiome-level 

analyses involving either conserved, phylogenetically informative genes such as bacterial 

16S rRNA gene or whole shotgun metagenomic sequencing have provided promising 

results. Comprehensive, quantitative molecular diagnostic methods are the most efficient 
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and effective ways to appropriately identify and characterize the complex bacterial and 

fungal components of such polymicrobial infections (172). Although various high-tech 

diagnostic methods have been suggested such as metagenomics analyses and flow cells 

they are yet to reach clinical diagnostic laboratories in many parts of the world. 
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PART 5: Managing Candida-bacterial polymicrobial infections 

5A: Importance of Recognizing the Potential for Polymicrobial Infection 

In cases of bacterial or fungal infection, it is important to recognize that the 

infection may not be only bacterial or only fungal since standard diagnostic modalities 

(see above) in polymicrobial infections can often miss major players in the infectious 

milieu. Consideration of a polymicrobial infection in the differential diagnosis is 

important for three reasons, (1) designing appropriate chemotherapy, (2) taking into 

account systemic bacterial infections due to Candida infections, and (3) recognizing the 

importance of infectious synergy on patient morbidity and mortality. 

5B: Designing appropriate chemotherapy 

When Candida is missed during diagnosis and a polymicrobial infection is treated 

as a bacterial infection, treatment and cure will not be obtained. A clinical assumption of 

a mono-species or mono-Kingdom infection ignores the potential for a polymicrobial 

infection that necessarily impacts the disease management (i.e. antibiotic +/- antifungal 

administration). Therefore, patients often undergo an unnecessary infection cycle where 

antibiotics are first used, followed by a fungal infection. Antibiotic therapy is halted and 

replaced by antifungal therapy, thereby allowing for the pathogenic bacterial species that 

was not eliminated by the abbreviated antibiotic regimen to become a fulminant infection 

again. Chasing this moving target of antimicrobially-based infection resolution only 

serves to increase risk of patient morbidity and mortality as well as the development of 

antimicrobial resistant strains. Therefore, once a Candida or fungal infection is found 

following and initial bacterial infection diagnosis and initiation of antibiotic therapy, the 

initial broad-spectrum or antibiotic sensitivity-directed antibiotic therapy should continue 
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to avoid the return and exacerbation of the original bacterial infection as well as the 

acquisition of multi-resistant bacteria such as vancomycin-resistant enterococci (173). 

Since a contribution of Candida is often missed during diagnosis by standard 

culture, advanced techniques (e.g. PCR, IBIS, or differential/selective media) should be 

used, or if not present, can be considered during the differential diagnosis by noting 

particular risk factors for invasive candidiasis. Invasive candidiasis that can predispose 

patients to the potential for polymicrobial infection can be considered when patients 

demonstrate certain risk factors. Besides maintaining a good diet and avoiding social risk 

factors (obesity, smoking, alcohol/drug abuse), there are a number of other risk factors 

associated with developing invasive candidiasis. Some of these include broad spectrum 

antibiotic usage, immunosuppression due to disease (e.g. Job’s disease, AIDS following 

uncontrolled HIV infection, etc.), administration of immunosuppresive agents (e.g. 

chemotherapy, steroids, or antirejection agents following organ transplant), some 

indwelling medical devices (e.g. endotracheal tubes, urinary catheters, intravenous 

catheters and parenteral nutrition), diabetes and diabetic foot wounds, and extremes of 

age. These risk factors can result in failure of the host to keep Candida in check, produce 

an imbalance between commensal bacteria and fungi, or allow invasion of particular host 

niches by opportunistic bacterial and fungal pathogens (8).  

5C: Taking into account systemic bacterial infections due to Candida infections 

Systemic bacterial infections and complications may result from localized 

invasive candidiasis or even superficial infections by this fungal pathogen (33, 101). 

Patient morbidity and mortality may increase due to systemic infections that result from 

the ability of Candida to deliver other microbial species into deep tissue layers or the 
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circulatory system of the host. Therefore, systemic complications like bacterial infections 

due to candidiasis should be considered and may require more empirical antibacterial 

coverage (9). As such, when selecting the antibiotics it is important to consider the 

sensitivity, bioavailability, toxicity, less resistance formation and also the stability (174). 

It has been demonstrated that Candida facilitated the invasion of bacteria into the host 

tissues. The findings in the above studies demonstrates that superficial candidiasis may 

constitute a risk factor for disseminated bacterial disease, warranting awareness in terms 

of therapeutic management of immunocompromised individuals. The identification of 

superficial candidiasis as a risk factor for disseminated bacterial disease bears serious 

clinical implications. For instance, it is highly important to improve the awareness in 

terms of therapeutic management, particularly in immunocompromised individuals who 

often experience recurrent episodes of superficial candidiasis affecting oral and vaginal 

mucosae to avoid disseminated bacterial infections. 

5D: Impact of microbial infectious synergy on patient morbidity and mortality 

Co-infection by C. albicans and microbial species may produce a synergistic 

infection due to the interaction of the host, Candida, and the bacterial species, thereby 

dramatically increasing the severity and unpredictability of the infection. (9, 47, 100, 

175). Therefore, co-infections should be taken extremely seriously. Characterizing the 

nature of the complex interaction between Candida and bacteria may be the first step in 

understanding the nature of their coexistence in the host. Unraveling the mechanisms that 

Candida and bacteria use in a competitive, polymicrobial environment would not only 

deepen our understanding of their co-inhabitation but may also provide important insights 

into novel pathways that help development of new antimicrobial drugs. 
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5E: Control of Biofilm Formation 

Since the interaction between Candida spp. and bacteria often occurs in a biofilm 

mode of growth, it is important to describe biofilm resolution strategies. Microbes can 

produce biofilms on synthetic materials or devitalized tissue that results in the failure of 

antimicrobial agents and the host immune response to resolve these infections. 

Management of biofilm-related polymicrobial infections, particularly those involving 

Candida, can be challenging. Removal of the infected device is generally needed to 

establish cure of Candida infections of medical devices. Regarding biofilm associated 

infections, the mainstay for the resolution of these infections continues to be the removal 

of the nidus of infection (e.g. indwelling medical device, devitalized tissue, periodontal 

scaling and/or debridement) (13, 15, 176-186). There are a number of other biofilm 

resolution strategies. Small molecules that interfere with either bacterial and fungal 

quorum sensing systems, signaling pathways that control biofilm formation and 

maintenance, or unique nutrient requirements by biofilm microorganisms to maintain 

localized pH and redox conditions. Also, macromolecular approaches to biofilm 

eradication has also been proposed that include matrix digesting enzymes and the 

development of biofilm-specific antibodies. Some specific examples that that have been 

proposed include promoting programmed detachment, mechanical disruption, dispersal 

agents, DNAse, nanoparticles (modified silver and gold), lyase, lactonase, alpha-

amylases, lysostaphin (for staphylococcal strains), photodynamic therapy, (see (187, 188) 

for a review of some of these strategies), and antibody directed photoacoustic killing 

(189).  
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Probiotics and prebiotics may have a role in preventing or even treating 

polymicrobial infections. Live microorganisms when administered in proper 

concentrations having health benefits are known as probiotics. There are sets of particular 

bacterial species that are found in different body niches and are able to control Candida 

through their probiotic action (190). Probiotics are able to control various infections by 

exploiting the microbial interference as a mechanism for novel prophylactic or 

therapeutic management of polymicrobial diseases. Prebiotics, defined as an 

oligosaccharide indigestible by humans but able to be fermented by beneficial gut 

bacteria such as Lactobacillus and Bifidobacterium spp., may also play a role. By 

combining a probiotic and prebiotic (termed a synbiotic (191)), microbial mucosal health 

can be dramatically improved. It is evident that bacteria such as Lactobacillus spp. have 

the potential to control the yeast colonization on various body niches and therefore could 

be used in the management of Candida infections.  

Phage therapy could also be used to control these polymicrobial infections. 

Phages are viruses against bacteria that demonstrate a particular tropism for specific 

species. These phages infect and lyse bacterial populations by undergoing rounds of 

phage replication, thereby reducing bacterial populations. While bactericidal activity was 

thought to primarily be a consequence of lytic events, it has been shown that phage 

particles encode depolymerases that exhibit enzymatic activity against bacterial matrices, 

including exopolymeric compounds. However, phage therapy has not entered Phase III 

clinical trials or showed effective biofilm infection therapy in vivo against multiples 

microbial strains even with nearly 100 years of research attempts.  
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Polymicrobial vaccines may also play a role in the future control of polymicrobial 

infections. Now that we are aware that chronic and polymicrobial infections involve 

Candida and bacterial biofilms, investigators can develop appropriate vaccines that 

prevent these co-infections. When Candida or bacteria invade the host they can either be 

removed by the host innate immune response or get attached to the host extracellular 

matrix proteins to develop a localized biofilm community. The resulting proteome of the 

microorganisms becomes distinct once the population transforms into a biofilm 

phenotype and deviates remarkably from the characteristics of the planktonic proteome. 

According to Harro et al. (192) two components of the biofilm i.e. bacterial cells within 

the biofilm and the biofilm matrix, although they vary between bacterial genera, species, 

and strains, could be considered as targets for vaccine development if common antigens 

are found. Moreover, regarding a polymicrobial infection, a vaccine composed of a 

multivalent cocktail of antigenic proteins from all microorganisms involved in disease 

pathology may have to be considered. Spelling and colleagues have previously attempted 

to create a polymicrobial vaccine, utilizing only a portion of the C. albicans adhesin, 

Als3p, produced recombinantly in S. cerevisiae. The authors vaccinated mice once and 

then gave a booster 2 weeks prior to a lethal intravenous dose of S. aureus. Vaccinated 

mice had increased survival and a significant decrease in bacterial burden of organs, 

however, no sterilizing immunity was achieved; vaccinated mice still had over 105 CFUs 

in their organs. Also, this vaccine did not protect mice from other bacterial pathogens that 

could associate with C. albicans, such as S. epidermidis or P. aeruginosa, suggesting this 

formulation could benefit from multiple antigenic proteins to broaden its scope (193) 
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Once combined with conventional antibiotics to battle the microbial cells existing 

in the planktonic state, non-surgical biofilm eradication may finally be realized.  

However, many of these anti-biofilm strategies are in early in vitro, animal, or topical 

development and are not approved for use for invasive disease. Therefore, infections 

caused by Candida bacteria interactions own significant complexity and still at the 

infancy stages in vaccine development. Vaccine design for Candida bacteria 

polymicrobial infections should consider the unique virulence attributes of the yeast and 

the responsible bacteria in order to gain success.  
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PART 6: Summary and Conclusions 

Candida may exist in a polymicrobial biofilm mode of growth attached to biotic 

and abiotic surfaces. Some microbes have evolved mutualistic or even synergistic 

relationships to facilitate cohabitation on epithelial surfaces and deep wounds, while 

others have developed competitive antagonistic approaches during co-colonization. 

Biofilm formation occurs within a complex milieu of host factors and other members of 

the human microbiota. Thus, bacteria can attenuate or enhance fungal invasion and 

virulence in C. albicans mucosal biofilms, not to mention the candidal effect of 

augmentation or abrogation of virulence on bacteria.  

Candida and bacterial interactions that are complex are not a rare occurrence. 

They do exist, interact, and co-aggregate with common bacteria (both commensals and 

frank pathogens) and this interaction has great clinical significance. The effects of such 

interactions are relevant to host, microbe and the environment. Elucidating the nature of 

these interactions at the proteomic, genetic, transcriptomic, metabolomics, and systems 

based levels is imperative in the understanding, prevention and management of the 

polymicrobial infections. It is likely that interaction between host, Candida, and 

commensal microbiota dictates the types of host–fungus relationship and the microbial 

dysbiosis may predispose the host to a variety of chronic fungal infections and diseases at 

local and distal sites. The elucidation of these complex interactions is important not only 

for a better understanding of the pathobiology of infections and microbial interactions but 

also for the identification of novel targets for future antimicrobial strategies as the 

efficacy of antibiotics begins to wane. 
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PART 7: Hypothesis and Specific Aims 

 

Broad Objective: To further understand bacterial-fungal interactions by examining the 

staphylococcal mechanisms behind induced antimicrobial tolerance and the response of 

the immunocompromised host during a disseminated dual-species infection, 

demonstrating unique mechanisms of immunomodulation. 

 

Hypothesis: While the interaction between these two species has important implications 

with respect to antibiotic tolerance and treatment failure, the host and microbial 

interactions may also play roles in the increased virulence seen in S. aureus and C. 

albicans co-infection. We hypothesize that the interaction of S. aureus with C. albicans 

leads to specific genetic changes in each organism that are responsible for increased 

antibiotic tolerance, virulence, and survival in dual-species biofilms. 

 

Specific Aim 1: To determine the mechanism of vancomycin tolerance in S. aureus 

during dual-species biofilm growth in vitro using global transcriptomics and gene 

knockout studies. 

a) Demonstrate vancomycin tolerance in S. aureus is reproducible at clinically 

relevant levels during co-culture 

b) Transcriptomically profile C. albicans and S. aureus during dual-species biofilm 

growth 

c) Characterize S. aureus tolerance to other antimicrobial agents 

d) Examine specific S. aureus knock-out mutants and their impact on vancomycin 

tolerance  



 

 57

e) Determine the effect of fungal quorum sensing molecules on vancomycin 

treatment 

 

Specific Aim 2: To identify and confirm the in vivo relevance of differentially expressed 

host and pathogen genes (and their products) during S. aureus-C. albicans dual-species 

biofilms in a murine co-infection model. 

a) Determine relevant host immune responses and microbial factors that are 

important in dissemination during a dual-species oral infection 

i. Demonstrate in vitro that the concept of staphylococcal hitchhiking on C. 

albicans is not a viable mechanism of staphylococcal tissue invasion 

ii. Examine the behavior of innate phagocytic cells during C. albicans-S. 

aureus dual-species interaction 

iii. Show the importance of these innate immune cells in dissemination 

through culture and flow cytometry analysis of draining cervical lymph 

nodes 

iv. Visualize macrophage and neutrophil interaction with S. aureus and C. 

albicans using immunohistochemistry and traditional staining methods 

b) Perform ‘omics’ screening on tongues from our murine model of oral co-infection 

i. Utilizing a scraping technique, successfully isolate RNA from all three 

species participating in the infection: murine host, C. albicans, and S. 

aureus 
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ii. Analyze differential gene expression in C. albicans and S. aureus, 

comparing mono-species infection to dual-species infection on tongue 

tissue 

iii. Analyze upstream signal pathways in the murine host to determine 

differences in activated and repressed immunological functions between 

mono- and dual-species infection 

iv. Use matrix-assisted laser desportion/ionization mass spectrometry imaging 

(MALDI-MSI) to visualize changes in host lipid profiles throughout 

tongue tissue and compare mono- and dual-species profiles 
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CHAPTER II: Candida albicans induces multi-drug tolerance in Staphylococcus 

aureus via a ClpP protease-dependent mechanism 

 

Specific Aim 1: To determine the mechanism of vancomycin tolerance in S. aureus 

during dual-species biofilm growth in vitro using global transcriptomics and gene 

knockout studies. 

 

PART 1: Background and Significance 

Bacteria do not exist in isolation but interact with different strains, species, 

genera, and kingdoms, including fungi and viruses (194). These interactions within 

wounds or on implanted medical devices can lead to development of polymicrobial 

biofilm infections. Such biofilm communities consist of multiple organisms living within 

a polysaccharide extracellular matrix and demonstrate unique opportunities for pathogens 

to cause disseminated disease throughout the body, particularly in the 

immunocompromised patient population (195-197). With septicemia listed within the top 

15 causes of death for adults and top 10 causes of death in newborns, understanding the 

role of these complex interactions is critical (198).     

The cross-kingdom interaction of the pathogenic fungus Candida albicans and 

gram-positive bacterium Staphylococcus aureus is of high importance for the medical 

community; both organisms are among the top pathogens isolated from bloodstream 

infections(59, 199, 200).  S. aureus has gained particular attention due to the increase in 

methicillin-resistant strains (MRSA) seen in hospital and community acquired infections. 

Recent statistics have shown that the incidence rate of MRSA infection in the United 

States is 24% and accounts for 44% of hospital-associated infections in major European 
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countries (201). S. aureus is armed with an immense arsenal of virulence factors such as 

adhesins, toxins, and anti-phagocytic molecules to evade the host immune system and 

cause tissue damage (202). While hospital acquired MRSA strains tend to be associated 

with a predisposing factor, community acquired strains occur in seemingly healthy 

individuals. These strains are associated with higher rates of necrotizing pneumonia and 

tend to carry genes that induce cytotoxin-mediated tissue necrosis (203).  

C. albicans is one of the most common fungal species infecting humans and is a 

primary etiological factor for several diseases including oral thrush, denture stomatitis, 

and vaginal yeast infections (3, 5). The ability to phenotypically shift from stationary 

yeast to actively penetrating hyphae allows C. albicans to migrate from epithelial layers 

to the bloodstream, causing increased mortality (204). Invasive Candida infections have a 

crude estimated mortality rate of 30% and oropharyngeal candidiasis is considered an 

AIDS-defining infection (199, 205). Treatment options for fungal infections are limited; 

current antifungal agents have a wide array of damaging side effects and several C. 

albicans strains have become resistant to multiple drugs, including fluconazole (206).  

In vitro studies examining S. aureus and C. albicans interaction have elucidated 

that both organisms co-exist in a live biofilm and that bacteria can bind to fungus through 

adhesin-like sequence protein 3 (Als3p) (22). This close association was further 

demonstrated using a dual-species biofilm infection of the tongue, where C. albicans 

facilitates dissemination of S. aureus to internal organs. S. aureus dissemination was only 

seen in dual-species infected mice, which also lost weight at a quicker pace. Disruption of 

bacterial-fungal binding by mutation of ALS3 on C. albicans decreased dissemination 

(33). These findings provide support for epidemiological reports that have noted C. 
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albicans is a risk factor for S. aureus bacteremia but not vice versa and that C. albicans 

may serve as a portal of entry for S. aureus when no known entry method has been 

determined (9, 207). Both organisms have been isolated from and associated with 

numerous polymicrobial diseases, including ventilator-associated pneumonia, diabetic 

foot infections, burn wounds, and denture stomatitis (4, 208, 209). 

Previous studies have shown that the antimicrobial tolerance of S. aureus 

increases in co-culture when culturing C. albicans and S. aureus together in 50% serum 

supplemented media. Investigators implicated the fungal matrix as the main mediator 

responsible for these phenomena. However, exogenous addition of C. albicans matrix 

alone to S. aureus contributed weakly towards the antimicrobial tolerance and could only 

account for a minimal fraction of the staphylococcal vancomycin tolerance seen in S. 

aureus-C. albicans co-cultures. Since matrix addition could not fully account for 

staphylococcal vancomycin tolerance, the addition of the 50% sera to the growth media 

may have introduced a culturing artifact that produced non-specific aggregation, resulting 

in a thick biofilm (53, 61). This same non-specific vancomycin tolerance is also seen in 

dense mono-species S. aureus biofilms (210, 211). These thick microbial biofilms have 

been shown previously to be 100 – 1000X more resistant than their planktonic 

counterparts due to limitations in penetration, stress response induction, and dramatically 

slow growth caused by nutrient deprivation (212). This type antimicrobial tolerance seen 

in biofilms is more dependent upon the physical structure and thickness of the biofilm 

instead of an intricate, direct interaction between C. albicans and S. aureus. The aspect of 

physical protection was examined in a similar fashion during a recent study using 

artificially high levels of vancomycin and zymolyase to disrupt the formation of the dual-
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species biofilm (213). This study concluded similar findings to previous research by 

Harriott and Noverr, but still did not seek to address any staphylococcal component, 

instead focusing on creating thick biofilms that would only be seen in undisturbed, deep-

seated tissue infections, instead of those that develop at mucosal surfaces. 

In this study, we sought to determine whether staphylococcal vancomycin 

tolerance was induced in co-culture studies by specific microbial factors instead of the 

non-specific antimicrobial tolerance seen in thick biofilms. We first demonstrated that C. 

albicans imparted tolerance to vancomycin at clinically relevant concentrations in matrix-

limited, dual species cultures in low sera (<5%) media that more closely matched the 

environments in which these two microbial species are found including the oral and 

vaginal mucosa, ventilator tubes, and localized skin infections. We also demonstrated the 

specificity of this tolerance by testing different Candida species and different gram-

positive species. This decreased sensitivity to vancomycin was independent of fungal 

matrix and this effect only occurred when C. albicans was in its hyphal form. Transwell 

membrane experiments that separated fungal matrix from S. aureus also showed 

vancomycin tolerance was still induced. In order to determine specific C. albicans and S. 

aureus factors responsible for the specific induction of vancomycin tolerance, we 

performed RNA-Seq on dual-species biofilms. We identified many differentially 

upregulated genes due to co-culture, particularly ATP-dependent Clp proteases. When 

clpP was mutated, the ability of co-culture to increase vancomycin tolerance was 

abolished. Our results suggest Clp ATPases play an important role in antimicrobial 

tolerance induced during dual-species growth and may represent a new target for treating 

polymicrobial infections. 
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PART 2: Methods and Materials 

 

Fungal and Bacterial Strains 

Candida strains used in this study are listed in Table 2.1. Strains were aliquoted 

from glycerol freezer stocks and maintained on yeast peptone dextrose agar (YPD) (BBL, 

Sparks, MD). Single colonies were cultured overnight in YPD in an orbital shaker at 

30°C under aerobic conditions. Bacterial strains used in this study are listed in Table 2.1. 

Parent methicillin-resistant Staphylococcus aureus (MRSA) strain USA300 JE2 and all S. 

aureus mutants used in experiments were obtained from the Nebraska Transposon 

Mutant Library (NTML) from the Network of Antimicrobial Resistance in 

Staphylococcus aureus (NARSA). These were constructed by the Center for 

Staphylococcal Research (CSR) at the University of Nebraska Medical Center 

(http://app1.unmc.edu/fgx/). All bacteria strains were aliquoted from glycerol freezer 

stocks and maintained on trypticase soy agar (TSA) or LB agar. Starter cultures of 

bacteria strains were grown in TSB overnight in an orbital shaker at 37°C under aerobic 

conditions. For NTML mutant strains, plates and broth were supplemented with 10 

µg/mL erythromycin to select for transposon-containing mutants. To test clp mutant 

proteolytic activity, overnight bacterial cultures were subcultured to mid-log phase by 

diluting 1:100 in fresh TSB for 2.5-4 hours before being pelleted, washed twice in PBS, 

and serially diluted on skim milk agar plates (EMD Millipore). Plates were allowed to 

grow overnight at 37°C under aerobic conditions and then allowed to sit for two days on 

the benchtop before being examined for zones of clearing. 
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Table 2.1. Strains used in this study. 

