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ABSTRACT 
 
Title of Dissertation: Clinical and Therapeutic Implications of Biofilm-associated 

Fungal-Bacterial Interactions: Candida albicans and Staphylococcus aureus 
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Associate Professor  
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Dentistry 

Department of Microbiology and Immunology, School of 
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Biofilm-associated polymicrobial infections, particularly those involving fungi 

and bacteria, are responsible for significant morbidity and mortality and tend to be 

challenging to treat. Candida albicans and Staphylococcus aureus are considered leading 

microbial pathogens primarily due to their ability to form biofilms on indwelling medical 

devices. However, the impact of mixed species biofilm growth on therapy remains 

largely understudied. Here, we demonstrate that in mixed biofilms, C. albicans confers S. 

aureus significantly enhanced tolerance to antimicrobials mediated by impairment of 

drug diffusion through the biofilm matrix composed of C. albicans secreted fungal cell 

wall polysaccharides. Further, we demonstrated a key role for the C. albicans secreted 

quorum sensing molecule farnesol in modulating S. aureus response to therapy via 



modulation of drug efflux pumps. Importantly, farnesol was also found to inhibit the 

production of the carotenoid pigment staphyloxanthin, an important virulence factor in S. 

aureus involved in protection against oxidative stress. The significance of this inhibition 

was established through demonstration of the enhanced susceptibility of the depigmented 

S. aureus cells to oxidants and macrophage phagocytic killing. Theoretical computational 

binding models indicated that the mechanism for pigment inhibition may be due to 

farnesol competitively inhibiting the binding of farnesyl diphosphate to CrtM, an 

essential enzyme in the biosynthesis of staphyloxanthin. To begin to explore the 

implications of this fungal-bacterial interactions in a host, we utilized a clinically relevant 

subcutaneous catheter mouse model where central venous catheter segments infected in 

vitro with S. aureus and C. albicans individually or in combination, are implanted 

subcutaneously in mice. Vancomycin treatment of mice with infected catheters 

demonstrated that where therapy significantly reduced S. aureus recovery from catheters 

in mice infected with S. aureus, in co-infected animals, vancomycin had no impact on S. 

aureus recovery, underscoring the therapeutic implications of mixed biofilm-associated 

infections. The combined findings from this work provide lacking mechanistic insights 

into interspecies interactions in biofilm with great clinical relevance. The understanding 

of the interspecies dynamics of signaling central to the persistence and antimicrobial 

resistance of polymicrobial infections will greatly aid in overcoming limitations of 

current therapies and in designing novel therapeutic strategies to target these complex 

infections. Therefore, future research should focus on designing animal model systems to 

study the role of secreted quorum sensing molecules in mediating these interactions in 

vivo, and the impact of these interactions on pathogenesis.  
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Chapter 1: Introduction and Scope of Dissertation 1 

 

Microbial Biofilms 

Biofilms are structured three dimensional communities of surface-associated 

microbial populations embedded in a matrix of extracellular polysaccharides proposed to 

provide a stable environment and protection for biofilm cells 1–4. The substrates to which 

microorganisms can adhere to can be biotic (e.g. another organism or living tissue) or 

abiotic (e.g. medical implants) 5. The avid adherence of microbial cells to their substrates 

allows them to colonize and adapt to the mechanical rigors typically encountered in the 

environment or host 2,5–7. 

Therefore, biofilms tend to be resilient structures, requiring significant physical or 

chemical disturbance for disruption 8,9. Importantly, as a discrete and contained microbial 

microcosm, the dynamics in a biofilm, such as growth regulation, nutrient acquisition, 

and environmental sensing are quite distinct. In fact, studies examining the 

transcriptomes of biofilm associated cells revealed dramatic changes in gene expression 

5,10,11. Strikingly, even within a biofilm, cells existing in the different layers exhibit 

differential gene expression; where cells on the exterior of the biofilm tend to be highly 

transcriptionally and metabolically active, those within the biofilm microenvironment are 

inactive and in a state of dormancy, likely due to lack of nutrients 5,12–14.   

!  
1 Adapted from: 

• Kong EF, Jabra-Rizk MA (2015). The Great Escape: Pathogen Versus Host. PLoS Pathogens. 
11(3): e1004661. doi: 10.1371/journal.ppat 1004661. PMID: 25764299. 

• Tsui C, Kong EF*, Jabra-Rizk MA (2016). Pathogenesis of Candida albicans Biofilm. 
Pathogens and Disease. 74(4). pii: ftw018. PMID: 26960943 (* first co-author). 

• Kong EF, Johnson JK, and Jabra-Rizk MA (2016). Community Associated Methicillin-
Resistant Staphylococcus aureus: An Enemy Amidst Us. PLoS Pathogens. 12(10): e1005837. 
doi: 10.1371/journal.ppat.1005837. PMID: 27711163. 
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 Quorum-sensing or cell-cell communication is an important feature of 

microbial biofilms. This process is mediated by secreted small chemical molecules that 

allow microbial species to sense and communicate with one another 15,16. In addition to 

communication, quorum-sensing molecules also play important roles in regulating 

functions such as growth, nutrient acquisition, adherence, and expression of virulence 

factors 17–22. Although quorum-sensing is not specific to biofilm cells, the close proximity 

of microbial populations within the biofilm environment, facilitates quorum-sensing 

processes 5,15,23.  

One major distinguishing feature of biofilms is the presence of an extracellular 

polymeric matrix composed of secreted proteins, carbohydrates and DNA 8,9. This matrix 

forms a mesh-like network, providing architecture and stability to the biofilm and 

facilitating adherence of the biofilm structure to the substrate. Significantly, high 

resistance to antimicrobials is a key characteristic of biofilm growth 2,24,25. Although the 

enhanced resistance in biofilms is multi-factorial, it has been highly associated with the 

presence of the polymeric matrix. In fact, several studies have linked the presence of the 

extracellular polysaccharide matrix to increase in antimicrobial resistance in vitro as well 

as in vivo during biofilm-associated infections 26–28. The exact mechanisms behind this 

phenomenon are not fully elucidated; however, recent studies have shown that the matrix 

can sequester antimicrobials and impede their diffusion into the biofilm interior where 

cells are embedded 8,14,26,27.  

Generally, antimicrobials act against metabolically active cells by targeting 

certain biochemical processes essential for cell viability. Therefore, the metabolically 

dormant cell phenotype known as “persistor cells” within the biofilm tend to exhibit 
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higher tolerance to antimicrobials, contributing to the resistance of biofilms 12,13. 

Significantly, although metabolically dormant, persistor cells can reactivate and re-

establish the biofilm, in turn ensuring the survival and persistence of the biofilm cell 

populations 14,29. Clinically, this evolutionary cell survival process may explicate why 

biofilm-associated infections tend to be chronic in nature, and refractory to therapy. 

 Cell “dispersal” is another important and final step in the biofilm 

development stages. Dispersal refers to detachment and release of biofilm cells, which 

may then establish a new biofilm 30. This process is of significant clinical relevance as 

cells that detach from an infected device in a host can disseminate and lead to systemic 

infections with high morbidity and mortality. Although the mechanisms and regulation 

behind biofilm dispersal are not well understood, it is hypothesized to be mediated in part, 

by quorum sensing molecules or physical forces acting on the biofilm exterior 14,31–34. 

Therefore, the impact of microbial biofilms on public health and therapeutic management 

has provided a strong impetus to understand the mechanisms of the enhanced tolerance of 

biofilm-associated infections to antimicrobial therapy 35.  

 

Candida albicans: An Opportunistic Pathogen 

Candida albicans is the most common fungal human pathogen causing a variety 

of diseases ranging from superficial mucosal to life-threatening systemic infections 36–38. 

This opportunistic pathogen is part of the commensal human micoflora that 

asymptomatically colonizes various niches in the human body where its proliferation is 

controlled by the bacterial flora and host immune defenses 39. However, under conditions 

of immune suppression or any disruption to the host environment, C. albicans can rapidly 
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transition into a pathogen 24,30. This evolved species is highly adapted to its human host 

and is capable of invading virtually any site from deep tissues and organs to superficial 

sites 40. More significantly, in addition to host tissue, C. albicans is adept at adhering and 

forming biofilms on a variety of implanted medical devices such as intravascular 

catheters. In fact, currently, Candida species are ranked by the Center for Disease Control 

as the third most commonly isolated bloodstream pathogens in hospitalized patients with 

a mortality rate of up to 50% 24,35,41.  

A number of properties and virulence factors possessed by C. albicans are known 

to promote its biofilm-forming ability and contribute to tissue damage and persistence 

within the host 42. First and foremost is morphological switching where C. albicans is 

able to switch morphology between a yeast and hyphal forms, a property that is central to 

its pathogenesis 37,43–45 (Figure 1A).  These distinct morphological states dictate the 

phases of colonization, growth and dissemination; the yeast form has been associated 

with both initial attachment and dissemination and is therefore responsible for systemic 

disease, whereas the invasive hyphae are responsible for mucosal infections, such as oral 

candidiasis 46. Hyphal morphogenesis can be triggered by a variety of factors such as 

temperature, serum, amino acid availability, pH level and CO2 levels. Interestingly, 

phagocytosis by host immune cells also induces a switch in morphology from yeast to 

hyphae, which elongate and eventually puncture the macrophage membrane, resulting in 

lysis and killing. This unique process allows ingested C. albicans cells to escape and 

evade killing by host phagocytic cells 47–49 

The ability of C. albicans to adhere to host surfaces is a prerequisite for 

colonization and persistence. Adherence of C. albicans to receptors on host tissues is  
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Figure 1. C. albicans morphogenesis and biofilm development. (A) Transmission 
electron micrograph of a germinating yeast cell. Germ tube can be seen as a filament, 
which continues to elongate forming a hypha. (B) A schematic illustrating the stages of C. 
albicans biofilm development: Adherence: yeast cells adhere to a substrate forming a 
yeast basal layer. Initiation: cells propagate and form germ tubes. Maturation: hyphae are 
formed and extracellular matrix accumulates. Dispersal: cells are released from the 
biofilm and are dispersed to seed new locations. (C) Confocal scanning laser microscopy 
of in vitro grown C. albicans biofilm; 48 hr biofilm stained with FUN1 (blue) vital fungal 
stain and the biofilm polysaccharide matrix stain Concanavalin A (ConA) (red). Images 
were obtained using a Zeiss 710 confocal microscope by LSM 5 Image Browser software 
at a resolution of 512x512 pixels, with an average of 8 images per line. A series of 
images at ≤1 µm intervals in the z-axis were acquired for the full depth of the biofilm.  
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mediated by cell surface adhesins, most notably the agglutinin-like sequences (ALS), a 

family of glycoproteins shown to be differentially regulated in biofilm cells 50,51. The 

ALS family is comprised of eight genes of which ALS3 is the most prominent as it is 

hyphal specific. Als3 has been implicated in the adherence of C. albicans to host tissue, 

as well as to bacterial species such as the pathogen Staphylococcus aureus 52–54. Similarly, 

the hyphal wall protein (Hwp1) is another major adhesin and deletion of either ALS3 or 

HWP1 resulted in attenuated virulence in animal models 55–57. In addition to adhesins, C. 

albicans also produces several extracellularly secreted enzymes such as lipases and 

esterases as well as hemolysins that are crucial for host tissue invasion and nutrient 

acquisition. These enzymes facilitate pathogenesis by aiding in the destruction of host 

tissues and immune factors and therefore are considered important virulence factors 58. 

Most notable are the secreted aspartyl proteinases (SAPs), a family of 10 proteinases with 

a certain degree of functional redundancy 59. These enzymes can directly induce damage 

to host cells, facilitate hyphal growth for invasion of tissue, increase adherence following 

exposure of receptor sites and degrade antibodies and other host defense proteins 51,60. 

Phospholipases are another group of secreted enzymes that contribute to the pathogenesis 

of C. albicans; most notable are the class B phospholipases (PLB), which act by 

disrupting host cell membranes. Accordingly, PLB1 and PLB5 deletions have been 

implicated in attenuation of systemic Candida infection 61,62. 

 

C. albicans Biofilms  

 C. albicans biofilm development was shown to occur in a series of sequential 

steps over a period of 24–48 hrs 24,63 (Figure 1B). The initial step consists of the adhesion 
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of yeast cells to the substrate forming a foundation of a basal yeast cell layer (adherence 

step) 11,30,35,64. This is followed by a phase of cell proliferation and hyphal formation 

(initiation step). The production of hyphae is a hallmark of the initiation of biofilm 

formation ensued by accumulation of an extracellular polysaccharide matrix as the 

biofilm matures (maturation step) (Figure 1C). In the last step, yeast cells are released 

from the biofilm into the surrounding where they can colonize other surfaces (dispersal 

step). Dispersion of biofilm-associated C. albicans cells carry great clinical significance 

as the released cells can disseminate and cause systemic disease 31,35. Alternatively, C. 

albicans biofilms may also undergo a massive detachment event, in which the entire 

biofilm can separate from the surface 33. Interestingly, the majority of the cells released 

from biofilms are yeast cells suggesting that the transition from yeast to hyphae that 

occurs during biofilm initiation may be reversed for dispersal. More intriguingly, studies 

also showed that the dispersed cells exhibit increased adherence, filamentation capacity 

and enhanced pathogenicity in animal models. Combined, these findings indicate that 

cells released during the dispersal step are uniquely equipped to seed new biofilms and 

sites of infection 30,31. Of note, genetic analysis indicated that both yeast cells and hyphae 

are critical for biofilm formation, suggesting that each cell type has unique roles in the 

process 65. Although in both in vitro and in vivo model systems the extracellular matrix 

material is bound to cells and is typically interspersed throughout the biofilm, biofilms 

from in vivo catheter infection models were shown to be more complex, with yeast and 

hyphae found to be commingled 30 (Figure 1B and C).  

As in all microbial biofilms the extracellular matrix is an important characteristic 

of C. albicans biofilms 35. In C. albicans, the biofilm matrix is largely composed of 
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secreted cell wall polysaccharides such as β-1,3-glucan, β-1,6-glucan, and mannans 66–69. 

However, in comparing the exact composition of biofilm matrix material with that 

produced by planktonic cells, considerable differences were seen in carbohydrate and 

protein content indicating that there are features specific to biofilm matrix material 66,70,71.  

New insights into the role of matrix in biofilm came from studies by Nett et al. 72 

where the cell walls of biofilm-associated cells were shown to be two times thicker and 

contained more carbohydrates and β-1,3-glucans than planktonic cells. Further, isolation 

of matrix material demonstrated the presence of β-1,3-glucans in the biofilm matrix, 

which was shown to increase over the course of biofilm maturation 67. Importantly, β-1,3-

glucans have been shown to contribute to azole resistance via specific drug binding 73. 

This process was largely attributed to the FKS1 gene, which encodes β-1,3-glucan 

synthase, and in part to a series of glucan transferases and exoglucanases which transport 

glucans into the extracellular space 72. Interestingly, mutations in these genes had no 

apparent deleterious effects on planktonic C. albicans cells indicating that this 

mechanism is specific to C. albicans biofilms 73. In addition to cell-wall components and 

similar to what has been described in bacterial biofilms, extracellular DNA was also 

shown to be a key component of the C. albicans biofilm matrix, contributing to biofilm 

structural integrity and maintenance 74. 

Quorum sensing also plays an essential role in C. albicans biofilms. Farnesol, a 

key intermediate in the sterol biosynthesis pathway of eukaryotic cells, is the best-studied 

fungal quorum-sensing molecule 16,24. In C. albicans, farnesol is increasingly produced 

and secreted extracellularly into the biofilm environment 75. Importantly, farnesol was 

shown to play a key role in fungal cell physiology, most notably inhibition of hyphal 
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formation 76,77. Therefore, by promoting yeast cell formation, farnesol may aid in biofilm 

dispersal 17,23,30. Interestingly, our previous studies demonstrated that at high 

concentrations, farnesol triggers a classical mammalian-like process of apoptosis in C. 

albicans as well as in human oral squamous carcinoma cells 78,79. In subsequent studies, 

we characterized the mechanism to involve oxidative stress and accumulation of 

intracellular ROS mediated by farnesol, ultimately resulting in cell death 80. Combined, 

these findings are intriguing as they paint a sophisticated role for farnesol in fungal 

biofilms, possibly involving altruistic cell death. 

 

Clinical Relevance of C. albicans Biofilms  

The vast majority of candidal infections are associated with biofilms formed on a 

variety of surfaces including host tissues and implanted biomaterials, such as catheters 

24,30,35,43,64 (Figure 1). Candida biofilms can form on mucosal tissue where it resides as 

part of the commensal microflora in the oral cavity, gastrointestinal and urogenital tracts 

39. Oral infections by C. albicans have been recognized throughout recorded history; 

however, since the 1980s a clear surge of interest in these infections occurred largely due 

to the escalation in HIV infection and the AIDS epidemic 51,81. In fact, to date, 

pseudomembranous candidiasis, commonly known as “oral thrush,” is the most common 

oral opportunistic infection in HIV+ and other immunocompromised individuals. This 

condition presents as creamy white lesions on the palate, buccal mucosa and tongue and 

may extend into the pharynx (oropharyngeal candidiasis) 81,82 (Figure 2). These 

distinctive plaques consisting of desquamated epithelial and immune cells, combined 

with yeast and hyphae can be removed by gentle scraping leaving behind an underlying  
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Figure 2. Oral candidiasis. Clinical manifestation of oral candidiasis in a human host 
characterized by white lesions formed on oral mucosal surfaces: (A) buccal mucosa (B) 
palate, and (C) gingiva. 
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erythematous surface. In addition to HIV+ individuals, oral candidiasis occurs in 35% of 

patients with cancer receiving chemotherapy and radiotherapy, patients with Sjogren’s 

syndrome, the elderly, infants, under conditions of malnutrition and local immune 

suppression. Further, patients with diabetes and other metabolic or hormonal disorders or 

those on antibiotics are also predisposed to candidiasis 51,83,84. Significantly, in severely 

immunocompromised patients, mucosal infections can lead to systemic disease, which is 

associated with high mortality.  

Although a member of the normal vaginal microbiota, C. albicans is the primary 

etiologic agent of vaginitis. It is estimated that 75% of all women of childbearing age will 

be afflicted by vulvovaginal candidiasis (VVC) at least once in their lifetime and 5%–8% 

of these women will suffer from recurring episodes, requiring continued antifungal 

therapy 85,86. Several properties of C. albicans have been proposed to play major roles in 

causing recurring VVC; notably, strains of C. albicans defective in hyphae formation 

display significantly reduced vaginitis symptomatology indicating a requirement for 

hyphae in the pathogenesis of disease 87. Further, estrogen production and microbiota 

disruption are also considered important contributors to the development of VVC. 

However, although Candida vaginitis was believed to result from defects in adaptive 

immunity, it is now established that an exuberant host innate immune response strongly 

promotes vaginitis symptomatology. The cognizance that polymorphonuclear leukocyte 

recruitment into the vagina stimulates acute inflammation highlighted the 

immunopathological response as a crucial element of vaginitis pathogenesis 86. Therefore, 

studies to identify therapeutic strategies to combat VVC are now also directed toward 

targeting the host immunopathogenic response 88. 
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The most serious diseases caused by C. albicans are those associated with biofilm 

formation on implanted medical devices such as intravascular catheters, which have 

become an essential component of patient care 44. It is estimated that more than 45 

million medical devices are implanted every year in the United States and infection of 

these devices occurs in up to 60% of patients, with Candida species being responsible for 

up to 20% of these infections 51. The growing usage and need for implanted medical 

devices and central venous catheters in managing patient care is an important reason why 

the incidence of Candida infections has steadily increased. Catheter-associated infections 

typically arise from biofilms formed on the surfaces of catheters forming a niche where 

cells are protected from both the host immune system and antimicrobial therapies. 

Candida biofilms formed on prosthesis are a major predisposing factor to chronic 

candidiasis and successful therapy of these foreign-body infections can be a therapeutic 

challenge, requiring device removal in most instances 24. Further, in addition to urinary 

tract infections in catheterized patients, candidal biofilms on hemodialysis and peritoneal 

dialysis catheters are a common occurrence and are associated with an infection rate of 

up to 20% in patients undergoing treatment 24,51,89. Most significantly, however, biofilms 

formed on prosthetic heart valves, pacemakers, replacement joints, central nervous 

system shunts and vascular catheters are the most serious. Overall, device-associated 

Candida infections have mortality rates as high as 30% and the annual cost of antifungal 

therapies in the United States alone is estimated at $2.6 billion 51. 

Perhaps the most prevalent biofilm-associated candidal infection in healthy 

individuals is Candida-associated denture stomatitis, which occurs in up to 70% of 

denture wearers. Denture stomatitis is a chronic disease characterized by localized or 
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generalized inflammation of the denture-bearing mucosa. Candida albicans readily 

adhere to the polymethylacrylate material of dentures and exploit micro fissures and 

cracks within the material to facilitate retention 90,91. Therefore, infection stems from the 

adherence of C. albicans to the denture followed by hyphal infiltration of the denture-

associated palatal tissue 51,88. This is particularly exacerbated in situations where there is 

an ill-fitting denture and frictional irritation that can damage the normally protective 

mucosal barrier, allowing infiltration of Candida into the tissue 51,88. Further, the 

continuous seeding of biofilm-associated organisms from the denture is postulated to 

induce a chronic immune response resulting in inflammation of the oral tissue. 

Importantly, despite antifungal therapy, this infection is often re-established soon after 

treatment ceases and therefore tends to be chronic 88.  

 

Animal Models of Biofilm-Associated Candida Infections  

Experimental animal models are crucial for understanding candidal pathogenesis 

and for developing new therapeutic approaches, particularly in light of the increase in the 

rise in drug resistance. The rodent is ideal for studying candidiasis due to the 

demonstrated similarity to the human disease process and host immune responses. For 

oral candidiasis, a mouse model is the most commonly used as it is relatively simple and 

results in a reproducible level of infection and similar histopathology to candidiasis in 

humans 92 (Figure 3). Therefore, this model has been widely used for investigating host 

immune mechanisms against candidiasis, Candida virulence factors and efficacy of 

vaccines and antifungal agents. However, due to its small size, the mouse model is not 

feasible for studying Candida-associated denture stomatitis and therefore, a rat acrylic  
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Figure 3. Mouse model of oral candidiasis. (A) Four days post sublingual infection 
with C. albicans, mice develop oral candidiasis characterized by white plaques covering 
the tongue and other oral surfaces (B) Histopathology of tongue tissue from mouse with 
oral candidiasis demonstrating extensive penetration of epithelial tissue by the invasive C. 
albicans hyphae. 
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denture model that recapitulates features of denture stomatitis was developed to study this 

condition in vivo 93,94. In this model, a denture device is implanted on the rat palate and 

following inoculation with C. albicans biofilm development is monitored over time using 

microbiological and microscopical analysis. The advantage of this model is that it allows 

for longitudinal studies and can be used to assess pathogenesis of mutant strains and for 

designing effective therapeutic strategies. For the study of vaginitis, a well-established 

estrogen-dependent mouse model is available 95. Despite the fact that, unlike humans, 

laboratory rodents do not naturally harbor C. albicans as commensals, the experimental 

infection closely parallels the human infection and findings from the animal model are 

translatable to the human host. Therefore, the mouse model of vaginitis has been an 

indispensible tool for dissecting disease pathogenesis, the host immuno-pathological 

response and drug efficacy.  

Several animal models have been developed to study biofilm-associated catheter 

infections. In 2004, Andes et al. 6 developed a central venous catheter (CVC) model, 

where biofilms were allowed to form on catheters implanted in the central venous system 

of rats. This model allowed for in vivo characterization of biofilm development, gene 

expression studies and for evaluating antifungal therapy 6,88. More recently, a similar 

CVC model was developed in mice and used to examine the efficacy of caspofungin to 

treat CVC-associated candidiasis 88,96. In addition, two rabbit models of catheter-

associated C. albicans biofilm infection were used to demonstrate the potential of 

antifungal lock therapy as a therapeutic strategy for catheter infections. Using surgically 

placed silicone catheters in rabbits, Schinabeck et al. 97 demonstrated the effectiveness of 

liposomal amphotericin B against biofilm infections. Similarly, in evaluating systemic 
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and catheter intraluminal lock therapy with amphotericin B deoxycholate and 

caspofungin using a CVC rabbit model, Shuford et al. 98 demonstrated the efficacy of 

caspofungin for the treatment of C. albicans biofilm-associated intravascular catheter 

infections. The combined findings from these studies are of important clinical relevance 

as they demonstrated the potential of antifungal lock therapy as a strategy for the 

successful salvage of catheters infected with C. albicans biofilms 88. Although the benefit 

of the CVC models is that they take into account the host immune system and other host-

related factors, they are limited in that they are technically demanding, highly invasive, 

and of low throughput.  

 However, several models of subcutaneous catheter C. albicans biofilm 

infections have been developed, both in rats and mice which are more feasible for use 

63,99–104. In these models, segments of in vitro infected polyurethane catheters are 

implanted subcutaneously into the dorsum of either rats or mice. These models have the 

distinct advantage of overcoming the low throughput limitations of the CVC model, as 

they allow multiple catheters to be implanted in each animal. Importantly, the process is 

minimally invasive while retaining the clinical relevance of an in vivo system. These 

subcutaneous implant models were successfully used to screen for antimicrobial efficacy 

and gene expression profiling, indicating their utility and suitability for investigating C. 

albicans biofilms 99,101–104. Significantly, genetically engineered bioluminescent strains of 

C. albicans were used in the subcutaneous catheter model allowing for real-time 

monitoring of biofilm development and assessment of efficacy of antifungal therapy 

100,104,105. However, the applicability of these models for the study of polymicrobial 

biofilm infections has not been evaluated.  
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Staphylococcus aureus  

S. aureus is a major human bacterial pathogen that causes a wide variety of diseases, 

ranging from superficial skin and soft tissue infections to life-threatening conditions such 

as endocarditis, osteomyelitis, toxic shock syndrome (TSS). Similar to Candida 

infections, staphylococcal infections are often associated with biofilm formation on 

indwelling medical devices 106,107. The asymptomatic carriage of S. aureus by humans is 

the primary natural reservoir, with the anterior nasal mucosa being the main ecological 

niche 108. Colonization provides a reservoir from which the bacteria can be introduced 

when host defenses are breached, and therefore, colonization increases the risk for 

subsequent infection 109. Importantly, in addition to humans and domestic animals, 

livestock and fomites may also serve as adjunctive reservoirs, giving this bacterial 

pathogen dramatic relevance in veterinary medicine 110,111.  

The virulence of S. aureus is multifactorial due to an impressive arsenal of 

virulence factors that facilitate tissue adhesion, immune evasion, and host cell injury 109. 

These virulence determinants involve both structural factors, such as surface adhesins 

that mediate adherence to host tissues, and secreted factors, such as enzymes, which 

convert host tissue into nutrients (Figure 4). However, of more significance is the 

secretion of a variety of pyrogenic toxins known as superantigens; most notable are the 

Panton–Valentine leukocidin (PVL) and toxic shock syndrome toxin-1 (TSST-1) 112,113.  

Importantly, the success of S. aureus as a pathogen has been attributed to the 

various measures it utilizes to protect itself from the host’s immune system. Among these 

strategies are the production of complement inhibitory molecules, antibody-binding  
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Figure 4. Staphylococcus aureus cell structure and pathogenic factors. 
Staphylococcus aureus has a complex cell wall structure composed of a thick 
peptidoglycan layer and polysaccharide capsule. In addition, S. aureus possesses an 
elaborate arsenal of structural and secreted virulence factors involved in toxin production, 
adherence to and invasion of host tissue, and immune evasion. 
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proteins, cytolytic peptides, pore-forming toxins, and most notably, production of 

polysaccharide capsules, which protect against phagocytosis 107,110,114–116. Further, the 

species signature gene spa, which encodes protein A, also contributes to the prevention of 

opsonization and subsequent phagocytosis by binding to and neutralizing activity of the 

Fc region of immunoglobulin G (IgG). In addition, S. aureus also initiates a 

proinflammatory cascade in the airway by activating tumor necrosis factor receptor 1 

(TNFR1) and B cells in concert with other ligands. Yet, despite what is known about the 

expansive armament available to this important bacterial pathogen, the role of the various 

virulence factors in the development of staphylococcal infections remains poorly 

understood. 

