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ABSTRACT 

Biofilms are complex, interdependent community of surface associated microbial cells 

enclosed in an extracellular matrix. They can adhere to any surface ranging from industrial and 

aquatic water systems to medical devices and host tissues. The unique feature of biofilm 

structure is its increased resistance to conventional antimicrobial agents and immune system 

which made them difficult to treat from clinical point of view. Biofilms formed by Candida sp., 

Staphylococcus sp., Streptococcus sp., and Escherichia coli, Pseudomonas aeruginosa are 

responsible for majority of nosocomial infections. Among these, Candida albicans is the 

predominant fungal species associated with biofilm related infections.  

C. albicans, dimorphic yeast of human microbiota colonizing oral, gastrointestinal and 

urogenital tracts of healthy individuals. Nevertheless, C. albicans is the most common fungal 

pathogen causing superficial and systemic infections. During colonisation, C. albicans is 

exposed to a variety of environmental factors at diverse host niches such as nutrient resources, 

oxidative and osmotic stresses, innate immune secretory factors and other co-infecting 

microorganisms. The environments encountered by C. albicans within a host depend on the 

niche it occupies. Adaptation to these different environments is crucial for C. albicans 

virulence as it increases the survival of this pathogen. In adaptation process, these 

environmental factors can influence the cell physiology, morphology, adherence and 

architecture of biofilms which results in coordinated changes in expression of virulence factors 

and cell wall composition. The altered virulence traits in the biofilm can influence the 

pathogenicity of C. albicans. Keeping the significance of above facts in view, the main 

objective of the work carried out in this thesis was to investigate the effect of environmental 

factors on C. albicans biofilm and how this in turn affects the virulence factors and cell wall 

composition of this fungal pathogen during biofilm growth.  

C. albicans needs to assimilate locally available or alternative nutrients for their survival and 

multiplication in the dynamic environments. During infection, carbon sources play a central 

role in metabolism and critical for colonization in C. albicans. The role of different carbon 

sources such as glucose, lactate, sucrose, and arabinose on C. albicans biofilm development 

and virulence factors was investigated. Quantitative analysis of biofilm formation was analyzed 

by XTT (2,3-bis[2-Methoxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-5- carboxanilide) reduction 

assay. Qualitative analysis of biofilm development was determined by confocal laser scanning, 

scanning electron and atomic force microscopy. Glucose grown cells exhibited the highest 
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metabolic activity during adhesion among all carbon sources tested. However, cells exposed to 

sucrose exhibited highest biofilm formation and matrix polysaccharides secretion. Exposure to 

lactate induced hyphal structures with the highest proteinase activity while arabinose grown 

cells formed pseudohyphal structures possessing the highest phospholipase activity. β-glucans 

are the major structural components of the cell wall of C. albicans as well as most important 

fungal pathogen associated molecular patterns (PAMPs). Therefore, structural changes in β-

glucan was characterised by Fourier transform infrared (FT-IR) spectroscopy. Curve fitting 

analysis of the spectrum revealed a significant changes in β(1→6) to β(1→3) glucan ratio in the 

carbon sources tested. These results signify that carbon sources influence C. albicans biofilm 

development, modulate virulence factors and structural organization of cell wall component β-

glucan.  

During colonisation, C. albicans encounters environmental stresses namely osmotic and 

oxidative stresses. Therefore, the study was focused on the impact of these stress factors on C. 

albicans biofilm formation and virulence factors. C. albicans cells were incubated in the 

presence of 5 mM H2O2 and 2 M NaCl to induce oxidative and osmotic stresses. Oxidative 

stress enhanced extracellular DNA secretion into the biofilm matrix via reactive oxygen species 

mediated cell lysis, increased chitin levels, and reduced the extracellular phospholipase as well 

as the proteinase activity. While osmotic stress notably stimulated biofilm formation with 

increased proteinase and decreased phospholipase activity. FT-IR and nuclear magnetic 

resonance (NMR) spectroscopy analysis of the cell wall component mannan revealed a 

decrease in mannan content and reduced β-linked mannose moieties under stress conditions. 

The ability of C. albicans to survive in the presence of sub-lethal concentrations of oxidative 

and osmotic stress inducing agents can be attributed to the highly resistant biofilm mode of 

growth response by C. albicans.  