Strain Name Genotype Reference 

C. albicans 

SC5314 

SC5314 URA3 ALS3 ARG4 HIS1 URA3 ALS3 ARG4 

HIS1 

(214) 

C. albicans 

CAY178U 

als3Δ/Δ ura3Δ::imm434::URA3-IRO1 als3::ARG4 

arg4::hisG his1::hisG ura3Δ::imm434 als3::HIS1 

arg4::hisG his1::hisG 

(122) 

C. albicans 

CAQTP178

U 

als3Δ/Δ

/ALS3 

ura3Δ::imm434::URA3-IRO1 

als3::ARG4::ALS3 arg4::hisG his1::hisG 

ura3Δ::imm434 als3::HIS1 arg4::hisG his1::hisG 

(122) 

C. albicans 

CAI4-URA 

CAI4-

URA 

EFG1/EFG1 (27, 215) 

 

C. albicans 

DSC10 

efg1Δ/Δ  efg1Δ::hisG/efg1Δ::hisG (27) 

C. albicans 

DSC11 

efg1Δ/Δ

/EFG1 

efg1Δ::hisG/efg1Δ::hisG::EFG1-dpl200 (27) 

C. glabrata BG2 Clinical isolate (216) 

C. 

dublininesis  

CD36 Clinical isolate from HIV+ patient (217) 

(218) 

S. aureus 

M2 

M2 ST30, spa type T019 and agrIII (32, 178, 

219, 220) 

S. aureus 

JE2 

JE2 USA300 JE2- plasmid cured from WT USA300-

LAC 

(221, 222)  

 NE33 ΔSAUSA300_2589-sasA (S. aureus surface 

protein A and LPXTG-motif cell wall surface 

anchor family protein) 

 

 NE234 ΔSAUSA300_0160-cap5I (capsular 

polysaccharide biosynthesis protein Cap5I) 

 

 NE386 ΔSAUSA300_1708-rot (staphylococcal 

accessory regulator Rot) 

 

 NE454 ΔSAUSA300_2566-arcR (transcriptional 

regulator, Crp/Fnr family) 

 

 NE623 ΔSAUSA300_2570-arcA (arginine deiminase)  

 NE699 ΔSAUSA300_0510-clpC (endopeptidase)  

 NE912 ΔSAUSA300_0752-clpP (ATP-dependent Clp 

protease proteolytic subunit)  

 

 NE976 ΔSAUSA300_0877-clpB (chaperone clpB)  

 NE103

2 

ΔSAUSA300_0136-sasD (cell wall surface 

anchor family protein) 

 

 NE121

9 

ΔSAUSA300_2486- clpL (putative ATP-

dependent Clp proteinase) 

 

S. 

epidermidis 

NRS10

1; 

RP62A 

Methicillin-resistant, prototype biofilm producer (223) 

B. subtilis JH642 Standard laboratory stock (224) 
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Biofilm formation 

Yeast cells were pelleted, washed twice in PBS, and diluted to 6x106 CFUs/mL. 

Starter cultures of bacteria were subcultured the next day to mid-log phase by diluting 

1:100 in fresh TSB for 2.5-4 hours. Bacteria were pelleted, washed twice in PBS, and 

diluted to 6×106 CFUs/mL. All biofilms were grown in RPMI-1640 buffered with 

HEPES and supplemented with L-glutamine (Invitrogen, Grand Island, NY) and 5% 

heat-inactivated fetal bovine serum (FBS; Hyclone, Logan, UT). For RNA-Seq, mono- or 

dual-species biofilms were grown on 6-well polystyrene plates containing 5 mL RPMI-

1640-5% FBS. Mono-species wells were inoculated with 50 µL S. aureus M2 cell 

suspension or 50 µL C. albicans SC5314 cell suspension; dual-species wells contained 50 

µL of each organism together. Biofilms were grown for 24 hours at 37°C with gentle 

agitation.   

 

Antimicrobial agent susceptibility assays 

Fungal and bacterial suspensions were prepared as described above in RPMI-

1640-FBS. Biofilms were grown in 96-flat-well-tissue culture-treated polystyrene plates 

with final volumes of 200 µL (100 µL bacterial suspension and 100 µL RMPI-1640-FBS 

for mono-species biofilms; 100 µL bacterial and 100 µL fungal suspensions for dual-

species biofilms). Biofilms were grown overnight at 37°C with gentle agitation (40 RPM) 

and the following day, plates were gently washed twice with PBS. Vancomycin (Hospira, 

Lake Forest, IL) stock solution was reconstituted in sterile water, chloramphenicol and 

erythromycin (Sigma) stock solutions were prepared in ethanol, and rifampicin (Fisher, 

Hanover Park, IL) stock solution was prepared in methanol. All vancomycin used in 
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studies was diluted to working concentrations of 50 µg/mL in RPMI-1640-FBS, and 

added to biofilms for treatment overnight at 37°C. This concentration represents the peak 

serum concentration of vancomycin following antibiotic administration in humans. 

Chloramphenicol, erythromycin, and rifampicin were also diluted to this same 

concentration. Biofilms were washed the next day and removed from plates using pipette 

tips. Cells were pelleted, resuspended in fresh PBS, and sonicated on cold water for 10 

minutes to break up clumps. Microbial burdens were enumerated using serial dilutions on 

ChromAgar for S. aureus strains and Candida spp. or TSB supplemented with 

amphotericin B (0.025 mg/mL) for S. epidermidis and B. subtilis. Plates were grown 

overnight at 37°C and allowed to sit on the benchtop for an extra day to allow persister 

growth. 

 

Tyrosol and Farnesol Additions to Susceptibility Assays 

Stock solutions of tyrosol (1 M) (2-[4-hydroxyphenyl] ethanol; Sigma-Aldrich) 

and farnesol (3 M) (trans-trans-Farnesol; Sigma-Aldrich) were prepared in DMSO and 

diluted down in RPMI-1640-FBS to working concentrations. Tyrosol was used at 

concentrations from 10 µM – 10 mM and farnesol was used at concentrations from 30 

µM to 30 mM. Mono-species biofilms of S. aureus were grown with the addition of 

either tyrosol or farnesol overnight as described above in 96-flat-well plates. The next 

day, fresh media with tyrosol or farnesol was added to control wells while treatment 

wells were given additional vancomycin (50 µg/mL) for overnight treatment. Evaluation 

for susceptibility was then carried out as detailed above using serial dilution for CFUs. 
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Transwell assays 

C. albicans and S. aureus were separated from each other using 0.4-µm polyester 

transwell membranes (Corning Life Sciences, Acton, MA) in 6-well plates. Cell 

suspensions were prepared as described in RPMI-1640-5% FBS and 50 µL S. aureus 

suspension was added to the bottom well while 50 µL C. albicans suspension was added 

on top of the membrane insert. Plates were grown overnight at 37°C with gentle agitation 

before both top and bottom wells were washed twice in PBS. Vancomycin (50 µg/mL) 

was added to bottom and top of wells and plates were treated overnight at 37°C before 

being washed twice the following day. Biofilms were removed, resuspended, and 

sonicated before microbial burden was determined using serial dilution on ChromAgar. 

Candida contamination of bottom wells was monitored with ChromAgar. 

 

Confocal scanning light microscopy 

Vancomycin-treated mono-species S. aureus biofilms and dual-species S. aureus-

C. albicans biofilms were grown on sterile plastic coverslips in 6-well plates overnight as 

described previously using S. aureus JE2 and C. albicans SC5314. Biofilms were washed 

twice in PBS and stained using BacLight LIVE/DEAD viability kit (Invitrogen, Carlsbad, 

CA) according to the manufacturer’s instructions. This system stains all cells green 

(Syto9) with dead cells also staining red (propidium iodide). Coverslips were fixed in 

neutral-buffered formalin before being mounted on glass slides for CSLM. Laser 

intensity and pinhole were set using untreated S. aureus mono-species biofilms. Biofilm 

structure and viability was determined by analysis of z-axis image slices using the 

LSMIX software package (Carl Zeiss). 
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RNA isolation 

Mono-species and dual-species biofilms were washed gently with PBS twice. 

Biofilms were removed from plates using a tissue scraper and suspended in 1 mL 

RNAlater (Ambion®) until later use. Biofilm suspensions were pelleted at 4°C for 5 min 

at 5000 rpm and the supernatant discarded. To harvest RNA, cells were mechanically 

disrupted using 0.1 mm zirconia beads (Biospec Products, Bartlesville, OK) and a 

FastPrep FP120 (ThermoSavant, Holbrook, NY) at maximum speed for 45s at 4°C. RNA 

was isolated using an RNeasy-Kit (Qiagen®) and samples were DNAse treated with 

TurboTMDNAse (Ambion®). PCR was performed using 16S primers to confirm complete 

DNA removal.  

 

RNA sequencing and analysis 

Isolated RNA samples were rRNA depleted by combining Ribo-Zero rRNA 

removal kits for gram-positive bacteria (to deplete S. aureus rRNA) and Human-Mouse-

Rat (to remove C. albicans rRNA) (Illumina). All RNA-Seq libraries (non-strand-

specific, paired end) were prepared with the TruSeq RNA Sample Prep kit (Illumina). 

100 nucleotides of sequence from both ends of each cDNA fragment were determined 

using the HiSeq platform (Illumina) following the manufacturer’s instructions. RNA-Seq 

reads were aligned to the S. aureus M2 genome or C. albicans SC5314 genome using 

TopHat2 and the DESeq statistical software package was used to determine significant 

differences in expression comparing mono-species and dual-species biofilms. Up- and 
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downregulated genes for both organisms were assigned functional Clusters of 

Orthologous Groups (COGs) using the EggNOG database (225).  

 

Quantitative RT-PCR (qRT-PCR) 

RNA was isolated from mono-species S. aureus biofilms, farnesol-treated mono-

species biofilms, S. aureus and C. albicans co-cultured biofilms, mono-species S. 

epidermidis biofilms, and S. epidermidis and C. albicans co-cultured biofilms using the 

same conditions stated above. RNA was treated with the TURBO DNA-free™ kit 

(Ambion) to remove contaminating DNA according to the manufacturer’s instructions. 

Transcript levels of clpP were quantified using qRT-PCR probes (Table 2.2) and the 

iTaq™ Universal SYBR Green One-Step Kit (BioRad) using an iQ5 Real-Time PCR 

Detection System (Bio-Rad) following manufacturer’s directions. Expression values were 

calculated using the ΔΔCt method with gmk mRNA levels in mono-species, untreated 

biofilms used for normalization.  
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Table 2.2. Primers used in this study. 

Primer Description Sequence 

ClpPUSA300F qRT-PCR primer for 

clpP in JE2, forward 

primer 

GCGCAAGACTCAGAGAAAG

ATA 

ClpPUSA300R qRT-PCR primer for 

clpP in JE2, reverse 

primer 

GATGCAGCCATACCGATACA

A 

ClpPNRS101F qRT-PCR primer for 

clpP in NRS101, 

forward primer 

AAGGTGCTAAGCAAGTAAGA

AAGAAATT 

ClpPNRS101R qRT-PCR primer for 

clpP in NRS101, 

reverse primer 

CAACAAGACGTTCTTTCAAG

TCATCT 

GMKUSA300F1 qRT-PCR primer for 

gmk in JE2, forward 

primer 

TGGAGTAGGTAAAGGTACTG

TTAGA 

GMKUSA300R1 qRT-PCR primer for 

gmk in JE2, reverse 

primer 

GCTTCAAACGCATCCCTAGT 

GMK S. Epiderm F qRT-PCR primer for 

gmk in NRS101, 

forward primer 

GTGTAACTGCTGGATTTGCT

ATTT 

GMK S. Epiderm R qRT-PCR primer for 

gmk in NRS101, 

reverse primer 

ACCTGCTGCTAACAAGAATG

A 

 

Murine model of oral co-infection 

Effect of clp ATPase mutants on virulence was tested using an oral co-infection 

model as described by Schlecht et al. (2015) (33), with some modifications. Animal 

studies were approved by the University of Maryland Institutional Animal Care and Use 

Committee. Briefly, 6-8 week old C57BL/6 mice (20-22 g) were obtained from the 

Jackson Laboratory (Bar Harbor, ME) and were given water treated with ampicillin (300 

µg/mL) daily to reduce oral flora carriage. To continuously suppress the immune system, 

three subcutaneous shots of cortisone acetate (225 mg/kg) were given one day prior to 

first inoculation (day 1) and every other day (days 3 and 5) following. Animals were 
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anaesthetized and laid supine while receiving a calcium alginate swab soaked in C. 

albicans suspension (day 2; 5×106 CFU/mL) or S. aureus strain suspension (day 4; 5×106 

CFU/mL) for 75 minutes. Mice in dual-species infection groups were inoculated both 

days and, along with S. aureus-inoculated mice, were exposed to S. aureus (5×106 

CFU/mL) in drinking water for the remainder of the study. On day 6 or 7, depending on 

weight loss, mice were euthanized and tongues and kidneys were harvested, 

homogenized, and serially diluted on ChromAgar to determine organ CFU burden. 

 

Statistical analysis 

All experiments were performed in triplicate and represent three independent 

experiments, except qRT-PCR and murine infection. Student’s t-tests (two tailed, unequal 

variance) were used to determine statistical significance between two experimental 

groups. One-way ANOVA with Dunnett’s Multiple Comparisons test (control group as 

surviving S. aureus mono-species) was used to determine statistical significance amongst 

multiple experimental groups. Values of p<0.05 were considered statistically significant. 

Bars represent means and with standard error means (SEM). 
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PART 3: Results 

 

S. aureus vancomycin tolerance in dual-species biofilms with Candida species and C. 

albicans mutants. 

To assess if S. aureus gains vancomycin tolerance specifically during co-culture 

to C. albicans, we tested S. aureus viability when grown with two pathogenic Candida 

species, Candida glabrata and Candida dubliniensis. C. glabrata cannot form hyphae 

while C. dubliniensis will form hyphae in the presence of sera. Mono-species and dual-

species biofilms were treated for 24 h with 50 µg/mL vancomycin and surviving bacteria 

were enumerated by CFU assay. Similar to previous studies, S. aureus gained tolerance in 

the presence of C. albicans; this tolerance was not evident when S. aureus was grown 

with C. glabrata but was maintained when grown with C. dubliniensis (Figure 2.1A). 

Because hyphae formation is a major difference between these Candida species, we 

tested a yeast-locked C. albicans mutant deficient in EFG1, a major hyphal transcription 

factor. Unlike previous experiments, the efg1/efg1 mutant was unable to induce 

vancomycin tolerance when grown with S. aureus (Figure 2.1B). Complementation of 

wild-type EFG1 into C. albicans did restore significant tolerance in S. aureus although 

not to the higher levels seen in the parent strain. S. aureus preferentially binds to C. 

albicans hyphae through the Als3p adhesin (22, 33), so we examined if lack of binding to 

this receptor would decrease vancomycin tolerance. Even without the Als3p adhesin, S. 

aureus still gained vancomycin tolerance in this low level of sera, though not to a 

statistically significant amount (Figure 2.2). 



 

 73

 
Figure 2.1. S. aureus growth with C. albicans hyphae increases vancomycin 

tolerance. Percent survival derived from CFU counts on S. aureus ChromAgar after 

vancomycin treatment (50 µg/mL). A control Candida ChromAgar plate was used to 

ensure the presence of fungus in each experiment. (A) Different Candida species used are 

C. albicans (CA, SC5314), C. glabrata (CG), and C. dubliniensis (CD). (B) Different 

Candida strains used are CAI4-URA (WT parent), DSC10 (efg1Δ/Δ), and DSC11 

(efg1Δ/Δ::EFG1). SA used in both experiments is S. aureus JE2 (USA300, CA-MRSA). 

P-values were determined using a one-way ANOVA with Dunnett’s Multiple 

Comparisons Test (* = P < 0.05 and ** = P< 0.01, respectively). 
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Figure 2.2. S. aureus still gains vancomycin tolerance when C. albicans fails to 

express ALS3p. Percent survival derived from CFU counts on S. aureus ChromAgar 

after vancomycin treatment (50 µg/mL). A control Candida ChromAgar plate was used 

to ensure the presence of fungus in each experiment. Different C. albicans strains used 

are CA (SC5314 parent), CAYF178U (als3Δ/Δ), and CAQTP178U (als3Δ/Δ::ALS3). SA 

used in both experiments is S. aureus JE2 (USA300, CA-MRSA). P-values were 

determined using a one-way ANOVA with Dunnett’s Multiple Comparisons Test (* = P 

< 0.05 and ** = P< 0.01, respectively). 

 

Vancomycin tolerance in S. aureus strains and other gram-positive bacteria species. 

Since JE2 is a plasmid cured CA-MRSA isolate that has been subjected to genetic 

changes, we chose to examine a HA-MRSA strain, M2, to see if vancomycin tolerance 

was strain specific. M2 is a clinical isolate from a chronic osteomyelitis infection that has 

been recently sequenced (226). Dual-species growth with this S. aureus strain also 

demonstrated vancomycin tolerance, implying this phenomenon is strain independent 

(Figure 2.3A). Previous research has noted that C. albicans can associate with other 
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gram-positive species, such as Staphylococcus epidermidis and Streptococcus gordonii 

(32, 37, 41). To evaluate if vancomycin tolerance can be induced in other gram-positive 

bacteria, we grew mono- and dual-species biofilms using Staphylococcus epidermidis and 

Bacillus subtilis with C. albicans and treated each with vancomycin. Our lab has shown 

that S. epidermidis can bind to C. albicans while B. subtilis does not (32) and both 

species are susceptible to vancomycin. Growth of S. epidermidis with C. albicans 

induced vancomycin tolerance comparable to that seen in S. aureus-C. albicans dual-

species biofilms (Figure 2.3B). However, B. subtilis did not gain vancomycin tolerance 

in the presence of C. albicans and remained highly susceptible to the antibiotic (Figure 

2.3C). Even though B. subtilis adhered to plastic better in mono-species biofilms, there 

was no statistical difference between total CFUs recovered from vancomycin treated 

biofilms (Figure 2.4). 
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Figure 2.3. S. aureus-C. albicans vancomycin tolerance is not strain specific and 

tolerance can be induced in some gram-positive bacteria. Percent survival derived 

from CFU counts on S. aureus ChromAgar or TSB with amphotericin B (0.25 µg/mL) 

after vancomycin treatment (50 µg/mL). A control Candida ChromAgar plate was used 

to ensure the presence of fungus in each experiment. (A) S. aureus strain M2 (HA-

MRSA) was tested with C. albicans SC5314 (CA). (B) Methicillin-resistant 

Staphylococcus epidermidis (SE) was tested with C. albicans SC5314. (C) Bacillus 

subtilis (BS) was tested with C. albicans SC5314. P-values were determined using the 

Student’s t-test (** = P< 0.01). 

A 

C 

B 
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Figure 2.4. Lack of vancomycin tolerance in B. subtilis is not due to lack of binding 

to plastic substrate or fungus-induced killing. Average CFU counts derived from TSB-

amphotericin B plates from untreated wells (left side) for both mono-species and dual-

species biofilms compared to vancomycin treated wells (right side; 50 µg/mL). A control 

Candida ChromAgar plate was used to ensure the presence of fungus in each experiment. 

CA used in experiments is SC5314. P-values were determined using the Student’s t-test.  

 

Imaging of S. aureus in mono-species and dual-species biofilms treated with 

vancomycin. 

BacLight LIVE/DEAD staining was used to visualize mono-species and dual-

species biofilms after vancomycin treatment. S. aureus in mono-species and dual-species 

biofilms untreated by vancomycin formed live biofilms on plastic coverslips with 

minimal dead organisms being present (Figure 2.5A and B). Vancomycin treated mono-

species biofilms had large clusters of dead bacteria, seen as yellow during the merge 

(Figure 2.5C), while dual-species biofilms treated with vancomycin remained mostly 

alive, seen as green (Figure 2.5D). Orthogonal projections of z-stacks from treated 

mono-species S. aureus biofilms show penetration of the antibiotic through the biofilm, 
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with dead organisms throughout (Figure 2.5E). Similar projections of dual-species 

biofilms show live S. aureus and C. albicans hyphae spanning the z-stack (Figure 2.5F), 

visually demonstrating vancomycin tolerance within the dual-species biofilm.  

 
 

Figure 2.5. BACLight staining demonstrates live S. aureus throughout S. aureus-C. 

albicans biofilms compared to S. aureus alone biofilms during vancomycin 

treatment. S. aureus alone and S. aureus- C. albicans biofilms were grown on sterile 

plastic coverslips and treated with vancomycin overnight before being stained and fixed 

for CSLM. Live organisms are seen in both untreated biofilms (A for mono-species, C 
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for dual-species) as green fluorescence and lack of yellow upon merge of filters. In 

vancomycin-treated mono-species biofilms, S. aureus can be seen to be dying (B) while 

still alive in dual-species biofilms (D). Z-stack images show that dead organisms are 

found throughout treated mono-species biofilms (E) but live organisms are found mostly 

in dual-species biofilms (F). 

 

Transcriptional profiling of C. albicans in S. aureus-C. albicans dual-species 

biofilms. 

Previous researchers have examined genetic changes of C. albicans in the 

presence of oral streptococci, but none to date have looked at interactions between 

Staphylococcus species and C. albicans (20, 227). Therefore, we used high-throughput 

RNA sequencing and compared C. albicans biofilms to C. albicans-S. aureus biofilms. 

Our approach identified 11 genes that were differentially regulated in C. albicans during 

dual-species growth (Table 2.3), with 8 genes being upregulated and 3 genes 

downregulated. These genes were assigned into functional Clusters of Orthologous 

Group (COG) categories (225), with a majority of genes falling under the general 

metabolism function (Figure 2.6A). Most upregulated genes were associated with 

carbohydrate transport and metabolism or energy production and conversation, while 

downregulated genes were within general metabolism and cellular processes and 

signaling (Figure 2.6A and B). All genes were then examined using the Candida 

Genome Database’s Gene Ontology Term Finder for functions (228). Several genes 

annotated to transporter activity functions, with two distinct genes, MDR1 and QDR1, 

being associated to drug transport (Table 2.4). Interestingly, both MDR1 and QDR1 had 
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the highest fold changes during dual-species growth, suggesting a possible role for 

antifungal tolerance.  

Table 2.3. Candida albicans genes differentially regulated during S. aureus-C. 

albicans dual-species growth.  

ID Mean Fold Change 

(log2) 

Description P-value False 

Discovery 

Rate 

orf19.5604 4.405877424 MDR1 1.29E-17 4.72E-14 

orf19.508 2.591399437 QDR1 1.16E-09 2.12E-06 

orf19.1048 2.409247452 IFD6 1.05E-06 0.00154757

4 

orf19.4773 2.179258485 AOX2 9.86E-10 2.12E-06 

orf19.4506 1.913077256 LYS22 4.12E-05 0.03357378

4 

orf19.3988 1.756053438 C5_04980W_A 4.96E-05 0.03639084

5 

orf19.2023 1.556187019 HGT7 1.83E-05 0.01922229

2 

orf19.2397 1.047985842 CR_03270W_A 6.63E-05 0.04425393

3 

orf19.5716 -1.720081244 SAP4 1.18E-05 0.01443184

5 

orf19.3653 -1.81122222 FAT1 3.55E-05 0.03254766

7 

orf19.5728 -4.65153766 C6_03600C_A 4.13E-23 3.03E-19 
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Figure 2.6. Transcriptomic profiles of C. albicans and S. aureus show specific gene 

expression changes during dual-species growth. C. albicans SC5314 and S. aureus M2 

(HA-MRSA) were grown in mono-culture and co-culture, RNA was extracted, purified, 

and cDNA libraries created for high-throughput RNA sequencing. Reads were assigned 

to either the C. albicans or S. aureus genome and determined to be up- or downregulated 

in dual-species biofilms by comparing to mono-species reads. Protein products associated 

to up or downregulated genes were finally assigned functional clusters of orthologous 

groups (COGs) based on general groups (A for C. albicans, C for S. aureus) or detailed 

descriptions (B for C. albicans, D for S. aureus). 
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Table 2.4. Differentially expressed C. albicans genes during dual-species biofilm 

growth and their associated functions. 