 

Methicillin-resistant Staphylococcus aureus  

Methicillin-resistant Staphylococcus aureus (MRSA), or multidrug-resistant S. 

aureus, first reported in the early 1960s in the United Kingdom, are strains of S. aureus 

that through the process of natural selection developed resistance to all available 

penicillins and other β-lactam antimicrobial drugs 117. Although the evolution of such 

resistance does not cause the organism to be more intrinsically virulent, resistance does 

make MRSA infections more difficult to treat and thus more dangerous, particularly in 

hospitalized patients and those with weakened immune systems 118. MRSA can be spread 

from one person to another through casual contact or through contaminated objects, and a 

strain acquired in a hospital or health care setting is called health care–associated 

methicillin-resistant S. aureus (HA-MRSA) 118. In fact, MRSA has become an important 

cause of nosocomial infections worldwide and is currently the most commonly identified 



!20!

antibiotic-resistant pathogen in United States hospitals 106,119,120.  

However, although MRSA has been entrenched in hospital settings for several 

decades, it has undergone rapid evolutionary changes and epidemiologic expansion, 

spreading beyond the confines of health care facilities, where it is emerging anew as a 

dominant pathogen known as community associated-MRSA (CA-MRSA) 121. The rapid 

dissemination of CA-MRSA strains among general populations in diverse communities 

has resulted in increasing reports of outbreaks worldwide 117. In fact, in some regions, 

CA-MRSA isolates account for 75% of community-associated S. aureus infections in 

children, creating a public health crisis in the US 117,122.  

In 1999, following a report describing four pediatric fatalities in the mid-western 

US, CA-MRSA was recognized as a distinct clinical entity. Prior to that time, CA-MRSA 

cases were associated with intravenous drug users in Detroit, Michigan, and aboriginal 

populations in Western Australia. Beginning in 2000, CA-MRSA lineages were reported 

from numerous countries, with some lineages exhibiting restricted geographic ranges and 

others characterized by international epidemicity 117,123. In 2000, the CDC created a case 

definition for MRSA infections occurring among healthy people in the community: any 

infection diagnosed in patients lacking health care–associated MRSA risk factors such as 

hospitalization, hemodialysis, surgery, presence of indwelling catheters, and other 

medical devices 117.  

Infections with CA-MRSA typically occur in previously healthy individuals who 

likely have cuts or wounds and are in close contact with one another; therefore, outbreaks 

are characteristically reported in prisons, daycare centers, athletic teams, and schools 

118,124. In fact, CA-MRSA infections tend to occur in younger patients and are 



!21!

predominantly associated with skin and soft tissue infections and TSS. However, severe, 

life-threatening cases linked to several clinical syndromes, such as necrotizing 

pneumonia and necrotizing fasciitis, have been reported 122. In contrast, HA-MRSA 

strains have been isolated largely from people who are exposed to the health care setting, 

where the patients are older and have one or more co-morbid conditions, and these strains 

tend to cause pneumonia, bacteremia, and invasive infections. Although by definition, 

both CA-MRSA and HA-MRSA are resistant to all β-lactam antibiotics, important 

differences exist in epidemiology, microbiologic characteristics, clinical syndromes, and 

anti-microbial susceptibility patterns, indicating that these so-called “community-

associated MRSA” have evolved independently of hospital MRSA 122.  

 

CA-MRSA Is Distinct from HA-MRSA Both Genetically and Phenotypically  

CA-MRSA strains are now recognized as distinct clonal entities that differ from 

the traditional MRSA strains. In addition to the differences in epidemiological features, 

distinct clinical syndromes and antibiotic susceptibilities, the terms CA-MRSA and HA-

MRSA have been used to call attention to genotypic differences 117. Although the 

molecular determinants underlying the pathogenic success of CA-MRSA are not 

understood, studies have shown that the epidemic of CA-MRSA is caused by an 

extraordinarily infectious strain named USA300 (ST-8) (Figure 5) 108. This strain, which 

originated in the community and is not related to strains from health care settings, is 

characterized by a phenotype of high virulence that is clearly distinct from other MRSA 

strains 124. However, while USA300 in Europe was the first clone to be recognized, it is 

now clear that other clones with similar pathogenic properties dominate CA-MRSA  
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Figure 5. A false-colored transmission electron micrograph of USA300 strain 
Staphylococcus aureus cell. 
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isolates in other parts of the world 120,124.  

CA-MRSA infections have mostly been associated with staphylococcal strains 

bearing the staphylococcal cassette chromosome mec type IV element and PVL genes. 

Methicillin resistance, signifying resistance to all β-lactam antibiotics, is mediated by the 

mecA gene encoding penicillin-binding protein 2a (PBP2a), which differs from other 

penicillin-binding proteins in that its active site does not bind methicillin or other β-

lactam antibiotics 118. Once acquired, the mecA gene is integrated into S. aureus 

chromosome and is thereafter contained within a genetic island called the Staphylococcal 

Cassette Chromosome mec (SCCmec). Although the presence of the SCCmec is common 

to nearly all MRSA strains, specific differences in the genetic island differentiate CA-

MRSA from HA-MRSA. Whereas HA-MRSA strains carry a relatively large SCCmec, 

defined as types I–III, and are often resistant to many classes of non–β-lactam 

antimicrobials, CA-MRSA isolates carry smaller SCCmec elements, most commonly 

SCCmec type IV or type V. Further, CA-MRSA tend to be susceptible to narrow-

spectrum non–β-lactams such as clindamycin, trimethoprim-sulfamethoxazole (TMP-

SMX), and tetracyclines 117,125.  

Another distinguishing genetic feature of CA-MRSA is that a high percentage of 

strains carry genes for PVL, which is largely absent from HA-MRSA strains. This 

exotoxin functions as a two-component pore-forming protein, encoded by the lukF-PV 

and lukS-PV genes, and acts as a leukocidin that can lyse the cell membranes of human 

neutrophils 115,118,122. Therefore, PVL is hypothesized to be responsible for the enhanced 

pathogenicity of CA-MRSA strains. The first clinical isolate known to carry the PVL 

genes in the CA-MRSA era was reported in 2003, and approximately 60% to 100% of 

CA-MRSA strains have been shown to carry these genes, which can spread from strain to 
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strain by bacteriophages 117. However, although PVL has been closely linked to 

infections caused by CA-MRSA strains and shown to be instrumental in producing 

necrotic skin lesions and necrotizing pneumonia, it is not known with certainty how this 

toxin contributes to their fitness and/or virulence.  

Although it has been speculated that determinants such as PVL encoded on 

mobile genetic elements (MGEs) have a predominant impact on virulence, recent reports 

seem to imply that the contribution of these MGEs to CA-MRSA virulence may be 

comparatively minor. In fact, based on genome comparisons and epidemiological data, 

findings from one study indicated that high expression of core genome-encoded virulence 

determinants—such as the global virulence and quorum-sensing regulator agr—rather 

than the acquisition of additional virulence genes, may have a more profound impact on 

the evolution of virulence 124. However, PVL was proposed to have an important role in 

defining the virulence gene expression pattern, which results in the increased virulence 

potential 124.  

 

Treatment, Prevention, and Future Perspectives  

Treatment options for CA-MRSA include incision and drainage, oral or parenteral 

antibiotics, and topical therapy. However, there are relatively few antibiotic agents 

available to treat MRSA, as the worldwide spread of multidrug-resistant clones during 

the past several decades has severely limited treatment options 125. The glycopeptide 

antibiotic vancomycin is one of the few antibiotics that remains effective against MRSA 

25. However, with the antibiotic pressure exerted by the increasing use of vancomycin to 

treat MRSA infections, in 2002, the first clinical isolate with high-level vancomycin 
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resistance, vancomycin-resistant S. aureus (VRSA), was reported in the US 126. However, 

these strains are rare and there is little evidence for increasing frequency. The VRSA 

strains carry transposon Tn1546, acquired from vancomycin-resistant Enterococcus 

faecalis, which is known to alter cell wall structure and metabolism 25. Therefore, clinical 

reliance on vancomycin may no longer be possible 117. The emergence of vancomycin-

intermediate Staphylococcus aureus (VISA), which were first identified in 1996 and have 

since been detected globally, has further compounded the therapeutic challenges. 

Although the resistance mechanism of these strains with reduced susceptibility to 

vancomycin is not fully clear, it was predominately associated with cell wall thickening 

and vancomycin binding, thereby restricting access of the drug to its site of activity 127,128. 

Clindamycin is an excellent oral option for the treatment of CA-MRSA, as in addition to 

its efficacy it also has the benefit of inhibiting toxin production and therefore, has a 

theoretical benefit in patients with toxic shock or other toxin-mediated complications 125. 

The limitations of the available agents combined with the slow rate of development of 

new antibiotic classes have raised the notional possibility of untreatable multidrug-

resistant S. aureus infections 117. Therefore, continuous efforts should be made to prevent 

the spread and the emergence of resistance by early detection of resistant strains 129.  

 Often, outbreaks of CA-MRSA have been in populations in which close 

contact appears to be the common characteristic. Although data on the effectiveness of 

strategies to prevent new and recurrent CA-MRSA infections are currently limited, 

hygiene, environmental cleaning, and proper wound care are essential components to 

infection control 118. However, attempts to contain MRSA using current infection control 

based in health care facilities are unlikely to succeed without a similar effort to control 
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spread in the community. Until these studies are conducted, health care practitioners will 

need to extrapolate from infection control guidelines for controlling MRSA within the 

hospital.  

The increasing burden of CA-MRSA underscores the need to find innovative 

therapeutics for MRSA disease. Although CA-MRSA isolates are typically susceptible to 

many non–β-lactam antibiotics, there is recent emergence of multidrug-resistant CA-

MRSA, thus confounding the current serious public health problem 124. An effective 

multicomponent vaccine may be the only effective long-term solution against the spread 

of CA-MRSA 115. The role of capsules as an important immune evasion mechanism 

supports the inclusion of capsular polysaccharides in the formulation of prophylactic 

vaccines 116. Further, secreted products, such as the staphylococcal protein A (SpA), may 

also be exploited for the development of vaccines and therapeutics 114. Thus, 

comprehensive understanding of the pathogen’s ability to manipulate the host immune 

response is crucial for the development of efficacious vaccines against CA-MRSA 107,110.  

CA-MRSA infections have become commonplace, and their worldwide 

emergence in healthy individuals represents an ominous threat. Ironically, CA-MRSA 

strains are now being introduced from their site of origin in the community into the 

hospital, reversing the epidemiologic cycle. In fact, in some hospitals, CA-MRSA are 

displacing classic health care–associated strains of S. aureus, supporting the hypothesis 

that CA-MRSA may be more fit 130. Mathematical modeling demonstrates difficulty in 

the epidemiologic control of CA-MRSA in the face of its increased prevalence in the 

community and the increasingly daunting tasks for infection control programs. There is 

an acute need to reduce the global burden of infections, and therefore, as the definitions 
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of a “community-associated” infection continue to evolve, it is imperative that studies are 

directed toward examining effective prevention and outbreak control strategies. 

Importantly, increased vigilance in the diagnosis and management of suspected and 

confirmed staphylococcal infections is warranted 122.  

 

S. aureus Biofilms 

S. aureus is an efficient biofilm former and has been implicated in a variety of 

infections, such as osteomyelitis, endocarditis, open-wounds, and ocular infections 

(Figure 6) 131. However, S. aureus biofilms can also form biofilms on abiotic surfaces, 

particularly on indwelling medical devices and implants 3,14,131. As a ubiquitous human 

commensal, S. aureus biofilms are particularly problematic in a medical setting where 

deep tissues frequently become exposed and medical devices often breach normal tissue 

barriers 113,131.  

Gene regulation in S. aureus biofilms is complex and involves the activity of 

several major global regulators. Most notably is sarA which has been shown to positively 

regulate S. aureus biofilms as sarA deletion mutants are deficient in biofilm formation 

132–135. In contrast, agr, another major regulator, does not appear to be essential for 

biofilm formation 22,133. However, there is evidence that agr might still be involved in the 

regulation of adhesins and cell wall adherence factors, components crucial for early 

biofilm development 21,32. Interestingly, sigmaB factor was found to be necessary for the 

formation of biofilms in some strains, but not others, possibly by modulating the activity 

of the agr circuit 134,136,137.  
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Figure 6. Scanning electron micrograph of a 48 hour S. aureus biofilm grown in 
vitro.  
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The extracellular matrix of S. aureus is primarily composed of secreted 

extracellular DNA (eDNA) and polysaccharide intercellular adhesin (PIA) 14,138. The 

formation of the eDNA matrix appears to be necessary for early biofilm development, as 

early DNase treatment profoundly impairs biofilm formation. The generation of the 

eDNA matrix is facilitated by autolysis of a subset of initial biofilm cells, regulated by 

the cidABC and lrgAB operons 139,140. Studies have shown that the deposition of the 

eDNA matrix ultimately determines the specific micro-niches within the biofilm, 

establishing the inner hypoxic layers and the outer metabolically active layers 14,140. 

Additionally, the matrix of S. aureus biofilms is also composed of a variety of proteins, 

mostly cell wall associated factors, such as Protein A, Fibronectin Binding Protein, and 

Clumping Factor B 14,131. As with most microbial biofilms, S. aureus biofilms are 

refractory to antimicrobial therapy. Most often, treatments of biofilm-associated 

infections involve replacement of the infected device or surgical removal of the infected, 

coupled with administration of antimicrobial therapy 14,129. The successful treatment of S. 

aureus biofilms can also be confounded by the inherent resistance of its comprising cells, 

such as with MRSA strains 123,129,141.  

 

Fungal-Bacterial Interactions: C. albicans and S. aureus Biofilms 

Polymicrobial infections are responsible for significant morbidity and mortality 

16,142. Specifically, those associated with biofilm-formation tend to be refractory to 

therapy, significantly increasing healthcare costs 143,144. The various emergent properties 

of biofilms acting in concert contribute to the enhanced pathogenesis and resistance of 

biofilm-associated infections, which may be further amplified by synergistic inter-species 
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interactions within polymicrobial biofilms 5,43,145,146. In fact, studies have established that 

polymicrobial biofilms are particularly resistant to antimicrobials potentially stemming 

from mechanisms of cross protection. However, the nature and mechanisms of these 

polymicrobial interactions remain unclear 30,142,147–149. Therefore, understanding the 

physical and molecular inter-species interactions will greatly aid in designing novel 

therapeutic strategies targeting these complex mixed biofilm infections 147,150–152. 

The environment in a biofilm can be altered by the presence of co-infecting 

microorganisms where polymicrobial interactions can result in augmented pathogenesis. 

Specifically, the presence of one microorganism may predispose the host to colonization 

by others. Therefore the dynamics of interactions in a biofilm are complex, particularly 

when they involve diverse organisms such as fungi and bacteria. In the case of Candida,  

over 20% of Candida bloodstream infections were shown to be polymicrobial with the 

bacterial species Staphylococcus aureus being the most frequently co-isolated 142,148. 

Hence, our studies focused on the characterization of mixed C. albicans and S. aureus 

biofilms in vitro and in vivo. Although S. aureus is a poor former of monoculture 

biofilms, our studies demonstrated that in combination, C. albicans and S. aureus form a 

dense and architecturally complex biofilm with S. aureus exhibiting high affinity to the C. 

albicans hyphae (Figure 7) 16,54,149,153. Further, we identified the C. albicans hyphal-

specific adhesin Als3p to be a receptor for S. aureus adherence to the hyphae 54. 

Significantly, our recent in vivo studies demonstrated a grave clinical implication to this 

interaction where using a mouse model of oral co-colonization, the onset of oral 

candidiasis resulted in systemic staphylococcal infection, despite the massive influx of 

host immune cells to site of infection 154. Similar to the in vitro findings, in this model,  
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Figure 7. Scanning electron micrograph of a mixed C. albicans-S. aureus biofilm 
grown in vitro on hydroxyapatite discs demonstrating the high affinity of S. aureus 
cells to the C. albicans hyphae. 
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Als3p was found to be crucial during the early stages of co-colonization of the oral 

cavity. However, findings from our subsequent work demonstrated that staphylococcal 

disease is not contingent upon Als3p once C. albicans colonization and infection are 

established (Figure 8) 154,155. Similar to in vitro observations, microscopic analysis of 

tongues from infected mice revealed dense C. albicans-S. aureus biofilms formed on the 

surface of tongues. Notably, S. aureus was seen in the deeper tissues adhering to the 

invasive C. albicans hyphae, indicating a mechanism for disseminated bacterial infection 

(Figure 9 and 10).  

Importantly, fluconazole treatment was successful in preventing both the 

development of oral candidiasis and in turn, bacterial dissemination in the co-infection 

155. Similarly and as expected, vancomycin also prevented bacterial dissemination in the 

co-infected mice with oral candidiasis; interestingly however, although vancomycin 

eradicated S. aureus from the oral tissue in mice colonized only with S. aureus, 

vancomycin failed to eradicate the bacteria from the mice co-infected with C. albicans 

(Figure 11). Combined, these findings strongly indicate that in immunocompromised 

patients, oral candidiasis may predispose the host to systemic bacterial infection. Further, 

the formation of a polymicrobial biofilm on host tissue may also compromise the efficacy 

of antimicrobial therapy.  

In addition to augmented pathogenesis, infection by one pathogen can also 

manipulate host immunity to the benefit of other pathogens. Using a mouse model of 

peritonitis, a recent study by Peters et al. 156 demonstrated that co-infection with C. 

albicans and S. aureus resulted in enhanced mortality, concomitant with significant 

increase in proinflammatory cytokines associated with an acute aggressive inflammatory  
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Figure 8. Tissue microbial recovery from mono- and co-infected mice with and 
without fluconazole therapy. Five days post-infection with C. albicans, mice were 
euthanized and tissue harvested and assessed for microbial burden. (A) Tongue fungal 
burden. A high level of C. albicans colonization was seen in mice infected with the 
wild-type alone (WT) or in combination with S. aureus (WT+SA). In contrast, no C. 
albicans was recovered from mice infected with the efg1/cph1 strain with some recovery 
from mice co-infected with S. aureus. On the other hand mice infected with asl3 with or 
without S. aureus recovery of als3 was comparable to that for the wild-type. (B) 
Recovery of S. aureus from tongues. S. aureus was recovered from the majority of mice 
infected with S. aureus alone (SA) or in combination with efg1/cph1. However, 
significantly higher level of colonization was noted in mice co-infected with wild-type C. 
albcians (WT+SA) compared to with efg1/cph1. (C) C. albicans and S. aureus recovery 
from kidneys of co-infected animals. Microbial presence in kidneys was assessed as an 
indication of systemic disease. S. aureus (SA) was consistently recovered from kidneys 
of all mice co-infected with wild-type strain (WT+SA) concomitant with clinical signs of 
disease. Similarly, although not consistent, S. aureus was recovered from kidneys of mice 
co-infected with the als3 (als3+SA). No organisms were recovered from the kidneys of 
all other groups: mono-infected, co-infected with C. albicans mutants. (D) C. albicans 
and S. aureus recovery from tongues of fluconazole-treated and untreated animals. 
No C. albicans was recovered from any of the mice receiving fluconazole therapy with 
(CA/SA/F) or without (CA/F) S. aureus. However, S. aureus was recovered from co-
infected fluconazole treated (SA/CA/F) mice although at significantly lower levels than 
the co-infected group not treated with fluconazole (SA/CA). Five animals were included 
in each experimental and control groups and all experiments were performed on at least 
three separate occasions. As some groups served as controls for subsequent experiments, 
higher number of animals were tested and therefore more data points were available for 
some experimental groups. Error bars represent standard error of the means; P values 
<0.05 (*) were considered to be significant.  
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Figure 9. Scanning electron micrographs of outer tongue epithelium from mice with 
oral candidiasis and systemic infection. (A) Low magnification (100x) overview image 
of an excised tongue with advanced OC showing the thick biofilm formed on the surface 
(B) Magnified image (2000x) of the surface of tongue showing the massive matrix 
consisting of C. albicans hyphae invading the tissue with S. aureus intertwined with the 
hyphae.  (C) Higher magnification (5000x) image of the outer surface of the tongue 
showing the spiny layer with hyphae penetrating the surface from the sublingual area 
where C. albicans was inoculated. (D) Magnified image (10,000x) showing a significant 
gap in the tissue caused by hyphae invading from the sublingual area as it emerges 
through the tongue surface. 
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Figure 10. Representative SEM micrographs from within deep tissue of mice with 
oral candidiasis and systemic infection. (A) Lower magnification (200x) demonstrating 
the massive biofilm matrix formed on the surface of the tongue with sloughing of tissue 
(B) Image (5000x) from within the tongue tissue (red box) showing deep hyphal invasion 
and associated presence of S. aureus (C, D) High magnification images (8000x and 
10,000x, respectively) showing hyphae penetrating crevices within the tissue with 
overwhelming amount of S. aureus adhering to tissue within the crevices. 
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Figure 11. Mouse model of oral co-infection. (A) Vancomycin treatment of mono-
infected (SA) mice completely eradicated SA, but not in co-infected (SA/CA) mice (B) 
False-colored SEM micrograph demonstrating SA (green) and CA (purple) hyphae co-
penetrating into deep tongue tissue of co-infected mice.  
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response. Combined, the findings from the study indicated that C. albicans and S. aureus 

co-infection modulates innate inflammatory events with adverse effect to the host. 

Therefore, it is feasible to speculate that the interaction between these diverse species in a 

host may also involve immune co-evasion strategies to compromise the ability of immune 

cells against polymicrobial infections. These speculations were alluded to by our co-

phagocytosis studies using murine macrophages where, via its association with the 

invasive hyphae, ingested S. aureus cells were able to co-escape killing by macrophages 

(Figure 12) 49. Despite the important clinical implications however, this aspect of fungal-

bacterial interactions in the host is yet to be fully explored.  

Although the past decade has seen key advances in the identification of genes 

governing single species biofilm development, much remains unknown about inter-

species dynamics in mixed species biofilms 6,30. In the case of C. albicans and S. aureus, 

it is clear that their pathogenic capabilities are highly dependent on their ability to survive 

and respond to host factors. Therefore, although in vitro model systems have provided 

much of what we know about biofilms, clearly in vitro findings do not readily translate in 

an in vivo infection given that biofilm regulation is highly dependent on environmental 

conditions. Therefore, our understanding of the clinical implications of inter-species 

interactions within the host and particularly between diverse species such as C. albicans 

and S. aureus remains limited, largely due to lack of suitable animal models. 
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Figure 12. False-colored scanning electron micrograph depicting the co-
phagocytosis of C. albicans and S. aureus by murine macrophages. Within one hour 
of co-ingestion, C. albicans hyphae (green) formed inside the macrophage pierce the cell 
membrane with S. aureus cells (purple) seen adhering to the protruding hyphae. 
Ultimately, the macrophage lyses, releasing the ingested S. aureus cells.  
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Chapter 2: Commensal Protection of Staphylococcus aureus against Antimicrobials 

by Candida albicans Biofilm Matrix 1 

 

Introduction 

Polymicrobial infections caused by a combination of microorganisms are 

responsible for significant mortality and morbidity, particularly those associated with 

biofilms formed on indwelling medical devices 142,148,157. Biofilms are structured three-

dimensional communities of surface-associated microbial populations embedded in a 

matrix of extracellular polysaccharides, proposed to provide a structural scaffold and 

protection for biofilm cells 1,2,4. Therefore, in a biofilm, microbes are afforded a stable 

environment and can tolerate high concentrations of antimicrobials. The impact of these 

biofilms on public health is dramatic, as cells released from biofilms can migrate into the 

bloodstream and cause systemic infections with high mortality 30. Importantly, the 

increase in drug resistance has provided a strong impetus to understand the mechanisms 

of the enhanced tolerance of biofilm-associated infections to antimicrobial therapy and 

particularly polymicrobial infections. Although mixed fungal-bacterial infections tend to 

be the most complex and challenging to treat, the impact of these interactions on therapy 

re- mains largely understudied.  

Among the fungal species, Candida albicans is the most common human 

pathogen, causing diseases ranging from superficial mucosal to life-threatening systemic 

infections 36–38. The ability of C. albicans to transition from commensal to pathogen is 

 
1 As submitted to: 
Kong EF, Tsui C, Kucharíková S, Andes D, Van Dijck P, and Jabra-Rizk MA (2016). Commensal 
Protection of Staphylococcus aureus against Antimicrobials by Candida albicans Biofilm Matrix. mBio. 
7(5): e01365-16. doi: 10.1128/mBio.01365-16. PMID: 27729510. 
!
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primarily the result of its aptitude for morphologically switching be- tween yeast and 

hyphal forms 36,37,45. In fact, the majority of C. albicans infections are associated with its 

ability to form biofilms, where adhesion of yeast cells to the substrate is followed by 

proliferation and hypha formation, resulting in a network of cells embedded in a matrix 

30,35,64. Candida albicans biofilm matrix is complex, with major polysaccharide 

constituents being α-mannan, β-1,6-glucan, and β-1,3-glucan 73,158. Although a relatively 

minor component, β-1,3-glucan is considered the critical matrix polysaccharide, as 

extracellular glucan has been linked to biofilm resistance to antifungals 159,160. In fact, 

previous studies have shown elevated β-1,3-glucan levels to be characteristic of biofilm 

cells both in the fungal cell walls and as a secreted form. Of more significance, the 

increase in β-1,3-glucan secretion by biofilm cells was shown in vivo in animal models of 

catheter infection and disseminated candidiasis 64. Glucan synthase Fks1p is responsible 

for the synthesis of cell wall β-1,3-glucan during biofilm growth, and FKS1 disruption 

was shown to reduce manufacture and deposition of β-1,3-glucan in the biofilm matrix 72. 

Importantly, using strains with modulated FKS1 expression, a study by Nett et al. 72 

demonstrated that reduction in expression rendered biofilms more susceptible to various 

antifungals, whereas overexpression resulted in increased resistance. 

In various niches in the host, C. albicans coexists with various bacterial species, 

including Staphylococcus aureus 142,152,161,162. Although S. aureus primarily exists as a 

commensal organism, this bacterial pathogen is implicated in a variety of diseases 

ranging from minor skin infections to more serious invasive diseases and specifically 

device-associated biofilm infections 163–165. With the emergence of methicillin-resistant S. 

aureus (MRSA), this ubiquitous pathogen is becoming an even greater therapeutic 
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challenge 112,166. S. aureus is a poor former of biofilms; however, together with C. 

albicans, this species forms a substantial biofilm where the fungus creates a scaffold for 

the bacteria 54,149,153. Our previous in vitro studies have demonstrated that S. aureus 

exhibits high affinity to the C. albicans hyphal form, as these species co-adhere and 

interact synergistically in a biofilm. Further, our studies identified the C. albicans hypha-

specific adhesin Als3p to be involved in the coadherence process 54. 

The growing use of implanted medical devices is another reason why the 

incidence of Candida and staphylococcal infections has steadily increased, since the 

majority of these infections are emerging from biofilms formed on medical implants 

35,36,96,147,164. In fact, a recent analysis of cases of endocarditis associated with an 

implanted device found ~25% of the infections to be polymicrobial, and in another study, 

27% of nosocomial C. albicans bloodstream infections were estimated to be 

polymicrobial 151,167. Importantly, S. aureus was found to be the third most commonly co-

isolated species with C. albicans 151. Although numerous studies have reported the co-

isolation of C. albicans and S. aureus from a multitude of diseases such as periodontitis, 

denture stomatitis, cystic fibrosis, keratitis, ventilator-associated pneumonia, and urinary 

tract catheter and burn wound infections, the clinical significance of their interaction in a 

host remains largely understudied, likely due to lack of suitable animal models 168–172. 