Genes annotated to term Corrected P-

value 

Gene Ontology Term 

(Function) 

FAT1, HGT7, MDR1, QDR1, 

orf19.2397 

0.00284 Transporter activity 

MDR1, QDR1 0.01295 Drug transmembrane transporter 

activity 

HGT7, MDR1, QDR1, orf19.2397 0.01480 Transmembrane transporter 

activity 

MDR1, QDR1 0.01500 Drug transporter activity 

 

Transcriptional profiling of S. aureus in S. aureus-C. albicans dual-species biofilms. 

Since the observed staphylococcal antimicrobial tolerance seen in dual species 

cultures is not caused directly by mutations, we sought to determine if changes in 

expression of specific genes during dual-species biofilm growth could contribute to this 

phenotype. We used RNA sequencing to compare mono-species S. aureus biofilms to S. 

aureus-C. albicans biofilms and identified a remarkably larger set of differentially 

expressed genes. Specifically, 844 genes were differentially regulated in our clinical S. 

aureus isolate M2 by the presence of C. albicans (Table 2.5). Of these genes, 495 were 

upregulated and 349 were downregulated. Assigning these genes to COG categories 

revealed most upregulated genes fell into the general categories of metabolism and poorly 

characterized, while a greater portion of downregulated genes were assigned to 

information storage and processing (Figure 2.6C). Further analysis of functional 

descriptions determined that a large number of upregulated genes had an unknown 

function or were unable to be assigned a COG category (Figure 2.6D). Several 

upregulated genes were associated with carbohydrate transport and metabolism and cell 

wall/membrane/envelope biogenesis, such as sortase proteins and capsular 

polysaccharide synthesis enzymes, suggesting that S. aureus may be undergoing 
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increased remodeling of its cell wall during dual-species growth (Tables 2.6 and 2.7). 

Greater proportions of downregulated genes were found associated with translation and 

amino acid transport, while several upregulated genes functionally assigned to 

transcription were identified to be repressors of transcription. This data indicates that 

while S. aureus and C. albicans are both alive in dual-species biofilms, S. aureus may be 

under stress and as such, decreases macromolecular synthesis to compensate and survive.      

 

Table 2.6. Selected upregulated cell wall genes in S. aureus during dual-species 

biofilm growth. 

M2 ID Common 

name 

Function/Product Fold Change 

(log2 Increase) 

6666666.15541.peg.1530 sasD Predicted cell-wall-anchored 

protein LPXAG motif 

3.37 

6666666.15541.peg.295 sasA Predicted cell-wall-anchored 

protein LPXTG motif 

3.32 

6666666.15541.peg.966 sasF Predicted cell-wall-anchored 

protein LPXAG motif 

2.07 

6666666.15541.peg.294 sasA Predicted cell-wall-anchored 

protein LPXTG motif 

2.01 
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Table 2.7. Upregulated genes responsible for capsule synthesis in S. aureus during 

dual-species biofilm growth. 

M2 ID 
 

 

Common 

Name 

Function/Product Fold Change 

(log2 

Increase) 

6666666.15541.peg.466 cap8O Capsular polysaccharide 

synthesis enzyme 

2.70 

6666666.15541.peg.465 cap8P Capsular polysaccharide 

synthesis enzyme 

2.52 

6666666.15541.peg.479 cap8B Capsular polysaccharide 

synthesis enzyme 

2.45 

6666666.15541.peg.475 cap8F Capsular polysaccharide 

synthesis enzyme 

2.44 

6666666.15541.peg.474 cap5G Capsular polysaccharide 

synthesis enzyme (UDP-N-

acetylgucosamine 2-epimerase) 

2.44 

6666666.15541.peg.478 cap8C Capsular polysaccharide 

synthesis enzyme 

2.32 

6666666.15541.peg.468 cap5M Capsular polysaccharide 

synthesis enzyme 

2.32 

6666666.15541.peg.469 cap5L Capsular polysaccharide 

synthesis enzyme 

2.26 

6666666.15541.peg.473 cap8H Capsular polysaccharide 

synthesis enzyme 

2.21 

6666666.15541.peg.476 cap5E Capsular polysaccharide 

biosynthesis protein 

2.18 

6666666.15541.peg.477 cap8D Capsular polysaccharide 

synthesis enzyme 

2.16 

6666666.15541.peg.480 cap5A Truncated capsular 

polysaccharide synthesis enzyme 

2.12 

6666666.15541.peg.471 cap8J Capsular polysaccharide 

synthesis enzyme 

2.05 

6666666.15541.peg.472 cap8I Capsular polysaccharide 

synthesis enzyme 

2.05 
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S. aureus tolerance to other antibiotics in dual-species biofilms. 

Our RNA-Seq data revealed that multiple genes encoding ribosomal components 

and RNA polymerase subunits were downregulated in S. aureus during dual-species 

biofilm growth (Table 2.8). Several antibiotic classes target bacterial translation, such as 

macrolides, lincosamides, and aminoglycosides. To test if dual-species growth could 

induce tolerance to other antibiotics, we treated mono-species and dual-species biofilms 

with three different antibiotics: erythromycin, chloramphenicol, and rifampicin. S. aureus 

gained tolerance to all three antibiotics when grown with C. albicans (Figure 2.7), 

suggesting that dual-species interactions can impact multiple antibiotic treatment 

regimens.      

  



 

 86

Table 2.8. Downregulated ribosomal components in S. aureus during dual-species 

biofilm growth. 

M2 ID Common 

name 

Function/Product Fold Change 

(log2 

Decrease) 

6666666.15541.peg.256 rpmC LSU ribosomal protein L29p (L35e) 2.63 

6666666.15541.peg.260 rplE LSU ribosomal protein L5p (L11e) 2.52 

6666666.15541.peg.265 rpsE SSU ribosomal protein S5p (S2e) 2.52 

6666666.15541.peg.261 rpsN SSU ribosomal protein S14p (S29e) 2.49 

6666666.15541.peg.259 rplX LSU ribosomal protein L24p (L26e) 2.47 

6666666.15541.peg.263 rplF LSU ribosomal protein L6p (L9e) 2.47 

6666666.15541.peg.257 rpsQ SSU ribosomal protein S17p (S11e) 2.47 

6666666.15541.peg.266 rpmD LSU ribosomal protein L30p (L7e) 2.45 

6666666.15541.peg.262 rpsH SSU ribosomal protein S8p (S15Ae) 2.45 

6666666.15541.peg.258 rplN LSU ribosomal protein L14p (L23e) 2.42 

6666666.15541.peg.255 rplP LSU ribosomal protein L16p (L10e) 2.40 

6666666.15541.peg.264 rplR LSU ribosomal protein L18p (L5e) 2.35 

6666666.15541.peg.271 rpmJ LSU ribosomal protein L36p  2.34 

6666666.15541.peg.254 rpsC SSU ribosomal protein S3p (S3e) 2.31 

6666666.15541.peg.251 rplB LSU ribosomal protein L2p (L8e) 2.15 

6666666.15541.peg.253 rplV LSU ribosomal protein L22p (L17e) 2.15 

6666666.15541.peg.252 rpsS SSU ribosomal protein S19 (S15e) 2.12 

6666666.15541.peg.273 rpsK SSU ribosomal protein S11p (S14e) 2.08 

6666666.15541.peg.267 rplO LSU ribosomal protein L15p 

(L27Ae) 

2.07 

6666666.15541.peg.250 rplW LSU ribosomal protein L23p 

(L23Ae) 

2.06 

6666666.15541.peg.249 rplD LSU ribosomal protein L4p (L1e) 1.85 

6666666.15541.peg.275 rplQ LSU ribosomal protein L17p 1.84 

6666666.15541.peg.272 rpsM SSU ribosomal protein S13p (S18e) 1.84 

6666666.15541.peg.2754 rpmB LSU ribosomal protein L28p 1.70 

6666666.15541.peg.1743 rplJ LSU ribosomal protein L10p (P0) 1.66 

6666666.15541.peg.1742 rplL LSU ribosomal protein L7/L12 

(P1/P2) 

1.65 

6666666.15541.peg.248 rplC LSU ribosomal protein L3p (L3e) 1.55 

6666666.15541.peg.15 rplI LSU ribosomal protein L9p 1.24 

6666666.15541.peg.247 rpsJ SSU ribosomal protein S10p (S20e) 1.12 

6666666.15541.peg.2369 rpsU SSU ribosomal protein S21p 1.11 

6666666.15541.peg.2551 rpmG LSU ribosomal protein L33 1.09 

6666666.15541.peg.2379 rpsT SSU ribosomal protein S20p 1.03 
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Figure 2.7. S. aureus growth with C. albicans induces tolerance to multiple 

antibiotics beyond vancomycin. Percent survival derived from CFU counts on S. aureus 

ChromAgar after antibiotic treatment (50 µg/mL). A control Candida ChromAgar plate 

was used to ensure the presence of fungus in each experiment. Antibiotics used were 

erythromycin (ERM), chloramphenicol (CAM), and rifampicin (RIF). S. aureus JE2 

(SA, USA300, CA-MRSA) and C. albicans SC5314 (CA) were used in all experiments. 

P-values were determined using the Student’s t-test (** = P< 0.01). 

 

Vancomycin tolerance when S. aureus is separated from C. albicans. 

We used our comparison of upregulated genes in dual-species biofilms to narrow 

down specific genes that may contribute to vancomycin tolerance in S. aureus. These 

genes included those that could help S. aureus associate with C. albicans, including 

LPXT(A)G-motif cell wall proteins [e.g. SasA and SasD (33) (Table 2.6)], resist 

vancomycin action through thicker cells walls [e.g. capsule serotype 5 genes, (229-

231)(Table 2.7)], and/or maintain pH homeostasis and energy in anaerobic environments 

(e.g. arginine-ornithine biosynthesis pathway (232, 233)(Table 2.9)]. However, none of 

these mutants resulted in statistically significant abolishment of co-culture induced 
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antibiotic tolerance (P>0.05) (Figure 2.8A, B, and C). Therefore, direct physical 

interaction via cell wall or the cell wall proteins or maintenance of localized pH 

homeostasis were not responsible for observed staphylococcal vancomycin tolerance seen 

in co-culture.  

Table 2.9. Upregulated components of arginine-ornithine biosynthesis pathways in 

S. aureus during dual-species biofilm growth. 

M2 ID Common 

name 

Function/Product Fold Change 

(log2 

Increase) 

6666666.15541.peg.978 arcB Ornithine carbamoyltransferase 6.90 

6666666.15541.peg.981 arcR Transcriptional regulator ArcR 

essential for anaerobic expression of 

the ADI pathway 

6.83 

6666666.15541.peg.979 arcD Arginine/ ornithine antiporter ArcD 6.76 

6666666.15541.peg.980 arcC Carbamate kinase 6.62 

6666666.15541.peg.977 arcA Arginine Deiminase 6.35 

6666666.15541.peg.1989 putA Proline dehydrogenase 6.06 

6666666.15541.peg.2066 argF Ornithine carbmoyltransferase 3.61 

6666666.15541.peg.2067 arcC Carbamate kinase 3.37 

6666666.15541.peg.1196 rocA Delta-1-pyrroline-5-carboxylate 

dehydrogenase 

3.36 

6666666.15541.peg.1666 rocD Acetylornithine aminotransferase 2 3.25 

6666666.15541.peg.2314 argR Arginine pathway regulatory protein 

ArgR, repressor of arg regulon 

1.87 

6666666.15541.peg.1669 argH Argininosuccinate lyase 1.85 

6666666.15541.peg.2068 arcD Arginine/ornithine antiporter  1.48 

6666666.15541.peg.1670 argG Argininosuccinate synthase 1.32 

6666666.15541.peg.378 rocF Arginase 1.31 

6666666.15541.peg.976 argR Arginine pathway regulatory protein 

ArgR, repressor of arg regulon 

1.11 
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Figure 2.8. Several S. aureus mutants grown with C. albicans still gain vancomycin 

tolerance. Percent survival derived from CFU counts on S. aureus ChromAgar after 

vancomycin treatment (50 µg/mL). A control Candida ChromAgar plate was used to 

ensure the presence of fungus in each experiment. NARSA mutants used are SasAΔ 

(NE33), SasDΔ (NE1032)(A), Cap5IΔ (NE234)(B), ArcAΔ (NE623), and ArcRΔ 

(NE454)(C). C. albicans SC5314 (CA) was used in all experiments. P-values were 

determined using a one-way ANOVA with Dunnett’s Multiple Comparisons Test (* = P 

< 0.05 and ** = P< 0.01, respectively). 
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In order to further refine our search to those S. aureus genes upregulated in co-

culture with C. albicans that were responsible for the vancomycin tolerance, we used 

transwell inserts to separate C. albicans (top) and S. aureus (bottom polystyrene plate). 

This would also reduce interference of C. albicans secreted matrix since physical 

protection of organisms within biofilms endowed by extrapolysaccharide matrix coatings 

has been suggested to contribute marginally to antimicrobial tolerance, particularly in 

dual-species biofilms (53, 61). These inserts do not allow the passage of fungus and its 

glucan matrix but allow secreted molecules to flow between biofilms. After treatment of 

bottom and top wells with vancomycin, we used our CFU assays to see if S. aureus could 

still gain vancomycin tolerance. As shown in Figure 2.9A, S. aureus still had tolerance 

even when separated from C. albicans, suggesting that direct contact between organisms 

was not needed to induce the tolerance phenotype.  

 
Figure 2.9. S. aureus gains vancomycin tolerance even if physically separated from 

C. albicans and Clp protease mutants loose tolerance. Percent survival derived from 

CFU counts on S. aureus ChromAgar after vancomycin treatment (50 µg/mL) of 

transwells examining rot (repressor of toxins; NE386) mutant (A). Percent survival 

derived from CFU counts on S. aureus ChromAgar after vancomycin treatment (50 

µg/mL) of transwells comparing Clp protease mutants (NE976, clpBΔ; NE699, clpCΔ; 
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NE912, clpPΔ) (B). Average CFU counts from S. aureus bottom wells in untreated (left) 

and treated (right) (C). S. aureus JE2 (SA, USA300, CA-MRSA) was used as a control in 

all experiments. P-values were determined using a one-way ANOVA with Dunnett’s 

Multiple Comparisons Test (* = P < 0.05 and ** = P< 0.01, respectively). 

 

Therefore, we re-examined our RNA-Seq data and noted increased transcripts of 

Clp proteases, as well as their regulators (Table 2.10). Previous researchers have shown 

Clp ATPases are important in S. aureus virulence, stress response, and response to 

antibiotics (234-237). We verified that clpP expression was upregulated in our parent 

strain, JE2, during co-culture with C. albicans and demonstrated that clpP expression was 

increased during S. epidermidis-C. albicans dual-species biofilms (Figure 2.10). Using 

our transwell assay, we tested null mutants of clpB, clpC, and clpP, in addition to a 

mutant of rot, staphylococcal repressor of toxins, noted for being important in biofilm 

formation in USA300 (238). Only null mutation of clpP, the catalytic subunit in the Clp 

complex, completely abolished the ability of co-culture to induce vancomycin tolerance 

to wild-type levels while mutation of clpC mildly decreased vancomycin tolerance 

(Figure 2.9A and B). Total CFUs in untreated wells for all Clp ATPase mutants were 

similar and did not show any large differences, thus ruling out the possibility of skewed 

results from a decrease in starting organisms (Figure 2.9C). These results suggest that 

specifically functioning clpP protease is required to withstand clinical levels of 

vancomycin in a dual-species phenotype.  
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Table 2.10. Genes encoding Clp protease components upregulated in S. aureus 

during dual-species biofilm growth. 

M2 ID Common 

name 

Function/Product Fold Change 

(log2 Increase) 

6666666.15541.peg.1415 clpB Chaperone ClpB 4.91 

6666666.15541.peg.1762 ctsR Transcriptional regulator CtsR 3.68 

6666666.15541.peg.2028 clpP ATP-dependent Clp protease 

proteolytic subunit 

2.08 

6666666.15541.peg.1189 clpL ATP-dependent protease ATP-

binding subunit ClpL 

2.04 

6666666.15541.peg.1759 clpC ATP-dependent Clp protease ATP 

binding subunit ClpC 

1.99 

 

 

Figure 2.10. Quantitative real-time PCR derived transcription levels of clpP during 

dual-species biofilm growth and low-dose farnesol treatment. Transcription levels for 

clpP in each condition were normalized to gmk expression in mono-species biofilms of 

that strain. Data shown are two independent experiments. SA used is S. aureus JE2 

(USA300, CA-MRSA), CA used is C. albicans SC5314, SE used is S. epidermidis 

NRS101 (methicillin-resistant), and 30 μM of farnesol was added for farnesol-treated 

biofilms. 
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Previous researchers examining the impact of clp proteases in S. aureus have used 

multiple backgrounds, with most work done in the 8325 and 8325-4 strains, strains 

containing deletions in rsbU, a gene encoding for an important regulatory protein (234, 

235, 237). Therefore, we chose to examine the protease capacity of our clp mutants in the 

NTML USA300 background as well as their virulence in our murine model of oral co-

infection that leads to systemic bacterial colonization. Using milk plates to assess 

proteolytic activity, we observed that only clpP null mutants lacked activity and that all 

other testable clp protease mutants in the NTML still maintained proteolytic activity 

(Figure 2.11). Oral infection using similar inoculums of clpP and clpB mutants with C. 

albicans co-infection lead to robust colonization on mouse tongue tissue and kidney 

dissemination of both mutants, paralleling those of the wild type strain (Figure 2.12A 

and B). We have shown previously that S. aureus alone cannot disseminate without C. 

albicans, will not disseminate if it cannot associate with the fungus, and that dual-species 

infected mice have rapid decline in weight (33). Our mice infected with both C. albicans 

and clp protease mutants experienced similar weight loss as the wild type strain and C. 

albicans infected mice (Figure 2.12C), suggesting these mutants retain virulence despite 

their loss of clp ATPases. 
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Figure 2.11. Milk agar plates of wild-type and clp ATPase mutant colonies 

demonstrating presence or absence of proteolytic activity. Cultures of JE2 (wild-

type), NE1219 (clpLΔ), NE976 (clpBΔ), NE699 (clpCΔ), and NE912 (clpPΔ) were grown 

to log-phase in TSB before being serially diluted onto 10% skim milk agar plates. Plates 

were incubated overnight at 37°C before allowing 2 days of growth on the bench top to 

note zones of proteolysis. 

 
Figure 2.12. CFU counts from tongue and kidney homogenate of mice orally 

infected with clpP and clpB mutants and weight loss show dissemination of clp 

mutants when co-cultured with C. albicans. Tongues (A) and kidneys (B) were 

harvested from mice 5 days after C. albicans infection and 3 days after S. aureus 

infection and cultured to determine microbial burden. Weight loss (C) was determined as 
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the difference between weight at first immunosuppression to weight at point of harvest. N 

= 12 mice total. 

 

Effect of fungal quorum sensing molecules on S. aureus during vancomycin 

treatment. 

Quorum sensing molecules are secreted by many community-dwelling organisms 

and control multiple functions such as colonization behavior and toxin production (239). 

C. albicans secretes several quorum-sensing molecules, which modulate the transition 

between yeast and hyphal formation, with major examples being farnesol and tyrosol 

(240, 241). Tyrosol is a small aromatic derivative of tyrosine; it is produced in larger 

quantities during hyphal formation and helps contribute to biofilm formation in early and 

intermediate time points (241). Since little is known of how tyrosol impacts dual-species 

biofilms, we examined increasing doses of tyrosol with and without vancomycin 

treatment. Overall recovered microbes did not differ greatly as the amount of tyrosol 

increased in the wells untreated with vancomycin (Figure 2.13A). Vancomycin tolerance 

was not inducible when tyrosol was applied to mono-species S. aureus biofilms and only 

a slight increase in tolerance was noted at the 10 mM level, concentrations too high to be 

typically produced in biofilms (Figure 2.13B).  
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Figure 2.13. S. aureus viability is not decreased, nor is vancomycin tolerance 

increased, at physiologically relevant levels of tyrosol. Average CFU counts for S. 

aureus with only increasing tyrosol treatment determined from ChromAgar (A). Percent 

survival derived from CFU counts on S. aureus ChromAgar after vancomycin treatment 

(50 µg/mL) with increasing tyrosol dosages (B). S. aureus JE2 (SA, USA300, CA-

MRSA) was used in all experiments. P-values were determined using a one-way 

ANOVA with Dunnett’s Multiple Comparisons Test (** = P< 0.01). 

 

Farnesol has been noted to decrease hyphal formation in C. albicans (242) and at 

high levels, have antimicrobial properties and synergy with some antibiotics (243, 244). 

However, lower doses of this molecule that represent physiologically significant levels 

increase S. aureus biofilm density (58). Therefore, we tested if applying a low dose of 

farnesol to S. aureus mono-species biofilms alone could induce vancomycin tolerance. 

Application of a sublethal dose of farnesol did cause some vancomycin tolerance in S. 

aureus while a larger dose was synergistic with vancomycin and killed the biofilm 

(Figure 2.14A). While the mechanism of action of farnesol is not fully understood, it is 

believed to cause membrane disruption, contributing to a stress response in S. aureus 

(243). To see if this molecule was causing stress and increasing the production clp 
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protease transcripts, we used qPCR to examine our farnesol-treated mono-species 

biofilms and noted that compared to untreated biofilms, clpP expression levels were 

modestly increased (Figure 2.10). Therefore, we repeated the CFU assay with low doses 

of farnesol and tested the susceptibility of the clpP mutant. Even with the stimulation of a 

sublethal dose of farnesol, the clpP mutant was unable to survive vancomycin treatment, 

while the parent strain still maintained vancomycin tolerance (Figure 2.14B). 

 
Figure 2.14. S. aureus biofilms alone gain vancomycin tolerance in the presence of 

sublethal doses of farnesol but clpPΔ mutants show no tolerance. Percent survival 

derived from CFU counts on S. aureus ChromAgar after vancomycin treatment (50 

µg/mL) with increasing farnesol dosages (A). Percent survival derived from CFU counts 

of S. aureus wild type and mutant (NE912; clpPΔ) on ChromAgar after vancomycin 

treatment (50 µg/mL) with sublethal farnesol dosages (B). S. aureus JE2 (SA, USA300, 

CA-MRSA) was used in all experiments as the control. P-values were determined using a 

one-way ANOVA with Dunnett’s Multiple Comparisons Test (* = P< 0.05 and ** = P< 

0.01, respectively). 
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PART 4: Discussion 

 

Previous studies have shown that S. aureus exhibits vancomycin tolerance when 

grown with C. albicans (53, 61, 213). They initially concluded that this phenomenon was 

due to C. albicans matrix, primarily compromised of carbohydrates, coating S. aureus 

and providing a physical barrier to prevent vancomycin from reaching peptidoglycan. 

However, the application of matrix alone to mono-species biofilms only marginally 

restored vancomycin tolerance levels to those seen in dual-species interaction (53, 61). 