However, using a mouse model of oral infection, we recently demonstrated that upon 

onset of oral candidiasis (thrush), mice co-colonized with C. albicans and S. aureus 

suffered systemic bacterial infection with high morbidity and mortality 155. 

The inherent characteristics of biofilms are multifactorial but are largely due to 

the extracellular matrix encasing the biofilm cells, which prevents drugs and other 
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stresses from penetrating the biofilm. Therefore, S. aureus and C. albicans interactions in 

mixed biofilm infections may also impact response to antimicrobial therapy 155. Although 

enhanced in vitro tolerance to antimicrobials in C. albicans and Staphylococcus mixed 

biofilms has been reported, the mechanism and specific factors behind these observations 

remain undefined 87,173. To that end, in this study, experiments were designed to 

demonstrate the impact of C. albicans biofilm matrix and secreted components on the 

susceptibility of S. aureus to antibacterial drugs in biofilm, focusing on vancomycin, the 

drug of choice for treatment of MRSA infections. The overall goal of this study is to 

provide crucial insights into the enhanced tolerance of biofilm-associated polymicrobial 

infections to antimicrobial therapy. 

 

Materials and Methods 

Reagents. β-1,3-Glucan (laminarin from Laminaria digitata), lyticase from 

Arthrobacter luteus (Zymolyase), mannan (from Saccharomyces cerevisiae), 

concanavalin A (from Canavalia ensiformis), α-mannosidase (from jack bean), proteinase 

K from Tritirachium album, and oxacillin sodium and nafcillin sodium were purchased 

from Sigma-Aldrich Chemical (St. Louis, MO); the MTS tetrazolium-based proliferation 

assay was from Promega (Madison, WI); vancomycin hydrochloride was from Hospira 

Inc. (IL, USA); Syto9 green fluorescent nucleic acid stain and vancomycin 

dipyrromethene boron difluoride (BODIPY) FL conjugate were from Invitrogen (Grand 

Island, NY); and FUN1 fungal stain was from Thermo Fisher Scientific (Halethorpe, 

MD). 
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Strains and growth conditions. The standard methicillin-resistant S. aureus 

(MRSA) strain USA300 and the methicillin-susceptible (MSSA) strain ATCC 29213 

were used in these studies 174. The following C. albicans strains were used where 

indicated: C. albicans reference strains SC5314 (50) and DAY185; heterozygous deletion 

mutant (FKS1/fks1) constructed from BWP17, FKS1-overexpressing mutant (TDH3-

FKS1) with one FKS1 allele under the control of the TDH3 promoter and one allele intact 

72; zap1 /zap1 homozygous deletion strain (CJN1201) and the ZAP1/zap1 complemented 

strain (CJN1193) 175; the mnn4 176 and mnn9 177 mannosylphosphate transferase mutants 

with reduced phosphomannan and mannan, respectively; and the mnt1 and mnt2 a-1,2-

mannosyltransferase mutants and mnt1/mnt2 double mutant 178. C. albicans strains were 

maintained on yeast-peptone-dextrose (YPD) agar (Difco Laboratories) and grown in 

YPD broth over-night at 30°C with orbital shaking, and cells were equilibrated in fresh 

medium to an optical density of absorbance of 1.0 at 600 nm. S. aureus cultures were 

grown overnight in Trypticase soy broth (TSB) (Difco) at 37°C and then grown in fresh 

TSB to mid-log phase. Cells were harvested, washed, and resuspended in RPMI 1640 

with L-glutamine and HEPES (Invitrogen, Grand Island, NY) and used at final cell 

densities of 1x 106 cells/ml. 

In vitro single- and mixed-species biofilm formation. Biofilms were grown in 

the wells of 96-well polystyrene flat-bottom plates. C. albicans and S. aureus cell 

suspensions were adjusted to 1 x 106 cells/ml in RPMI medium, and 100 µl of cell 

suspensions was added to the wells individually or in combination. Plates were incubated 

for 90 min at 37°C, and then wells were washed twice with phosphate-buffered saline 

(PBS) to remove nonadherent cells. Fresh medium (200 µl) was added to each well, and 
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biofilms were allowed to form for 24 h at 37°C. Following incubation, wells were 

washed with PBS. 

CV staining of biofilms. Single and mixed biofilm biomass was quantified using 

the crystal violet (CV) assay with modifications 179. Biofilms were grown as described 

above and then washed twice with PBS and air dried at 37°C. Biofilms were stained with 

1% aqueous CV solution for 20 min and then washed with sterile water. Plates were air 

dried, and remaining CV stain was dissolved using 33% acetic acid solution. Following 

45 min of destaining, 150 µl of destaining solution was transferred to a new well, and the 

amount of CV stain was measured with a microtiter plate reader at 595 nm (Titertek; 

Multiskan MCC1340). 

Biofilm vancomycin susceptibility testing. The impact of C. albicans on the 

response of S. aureus to vancomycin was assessed in biofilms grown as described above. 

Mixed biofilms were grown using S. aureus and each of the C. albicans mutant strains 

for 24 h. Following washing, the wells were supplemented with fresh medium, 

vancomycin hydrochloride at a final concentration of 800 µg/ml (predetermined based on 

activity against S. aureus single and mixed biofilms) (Figure 13) was added, and plates 

were incubated for an additional 24 h at 37°C. Biofilms were then washed twice with 

PBS, and 100 µl of PBS was added; cells from the biofilms were recovered by sonication 

followed by vigorous vortexing and pipetting. Cell suspensions were diluted and plated 

on C. albicans and S. aureus-specific chromogenic medium (CHROMagar; DRG 

International, Inc.) for CFU count. Drug-free wells were included as controls. In addition, 

in order to assess the effect of mixed biofilm growth on S. aureus susceptibility to other 

antibiotics, experiments were also performed using two additional antibiotics, oxacillin (0 
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to 480 µg/ml) and nafcillin (0 to 160 µg/ml). Further, susceptibility testing using all 3 

antibiotics was performed using an alternate strain of S. aureus that is susceptible to 

methicillin (MSSA). 

MTS assay. Viability was also assessed using the MTS metabolic assay 

according to the manufacturer’s directions. Following washing with PBS, 100 µl of PBS 

was added to the wells followed by 20 µL of MTS reagent and plates were incubated at 

37°C until color fully developed. Following color development, colorimetric change at 

490 nm (A490) was measured with a microtiter plate reader. On each occasion, reactions 

were performed in triplicate. 

SEM of single- and mixed-species biofilms. For SEM analysis, S. aureus was 

grown in single species biofilm with and without exogenous supplementation of purified 

matrix material (0.5 mg/ml) or glucan (0.25 mg/ml) or with C. albicans in mixed biofilms, 

on coverslips for 48 h. Coverslips were washed twice with PBS and then fixed in 2% 

paraformaldehyde, 2.5% glutaraldehyde in phosphate buffer, pH 7.4, for 1 h at room 

temperature and then at 4°C overnight. Following initial fixation, specimens were washed 

in three changes of 0.1 M PBS for a total of 30 min, post-fixed with 1% osmium tetroxide 

in PBS for 1 h, and washed again in three changes of buffer. Dehydration of specimens 

was done using a series of graded ethyl alcohol, 30%, 50%, 70%, 90%, and 100% for 10 

min each, and two more changes of 100% ethyl alcohol. Specimens were then chemically 

dried by immersing them sequentially in 2 parts 100% ethyl alcohol-1 part 

hexamethyldisilazane (HMDS) (Electron Microscopy Sciences, Fort Washington, PA) for 

10 min, 1 part 100% ethyl alcohol-1 part HDMS for 10 min, 1 part 100% ethyl alcohol-2 

parts HDMS for 10 min, and then 2 changes for 10 min each with 100% HDMS. 
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Specimens were air-dried in a hood overnight, mounted on SEM pin mounts, and sputter 

coated with 10 to 20 nm of platinum-palladium in a sputter coater (EMS 150T ES). SEM 

images were captured using a Quanta 200 scanning electron microscope (FEI Co., 

Hillsboro, OR). 

Effect of C. albicans purified biofilm-derived matrix material and β-1,3-

glucan and mannan exogenous supplementation on S. aureus susceptibility to 

vancomycin in single-species biofilm. C. albicans matrix polysaccharides were 

extracted from C. albicans biofilms and purified as previously described 69. The 

recovered matrix material (0.25 mg/ml) was used to supplement S. aureus biofilms, 

which were allowed to form for 24 h as described above. S. aureus biofilms were also 

formed in the presence of exogenous β-1,3-glucan (1 mg/ml) or α-mannan (1 mg/ml) as 

previously performed 67. Following incubation, biofilms were washed and supplemented 

with fresh RPMI medium and vancomycin (800 µg/ml), and plates were incubated for an 

additional 24 h. Following washing, S. aureus viability was assessed using the MTS 

assay and confirmed by CFU recovery for viability. 

Impact of C. albicans β-1,3-glucan and mannan enzymatic degradation on S. 

aureus susceptibility to vancomycin in mixed biofilms. Prior to performing 

experiments, susceptibility of C. albicans to Zymolyase and α-mannosidase was tested to 

determine the subinhibitory concentrations to be used in mixed biofilm susceptibility 

testing. Mixed-species biofilms were grown alone or in the presence of glucanase 

(Zymolyase) (5 U/ml) or α-mannosidase (2 U/ml). Vancomycin (800 µg/ml) was then 

added alone or in combination with the enzymes, and plates were incubated for an 

additional 24 h at 37°C. Following incubation, wells were washed three times with PBS 
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and biofilm cells were recovered by sonication and plated for CFU counts. In order to 

demonstrate lack of contribution of contaminating protease activity in Zymolyase, 

experiments were also performed using enzymatic digestion with proteinase K. 

Impact of inhibition of C. albicans in β-1,3-glucan synthesis on S. aureus 

susceptibility to vancomycin in mixed biofilms. Mixed 24-h biofilms were treated with 

the β-1,3-glucan synthase inhibitor caspofungin at final concentrations of 0, 0.06, and 0.5 

µg/ml with and without vancomycin (800 µg/ml), and plates were incubated for an 

additional 24 h. Following washing, biofilms were sonicated and S. aureus viability was 

assessed based on CFU counts. Prior to experiments, susceptibility of C. albicans to 

caspofungin in single species was assessed in order to determine the subinhibitory 

caspofungin concentration to be used in mixed biofilms. Viability was evaluated using 

the MTS assay to determine changes in metabolic activity and CFU enumeration for 

viability. 

Effect of C. albicans soluble secreted matrix components on S. aureus 

susceptibility to vancomycin. In order investigate the role of C. albicans secreted matrix 

components on vancomycin susceptibility, cell-free C. albicans biofilm spent culture 

medium was recovered. Briefly, C. albicans (1 x 106 cells/ml) biofilms were grown in 10 

ml of RPMI medium in canted-neck flasks and incubated at 37°C for 48 h. Following 

incubation, spent culture medium was recovered and filter sterilized through a 0.22-µm 

pore. The filtered medium was then supplemented 1:1 with fresh RPMI medium 

(prewarmed to 37°C) and used to grow S. aureus single-species biofilms. Following 24-h 

incubation, biofilms were washed and then supplemented with fresh medium and 

vancomycin (400 µg/ml) (predetermined to be subinhibitory in S. aureus single-species 
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biofilm) (Figure 13) and incubated for an additional 24 h. S. aureus viability was assessed 

using the MTS assay and based on CFU recovery. To identify β-1,3-glucan as the key 

secreted component in C. albicans culture medium, experiments were also per-formed 

where S. aureus biofilms were cultured in the spent medium (as described above) with 

the addition of 5 U/ml of the glucan-degrading enzyme glucanase (Zymolyase) for 24 h at 

37°C. Following incubation, vancomycin susceptibility testing was performed. Spent 

medium without glucanase was included as a control. In addition, C. albicans biofilms 

were grown for 24 h and then treated with the β-1,3-glucan synthesis inhibitor 

caspofungin (0.5 µg/ml) (subinhibitory dose for C. albicans) for an additional 24 h. Spent 

medium was then collected and used in vancomycin susceptibility testing of S. aureus 

single-species biofilms as described above. 

Confocal scanning laser microscopy analysis of vancomycin diffusion 

through single and mixed biofilms. To visualize the process of vancomycin diffusion 

through single and mixed biofilms, confocal scanning laser microscopy was performed as 

based on a previously described method for S. aureus with modifications 180. In addition 

to monitoring vancomycin diffusion through mixed biofilms, experiments were also 

performed where S. aureus single biofilms were formed in the presence of exogenous 

supplementation of purified C. albicans biofilm matrix to isolate the role of the matrix. 

Further, as matrix components are secreted during C. albicans growth, biofilm spent 

culture medium was used to grow S. aureus biofilms. For these experiments, biofilms 

were grown on glass coverslip-bottom dishes (MatTek Co., Ashland, MA) in RPMI 

medium at 37°C for 24 h. Following incubation, biofilms were gently washed three times 

with PBS and stained with concanavalin A (ConA) for polysaccharide biofilm matrix  
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Figure 13. Vancomycin concentration dependent susceptibility testing in single S. 
aureus and mixed S. aureus and C. albicans biofilms. Preformed (24 hrs) S. aureus 
(SA) single and mixed (CA/SA) biofilms were treated with vancomycin (0-1600 µg/ml) 
for an additional 24 hrs. Based on MTS assay, results demonstrated significant and 
similar SA killing activity for all vancomycin concentrations tested in single and mixed 
biofilms. Vancomycin 800 µg/ml (dual-species biofilms) and 400 µg/ml (single-species 
biofilms) concentrations were arbitrarily chosen for use in subsequent experiments 
(**P<0.01; ***P<0.001). 
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(100 µg/ml) (red; 488/545). In order to visualize the diffusion of vancomycin, the 

fluorescent BODIPY FL conjugate of vancomycin (cyan; 488/650) was added to the 

biofilms to a final concentration of 1 µg/ml. Biofilms were incubated for 1 h and then 

washed three times with PBS to remove nonpenetrated vancomycin and observed using a 

63X oil immersion objective and a Zeiss 710 confocal microscope. Images were obtained 

by LSM 5 Image Browser software at a resolution of 512 by 512 pixels, with an average 

of 8 images per line. To evaluate the structure and size of the biofilms, a series of images 

at ≤1-µm intervals in the z-axis were acquired for the full depth of the biofilm. At least 

three random fields were visualized for each biofilm, and representative images are 

presented. 

Fluorescence microscopy analysis of S. aureus cell coating with purified and 

secreted soluble C. albicans biofilm matrix material. In order to examine whether, in 

addition to their role in biofilms, purified and secreted matrix components also coat the 

bacterial cell, S. aureus cells (2 x 107 cells/ml) were incubated with 0.1 mg/ml of the 

purified matrix material for 30 min at 37°C. S. aureus cells with no matrix treatment were 

included as controls. In addition to purified matrix, experiments were also performed 

where S. aureus was exposed to C. albicans spent culture medium in order to determine 

whether soluble matrix components secreted by C. albicans during biofilm growth 

similarly coat the bacterial cells. In these experiments, 2 x 107 cells/ml of S. aureus were 

incubated with 1 ml of C. albicans spent medium for 30 min at 37°C. S. aureus cells 

incubated in fresh medium were included as a control. Following three washes with PBS, 

cells were treated with monoclonal antibodies specific to α-mannan (1/100 dilution), β-

1,3-glucans (1/6,000 dilution), and β-1,6-glucans (1/4,000 dilution) (produced as 
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previously described) 73 for 1 h at 37°C. Following incubation with primary antibodies, 

cells were washed three times with PBS and subsequently incubated with a goat anti-

mouse IgG Alexa Fluor 488 (orange; 495/519) secondary antibody (1/100 dilution) 

(Thermo Fisher Scientific) for 30 min at 37°C. Cells were then washed, pelleted, and 

resuspended in 50 µl PBS. One drop of cell suspension was placed on a slide and covered 

with a coverslip, and fluorescence was assessed by CSLM. Non-matrix-coated S. aureus 

cells similarly treated with the antibodies were used as a control. However, as control 

cells with no matrix did not react with antibodies and therefore were not visible, they 

were stained with Syto9 nucleic acid stain (10 µM) (green; 488/505) in order to be 

visualized. Cells were observed using a 63X oil immersion objective and a Zeiss 710 

confocal microscope. Images were obtained by LSM 5 Image Browser software at a 

resolution of 512 by 512 pixels, with an average of 8 images per line. At least three 

random fields were visualized for each sample, and representative images are presented. 

Data analysis. All experiments were performed on at least 3 separate occasions and in 

triplicate where applicable, and averages were used to present data. All statistical analysis 

was performed using GraphPad Prism 5.0 software. The Kruskal-Wallis one-way 

analysis of variance test was used to compare differences between multiple groups, and 

Dunn’s multiple-comparison test was used to determine whether the difference between 

two samples was statistically significant. Student’s unpaired t test was used to compare 

differences between two samples. P values of #0.05 were considered to be significant. 
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Results 

Comparative assessment of the susceptibility of S. aureus to vancomycin in 

single and mixed biofilms with C. albicans. The impact of mixed-species biofilm 

growth on S. aureus susceptibility to vancomycin was assessed following 24-h treatment 

of pre- formed single and mixed biofilms. Based on CFU, results demonstrated a 

significant increase in S. aureus survival in mixed biofilms following vancomycin 

treatment compared to survival in single biofilm (Figure 14A). Analysis of biofilms using 

crystal violet staining indicated a significant increase in biofilm biomass in mixed 

biofilms relative to S. aureus biofilm (Figure 14B). These results were corroborated by 

scanning electron microscopy (SEM) analysis where images of mixed biofilms revealed a 

thick matrix, with S. aureus adhering to and forming aggregates around the C. albicans 

hyphae (Figure 14C and D).  

Exogenous supplementation of S. aureus biofilms with C. albicans biofilm 

matrix material enhances S. aureus tolerance to vancomycin. To isolate the role of C. 

albicans biofilm matrix in the enhanced tolerance of S. aureus to vancomycin in mixed 

biofilms, purified matrix material recovered from C. albicans biofilms was incorporated 

in susceptibility testing. Assessment of S. aureus viability by the MTS [3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxy- methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] 

metabolic assay and CFU recovery demonstrated a significant increase in S. aureus 

survival in single biofilms formed in the presence of matrix material (Figure 15). In order 

to identify the contribution of specific matrix components, similar experiments were also 

performed where S. aureus biofilms were allowed to form in the presence of glucan or 

mannan. Results from these experiments demonstrated a comparable increase in survival  
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Figure 14. Assessment of relative biomass and vancomycin susceptibility in single S. 
aureus and mixed S. aureus and C. albicans biofilms. (A) Preformed (24 hr) S. aureus 
(SA) single and mixed (SA/CA) biofilms were treated with vancomycin (800 µg/ml) for 
an additional 24 hrs. CFU recovery of SA from both biofilms showed significant increase 
in SA recovery from mixed biofilms following vancomycin treatment (***P<0.001). (B) 
To assess biomass, 24 hr single and mixed species biofilms were treated with crystal 
violet. Based on absorbance (595 nm), results demonstrated significantly higher biomass 
for mixed biofilms relative to SA biofilm (**P<0.01; ***P<0.001). Means and SEMs are 
shown. (C, D) These results were corroborated by SEM analysis where images 
demonstrated adherence to and clumping of SA around CA hyphae forming thick biofilm 
aggregates. 
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Figure 15. Effect of C. albicans matrix polysaccharides on S. aureus susceptibility to 
vancomycin. S. aureus (SA) single biofilms were allowed to form in the presence of 
purified C. albicans biofilm matrix material (0.02 mg/L), glucan (1 mg/mL) or mannan (1 
mg/mL). Pre-formed biofilms were treated with vancomycin  (800 µg/mL) for 24 hrs. SA 
CFU recovery from biofilms demonstrated significant increase in SA tolerance to 
vancomycin in the presence of matrix material, glucan and mannan. Susceptibility to 
vancomycin was assessed by CFU counts and corroborated by an MTS assay 
(***P<0.001). Means and SEMs are shown. 
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with vancomycin. 

Differential C. albicans β-1,3-glucan but not α-mannan expression modulates 

vancomycin tolerance in mixed biofilms. The key role for the β-1,3-glucan matrix 

component was demonstrated using C. albicans strains with modulated β-1,3-glucan 

expression in mixed biofilms treated with vancomycin. Compared to their respective 

reference strains, S. aureus recovery following vancomycin treatment was consistently 

higher in the presence of the TDH3-FKS1 glucan-overexpressing strain but lower when 

grown with the FKS1/fks1 β-glucan-deficient heterozygous mutant strain (Figure 16A). 

No impact on S. aureus vancomycin susceptibility was seen in mixed biofilms with the 

mannosylation mutants or the zap1∆/zap1∆ mutant lacking the zinc response 

transcription factor Zap1 (a negative regulator of β-1,3-glucan) (data not shown).  

β-1,3-Glucanase but not α-mannosidase treatment of mixed biofilms 

abrogates the enhanced tolerance to vancomycin. To demonstrate the importance of 

the C. albicans matrix polysaccharides, experiments were also performed where single- 

and mixed- species biofilms were treated with vancomycin in the presence of the glucan-

degrading enzyme Zymolyase or the mannan- degrading enzyme α-mannosidase. Based 

on CFU recovery, the increase in S. aureus vancomycin tolerance in mixed biofilms was 

significantly diminished upon Zymolyase treatment, to a level comparable to that for S. 

aureus single-species biofilm treated with vancomycin. However, no significant 

differences were noted with the α-mannosidase treatment (Figure 16B). Since Zymolyase 

is known to have contaminating protease activity, enzymatic digestion experiments were 

also performed using proteinase K; results from these experiments demonstrated no effect 

for proteinase K on S. aureus response to vancomycin (data not shown).  
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Figure 16. Effect of C. albicans FKS1 modulation and zymolyase treatment on S. 
aureus susceptibility to vancomycin. (A) Pre-formed S. aureus (SA) single and mixed 
species biofilms with the various C. albicans strains were treated for 48 hrs with 
vancomycin (800 µg/mL). Based on CFU recovery, a significant increase in SA survival 
was seen when grown in mixed biofilms with the glucan over-expressing strain TDH3-
FKS1 compared to its parent strain SC5314, whereas a significant decrease in survival 
was noted when SA was grown with the glucan-deficient heterozygous FKS1/fks1 mutant 
strain compared to its parental strain BWP17 (***P<0.0001). (B) S. aureus single (SA) 
and mixed biofilms (SA/CA) were allowed to form for 24 hrs in the presence of 
zymolyase (5 U/mL) or α-mannosidase (2 U/mL), then treated with vancomycin (800 
µg/mL) for 24 hrs. Based on CFU recovery, although growth with C. albicans in mixed 
biofilms conferred SA with significant increase in survival with vanc, the increase in 
tolerance was diminished upon zymolyase treatment but not with α-mannosidase 
(*P<0.05; *** P<0.0001) Means and SEMs are shown. 
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SEM of S. aureus biofilm architecture supplemented with C. albicans biofilm 

matrix material and exogenous β-1,3- glucan. To visualize the structure of the S. 

aureus biofilm supplemented with C. albicans matrix material, S. aureus biofilms were 

allowed to form for 24 h in the absence and presence of purified matrix material or 

glucan, and the formed biofilms were comparatively examined by SEM analysis. Images 

revealed that where nonsupplemented S. aureus biofilms appeared thin and 

heterogeneous (Figure 17A and B), growth in the presence of matrix material (Figure 

17C and D) or β-1,3-glucan (Figure 17E and F) resulted in significantly increased biofilm 

mass with considerable aggregation of bacterial cells.  

C. albicans spent culture medium provides S. aureus with enhanced tolerance 

to vancomycin in single-species biofilm. Since C. albicans cell wall polysaccharides are 

secreted, experiments were performed where C. albicans spent biofilm culture medium 

was recovered and used in vancomycin susceptibility testing of S. aureus single biofilms. 

Results from these experiments demonstrated that C. albicans cell-free spent medium 

provided S. aureus with significantly enhanced tolerance to vancomycin in the absence of 

C. albicans in the biofilm (Figure 18A). To identify the secreted component conferring 

the tolerance, the spent medium was enzymatically pretreated with Zymolyase or α-

mannosidase prior to use in vancomycin susceptibility assays. Results from these 

experiments demonstrated that, whereas Zymolyase treatment considerably diminished 

the observed protection in spent medium (Figure 18B), α-mannosidase treatment had no 

significant impact on S. aureus susceptibility to vancomycin (data not shown). 

Zymolyase and α-mannosidase treatment alone did not have any effect on S. aureus 

viability.  
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Figure 17. Effect of purified matrix and glucan supplementation on S. aureus 
biofilm architecture using SEM analysis. (A, B) Images of S. aureus biofilms 
demonstrated a thin and heterogeneous biofilm formed following 48 hr incubation. In 
contrast, when grown in the presence of exogenous (C, D) matrix material (0.5 mg/mL), 
or (E, F) glucan (0.25 mg/mL), significant increase in biofilm matrix, mass and bacterial 
cell clumping was seen.  
 



!59!

 

 
Figure 18. Effect of secreted effectors in C. albicans spent media on S. aureus 
vancomycin susceptibility. (A) Supernatant from C. albicans (CA) culture media (spent 
media) was collected and used in S. aureus (SA) vancomycin susceptibility testing 
assays. Based on results from SA CFU recovery, growth in CA spent media significantly 
enhanced SA vancomycin tolerance compared to growth in control fresh media 
(*P<0.05). (B) Since CA-produced glucan is secreted into the media, spent media was 
treated with zymolyase prior to vancomycin susceptibility testing. No significant effect 
for zymolyase alone on SA viability was seen, however, SA tolerance to vancomycin was 
significantly diminished when spent media was treated with zymolyase. Results were 
corroborated with an MTS assay (*P<0.05; **P<0.001; ***P<0.0001). Means and SEMs 
are shown.      
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Inhibition of β-1,3-glucan synthesis in C. albicans compromises the enhanced 

tolerance to vancomycin in mixed biofilms and of spent medium. In addition to 

enzymatic degradation, the antifungal caspofungin, an inhibitor of β-1,3-glucan synthesis 

in the fungal cell, was used to assess whether its effect on cell wall glucan synthesis 

impacts S. aureus vancomycin susceptibility. Prior to experiments, the subinhibitory 

caspofungin concentration on C. albicans was determined using the MTS assay and CFU 

enumeration to determine its effect on metabolic activity and viability, respectively. 

Results from the MTS assay indicated a concentration-dependent decrease in C. albicans 

metabolic activity with caspofungin; however, no effect on viability was noted for these 

concentrations (Figure 19A and B). The selected subinhibitory caspofungin concentration 

(0.5 µg/ml) was subsequently used in mixed biofilm vancomycin susceptibility assays. 

Based on CFU recovery, results demonstrated a significant decrease in S. aureus survival 

with vancomycin when mixed biofilms were treated with caspofungin (Figure 19C). 

Further, experiments were also performed to determine whether the effect of caspofungin 

on β-1,3-glucan synthesis affects its secretion and, thus, the protective effect of C. 

albicans spent medium on S. aureus. Therefore, experiments were also performed where 

formed C. albicans biofilms were treated with caspofungin prior to recovering the spent 

culture medium, which was subsequently used in vancomycin susceptibility testing. 