Instead, the dual species culture conditions (namely growth medium supplemented with 

50% serum) allowed for a dense biofilm to form, with non-specific biofilm-associated 

tolerance to the effects of antimicrobial agents. Therefore, the vancomycin tolerance was 

not a specific or unique C. albicans and S. aureus intermicrobial interaction, but instead, 

due to the well-described antibiotic recalcitrance seen in thick biofilms. A recent 

reexamination found a more pronounced effect of fungal matrix, and in particular the 

glucans of C. albicans matrix, on resistance due to co-culture with S. aureus. However, 

these studies were performed with physiologically irrelevant concentrations of C. 

albicans matrix components (>1,000,000 fold excess normally seen in biofilm 

supernatants (245)) and with application of vancomycin at concentrations nearly 50 fold 

higher than peak concentrations in the sera of patients following antibiotic administration 

(213). Therefore, the specific effects of the fungal matrix, if any, may not play a 

significant role.  

Our study described herein sought to revisit this dual species interaction to see if  

a specific vancomycin tolerance was induced in S. aureus when grown with C. albicans 

in a low sera-supplemented environment like that seen at mucosal surfaces where these 
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microbes co-exist. If such a specific tolerance induction was observed, we then sought to 

define the mechanism. The data presented herein demonstrates through in vitro co-culture 

that specific interaction with C. albicans hyphae induces tolerance at clinically relevant 

concentrations of vancomycin in the human bacterial pathogen, Staphylococcus aureus. 

This tolerance was dependent on hyphae presence but did not require physical interaction 

between these two disparate microbial species. Also, this tolerance was seen in other 

staphylococcal species. We then performed transcriptional profiling of co-culture 

biofilms in order to identify candidate bacterial and/or fungal genes responsible for 

antibiotic tolerance induction in S. aureus. A generalized stress response induction in S. 

aureus was seen during co-culture conditions with Clp proteases (Table 2.10) being 

highly upregulated. In particular, the staphylococcal proteolytic unit clpP was found to be 

responsible for vancomycin tolerance. This staphylococcal stress response was induced 

by the fungal quorum sensing sesquiterpenoid of C. albicans, farnesol. Therefore, these 

data describe not only the specific mechanism of antimicrobial tolerance induction in S. 

aureus when co-infected with C. albicans, but point to the important clinical implications 

of needing to consider appropriate therapy during infection by these two microbial 

pathogens.  

Our study used clinically relevant concentrations of vancomycin at 50 µg/mL; this 

level was chosen based upon peak serum/tissue levels seen in clinical studies with this 

antibiotic. Clinical dosing levels are important with vancomycin in order to provide 

successful treatment but avoid life-threatening renal and ototoxicity in patients (246). 

Using this vancomycin concentration, we were able to show that staphylococcal tolerance 

was induced when grown with C. albicans but only when in the hyphal mode of growth, 
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contrary to previous studies (53). As mentioned above in the introduction, this 

discrepancy may be due to growth conditions in the previous studies that used 50% sera 

supplementation to the growth media, thereby producing a dense biofilm with the 

associated non-specific tolerance seen in this microbial communities.  

While this study focused on the interaction of S. aureus with C. albicans, this 

fungal pathogen associates with numerous other bacteria in several body niches, with 

some of these interactions being cooperative, such as those with S. aureus, S. 

epidermidis, and S. gordonii (32, 37, 60) and others being antagonistic, particularly 

Pseudomonas aeruginosa (31). We tested if other gram-positive bacteria would become 

vancomycin tolerant during co-culture with C. albicans and discovered that only S. 

epidermidis gained tolerance (Figure 2.3B and C). This correlates with previous 

research that indirectly tested for tolerance between S. epidermidis-C. albicans biofilms 

using mixtures of drugs (60). S. epidermidis shares some similarities to S. aureus, 

specifically its ability to form biofilms using quorum-sensing systems on plastic surfaces 

and inherited antibiotic resistance to drugs such as penicillin and methicillin (247-249). It 

is not surprising that B. subtilis did not show antimicrobial tolerance during co-culture, as 

previous studies show it is unable to form a stable biofilm community with C. albicans 

(32). Our approach also showed that this tolerance induction is not specific to the 

USA300 strain (Figure 2.3A and 2.10), rather an overall mechanism common in 

staphylococcal species stimulated by C. albicans.  

Although tolerance was specific for staphylococcal species, it was not only 

against the cell-wall synthesis inhibitor vancomycin. We also found that staphylococcal 

tolerance was induced during S. aureus-C. albicans co-culture to three other classes of 
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antibiotics including ribosomal inhibitors chloramphenicol and erythromycin and the 

RNA polymerase inhibitor rifampicin. This data demonstrates that tolerance in the dual-

species biofilm is not specific to vancomycin or cell-wall targeting antibiotics and that 

this phenotype has wide implications on the treatment of polymicrobial infections.  

Biofilms have inherent mechanisms of resistance and tolerance to antimicrobial 

agents, including encasement in exopolysaccharide matrix (17). While some studies 

demonstrated that certain antibiotics cannot penetrate the biofilm matrix (250, 251), other 

studies suggest that many antibiotics do penetrate through the entire biofilm and that 

physical impediment cannot explain tolerance (252-256). Interestingly, Henry-Stanley 

and colleagues examined cell wall-attacking antibiotics, including vancomycin, and noted 

that multiple environmental factors, such as pH and available nutrients play key roles in 

uptake of antibiotics. Environmental changes, such as media types and growth on agar 

plates versus plastic surfaces, may explain the differences in findings amongst studies 

(253, 256). We visually evaluated our mono-species and dual-species biofilms with 

LIVE/DEAD staining to see how vancomycin treatment affected each organism when 

grown on plastic (Figure 2.5). Mono-species S. aureus biofilms showed dead organisms 

throughout the biofilm (Figure 2.5E), suggesting vancomycin was still able to penetrate 

throughout the biofilm structure and that physical impediment was not the major 

contributor to tolerance.  

Our studies were aimed at identifying any specific microbial factors involved in 

staphylococcal vancomycin tolerance induced by co-culture conditions of S. aureus and 

C. albicans. Instead of non-specific biofilm-associated tolerance, we sought to focus on 

the specific factors in each microbial species that would have an effect on this tolerance 
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at clinically relevant concentrations of vancomycin. Therefore, we decreased the impact 

of biofilm density by keeping sera levels low like those seen at the mucosal surfaces 

where these microbes interact, such as the oral and vaginal mucosal cavities, skin 

infections, and ventilator tubing. In addition, we grew biofilms on plastic surfaces with 

gentle agitation to simulate the low shear environment of these mucosal surfaces. In 

addition, we removed the outside influences of physical interaction in our dual-species 

model by using a transwell system keeping C. albicans on top of S. aureus, but still 

allowing exchange of small molecules and antibiotics. Vancomycin tolerance was still 

induced during transwell separation, suggesting the environment created during dual-

species growth was enough to induce a tolerance phenotype.  

In an effort to better understand which genes and processes may be modulating 

antibiotic tolerance in dual-species biofilms, we performed high-throughput RNA 

sequencing on C. albicans-S. aureus biofilms grown overnight and compared gene 

expression to mono-species biofilms at similar time points. Interestingly, C. albicans had 

only a few differentially expressed genes in co-culture compared to mono-species 

growth; this data aligns with that of previous studies, particularly Liu and others, who 

examined changes in the C. albicans transcriptome in the presence of multiple cell types. 

They also saw very little change in gene expression and concluded that most required 

genes were being modulated to similar levels in culture media alone (257). Therefore, it 

appears that in early, maturing dual-species biofilms, C. albicans is not robustly 

stimulated by the presence of S. aureus.  

While few genes were differentially expressed in C. albicans under co-culture 

conditions, the top two genes upregulated were membrane transporters MDR1 and QDR1 
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(Table 2.4). MDR1 encodes for a plasma membrane multidrug efflux pump that prefers 

to utilize methotrexate as its substrate and acts as a major facilitator superfamily (MFS) 

protein to translocate small molecules out of the cell (258, 259). Clinical strains with 

constitutive activation of MDR1 are associated with fluconazole resistance and when 

MDR1 expression is abolished in these strains, they lose their resistance to fluconazole 

but not other antifungals, such ketoconazole (260, 261). Other studies have shown some 

antifungal resistance (fluconazole) during co-culture (60) but not to all agents 

(amphotericin B) (61); future investigations will include examining the role of MDR1 in 

C. albicans-S. aureus biofilms and antifungal tolerance.  

In contrast to transcriptionally quiessent C. albicans, S. aureus underwent 

numerous changes in gene expression during co-culture, with 844 genes being 

differentially expressed. Unsurprisingly, the largest portions of upregulated genes were 

classed as metabolic or poorly characterized functions (Figure 2.6C). We predict the 

large amount of genes with unknown functions was due to the novel dual-species 

phenotype; traditional analyses of functions for COGs has been completed on single 

species and analyses of their proteins produced (262). It is possible that co-culture 

induces S. aureus to transcribe different genes compared to mono-species growth, 

yielding high proportions of uncharacterized functions. This data can further be used to 

increase available targets for antimicrobial therapy; some of these under characterized 

genes and processes may be vital in the dual-species interaction and their interruption 

could prevent co-habitation in the host. 

Our RNA-Seq data revealed that multiple genes encoding for stress responses 

were upregulated, including most of the Clp proteolytic complex (Table 2.10) and genes 
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whose products are known to associate with Clp proteases, such as HrcA, DnaK, and 

DnaJ (263). Mutations in S. aureus Clp proteases result in significant susceptibility to 

environmental changes such as heat and build up of damaged proteins (235). Therefore, 

we chose to test if mutations of clpP, clpB, or clpC would reduce vancomycin tolerance. 

Only mutations in clpP lead to reduction in tolerance levels equal to those in the mono-

species biofilm during treatment with a slight decrease in tolerance levels induced in the 

clpC mutant (Figure 2.9B). This may be due in some part to disruption in S. aureus 

biofilm formation in this mutant, as others have commented that biofilm formation is 

hampered when clpC is deleted (235). We observed that only clpP mutants lacked any 

proteolytic activity (Figure 2.11), while all other clp mutants tested retained this ability. 

It should also be noted that each of these genes is separate from one another and 

monocistronic, but ClpC and ClpB can function without ClpP (234) and ClpL cannot 

associate with ClpP (235). 

To further elucidate which aspect of the dual-species environment may be 

provoking S. aureus towards stress responses, and thus, upregulation of Clp proteases, we 

applied exogenous fungal quorum sensing molecules tyrosol and farnesol to mono-

species biofilms. Farnesol appears to be lethal to S. aureus and C. albicans at artificially 

high concentrations (243, 264) but may increase biofilm formation at more 

physiologically relevant, lower concentrations (58). We determined that a physiologically 

relevant concentration of farnesol (30 µM) but not tyrosol was able to induce vancomycin 

tolerance in S. aureus biofilms and that deletion of clpP lead to an abolishment of this 

tolerance induced by exogenously applied farnesol (Figure 2.14A and B). Examination 

of clpP transcript levels during sublethal farnesol treatment showed a significant increase, 
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similar to the increase in tolerance seen when farnesol and vancomycin were applied to 

wild-type S. aureus (Figure 2.10 and 2.13B). These results were also seen in S. 

epidermidis, a species that also possesses Clp proteases that activate during biofilm 

formation (265), with clpP transcript levels increasing during co-culture with C. albicans 

(Figure 2.10). This suggests that the interaction of C. albicans with staphylococcal 

species produces enough farnesol to stress the local S. aureus population, thereby 

activating Clp proteases to handle misfolded proteins and maintain homeostasis. We 

hypothesize that with the bacteria already in such a state, the addition of vancomycin has 

a diminished effect, leading to tolerance within the dual-species biofilm.  

S. aureus does not require clpP in order to be viable and as we have 

demonstrated, maintains virulence by disseminating from the oral cavity to the kidneys in 

dual-species infected mice (Figure 2.12). However, removal of the protease comes at 

increased susceptibility to environmental stress (234-236, 266). It appears that clpP and 

its actions must be balanced carefully in S. aureus to maintain homeostasis. Therefore, 

we hypothesize that treatment of dual-species biofilms would be improved by targeting 

ClpP with vancomycin to eradicate bacterial pathogens that are co-infecting with C. 

albicans. 

This study demonstrates specific interspecies interactions between C. albicans 

and S. aureus where not only previously identified infectious synergy occurs but clinical 

treatment is further complicated by farnesol-induced clpP upregulation and tolerance to 

high levels of multiple antibiotics. The clinical ramifications of these therapeutic hurdles 

introduced by polymicrobial infections must be taken into account in treatment planning 

and antimicrobial dosing regimens in these infections. 
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CHAPTER III: Adherence of Staphylococcus aureus to Candida albicans promotes 

bacterial dissemination and systemic disease through subversion of the innate 

immune system 

 

Specific Aim 2: To identify and confirm the in vivo relevance of differentially expressed 

host and pathogen genes (and their products) during S. aureus-C. albicans dual-species 

biofilms in a murine co-infection model. 

 

PART 1: Background and Significance   

Within nature and hosts, microorganisms exist together in complex communities, 

interacting amongst multiple species and rarely as isolated organisms. These interactions 

can facilitate the formation of polymicrobial biofilms, encasing numerous bacteria and 

fungi within a polysaccharide extracellular matrix to provide a protected environment 

(194, 267). The formation of these biofilms on devitalized tissues, medical devices, and 

within immunocompromised patients continues to burden healthcare communities 

worldwide as these infections account for about 25% of all hospital-associated infections 

(200, 268). Recent examinations into implant-associated infections have noted an 

alarming five-fold increase in polymicrobial etiology within six years (2004-2010), 

highlighting the importance of this phenotype in clinical care (269). 

The gram-positive bacterial species Staphylococcus aureus and the pathogenic 

fungus Candida albicans are two biofilm-forming pathogens capable of colonizing 

multiple human niches (59, 199, 270). S. aureus has remained in the spotlight due to the 

burgeoning increase methicillin-resistant strains (MRSA) and the decreasing the spectra 
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of usable antibiotics (271). Current CDC statistics estimate that 33% of the population 

carry S. aureus in their nares while 2% will harbor MRSA (59). This bacterium possesses 

a wide range of virulence factors that allow for increased pathogenesis, including 

immunoavoidance factors, toxins, antimicrobial resistance factors, and adherence 

proteins (272). Community associated strains, which tend to infect healthy individuals, 

are predicted to have unique genetic regulation of these toxins, increasing the risk of 

necrotizing pneumonia and rapid dissemination (202). Despite these virulence 

mechanisms, most humans carry S. aureus in a commensal state and a break in the 

integumental and/or mucosal surfaces is required for invasive staphylococcal disease 

(207, 273).   

C. albicans is also a commensal microbe in humans, colonizing mucosal surfaces 

and medical devices, such as dentures and catheters (3, 274). As a polymorphic fungus, 

this pathogen can detect environmental changes and shift from yeast to hyphae, using 

epithelial receptors to actively penetrate through mucosal barriers (122, 275). 

Dysfunction of the immune system from conditions such as HIV infection/AIDS, cancer, 

and immunosuppression treatment for organ transplant allow this fungus to transition into 

an invasive pathogen, causing bloodstream infections with high mortality (205, 276, 

277). Estimates place the rate of oral candidiasis infection in AIDS patients between 9 

and 31% and an infection rate of 20% in cancer patients (199, 278). As resistance to azole 

and echinocandin class drugs increases in Candida strains, direct hospitalization costs are 

predicted to increase in the millions each year (63). 

S. aureus and C. albicans have been co-isolated from various biofilm-associated 

diseases ranging from non-invasive colonization of denture surfaces leading to tissue 
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inflammation (denture stomatitis) to complex and life-threatening burn-wound infections, 

ventilator-associated pneumonia, and cystic fibrosis (10, 279-282). Both organisms are 

consistently isolated from bloodstream infections (199, 201, 268, 283, 284) and 

examination of patients with confirmed candidemia revealed that up to 24% of these 

patients had concurrent bacteremia with S. aureus being isolated in 20% of these cases 

(9). As Klotz and colleagues noted, detection of candidemia is difficult with most 

inquiries underestimating the true burden of disease; these clinical findings suggest that 

C. albicans is a risk factor for S. aureus bacteraemia, but not vise versa, and that fungus 

and bacteria may synergize in a patient, increasing mortality. 

Our previous studies have focused on detailing the mechanisms of C. albicans 

and S. aureus associations and we have illustrated that S. aureus can strongly adhere to C. 

albicans hyphae (32), specifically mediated by the Als3p protein expressed during the 

hyphal stage (22). These studies, as well as others suggest that each organism may benefit 

from this interaction and may modulate the host immune response differently compared 

to mono-species infection. Peters and Noverr (2013) utilized a murine model of 

polymicrobial peritonitis, a condition on the rise due to increased peritoneal dialysis, 

combining C. albicans and S. aureus to compare against mono-species peritonitis. Their 

results demonstrated increased neutrophil trafficking into peritoneal cavity and 

heightened levels of pro-inflammatory cytokines associated with innate responses, 

including IL-6 and G-CSF. Interestingly, delivery of the NSAID indomethacin decreased 

some inflammatory cytokine production and microbial burden during the dual-species 

infection, suggesting that C. albicans-S. aureus interaction within the peritoneal cavity 

causes a dramatic innate immune response relying on COX-mediated pathways that can 
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essentially mimic sepsis (51). However, the immunological mechanisms and signaling 

behind this infectious synergy still remain largely unknown beyond these current studies.  

Using an established murine model of oral co-infection, we illustrated that 

physical interaction was required between C. albicans hyphae and S. aureus for bacterial 

invasion. Association of S. aureus with Als3p-expressing C. albicans in the oral cavity 

resulted in S. aureus bacteremia and isolation of bacteria from mouse kidney tissue. 

Histology demonstrated that C. albicans hyphae penetrated tongue epithelium and S. 

aureus co-migrated with the hyphae. Based on these experiments, we proposed a 

hitchhiking hypothesis were S. aureus adhesion to C. albicans hyphae (mediated by 

Als3p) allowed S. aureus to utilize the invasive potential of C. albicans (33). However, 

adhesion of S. aureus is rarely located at the growing tip of the Candida hyphae, thereby 

leaving behind S. aureus as the hyphae transverse through epithelial layers.  

 Numerous studies have suggested that S. aureus can take up residence within 

phagocytes, such as macrophages and neutrophils, and persist at low levels until the 

bacteria can escape (285-287). S. aureus has also been shown to replicate and survive 

within liver macrophages (Kupffer cells) and that macrophages use their ability to 

produce reactive oxygen species (ROS) to clear infection (287). Therefore, we 

hypothesized host phagocytic cells are recruited to the highly immunogenic C. albicans 

hyphae but are unable to engulf the relatively large (> 20 μm) hyphal elements. Instead, 

hyphal-attached S. aureus are easily taken up by these activated phagocytic cells and are 

transported throughout the host to escape and promote disseminated infection. Therefore, 

S. aureus may subvert the damaged oral innate immune system in these patients to spread 

from the oral cavity to other organs.  
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In this study, we re-examined the mechanism of bacterial dissemination facilitated 

by C. albicans hyphae using in vitro analysis of macrophage and neutrophil phagocytosis 

in the presence of S. aureus-C. albicans co-culture through time-lapse microscopy. We 

expanded upon this using our murine model of oral co-infection, demonstrating that 

draining cervical lymph nodes can be a reservoir for S. aureus during co-infection. Our 

results suggest that the dual-species interaction of bacteria and fungus can lead to 

hijacking of the innate phagocytic immune response and further support that the oral 

cavity can be a portal for systemic disease. 
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PART 2: Experimental Procedures 

Strains and growth conditions 

Candida albicans strain SC5314 (214) was maintained from glycerol freezer 

stocks on yeast-peptone-dextrose plates. Methicillin-resistant Staphylococcus aureus 

(MRSA) strain USA300 JE2 from the Network on Antimicrobial Resistance in 

Staphylococcus aureus (NARSA) (221) was maintained from glycerol freezer stocks on 

sheep’s blood agar plates (BBL). GFP-labeled Staphylococcus aureus strain SA12600 

(288) was used for in vitro assays and grown in Brain Heart Infusion (BHI) supplemented 

with tetracycline (10 µg/mL; Sigma Aldrich) at 37°C. For in vitro assays, C. albicans was 

grown in BHI at 30°C at an oblique angle to ensure growth in the yeast form only.  

For animal studies, single colonies of C. albicans were grown in BHI media 

(Teknova) supplemented with 10 µg/mL chloramphenicol (Sigma Aldrich) and 

subcultured for 3 days prior to inoculation into mice to ensure yeast blastospores. 

Cultures were grown at 30°C shaking at 225 RPM under aerobic conditions and on the 

day of inoculation, were washed and diluted to 6×106 CFU/mL in HBSS. Single colonies 

of S. aureus JE2 were grown in trypticase soy broth (TSB; Remel) overnight at 37°C and 

subcultured the day of inoculation to mid-log phase. Cultures were washed and diluted to 

6×106 CFU/mL in HBSS. All inoculums were kept at 30°C (C. albicans) or 37°C (S. 

aureus) prior to infection and precise amounts were enumerated using serial dilution.  

 

J774 Macrophages 

J774 murine macrophage cell line (ATCC® TIB-67™) was maintained in 

Dulbecco’s modified Eagles medium (DMEM) with 10% Fetal Bovine Serum (FBS; 
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Sigma-Aldrich, USA) and antibiotic/antimycotic solution (PSA; 100 U/ml of penicillin, 

100 µg/ml streptomycin and 250 ng/ml amphotericin B; Sigma-Aldrich). For 

phagocytosis assays, 80% confluent macrophages were removed from culture flasks 

using a sterile cell-scraper and diluted ten-fold in DMEM + 10% FBS without PSA. To 

determine macrophage viability during assays, 0.2 µL/mL propidium iodide (PI, 

Molecular Probes ®, Life Technologies) was added to diluted macrophages. 

 

In vitro phagocytosis 

Overnight cultures of C. albicans were diluted to OD600 ~0.003 in PBS (Gibco 

BRL). Tissue-culture-treated 12-well-plates were seeded with 1 mL C. albicans 

suspension (Greiner Bio-one), and incubated for 3 hours at 37°C to allow initial 

attachment and hyphal growth. After 3 hours, wells were washed with PBS and were 

coated with serum (1 mL of 50% FBS diluted in PBS) or straight PBS (1 mL) for 1 hour. 

Following coating, wells were washed with PBS and 1 mL GFP-labeled S. aureus 

suspension diluted to OD600~ 0.01 in PBS was added. C. albicans and S. aureus were 

then incubated for 1 hour under gentle aggregation to allow S. aureus adherence. Non-

adherent S. aureus cells were removed with vigorous washing in PBS twice and 1 mL of 

diluted (1:10) macrophage suspension in DMEM + 10% FBS with or without PI, was 

added. This dilution was determined to yield approximately 105 cells/mL. Plates were 

then placed under the microscope immediately to visualize phagocytosis.  

 

 

 



 

 113

Time-lapse microscopy 

Confocal microscopy 

Plates were placed under a Leica IR-BE infrared confocal microscope (Leica 

Microsystems GmbH, Germany) at room temperature. Phase contrast and fluorescent 

images were acquired at 6 minute time intervals for a total of 1 hour and 40 minutes and 

z-stacks were created to span single cell layers (8 μM). Images were processed using 

Leica Confocal Software (Leica Microsystems, Germany) and ImageJ 

(http://imagej.nih.gov/ij/). 

Inverted fluorescent microscopy 

Plates were placed under an Axio Observer Z1 automated microscope using a 

37°C heated plate holder (Zeiss, Sliedrecht, The Netherlands). C. albicans and 

macrophages were visualized using brightfield illumination, S. aureus was visualized 

based on GFP intensity, and viability was monitored through PI staining. Images were 

taken every 10 minutes at randomly chosen fixed plate positions, selecting at least two 

positions per experimental condition per run. Magnification was set at 20× for 

macrophages and time-lapse was set for a maximum of 12 hours when using 

macrophages. PI staining showed that 75% of macrophages remained viable at 12 hours. 

The obtained images were further processed using Montage software (Molecular 

Devices) and ImageJ (http://imagej.nih.gov/ij/). 

Quantification of macrophages  

To calculate the percentage of macrophages adhering to hyphae or plastic, 

macrophages in time-lapse stack images were counted at three time points: T=1 (0 

minutes), T=36 (6 hours), and T=73 (12 hours). Their positions and viability were 
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determined and divided by the total number of cells per image. The numbers of actively 

phagocytosing macrophages were determined by creating time-lapse movies from stack 

images and counting active cells per movie. Quantification was performed in 6 

independent experiments, using images from at least two different plate positions per 

experimental conditions. Comparison of locations macrophages between treated plates 

and hyphae were tested using the Student’s t-test (two-tailed, unequal variance). 

 

Murine model of oral co-infection 

Murine immune response to a dual-species infection was tested using an oral co-

infection model as described by (33), with some modifications (Figure 3.1). Animal 

studies were approved by the University of Maryland Institutional Animal Care and Use 

Committee. Briefly, C57BL/6 mice were obtained from the Jackson Laboratory (Bar 

Harbor, ME) and kept in pathogen-free conditions. Mice were given water treated daily 

with ampicillin (300 µg/mL) to reduce oral flora carriage and three subcutaneous shots of 

cortisone acetate (225 mg/kg) to suppress their immune system. Cortisone shots were 

given one day prior to first inoculation (day 1) and every other day (days 3 and 5) 

following to ensure continuous immunosuppression. Animals were anaesthetized and laid 

supine while receiving a calcium alginate swab soaked in C. albicans suspension (day 2) 

or S. aureus suspension (day 4) for 75 minutes. Mice in dual-species infection groups 

were inoculated both days and, along with S. aureus-inoculated mice, were exposed to S. 

aureus (6×106 CFU/mL) in drinking water for the remainder of the study. On day 6 or 7, 

depending on weight loss, mice were euthanized and tongues, lymph nodes, and kidneys 

were harvested. A 2-mm slice of tongue was removed for determining microbial burden 
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(CFU/tissue). All tissues were homogenized in 500 µL sterile PBS and serially diluted on 

ChromAgar for S. aureus and C. albicans. A total of 40 mice (10 mice per experimental 

condition) were used over three separate experiments. Lymph nodes from uninfected and 

dual-species infected mice (4 mice per group) were pooled from a separate experiment 

for analysis via flow cytometry. 

  

Figure 3.1. Schematic of dual-species oral infection model in C57BL/6 mice. 

 

Flow cytometry of cervical lymph nodes 

Lymph nodes were placed in cold sterile flow cytometry buffer (eBioscences) and 

cells were released by gentle grinding between two sterile frosted glass microscope 

slides. Cells were pipetted repeatedly through a 25 guage needle to produce a single cell 

suspension.  Suspensions were flushed through a 40 µm basket filter and washed before 

being labeled with PE-Cy7 conjugated to anti-F4/80 (Clone BM8, BioLegend), Pacific 

Blue conjugated to anti-Ly6G (Clone 1A8, BD Biosciences), and AlexaFluor674 

conjugated to anti-CD11b (Clone M1/70, BioLegend) for 1 hour at 4°C.  Cells were then 

washed and fixed for intracellular straining for 30 minutes at room temperature. 
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Suspensions were permeabilized with 3 separate 5 minute incubations of permabilization 

buffer (eBiosciences) at room temperature. Intracellular S. aureus was labeled using 

FITC-conjugated to anti-S. aureus (polyclonal anti-rabbit, GeneTex) and incubated for 30 

minutes at room temperature. Cells were washed and re-suspended in flow cytometry 

buffer on ice and read on a Becton Dickinson LSRII using FACSDIVA software. 

Populations were gated on macrophages and neutrophils to determine the presence of 

intracellular S. aureus using FlowJo software (Tree Star, Inc).  

 

Tongue histology and immunohistochemistry 

Uninfected and one day post C. albicans- S. aureus dual infection tongues were 

removed from euthanized mice. A small portion of tongue tissue was kept for CFU 

enumeration and tongues were placed in neutral buffered formalin for paraffin-

embedding at the University of Maryland School of Medicine Pathology Associates. 

Sections were stained with periodic acid-Schiff (PAS) and examined by brightfield 

microscopy on a Zeiss Axio Imager (Carl Zeiss). For immunohistochemistry, tongues 

were placed O.C.T. compound (Sakura Tissue-Tek) and snap-frozen in liquid nitrogren. 

Frozen tongue tissues were cut in 10-μm sections using a Leica AM1925 cyromicrotome 

and fixed in 4% paraformaldehyde solution. Slides were blocked for non-specific staining 

with bovine serum albumin (BSA) and stained with FITC-conjugated to anti-S. aureus 

(used in flow cytometry analysis) and eFluor 660-conjugated to anti-CD68 (Clone FA-11, 

eBioscience) overnight at 4°C. The following day, slides were washed in PBS and 

counterstained with DAPI (ProLong Gold Antifade Mountant with DAPI; Molecular 
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Probes) before being viewed on a Zeiss Meta confocal fluorescence microscope (Carl 

Zeiss) and analyzed using LSMIX software package (Carl Zeiss). 
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PART 3: Results 

S. aureus does not travel along growing C. albicans hyphae 

To evaluate how non-motile S. aureus may utilize C. albicans to travel through 

epithelium tissue, we used time-lapse microscopy to view the initial association of S. 

aureus to C. albicans. As hyphae extend out, adhered S. aureus do not travel along the 

length of the newly formed appendage, but stay in the spot where first attached (Figure 

3.2A and Supplemental Figure S1). This suggests that once S. aureus binds to Als3p on 

C. albicans, it remains tightly bound; even under flow conditions simulating blood 

passing through veins, S. aureus can been observed firmly attached to C. albicans 

(Supplemental Figure S2). 

 

Innate immune cells are highly attracted to C. albicans but go after attached S. 

aureus 

Previous research has shown that innate immune cells, particularly macrophages, 

can attempt to engulf C. albicans yeast blastospheres but this action triggers hyphal 

formation, leading to macrophage death (289, 290). We sought to determine if the same 

behavior would occur if macrophages were introduced to C. albicans hyphae in the 

presence of S. aureus, simulating what may happen as C. albicans penetrates through 

tongue epithelium. J774 murine macrophages applied to co-culture immediately target 

hyphae (Figure 3.2B; t= 0), but cling to the appendage as they start reaching out to grab 

nearby S. aureus (Figure 3.2B; t= 18 min and t= 54 min). Macrophages were capable of 

removing adherent S. aureus for an extended period of time, even climbing up the 
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extending hyphae to reach distant bacteria (Figure 3.2B; t= 54 and 72 min, bottom 

panel and Supplemental Figure S3). 

Interaction between S. aureus and C. albicans can be modified with the addition 

of sera and large amounts of sera have been shown to cause non-specific binding (22, 

53). To see if sera components would impact binding and immune cell targeting, we 

added a serum coating step after attachment of pathogens. Similar to previous results, we 

noted that S. aureus binding to C. albicans increased in 10% sera (Figure 3.2C and 

3.2D, left panels). However, macrophages sought out hyphae preferentially in both 

conditions and by 6 hours, most macrophages had attached specifically to hyphae 

(Figure 3.2C and 3.2D, middle panels). Even without sera, macrophages sought out C. 

albicans and were still able to phagocytize S. aureus from the appendages (Figure 3.2D, 

left panel), suggesting that C. albicans is a strong macrophage attractant and provides a 

possible lure to capture bound S. aureus. 
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Figure 3.2. In vitro co-culture of S. aureus and C. albicans reveals S. aureus remain 

adherent to a single point on C. albicans. (A) Time lapse microscopy was used to 

visualize S. aureus adhering to growing hypha of C. albicans. (B) Active phagocytosis of 

adherent S. aureus from hyphae of C. albicans was monitored for over 1 hour after 

introduction of macrophages. Macrophages can be seen extracting S. aureus from distant 

areas (top series) or crawling along hypha and removing nearby S. aureus (bottom 

series). (C) The impact of sera on immune cell targeting was tested with 10% sera 

coating prior to macrophage application. Macrophages preferentially attached to C. 
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albicans hyphae and after 6 hours, 90% of all macrophages were attached to hyphae 

where phagocytic activity occurred. (D) Lack of sera did not impact phagocytosis of S. 

aureus from the hyphae of C. albicans. Actively phagocytosing macrophages were 

scored relative to their hypha-associated or surface associated state. Scale bar = 20 µm. 

 

S. aureus traverses through draining cervical lymph nodes from the oral cavity in 

dual-species infection to gain systemic entry 

S. aureus traditionally requires a portal of entry to cause life-threatening disease. 

We used our murine model of oral co-infection to verify that immune cell subversion was 

a possible mechanism for staphylococcal dissemination and observe how dysfunctional 

immune cells may be hijacked. Using corticosteroid injections, we obtained consistent 

immunosuppression of C57BL/6 mice and robust C. albicans burden on tongue tissue of 

mono-species and dual-species infected mice (Figure 3.3A). This colonization is stable 

even one and two days after infection with S. aureus (Figure 3.3B). We also noted 

persistent and heavy S. aureus infection of tongue tissue only in the dual-species infected 

mice, supporting previous findings that S. aureus cannot actively penetrate tongue 

epithelium and benefits from C. albicans presence (33). 

Microbial burden of draining cervical lymph nodes, which handle lymph 

circulation for the oral cavity, revealed live S. aureus only in the nodes of dual-species 

infected mice (Figure 3.3C). Similarly, only dual-species infected mice had any 

dissemination into kidney tissue and mice that lacked disseminated disease correlated to 

mice that had no detectable lymph node CFUs (Figure 3.3D). Flow cytometry analysis of 

uninfected and dual-species infected mouse lymph node cells gated on macrophages 
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(F4/80 marker) and neutrophils (Ly6G marker) showed dual-species infected mice 

contained intracellular S. aureus (Figure 3.3E). We tracked the infection pathway by 

examining mice one day and two days after S. aureus infection and saw that as lymph 

node CFU burden starts to increase, so does kidney CFU burden (Figure 3.3F and 

Figure 3.3G), demonstrating beginning stages in the hijacking of the host phagocytic 

cells. Taken together, this data supports the complicit role of the host in systemic 

staphylococcal disease due to oral co-infection by S. aureus and C. albicans. 
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Figure 3.3. In vivo oral co-infection demonstrates trafficking of phagoycytes from 

tongue tissue to draining cervical lymph nodes and progression of systemic MRSA 

infection. (A and B) CFU counts of tongue tissue following administration of HBSS 

 

A B 

C D 

E F 

G 
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(Hanks Balanced Salt Solution), CA (SC5314 Candida albicans alone), SA (Methicillin 

Resistant Staphylococcus aureus USA300) alone, or CA+SA to the oral cavity of 

C57BL/6 mice at 3-4 days (B) or 5 (A) days following C. albicans oral inoculation. (C 

and D) CFU burdens of draining cervical lymph nodes (C) and kidneys (D) 5 days post 

oral inoculation. (E) Flow cytometry analysis of cervical lymph node cell suspensions 

following fixation host macrophage (PE-Cy7A-F4/80) or neutrophil (PacBlue-Ly6G) 

antibody labeling, permeabilization, and methicillin resistant S. aureus (FITC-S. aureus 

Ab) labeling five days following oral inoculation of uninfected controls or S. aureus and 

C. albicans infected mice. (F and G) CFU counts of cervical lymph nodes (F) and 

kidneys (G) 1-2 days post S. aureus inoculation. 
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Phagocytic cells converge on C. albicans hyphae in vivo early in infection and cause 

inflammatory destruction of tongue structure 

To visualize the impact of dual-species biofilm infection on tongue tissue and its 

innate defenses, we stained uninfected and infected tongue sections with periodic acid-

Schiff (PAS) and counterstained with haematoxylin for nuclei. PAS stains glucans and 

carbohydrates that compose fungal membranes, allowing visualization of both yeast and 

hyphae. Overall tongue musculature was strikingly different between uninfected (Fig. 

3.4A and B) and dual-species infected mice (Fig. 3.4C-F). Loss of keratinized tissue 

peaks was prominent on dual-species infected mice and deep muscular layers of the 

tongue were highly disrupted, showing evidence of inflammation (Fig. 3.4C and D). 

Uninfected mice show few inflammatory cells throughout keratinized epithelium and 

muscle layers (Fig. 3.4A and B). Closer examination of infected tissue one day after 

dual-species infection demonstrated infiltration of PMNs through out the muscular layers 

and up into the squamous epithelium on the dorsum of the tongue (Red arrows, Fig. 

3.4D). Bacterial clumps can be seen associating with hyphae even early in infection (Red 

box, Fig. 3.4E) and PMNs and monocytes can be seen swelling up and phagocytizing 

staphylococci (Red boxes, Red arrows, Fig. 3.4F). Immunohistochemistry labeling of 

macrophages in tongue tissue 5 days post-infection shows these cells actively engulfing 

S. aureus within the keratinized layer (Fig. 3.4G and Supplementary Figure S4). 

Confocal imaging focusing in on single macrophages was able to show S. aureus within 

anti-CD68-labelled macrophages from orthogonal projections (Fig. 3.4G, bottom panel). 

These images provide support that phagocytes can act as reservoirs for S. aureus and 

allow the bacteria to gain access to distant organs.  
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Figure 3.4. Histology demonstrates within one day after dual-species infection innate 

immune cells enter into tongue tissue towards hyphae and bacteria. Tongues were 

excised from immunocompromised animals, embedded in paraffin, and stained with 
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PAS. Images represent tongues from two uninfected mice (A-B) and two infected mice 

one day after dual-species infection (C-D). Red arrows indicate PMN invasion up hyphae 

(D) and red boxes indicate staphylococcal bacteria clumping tightly with Candida 

albicans hyphae and cells (E) or monocytes surrounding hyphae to seize bacteria (F; red 

boxes with red arrow indicating ingested staphylococci). Magnification set for images 

are 5× (A and B), 20× (C and D), and 40× (E and F). For immunohistochemistry, tongues 

were excised, cyrosectioned, and tagged to identify macrophages (anti-CD68) and S. 

aureus (polyclonal rabbit anti-S. aureus proteins). Immunohistochemistry tagging 

macrophages (G, red filter) can be seen engulfing S. aureus (G, green filter) only on 

dual-species mice. Fluorescent images are counterstained with DAPI to show nuclei (G, 

blue filter) and magnification was set at 40×. An orthogonal shot (G, bottom right) was 

taken to visualize the S. aureus within the macrophage. Scale bar = 10 µm. 
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PART 4: Discussion 

In this study, we revisited our previous findings that C. albicans facilitates 

staphylococcal disease, focusing on mechanisms of bacterial dissemination. We observed 

in vitro that bound S. aureus does not progress with hyphal extension and epithelial 

transmigration, thereby eliminating the possibility that staphylococci could actively travel 

through tissue as a microbial “hitchhicker”. When phagocytic cells, the first lines of 

defense against infection, were added to these in vitro cultures, macrophages selectively 

engulfed S. aureus attached to C. albicans hyphae. This phagocytosis only occurred if 

both pathogens were viable. Therefore, we hypothesized that highly immunogenic C. 

albicans hyphae attracted phagocytic cells that then acted as a staphylococcal reservoir 

for uptake and systemic transport to promote disseminated S. aureus infection.  

To test this hypothesis, we used our well-described murine model of oral co-

infection in immunocompromised C57BL/6 mice. Flow cytometry analysis of 

macrophages and neutrophils revealed intracellular S. aureus cells within the lymph 

nodes of only those hosts that had an oral co-infection with both S. aureus and C. 

albicans. Culture of lymph nodes from co-infected hosts showed that these phagocytic-

associated staphylococci were viable. Finally, we visualized macrophages actively 

engulfing S. aureus in tongue tissue using immunohistochemistry and confocal 

microscopy. These results provide evidence that S. aureus attached to C. albicans hyphae 

are phagocytosed and are transported in this protected intracellular environment to distal 

sites to promote disseminated staphylococcal disease. 

Macrophages are known to be highly attracted to C. albicans based on previous 

studies and the fungus is capable of inhibiting their respiratory burst attack, preventing 
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fungal death while allowing the transition to hyphae and phagocyte perforation (289-

291). Our in vitro studies aimed to examine how this interaction would change if the 

macrophage encountered penetrating hyphae and bacteria, representing invasion through 

tongue tissue seen in oropharyngeal candidiasis. Instead of cell death by hyphal 

formation, we observed that macrophages used hyphae as a scaffold and targeted attached 

S. aureus (Figure 3.2). This interaction was not deterred by subtraction of sera (Figure 

3.2 C and D). This suggests that interaction of C. albicans with live S. aureus is a strong 

macrophage attractant and essential for phagocytosis of attached bacteria.  

In oral co-infection of mice, we found viable S. aureus colonizing kidneys and 

lymph nodes, suggesting that phagocytic cells do not kill S. aureus upon endocytosis of 

attached bacteria (Figure 3.3C and D). Macrophage-mediated phagocytosis of bacteria is 

associated with the release of oxygen radicals into the phagosome to create an 

inhospitable environment (292). This oxidative burst is a vital component of innate 

immunity against bacteria (293). In order to sustain candidiasis in our mice, we treated 

with corticosteroid injections consistently prior to infection. The usage of corticosteroids 

remains common practice for transplant patients to prevent graft versus host disease, 

increasing the risk of oropharyngeal and disseminated candidiasis in these patients (276). 

The impacts of corticosteroids on the immune system have been explored for many years; 

rat studies have shown their application dampens immune responses and impairs the 

activity of alveolar macrophages against bacteria (294). In particular, IL-1β signaling is 

downregulated during corticosteroid usage, decreasing the effectiveness of the respiratory 

burst in these innate immune cells (295). Surewaard and colleagues (2016) noted that loss 

of NAPDH oxidase allowed MRSA to replicate at high levels in Kupffer cells of 
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otherwise immunocompetent animals during intravenous-induced S. aureus bacteremia. 

Only by fusing the antibiotic vancomycin to liposomes to make ‘vancosomes’ that could 

be taken up by macrophages were the authors able to decrease liver colonization and 

increase survival (287). It is very likely that in our mice, macrophages and neutrophils 

that engulf S. aureus no longer function optimally and thus are stuck as incubation 

vessels for the bacteria. This finding combined with previous studies detailing the 

difficulty of treating pathogens hidden within these cells is of great clinical importance 

(287, 296). S. aureus and C. albicans are often co-isolated from immunocompromised 

patients (9, 282) and co-culture of both organisms from the blood is associated with a 

50% mortality rate. It also suggests that treatment of polymicrobial infections may 

require targeting immune cells to prevent re-seeding after antibiotic treatment. 

Our previous studies have established that Als3p expression is required on C. 

albicans for S. aureus to bind and disseminate from the oral cavity to distant organs, such 

as the kidney (13, 22, 33). Als3p is not the only mechanism for staphylococcal adherence 

to C. albicans, as others have noted that non-specific interactions can be introduced by 

high levels of sera (53, 61), suggesting sera components can help mediate binding 

between both pathogens. In the sera-limited oral cavity, this non-specific binding is 

highly unlikely and we demonstrate interaction between C. albicans and S. aureus is 

strong, unbroken by conditions simulating blood flow (Supplemental Figure S2). As 

such, adherent bacteria could survive as hyphae traversed through tissue. However, 

attached bacteria are sedentary, not passed along Als3p receptors or other binding 

mechanisms as hyphae grow (Figure 3.2A and Supplemental Figure S1). Therefore, C. 

albicans is not a direct transport mechanism of S. aureus but rather a method to start 
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entry into epithelial tissue. This is further supported by basic tongue histology showing 

massive inflammation at the epithelial border of the tongue (Figure 3.4D and F) and 

confocal imaging showing internalized S. aureus inside of tongue macrophages (Figure 

3.4 G and Supplemental Figure S3). How S. aureus is able to escape the macrophage 

after phagocytosis during polymicrobial infection is currently unknown; this bacterium 

possesses several leukocidins and toxins that can lyse cells, which may explain how 

bacteria are released into circulation at later points (297). Determination of 

staphylococcal defenses that promote survival against the innate immune system will be 

the concentration of future studies.  

Phagocytosis is a complicated process, involving the interplay between 

phagocytic receptors and pattern recognition receptors that detect broad classes of 

pathogens (298). Initially, phagocytes are recruited to mucosal surfaces infected by 

Candida under the direction of host antimicrobial peptides (e.g. β-defensin 2) and 

chemokines (e.g. CCL20) (299-302). Phagocytes are then able to recognize the pathogen-

associated molecular patterns (PAMPs) including N-linked and O-linked mannans and β-

glucans present on the fungal cell wall through host pattern recognition receptors (PRRs) 

and attach to hyphae (303-306). Following this recognition, the relatively large hyphae 

are unable to be effectively phagocytosed. However, PAMPs (including peptidoglycan, 

lipoteichoic acid, and lipoproteins) of the hyphal-adherent S. aureus are readily identified 

by the host PRRs. The signaling pathways within host phagocytes that are influenced by 

the interaction of co-infection by C. albicans and S. aureus during phagocytosis remain 

largely unknown. Recently, Perez-Flores and colleagues (2016) showed that extracellular 

ATP and Ca2+ plays a role in the phagocytosis by coating particles with S. aureus or live 
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Candida glabrata yeast cells and feeding them to murine macrophages. ATP outside the 

cells is recognized as a danger signal, released upon infection or cell death. Membrane 

ionotropic P2X receptors 1-7 serve to detect danger molecules, such as ATP, and P2X7 is 

abundantly expressed on macrophages (307). Activation of P2X7 is important in fighting 

infections caused by intracellular bacteria (308, 309). Perez-Flores et al. showed 

activation of P2X7 inhibited phagocytosis of bacteria but not C. glabrata in J774 

macrophages (310). This supports the idea that P2X receptors might be required to sense 

cellular damaged caused by bacterial-fungal co-infection and start the process of attack. 

However, the mechanisms of phagocytosis, intracellular survival, and phagocytic escape 

by S. aureus following recognition in this dual species remains to be fully elucidated. 

Therefore, future experiments will focus on blockade of phagocyte signaling and its 

impact on bacterial dissemination in co-infection.  