Results from these experiments similarly demonstrated that caspofungin treatment of C. 

albicans biofilms significantly diminished the ability of recovered spent medium to 

confer protection against vancomycin on S. aureus (Figure 20). Caspofungin did not have 

any effect on S. aureus.  
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Figure 19. Effect of caspofungin treatment of mixed biofilms on response of S. 
aureus to vancomycin. (A) In order to determine the C. albicans (CA) sub-lethal, 
inhibitory concentration of caspofungin, susceptibility assays were performed where 
preformed CA biofilms were treated with caspofungin for 24 hrs. Results from MTS 
assay indicated a concentration-dependent decrease in CA metabolic activity with 
caspofungin however (B) no significant effect on CA viability was noted for these 
concentrations based on CFU enumeration (*P<0.05; ***P<0.0001). (C) Mixed species 
biofilms were similarly treated with caspofungin and vancomycin (800 µg/mL) and S. 
aureus (SA) viability was assessed by CFU recovery. Results demonstrated significant 
decrease in SA survival with vancomycin when mixed biofilms were treated with 0.5 
µg/mL caspofungin (*P<0.05). Means and SEMs are shown. 
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Figure 20. Effect of caspofungin treatment of C. albicans biofilms on ability of spent 
culture media to confer vancomycin tolerance. C. albicans biofilms were treated with 
caspofungin 0.5 µg/mL in order to diminish glucan synthesis and secretion. Recovered 
spent culture media was then used in vancomycin (400 µg/mL) susceptibility testing of S. 
aureus (SA) single species biofilms. Based on SA CFU Recovery, results demonstrated 
that caspofungin treatment of C. albicans biofilms significantly diminished the ability of 
the spent media to confer SA with protection against vancomycin. Results were also 
corroborated by an MTS assay (**P<0.01; ***P<0.001). Means and SEMs are shown. 
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Impeded vancomycin diffusion through S. aureus biofilms grown with C. 

albicans or its purified and secreted matrix material. Vancomycin diffusion through 

single and mixed biofilm matrices was comparatively monitored using fluorescence 

confocal scanning laser microscopy (CSLM). S. aureus biofilms were grown with C. 

albicans, with purified C. albicans biofilm matrix material, or in C. albicans spent 

culture medium with secreted material. Formed biofilms were stained with concanavalin 

A (ConA) to allow visualization of the polysaccharide matrix (red). To visualize 

vancomycin diffusion through the matrix, a fluorescently tagged vancomycin compound 

was used. After 1 h, vancomycin (cyan) had significantly penetrated and diffused 

throughout the single S. aureus biofilm matrix, reaching the basal layer (Figure 21A). In 

contrast, in the mixed biofilms with C. albicans, vancomycin signal was minimally 

detected, with negligible to no penetration into the matrix seen (Figure 21B). Similarly, in 

the biofilms formed with exogenous supplementation with C. albicans matrix material, 

vancomycin was confined to the outer periphery of the biofilm with minimal to no 

penetration into the biofilm (Figure 21C), and in biofilms grown in spent medium, only 

limited vancomycin penetration into the biofilm was seen (Figure 21D).  

S. aureus cell coating by C. albicans purified and secreted biofilm matrix 

components. In order to evaluate whether C. albicans matrix polysaccharides also coat 

the bacterial cells, S. aureus planktonic cell suspension was incubated with C. albicans 

purified matrix and coating was assessed using monoclonal antibodies specific to each of 

the C. albicans matrix components. Using fluorescence microscopy, images 

demonstrated rapid coating of all 3 matrix components (α-mannan, β-1,3-glucan, and β-

1,6-glucan) as assessed by the presence of fluorescence around the bacterial cells. S.  
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Figure 21. Representative CLSM images assessing diffusion of fluorescently labeled-
vancomycin through S. aureus grown with C. albicans, its derived biofilm matrix 
material or in spent media. S. aureus biofilms were grown for 24 hrs with C. albicans 
or supplemented with 0.5 mg/mL of purified matrix material. S. aureus biofilms were 
also grown in C. albicans spent culture media containing secreted matrix components. 
Biofilms were stained with ConA for biofilm matrix (red) and fluorescent vancomycin 
compound (cyan). Following 1 hr diffusion time, the biofilms were visualized using 
CSLM. (A) In the S. aureus monospecies biofilms, vancomycin fully penetrated and 
diffused throughout the biofilm matrix (white: red/cyan merged), reaching the basal 
layers. (B) In contrast, in mixed biofilms with C. albicans, minimum vancomycin 
presence or diffusion was seen. (C) Similarly, in biofilms grown with C. albicans matrix 
material, vancomycin presence was limited to the surface of the biofilm, with no or 
minimal penetration into the biofilm. (D) In biofilms grown in spent media, there was 
limited penetration of vancomycin into the biofilm matrix and diffused vancomycin was 
present in greatly reduced concentrations.  
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aureus cells not treated with matrix demonstrated no fluorescence when labeled with 

antibodies. In addition to purified matrix, to determine whether the secreted matrix 

material similarly coats the bacterial cells, experiments were also performed where S. 

aureus was incubated in the C. albicans spent culture medium. Labeling of bacterial cells 

with the three specific antibodies demonstrated the presence of all matrix components 

around the surface of S. aureus cells (Figure 22).  

Enhanced tolerance of S. aureus in mixed biofilm is not antibiotic, methicillin 

resistance, or S. aureus strain dependent. In order to determine whether the C. 

albicans-conferred enhanced tolerance of S. aureus in mixed biofilm is exclusive to 

vancomycin- or methicillin-resistant strains of S. aureus, susceptibility assays were also 

performed using two additional antibiotics, oxacillin and nafcillin. Further, the 

susceptibility of a methicillin- susceptible S. aureus (MSSA) strain was also tested 

against all 3 antibiotics in biofilms with C. albicans. Based on S. aureus CFU recovery, 

results demonstrated that, similarly to vancomycin, the MRSA strain exhibited enhanced 

tolerance to both oxacillin and nafcillin in mixed biofilm (Figure 23). A comparable 

increase in tolerance to all three antibiotics was also seen with the MSSA strain (data not 

shown).  

 

Discussion 

Traditional therapies for biofilm-associated infections involve removal of infected 

devices, in addition to multidrug administration that is generally aimed at individual 

causative agents without consideration for effect on a polymicrobial cause. However, the 

medical community is recognizing the significance of polymicrobial diseases, and many  
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Figure 22. Fluorescent microscopy of S. aureus coated with purified and secreted 
soluble C. albicans biofilm matrix material. S. aureus planktonic cultures were grown 
for 24 hrs in the presence of 0.1 mg/mL of purified matrix or in C. albicans spent culture 
media. Following washing, cells were treated with α-mannan, β-1,3-glucan, and β-1,6-
glucan specific antibodies (30 mins), stained with a secondary antibody (30 mins), then 
examined by CSLM. Images revealed the presence of all three matrix components around 
the bacterial cells when grown with purified matrix material. No fluorescence was 
detected in control cells from biofilm grown without matrix. Control cells grown in the 
absence of matrix did not fluoresce, but could be visualized by Syto9 staining. Cells were 
also grown in C. albicans spent culture media (no matrix supplementation) in order to 
assess whether secreted matrix components also coat bacterial cells. Similar to what was 
seen with the purified matrix, cells fluoresced when labeled with the antibodies. Control 
cells grown in fresh media did not fluoresce, but could be seen by Syto9 staining. 
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Figure 23. Assessment of S. aureus susceptibility to oxacillin and nafcillin in single 
species and mixed biofilms. Preformed (24 hr) S. aureus (SA) single and mixed 
(CA/SA) biofilms were treated with either oxacillin (A) or nafcillin (B) for an additional 
24 hrs. CFU recovery of SA from both biofilms showed significant increase in SA 
recovery from mixed biofilms following oxacillin or nafcillin treatment (**P<0.01; 
***P<0.001). Means and SEMs are shown. 
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therapies are now taking into account the cause of these conditions and the repercussions 

for treatment and prevention 150. Therefore, understanding the physical and molecular 

interactions between diverse microorganisms will greatly aid in defining new strategies 

for disrupting these complex mixed infections 147,150,152,167.   

Production of extracellular matrix polysaccharides is considered one of the key 

resistance mechanisms in microbial biofilms, and recent efforts have been focused on 

understanding the genetic basis for how biofilm matrix production governs drug 

resistance 159. In exploring the influence of C. albicans biofilm matrix on antifungal 

susceptibility, studies by Nett et al. 67 demonstrated that the matrix sequestered azole 

antifungal drugs and prevented them from reaching their target. In this study, we sought 

to demonstrate that C. albicans matrix may similarly confer protection on other microbial 

species against their respective antimicrobials when coexisting within mixed biofilms. 

Specifically, we explored the efficacy of antibacterial drugs against S. aureus in mixed 

fungal-bacterial biofilms, focusing on the role of the C. albicans β-1,3-glucan matrix 

component.  

Our experiments using C. albicans strains with inhibition or overexpression of 

FKS1 and concomitant variations in matrix glucan amount decreased or increased S. 

aureus susceptibility to vancomycin, respectively (Figure 16A). It is important to note 

that the strain with decreased FKS1 expression used in our experiments is a heterozygous 

and not a null mutant, as FKS1 is a vital gene, which makes the observed decrease in 

vancomycin susceptibility with this strain more significant.  

 Importantly, by supplementing S. aureus single-species biofilms with 

exogenous C. albicans biofilm-derived purified matrix material or individual matrix 
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components, we were able to induce the S. aureus resistance phenotype in the absence of 

C. albicans (Figure 15). However, experiments probing the role of matrix mannan using 

the mannan-degrading enzyme α-mannosidase, and various C. albicans mannosylation-

deficient mutant strains, yielded no notable difference in S. aureus susceptibility to 

vancomycin. Further evidence for the role of secreted β-1,3-glucan was demonstrated by 

findings that C. albicans spent culture medium enhanced S. aureus tolerance to 

vancomycin; however, the acquired tolerance was significantly diminished when the 

spent medium was treated with the β-1,3-glucan-degrading enzyme but not the mannan-

degrading enzyme (Figure 16B). These findings are in line of those of Nett et al. 67, 

where glucanase but not α-mannosidase increased C. albicans susceptibility to the 

antifungal agent fluconazole. Combined, these findings identify β-1,3- glucan as the key 

matrix component contributing to S. aureus vancomycin tolerance in mixed biofilms with 

C. albicans.  

Of interest, a study by De Brucker et al. 181 had reported a similar phenomenon 

involving the tolerance of the Gram- negative bacterial species Escherichia coli to the 

antibiotic ofloxacin in mixed biofilm, and analogously to our findings, β-1,3- glucan was 

shown to be involved. These observations are interesting in light of our findings that in 

mixed biofilm, in addition to vancomycin, S. aureus also exhibited enhanced tolerance to 

other antibiotics, namely, oxacillin and nafcillin. Importantly, in testing an MSSA strain 

with all three antibiotics in mixed biofilm, we also demonstrated that the effect of C. 

albicans on S. aureus susceptibility is not S. aureus strain dependent or associated with 

methicillin resistance. Of note and in contrast to our findings, the C. albicans zap1∆/zap∆ 

mutant strain was shown to provide E. coli with increased, albeit minimal, tolerance to 
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ofloxacin.  

The C. albicans zinc response transcription factor Zap1 was identified by Nobile 

et al. 175 as a negative regulator of β-1,3- glucan, and the zap1∆/zap1∆ strain was found to 

produce more soluble β-1,3-glucan in biofilms. However, we found no significant 

difference in S. aureus tolerance between growth with this mutant and that with the 

parental strain (data not shown). These discrepancies are intriguing as Zap1 was also 

shown to govern synthesis of small, secreted molecules involved in quorum sensing (QS) 

or interspecies communication. Specifically, Zap1 acts as a positive regulator of the 

accumulation of farnesol, a QS molecule secreted by C. albicans in biofilm, where the 

zap1∆/zap1∆ mutant accumulated significantly less farnesol 175. Interestingly, in a 

previous study, our findings showed that exogenous synthetic farnesol impacted S. 

aureus susceptibility to various antibiotics, indicating a potential role for this molecule in 

the C. albicans- mediated modulation of the S. aureus response to vancomycin 182. Hence, 

it is conceivable to speculate that any potential notable enhanced effect for the 

zap1∆/zap1∆ mutant on vancomycin response may have been neutralized by the 

compromised production and secretion of farnesol by the zap1∆/zap1∆ mutant. 

Combined, these observations are of significance as they indicate that QS may also play 

an important role in mediating the process of enhanced antimicrobial tolerance in biofilm. 

Therefore, it is important to maintain that although this study focuses on C. albicans 

biofilm matrix components, polymicrobial biofilm formation and antimicrobial resistance 

are a multifactorial process involving all microbial partners, and thus, the contribution of 

S. aureus to the process cannot be disregarded.  

One interesting question is whether the C. albicans matrix components, in 
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addition to serving as a barrier, directly bind vancomycin. To explore this possibility, we 

performed exploratory experiments using the vancomycin antibody in immunoassays to 

assess polysaccharide binding to vancomycin. However, due to the inherent “stickiness” 

of the matrix material, these and other experiments were problematic and therefore 

inconclusive. Nevertheless, the demonstration that the mixed biofilm also conferred 

protection against other antibacterial agents argues against specific binding to 

vancomycin being a significant contributor.  

Vancomycin is one of the few antibiotics that have remained effective against 

methicillin-resistant S. aureus, and development of resistance to vancomycin is relatively 

rare 180. There- fore, the demonstration of the failure of vancomycin to effectively 

penetrate the dense mixed biofilm matrix, as shown in our diffusion imaging (Figure 21), 

carries significant clinical implications, as this process may be indicative of a potential 

therapeutic outcome in a host with a coinfected indwelling medical device. Of similar 

clinical relevance is the finding that at concentrations subinhibitory to C. albicans, the 

antifungal caspofungin sensitized the matrix-embedded S. aureus cells to vancomycin 

(Figure 19C).  

In conclusion, this study provides compelling evidence demonstrating the 

therapeutic impact of C. albicans cell wall secreted polysaccharide components on a 

bacterial coinhabitant in a mixed biofilm. To our knowledge, this is the first study 

utilizing confocal fluorescent time-lapse imaging to visually monitor antimicrobial 

diffusion through a mixed biofilm. Further, using monoclonal antibodies specific to 

fungal cell wall components, we demonstrate rapid coating of the bacterial cell by 

secreted C. albicans cell wall polysaccharides. These novel findings are of significance as 
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they may indicate that in addition to hampering diffusion of antimicrobials in a biofilm, 

the coating of the bacterial cell by fungal secreted polysaccharides may offer the bacteria 

added protection by preventing the drug from reaching its cellular target (Figure 24). 

Therefore, the combined findings from this study warrant awareness in terms of 

optimizing and overcoming the limitations of current therapies available to treat resilient 

polymicrobial infections. Importantly, it is crucial to develop suitable animal models to 

study these phenomena in vivo, and such investigations are ongoing in our laboratory.  
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Figure 24. Schematic representation of the proposed “barrier model” as a 
mechanism for the enhanced S. aureus tolerance to vancomycin in mixed biofilm. 
Based on the combined findings from this study, we propose that the mechanism for the 
enhanced S. aureus tolerance to vancomycin involves impediment of diffusion of 
antimicrobials through the mixed biofilm matrix consisting of C. albicans hyphae and 
secreted cell wall polysaccharides; α-mannan, β-1,3-glucan, and β-1,6-glucan secreted by 
C. albicans into the mixed biofilm environment adhere to the S. aureus cell surface, 
coating the outer layer. Concurrently, as the biofilm matures, in addition to providing 
structure and support to the biofilm, the secreted matrix polysaccharides impede the 
diffusion of antimicrobials into the biofilm interior. Effectively, the polysaccharide 
matrix acts as a barrier, sequestering vancomycin at the periphery and preventing it from 
reaching its target. 
 

 

 

 

 



!74!

Chapter 3 – Part I: Modulation of Staphylococcus aureus Response to 

Antimicrobials by the Candida allbicans Quorum Sensing Molecule Farnesol 1 

 

Introduction 

Polymicrobial infections caused by a combination of microorganisms are 

responsible for significant mortality and morbidity, particularly those associated with 

biofilm formation 142,148,157. Biofilms are structured three-dimensional communities of 

surface-associated microbial populations encased in a matrix of extracellular 

polysaccharides where microorganisms are afforded a protected environment 1,2,4. 

Biofilms are notoriously difficult to eradicate and are a source of many recalcitrant 

infections with important clinical repercussions 5. Although mixed fungal-bacterial 

biofilm-associated infections are challenging to treat, the impact of these interactions on 

therapy remains largely understudied.  

Candida albicans is the most common fungal pathogen causing diseases ranging 

from mucosal to life-threatening systemic infections 36,38,88. This dimorphic species is 

able to switch morphology between a yeast and hyphal form, a property crucial to its 

pathogenesis and ability to form biofilms 48,183,184. In fact, the majority of C. albicans 

infections are associated with biofilm formation 30,35,184. In various niches in the host, C. 

albicans co-exist with various bacterial species including Staphylococcus aureus, an 

important human pathogen and a cause of significant morbidity and mortality 162,165. With 

the emergence of methicillin resistance, S. aureus is becoming an even greater 

!  
1 As submitted to: 
Kong EF, Tsui C, Kucharíkova S, Van Dijck P, Jabra-Rizk MA (2017). Modulation of Staphylococcus 
aureus Response to Antimicrobials by the Candida allbicans Quorum Sensing Molecule Farnesol. 
Antimicrobial Agents and Chemotherapy. 61(12): pii: e01573-17. doi: 10.1128/AAC.01573-17.!
!
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therapeutic challenge 112,141,166. Although S. aureus is a poor former of biofilms, our 

previous studies have shown that with C. albicans, these species interact synergistically 

forming a dense biofilm 27,54,153. Importantly, using a mouse model of oral co-infection, 

we identified a phenomenon of augmented pathogenesis with high morbidity and 

mortality 155.  

 In microbial biofilms, the extracellular polysaccharide matrix encasing the biofilm 

cells plays a crucial role in the enhanced resistance of biofilm-associated infections to 

antimicrobials, and host defenses 2,68,159. We recently investigated the impact of C. 

albicans-S. aureus mixed biofilm growth on the response of S. aureus to antibacterial 

agents. Findings from the study demonstrated that the biofilm matrix composed of 

secreted fungal cell wall polysaccharides, conferred S. aureus with enhanced tolerance to 

antimicrobials 155. Using time-lapse fluorescent confocal microscopy, we visually 

demonstrated impeded penetration of the drugs through the biofilm, thereby providing the 

bacteria with protection 27. However, findings from the study also indicated that other 

effectors secreted by C. albicans during biofilm growth also contribute to the mediated 

enhanced S. aureus tolerance to antimicrobials 27.  

In microbial biofilms and particularly in mixed species biofilms, quorum sensing 

(QS) or cell-cell combination is a crucial process mediated by small, secreted chemicals 

known as quorum-sensing (QS) molecules. These signaling molecules released into the 

biofilm environment allow one species to detect and respond to the presence of another, 

allowing for concerted behavior in response to changing conditions. Therefore, these 

secreted mediators can affect cell physiology and may assume vital importance 16,185. One 

of the best characterized of these molecules is farnesol, a key derivative in the sterol 
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biosynthesis pathway in eukaryotic cells. Farnesol is endogenously generated in C. 

albicans by enzymatic dephosphorylation of farnesyl diphosphate (FPP) and secreted into 

the environment 185.This fungal QS molecule was shown to play a central role in C. 

albicans physiology by inhibiting hyphal formation and biofilm formation 77,185,186.  

 With C. albicans and S. aureus receiving renewed attention because of the 

escalating development of antimicrobial resistance and the increasing involvement of 

biofilms in chronic and systemic infections, co-infection with these species poses a 

significant therapeutic challenge 141,170,173. Therefore, it has become important to 

understand the mechanisms of their interactions in terms of therapeutic implications 

within the context of polymicrobial infections. To that end, in this study, we aimed to 

elucidate the role of the C. abicans secreted QS molecule farnesol, on S. aureus response 

to antibacterial agents in biofilms.  

 

Materials and Methods 

Reagents. Farnesol, oxacillin sodium, nafcillin sodium and reserpine were 

purchased from Sigma (St. Louis, MO); capsaicin from Milipore (EMD Billerica, MA); 

MTS Proliferation Assay from Promega (Madison, WI), vancomycin hydrochloride from 

Hospira Inc. (IL, USA), and Vancomycin Bodipy Fl Conjugate from Invitrogen (Grand 

Island, NY). Farnesol was obtained as a 3 M stock solution and diluted to a 30 mM 

solution in 100% methanol. Methanol was included in control experiments. 

Strains and growth conditions. The S. aureus strains used: the standard 

methicillin-resistant S. aureus (MRSA) strain USA300; NE1034 norA deletion strain 

(Nebraska Transposon Mutant Library) (norB, norC or double deletion strains are not 
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available); the methicillin-susceptible (MSSA) norA overexpressing strain SA1199B, and 

its parent ATCC25923 187 (a MRSA norA overexpressing strain is not available). The C. 

albicans strains used: reference strain SC5314 188 and the ATCC10231 (farnesol-

deficient) strain 189. C. albicans strains were grown in YPD broth and S. aureus in TSB 

broth and cells were resuspended in RPMI1640 with L-glutamine and HEPES (Invitrogen, 

Grand Island, NY) and used at final cell densities of 1 x 106 cells/ml.  

Effect of exogenous farnesol on S. aureus response to vancomycin in 

biofilm. S. aureus biofilms were grown in 96-well flat-bottom plates; 100 µl S. aureus 

cell suspensions were added to wells and following a 90 min adhesion period, the wells 

were washed to remove non-adherent cells. 100 µl of RPMI was added to the wells, 

supplemented with the indicated farnesol concentrations and biofilms were allowed to 

grow for 24 hrs. Following PBS washing, media supplemented with vancomycin (100 

µg/ml for MRSA; 25 µg/ml for MSSA) was added and plates incubated for additional 24 

hrs at 37°C. To assess viability, the MTS tetrazolium salt-based metabolic assay was 

used; following washing, 100 µl PBS and MTS reagent (20 µl) was added and plates 

incubated at 37 °C. Colorimetric change at 490 nm was measured with a plate reader. 

Viability was also assessed based on colony-forming unit (CFUs) enumeration; biofilm 

cells recovered by sonication, were diluted and plated on S. aureus-specific chromogenic 

medium (CHROMagar; DRG International) for CFUs. Drug-free wells were included as 

controls, and experiments were also performed using the antibiotics oxacillin (0–480 

µg/ml) and nafcillin (0–160 µg/ml).  

Effect of growth in C. albicans spent culture media on S. aureus response to 

vancomycin. To investigate the role of C. albicans secreted effectors on S. aureus 
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response to vancomycin, cell-free C. albicans spent culture medium from wild-type 

(SC5314) and farnesol deficient strains (ATCC10231) were recovered from 48hr C. 

albicans biofilms grown in 10 ml of RPMI in flasks and incubated at 37 °C. Spent media 

was filter-sterilized, supplemented 1:1 with fresh RPMI, and used to grow 24 hr S. aureus 

biofilms. Following PBS washing, media supplemented with vancomycin (100 µg/ml) 

was added and plates incubated for an additional 24 hrs. Viability was assessed using the 

MTS assay and CFU recovery as described above.  

Measurement of C. albicans secreted farnesol in spent culture media by high-

performance liquid chromatography (HPLC) analysis. Recovered cell-free spent 

media (from the wild-type and farnesol deficient strains) was subjected to HPLC analysis 

using ACQUITY UPLC H-Class System with Fluorescence Detection (Milford, MA) and 

XBridge UPLC C-18 column, 4.6x100 mm, 3.5 µm. UV detection was done at 210 nm 

and total chromatographic run time was 35 mins. Injection volume was 20.0 and farnesol 

retention time 12.29 mins. In addition, to examine whether the presence of S. aureus in a 

biofilm impacts farnesol production by C. albicans, dual species (1x106 cells/ml each), 

biofilms were grown for 48 hrs in RPMI at 37 °C and spent culture media was similarly 

analyzed by HPLC.  

Gradual sensitization and desensitization of S. aureus to farnesol. Farnesol-

sensitized S. aureus cells were generated through sequential passages in 10 ml of TSB 

media supplemented with 50 µM farnesol; cultures with no farnesol were simultaneously 

passaged as controls. This farnesol concentration was chosen as in dual species biofilm 

with C. albicans, it did not exert any adverse effect on S. aureus, indicating that S. aureus 

can become acclimated to high concentrations of farnesol. Following 24 hr incubation at 
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37 °C with shaking, cells were sedimented, washed with PBS and used to inoculate a new 

culture supplemented with farnesol. The process was repeated 2 more times for a total of 

3 passages over 4 days generating “farnesol-sensitized” cells. At each time-point, cells 

were recovered and immediately tested for vancomycin susceptibility and MIC 

determination. For desensitization, sensitized cells were similarly generated through 

gradual passaging in non-farnesol containing media, for a total of 5 passages over 6 days 

(until fully desensitized based on vancomycin susceptibility).   

Gene expression studies. To evaluate the effect of farnesol on expression of the 

most notable S. aureus efflux pump genes, qRT-PCR was performed. RNA was extracted 

from farnesol-sensitized S. aureus cells (grown planktonically or in biofilm) using bead 

beating (Zymo Research) and MiniPrep Kit (Zymo Research). One µg of DNase-treated 

RNA was reverse transcribed using the Omniscript RT Kit (Qiagen) and 0.5 µL of cDNA 

was amplified using SYBR Green PCR Mix (ThermoFisher) and 10µM primers (Table 1) 

190. Non-template and non-RT reactions were used as controls. The relative expression 

ratios were calculated by using the cycle threshold (CT) of the 16S rRNA of each 

condition as the calibrator. Fold-change in gene expression was calculated using the 

∆∆CT method and n-fold expression = 2ΔΔCT, where CT is the cycle number of the 

detection threshold. 

Farnesol-induced accumulation of intracellular ROS. S. aureus biofilms 

(supplemented with 0-50µM of farnesol) were stained with the ROS stain H2-DCFDA 

(10 µM) (ThermoFisher; DCF) and propidium iodide (PI) (10 µM) for 1 hr at 37 °C. As 

DCF is catalyzed from a non-fluorescent form into a fluorescent form by intracellular 

oxidation, biofilms were not washed prior to detection. Following incubation, ROS  
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Table 1. Sequence of primers used for quantitative RT-PCR of S. aureus efflux 
pump genes 

Gene RT-qPCR Primers Gene 
NorA Forward ATCGGTTTAGTAATACCAGTCTTGC ~120 

 Reverse GCGATATAATCATTTGAGATAACGC  
    

NorB Forward AACCAATGATTGTGCAAATAGC ~110 
 Reverse ATGGAAAAGCCGTCAAGAGA  
    

NorC Forward ATGAATGAAACGTATCGCGG ~120 
 Reverse GTCTGCACCAAAACTTTGTTGTAAA  
    

16s rRNA Forward CCAGCAGCCGCGGTAAT 62 
 Reverse CGCGCTTTACGCCCAATA  
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accumulation was quantified using fluorescent plate reader (BioTek) at exc/emi: 485/535 

nm for DCF and exc/emi: 488/630 nm for PI. Intracellular ROS was visualized using 

Zeiss 710 confocal microscope. Images were obtained by LSM 5 Image Browser 

software with an average of 8 images per line. At least three random fields were 

examined and representative images presented. 

Inhibition of S. aureus efflux pumps. To assess the role of drug efflux pumps in 

response to vancomycin, two known inhibitors of efflux pumps were used. S. aureus 

biofilms grown as described, were supplemented with RPMI containing reserpine (160-

320 µg/ml) or capsaicin (200 µg/ml). Following 24hr incubation at 37 °C, biofilms were 

treated with vancomycin, oxacillin, or nafcillin, and viability assessed using MTS assay 

and CFU enumeration.  

Vancomycin efflux assay. 24 hr pre-formed S. aureus biofilms were 

supplemented with 100 µL PBS containing 1 µg/ml fluorescently-tagged vancomycin 

(Vanc-F) and incubated for 1 hr at 37 °C. Biofilms were washed to remove non-

internalized Vanc-F, supplemented with 100 µL PBS, and incubated for 3 hrs at 37 °C to 

allow for extracellular vancomycin efflux. Following the efflux period, supernatants were 

collected into separate wells and the biofilm layers retained in the original wells. Effluxed 

Vanc-F in supernatant and Vanc-F retained in biofilm were measured using a fluorescent 

plate reader (exc/emi: 488/520 nm). Results were calculated as percent Vanc-F efflux 

from biofilms, where %Efflux = (Supernatant-Vanc-F ÷ Total-Vanc-F) x 100. Ethidium 

bromide (EtBr) was used as standard control of extracellular efflux. 