In summary, it is apparent that hyphal-adherent S. aureus cells are actively 

“plucked” from the hyphae and ingested. Following ingestion, S. aureus is capable of 

avoiding intracellular killing to be trafficked to host lymph nodes and distal sites for 

phagocytic escape and disseminated infection. This is the first study to show subversion 

of the innate immune system during polymicrobial infection of the oral cavity to promote 

systemic disease. The impact of these findings reaches far beyond S. aureus and C. 

albicans interactions at the oral mucosal surfaces. These findings may be applicable to 

other mucosal surfaces where these microbes co-exist (e.g. craniofacial, repiratory, 

gastrointestinal, and urogenital tracts) and well as in infections associated with indwelling 

medical devices (e.g. intravenous catheters, ventilator tubes) or local host immune 

disfunction (e.g. diabetic foot ulcers, traumatic musculoskeletal infections, or decubitis 
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ulcers). It is also possible that the oral innate immune system may provide transport for 

periodontal pathogens since periodontal disease is correlated to atherosclerosis, 

myocardial infarction, and stroke, with periodontal pathogens being detected in 

atherosclerotic and cardiac lesions (311-317). However, the direct implication of 

periodontal pathogens in these diseases is a continued source of debate and further study 

is needed. Regardless, the results of this study highlight the increased need to study the 

systemic implications of localized polymicrobial infections as well as complicit nature of 

the host immune response in allowing for the infectious syntergism seen in some 

polymicrobial infections.  
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CHAPTER IV: Transcriptomic and lipidomic analysis of Candida albicans and 

Staphylococcus aureus oral co-infection in the immunocompromised host 

 

Specific Aim 2: To identify and confirm the in vivo relevance of differentially expressed 

host and pathogen genes (and their products) during S. aureus-C. albicans dual-species 

biofilms in a murine co-infection model. 

 

PART 1: Background and Significance   

 Microbes in nature and within hosts are rarely found as free-floating entities or as 

a single species but instead associate together with other microbial species to form 

communities (194). This interaction allows environmental pathogens to come into contact 

with commensal organisms but can also promote interaction with commensals from 

different host niches. While the traditional paradigm has long been to study organisms in 

isolation, this does not provide an accurate picture of infection within a host. This is 

exemplified by the oral cavity within humans, which allows contact with environmental 

pathogens but can give oral bacteria access to other organs. Studies have detected several 

oral pathogens such as Streptococcus mutans (causative agent of dental caries) and 

Aggregatibacter actinomycetemcomitans (causative agent of aggressive periodontitis) on 

heart valves and in blood from patients who had cardiovascular disease (311, 318). 

However, research examining the impact of polymicrobial infections is currently limited 

and few studies have focused on the oral immune system.  

Orophargyneal candidiasis is an opportunistic fungal infection of the oral cavity 

caused by Candida species, in particular Candida albicans. While uncommon in healthy 
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adults, immunocompromised individuals are at an increased risk, with up to 31% of 

AIDS patients and nearly 20% of cancer patients developing an infection (199, 278). The 

ability of C. albicans to transition from yeast blastospores to invasive hyphae utilizing 

host receptors EFGR1 and HER2 to penetrate the epithelial barrier (122, 319) allows this 

commensal fungus to become life-threatening, entering the bloodstream and infecting 

distant organs (277).  

Staphylococcus aureus is a gram-positive bacterium found in numerous body 

niches, including the nasopharnyx and the oral cavity. This bacterium is capable of 

forming biofilms, or communities of microbes settled onto surfaces and encased in 

extracellular polysaccharide matrix, amongst its own species and other microbes, 

including C. albicans (22, 320). Currently the CDC estimates that 33% of the human 

population is consistently colonized with S. aureus in their nares (59). While this 

commensal occupation does not cause disease, it provides greater opportunity for 

dissemination should a mucosal barrier be breached. Von Eiff and colleagues performed 

a study comparing bloodstream S. aureus isolates to isolates derived from the same 

patient’s nares and saw that 86% of bloodstream recovered isolates were clonally 

identical to strains inhibiting the nares (321).  Primary bloodstream infections with S. 

aureus, where no known portal of bacterial entry can be determined, comprise up to 50% 

of S. aureus bacteremias, predominating in cases of community-acquired infections 

(207). Thus, commensal S. aureus and other commensal organisms may play a larger role 

in disease than previously thought. 

Previous studies have determined S. aureus and C. albicans form live biofilms on 

plastic surfaces (22, 32, 53, 322) and that co-infection within the oral cavity can lead to 
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disseminated kidney infection (33). However, little work has been done to examine both 

organisms together and their impact on the immunocompromised host, where interaction 

is highly increased. Each organism has been studied in some depth alone using oral 

infection models, with a greater focus on C. albicans. Research concentrating on the 

Th17 axis of immunology has pointed to the importance of functioning IL-17 signaling to 

clear both Candida and staphylococcal oral infections. Removal of IL-17A receptor alone 

from mice is enough to sustain oral candidiasis and knockout of other signaling 

mechanisms within the IL-17 cascade, including IL-23 and RORC (Th17 transcription 

factor), will also permit C. albicans infection (7, 323). Recently, IL-17 signals 

specifically in oral epithelial cells have been shown to be the dominant force to control 

oral Candida infection, connected to production of beta-defensins in tongue tissue (324).  

Only one oral infection model for S. aureus has been utilized to further 

characterize immunological correlates; this model was serendipitously discovered during 

a double knock-out of the IL-17A receptor and IFN-gamma receptor I. These mice 

developed large oral abscesses containing S. aureus and histopathology showed massive 

neutrophil influx to oral tissues. However, most of these mice did not have disseminated 

staphylococcal disease and the authors attributed lung colonization to ‘spillover’. The 

authors also noted that despite the loss of IL-17RA, neutrophils were still able to migrate 

but fewer macrophages were recruited to the oral tissues. Chemokine profiles of these 

double knockout mice compared to single knockout mice showed differences only in 

CXCL9, a T-cell chemokine induced by IFN-gamma. This lead the authors to conclude 

that disruption of the IL-17 signaling pathway created a defect downstream in the IFN-
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gamma and CD4+ T-cell populations derived from IL-17 associated neutrophil responses 

(325).  

In the past, visualizing direct effects of bacterial or fungal infection on a host and 

its tissues has relied on histological methods, including hematoxylin and eosin staining, 

immunohistochemistry, and in-situ hybridization. However, these methods require prior 

knowledge of target molecules and do not provide an unbiased approach for determining 

novel phenotypes. These procedures also lack the ability to target many metabolites, their 

breakdown products, and lipids, excluding an enormous but important subset of 

inflammatory mediators from analysis (326). However, the gap can be breached by 

combining imaging with molecular analysis in the form of mass spectrometry imaging 

(MSI). Currently, matrix assisted laser desorption ionization mass spectrometry imaging 

(MALDI-MSI) is the most widely used form of MSI but other mass spectrometry forms 

have been adapted for imaging purposes (327).  

MALDI-MSI allows for the identification of lipids in specific tissue locations 

while preserving tissue integrity and dilution of specific lipid signals within whole tissue 

extraction is prevented. MALDI-MSI utilizes a matrix to allow for better ionization and 

characterization of lipids therefore, selection of a low molecular mass organic compound 

that will support ionization patterns across a range of lipid structures is vital. Previous 

research has demonstrated usage of noraharmane (NRM) in MALDI-MSI of irradiated 

tissues and bacterial infected tissues. This matrix has yielded excellent results, allowing 

detection of small lipid changes in the temperature-dependent lipid A structures of 

Francisella novicida, suggesting NRM can be applied to a variety of pathogenesis 

models (328, 329). 
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In this study, we used two different ‘omics’ approaches, transcriptomics and 

lipidomics, to examine differences in the murine host and pathogens during mono-species 

and dual-species oral infections. Analysis of differentially expressed C. albicans genes 

revealed similar findings to our previous in vitro studies, with very few differences in 

both mono-species and co-culture. The S. aureus transcriptome was highly active in co-

infection on the murine tongue compared to mono-species infection, paralleling with our 

previous findings. Examination of the murine host uncovered several signal pathways 

activated by C. albicans infection alone and repressed by the addition of S. aureus, 

particularly IL-17 pathways promoting innate immune responses. Importantly, removal 

of IL-17A from immunocompromised mice infected with C. albicans produced similar 

fungal burdens to C. albicans-S. aureus infected mice, suggesting S. aureus facilitates C. 

albicans dissemination by repressing the innate immune system. Using MALDI-MSI, we 

successfully mapped nine ion signatures of interest across uninfected, mono-species 

infected, and dual-species infected tissue. Four ion signatures were observed in greater 

abundance in uninfected and S. aureus alone infection, compared to dual-species 

infection, suggesting the presence of C. albicans may linked with host lipid breakdown. 

These unbiased approaches are the first of their kind, capturing the impact of 

pathogenesis from host, bacteria, and fungus together. The results of this study provide a 

greater understanding of the complex host responses occurring during cross-kingdom 

polymicrobial infection. 
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PART 2: Methods and Materials 

 

Strains and growth conditions 

Candida albicans strain SC5314 (214) was maintained from glycerol freezer 

stocks on yeast-peptone-dextrose (YPD) plates. Methicillin-resistant Staphylococcus 

aureus (MRSA) strain USA300 JE2 from the Network on Antimicrobial Resistance in 

Staphylococcus aureus (NARSA) (221) was maintained from glycerol freezer stocks on 

sheep’s blood agar plates (BBL).  Single colonies of C. albicans were grown in YPD 

media supplemented with 10 µg/mL chloramphenicol (Sigma Aldrich) and subcultured 

for 3 days prior to obtain yeast blastospores. Cultures were grown at 30°C shaking at 225 

RPM under aerobic conditions and on the day of inoculation, were washed and diluted to 

6 x 106 CFU/mL in warm Hanks Buffered Saline Solution (HBSS). Single colonies of S. 

aureus JE2 were grown in trypticase soy broth (TSB; Remel) overnight at 37°C shaking 

at 180 RPM and subcultured to mid-log phase on the day of inoculation. Cultures were 

washed and diluted to 6 x 106 CFU/mL in warm HBSS. All inoculums were kept at 30°C 

(C. albicans) or 37°C (S. aureus) prior to infection and precise amounts were enumerated 

using serial dilution. 

 

Murine model of oral co-infection 

Mice were immunocompromised and infected orally with C. albicans and S. 

aureus using the model described by Schlecht et al. (33), with some modifications. 

Animal studies were approved by the University of Maryland Institutional Animal Care 

and Use Committee. Briefly, C57BL/6 mice were obtained from the Jackson Laboratory 

(Bar Harbor, ME) and kept in pathogen-free conditions. Mice were given sterile water 

treated daily with ampicillin (300 µg/mL) to reduce oral flora carriage and three 
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subcutaneous shots of cortisone acetate (225 mg/kg) to achieve immunosuppression. 

Cortisone shots were given one day prior to first inoculation (day 1) and every other day 

(days 3 and 5) following to ensure continuous immunosuppression. Animals were 

anaesthetized and laid supine while receiving a calcium alginate swab soaked in C. 

albicans suspension (day 2) or S. aureus suspension (day 4) placed sublingually for 75 

minutes. Mice in dual-species infection groups were inoculated both days and, along with 

S. aureus-inoculated mice, were exposed to S. aureus (6 x 10^6 CFU/mL) in drinking 

water for the remainder of the study. Native controls were given swabs soaked in warm 

HBSS on both infection days. This model was repeated using IL-17A K/O mice bred in a 

C57BL/6 background to examine the effects of IL-17A and associated pathways. 

 

Collection of tongue scrapings and whole tongue tissue 

On day 6 or 7, depending on weight loss, mice were euthanized and tongues and 

kidneys were harvested. To remove whole tongues and any biofilm covering tissue, 

buccinator muscles of mice were cut and the mouth opened with a hemostat while forceps 

grabbed at the base of the tongue prior to it being snipped. Tongues for RNA sequencing 

were placed in a 12 well polystyrene plate with 1 mL of RNAlater® (Ambion). Samples 

were vigorously scraped with a cell scraper and the fluid drained into a collection tube. 

Whole tongues for mass spectrometry were snap frozen with no fixative agent on a small 

piece of aluminum foil in liquid nitrogen. For histology, whole tongues were cut on the 

sagittal plane, placed into cassettes with O.C.T. compound (Sakura Tissue-Tek), and snap 

frozen in liquid nitrogen. All samples were held at -80°C until further processing. 
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Isolation of RNA from tongue scrapings 

Tongue scrapings were brought to 4°C and centrifuged at 5000 x g for 5 minutes 

to remove RNAlater® reagent. RNA was removed from cells by mechanical disruption 

on a FastPrep FP120 (ThermoSavant, Holbrook, NY) at maximum speed for 45s at 4°C 

using 0.5 mm and 0.1 mm zirconia beads (Biospec Products, Bartlesville, OK). RNA was 

isolated using an RNaeasy-Kit (Qiagen®) and sample quality was evaluated by running a 

RNA gel. Samples were treated with a Turbo™DNA-free kit (Ambion®) to remove any 

DNA contamination. 

 

RNA-Seq and analysis of gene expression 

rRNA was depleted from all samples combining Ribo-Zero rRNA removal kits 

(Illumina) for bacteria and human/mouse/rat (for C. albicans and mouse). RNA-Seq 

libraries (non-strand-specific, paired end) were created using TruSeq RNA sample prep 

kits (Illumina). Per manufacturer’s instructions, 100 nucleotides of sequence from both 

ends of each cDNA fragment were determined using the HiSeq platform (Illumina). 

RNA-Seq reads were first annotated and aligned to the UCSC mouse reference genome 

(mm10, GRCm38.p75) using TopHat2. Reads that did not map to the mouse genome 

were then aligned to either the S. aureus NCTC 8325 genome or C. albicans SC5314 

genome using TopHat2. The DESeq statistical software package (Bioconductor) was 

used to determine significant differences in expression comparing mono-species infection 

to dual-species infection for all three organisms. Genes were considered differentially 

expressed if the P value for differential expression was <0.05 and the false discovery rate 

(FDR) was <0.05. 
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Analysis of upstream pathways in the murine host 

We examined the changes in the murine host transcriptome during mono-species 

and dual-species infection using Ingenuity Pathway Analysis (IPA; Qiagen 

Bioinformatics). This system compares experimentally derived gene lists to a curated 

database containing target genes linked to several known regulatory proteins to determine 

overlap. After determining the overlap is statistically significant, the program examines 

the direction of the differential gene expression to predict if regulatory proteins are 

activated or repressed. The software can also compare overlap of experimentally derived 

gene lists to a separate database that details relationship of genes, biological functions, 

and their activities.  

 

Tongue histology for IL-17A K/O mouse tissue 

OCT-fixed tongue tissues were cut in 10-μm sections using a Leica AM1925 

cyromicrotome and fixed in 4% paraformaldehyde solution. Slides were stained with 

periodic acid Schiff reagent to visualize C. albicans infection and stained with 

hematoxylin and eosin to examine basic cell morphology and impact of infection on 

tongue tissue. Sections were viewed with brightfield microscopy at 10X and 45X. 

 

Preparation of frozen tongue tissue and matrix application 

Frozen tongue tissues were mounted in ice and cut on a Leica AM1925 

cyromicrotome into 12-μm sections. Sections were placed and heat-fixed on Indium Tin 

Oxide (ITO)-coated MALDI glass sides (Bruker Daltonics, Billerica, MA) by placement 

of slides onto a 37°C heat block until dry. Slides were desiccated under a vacuum for 20 

min prior to matrix application (or were stored at -80°C). A matrix solution comprised of 
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norharmane (NRM) and 9H-Pyrido[3,4-b]indole hydrochloride (Sigma Aldrich, St. 

Louis, MO) was solvated in chloroform:methanol:water (5:10:4, v:v:v) and spray-coated 

onto slides using a Bruker Daltonics ImagePrep spray chamber (Billerica, MA). 

 

Lipid mass spectrometry and image analysis 

Specific areas passing through all layers tongue were selected and MS data was 

collected using a Bruker Daltonics Ultraflex Extreme Matrix-Assisted Laser Desorption 

Ionization Time-of-Flight/Time-of-Flight Mass Spectrometer (MALDI-TOF/TOF MS) 

using flexControl software (version 3.4.105). Data was collected in the positive mode 

with a detection range of m/z 400-900 using raster width 50 μm and 500 shots per raster. 

Spectra were analyzed using flexImaging (version 3.4.54) and flexAnalysis (version 

3.4.57).   

 

Post-MSI histology, MS data analysis, and lipid predictions 

After MS analysis, slides were stripped of matrix using 70% ethanol and stained 

with hematoxylin and eosin (Sigma Aldrich, St. Louis, MO) to visualize pathology. 

Stained slides were imaged on a ScanScope CS2 slide scanner at 20X resolution. 

Summated spectra were examined for m/z ratios that showed differences in mono-species 

and dual-species infection. Ratios of interest were put into the Lipid Mass Structure 

Database (LMSD; LIPID MAPS Consortium, La Jolla, CA) to get molecular predictions 

associated with loss of single ions (H+, K+, Na+).  
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PART 3: Results 

RNA-Seq analysis of a murine model of oral co-infection 

 While transcriptomic analysis of host and pathogen has been done on several 

infection models, including vulvovaginal candidiasis (330), no study to date has looked at 

the transcriptomic changes during a polymicrobial infection. We performed high-

throughput RNA-Seq on tongue scrapings from immunocompromised C57BL/6 mice 

undergoing an established oral co-infection model (33). Tongue scrapings were collected 

from uninfected (given sterile buffered saline swabs), C. albicans infected, S. aureus 

infected, and C. albicans and S. aureus infected mice at day 5 post-fungal infection. We 

chose to use tongue scrapings to reduce overload of host RNA and to provide an accurate 

picture of transcriptomic changes at the point of interaction for all three organisms. 

Microbial burdens derived from small sections of tongue removed showed mice were 

robustly colonized with C. albicans during mono-species and dual-species infection and 

that S. aureus was retained in greater amounts during co-culture (Figure 4.1A). Mice 

given saline swabs had no cultivable organisms at our limit of detection (~10 

CFUs/tissue). While not considered statistically significant, we did notice more fungal 

burden in the kidneys of dual-species infected mice compared to mono-species infected 

mice (Figure 4.1B). 

RNA was isolated from tongue scrapings and mRNA was enriched for by 

combined depletion of rRNAs using RiboZero kits for bacteria and human/mouse/rat. 

After alignment of reads to the mouse reference genome (mm 10, GRGm38.75), 

remaining reads were then aligned to either the C. albicans reference genome (strain 

SC5314) or S. aureus reference genome (strain NCTC 8325). Differentially expressed 
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genes were determined by comparing uninfected mice to mono-species infected mice and 

dual-species infected mice were compared to mono-species infected mice for each 

organism respectively (Figure 4.2). We created 12 sequencing libraries (3 from each 

experimental condition) and obtained on average 78.7 million reads that mapped to the 

mouse genome (Table 4.1). For C. albicans infected samples in both mono-species and 

dual-species inoculated mice, we obtained an average of 25.5 million reads that were 

mapped to the C. albicans genome (Table 4.2). Surprisingly, we were able to recover on 

average 2.5 million reads that mapped to the S. aureus genome from mono-species 

infected and dual-species infected samples (Table 4.3) 

 

Figure 4.1. The murine model of oral co-infection using steroid immunosuppression 

demonstrates robust C. albicans colonization and S. aureus colonization in dual-

species infections. CFU counts of tongue tissue (A) and kidney tissue (B) following 

administration of HBSS (Hanks Balanced Salt Solution), CA (SC5314 Candida albicans 

alone), SA (Methicillin Resistant Staphylococcus aureus USA300) alone, or CA+SA to 

the oral cavity of C57BL/6 mice at 5 days following C. albicans oral inoculation.  
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Figure 4.2. Schematic displaying the pipeline for preparation and analysis of tongue 

scrapings from uninfected (Naïve), C. albicans alone infected (CA, SC5314), S. 

aureus alone infected (SA, JE2 USA300), and C. albicans and S. aureus co-infected 

(CA+SA) mice for high-throughput RNA-Sequencing.  
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Table 4.1. RNA-Seq mapping statistics for murine host in each sample. 
Sample Total Reads 

Obtained 

# reads mapped to Mouse 

reference 

% reads mapped to 

Mouse reference 

Control #1 116,620,558  87,598,879  75.1 

Control #2 145,492,312  33,507,251  23.0 

Control #3 118,055,734  62,587,635  53.0 

C. albicans alone #1 172,166,734  84,966,884  49.4 

C. albicans alone #2 205,492,312  15,778,031  7.7 

C. albicans alone #3 190,055,734  97,525,215  51.3 

S. aureus alone #1 216,166,734  81,536,809  37.7 

S. aureus alone #2 173,492,312  42,156,312  24.3 

S. aureus alone #3 178,829,022  111,569,407  62.4 

C. albicans and S. 

aureus #1 

252,723,794  106,568,663  42.2 

C. albicans and S. 

aureus #2 

253,489,556  130,035,732  51.3 

C. albicans and S. 

aureus #3 

224,052,018  90,875,166  40.6 

 

Table 4.2. RNA-Seq mapping statistics for C. albicans host in each sample. 
Sample Total Reads 

Obtained 

# reads mapped to C. 

albicans reference 

% reads mapped to C. 

albicans reference 

Control #1 116,620,558  270  0 

Control #2 145,492,312  11,655  0.01 

Control #3 118,055,734  865  0 

C. albicans alone #1 172,166,734  36,569,843  21.2 

C. albicans alone #2 205,492,312  46,317,602  22.5 

C. albicans alone #3 190,055,734  13,265,851  7.0 

S. aureus alone #1 216,166,734  13,888  0.01 

S. aureus alone #2 173,492,312  57,020  0.03 

S. aureus alone #3 178,829,022  509,504  0.28 

C. albicans and S. 

aureus #1 

252,723,794  26,215,517  10.4 

C. albicans and S. 

aureus #2 

253,489,556  17,387,933  6.9 

C. albicans and S. 

aureus #3 

224,052,018  13,384,106  6.0 
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Table 4.3. RNA-Seq mapping statistics for S. aureus host in each sample. 
Sample Total Reads Obtained # reads mapped to S. 

aureus reference 

% reads mapped to S. 

aureus reference 

Control #1 116,620,558  1,358  0 

Control #2 145,492,312  8,354  0.01 

Control #3 118,055,734  5,098  0 

C. albicans alone #1 172,166,734  2,612  0 

C. albicans alone #2 205,492,312  15,526  0.01 

C. albicans alone #3 190,055,734  4,376  0 

S. aureus alone #1 216,166,734  177,814  0.08 

S. aureus alone #2 173,492,312  47,740  0.03 

S. aureus alone #3 178,829,022  5,606  0 

C. albicans and S. 

aureus #1 

252,723,794  6,403,742  2.5 

C. albicans and S. 

aureus #2 

253,489,556  3,484,952  1.4 

C. albicans and S. 

aureus #3 

224,052,018  4,992,108  2.2 

 

Differentially expressed genes in C. albicans and S. aureus during mono-species and 

dual-species infection of a murine host 

 After mapping reads to specific genes for each organism, we characterized 

differences in expression comparing mono-species infection to dual-species infection for 

mouse, fungus, and bacteria. C. albicans had fewer changes in gene expression during 

mono-species tongue infection compared with dual-species tongue infection. We 

obtained 192 genes with statistically significant expression changes (p-value <0.05). 

After setting the false discovery rate (FDR) at <0.05, only 3 genes were considered to be 

differentially expressed (Table 4.4).  
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Table 4.4. Differentially expressed genes in C. albicans during dual-species infection 

compared to C. albicans mono-species infection of murine tongues.  
 

C. albicans 

ID 

Log2 Fold 

Change 

P-value/False 

Discovery Rate 

Gene 

Name 

Associated COG  

Orf19.4555 2.52X↑ 3.42x10-5/ 3.6x10-2 ALS4 S = Function unknown 

Orf19.2369.1 2.41X↓ 5.9x10-6/1.4x10-2 ATX1 P = Inorganic ion transport and 

metabolism 

Orf19.4335 3.13X↓ 8.9x10-8/7x10-4 TNA1 G = Carbohydrate transport and 

metabolism  

 

The S. aureus transcriptome was dramatically altered in dual-species infection, 

with 990 genes differentially expressed. This amount was reduced further to 623 genes 

after applying our FDR standard with 56 genes upregulated and 567 genes downregulated 

(Table 4.5). Interestingly, 304 genes in this differentially regulated set were labeled 

‘conserved hypothetical protein’, suggesting a number of novel functions may be induced 

in S. aureus during co-culture within a host. Further analysis revealed several genes 

involved in capsule production were upregulated (Table 4.6), indicating increased cell-

wall turnover. Greater portions of genes were downregulated than upregulated in S. 

aureus during dual-species tongue infection, with several being associated to translation 

and ribosomal structure (Table 4.7). The entire agr quorum sensing system in S. aureus 

was highly downregulated, including 2 hemolysin toxins controlled by this system, alpha 

and delta hemolysins (Table 4.8). Taken together, these results suggest that S. aureus is 

stressed during its co-culture with C. albicans and, with the addition of the host, is 

attempting to decrease detection by the immune system. 
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Table 4.6. Upregulated genes responsible for capsule synthesis in S. aureus during in 

vivo dual-species biofilm growth. 
S. aureus function/gene Log2 Fold 

Change 

False Discovery 

Rate 

Associated COG 

Capsular polysaccharide 

synthesis enzyme Cap8F 

11.45X↑ 6x10-3 GM = Carbohydrate transport and 

metabolism, cell 

wall/membrane/envelope biogenesis 

Capsular polysaccharide 

biosynthesis protein Cap5E 

putative 

7.52X↑ 2.6x10-2 M = Cell wall/membrane/envelope 

biogenesis 

Capsular polysaccharide 

synthesis enzyme O-acetyl 

transferase Cap5H putative 

6.67X↑ 2.3x10-2 S = Function unknown 

Capsular polysaccharide 

synthesis enzyme Cap8C 

6.27X↑ 2.1x10-2 GM = Carbohydrate transport and 

metabolism, cell 

wall/membrane/envelope biogenesis 

Cap5N protein/UDP-

glucose 4-epimerase 

putative  

5.22X↑ 3.7x10-2 M = Cell wall/membrane/envelope 

biogenesis 

Capsular polysaccharide 

biosynthesis protein Cap5D 

putative 

5.06X↑ 4.1x10-2 M = Cell wall/membrane/envelope 

biogenesis 

 

 

Table 4.7. Ribosomal components downregulated in S. aureus during in vivo dual-species 

biofilm growth. 

S. aureus function/gene Log2 Fold 

Change 

False Discovery 

Rate 

Associated COG 

SSU ribosomal protein S12 

RpsL 

2.7X↓ 3.7x10-2 J = Translation, ribosomal structure 

and biogenesis 

LSU ribosomal protein L10 

RplJ  

3.1X↓ 2.3x10-2 J = Translation, ribosomal structure 

and biogenesis 

SSU ribosomal protein S15 

RpsO 

3.6X↓ 1.2x10-2 J = Translation, ribosomal structure 

and biogenesis 

LSU ribosomal protein 

L7/L12 RplL 

3.9X↓ 8.0x10-3 J = Translation, ribosomal structure 

and biogenesis 

SSU ribosomal protein S4 

RpsD 

4.1X↓ 1.5x10-2 J = Translation, ribosomal structure 

and biogenesis 

LSU ribosomal protein L19 

RplS 

4.4X↓ 9.4x10-3 J = Translation, ribosomal structure 

and biogenesis 

SSU ribosomal protein S7 4.4X↓ 4.9x10-3 J = Translation, ribosomal structure 

and biogenesis 

SSU ribosomal protein S1 

RpsA 

4.4X↓ 4.1x10-3 J = Translation, ribosomal structure 

and biogenesis 
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Table 4.7 Continued. 
S. aureus function/gene Log2 Fold 

Change 

False Discovery 

Rate 

Associated COG 

SSU ribosomal protein S3 RpsC 4.6X↓ 4.9x10-3 J = Translation, ribosomal 

structure and biogenesis 

LSU ribosomal protein L27 RpmA 4.7X↓ 4.6x10-3 J = Translation, ribosomal 

structure and biogenesis 

LSU ribosomal protein L11 Rplk 4.9X↓ 2.9x10-3 J = Translation, ribosomal 

structure and biogenesis 

SSU ribosomal protein S21 RpsU 5.6X↓ 9.9x10-4 J = Translation, ribosomal 

structure and biogenesis 

LSU ribosomal protein L1 RplA 6.4X↓ 1.0x10-3 J = Translation, ribosomal 

structure and biogenesis 

SSU ribosomal protein S14p RpsN 9.9X↓ 4.1x10-2 J = Translation, ribosomal 

structure and biogenesis 

Ribosomal-binding factor A rbfA 10.6↓ 2.3x10-2 J = Translation, ribosomal 

structure and biogenesis 

Ribosome recycling factor frr 11.2X↓ 1.1x10-2 No COG found 

SSU ribosomal protein S18 RpsR 11.5X↓ 8.4x10-3 J = Translation, ribosomal 

structure and biogenesis 

SSU ribosomal protein S17 RpsQ 12.1X↓ 4.9x10-3 J = Translation, ribosomal 

structure and biogenesis 

SSU ribosomal protein S2 RpsB 12.3X↓ 4.4x10-3 J = Translation, ribosomal 

structure and biogenesis 

LSU ribosomal protein L21 RplU 12.5X↓ 3.0x10-3 J = Translation, ribosomal 

structure and biogenesis 

LSU ribosomal protein L22 RplV 12.5X↓ 2.9x10-3 J = Translation, ribosomal 

structure and biogenesis 

LSU ribosomal protein L13 RplM 12.5X↓ 3.3x10-3 J = Translation, ribosomal 

structure and biogenesis 

LSU ribosomal protein L18 RplR 12.6X↓ 2.1x10-3 J = Translation, ribosomal 

structure and biogenesis 

SSU ribosomal protein S20 RpsT 12.9X↓ 1.7x10-3 J = Translation, ribosomal 

structure and biogenesis 

LSU ribosomal protein L33 RpmG 12.9X↓ 1.8x10-3 J = Translation, ribosomal 

structure and biogenesis 

SSU ribosomal protein S9 Rpsl 13.1X↓ 1.4x10-3 J = Translation, ribosomal 

structure and biogenesis 

LSU ribosomal protein 

L25/general stress protein Ctc 

14.3X↓ 3.6x10-4 J = Translation, ribosomal 

structure and biogenesis 
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Table 4.7 Continued. 
S. aureus function/gene Log2 Fold 

Change 

False Discovery 

Rate 

Associated COG 

LSU ribosomal protein L31 

RpmE2 

14.4X↓ 3.6x10-4 J = Translation, ribosomal structure 

and biogenesis 

LSU ribosomal protein L28 

RpmB 

16.6X↓ 2.0x10-5 J = Translation, ribosomal structure 

and biogenesis 

 

Table 4.8. Agr quorum-sensing system and associated toxins downregulated in S. 

aureus during in vivo dual-species biofilm growth. 
S. aureus function/gene Log2 Fold 

Change 

False 

Discovery 

Rate 

Associated COG 

Alpha-hemolysin precursor hla 3.13X↓ 2.5x10-2 O =Post-translational modifications, 

protein turnover, and chaperones 

Staphylococcal accessory 

regulator, putative SarA 

4.06X↓ 9.1x10-3 K = Transcription 

Accessory gene regulator 

protein A AgrA 

6.14X↓ 5.4x10-3 T = Signal transduction mechanisms 

Staphylococcal accessory 

regulator-like protein SarS 

11.73X↓ 7.0x10-3 K = Transcription 

Accessory gene regulator 

protein B AgrB 

16.07↓ 3.9x10-5 T = Signal transduction mechanisms 

Accessory gene regulator 

protein C AgrC 

16.14X↓ 3.9x10-5 T = Signal transduction mechanisms 

Delta-hemolysin precursor hld 17.44X↓ 9.3x10-6 No ortholog found 

 

Functional enrichment analysis of host gene expression during C. albicans infection 

compared to dual-species infection 

Since S. aureus mono-species infection of tongue tissue only lead to 40 genes 

having different expression patterns in the murine host, we chose to focus more on C. 

albicans mono-species infection compared to C. albicans and S. aureus infection. Murine 

host genes that showed a minimum of 2-fold change in expression (p <0.05) were 

considered possible candidates in our analysis. We determined after applying our FDR 

standards to genes that met this previous requirement that 920 genes were differentially 

expressed in the presence of C. albicans alone while 1058 genes were differentially 
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expressed when both S. aureus and C. albicans were present. To further characterize how 

these different gene expression patterns affect the oral mucosa, we used the Ingenuity 

Pathway Analysis (IPA; Ingenuity Systems) software package to identify biological 

functions and disease states that were enriched from our two infection conditions (Table 

4.9 and Figure 4.3). Interestingly, we observed differences in enriched functions that 

involved the immune system, particularly with recruitment of macrophages (p = 2.21x10-

6), immune response of neutrophils (p = 1.05x10-8), accumulation of mononuclear 

leukocytes (p = 2.69x10-9), differentiation of Th1 cells (p = 6.97x10-8), and synthesis of 

eicosanoid (p = 8.42x10-7), and prostaglandins (p = 2.46x10-6). Each of these previously 

mentioned biological functions were predicted to be activated, based on differential gene 

expression in our C. albicans mono-species samples but had no response in the dual-

species infected samples (Figure 4.4 and 4.5). The importance of neutrophils, and 

polymorphonuclear leukocytes (PMNs), and macrophages in C. albicans infection has 

been well documented. The ability of these cells to use nitrogen and oxygen species to 

create their respiratory burst attack is vital for antifungal defenses (291, 331). The Th1 

cell lineage is canonically thought to handle intracellular pathogens but these cells 

produce interferon gamma (IFN-γ), a cytokine that increases the potency of phagocytic 

cells and has shown some efficacy in promoting antifungal responses (332). 
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Figure 4.3. Functional enrichment of selected immune components is activated in C. 

albicans mono-species infection, not in C. albicans and S. aureus dual-species 

infection. Heatmap displaying associated diseases and biological functions with 

predicted activated genes in our experimental conditions. Functions in red indicate 

increased expression relative to uninfected controls while functions in blue indicate 

decreased expression relative to uninfected controls. Black represents no change in 

expression relative to uninfected controls. Data represented are activated z-score values 

relative to uninfected controls. 
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Figure 4.4. Functional enrichment of innate immunity is highly upregulated in C. 

albicans mono-species infection compared to C. albicans and S. aureus co-infection. 

Heatmaps displaying genes associated with recruitment of macrophages (A), immune 

response of neutrophils (B), accumulation of mononuclear leukocytes (C), and 

differentiation of Th1 cells (D). Genes in red indicate increased expression relative to 

uninfected controls while genes in blue indicate decreased expression relative to 

uninfected controls. Black represents no change in expression relative to uninfected 

controls. Data are represented as log (base 2)-fold changes relative to uninfected controls. 
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Figure 4.5. Functional enrichment for inflammatory lipid synthesis pathways in C. 

albicans mono-species infection compared to C. albicans and S. aureus co-infection. 

Heatmaps show genes within the pathway for synthesizing eicosanoids (A) and 

prostaglandins (B). Genes in red indicate increased expression relative to uninfected 

controls while genes in blue indicate decreased expression relative to uninfected controls. 

Black represents no change in expression relative to uninfected controls. Data are 

represented as log (base 2)-fold changes relative to uninfected controls. 

 

Upstream regulator analysis of host gene expression during C. albicans infection 

compared to dual-species infection 

With activation of multiple innate immune functions specifically in C. albicans 

infection or C. albicans and S. aureus dual infection, we concluded that there might be 

signal transduction pathways specific to each infection condition. To determine these 

pathways, we used the Upstream Regulator Analysis component of the IPA program to 
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analyze our three infection conditions and identify activated and repressed pathways 

based on our differential gene expression data. Our analysis predicted the regulation of 

187 signal pathways changed upon C. albicans infection, with 121 predicted to be 

activated and 66 predicted to be repressed (Table 4.10). In contrast, 156 signal proteins 

were changed in the presence of C. albicans and S. aureus, with 105 predicted to be 

activated and 51 predicted to be repressed (Table 4.10; Figure 4.6). This approach was 

confirmed by the identification of several pathways previously known to be activated 

during C. albicans infection. For example, our analysis found the epithelial receptor 

EGFR was activated in both conditions (Figure 4.7A); this receptor serves as a possible 

mechanism for endocytosis for C. albicans during oropharyngeal candidiasis (319) and 

would be predicted to be active in both mono- and dual-species infections.  

We noticed that CSF1R was activated only in C. albicans mono-species infection, 

paralleling the functional enrichment analysis (Figure 4.7B). CSF1R is vital for 

macrophage differentiation and can also impact the resident macrophages in specific 

tissues (333), suggesting lack of activation during co-infection of C. albicans and S. 

aureus may hamper macrophage responses. Further exploration of activated signaling 

molecules showed that IL-17C and RORC, the transcription factor controlling Th17 

differentiation, were activated only in C. albicans infection (Figure 4.7C and D). Genes 

within these pathways, specifically defb3 and s100A9, encode for antimicrobial peptides 

that are needed to combat oropharyngeal candidiasis and promote clearance of S. aureus 

from the nose (324, 334). These results lead us to hypothesize that S. aureus suppresses 

the IL-17 response to prevent clearance and inadvertently assists C. albicans in invading 

the immune system. 



 

 158

 

Figure 4.6. Upstream regulator analysis can identify signaling pathways that differ 

amongst C. albicans mono-species infected tongues and C. albicans-S. aureus dual-

species infected tongues as well as shared signaling pathways. Heatmaps detail 

signaling pathways predicted to be activated or repressed based on differential gene 

expression in all experimental conditions. Genes in red indicate increased expression 

relative to uninfected controls while genes in blue indicate decreased expression relative 

to uninfected controls. Black represents no change in expression relative to uninfected 

controls. Data represented are activated z-score values relative to uninfected controls. 
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Figure 4.7. Upstream regulator analysis on C. albicans mono-species tongue 

infection compared to C. albicans and S. aureus dual-species tongue infection 

provides evidence that IL-17 signaling is dampened in the presence of S. aureus. 

Heatmaps detail genes expressed that is changed in the EGFR pathway (A), CSF1R 

pathway (B), IL-17C pathway (C), and RORC pathway (D). Orange arrow points to a 

well described defensin, β-defensin, that is needed against oropharyngeal candidiasis. 

Genes in red indicate increased expression relative to uninfected controls while genes in 

blue indicate decreased expression relative to uninfected controls. Black represents no 

change in expression relative to uninfected controls. Data are represented as log (base 2)-

fold changes relative to uninfected controls. 
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The role of IL-17A in host responses during oral co-infection  

 Because we noticed through upstream regulator analysis that C. albicans induced 

IL-17 signaling pathways appeared to be repressed by the presence of S. aureus, we 

hypothesized S. aureus might facilitate C. albicans dissemination from the tongue by 

dampening the IL-17 antimicrobial response. To test this, we used an IL-17A K/O mouse 

in the C57BL/6 background to further examine the importance of this cytokine. We 

repeated our mono-species and dual-species infections after immunosuppression of these 

knock-out mice and observed that compared to wild-type C57BL/6 mice, fungal burdens 

on tongues remained similar between mono-species and dual-species infected mice 

(Figure 4.1A and 4.8A). However, we no longer saw a difference in fungal 

dissemination to kidneys after deletion of IL-17A in these mice (Figure 4.8B). These 

mono-species infected mice also lost weight at a rapid pace, similar to our dual-species 

infected mice, suggesting increased systemic disease (Figure 4.8C). Histology on 

extracted tongue tissue from IL-17A K/O mice revealed similar levels of fungal invasion 

and tissue destruction in the epithelial layer (Red arrow, Figures 4.8D and E) as well as 

disruption of the underlying muscular layer (Black arrow, Figures 4.8D and E) in C. 

albicans mono-species infected mice.  
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Figure 4.8. IL-17A K/O mice are now susceptible to increased disseminated 

candidiasis and inflammatory reaction. CFU counts of tongue tissue (A) and kidney 

tissue (B) following administration of HBSS/Control (Hanks Balanced Salt Solution), CA 

(SC5314 Candida albicans alone), SA (Methicillin Resistant Staphylococcus aureus 

USA300) alone, or CA+SA to the oral cavity of IL-17A K/O male and female mice at 5 

days following C. albicans oral inoculation. Weight loss (C) of all mice comparing 

starting weight to weight taken before euthanizing animals. Tongues of mice infected 

with C. albicans and C. albicans with S. aureus were frozen, sectioned, and stained with 
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PAS (D) and H&E (E). Red arrows demonstrate invasive fungi and black arrows show 

inflammatory damage into the muscular layer.  

 

MALDI-MSI mapping of uninfected tongues, mono-species infected tongues, and 

dual-species infected tongues 

 Previous studies have explored MALDI-MSI to analyze systemic S. aureus 

infections (335) and C. albicans infections (336) separately, focusing on changes in 

protein expression. However, no research to date has examined both of these organisms 

together or the changes in host lipids, despite their importance in immunomodulation 

(337). We utilized the non-biased approach of MALDI-MSI to analyze lipid profiles of 

our four experimental conditions in our murine oral co-infection model. Whole tongues 

from uninfected, C. albicans infected, S. aureus infected, and C. albicans and S. aureus 

infected mice were removed at day 5 post-fungal infection and processed for MALDI-

MSI. For our initial attempt, we used duplicate sections from each condition and prepared 

these for lipid ion targeting in the positive ion mode using a NRM matrix. We chose to 

use this method to focus on inflammatory lipid mediators and their products produced in 

the different infection conditions. After processing mass spectra with the flexImaging 

program (Bruker Daltonics, Billerica, MA), we mapped 9 ion peaks across all 

experimental conditions (Figure 4.9). One of these ions (m/z 758.61) was concentrated 

specifically in the epithelial layers throughout all conditions and diminished slightly in C. 

albicans mono-species infection, completely fading in the dual-species infection (Figure 

4.9D, eighth row). Two ion peaks (m/z 683.46 and 711.39) were only detected in the 

muscular layers, but diminished only in the C. albicans mono-species infection despite 

histology showing heavy damage to this layer in the dual-species infected tissue (Figure 



 

 163

4.9B and D, bottom row). This suggests the presence of S. aureus on tongue tissue may 

be vital for these lipid signals to be maintained or propagated. Interestingly, the two 

lowest m/z peaks, 496.28 and 524.24 were spread throughout all scanned layers of the 

tongue and each signal was nearly abolished only in the dual-species infected tissue 

(Figure 4.9D, second and third rows). Both C. albicans mono-species infection and 

dual-species infection had very little signal detected at the m/z 734.60 peak, suggesting 

this lipid is closely associated with C. albicans infection in the murine host.  

 
 

 

Figure 4.9. Differentially mapped lipid signals of interest in extracted murine 

tongues. Tongues from uninfected (A), C. albicans infected (B), S. aureus infected (C), 

and C. albicans and S. aureus infected (D) were snap-frozen and coated in noraharmane 
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matrix prior to being targeted in positive mode. False color images represent relative 

abundant of each ion. After lipid targeting, NRM matrix was stripped and tissues were 

stained with H&E (bottom row).   

 

We used the Lipid Mass Structure Database (LIPID MAPS Consortium) to 

narrow down the lipid families associated to the mapped ion peaks (Table 4.11). The 

primary lipid categories represented in our data were glycerophospholipids, 

sphingolipids, and glycerolipids. We noticed that two ion peaks (m/z 524.24 and 758.61) 

shared the major lipid category sphingolipids and the main class of ceramides; previous 

studies have observed that these molecules with their long fatty acid chains are needed 

for outside-in-signaling that leads to changes in immune cells, such as macrophages and 

neutrophils (338). These ion peaks also overlapped with decreased signal in dual-species 

infected tissue, suggesting possible disruption in immune cell signaling through 

decreased lipid mediators (Figure 4.9D, third and eighth rows). In contrast, the two ion 

peaks (m/z 683.46 and 711.39) that showed strong signals in the tongue muscle layer 

during C. albicans and S. aureus co-infection had the same major lipid categories of 

glycerolipids and glycerophospholipids (Figure 4.9D, fourth and fifth rows; Table 

4.11). The main class of glycerolipids represented in these hits was diradylglycerols, 

which can serve to activate Protein kinase C and act as a source of prostaglandins, lipid 

inflammatory mediators (339). Since diradylglycerols are very short lived species, the 

decreased signal seen in the mono-species fungal infection may be due to this lipid source 

being consumed immediately. This provides further support that the dual-species 

interaction may dampen immune responses to promote bacterial and fungal 
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dissemination. The derived lipid identities combined with the location of each ion peak 

supports the usage of MALDI-MSI as robust method to determine lipid changes between 

infection conditions and where they take place. 

 

Table 4.11. Lipid categories from ion peaks of interest during control, C. albicans 

infected, S. aureus infected, and C. albicans and S. aureus infected tongues. 
Ion peak (m/z) Pronated Hits 

(H+) 

Lipid Category  (Main class) 

496.28 9 Glycerophospholipids (Glycerophosphocholines) 

524.24 13 Glycerophospholipids (Glycerophosphocholines) and 

Sphingolipids (Ceramides)  

683.46 22 Glycerolipids (Diradylglycerols) and Glycerophospholipids 

(Glycerophosphates) 

711.39 21 Glycerolipids (Diradylglycerols) and Glycerophospholipids 

(Glycerophosphates) 

734.60 58 Glycerophospholipids (Glycerophosphocholines, 

Glycerophosphoethanolamines, and Glycerophosphoserines)  

741.61 33 Glycerolipids (Triradylglycerols) and Glycerophospholipids 

(Glycerophosphoglycerols and Glycerophosphates)  

758.61 77 Glycerophospholipids (Glycerophosphocholines, 

Glycerophosphoethanolamines, and Glycerophosphoserines) 

and Sphingolipids (Ceramides and Neutral 

glycosphingolipids) 

806.63 52 Glycerophospholipids (Glycerophosphocholines, 

Glycerophosphoethanolamines, and Glycerophosphoserines) 

and Sphingolipids (Neutral glycosphingolipids) 

844.62 35 Glycerophospholipids (Glycerophosphocholines, 

Glycerophosphoethanolamines, and Glycerophosphoserines)  
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PART 4: Discussion 

In this study, we utilized two unique and unbiased ‘omics’ approaches to examine 

pathogen-host interactions during a polymicrobial infection. To date, this is not only the 

first transcriptomic analysis on bacteria, fungus, and host but also the first mass-

spectrometry imaging analysis on a polymicrobial infection in vivo. By employing a 

scraping method to remove any fungal or bacterial biofilms along with the upper layers of 

epithelial cells, we generated experimental conditions where all three players in 

pathogensis could be transcriptomically viewed without getting overwhelming host 

signal. We used network analysis of our mapped RNA reads to determine C. albicans-

activated signaling pathways in the murine host that appeared to be repressed by the 

presence of S. aureus. To complement our transcriptomic analysis, we performed 

MALDI-MSI on each of our experimental conditions in positive mode to directly 

visualize changes in lipid signals. Our approaches helped identify an overarching pattern 

that specific inflammatory pathways activated in C. albicans mono-species infection 

lacked such activation during co-infection with S. aureus. 