Transmission electron microscopy (TEM). To ascertain lack of adverse effect 

for farnesol on cell structure sensitized cells were processed for TEM. Briefly, cells were 
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fixed, embedded in agarose and blocks were post-fixed with 1% osmium tetroxide/1.5% 

potassium ferrocyanide then stained with uranyl acetate. Specimens were serially 

dehydrated in ethanol, and embedded in Spurs resin (Electron Microscopy Sciences, 

PA).  Ultrathin sections (~70nm) mounted on copper grids were examined in a Tecnai 

T12 TEM (Thermo Fisher Scientific, Hillsboro, OR). Digital images were taken using a 

CCD camera (Advanced Microscopy Techniques, Corp, Woburn, MA) and AMT600 

software. 

 Data analysis. All experiments were performed on at least 3 separate occasions 

and in triplicate where applicable, and averages used to present data. Statistical analysis 

was performed using GraphPad Prism 5.0 software. The Kruskal-Wallis one-way analysis 

of variance test was used to compare differences between multiple groups, and Dunn’s 

multiple-comparison test to determine whether differences between two samples are 

statistically significant. Student’s unpaired t test was used to compare differences 

between two samples. P values of <0.05 were considered to be significant. 

 

Results 

C. albicans spent biofilm culture media confers S. aureus with enhanced 

tolerance to vancomycin. To identify the C. albicans secreted effector modulating S. 

aureus response to vancomycin, spent biofilm culture media from the wild-type C. 

albicans strain was used in S. aureus biofilm vancomycin susceptibility assays. Spent 

media from a C. albicans strain known to be deficient in farnesol production was also 

similarly used. Based on percent survival with vancomycin as determined by MTS assay 

(Figure 25A) and CFU recovery (Figure 26), growth in spent media from the farnesol- 
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Figure 25. Farnesol secreted by C. albicans in biofilm confers S. aureus with 
protection against vancomycin. (A) S. aureus (SA) biofilms were grown in spent 
culture media from the farnesol producing (SC5314) and farnesol deficient 
(ATCC10231) C. albicans strains for 24hrs prior to treatment with vancomycin (vanc) 
for an additional 24hrs. Viability assays demonstrated that, compared to growth in control 
(fresh) media, SA exhibited significant increase in tolerance to vancomycin when grown 
in the spent media of the farnesol-producing WT strain, but not the farnesol deficient 
strain. (B) HPLC analysis of spent media from single species biofilms of both C. albicans 
strains as well as media from a dual species biofilm demonstrated significant decrease in 
farnesol levels in the media from the farnesol deficient strain. Although some increase in 
farnesol levels was noted in the media from the mixed biofilms compared to media from 
the C. albicans single species biofilm, the increase was not statistically significant (***, 
P <0.001; ns, not significant). 
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Figure 26. S. aureus vancomycin susceptibility testing in albicans biofilm spent 
culture media. Based on log CFU recovery, significant increase in S. aureus survival 
with vancomycin was seen in spent media from the farnesol-producing C. albicans strain 
and the control media (*, P <0.05; ***, P <0.001). 
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producing wild-type strain resulted in significantly higher (~30%) S. aureus survival with 

vancomycin. In contrast, no increase in S. aureus tolerance to vancomycin was seen when 

grown in media from the farnesol-deficient C. albicans strain.  

Measurement of C. albicans-secreted farnesol in biofilm spent culture media. 

For comparative measurement of secreted farnesol, HPLC analysis was performed on 

spent media from biofilms of both C. albicans strains. In media from the wild-type strain, 

farnesol concentration averaged approximately 40 µM compared to less than 10 µM in 

media from the farnesol-deficient strain (Figure 25B). HPLC analysis was also performed 

on mixed-species biofilms with S. aureus and the two C. albicans strains. Although 

farnesol concentrations secreted by C. albicans were consistently higher in mixed 

biofilms compared to C. albicans single biofilms, the difference in values did not reach 

statistical significance.  

Exogenous farnesol modulates S. aureus response to vancomycin. To 

investigate whether farnesol supplementation impacts response to vancomycin, 

susceptibility assays were performed on S. aureus biofilms exogenously supplemented 

with farnesol at concentrations known to be physiologically secreted by C. albicans. 

Based on MTS assays (Figure 27A) and CFU recovery (Figure 28), a significant (~25%) 

farnesol dose-dependent increase in S. aureus survival to vancomycin was seen up to 

40µM farnesol. In contrast, at higher farnesol concentrations, farnesol exerted a 

synergistic effect with vancomycin. Susceptibility assays using farnesol alone 

demonstrated that farnesol did not affect S. aureus viability or biofilm formation up to 

50µM (Figure 29). 
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Figure 27. Farnesol confers increased tolerance to vancomycin and induces 
intracellular ROS accumulation in S. aureus biofilms. 24hr SA biofilms grown with 
farnesol (0-50µM) were treated with vancomycin for 24hrs. (A) Based on MTS viability 
assays, results demonstrated a significant increase in SA survival proportional to farnesol 
concentration up to 40µM above which farnesol exerted a synergistic effect with 
vancomycin (*, P <0.05; **, P <0.01; ns, not significant). (B) For ROS measurement, SA 
biofilms treated with increasing farnesol concentrations (0-50µM) were stained with DCF 
(ROS probe). Based on level of fluorescence measured, intracellular ROS accumulation 
increased in a manner proportional to farnesol concentration (*, P <0.05; ***, P <0.001; 
ns, not significant).   
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Figure 28. Farnesol-induced increase in S. aureus survival in vancomycin treated 
biofilms. Based on log CFU recovery, exogenous farnesol supplementation increased S. 
aureus survival with vancomycin up to 30µM farnesol concentration (*, P <0.05; ***, P 
<0.001; ns, not significant).  
 



!88!

 

 
Figure 29. Effect of exogenous farnesol on S. aureus viability and biofilm formation. 
S. aureus biofilms were grown in RPMI media supplemented with 0-50µM of farnesol 
for 24hrs. Based on MTS assay, farnesol did not have an adverse effect on S. aureus 
growth (ns, not significant).   



!89!

Farnesol induces accumulation of intracellular reactive oxygen species (ROS). 

As we have previously shown that farnesol induces ROS production in eukaryotic cells, S. 

aureus biofilms treated with farnesol were analyzed for intracellular ROS accumulation 

using fluorescent microscopy and quantitative measurement. Microscopic images 

revealed increasing presence of intracellular ROS proportional to farnesol concentrations 

with presence of dead cells at high farnesol concentrations (Figure 30). ROS presence 

was also quantified using a fluorescent plate reader. Results demonstrated an increase in 

ROS accumulation with increasing concentrations of farnesol (Figure 27B).  

Farnesol induces upregulation of efflux pump genes. Since it is known that 

oxidative stress can be a potent inducer of efflux pump expression in S. aureus, gene 

expression studies were performed to examine the role of efflux pumps. RNA extracted 

from farnesol-treated biofilms was reverse transcribed, and qRT-PCR was performed on 

the most notable efflux pump genes in S. aureus: norA, norB, and norC. Gene 

expressions were displayed in fold change, normalized to 16s rRNA expression. Results 

demonstrated that farnesol treated biofilm cells displayed a significantly greater level of 

norB expression compared to untreated biofilm, averaging a 3-fold increase in expression 

(Figure 31). Although the mean expression levels of norA and norC were higher in 

presence of farnesol, these levels did not reach statistical significance.  

Generation of a vancomycin resistant phenotype upon gradual repeated 

exposure of S. aureus cells to farnesol (sensitization). To validate the hypothesis that in 

mixed biofilms, S. aureus may acclimate to the increasingly secreted farnesol by C. 

albicans, S. aureus cells in planktonic cultures were serially passaged in media 

exogenously supplemented with 50µM farnesol for a total of 3 passages over 4 days, to  
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Figure 30. Detection of farnesol-induced intracellular ROS accumulation by 
fluorescent microscopy. Preformed S. aureus biofilms were stained with DCF (ROS; 
green) and propidium iodide (dead cells; red) in the presence of farnesol (0, 30, or 50µM) 
and ROS accumulation was visualized using fluorescent microscopy. Images 
demonstrated increases in intracellular ROS accumulation (green) proportional to 
farnesol concentration concomitant with some increase in cell death (yellow on the 
merged channels). 
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Figure 31. Farnesol-induced upregulation of efflux pump genes in S. aureus biofilms 
using qRT-PCR analysis. Based on relative fold change, results indicated a significant 
increase (3-fold) in the expression of the norB gene in farnesol treated S. aureus biofilms. 
Although similar increase was consistently seen in the norA and norC genes under these 
conditions, the increase did not reach statistical significance. 16s rRNA expression was 
used as a housekeeping gene (**, P <0.01; ns, not significant).  
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generate farnesol “sensitized” cells. Simultaneously, susceptibility of the sensitized cells 

to vancomycin was examined at each time-point during the passaging process, where 

cells were recovered and used in vancomycin susceptibility assays (in absence of 

farnesol). To monitor development of vancomycin tolerance over time, it was essential to 

test the susceptibility of these cells to vancomycin immediately upon sampling and 

therefore, these assays were done using cells from the planktonic cultures. Sensitized 

cells did not exhibit any growth retardation (based on optical density measurements) and 

no defect in biofilm formation compared to control cells (data not shown). Results 

demonstrated that, the farnesol-sensitized cells displayed a significant increase (~70%) in 

survival following treatment (Figure 32A) and an increased MIC (10µg/ml), based on 

80% inhibition, compared to that for control cells not previously exposed to farnesol (2.5-

5µg/ml) (Figure 33). To investigate whether this phenomenon is specific to planktonic 

cells, susceptibility assays were also performed on S. aureus biofilms formed from the 

farnesol-sensitized cells using vancomycin, oxacillin, and nafcillin. Results demonstrated 

significant and comparable increase in tolerance to all antibiotics tested (Figure 34).  

Examination of membrane integrity using transmission electron microscopy 

(TEM). To rule out a potential effect for farnesol on cell structure, farnesol sensitized 

cells were subjected to TEM analysis. Images revealed no observable morphological 

changes in the cell membrane and cell wall of the sensitized cells compared to their 

control cells (passaged with no farnesol), or cells from S. aureus overnight cultures (not 

exposed to farnesol)  (Figure 35). 

Reversion to vancomycin susceptible phenotype upon gradual removal of the 

sensitized cells from farnesol (desensitization). To determine whether the farnesol- 
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Figure 32. Farnesol-pre-sensitized S. aureus cells exhibit increase in tolerance to 
vancomycin concomitant with increase in expression of efflux pump genes. (A) SA 
cells were serially passaged in 50µM farnesol over 4 days for a total of 3 passages to 
generate cells “sensitized” to farnesol. At each time point, samples were taken and cells 
were planktonically tested for vancomycin susceptibility (in the absence of farnesol). 
Based on results from MTS viability assays and compared to control cells not exposed to 
farnesol, sensitized cells exhibited gradual and significant increase in tolerance to 
vancomycin. (B) The farnesol-sensitized cells were serially passaged through farnesol-
free media for up to 5 passages over 6 days to generate “desensitized” cells. Vancomycin 
susceptibility testing performed at each time point during the passaging process (in the 
absence of farnesol), demonstrated gradual loss of the acquired tolerance to vancomycin 
with cells fully reverting to the original susceptible phenotype, after the 6th passage 
wherein cells were considered “desensitized.” (C) Concomitant with susceptibility testing, 
RNA was extracted from cells post-sensitization with farnesol and post-desensitization, 
for qRT-PCR analysis of the SA nor efflux pump genes. Based on fold-change, 
expression of the norA gene significantly increased (approximately 5-fold) in the 
sensitized cells but returned to base line levels upon desensitization, similar to that seen 
in control cells not exposed to farnesol. No significant changes in the expression of the 
norB, and norC genes were seen. 16s rRNA expression was used as a housekeeping gene. 
(**, P <0.01; ***, P <0.001; ns, not significant). 
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Figure 33. Farnesol-sensitized S. aureus cells exhibit increase in vancomycin MIC. 
Following sensitization of S. aureus cells to farnesol, vancomycin (0-20µg/ml) 
susceptibility assays were performed to determine the MICs of these cells, based on 80% 
inhibition in growth. Relative to cells not previously exposed to farnesol, the sensitized 
cells exhibited 2-4 fold increase in MIC (10µg/ml) compared to the control cells (<5 
µg/ml). 
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Figure 34. Biofilms of farnesol-sensitized S. aureus cells display increased survival 
with different classes of antibiotics. Farnesol-sensitized cells grown in biofilms for 
24hrs in the absence of farnesol were treated for an additional 24hrs with 3 different 
antibiotics. Based on MTS assay, a dose-dependent increase in S. aureus survival was 
seen in the presence of (A) vancomycin, (B) oxacillin and (C) nafcillin (*, P <0.05; **, P 
<0.01; ***, P <0.001; ns, not significant).  
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Figure 35. Evaluation of morphological changes in farnesol-sensitized S. aureus cells 
using transmission electron microscopy (TEM) analysis. Farnesol-sensitized cells 
were fixed and processed for TEM. Micrographs revealed no observable morphological 
differences in the cell membrane and cell wall between the sensitized cells compared to 
their control cells (passaged with no farnesol) or cells from S. aureus overnight cultures 
(not exposed to farnesol). Representative images are shown. 
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induced vancomycin tolerance in the sensitized cells is transient, the cells were similarly 

serially passaged in media with no farnesol (desensitized) then tested for vancomycin 

susceptibility at each time-point. In contrast to the sensitized cells, desensitized cells 

exhibited gradual loss in the acquired tolerance to vancomycin with each passaging. 

Following the 6th passage, the cells were considered fully desensitized wherein the 

susceptibility to vancomycin reverted to that of control cells not previously exposed to 

farnesol (Figure 32B).  

Modulated expression of efflux pumps in farnesol sensitized and desensitized 

cells. To determine whether the over-expression of efflux pumps is a transient state, gene 

expression studies were performed on the previously farnesol-sensitized and desensitized 

cells (both in absence of farnesol). Results demonstrated that sensitized cells displayed 

approximately 5-fold greater expression in the norA gene, whereas desensitized cells 

expressed comparable levels to that in control cells not previously exposed to farnesol 

(Figure 32C). 

 Analysis of S. aureus strains with modulated expression of norA. To assess the 

role of farnesol-induced upregulation of efflux pumps in vancomycin tolerance, a norA 

deletion mutant and a norA over-expressing strain were tested in vancomycin biofilm 

susceptibility assays. Experiments performed with the norA strains and their parent 

strains were performed in the absence of farnesol. Results demonstrated that, where the 

mutant lacking norA displayed significantly reduced (~10%) survival with vancomycin 

compared to its parent strain, the norA overexpressing strain displayed significantly 

greater (~45%) level of survival compared to its parent strain (Figure 36). Notably, the 

parent of the norA overexpressing strain exhibited enhanced susceptibility compared to  
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Figure 36. Modulation of efflux pumps impacts S. aureus response to vancomycin. 
(A) SA mutant strains with modulated norA expression were tested in biofilm 
vancomycin susceptibility testing. Based on results from MTS viability assays, the 
mutant strain lacking the norA gene (∆norA; NE1034) displayed significant decrease in 
survival with vancomycin compared to its parent strain (USA300). In contrast, the norA 
over-expressing strain (↑norA; SA1199B), displayed a significant increase in survival 
compared to its parent strain (ATCC 25923). (B) However, when a chemical inhibitor of 
efflux pump (reserpine) was included in the vancomycin susceptibility testing, the 
initially observed increased survival of the norA over-expressing strain was completely 
abolished, with no effect for the inhibitor noted on the susceptibility of the parent strain 
to vancomycin. Reserpine alone did not affect SA viability (**, P <0.01; ***, P <0.001; 
ns, not significant). 
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the wild-type strain (Figure 36 and Figure 37) which is likely due to the fact that unlike 

the wild-type strain, the norA overexpressing and its parent strain are MSSA strains. 

Similar susceptibility profiles were seen when these strains were tested with other 

antibiotics (oxacillin and nafcillin) (Figure 37), indicating a non-specific role in the 

efflux-pump mediated protection.  

Chemical inhibition of S. aureus efflux pumps using inhibitors. To further 

explore the role of efflux pumps, experiments were also performed where known 

inhibitors of efflux pumps (reserpine and capsaicin) were incorporated in S. aureus 

vancomycin biofilm assays using the norA over-expressing mutant strain as well as the 

farnesol-sensitized cells. Results demonstrated significant decrease (~50%) in survival of 

the norA over-expressing strain with vancomycin in the presence of the inhibitors 

compared to the parent strain (Figure 36B). Similarly, in the farnesol-sensitized cells, 

which typically displayed significantly greater level of survival with vancomycin, the 

initially observed tolerance to vancomycin was significantly diminished (~20%) in the 

presence of the inhibitor reserpine (Figure 38A) or capsaicin (~20%) (Figure 38B). 

Similar results were seen when treated with the antibiotics oxacillin and nafcillin (Figure 

39). Reserpine and capsaicin alone did not affect S. aureus viability or biofilm formation. 

Farnesol treatment and sensitization of ∆norA strains modulates vancomycin 

susceptibility. In order to confirm the role of other efflux pumps induced by farnesol, 

∆norA strains of S. aureus biofilms were treated with or sensitized to farnseol and 

subsequently treated with vancomycin. Although increasing concentrations of farnesol 

improved ∆norA S. aureus survival to vancomycin up to 20 µM farnesol, a synergistic 

effect was seen for farnesol with vancomycin (Figure 40A). Similarly, upon sensitization  
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Figure 37. Antibiotic treatment of biofilms of S. aureus strains with modulated norA 
expression. 24hr biofilms of the norA deletion and overexpressing mutant strains and 
their respective parent strains were treated with (A) oxacillin or (B) nafcillin for an 
additional 24hrs. Based on MTS viability assay, the norA deletion mutant displayed 
significantly reduced survival following treatment with either antibiotic compared to its 
parent strain. In contrast, the norA over expressing strain exhibited significantly increased 
survival compared to its parent strain (**, P <0.01; ***, P <0.001).  
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Figure 38. Chemical inhibition of efflux pumps in the farnesol-sensitized S. aureus 
cells increases susceptibility to vancomycin. (A) Biofilms of farnesol-sensitized cells 
were treated with vancomycin in the absence and presence of the efflux pump inhibitor 
reserpine. Based on results from MTS viability assay, the biofilms displayed significant 
increase in viability with vancomycin in the absence of the efflux pump inhibitor. The 0 
µM unsensitized S. aureus cells were used as a control. However, in the presence of the 
inhibitor, survival was significantly diminished. (B) Similar results were seen when 
experiments were performed using an alternate efflux pump inhibitor (capsaicin). No 
effect for the inhibitors was seen on control cells not previously exposed to farnesol, in 
the presence or absence of vancomycin. The 0 µM unsensitized S. aureus cells were used 
as a control. Reserpine and capsaicin alone did not affect SA viability or biofilm 
formation (*, P <0.05; **, P �<0.01; ***, P <�0.001; ns, not significant).  
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Figure 39. Effect of efflux pumps inhibition on the survival of farnesol-sensitized S. 
aureus following antibiotic treatment of biofilms. Farnesol-sensitized cells grown in 
24hr biofilms in the absence of farnesol, were treated for an additional 24hrs with the 
inhibitor reserpine then treated for an additional 24hrs with either (A) oxacillin or (B) 
nafcillin. Based on MTS viability assay, reserpine significantly reduced the survival of 
the farnesol-sensitized S. aureus cells but not the control cells following treatment with 
either antibiotic (**, P <0.01; ***, P <0.001; ns, not significant). Reserpine alone did not 
have any effect on S. aureus growth. 
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Figure 40. Farnesol treatment and sensitization of ∆norA strains of S. aureus 
modulate susceptibility to vancomycin. (A) Treatment of the ∆norA strains of S. aureus 
biofilms increases survival following vancomycin treatment with increasing 
concentrations of farnesol, up to 20 µM. From 30 µM and higher, farnesol treatment 
appears to augment vancomycin killing of S. aureus. (B) ∆norA S. aureus biofilms, 
sensitized to 50 µM of farnesol, exhibit greater tolerance to vancomycin than the 0 µM 
sensitization control biofilms, up to 100 µg/mL of vancomycin. (C) Treatment of the 50 
µM farnesol-sensitized ∆norA S. aureus biofilms with reserpine, a chemical inhibitor of 
efflux pumps, significantly reduces the increased tolerance to vancomycin conferred by 
the farnesol sensitization. Treatment of the 0 µM sensitization control biofilms with the 
chemical inhibitor did not alter vancomycin susceptibility (*, P <0.05; **, P <0.01; ***, 
P <0.001). 



!104!

to through passaging in 50 µM farnesol, ∆norA biofilms exhibited increased survival with 

vancomycin compared to control cells passaged without farnesol exposure (unsensitized 

cells) (Figure 40B). Furthermore, treatment of the ∆norA farnesol-sensitized biofilms 

with a chemical inhibitor of efflux pumps abrogated the initially observed increase in 

survival of the farnesol-sensitized cells with vancomycin similar what was seen in wild-

type sensitized biofilms (Figure 40C). As expected, the findings that in the absence of the 

norA gene, farnesol increased tolerance to vancomycin strongly indicates the 

involvement of other efflux pumps induced by farnesol. 

Farnesol induces efflux of intracellular vancomycin. To validate the hypothesis 

that tolerance to vancomycin is mediated by increase in vancomycin efflux, efflux assays 

were designed using a fluorescent vancomycin compound (Vanc-F). In these experiments, 

following internalization of Vanc-F by S. aureus cells in the biofilm, the level of 

fluorescent vancomycin effluxed into the supernatant as well as that retained in the 

biofilm cells was measured using a fluorescent microplate reader. Based on calculated 

percent efflux, both farnesol-treated biofilms and biofilms of the previously farnesol-

sensitized cells displayed significantly greater level of vancomycin efflux compared to 

their respective controls (~15% and ~20% respectively) (Figure 41A and B). The role of 

the NorA efflux pump was further demonstrated using the norA mutant and over-

expressing strains which respectively displayed significant decrease (~5%) and increase 

in vancomycin efflux (~10%) (Figure 41C). Ethidium bromide was used as the standard 

efflux control and a similar trend in ethidium bromide efflux was seen for all strains 

tested. 
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Figure 41. Increase in efflux of intracellular vancomycin mediated by farnesol.  SA 
biofilms were grown in the presence of farnesol (0 or 40µM) or using cells previously 
sensitized with farnesol then treated with fluorescent vancomycin (Vanc-F) for 1hr. 
Following washing, PBS was added and vancomycin was allowed to efflux for 3hrs. 
Vanc-F was then measured in the supernatant and in the biofilm cell layer. Based on 
calculated percent efflux, both the (A) farnesol treated biofilms and the (B) farnesol-
sensitized biofilms displayed increased efflux of Vanc-F into the supernatant when 
compared to their respective controls. (C) The vancomycin efflux assay was also 
performed on the mutant strains with modulated norA expression; wherein the norA 
deletion mutant strain displayed significant decrease in efflux compared to its parent 
strain (ATCC25923), the norA over-expressing strain displayed significantly increased 
efflux compared to its parent strain (USA300). The same trend in level of efflux was seen 
when ethidium bromide (EtBr), was used as the standard control for extracellular efflux 
(*, P <0.05; **, P <0.01; ***, P <0.001).  
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Discussion 

In a biofilm environment, microbial species are highly interactive and employ a 

range of mechanisms for cell-to-cell communications 15,191. This phenomenon for 

promoting collective behavior within a population is important in ensuring survival and 

propagation by enhancing access to nutrients and niches, as well as providing protection 

1,2,148. The tetraprenoid farnesol is perhaps the best-characterized secreted QS molecule 

shown to play a central role in fungal cell physiology. We, and others, have shown that at 

high concentrations (>100µM), farnesol impairs the growth and biofilm formation of C. 

albicans as well as bacteria, including staphylococci 182,192–194. We also demonstrated that 

at high concentrations, farnesol triggers a process of apoptosis in C. albicans and in 

human oral squamous carcinoma cells, which was preceded by ROS production in both 

eukaryotic cells 78–80. In S. aureus, several mechanisms have been proposed as to 

farnesol’s mechanism of killing including disruption of cell membrane integrity and 

leakage of K+ ions 194–197. Therefore, given its toxicity, previous studies primarily 

focused on exploring the potential of exogenous farnesol as an antimicrobial agent. In 

contrast, our investigations aimed to elucidate a potential role for farnesol in 

orchestrating the dynamics between C. albicans and S. aureus within a mixed biofilm, 

focusing on impact on response to antimicrobials. In C. albicans biofilms, farnesol, was 

shown to be increasingly produced with the age of the biofilm at a reported concentration 

of 40-50µM in 24-48hr old biofilm 19,198. These findings are important as in our study 

exogenous supplementation with 30-40µM farnesol conferred the highest level of 

tolerance to vancomycin. Most importantly, a physiological relevance was attributed to 

this phenomenon by the demonstration that spent culture media recovered from C. 
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albicans biofilm with measured farnesol concentration of 40µM, similarly conferred S. 

aureus with significant increase in survival to antimicrobials.  

Based on our previous studies identifying farnesol as a redox cycling agent that 

induces ROS accumulation in eukaryotic cells, we explored whether a similar process 

occurs in S. aureus 79,80,198,199. To overcome the deleterious effects of oxidative stress, 

staphylococci have evolved a multitude of oxidative defense strategies controlled by a 

complex network of regulators, to detect oxidative stress 200. Therefore, it is likely that 

the oxidative stress exerted by farnesol may activate a protective stress response by the 

bacterial cell, which indirectly confers tolerance against antibacterials. In fact, an SOS 

response has been linked to antibiotic resistance, via upregulation of drug efflux pumps 

201. Efflux pumps are widespread in bacterial species and are constitutively expressed at 

low levels as they function in the export of bacterial products and removal of 

environmental substances including toxins. Although some of these drug pumps have a 

narrow substrate profile, others are capable of removing many structurally distinct 

compounds, and are in turn referred to as multidrug resistance (MDR) efflux pumps 202. S. 

aureus has several efflux pumps that contribute to increase in resistance to antibiotics. 

However, the Nor family belonging to the major facilitator superfamily, particularly 

NorA, are the most notable 203,204. The expression of NorA has been associated with 

increased tolerance and efflux of a wide variety of structurally unrelated compounds, 

such as hydrophilic fluoroquinolones, benzalkonium, ethidium bromide, and rhodamine 

205. Therefore, overexpression of these pumps may allow higher levels of resistance, 

which could be transient in the presence of an effector 206. However, the expression of the 
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Nor-family efflux pumps is not fully understood and is likely affected by a myriad of host 

and environmental conditions 205,207,208. 

The involvement of the Nor efflux pumps and particularly NorA was clearly 

demonstrated by taking different experimental approaches. The effect of farnesol on 

modulation of the S. aureus NorA efflux pump gene was expected, as we had previously 

demonstrated that in addition to ROS accumulation, exposure to farnesol resulted in 

upregulation of the ABC transporters CDR1 in C. albicans and MDR1 in human oral 

squamous carcinoma cells 78,80. However, the gene expression profiles in S. aureus were 

interesting; where NorB was found to be significantly upregulated in the presence of 

farnesol, the sensitized S. aureus cells which exhibited high resistance to vancomycin in 

the absence of farnesol, norA was found to be significantly upregulated. Although NorA 

and NorB share several substrates, there are differences in substrate specificity, which 

may be related to substrate binding sites. Therefore, it is feasible to speculate that 

farnesol may act as a substrate for NorB, whereas the upregulation of NorA is associated 

with adaptation to a general stress response. In fact, in C. albicans, we showed that as a 

xenobiotic, farnesol conjugates with intracellular reduced glutathione, forming conjugates 

that act as a substrate for CDR1 80. The upregulation of this transporter and increased 

extrusion of the farnesol-glutathione conjugates results in oxidative stress due to 

depletion of intracellular glutathione, which is an important thiol crucial for protection 

against oxidative stress 80. Interestingly, in the sensitized S. aureus cells, we found that 

the upregulation of norA, which was concomitant with vancomycin resistance, returned 

to constitutive levels along with loss of vancomycin resistance, when the cells were 

gradually removed from farnesol (desensitized). These observations indicate that 
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although the acquired resistance to vancomycin mediated by farnesol is maintained over a 

period of time, it is essentially transient in nature.  

Perhaps the most interesting finding from analysis of the susceptibility profile of 

the farnesol sensitized cells to vancomycin was the observation that based on 80% 

inhibition in growth the MIC value for the sensitized cells was approximately 10µg/ml 

(Figure 33). These findings are of important clinical relevance as based on the current 

Clinical and Laboratory Standards Institute (CLSI) breakpoints, isolates with MICs of 4-

8µg/ml are considered to be VISA (vancomycin-intermediate S. aureus), and those with 

MICs of >16µg/ml are vancomycin resistant. Therefore, it is tempting to speculate that in 

terms of susceptibility to vancomycin, farnesol exposure leads to the evolution of a 

phenotype consistent with that for VISA strains. Although a complete understanding of 

the mechanisms and factors leading to vancomycin resistance in VISA strains remains 

elusive, based on TEM cell wall measurements, resistance was shown to go along with 

thickening of the cell wall due to changes in the composition of the peptidoglycan 209. 

However, our comparative analysis of TEM images indicated no discernable differences 

in cell wall thickness in the sensitized cells compared to control cells (Figure 35). These 

observations seem to indicate that although the MICs are consistent with those of VISA 

strains, the mechanism for the enhanced tolerance of sensitized cells to vancomycin is not 

associated with cell wall changes, supporting a role for efflux pumps. Nevertheless, the 

demonstration that the farnesol-sensitized cells are comparable to VISA isolates in 

vancomycin susceptibility is of significance as VISA strains are associated with treatment 

failure. Additionally, transcriptomics studies had indicated that the evolution of 

vancomycin-susceptible S. aureus to VISA is associated with antibiotic resistance and 
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changes likely promoting persistent infection 210. In fact, current dogma suggests that 

VISA represent a bacterial evolutionary state favoring persistence in the face of 

antibiotics and host environment 211,212.  

The global regulator MgrA (multiple gene regulator) has been shown to regulate 

the transcription of the Nor family multidrug efflux pumps in S. aureus, and affect 

multiple genes involved in virulence and antibiotic resistance 200,213,214. The specific 

mechanism behind how MgrA regulates Nor pumps is not fully elucidated. However, 

findings from a study analyzing the crystal structure of the MgrA homodimer indicated 

the presence of a unique cysteine residue that can be oxidized in response to ROS, 

thereby modulating the activity of MgrA. Further, MgrA was described to utilize an 

oxidation-sensing mechanism and function in staphylococcal resistance to different 

antibiotics including vancomycin, via regulation of transcription of several multidrug 

efflux pumps including the Nor 200,215. Therefore, since MgrA acts as a regulator for the 

expression of Nor pumps and is modulated in response to oxidative stress, heat shock, pH 

level, heme stress and other environmental conditions, it is highly likely that MgrA may 

sense the oxidative stress induced by farnesol and activate efflux pump regulation 215. It 

is interesting to note that MgrA was reported to inversely modulate the expression of 

norA and that of norC and norB which may explain the observed differences in our gene 

expression profiles. However, it is important to iterate that in S. aureus, at least eight 

chromosomally-encoded and six plasmid-encoded efflux pumps have been reported to 

contribute to antimicrobial tolerance, many with redundancy in substrates 203,204. 

Therefore, it is doubtful that the effect of farnesol on efflux pumps is exclusive to the Nor 

family. Nevertheless, the goal of the study was to demonstrate that farnesol modulates the 
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regulation of drug efflux pumps and we focused on the Nor family as they are the most 

prominent and best characterized efflux pumps in S. aureus.  

Perhaps the strongest evidence supporting the farnesol-induced vancomycin 

efflux phenomenon was demonstrated using the efflux assay. Results from these 

experiments showed that vancomycin is extruded from the cell into the milieu in the 

presence of farnesol, and in the sensitized cells (without farnesol). Applying this assay to 

mixed biofilms would attribute a similar role for the C. albicans secreted farnesol; 

however, we recently demonstrated that in mixed biofilms, C. albicans secreted 

polysaccharides, can bind and sequester vancomycin impeding its diffusion 27. Although, 

the findings from our previous study strongly indicated that other C. albicans-associated 

secreted factors contribute to the process of enhanced antimicrobial tolerance, which is 

the focus of this study, the confounding effects of the C. albicans secreted polysaccharide 

matrix makes it impossible to specifically isolate the role of vancomycin efflux in a 

mixed biofilm.  

In conclusion, this study provides strong evidence that, in addition to the biofilm 

matrix, the enhanced tolerance of S. aureus in mixed biofilms involves QS effectors 

secreted by C. albicans. Specifically, based on the combined findings, we propose that 

farnesol exerts oxidative stress on the bacterial cell, which induces the expression of 

efflux pump genes, as part of a general stress response system (Figure 42). This increase 

in drug efflux confers S. aureus cells with non-specific transient protection against 

antimicrobials. With vancomycin being one of the few antibiotics that have remained 

effective against MRSA, the demonstration of enhanced S. aureus tolerance to this drug  
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Figure 42. Proposed mechanism for the farnesol-mediated enhanced tolerance of S. 
aureus to vancomycin. Farnesol (exogenously supplemented or produced by C. albicans 
during biofilm growth) is uptaken into the bacterial cell where it exerts oxidative stress 
leading to formation of reactive oxygen species (ROS). This oxidative stress state induces 
the expression of efflux pump genes, such as norA and norB, as part of a general stress 
response system. This increase in efflux pump expression confers SA cells with non-
specific transient protection against antimicrobials.  
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mediated by its interaction with C. albicans carries significant clinical implications, as 

these species are often co-isolated from biofilm-associated infections. 
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Chapter 3 – Part II: Impaired production of the Staphylococcus aureus carotenoid 

pigment staphyloxanthin by farnesol. 

 

 The Staphylococcus genus was first discovered in 1880, cultured from knee 

abscess. The genus was named after microscopic observation of its clustered arrangement 

appearing as “bunches of grapes,” thereby deriving its Greek root Staphylococcus. In 

1884, Friedrich Rosenbach would further classify the genus and distinguish S. aureus, 

naming the species after the eponymous golden hue exhibited in most strains 216. In 1981, 

staphyloxanthin (STXN), a triterpenoid carotenoid, was identified and characterized as 

the primary pigment in S. aureus 217.  

Staphyloxanthin is synthesized in S. aureus by the Crt operon, comprising five 

enzymes (CrtM, N, O, P, Q), regulated by a sigmaB dependent promoter 218,219. The 

biosynthesis pathway begins with CrtM binding its substrate farnesyl diphosphate (FPP), 

a 15-carbon chain sesquiterpene and a byproduct of isoprenoid metabolism, specifically 

the mevalonate pathway 218–220. Based on its crystal structure, CrtM, was shown to 

juxtapose two FPP molecules in its catalytic site and condenses the two molecules into 

dehydrosqualene 219,220. In this step, the two opposing diphosphate groups are necessary 

in order for the reaction to proceed 218,219. The pathway ends with the CrtO enzyme 

catalyzing the synthesis of STXN, which accumulates in the cell membrane 221. 

 While the mevalonate pathway is necessary for synthesis of cell wall 

components in S. aureus, the production of STXN arises from a derivative pathway, 

utilizing the byproducts of isoprenoid synthesis 219. However, although STXN production 

is not vital for S. aureus growth and metabolism, it has been implicated in fitness against 
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oxidative stress and therefore, it is characterized as an important virulence factor in S. 

aureus 221–223. Several studies have shown that deletion of either the CrtM or CrtN 

enzymes in S. aureus resulted in decreased STXN production, concomitant with 

increased susceptibility to oxidative killing and phagocytic degradation 219,221,222. 

Similarly, chemical inhibition of STXN production also resulted in increased 

susceptibility to oxidative killing 220,223–225. Significantly, STXN deficient mutant strains 

were shown to be less virulent in murine models of intraperitoneal infection and a 

subcutaneous abscess model 222,224. 

The crystal structures of FPP bound to CrtM indicate that much of the molecule’s 

binding capability is based in its aliphatic backbone, stabilized by hydrophobic contacts. 

Interestingly, FPP bears remarkable structural homology to farnesol, the only difference 

being a terminal alcohol group instead of the diphosphate (Figure 43). The identical 

homology of the carbon backbone between FPP and farnesol suggests that farnesol can 

also occupy the catalytic site on the enzyme 219. Therefore, based on this similarity, it is 

conceivable to speculate that farnesol may competitively inhibit FPP binding to CrtM by 

occupying the active sites on the enzyme. However, since farnesol lacks the required 

diphosphate groups, the CrtM enzyme is unable to complete the condensation reaction to 

synthesize dehydrosqualene, thus halting STXN synthesis. Therefore, we hypothesize 

that exposure of S. aureus cells to farnesol results in inhibition of STXN production and 

loss of yellow pigment, and increases susceptibility to oxidative stress. 

The secretion of microbial quorum sensing (QS) molecules is a key characteristic 

of biofilms and the close proximity between microbial species within a polymicrobial 

environment allows for cross-exposure to these molecules 15,18,226. The functions of QS  
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Figure 43. Structural comparison of (A) Farnesol and (B) Farnesyl Diphosphate.  
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molecules however, have been mostly defined in intra-species dynamics. In C. albicans, 

farnesol is the best-characterized QS molecule secreted by the fungal cell, particularly 

during biofilm growth, where at certain threshold concentrations, it acts to control fungal 

growth and limits proliferation 18,23,79,227,228. Given the established synergistic and close 

interactions between C. albicans and S. aureus in biofilms, it is highly likely that S. 

aureus is continually exposed to farnesol. Importantly, our recent investigations 

demonstrated that exposure to farnesol resulted in the modulation of the most notable 

multidrug efflux pump genes in S. aureus, which was concomitant with enhanced 

tolerance to antimicrobials 229. Additional findings from the study also indicated that the 

impact of farnesol on S. aureus may not be limited to response to antimicrobials, but may 

also impact other factors in S. aureus, potentially some associated with virulence. 

Although farnesol’s role in orchestrating C. albicans growth in biofilm is well studied, its 

effect on S. aureus within a mixed biofilm environment is not fully understood. 

 

Materials and Methods 

Reagents. Trans-trans Farnesol was purchased from Sigma Aldrich (St. Louis, 

MO) as a 3M stock solution and diluted to a 30mM solution in 100% methanol. Methanol 

was included in all control experiments. Hydrogen Peroxide was purchased from Sigma 

as a 30% w/w in H2O solution. 

Strains and growth conditions. The S. aureus standard methicillin-resistant S. 

aureus (MRSA) wild-type strain USA300, the S. aureus NE1444 crtM deletion strain 

(Nebraska Transposon Mutant Library), the C. albicans SC5314 reference strain 188 and 

the C. albicans ATCC 10231 (farnesol-deficient) strain 189 were used in these studies. C. 
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albicans strains were grown in YPD broth and S. aureus in TSB broth and cells were re-

suspended in RPMI 1640 with L-glutamine and HEPES (Invitrogen, Grand Island, NY) 

and used at final cell densities of 1 x 106 cells/ml.  

 Generation of a depigmented S. aureus phenotype via gradual sensitization to 

farnesol. S. aureus (USA300) was inoculated into TSB media at 1 x 106 cells/mL and 

incubated overnight at 37ºC with shaking. Cells were pelleted, washed with 10 mM PBS 

and used to seed a new culture (1 x 106 cells/mL) in TSB supplemented with farnesol to 

final concentration of 50 µM or with no farnesol (0 µM) (1st Passage). The passaging of 

cells into their respective cultures (with and without farnesol) was repeated two more 

times (2nd and 3rd passage) to generate farnesol-sensitized S. aureus cells following the 3rd 

passage (Figure 44A).  

 Restoration of pigmentation in depigmented sensitized cells via passaging in 

farnesol-free media. A desensitization process was performed on the fully-sensitized S. 

aureus cells (“3rd Passage) following the same scheme as for sensitization; sensitized 

cells from “3rd Passage” were grown in fresh TSB (with no farnesol) and transferred daily 

to fresh media in the absence of farnesol until the 5th Passage at which time the yellow 

color was fully restored and cells were considered desensitized (Figure 44B). The control 

cells not exposed to farnesol from the sensitization process were simultaneously passaged 

during the desensitization process. 

 Growth rates of farnesol-sensitized S. aureus cells. To assess the growth of the 

sensitized cells, 100 µL of cell suspensions in TSB (1 x 107 cells/mL) from sensitized and 

control cells were added to the wells of a 96-well plate. Plates were incubated at 37°C for 

24 hrs and optical density (600 nm) was measured every 20 mins to monitor cell growth  
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Figure 44. Farnesol Sensitization and Desensitization Scheme. (A) S. aureus cells 
were serially passaged in media supplemented with farnesol (50 µM) for a total of 3 
passages to generate farnesol “sensitized’ cells. (B) The sensitized cells were then 
subsequently passaged in farnesol-free media for a total of 5 passages to generate 
“desensitized” cells. Control cells not exposed to farnesol underwent simultaneous 
passaging during the sensitization and desensitization processes. Cells from each passage 
were recovered and comparatively assessed for pigmentation.  



!120!

using a plate reader (Cytation3, BioTek). An overnight culture of USA300 (non-

sensitized; in TSB) was used as a non-passaged control.  

 Transmission electron microscopy (TEM). Since STXN accumulates in the cell 

membrane, cell membrane integrity of sensitized cells was evaluated by TEM analysis to 

exclude pigment leakage as a cause for loss of pigment. Briefly, cells were fixed, 

embedded in agarose and blocks were post-fixed with 1% osmium tetroxide/1.5% 

potassium ferrocyanide then stained with uranyl acetate. Specimens were serially 

dehydrated in ethanol, and embedded in Spurs resin (Electron Microscopy Sciences, 

PA).  Ultrathin sections (~70nm) mounted on copper grids were examined in a Tecnai 

T12 TEM (Thermo Fisher Scientific, Hillsboro, OR). Digital images were taken using a 

CCD camera (Advanced Microscopy Techniques, Corp, Woburn, MA) and AMT600 

software.” from the AAC paper.  

 Assessment of adhesion and biofilm formation of the farnesol-sensitized S. 

aureus. Cell suspensions (100 µL) of sensitized and control cells in RPMI (1 x 106 

cells/mL) were added to the wells of a 96-well plate.  For adhesion, plates were incubated 

at 37ºC for 90 mins and for biofilm formation plates were incubated for 24 hrs. Following 

incubation periods, wells were sonicated to release biofilm cells and suspensions were 

diluted in PBS and plated on bacterial media for CFUs enumeration. 

 Recovery of S. aureus cells from dual-species biofilm with C. albicans. Dual-

species biofilms were formed by inoculating 10 mL of RPMI with 1 x 106 cells/mL of C. 

albicans (SC5314 or ATCC 10231) and S. aureus (USA300) into canted-neck cell culture 

flasks. Biofilms were grown for 48 hrs at 37ºC and following incubation the biofilms 

were harvested by scraping and cells pelleted by centrifugation. Cells were washed three 
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times with PBS and then sonicated to dissociate S. aureus cells adhering to C. albicans 

hyphae. Polymicrobial cell suspensions were then filtered through a 5 µm pore filter to 

remove C. albicans and isolate S. aureus cells. Recovered S. aureus cells were washed 

and pelleted in order to visualize pigment change. A mono-species S. aureus biofilm was 

also grown, filtered, and pelleted as a control for pigment comparison. All cell 

suspensions were also plated (post-filtration) onto selective chromogenic agar for C. 

albicans and S. aureus to confirm removal of fungal cells. 

Staphyloxanthin detection in farnesol-sensitized and control S. aureus cells 

using pigment ethanol extraction and HPLC analysis. S. aureus cells were grown in 

500 mL of TSB for 4 days in the presence of 50 µM farnesol (farnesol-sensitized) or 0 

µM farnesol (sensitization control). Cell pellets were harvested by centrifugation and 

washed three times in PBS. Extraction, purification, and HPLC analysis methods were 

based on the procedure described in Pelz et al. 219. Briefly, initial extraction was 

performed by resuspending bacterial cell pellets in 20 mL of 100% ethanol. Cell 

suspensions were then incubated at 40ºC on an orbital shaker for 40 mins. Following 

incubation, cell suspensions were centrifuged and the supernatant collected and filter 

sterilized (0.22 µm pore). 5 mL of the generated crude ethanolic extracts containing the 

pigments were subsequently extracted with ethyl acetate/1.7 M aqueous NaCl (1:1, v/v). 

The colored ethyl acetate extracts were dried with anhydrous Na2SO4, and the solvent 

was evaporated under nitrogen stream. The residue was then dissolved in 300 mL of 

acetonitrile and 50 mL of the solution were injected unto UPLC. RP-HPLC analysis was 

carried out on a UPLC sing ACQUITY UPLC H-Class System with Fluorescence 

Detection (Waters Corp., Milford, MA, USA) using XBridge UPLC C-18 column, 4.6 x 
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100mm, 3.5 µm (Waters Corp., Milford, MA, USA). Compounds were separated with an 

Acetonitrile/water gradient (0 min, 55% Acetonitrile; 0–10 min, linear gradient to 95% 

Acetonitrile; 10–30 min, 95% Acetonitrile) at a flow rate of 1 ml/min. Analyses were 

performed on 3 sets of biological samples processed on 3 separate occasions. 

 Susceptibility of farnesol-sensitized S. aureus cells to H2O2. Fully-sensitized S. 

aureus cells were prepared in RPMI to a cell density of 1 x 106 cells/mL and 100 µL 

suspensions were added to a 96-well plate. H2O2 was added to each well to final 

concentrations of 0, 10, 50, 100, 150, 200, 250, and 300 mM and suspensions were 

incubated at 37 ºC for 45 mins. Following incubation, catalase was added to each reaction 

to a final concentration of 2 U/mL to neutralize remaining H2O2. Suspensions were plated 

on S. aureus chromogenic agar for CFU enumeration to assess bacterial survival. 

 Susceptibility of farnesol-sensitized S. aureus cells to phagocytic degradation. 

Monolayers of murine macrophages (J774.1) at 2.5 x 105 cells/mL cell density were 

grown overnight in DMEM media supplemented with 100 ng/mL of lipopolysaccharide 

(LPS) in order to stimulate macrophages. Cells were incubated at 37 ºC with 5% CO2, 

overnight then monolayers were washed twice with PBS. Phagocytosis assay was 

performed by inoculating the macrophage monolayers with 1 x 106 cells/mL of S. aureus 

cells in DMEM. Following a 1 hr period to allow for phagocytosis to occur, monolayers 

were washed with PBS and re-supplemented with DMEM, containing 50 µg/mL of 

gentamicin to eliminate undigested S. aureus cells. Monolayers were incubated for an 

additional 24 hrs, then resuspended and sonicated to lyse macrophages and release 

digested S. aureus cells. Lysates were diluted and plated onto selective chromogenic agar 

for CFU enumeration to assess bacterial survival post-phagocytosis.  
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 Theoretical model for farnesol binding to staphyloxanthin. The high-resolution 

crystal structure of CrtM bound to the substrate farnesyl diphosphate (FPP) was 

previously crystallized (PDB ID: 3W7F) 224. Given the structural similarity of farnesol to 

FPP, Autodock was used to model how farnesol may similarly interact with CrtM. The 

terminal sulfur-diphosphate was replaced with a hydroxyl and the interface was 

resolvated using a TIP3P model to orient the modeled water molecules 230. Crystal 

structures of the protein-ligand complexes used in this study were obtained from the 

Protein Data Bank (PDB; http://www.rcsb.org/pdb/). The proteins and ligands used in 

this study were all formerly used as a test set in recently published papers or were taken 

from the PDB core set. 

Data analysis. All experiments were performed on at least 3 separate occasions 

and in triplicate where applicable, and averages of data sets are presented. Statistical 

analysis was performed using GraphPad Prism 5.0 software. The Kruskal-Wallis one-way 

analysis of variance test was used to compare differences between multiple groups, and 

Dunn’s multiple-comparison test to determine whether differences between two samples 

are statistically significant. Student’s unpaired t test was used to compare differences 

between two samples. P values of <0.05 were considered to be significant. 

 

Results 

 Growth of S. aureus in dual-species biofilms with C. albicans results in 

depigmentation of bacterial cells. In order to examine whether the farnesol 

physiologically secreted by C. albicans in mixed biofilm affects S. aureus cells 

pigmentation, dual-species biofilms were grown for 48 hrs and S. aureus cells were 



!124!

recovered from harvested biofilms and comparatively evaluated for pigment production 

to cells recovered from single species biofilm. Results demonstrated dramatic loss in 

pigmentation in S. aureus cells recovered from mixed biofilms with the wild-type C. 

albicans. In contrast, growth with the farnesol-deficient C. albicans strain (ATCC 10231) 

in biofilm had no or minimal effect on S. aureus cell pigmentation (Figure 45).  

 Farnesol dose-dependent depigmentation of S. aureus. To determine whether 

similar to growth with C. albicans, supplementation of exogenous farnesol impacts 

pigment production, S. aureus cells were progressively passaged in cultures with 

increasing concentrations of farnesol (0-300 µM). Harvested cells were evaluated for any 

observable changes in pigmentation level compared to cells not exposed to farnesol. 

Results demonstrated a farnesol dose-dependent loss of pigmentation with color of cell 

pellet ranging from the typical yellow (no farnesol) to pale white (Figure 46).  

 Generation of a depigmented S. aureus phenotype upon gradual repeated 

exposure to farnesol (sensitization). Although 300 µM of farnesol resulted in dramatic 

depigmentation, this farnesol concentration exceeds what known physiologic 

concentrations secreted by C. albicans during biofilm growth (40-50 µM). In order to 

mimic the scenario of mixed biofilms where S. aureus cells are exposed to increasing 

concentrations of farnesol secreted by C. albicans over time, farnesol-sensitized S. aureus 

were generated through passaging in 50 µM farnesol culture for a total of 3 passages 

(Figure 44). At each passage, cells were recovered and cell pellets were evaluated for 

observed for pigmentation. Results demonstrated a dramatic and increasing level of cell 

depigmentation with each passage, with depigmentation plateauing upon third passage 

(Figure 47A and B).  
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Figure 45. Cell pellets of S. aureus cells recovered from single and mixed biofilms 
with C. albicans strains. S. aureus cells grown with the C. albicans wild-type strain 
(SC5314) exhibited dramatic loss in pigmentation compared to S. aureus cells from 
monospecies biofilm. In contrast, S. aureus cells grown with the farnesol-deficient C. 
albicans strain (ATCC 10231) exhibited minimal loss in pigment. 
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Figure 46. Cell pellets of S. aureus cells treated with farnesol. Exposure of S. aureus 
cells to increasing concentrations of farnesol (from 0-300 µM) resulted in gradual and 
farnesol dose-dependent loss of pigment. 
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Figure 47. Farnesol sensitization and desensitization of S. aureus modulate cell 
pigmentation. Sensitization of S. aureus cells at 50 µM of farnesol resulted in 
progressive loss of pigment with each passage (501-503), with full depigmentation 
occurring at 3rd passage (503). Control S. aureus cells simultaneously passaged in 
farnesol-free media resulted in no change in cell pigmentation (00-03). Desensitization of 
the S. aureus cells sensitized cells (503) in farnesol-free media resulted in progressive 
restoration of pigment with each passage, with pigmentation fully restored at 5th passage 
(05).  
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Reversion to pigmented phenotype upon gradual removal of the sensitized cells 

from farnesol (desensitization). In order to determine whether the observed farnesol-

dependent depigmentation event is a transient-conditional state, the farnesol pressure was 

gradually removed by passaging the sensitized depigmented cells through farnesol-free 

culture media to generate a desensitized phenotype. Comparison of cell pellet color at 

each passage demonstrated gradual restoration of pigment in the depigmented sensitized 

cells (Figure 44) to level comparable to that in control cells (not exposed to farnesol) 

upon 5th passaging (Figure 47C). 

 Farnesol-induced depigmentation in the sensitized cells is comparable to that 

of the staphyloxanthin-deficient S. aureus ∆crtM mutant strain. The ∆crtM strain 

lacking the STXN pigment was used as a control for pigment comparison. Cell pellets 

from cultures of the mutant strain, the farnesol-sensitized cells and its passaged control as 

well as control cells not previously exposed to farnesol were visually compared. Based on 

intensity of the yellow pigment, the sensitized cells exhibited dramatic loss of color 

compared to control cells passaged and not passaged with no farnesol. The loss of 

pigment in the sensitized cells was comparable to that in cells of the ∆crtM strain lacking 

STXN (Figure 48). 

Farnesol-sensitized cells do not exhibit defects in growth rate, adhesion or 

biofilm formation. In order to determine if farnesol sensitization exerts an adverse effect 

on the cells, sensitized cells were evaluated for growth rate over a 24 hr period. Based on 

optical density measurements, the farnesol-sensitized cells displayed similar logarithmic 

growth curves, comparable to control cells indicating no apparent growth defects (Figure 

49). To assess adherence and biofilm formation capabilities, cells were assessed  
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Figure 48. Farnesol sensitization and pigmentation of S. aureus wild type and 
mutant strains. The farnesol-induced depigmentation in the wild-type strain was 
comparable to that in the ∆crtM mutant strain that lacks the pigment.  Similar to the wild-
type strain, sensitization of the ∆norA mutant strain also resulted in loss of pigment, 
indicating no role for the NorA efflux pump in the depigmentation process. 
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Figure 49. Sensitization of S. aureus cells to farnesol does not impair growth 
dynamics. Farnesol-sensitized S. aureus cells were grown in 96-well plates at 37°C and 
optical density measurements (600 nm) were taken every 20 mins. Monitoring of growth 
rate over a 24 hr period demonstrated a normal logarithmic growth patterns for the 
sensitized cells comparable to that of control cells. 
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following a 90 min adhesion period and 24 hr biofilm growth. Results indicated no 

apparent defects for the sensitized cells in adhesion or biofilm formation (Figure 50). 

Farnesol-sensitization does not compromise cell wall integrity or induce 

morphological changes in the cells. As STXN accumulates in the cell wall, sensitized 

cells were subjected to TEM analysis to affirm that the observed depigmentation is not 

due to damage in cell wall. Compared to control cells, images revealed no observable 

morphological or cell wall abnormalities in the sensitized cells (Figure 51).  

Absence of intracellular staphyloxanthin detection in the farnesol-sensitized 

cells. HPLC analysis was performed on cellular extracts of sensitized and desensitized 

cells, alongside their respective controls. Based on the resultant chromatograms, where 

sensitization control extract samples displayed a significant STXN signal at 450 nm with 

an average retention time of 15.033 min as expected, no peaks were detected in the 

extracts from sensitized cells (Figure 52). In contrast, extracts from both the desensitized 

cells and the desensitization control exhibited a STXN peak.  