Transcriptomic analysis of C. albicans has been used to examine fungal responses 

in several niches, including vulvovaginal infection and hematogenously disseminated 

infection (257, 330). However, only one study has examined the oral cavity niche in vivo 

for oropharyngeal candidiasis and three studies have used time-matched negative controls 

with culture media in vitro (257, 324, 340, 341). Two of these previous studies, Park et 

al. and Wachtler et al., used different cell lines derived from human oral cancers, while 

Liu et al. used an oral mucosa keratinocyte line expressing telomerases but that still 

retained non-malignant growth patterns. Very little overlap between all three of these 
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studies was noted, likely related to the different cell lines used. This disagreement and 

usage of immortalized cells, while providing a simple experimental system, reinforces the 

need for in vivo analysis of oral candidiasis to give a more accurate picture of host 

responses. 

 Comparison of genes differentially expressed in C. albicans mono-species tongue 

infection to C. albicans-S. aureus dual-species tongue infection lead to only 3 genes 

being considered statistically significant and most likely to be free of false positives. 

Only 1 gene, ALS4, was upregulated in our analysis while ATX1 and TNA1 were 

downregulated (Table 4.4). We anticipated little transcriptomic change in C. albicans 

during the dual-species interaction as we witnessed similar results in our previous in vitro 

studies with co-culture of S. aureus and C. albicans. Liu and collegaues also noted the 

upregulation of ALS4 only during C. albicans infection of oral mucosa and not 

endothelial cells, supporting the specificity of our approach (257). The ALS4 gene 

encodes for a surface adhesin that has been observed during C. albicans infection of 

buccal mucosa and has increased expression during later stages of biofilm growth (342). 

Fungal samples collected from HIV-positive humans with oral candidiasis have shown 

expression of this adhesin as have rats with decreased salivary flow (343), suggesting this 

adhesin may play a role in promoting oral candidiasis in a variety of conditions.  

In contrast to C. albicans, S. aureus was very transcriptomically active during 

dual-species infection on tongue tissue. Paralleling our previous in vitro RNA-Seq 

studies, we noticed upregulation of the capsule operon but saw downregulation of 

ribosomal components and chaperones (Tables 4.6 and 4.7). Capsule modification is not 

unexpected during dual-species growth, as it also occurs in mono-species biofilms. 
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Beenken and colleagues performed microarrays on S. aureus in biofilms and planktonic 

phases, noting that capsule and cell well processes are upregulated when the bacteria 

enter into the biofilm mode of growth (344). However, the increase in transcripts 

associated to these genes may be due to in some part to C. albicans secretion of farnesol, 

which can damage S. aureus membranes (243). Specific signal pathways activated in S. 

aureus by low doses of farnesol, which would be seen in the oral cavity, are currently 

unknown, but may be associated with several of our genes listed as ‘conserved 

hypothetical protein’. Most functional descriptions of genes and associated proteins have 

been completed using mono-species models; due to the novel dual-species phenotype we 

are characterizing, it is possible these once unknown genes may serve the purpose of 

handling this environmental stress and change. Further exploration of the genes encoding 

hypothetical proteins in S. aureus may point to new targets in treating polymicrobial 

infections.  

We observed the agr quorum sensing system was downregulated in S. aureus 

during dual-species growth on the murine tongue, a finding we could not detect in our in 

vitro analysis (Table 4.8). This system contains two separate transcriptional units, with 

one containing a two-component regulatory system to sense neighboring bacteria, and the 

other controlling several enterotoxins, leukocidins, and alpha-toxin production (239). 

While not the only quorum sensing system in S. aureus, it is the most extensively studied 

and is linked to biofilm production and regulation of virulence factors. Activation of the 

agr system can cause transcriptional changes that lead to upregulation of alpha-toxin 

needed for staphylococcal pneumonia progression and promote vegetation formation on 

heart valves during infectious endocarditis (345, 346). However, repression of the agr 
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system leads to increased biofilm formation through lack of transcription of proteases 

(347). This advantage for biofilms can be seen through isolation of agr mutants in 

patients with persistent bacteremia and prosthetic implant infections (348, 349). In our 

model, it appears that co-culture with C. albicans leads to downregulation of the agr 

system in S. aureus, promoting biofilm formation with the fungus and bacteremia.   

We focused our analysis of the murine host response on differences between 

infection with C. albicans alone and C. albicans with S. aureus due to the low amount of 

differentially expressed genes in the S. aureus alone infection. Host physiological factors 

that were increased in C. albicans mono-species infection involved a variety of 

immunological regulation, particularly migration of innate immune cells to the site of 

infection (Figure 4.3 and 4.4). This is consistent with pathology seen during 

oropharyngeal candidiasis, which shows extensive epithelial damage and robust 

neutrophil/PMN and macrophage recruitment (7, 324, 350, 351). We did not expect to 

only find increased expression of genes for the Th1 axis in C. albicans mono-species 

infected mice (Figure 4.3D). This arm of the adaptive immune system has traditionally 

been associated with intracellular infection but after activation with IL-12, these cells 

produce IFN-γ to stimulate macrophages towards phagocytosis. Clinical trials have 

attempted to utilize this and support anti-fungal therapy by administering IFN-γ to 

patients with invasive candidiasis. One clinical trial reported increased immune responses 

through pro-inflammatory cytokines as well as increased responsiveness of IL-17 and IL-

22 cytokines to C. albicans, suggesting some IFN-γ production from the Th1 axis may 

support the Th17 axis to fight fungal infection (332). It is possible that lack of support 

from the Th1 axis during dual-species infection may lead to decreased macrophage 
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function; while expression reads for the IFN-γ receptor 1 pathway in C. albicans mono-

species infection did not exceed our 2-fold threshold, it is worthy to note dual-species 

infection did not activate or repress the receptor (Table 4.10).    

Lack of activation in the Th17 axis in the C. albicans and S. aureus infected mice 

of our dataset was quite surprising. We saw that the IL-17C pathway, which uses both IL-

17A and F receptors to generate antimicrobial peptides, was only activated only in C. 

albicans mono-species infection (Figure 4.6C; Figure 4.10). Genes within this pathway 

include beta-defesins, specifically defb3, whose expression was not induced in our dual-

species infected mice. Conti and colleagues recently published a study defining the 

importance of beta-defensin 3 produced by oral epithelial cells in the clearance of C. 

albicans infection. They saw that expression of defb3 was highly attenuated when IL-

17ra was removed from mice and a knock-out of defb3 permitted oral candidiasis in a 

similar fashion to an IL-17RA knock-out. They concluded that beta-defensin 3 produced 

through IL-17 signaling was required for protection against oropharyngeal candidiasis 

(324).  

 

Figure 4.10. Schematic of the IL-17C pathway derived from murine KEGG 

pathways. 
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Beta-defensins have also been implicated in reducing nasal colonization of S. 

aureus. Archer and colleagues used a murine model of S. aureus nasal colonization to 

examine the link between antimicrobial peptides and IL-17 in bacterial clearance. They 

saw in wild-type mice that beta-defensin 3, beta-defensin-14, and CRAMP (murine 

homolog of LL-37) were induced only in the presence of IL-17A and that an IL-17A 

knock-out abolished this expression. After infecting both wild-type and IL-17A K/O mice 

with S. aureus, only the wild-type mice that produced the antimicrobial peptides were 

able to clear infection (334). Since both organisms require IL-17 signaling for clearance, 

we hypothesized that S. aureus may downregulate IL-17 signaling during dual-species 

interaction to prevent immune detection, benefiting C. albicans. We deduced this may 

explain increased fungal dissemination during dual-species co-culture of the tongue 

(Figure 4.1B) and therefore, reasoned that removing IL-17 signaling would increase C. 

albicans recovered from kidneys. We used the same IL-17A K/O mice as Archer and 

colleagues and witnessed similar fungal recovery during mono-species C. albicans 

infection as C. albicans and S. aureus infection (Figure 4.8B), supporting the importance 

of IL-17 signaling in the murine host during infection of these organisms. 

Our mass spectrometry imaging represents a proof-of-concept study, where we 

were able to distinctly show changes in lipid profiles between uninfected, mono-species 

infected, and dual-species infected tongue tissue in the murine host. We noticed 

decreased signals in C. albicans infected tongues for m/z of 683.46 and 711.39 (Figure 

4.9). These signals were retained in the 3 remaining conditions, suggesting this alteration 

is specific to fungal infection. Lipid categories that were matched to these m/z included 
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glycerolipids, specifically diacylglycerols, and glycerophospholipids, in particular 

glycerophosphates (Table 4.11). Traditionally, diacylglycerols (DAG) are used in the 

protein kinase C pathway of mammals, but yeasts can use the Kennedy pathway to covert 

DAG into other phospholipids for its cell wall. This pathway can be bypassed in favor of 

the de novo synthesis pathway, which adds choline to DAG (CDP-DAG) and then further 

modifies this to create phosphoethanolamines and phosphocholines for cell wall repair 

(352). Cassilly and colleagues attempted to quantify amounts of CDP-DAG during C. 

albicans growth but could only detect extremely low levels, suggesting this precursor is 

rapidly turned over (353). C. albicans steals lipids, such as inositol derivatives, from its 

surroundings and deletion of transporter ITR1 prevents this import, attenuating the fungus 

in systemic candidiasis (354). It is possible we are witnessing lipid theft from the host in 

our model, which may be modulated depending on the presence or absence of S. aureus. 

Our transcriptomic analysis demonstrated activation of prostaglandins and eicosanoids 

only during C. albicans mono-species (Figure 4.5) possibly providing increased lipid 

availability to the invading fungus at the cost of immune activation. Further mass 

spectrometry to determine the exact lipids associated with each m/z will be undertaken to 

determine if lipid acquisition genes in C. albicans can be targeted in treatment regiments. 

In conclusion, this work provides the first transcriptomic analysis of a 

polymicrobial infection, including pathogens and host. We demonstrated that immune 

regulation differs between mono-species infection and dual-species infection with IL-17 

signaling being suppressed in co-culture. Our lipidomic analysis also showed differences 

specific to mono-species and dual-species infection. Specific ion peaks were detectable 

throughout the different layers of tongue tissue and could be associated with major 
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inflammatory lipid classes. Our datasets demonstrate the unique phenotype produced 

during polymicrobial infection and the need to examine the host response. Targeting IL-

17 signaling and inflammatory molecules that are suppressed in dual-species infection 

may provide novel treatment methods less prone to resistance and decrease disseminated 

disease. 
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CHAPTER V: Concluding remarks 

 

Polymicrobial biofilms can be defined as a community of organisms that attach to 

a surface and are encased in an exopolysaccharide matrix coating (247). These 

communities are heterogeneous, with some microbes towards the center of the biofilm 

having little metabolic activity and oxygen levels reaching to anaerobic levels (15, 355). 

Normal microbiota and environmental microbes can intermingle to create these biofilms, 

with the presence of some bacteria facilitating the growth and colonization of other 

species (194). Traditional classification of one microbe, one disease can no longer apply 

in the instances of many conditions, such as diabetic foot wounds, decubitis ulcers, cystic 

fibrosis, musculoskeletal infections following trauma, transepithelial medical devices, 

oral infections, and prosthetic joint infection (197, 269).  

 The concept of polymicrobial colonization being a major etiology of human 

infections is not novel; as far back as 1985, studies examining patient samples 

demonstrated the presence of multiple bacteria species within bone wounds, synovial 

fluid, and oral-maxillofacial implants (356, 357). However, characterization of 

pathogenesis mechanisms and impacts on the host immune system lags behind 

identification of the presence of polymicrobial communities. Therefore, the goals of this 

dissertation work were: (1) to characterize the phenomenon of antibiotic tolerance that is 

induced during co-culture of two clinically relevant pathogens, Candida albicans and 

Staphylococcus aureus, after application of standard antibiotic regimens, (2) to 

demonstrate host immune responses important in bacterial dissemination after oral co-
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infection, and (3) to identify and characterize the murine host transcriptome and lipidome 

after oral co-infection. 

 Co-culture of C. albicans and S. aureus in vitro induced multiple drug tolerances 

in S. aureus that did not require direct contact between both organisms. This tolerance 

was noted during vancomycin treatment, a front-line glycopeptide antibiotic for MRSA 

infections at clinically relevant levels and with three other antibiotics, erythromycin, 

chloramphenicol, and rifampicin. Deletion of ATP-dependent Clp protease clpP 

abolished vancomycin tolerance and while only speculative at this current time, we 

hypothesize that the downregulation of ribosomal and RNA polymerase components 

caused during dual-species biofilm growth attribute to other antibiotic tolerance. 

Application of low levels of farnesol, a sesquiterpene alcohol produced by C. albicans 

during yeast stages of growth, induced vancomycin tolerance in S. aureus without the 

need to add C. albicans. This interaction can have significant ramifications during 

treatment of patients with suspected polymicrobial infections and further expands upon 

the work originally started by Harriott and Noverr (53, 61).  

 As usage of antibiotics has increased throughout the years, bacteria have adapted 

to nearly every class of antibiotic tested. Genetic mutations and transfer of genes 

appeared only within a few years (<5) of worldwide application of streptomycin for 

treating tuberculosis, highlighting the incredible efficiency at which bacteria can develop 

resistance (358). While horizontal and vertical transfer of resistance genes are targeted 

continuously to prevent further developing resistance, phenotypical tolerance that occurs 

without mutations or change of genetic elements remains a challenge (359). These 

microbes are genetically susceptible to antibiotic treatment when removed from their 
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community but are slow growing within the biofilm and tolerant to several treatment 

options (360). Our results demonstrate how a community environment and uniquely, a 

dual-species environment, can induce changes in bacterial transcription to yield 

phenotypical antimicrobial tolerance. The importance of the ClpP protease has been 

explored in numerous bacteria and the introduction of ADEP antibiotics to target this 

protease in S. aureus has already been shown to reduce bacterial loads in vitro. This study 

also noted that clearance in their deep-seated tissue infection model could only be 

achieved by combining the AEDP antibiotic with another antibiotic, rifampicin (236). We 

purpose that combination therapy of an AEDP antibiotic and a front-line antibiotic, such 

as vancomycin, would be more effective in establishing clearance in dual-species 

infection. Antibiotic treatment failure of skin infections is associated more with MRSA 

infections and application of outpatient antibiotics did not change the chances of 

treatment failure (361, 362). Little research has examined if some of these treatment 

failures are associated with polymicrobial infections and in turn, phenotypical tolerance. 

It is possible polymicrobial infection with fungal species may contribute to antibiotic 

failure, but this remains to be thoroughly studied.   

 Arginine biosynthesis and catabolism was found to be dramatically upregulated 

during dual-species biofilm development but was not found to play a role in vancomycin 

tolerance (not discussed in Chapter 2).  The implications of this upregulation remains 

undetermined. We noted some decrease in antibiotic tolerance after mutation of arcR, a 

transcriptional regulator that controls the arginine deiminase (ADI) pathway for using 

arginine as an energy source when the surrounding environment is anaerobic. This 

pathway breaks down arginine into citrulline and ammonia to change media pH. Previous 
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studies have shown that S. aureus strains without arcR suffer to grow in anaerobic 

conditions when arginine is present. This regulator is a positive regulator of arginine 

catabolism and binds to multiple regulatory regions with Crp family binding sites 

upstream of genes that are needed to survive without oxygen, such as srrAB (233). C. 

albicans forms hyphae in the presence of arginine and this is repressed in the presence of 

ammonia (363). It is possible there is some competition for arginine during dual-species 

biofilm growth, specifically in the center of biofilm masses where oxygen is low. 

However, because S. aureus has a second copy of the ADI pathway, deriving a clear 

phenotype from one mutant may prove difficult (221). Thurlow and colleagues have 

determined that community-acquired MRSA strains with the second copy of the ADI 

pathway are capable of prolonging wound healing in murine infections (364). It would be 

interesting to see if deletion of one pathway during co-culture forced expression of the 

reciprocal pathway and if that lead to attenuation or intensification of tissue damage.  

 Studies detailing the immunological perspective behind polymicrobial infection 

are still few in number; some work has been done to examine the impact of bacterial-

fungal co-infection in peritonitis and has demonstrated that pro-inflammatory cytokines 

lead to massive neutrophil and macrophage influx, leading to septic-like disease (51, 

365). However, no work has been done to thoroughly examine how the immune system 

of the oral cavity impacts polymicrobial infection. Our study demonstrated that 

macrophages and neutrophils can phagocytosis, but not kill, S. aureus attached to C. 

albicans hyphae and then traverse to cervical lymph nodes before going to distant organs. 

This idea of the innate immune cell acting as a ‘Trojan horse’ is not novel; several 

bacteria take advantage of these cells to hide from the adaptive immune system, such as 
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Bacillus anthracis and Mycobacerium tuberculosis (296, 366). In the case of M. 

tuberculosis, variations in neutrophil signaling lead to longer living cells, which could not 

activate Fas-induced death through CD95, actually protected the bacteria from alveolar 

macrophages (367). While not specifically concerning gram-positive bacteria, this study 

does support our findings that dysfunction of the innate immune system can ultimately 

perpetuate disease. We did not specifically deplete neutrophils or macrophages, but 

removal of each cell type would determine if one phagocytic cell type is playing a larger 

role. We also did not address the role of dendritic cells, professional antigen-presenting 

cells that could act as a reservoir through frustrated phagocytosis. Manipulation of 

signaling pathways within these phagocytes to promote killing and robust respiratory 

burst may decrease systemic disease and promote clearance during polymicrobial 

infection. 

This dissertation describes the first successful transcriptomic analysis of a 

polymicrobial infection, yielding reads from bacterium, fungus, and murine host. Unlike 

previous studies, we used a scrapping method to extract off the top layers of biofilm and 

embedded host cells, which appears to have prevented overwhelming our samples with 

host. Our datasets revealed that IL-17 signal was only activated in the presence of C. 

albicans and the addition of S. aureus diminished this signaling. In the IL-17Csignal 

cascade, we noted no activation of beta-defensin 3 during dual-species infection. Recent 

research examining defensins in the oral cavity has concluded that treating epithelial cells 

with human β-defensin 2 prevents HIV viral entry (368, 369). Sun and colleagues 

extracted oral mucosa from HIV-positive and negative patients and stained for beta-

defensin presence, noticing sero-negative patients expressed higher levels of the 



 

 179

antimicrobial peptide (369). The importance of β-defensins in preventing C. albicans has 

also been observed in humans directly, as patients with oral cancer have decreased 

expression of β-defensin 2 and higher rates of oropharyngeal candidiasis. Meyer and 

colleagues demonstrated lack of β-defensin 2 during immunosuppression and that cells 

malignantly transformed no longer produce similar levels of defensins as healthy cells 

(370). Further studies examining application of exogenous antimicrobial peptides may 

provide an alterative treatment option to prevent oral co-infection of severely 

immunodeficient patients.  

We were able to show a remarked increase in fungal dissemination with the 

removal of IL-17A, however, these mice still needed corticosteroid injection to maintain 

their immunocompromised state. Using the IL-17RA K/O would eliminate the need for 

immunosuppression (7), but does not result in fungal dissemination similar to our model 

(33), suggesting that there may be a combination of downstream signaling events at play 

in our model. Testing the oral co-infection model in IL-17A/F double knock-out mice 

may provide better insight into the impact of antimicrobial peptides on the dual-species 

phenotype as IL-17F is still able to induce some protection in the IL-17A K/O. Conti and 

colleagues also saw that deletion of defb3, the gene encoding beta-defensin 3, alone was 

enough to support C. albicans colonization, however, the authors did not examine fungal 

dissemination from the oral cavity in their model (324). We hypothesize that oral 

infection of DEFB3 K/O mice with C. albicans and S. aureus will lead to increased 

fungal and staphylococcal dissemination  

 An additional component of this dissertation was to utilize a new and unbiased 

technology, MALDI-MSI, to map lipid profiles across mono-species and dual-species 
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infected tongue tissue. Our study was able to identify nine different ion peaks and at least 

two differential lipid signal patterns. However, this involved a single replicate and 

therefore requires further verification of m/z peaks through two more replicates with each 

experimental condition. Specific lipids associated to ion peaks can be determined with 

higher resolution instruments and future studies will be centered on utilizing these mass 

spectrometers to elucidate individual lipids. One downfall of our study was imaging only 

one tissue, the tongue, despite our model involving systemic infection. Imaging only 

tongue tissue will give lipidomic profiles specifically at the portal of entry; these profiles 

may not reflect the status throughout the host. The effects of oral health on systemic 

inflammation and lipid mediators focused largely on the outcomes of diabetes and 

chronic periodontitis in the past, but new evidence suggests controlling subgingival 

plaque lowers serum lipid levels (371). It would be interesting to image an 

immunocompromised mouse and compare this mouse to dual-species infected mice to 

see changes in host lipid profiles throughout the entire animal. It is not impossible to 

image a whole animal, as Attia and colleagues imaged mice after inducing acute S. 

aureus bacteremia to examine changes in protein expression and how abscess formation 

is altered during antibiotic treatment (335). 

 In summary, this work describes phenotypical tolerance induced by polymicrobial 

association under clinically relevant levels of vancomycin treatment, in S. aureus and C. 

albicans interaction mediated by S. aureus ClpP proteases. This also clarified that the 

environment that occurs in vitro during co-culture induces stress responses in S. aureus 

and causes downregulation in transcription and translation while maintaining a live 

bacterial-fungal biofilm structure. The latter portion of this work elucidates the impact of 
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the immune system in disseminated disease during polymicrobial infection, 

demonstrating that front-line innate immune cells facilitate staphylococcal bacteremia. It 

has also suggested in important link for the Th17 axis of immunity in polymicrobial 

infection and that lack of IL-17 signaling can increase disseminated infection. Further 

analysis of immune dysregulation caused by C. albicans-S. aureus dual species infections 

will provide new insight into how the host responses to a polymicrobial infection and 

disseminated disease. Importantly, this research highlights the need to take the dual-

species phenotype into consideration during treatment of human infections, to increase 

rapid detection methods for fungal infections, and consider fungal co-infection as a 

possible component during vaccine development.  
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CHAPTER VI: Supplemental Figure Descriptions 

 

Supplemental Videos from Chapter III 

 

Supplemental Figure S1. Elongation of C. albicans hyphae occurs while attached S. 

aureus remains stationary. Time lapse microscopy shows that once S. aureus (green) 

adhere to hyphae, they do not migrate (red circle). C. albicans hyphae continue to extend 

(red arrow) and are not impacted by the attachment of bacteria. Scale = 20 μm 

 

Supplemental Figure S2. S. aureus tightly adheres to C. albicans. S. aureus (green) 

placed under 2 dyes of flow are still able to attach to C. albicans via Als3p and remain 

attached. 

 

Supplemental Figure S3. Murine macrophages attach to C. albicans hyphae but 

engulf attached S. aureus intead. Time lapse microscopy demonstrates that 

macrophages target to C. albicans hyphae but cannot phagocyte them. Macrophages can 

be seen reaching out with pseudopodia and grabbing distant S. aureus (red circle). Scale 

= 20 μm 
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