Farnesol-sensitized cells display increased susceptibility to oxide killing. As 

STXN is an antioxidant involved in neutralization of oxidative species in S. aureus, dose-

dependent hydrogen peroxide (H2O2) susceptibility assays were performed on the 

sensitized, the control, and the ∆crtM mutant which is known to be susceptible to H2O2 

degradation cells 221,222. Based on percent killing, results demonstrated that although no 

statistically significant differences were observed at 0-100 mM H2O2 concentrations, the 

sensitized cells were significantly more susceptible to H2O2 killing at 150-300 mM 

compared to controls (Figure 53). As expected, the increase in susceptibility of the  
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Figure 50. Sensitization of S. aureus cells to farnesol does not compromise adhesion 
or biofilm formation capabilities. Farnesol-sensitized S. aureus cells were assessed for 
their capabilities to adhere to a substrate and to form biofilms. Based on MTS metabolic 
assay, results demonstrated no effect for farnesol sensitization on the ability of cells to 
(A) adhere or (B) form biofilms. 
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Figure 51. Transmission electron micrographs of farnesol-sensitized cells 
demonstrating no adverse effects on cell morphology.  Farnesol-sensitized cells were 
processed for TEM analysis in order to determine if farnesol-sensitization compromises 
cell integrity. Images revealed no noticeable abnormalities in cell wall structure and 
overall cell morphology when compared to the sensitized control (passaged with no 
farnesol) and to the overnight culture control cells.  
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Figure 52. HPLC analysis of farnesol-sensitized  S. aureus cell extracts. Following 
ethanol extractions of pigment from samples of farnesol-sensitized and farnesol-
desensitized cells, alongside their respective control cells, extracts were further purified 
and analyzed via HPLC. Extracts were monitored at 450 nm and STXN was found to 
have an average retention time of 15.033 mins, consistent with STXN. Based on the 
resultant chromatograms, peaks were detected in the farnesol-sensitization control, but 
not in the cells sensitized to 50 µM of farnesol, indicating absence of the STXN pigment. 
In contrast, STXN peaks were detected in the farnesol-desensitized cells, as well as the 
desensitization control, indicating restoration of the pigment. HPLC analyses were 
obtained from three independent, biological replicates; representative chromatograms are 
shown above. 
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Figure 53. Farnesol-sensitized depigmented S. aureus cells exhibit increased 
susceptibility to oxide killing. Sensitized cells were treated with increasing 
concentrations of hydrogen peroxide (H2O2) to assess susceptibility to oxidative stress. 
Based on CFUs recovery, the sensitized cells exhibited a significant decrease in survival 
at H2O2 concentrations 150 mM and higher, when compared to control cells (0 µM-
sensitized). The increase in H2O2 susceptibility of the sensitized cells was comparable to 
that of the ∆crtM mutant strain, known to be more susceptible to oxide killings. 
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depigmented sensitized cells was comparable to that of the ∆crtM mutant with no 

pigment. 

Farnesol-sensitized cells are more susceptible to phagocytic degradation by 

macrophages. In addition to protection against oxidative stress, STXN is also important 

in protection against phagocytic killing and the ∆crtM mutant is known to be more 

susceptible to phagocytic degradation 221,222. Therefore, phagocytosis assays were 

performed using murine macrophage cells to comparatively evaluate the susceptibility of 

the sensitized cells to the control cells (non-sensitized S. aureus). Based on level of 

recovery of phagocytosed S. aureus cells, results demonstrated that both sensitized as 

well as ∆crtM cells were significantly (~40%) more susceptible to killing compared to 

control cells (Figure 54).  

Theoretical binding models demonstrate that farnesol can bind to and 

competitively inhibit the CrtM enzyme responsible for STXN synthesis. To begin to 

elucidate the mechanism for the farnesol-induced inhibition of STXN production, a 

theoretical binding model was utilized. Specifically, analysis was performed to explore 

the hypothesis that based on structural similarity to the S. aureus farnesyl diphosphate 

(FPP) substrate of CrtM, farnesol may inhibit FPP binding by competitively binding to 

the active site of the CrtM enzyme. As CrtM is an enzyme necessary for STXN 

biosynthesis, its inhibition would block production of the STXN pigment. Therefore, 

using the solved crystal structure of CrtM and its bound substrate 224, a computational 

theoretical binding model was generated.  

The model demonstrated that the majority of the CrtM binding interface is 

conserved, consisting largely of aliphatic contacts in the interior of the pseudo-dimeric 
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Figure 54. Farnesol-sensitized S. aureus cells exhibit increased susceptibility to 
phagocytic degradation. Farnesol-sensitized cells (50 µM) were used in macrophage 
phagocytosis assays and their survival following ingestion was assessed. The sensitized 
cells exhibited significantly increased susceptibility to phagocytic degradation, compared 
to control cells (0 µM). The increase in susceptibility was comparable to that with the 
∆crtM strain, known to be more susceptible to phagocytic killing 
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Figure 55. Theoretical model of farnesol binding to the CrtM enzyme involved in 
synthesis of the pigment staphyloxanthin. (A and B) To model how farnesol may 
interact with CrtM, the high-resolution crystal structure of CrtM bound to its substrate 
farnesyl diphosphate was utilized (PDB ID: 3W7F) The terminal sulfur-diphosphate of 
the farnesyl backbone was replaced with a hydroxyl and the interface was resolvated 
using a TIP3P model to orient the modeled water molecules (green spheres). The 
majority of the interface was conserved, consisting largely of aliphatic contacts in the 
interior of the pseudo-dimeric interface. (C and D) Although the energetic gains from 
electrostatic interactions are offset by the desolvation penalty, the solvent exclusion from 
the large hydrophobic patches (red colored patches), as seen in the farnesyl backbone, 
appear to contribute more to free energy of binding. Each molecule of farnesyl bound to 
CrtM accounts for approximately 500 Å2 of buried aliphatic surface area. 
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Table 2. Conserved Contacts between CrtM and the Farnesyl Backbone 

Atom1 Atom2 VdW overlap Distance (A) 
#0 FPS 301.A H6 #0 ASP 48.A HB2 0.368 1.632 
#0 FPS 301.A C7 #0 CYS 44.A HB3 0.297 2.403 
#0 FPS 301.A C13 #0 TYR 41.A HD2 0.236 2.464 
#0 FPS 301.A H6 #0 ASP 48.A CB 0.156 2.544 
#0 FPS 301.A C6 #0 ASP 48.A HB2 0.128 2.572 
#0 FPS 301.A C14 #0 LEU 141.A HD11 0.114 2.586 
#0 FPS 301.A C10 #0 CYS 44.A CB 0.112 3.288 
#0 FPS 301.A C8 #0 CYS 44.A HB3 0.058 2.642 
#0 FPS 301.A H2 #0 ASP 48.A CG 0.042 2.658 
#0 FPS 301.A H12 #0 VAL 137.A HG13 0.031 1.969 
#0 FPS 301.A C8 #0 CYS 44.A CB 0.007 3.393 
#0 FPS 301.A C12 #0 TYR 41.A HD2 0.004 2.696 
#0 FPS 301.A C15 #0 TYR 41.A HD2 -0.005 2.705 
#0 FPS 301.A C12 #0 VAL 137.A HG13 -0.014 2.714 
#0 FPS 301.A H141 #0 LEU 141.A HD11 -0.03 2.03 
#0 FPS 301.A C7 #0 CYS 44.A CB -0.033 3.433 
#0 FPS 301.A C6 #0 ASP 48.A CB -0.074 3.474 
#0 FPS 301.A C13 #0 TYR 41.A CD2 -0.076 3.476 
#0 FPS 301.A C15 #0 TYR 41.A CD2 -0.082 3.482 
#0 FPS 301.A H12 #0 VAL 137.A CG1 -0.1 2.8 
#0 FPS 301.A C10 #0 CYS 44.A HB2 -0.108 2.808 
#0 FPS 301.A C12 #0 TYR 41.A CD2 -0.135 3.535 
#0 FPS 301.A H103 #0 CYS 44.A HB2 -0.155 2.155 
#0 FPS 301.A C10 #0 CYS 44.A HB3 -0.175 2.875 
#0 FPS 301.A H152 #0 MET 15.A HE2 -0.177 2.177 
#0 FPS 301.A H2 #0 ASP 48.A OD2 -0.182 2.662 
#0 FPS 301.A C15 #0 TYR 41.A CE2 -0.204 3.604 
#0 FPS 301.A C11 #0 TYR 41.A CD2 -0.211 3.611 
#0 FPS 301.A H152 #0 MET 15.A CE -0.219 2.919 
#0 FPS 301.A H1 #0 ARG 45.A HH22 -0.226 2.226 
#0 FPS 301.A C11 #0 TYR 41.A CE2 -0.227 3.627 
#0 FPS 301.A H103 #0 CYS 44.A CB -0.242 2.942 
#0 FPS 301.A C14 #0 LEU 141.A CD1 -0.254 3.654 
#0 FPS 301.A H52 #0 ASP 48.A OD1 -0.268 2.748 
#0 FPS 301.A H151 #0 TYR 41.A HE2 -0.28 2.28 
#0 FPS 301.A H53 #0 VAL 133.A O -0.281 2.761 
#0 FPS 301.A H143 #0 LEU 141.A HD11 -0.285 2.285 
#0 FPS 301.A C12 #0 VAL 137.A CG1 -0.288 3.688 
#0 FPS 301.A C15 #0 TYR 41.A HE2 -0.29 2.99 
#0 FPS 301.A H7 #0 CYS 44.A HB3 -0.305 2.305 
#0 FPS 301.A C2 #0 ASP 48.A CG -0.313 3.713 
#0 FPS 301.A H102 #0 CYS 44.A CB -0.314 3.014 
#0 FPS 301.A H6 #0 CYS 44.A O -0.318 2.798 
#0 FPS 301.A C9 #0 ARG 45.A NH2 -0.344 3.669 
#0 FPS 301.A H152 #0 TYR 41.A CD2 -0.369 3.069 
#0 FPS 301.A H141 #0 LEU 141.A CD1 -0.396 3.096 
#0 FPS 301.A H152 #0 TYR 41.A HD2 -0.398 2.398 
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interface (Figures 55A and 55B). The conserved contacts between CrtM and the farnesyl 

backbone of one farnesyl molecule are listed in Table 2. As expected, loss of the 

diphosphate in farnesol resulted in loss of multiple electrostatic contacts; based on 

comparisons between the CrtM-FPP and the CrtM-farnesol binding models, 37 out of the 

49 hydrogen bonds (including solvent hydrogen bonds) were found to be conserved 

(Table 3). Although 12 hydrogen bonds present in the CrtM-FPP model were lost in 

CrtM-farnesol model (Table 4), six unique hydrogen bonds were found in the CrtM-

farnesol model (Table 5).  

In some cases, the hydrogen bonds between CrtM and FPP were replaced with 

novel solvent hydrogen bonds in our model. Since these solvent hydrogen bonds can be 

formed by the free protein (as well as in the complex), farnesol would be expected to 

exhibit weaker binding affinity to CrtM compared to FPP. Nevertheless, the inhibitory 

concentration of FPP (~100 nM) indicates strong affinity, and therefore, we expect the 

overall binding capacity of farnesol to CrtM to be similar. Because the energetic gains 

from electrostatic interactions are offset by the desolvation penalty, solvent exclusion 

from large hydrophobic patches (as seen with the farnesyl backbone in Figure 55D) 

typically contributes more to the free energy of binding. Each molecule of farnesyl bound 

to CrtM accounts for approximately 500 Å2 of buried aliphatic surface area (Figure 55C). 

Based on this theoretical model, we posit that the two ligands, FPP and farnesol, can bind 

CrtM with similar affinities. 
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Table 3. Conserved Hydrogen Bonds between FPP-CrtM and Farnesol-CrtM 

Donor Heavy Atom Acceptor Heavy Atom D.A. Hydrogen D..A 
Distance 

D-H…A 
Distance 

ASN 7.A ND2 HOH 416.A O ASN 7.A HD22 3.26 2.35 

LYS 13.A NZ HOH 480.A O LYS 13.A HZ1 2.109 1.244 

LYS 16.A NZ HOH 535.A O LYS 16.A HZ2 2.169 1.236 

TYR 24.A N HOH 493.A O TYR 24.A H 3.037 2.042 

GLU 31.A N HOH 567.A O GLU 31.A H 3.182 2.237 

ASP 32.A N HOH 547.A O ASP 32.A H 2.958 1.955 

LYS 46.A NZ HOH 428.A O LYS 46.A HZ3 2.806 1.825 

HIS 78.A N HOH 418.A O HIS 78.A H 3.007 2.002 

GLN 81.A NE2 HOH 472.A O GLN 81.A HE22 2.885 1.913 

ARG 85.A N HOH 413.A O ARG 85.A H 3.366 2.369 

ARG 85.A NE HOH 413.A O ARG 85.A HE 3.129 2.131 

ARG 85.A NH1 HOH 414.A O ARG 85.A HH11 2.75 1.823 

GLN 102.A NE2 HOH 470.A O GLN 102.A HE22 3.303 2.314 

TYR 129.A OH HOH 440.A O TYR 129.A HH 2.792 1.846 

GLY 174.A N HOH 439.A O GLY 174.A H 3.194 2.219 

TYR 183.A N HOH 420.A O TYR 183.A H 2.404 1.421 

ALA 197.A N HOH 474.A O ALA 197.A H 3.414 2.416 

TYR 248.A OH FPS 302.A O1B TYR 248.A HH 2.996 2.146 

ARG 265.A N HOH 551.A O ARG 265.A H 3.306 2.379 

ARG 265.A NH2 HOH 406.A O ARG 265.A HH21 2.786 1.865 

GLU 269.A N HOH 484.A O GLU 269.A H 2.999 2.051 

LYS 270.A NZ HOH 489.A O LYS 270.A HZ1 3.328 2.433 

LYS 273.A NZ HOH 465.A O LYS 273.A HZ3 2.764 1.796 

HOH 423.A O TYR 131.A OH HOH 423.A H1 3.517 2.56 

HOH 425.A O TYR 208.A OH HOH 425.A H1 2.597 1.671 

HOH 449.A O SER 69.A OG HOH 449.A H1 2.852 1.895 
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Table 3 Continued. 

Donor Heavy Atom Acceptor Heavy Atom D.A. Hydrogen D..A 
Distance 

D-H…A 
Distance 

HOH 488.A O SER 282.A OG HOH 488.A H1 3.189 2.231 

HOH 492.A O LEU 170.A O HOH 492.A H2 2.815 2.095 

HOH 493.A O SER 19.A O HOH 493.A H2 3.461 2.506 

HOH 508.A O HIS 79.A ND1 HOH 508.A H1 2.632 1.675 

HOH 513.A O GLU 242.A OE1 HOH 513.A H2 3.435 2.668 

HOH 523.A O TYR 77.A OH HOH 523.A H2 2.688 1.813 

HOH 527.A O HIS 263.A NE2 HOH 527.A H1 2.604 1.647 

HOH 528.A O HIS 18.A NE2 HOH 528.A H1 2.68 1.724 

HOH 530.A O THR 2.A OG1 HOH 530.A H1 2.738 1.781 

HOH 554.A O SER 146.A OG HOH 554.A H1 3.041 2.084 



!143!

Table 4. FPP-CrtM Hydrogen Bonds lost in the Farnesol-CrtM model 

Donor Heavy Atom Acceptor Heavy Atom D.A. Hydrogen D..A 
Distance 

D-H…A 
Distance 

MET 3.A N HOH 410.A O MET 3.A H 3.153 2.147 

SER 21.A N FPS 302.A O2B SER 21.A H 3.185 2.215 

ARG 45.A NH1 FPS 301.A O2B ARG 45.A HH12 3.428 2.662 

ARG 45.A NH1 FPS 301.A O3B ARG 45.A HH12 2.585 1.671 

ARG 45.A NH2 FPS 301.A O2B ARG 45.A HH22 3.175 2.322 

ARG 45.A NH2 FPS 302.A O1A ARG 45.A HH22 3.052 2.282 

ARG 171.A NH1 FPS 302.A O1B ARG 171.A HH12 2.685 1.759 

ARG 171.A NH1 FPS 302.A O3B ARG 171.A HH12 3.412 2.573 

ARG 171.A NH2 FPS 302.A O3B ARG 171.A HH22 3.129 2.189 

ARG 271.A N HOH 499.A O ARG 271.A H 2.836 1.849 

HOH 559.A O MET 6.A O HOH 559.A H1 3.101 2.345 

HOH 562.A O TYR 75.A OH HOH 562.A H1 3.426 2.477 
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Table 5. Novel Hydrogen Bonds in the Farnesol-CrtM model  

Donor Heavy Atom Acceptor Heavy 
Atom 

D.A. Hydrogen D..A 
Distance 

D-H…A 
Distance 

ARG 45.A NH2 HOH 2.B O ARG 45.A HH22 3.052 2.282 

ASP 147.A N HOH 554.A O ASP 147.A H 3.057 2.058 

ASN 168.A ND2 HOH 4.B O ASN 168.A HD22 3.388 2.397 

ARG 171.A NH1 HOH 11.B O ARG 171.A HH11 2.685 1.759 

HOH 1.B O TYR 41.A OH HOH 1.B H2 2.585 1.655 

HOH 11.B O SER 21.A OG HOH 11.B H1 2.405 1.46 
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Discussion 

Staphyloxanthin is the carotenoid pigment found in S. aureus responsible for the 

characteristic golden hue. Significantly, as a carotenoid STXN also functions as a potent 

antioxidant able to scavenge and quench oxygen free radicals 222. The importance of 

STXN was clearly demonstrated by several studies where S. aureus mutant strains 

deficient in STXN production were significantly more susceptible to oxidative killing and 

phagocytic degradation. Therefore, based on these properties, STXN is classified as an 

important virulence factor in S. aureus.  

 The production of STXN is carried out by the enzymes of the Crt Operon, 

consisting of CrtM, N, O, P, and Q 217,219,224. Biosynthesis of STXN begins with a head-

to-head reaction of two molecules of farnesyl diphosphate (FPP) in a condensation 

reaction mediated by CrtM. This reaction necessitates the two juxtaposed terminal 

phosphates of FPP in order to condense the two molecules and form the intermediate 

structure dehydrosqualene 219,220,224.  

 In S. aureus, FPP is a natural byproduct of isoprenoid synthesis in the 

mevalonate pathway. In eukaryotic cells, this pathway leads to synthesis of the sterols 

ergosterol in fungal cells and cholesterol in mammalian cells 231,232. However, bacteria 

utilize this biosynthetic pathway for synthesis of cell wall components, such as 

carotenoids 219. In C. albicans, farnesol is a byproduct of the ergosterol biosynthetic 

pathway 23,185.  

 The production of STXN is subject to complex regulatory mechanisms; it has 

been shown that STXN production is dependent upon the sigmaB regulon, as sigmaB-

deletion mutants display the depigmented phenotype 233. Alternative sigma factor B is a 
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major regulator in S. aureus shown to orchestrate the activity of numerous virulence 

factors 233. However, in addition to sigmaB, the AirSR two-component system is also 

implicated in STXN production. AirSR functions as an oxidative sensor in S. aureus and 

was shown to be a positive regulator of the Crt Operon, where over-activation of AirSR 

was shown to increase cell pigmentation 234,235.  

Regulation of STXN was also linked to RsbU, wherein RsbU-deficient mutants 

are depigmented and have increased susceptibility to oxide killing 236. Interestingly, 

RsbU was also shown to be necessary for sigmaB activation, acting as an upstream 

regulator and indicating an indirect effect of RsbU on the Crt operon 237. Further, RsbU 

was identified as a negative regulator of MgrA, a major regulator of virulence and 

multidrug efflux pumps in S. aureus 214,238.  

As a QS molecule in C. albicans, farnesol was shown to play a key role in 

regulating several cellular processes, most notably inhibition of the yeast-to-hyphae 

transition. In biofilms, farnesol is increasingly secreted by C. albicans and at certain 

concentrations acts to limit fungal growth 17,23,77,185. Therefore, as our previous 

investigations characterized a complex and dynamic interactive process between C. 

albicans and S. aureus as they co-exist in mixed biofilms, it is logical to expect that under 

this setting, S. aureus cells are continually exposed to the farnesol secreted in the biofilm 

27,149,155,182. In fact, our HPLC analysis of culture supernatants from dual species biofilms 

displayed similar concentrations of farnesol secreted by C. albicans in the presence of S. 

aureus 229 (Figure 25B). Previous work in our laboratory demonstrated that exposure to 

exogenous farnesol results in intracellular accumulation of radical oxygen species (ROS) 

in S. aureus indicating the presence of oxidative stress 229. These findings are of 
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significance as ROS accumulation was shown to induce the expression of multidrug 

efflux pumps. As we have shown upregulation of nor efflux pumps induced by farnesol 

229, it is tempting to speculate that farnesol exerts oxidative stress on the bacteria, 

triggering a stress response involving overexpression of efflux pump genes, which in turn 

confers tolerance to antimicrobial agents. 

In summary, in this study, we demonstrated that S. aureus cells exposed to 

exogenously supplemented farnesol or grown in biofilm with C. albicans lack a yellow 

pigment similar to the non-STXN producing CrtM mutant strain. Further, oxidative stress 

and phagocytosis assays demonstrated that the depigmentation is concomitant with 

increased susceptibility to oxidative killing (Figure 56). Our theoretical binding model 

posits that farnesol inhibition of STXN production is mediated (at least in part) by the 

inhibition of the CrtM enzyme via competition with the substrate FPP for binding sites on 

the enzyme. To validate this theoretical model, our ongoing studies are focused on 

assessing the farnesol-CrtM binding activity using isothermal titration calorimetry 

followed by generation of the crystal structure of the farnesol-CrtM complex.  

Given that the rsbU/sigmaB factors are also critical for STXN synthesis and the 

AirSR two-component system is known to be a transcriptional regulator of the 

CrtMNOPQ operon and STXN synthesis, it is highly likely that in addition to enzyme 

binding, farnesol may also exert its effect on STXN synthesis through modulation of 

these operons. This is supported by the fact that sigmaB turns down the global 

transcriptional regulator of virulence agr and modulates the effect of MgrA on norA 

expression, which we showed to be modulated by farnesol (Figure 32C) 229. Therefore, it 

is feasible to speculate that impaired STXN production may also be due to transcriptional  
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Figure 56. Proposed model for farnesol-induced inhibition of staphyloxanthin 
production. Farnesol treatment of S. aureus cells results in depigmentation by inhibiting 
the production of staphyloxanthin, the carotenoid pigment that gives S. aureus its 
characteristic golden hue. Staphyloxanthin is normally catalyzed by the Crt operon, 
beginning with the conversion of farnesyl diphosphate (FPP) into dehydrosqualene by 
CrtM. Here, we posit that the structural homology of farnesol to FPP, allows it to 
competitively inhibit CrtM, thereby inhibiting the production of staphyloxanthin. Under 
normal conditions, staphyloxanthin accumulates in the cell wall of S. aureus, where it 
acts as an antioxidant, aiding in the neutralization of oxidative species. However, when 
production of staphyloxanthin is inhibited by farnesol, depigmentation occurs and S. 
aureus becomes more susceptibility to ROS degradation. 
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modulations induced by farnesol on S. aureus major regulators and operons under control 

of the global regulator of virulence MgrA. To validate this hypothesis, we are currently 

performing transcriptome analysis on the farnesol sensitized S. aureus cells using global 

RNA sequencing analysis. 

Our overarching hypothesis for future studies is that under conditions of co-

existence, C. albicans may influence S. aureus cell behavior through modulation of 

virulence factors with important clinical relevance. Whether farnesol mediates this 

process under in vivo conditions, however, remains  unexplored. Therefore, in order to 

obtain a comprehensive and clinically relevant understanding of these mechanisms, it is 

necessary to have an understanding of the transcriptome of S. aureus during the course of 

an infection. This is particularly relevant as the S. aureus mutant strains lacking STXN 

were shown to have decreased virulence in animal models 222–224. To that end, we 

designed a mouse model of intraperitoneal S. aureus systemic infection, which will be 

used to assess the pathogenesis and drug tolerance of the farnesol sensitized cells in a 

host and to analyze host and pathogen transcriptomes during infection. These planned 

future studies aim to fill a critical void in our understanding of complex inter-species 

interactions and their repercussions on the pathogenesis of polymicrobial infections.  
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Chapter 4: Therapeutic implications of biofilm-associated C. albicans-S. aureus 

infections in vivo in a murine model of subcutaneous catheter infection. 

Polymicrobial infections, particularly those associated with biofilms formed on 

indwelling medical devices, are responsible for significant morbidity and mortality 16,142. 

Mixed fungal-bacterial infections are especially complex and challenging to treat and the 

impact of these interactions on therapy remains largely understudied. In various niches in 

the host, C. albicans coexists with diverse bacterial species including S. aureus 

37,163,164,239. As demonstrated by our previous studies, in combination, these species form 

a substantial biofilm, wherein the fungus creates a scaffold for the bacteria 54,153.  

The growing use of implanted medical devices is an important reason why the 

incidence of Candida and staphylococci infections has steadily increased, since the 

majority of these infections are emerging from biofilms formed on medical implants 

6,164,167. In fact, a recent analysis estimated that 27% of nosocomial C. albicans 

bloodstream infections were polymicrobial and S. aureus was found to be the third most 

commonly co-isolated species with C. albicans 36,165. Although numerous studies have 

reported the co-isolation of C. albicans and S. aureus from a multitude of diseases such 

as periodontitis, denture stomatitis, cystic fibrosis, keratitis, ventilator-associated 

pneumonia, urinary tract catheters and burn wound infections, the clinical significance of 

their interaction in a host remains largely understudied likely due to lack of suitable 

animal models 142–144,151. Of particular significance, S. aureus and C. albicans interactions 

in mixed biofilm infections may impact response to antimicrobial therapy 54,153. Therefore, 

understanding the interactions between such diverse microorganisms will greatly aid in 

designing novel therapeutic strategies to target these complex mixed biofilm infections 
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147,150–152. To that end, the overall goal of this work is to provide crucial insights into the 

enhanced tolerance of biofilm-associated polymicrobial infections to antimicrobial 

therapy, and to develop suitable animal models to study these phenomena in vivo. 

We have previously investigated the clinical implications of the interactions 

between these ubiquitous pathogens in a host as they co-colonize oral mucosal tissue. 

Using a murine model of oral co-infection, we demonstrated that the onset of oral 

candidiasis in the presence of colonizing S. aureus resulted in the formation of a mixed-

biofilm on the oral tissue, which ultimately led to the development of systemic 

staphylococcal infection with high morbidity and mortality (Figure 9 and 10) 154,155. 

Significantly, whereas vancomycin treatment completely eradicated S. aureus 

colonization of oral tissue in the mono-infected mice, colonization persisted in the co-

infected animals, despite vancomycin therapy, highlighting the therapeutic implications 

of C. albicans and S. aureus mixed biofilms in the host (Figure 11). 

A major challenge in the investigating the clinical implications of polymicrobial 

biofilms is the development of suitable models that account for host factors and allow 

evaluation of efficacy of novel treatment strategies under in vivo conditions. The 

importance of analyzing biofilms under in vivo conditions is clearly demonstrated in 

recent studies where C. albicans mutants deficient in biofilm formation in vitro were 

shown to form biofilms similar to the wild type strain under in vivo conditions 11,240.  

Previous work by Van Wijngaerden et al. demonstrated the applicability of their 

developed rat subcutaneous catheter model for establishing Staphylococcus epidermidis 

biofilm infections 241. Similarly, subcutaneous catheter models of C. albicans biofilm 

infections have also been developed, both in rats and in mice 63,99–102,104,105. Subsequent 
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studies utilized bioluminescent microbial strains in the model to evaluate microbial 

burden in real-time, following antimicrobial treatment. However, few animal models 

have been developed to elucidate the complex interactions within a polymicrobial biofilm, 

particularly between C. albicans and S. aureus. To that end, in this study, we adopted the 

mouse subcutaneous catheter model established by Vande Velde et al., and modified it to 

investigate mixed biofilm-associated C. albicans-S. aureus infections in vivo 100,105,104. 

 

Materials and Methods 

Ethics Statement. All animal experiments were conducted at the AAALAAC 

accredited Animal Facility of the University of Maryland in accordance with the USA 

Animal Welfare Act as regulated by USDA. Animal studies were approved by the 

University of Maryland Animal Care and Use Committee (IACUC Protocol #1216010). 

This institution has an Animal Welfare Assurance on file with the Office of Laboratory 

Animal Welfare, NIH.  The Assurance Number is A-3199-01.   

Strains and growth conditions. The C. albicans wild-type strain SC5314 188 and 

a methicillin-resistant Staphylococcus aureus strain (USA300) 119,120 were used in this 

study. C. albicans strains were grown on yeast peptone dextrose agar and broth (YPD) 

(Difco Laboratories) overnight at 30ºC and cells were equilibrated in fresh media to an 

optical density of absorbance of 1.0 at A600 nm. S. aureus cultures were grown overnight 

in trypticase soy broth (TSB) (Difco) at 37°C then grown in fresh TSB to mid-log phase. 

Cells were harvested, washed, then suspended in PBS and suspensions were maintained 

at 30°C. C. albicans and S. aureus were used at a final cell density of 1 x 106 cells/ml. 
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Animals. Three-month-old pathogen-free female BALB/c mice (Harlan 

Laboratories) were used in these studies. Mice were housed at a maximum of 5 per cage 

in the animal facility at the Universtiy of Maryland Baltimore School of Denstistry 

according to the regulations of the Animal Care and Use Committee. To allow for 

biofilms to be formed in vivo, mice were immunosuppressed by the addition of 

dexamethasome (Roxane Laboratories) to drinking water at a dose of 0.4 mg/L three days 

prior to infection which was maintained throughout the study. Animals were divided into 

groups with 5 mice in each group: (1) infected with S. aureus (2) infected with S. aureus 

receiving vancomycin therapy (3) infected with C. albicans (4) C. albicans receiving 

vancomycin therapy (5) infected with S. aureus and C. albicans (6) infected with S. 

aureus and C. albicans receiving vancomycin therapy. 

Mouse model of subcutaneous catheter C. albicans-S. aureus infection. The 

dual-species model of C. albicans-S. aureus biofilms described here is a modification of  

the subcutaneous catheter biofilm models previously developed by Ricicova et al. and 

Van Wijngaerden et al. for C. albicans and S. epidermidis biofilm infections, respectively 

63,241. Initial timeline of catheter implant and subsequent treatment is outlined in Figure 

57. Three days post-immunosuppression, mice were subcutaneously implanted with 

catheters inoculated with cell suspensions in vitro. 1 cm segments of polyurethane 

catheters were soaked overnight in fetal bovine serum. (FBS). Following washing, 

catheters were inoculated with 1 x 106 cells/mL of S. aureus and/or C. albicans in RPMI, 

for 90 mins at 37°C, to allow for microbial adhesion to the catheters. Following adhesion 

period, catheters were washed and immediately placed on ice. Mice were anesthetized by 

intraperitoneal injections (0.5 ml) of Tribromoethanol (Sigma-Aldrich) (250 mg/kg body  
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Figure 57. Subcutaneous catheter mouse model for in vivo grown biofilms. (A) 
Polyurethane catheters pre-coated with FBS were inoculated with C. albicans and S. 
aureus cell suspensions individually or in combination. Infected catheters were implanted 
subcutaneously into the dorsum of BALB/c mice. Following 2-6 days of biofilm 
formation, animals were euthanized and catheters were explanted. (B) Timeline for 
infection and antimicrobial administration. 
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weight). While under anesthesia, animals were placed on heating pads (Braintree 

Scientific) maintained at 37°C. Once fully anesthetized, the lower dorsum of each mouse 

was shaved and subsequently disinfected with Povidone-iodine. Small incisions (~3-5 

mm in length) were made into the subcutaenous layer. Infected catheters were inserted 

into subcutaneous cavity (3-5 catheters per mouse) and the incision sealed with VetBond 

surgical glue. Animals were placed in a supine position on isothermal pads and monitored 

until they recovered from anesthesia. Animals were monitored daily for any developing 

clinical signs of distress and those showing signs of severe disease or loss of significant 

body weight were euthanized. Animals were euthanized 2-12 days post-catheter 

implantation by CO2 inhalation, followed by cervical dislocation, and then weighed. The 

in vivo growth period illustrated in Figure 57B was empirically determined; as such, the 

in vivo growth period in initial trials was performed for two, three, four, and six days. 

Upon optimization of the model, in vivo growth was thereafter performed for three days 

(Figure 57B). Infected catheters were explanted and the surrounding tissue was harvested. 

In some animals, kidneys were also harvested to evaluate dissemination of infection. 

Explanted catheter segments were sonicated in 1 mL of PBS to dissociate biofilms and 

tissue samples were weighed and homogenized. Catheter and tissue suspensions were 

diluted in PBS and cultured in triplicate on bacterial and yeast specific chromogenic 

media (CHROMagar; DRG International, Inc.). Plates were incubated for 48 hrs at 37°C 

and viable counts were enumerated and expressed as log CFUs (for catheters) and log 

CFUs/g (for tissue). 

Vancomycin therapy. In order to assess efficacy of antimicrobial therapy against 

polymicrobial catheter infections, a group of mice were administered vancomycin 
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(Hospira Inc.; IL, USA) twice daily by intraperitoneal injections (0.25 mL) at 55 mg/kg. 

Treatment was initiated on the 4th day post-catheter implantation and was continued for 5 

days, until animals were euthanized (Figure 57B). Control animals were mock treated 

with sterile PBS. C. albicans mono-infected mice were also treated with vancomycin to 

demonstrate lack of effect of the antibiotic on the fungal species.  

Scanning electron microscopy (SEM) analysis of explanted catheters. For 

SEM analysis, explanted catheters were rinsed with PBS then fixed in 2% 

paraformaldehyde, 2.5% glutaraldehyde in phosphate buffer, pH 7.4, for 1 hr at room 

temperature and stored at 4°C overnight until processing. Catheters were washed in three 

changes of 0.1 M PBS for a total of 30 min, post-fixed with 1% osmium tetroxide in PBS 

for 1 hr, and washed again in three changes of buffer. Dehydration of specimens was 

done using a series of graded ethyl alcohol, 30%, 50%, 70%, 90%, and 100% for 10 mins 

each, and two more changes of 100% ethyl alcohol. Specimens were then chemically 

dried by immersing them sequentially in 2 parts 100% ethyl alcohol-1 part 

hexamethyldisilazane (HMDS) (Electron Microscopy Sciences, Fort Washington, PA) for 

10 mins, 1 part 100% ethyl alcohol-1 part HDMS for 10 mins, 1 part 100% ethyl alcohol-

2 parts HDMS for 10 mins, and then 2 changes for 10 mins each with 100% HDMS. 

Specimens were air-dried in a hood overnight, mounted on SEM pin mounts, and sputter 

coated with 10 to 20 nm of platinum-palladium in a sputter coater (EMS 150T ES). SEM 

images were captured using a Quanta 200 scanning electron microscope (FEI Co., 

Hillsboro, OR). 

Data analysis. The database for statistical analysis was built up by incremental 

addition of experimental data. In order to determine the optimal variables and conditions 
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(infectious doses, end point of infection etc.) and standardize the model, initial 

experiments were performed using small groups of animals. For experiments a total of six 

groups with five mice per group were included. Based on our analysis, a sample size of 5 

mice per experimental group will have at least 80% power to detect difference of 80%. 

All experiments were performed on at least three separate occasions, analyzed separately 

and averages used to present data. As experiments were dynamic, they were conducted 

sequentially in phases and several experimental sessions were performed to complete the 

database. Since some groups served as controls for subsequent experimental sets (such as 

co-infected), the total number of animals in these groups is more than 15. Therefore, 

more data points for these groups were included in the analysis. All statistical analysis 

was performed using GraphPad Prism 5.0 software. The Kruskal-Wallis one-way analysis 

of variance test was used to compare differences between multiple groups and Dunn's 

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

samples was statistically significant (P values <0.05 were considered to be significant 

(*).  

 

Results  

In vitro assessment of microbial adhesion to catheters pre-implantation. 

Following overnight coating with FBS and a 90 mins adhesion period in vitro, catheters 

were inoculated with 1 x 106 cells/mL of S. aureus or C. albicans cell suspensions, either 

individually or in combination. To assess microbial adhesion prior to implantation to 

ensure standardization of microbial inoculum, catheters were washed, sonicated and 

plated. Based on CFU enumeration, a consistent level of C. albicans and S. aureus cells 
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were recovered from catheters on each occasion with ~5 log CFU/catheter for both 

species (Figure 58). No significant differences in CFUs were noted for each species upon 

recovery from single infected vs. mixed infected catheters. 

Validation and standardization of the animal model. In order to validate the 

suitability of the model for in vivo polymicrobial biofilm growth, and to determine end 

point of experiments, catheters were explanted from euthanized mice following two, 

three, four, or six days post-implantation. Following explant, catheters were processed for 

CFU recovery and representative samples were subjected to SEM analysis for 

visualization of biofilms formed within the lumen of catheters. Results from these 

experiments demonstrated substantial microbial recovery from the catheters with two-day 

old biofilms (Figure 59A). Interestingly, significantly lower recovery for both species 

was seen from mixed biofilm as opposed to their recovery from their respective single 

species biofilms. Greater consistent microbial recovery was seen from catheters with 

three, four, and six days old biofilms with no significant differences between the mono 

and dual-species biofilms (Figure 59B, C, and D). At these later time points, consistently 

~7 log CFUs/catheter of S. aureus was recovered and ~4 log CFUs/catheter of C. 

albicans. Collectively, this indicates that biofilm growth in vivo plateaus over time.  

Scanning electron microscopy reveals substantial biofilm growth on the 

implanted catheters. SEM images of lumens of explanted catheters revealed the 

presence of mature biofilms formed in all catheter segments and at all time points. 

However, at the later time points, biofilms appeared to have a denser matrix and overall 

increased biomass (Figure 60).  
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Figure 58. Microbial adhesion to catheters post in vitro inoculation. Catheters were 
coated overnight in FBS and subsequently inoculated with cell suspensions.  C. albicans, 
S. aureus, or both in combination.  Based on CFU counts, significant adhesion for S. 
aureus and C. albicans was noted with ~5 log CFUs recovered from catheters. No 
statistically significant difference in microbial adhesion was seen between mono-species 
and dual-species infected catheters for either S. aureus or C. albicans.  
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Figure 59. Microbial recovery from infected catheters explanted from animals. At 
two, three, four, and six days post-implant, mice were euthanized and catheters explanted 
and processed for CFU enumeration. (A) Based on CFU counts significant differences in 
recovery of both species was noted between the mono-species and dual-species infected 
catheters 2 days post-implantation (B, C, D) More consistent microbial recovery was 
seen at the three, four, and six day time-points with no significant differences in the 
recovery of both species from the mono- and dual-species infected catheters. 
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Figure 60. Scanning electron micrographs of biofilms formed in lumens of explanted 
catheters. A dense mixed biofilm was seen in lumen of explanted catheters, which 
increased in density and biomass over time 



!162!

Efficacy of vancomycin therapy. Following standardization of the model for 

polymicrobial biofilm formation, vancomycin therapy was initiated in the treatment 

group. The goal of these experiments was to compare the efficacy of therapy against S. 

aureus in single species vs. in mixed species biofilm infection (Figure 13, 14A) 27,229. In 

these experiments, vancomycin was administered three days post-catheter implantation 

twice-daily for five days (Figure 57B). Processing of explanted catheters for microbial 

recovery indicated no significant differences in CFU recovery between treated and 

untreated groups with single or mixed biofilm infections, indicating that vancomycin 

treatment was ineffective against S. aureus in both single and mixed biofilms (Figure 61). 

However, although SEM analysis demonstrated significant coating of the catheters by 

host tissues and immune cells surrounding the catheter segments, tissue formation and 

vasculature did not penetrate into the catheter lumen where biofilms are formed, thereby 

precluding optimal drug delivery (Figure 62). Therefore, in order to circumvent this 

problem, experiments were performed where catheters were longitudinally cut prior to 

inoculation and implantation, thereby exposing the catheter lumen. These semi-catheter 

segments were implanted facing downwards, with the exposed lumen directly in contact 

with the host tissue. Biofilms were then allowed to establish in vivo for three days prior to 

vancomycin treatment, which was administered twice daily, for five days (Figure 57B). 

In contrast to the results seen with full-catheters, vancomycin significantly reduced 

bacterial burden in the catheters with mono-species infection but not in the dual species 

infections, in line of the findings from in vitro biofilm susceptibility assays (Figure 63) 

27,229. Vancomycin treatment did not have any effect on C. albicans recovery. SEM 

analysis of the catheters from the treatment experiments revealed substantial biofilm  
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Figure 61. Vancomycin treatment of animals with infected catheters. Based on CFU 
counts, no significant differences were seen S. aureus recovery between the treated and 
untreated groups with mono- or dual infection. Vancomycin had no effect on C. albicans 
recovery.  
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Figure 62. Scanning electron micrographs of explanted infected catheters harbor 
significant biofilm growth on the lumen interiors with host tissue surrounding the 
exterior.  (A-C) Dense and mature mixed biofilms were seen in the catheter lumen with 
significant presence of host tissue surrounding the catheter exterior, but not penetrating 
into the lumen.  
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Figure 63. Vancomycin treatment of animals implanted with infected semi-catheter 
segment biofilms resulted in significant killing of S. aureus in the mono-species 
biofilms, but not in the dual-species biofilms with C. albicans. Catheter segments were 
cut longitudinally and the bisected semi-catheters were implanted. Based on CFU counts, 
significant reduction in S. aureus recovery from the treated mono-infected group was 
observed, but not from animals with co-infected catheters. Vancomycin treatment did not 
affect C. albicans recovery. 
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formation in both treated and untreated dual-species catheters, with bacterial cells seen 

embedded in the biofilm matrix and intertwined with the C. albicans hyphae (Figure 64). 

These finding are consistent with those from CFUs demonstrating efficacy of 

vancomycin against S. aureus in single species catheter biofilms but not S. aureus in 

mixed species with C. albicans.  

 

Discussion 

Polymicrobial infections are responsible for significant mortality and morbidity 

particularly those associated with biofilms formed on abiotic surfaces which tend to be 

inherently resistant to antimicrobials 16,142. The growing use of implanted medical devices 

is a main reason why the incidence of infections has steadily increased since the majority 

are emerging from biofilms formed on medical implants 30,35,36,39,81,96. Specifically, -

catheter-related infections significantly increase mortality, morbidity and healthcare costs 

143,144. The increase in resistance to existing antimicrobial therapies has provided a strong 

impetus to understand the molecular mechanisms of drug resistance in microbial biofilms, 

with the goal of identifying novel therapeutic targets 242.  

Candida and staphylococci species are the most common etiological agents for 

device-associated nosocomial infections 151,165,167. In addition to the large number of 

virulence factors that contribute to their respective pathogeneses, various antimicrobial 

resistance strategies deployed by these diverse species have made these commensal 

species exceptionally successful opportunistic pathogens 36,164. In the case of S. aureus, 

nosocomial infections with strains of methicillin-resistant Staphylococcus aureus 

(MRSA) specifically are increasing in frequency in the hospital and community and more  
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Figure 64. Scanning electron micrographs of biofilms in semi-catheters explanted 
from co-infected animals. (A, B) Representative images of C. albicans-S. aureus dual-
species biofilms from the semi-catheter implants revealed significant biofilm growth, 
with S. aureus cells adhered to C. albicans hyphae, embedded in a biofilm matrix.  
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significantly, the spread is accompanied with reduced susceptibility to vancomycin, the 

standard directed therapy against MRSA 163,166,243. 

Traditional therapies of infections associated with implanted medical devices 

typically involve removal of these devices and drug administration is generally targeted 

at individual causative agents, without consideration for effect on a polymicrobial cause. 

This is particularly significant as polymicrobial interactions can significantly alter the 

biofilm microenvironment and can result in augmented pathogenesis. Although many 

therapies are now taking into account the cause of these diseases and the repercussions on 

treatment, mixed bacteria and Candida infections, which tend to be more complex, 

remain a largely understudied entity 144. Therefore, understanding the interactions 

between such diverse species with great pathogenic potential, will greatly aid in 

designing novel therapeutic strategies targeting these complex mixed biofilm infections. 

However, a major challenge in investigating the clinical and therapeutic implications of 

polymicrobial biofilm-associated infections is the development of suitable animal models 

that account for host factors and allow evaluation of efficacy of novel treatment strategies 

under in vivo conditions. 

 Rodent animal models of catheter infections have been previously used to 

study biofilm-associated infections.  Most notably, central venous catheter (CVC) models 

of infection were developed specifically to study gene expression and drug resistance in 

C. albicans biofilms 6,97. Although these models have the advantage of being clinically 

relevant, they are highly invasive, technically demanding, and have low throughput. 

Similarly, other models of catheter-associated biofilm infections have focused on 

vascular or urinary tract infections, but are similarly hindered by low throughput. 
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Several subcutaneous models of C. albicans biofilm infection have previously 

been developed to circumvent these throughput limitations, while still preserving the 

relevance of the in vivo environment 63,99–105. Notably, these models are readily applicable 

to the evaluation of antifungal therapy and analysis of gene expression in vivo. Similarly, 

subcutaneous models for S. epidermidis or S. aureus biofilm infection have been 

designed and utilized in the evaluation of antibiotic efficacy in vivo 241,244,245. However 

despite the success of these models, very few of these models have been adapted to study 

polymicrobial biofilms, particularly fungal-bacterial infections. Therefore, in this study, 

we built upon these existing models and adapted a mouse subcutaneous catheter model to 

explore the impact of mixed C. albicans-S. aureus biofilm growth in the host 

environment. This catheter model is practical, minimally invasive, and is readily 

translatable to applications in the screening and validation of antimicrobial drugs under in 

vivo conditions. Therefore, we adapted this model and optimized it specifically for 

evaluating therapeutic strategies against mixed C. albicans-S. aureus catheter infections. 

 Unlike the intravascular catheter models, in the subcutaneous model, up to 

five catheter fragments could be implanted in each mouse and therefore, several samples 

can be obtained from each animal allowing for different analyses. To assess microbial 

adhesion and burden on the catheters, explanted catheters were sonicated and cell 

suspensions were plated on yeast or bacterial specific media for CFU counts. 

Simultaneously, we used remaining catheters from the same animal for SEM analysis in 

order to visually and comparatively assess the biofilms formed in the catheter lumen. 

Although not within the scope of this study, alternatively, some of the harvested catheters 

could be used for gene expression studies by extracting RNA from the cells recovered 
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from the formed biofilms.   

Based on the findings from our study demonstrating enhanced S. aureus tolerance 

to vancomycin in mixed biofilms in vitro 27, in this study, we aimed to explore this 

phenomenon in vivo and therefore, we implemented vancomycin therapy in infected mice 

at clinically relevant therapeutic doses. Unlike the CVC model, the disadvantage of this 

model for therapeutic purposes is lack of exposure to blood flow, which can result in 

inefficient drug delivery to the infection site.  

Although host tissue was observed forming around the implanted catheters, as 

seen in the SEM images (Figure 62), vasculature and tissue formation was limited to the 

exterior of the catheter, with no presence into the lumen interior, indicating an inability 

for host mechanisms to reach the biofilm structure. To circumvent this problem, the 

catheters were cut longitudinally prior to inoculation and implantation in the animals. 

Following five days of vancomycin therapy, catheters were harvested and processed for 

comparative assessment of S. aureus recovery from mono-infected catheters and co-

infected catheters. Based on CFU counts, results demonstrated no effect for vancomycin 

therapy on S. aureus recovery from mice with co-infected catheters. In contrast, although 

there were significant variations in the level of S. aureus recovery among the treated co-

infected animals, overall the treated group harbored significantly less S. aureus compared 

to that from the treated mono-infected animals, indicating treatment efficacy. SEM 

analysis of representative samples from each group demonstrated substantial biofilm 

formation within the lumen of all catheters, with S. aureus co-mingling with C. albicans 

in the mixed biofilms and both species embedded in dense extracellular matrix.  

It is important to mention that although it is essentially a catheter model, the 
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dynamics of biofilm infection formation and therapeutic outcome in this model is more 

clinically reflective of that on indwelling devices such as shunts rather than intravascular 

catheters per se. Nevertheless, our findings serve as a proof of principle to iterate the 

therapeutic challenges associated with treatment of biofilm-associated fungal-bacterial 

infections. Therefore, future studies should be directed toward developing animal models 

designed to study polymicrobial biofilm infections, which is the focus of our ongoing 

investigations. Specifically, the ability to monitor biofilm formation longitudinally 

provides valuable preclinical information about overall antimicrobial efficacy. However, 

microbial load in biofilms is traditionally analyzed postmortem, requiring host sacrifice; 

therefore, a rapid and cost-effective animal model that provides an alternative system to 

investigate the biology of drug resistance and to evaluate the in vivo efficacy of novel 

agents would be invaluable. To that end, we aim to utilize previously developed non-

invasive bioluminescence tools for longitudinal in vivo monitoring of catheter biofilm 

formation 104,105,244,245. We expect this model to be particularly valuable for evaluating the 

efficacy of antimicrobial therapy in vivo, which will aid in the development of novel 

therapeutic strategies targeting these complex infections that tend to be refractory to 

therapy. 
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Chapter 5: Concluding Remarks 

 

Polymicrobial biofilm infections are challenging to treat and tend to be refractory 

to therapy due to their inherent heterogeneity. This is further confounded by interspecies 

interactions, which can be synergistic in nature with potential adverse effects on the host. 

Due to the high complexity of polymicrobial biofilms, these synergistic interactions tend 

to be specific to the microenvironment, making their dynamics unique and highly 

adaptive. Although the clinical and therapeutic implications of biofilm-associated 

polymicrobial infections are gaining increasing awareness, cross-domain interactions 

between fungal and bacterial species, which are particularly complex, remain largely 

understudied 142,148,151.  

Previous studies have established a clear synergistic interaction between C. 

albicans and S. aureus, with S. aureus exhibiting high affinity to the fungal hyphae. 

Subsequent studies in our laboratory identified the hyphal specific adhesin Als3p as a 

receptor for S. aureus adherence to the hyphae 54,149. Notably, the mixed biofilms formed 

by these species in vitro on various abiotic surfaces exhibited significantly increased 

biomass and structural complexity. Importantly, S. aureus exhibited increased tolerance 

to antimicrobial treatment in these mixed biofilms 54,147,149,246. However, despite the 

significant clinical relevance of this phenomenon, the mechanism behind this conferred 

antimicrobial protection was not elucidated. Yet, much of what we know about the 

dynamics between C. albicans and S. aureus in mixed biofilms was provided by studies 

in our laboratory 16,27,153,154,247,248. Therefore, the work presented in this dissertation is 

built on the framework established by our long-standing investigations into the dynamics 
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in mixed fungal-bacterial biofilms. Combined, the findings from our investigations have 

substantially contributed to furthering our understanding of the interactions between C. 

albicans and S. aureus in vitro and in vivo, as outlined in this dissertation.  

In Chapter 2, we present the findings elucidating the mechanism behind the 

observed S. aureus tolerance to antimicrobials in mixed biofilms conferred by the C. 

albicans biofilm polysaccharide matrix. Specifically, we demonstrate that the C. albicans 

cell wall polysaccharides secreted into the biofilm sequester and hinder diffusion of 

antimicrobial agents, thereby sheltering S. aureus cells embedded in the biofilm interior 

27. Importantly, we identify the key C. albicans polysaccharide component in the matrix 

to be β-1,3-glucan. However, analysis of spent culture media from C. albicans biofilm 

indicated that in addition to the shed cell wall polysaccharides, other effectors secreted by 

C. albicans, may also play a role in the S. aureus modulated response to antimicrobials.   

In Chapter 3 – Part I, we further explored of the mechanisms C. albicans secreted 

effectors mediating enhanced S. aureus tolerance to antimicrobials in mixed biofilms. As 

quorum sensing is an important process in microbial biofilms, we focused on the role of 

farnesol, the best characterized quorum-sensing molecule secreted by C. albicans. The 

novel findings generated from these studies demonstrated that exposure to farnesol 

resulted in the modulation of multi-drug efflux pump expression in S. aureus, thereby 

identifying upregulation of efflux pump as a mechanism for the observed increase in S. 

aureus drug tolerance 229. Further analyses demonstrated that farnesol also induces 

intracellular accumulation of reactive oxygen species. Therefore, we hypothesized that 

the oxidative stress exerted by farnesol elicits a stress response in the bacterial cell, 

inducing the upregulation of drug efflux pumps, thereby indirectly conferring protection 
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against antimicrobials. Based on the realization that farnesol modulates gene expression 

of efflux pumps, it was feasible to speculate that farnesol may similarly induce 

differential regulation of other genes, potentially those involved in virulence. This 

scenario is particularly a viable one given that the efflux pumps impacted by farnesol are 

known to be under the control of major regulators of virulence. 

 In Chapter 3 – Part II, we validate the hypothesis that in addition to drug response, 

farnesol also impacts factors associated with pathogenesis in S. aureus. Specifically, we 

show that farnesol inhibits the production of staphyloxanthin, a carotenoid pigment that 

gives S. aureus its characteristic golden hue. Significantly, staphyloxanthin is considered 

an important virulence factor in S. aureus involved in protection against oxidative stress 

and phagocytic killing. The significance of the farnesol-induced inhibition of 

staphyloxanthin was clearly established by demonstrating the enhanced susceptibility of 

the affected S. aureus cells to oxide killing and phagocytic degradation. Additionally, the 

inhibition of staphyloxanthin resulted in depigmentation of the farnesol treated S. aureus 

cells. Although the exact mechanism behind staphyloxanthin inhibition is not yet fully 

elucidated, we generated theoretical binding models, which strongly indicated that 

farnesol may bind and competitively inhibit CrtM, the key enzyme involved in 

staphyloxanthin biosynthesis.  

In Chapter 4, in order to begin to explore the clinical and therapeutic implications 

of C. albicans and S. aureus interactions in a host, we adapted a mouse subcutaneous 

catheter model for polymicrobial biofilm infection. In this dissertation and based on the 

insights provided by our in vitro studies, we specifically aimed to comparatively evaluate 

the efficacy of antimicrobials against S. aureus during catheter infection with and without 
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C. albicans. The model was successful in sustaining polymicrobial biofilm formation on 

the implanted catheters in vivo and, importantly, proved suitable for evaluating microbial 

burden and antimicrobial therapies. Based on these studies, and in line with our in vitro 

findings presented in Chapters 2 and 3, vancomycin treatment resulted in significantly 

reduced levels of S. aureus recovery from catheters with mono-species biofilms. In 

contrast, treatment failed to reduce S. aureus burden in the catheters co-infected with C. 

albicans. Validation of our in vitro findings in the animal model is of great significance 

as the findings may be reflective of a scenario in a host with co-infected implanted device. 

Despite the insights provided by the in vitro and in vivo studies presented here, 

there is still much to be learned about interspecies dynamics in a biofilm and their clinical 

relevance. To that end, for our future goals, we aim to expand on our work to elucidate 

the various mechanisms orchestrating inter-species interactions and particularly those 

associated with enhanced pathogenesis. Specifically, as farnesol-sensitization of S. 

aureus resulted in a highly antimicrobial resistant phenotype, we are currently performing 

RNA sequencing on this generated phenotype, aimed at identifying transcriptional 

modifications mediated by farnesol, particularly those in global regulators of virulence. 

Further, we aim to utilize the developed animal model described in Chapter 4, to perform 

comparative transcriptomic analysis to identify differentially regulated genes unique to 

mixed C. albicans-S. aureus biofilm growth. Importantly, we aim to modify the model to 

implement a non-invasive bioluminescence system, which would allow us to monitor 

biofilm development and drug efficacy in real time under in vivo conditions. 

  In conclusion, the work presented in this dissertation provides lacking mechanistic 

insights into interspecies interactions in biofilm with great clinical relevance. We expect 
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the findings from our ongoing and future studies to continue to contribute to our 

understanding of the enhanced pathogenesis and resistance of biofilm-associated 

polymicrobial infections. The information generated from our proposed studies will aid in 

the design of novel therapeutic strategies targeting these complex infections. 
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