The constant flow of saliva in the oral milieu containing innate immune secretory factors acts 

as a chemical barrier to restrict pathogens. The response of C. albicans to the innate immune 

defense factors like mucin, lactoferrin, and lysozyme was tested. In addition, the effect of 

extracellular adenosine tri-phosphate (eATP) released by damaged cells to signal ‘danger’ to 

immune system were also studied. Experiments were conducted by incubating C. albicans in 

the presence of different test compounds mentioned above and biofilm formation was evaluated 

using XTT assay. Biofilm formation was suppressed by lysozyme and lactoferrin in a dose 

dependent manner. However, lactoferrin and lysozyme were more effective at higher 

concentrations (≥2 mg mL
-1

) in disrupting preformed C. albicans biofilm. Mucin is another 

host derived secretory compound that suppressed biofilm formation and virulence traits in C. 
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albicans by inhibiting cell attachment to polystyrene surface. On the other hand, danger 

signalling molecule extracellular dATP/ATP (500 µM) stimulated biofilm formation and the 

release of eDNA into C. albicans biofilm matrix. Treatment of C. albicans with dATP 

activated ROS mediated cell lysis thereby releasing DNA extracellularly into matrix. Overall, 

results indicated that modulation of C. albicans biofilm formation by these host innate immune 

factors can alter the dynamic interplay between host immune system and the clearance of the 

pathogen. 

Biofilm communities are far more complex than recognised. Microorganisms present in the 

surrounding environment can have a major impact largely on the growth of other microbes. The 

influence of pathogenic bacteria namely Pseudomonas aeruginosa Staphylococcus aureus and 

Escherichia coli on C. albicans biofilm formation was studied. Different responses were 

observed when different pathogenic bacteria were co-incubated with C. albicans. Both P. 

aeruginosa and E. coli suppressed C. albicans biofilm formation, conversely S. aureus did not 

exert any inhibitory effect on C. albicans biofilm growth. The specific activity of 

phospholipase and proteinase was also reduced in mixed species biofilms as compared to C. 

albicans biofilm.  

Along with the above studies, attempts were made to identify the agents that interfere with the 

adhesion and biofilm formation by C. albicans. Several phytocompounds were selected from 

the chemical library available in the literature and screened for their antifungal activity. 

Antifungal activity of certain plant extracts and phytochemicals is due to the presence of 

biologically active compounds like terpenes and polyphenolic substances. Hence, in this 

investigation the role of terpenes namely eugenol, menthol and thymol and fluconazole (FLA) 

on C. albicans biofilm inhibition were studied. The minimum inhibitory concentration evaluated 

by broth micro-dilution method showed antifungal activity against C. albicans at a 

concentration of 0.12 % (v/v) for both thymol and eugenol as compared to 0.25 % (v/v) for 

menthol.  Thymol and eugenol were more effective in inhibition of preformed biofilm than 

menthol. Synergistic studies using checkerboard micro-dilution assay showed fractional 

inhibitory concentration index between thymol/FLA effectively against pre-formed C. albicans 

biofilms. Thymol with fluconazole showed highest synergy in reduction of biofilm formation 

than eugenol and menthol which was not observed when their activities were observed 

independently. Adherence studies and microscopic analysis showed reduction in cell number 

and alteration in morphology of C. albicans.  

The distinct ability of C. albicans to grow at diverse host niches is attributed to the adaptive 

response generated with respect to the environmental conditions it encounters in a specific 
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niche. Significant findings from these studies indicated that host derived environmental factors 

like nutrient resources and stresses promote biofilm formation. It also affects virulence factors 

and cell wall composition in C. albicans biofilm. On the other hand, microbe derived 

environments can inhibit biofilm formation and virulence factors in C. albicans. Thus, biofilm 

formation in response to different host environmental factors is integral part of C. albicans 

pathogenicity. The cell phenotypes of C. albicans within biofilms are highly resistant to 

antifungal agents and innate immune factors. To counteract this, several natural phytochemicals 

in form of combinatorial therapy either by using conventional antifungal agents or by innate 

immune secretory factors like mucin, lactoferrin or lysozyme could be a promising medication 

in the treatment of biofilm infections. 
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1. Review of literature 

1.1 General Introduction 

In healthy individuals, Candida species are commensal fungi that form a part of normal 

microbiota of skin, oral, gastrointestinal as well as vagina surfaces. However, Candida  species 

are at present recognized as major agents of nosocomial infections (Sarvikivi et al. 2008). The 

genus Candida  consists of nearly 200 species, of which C. albicans, C. krusei, C. glabrata, C. 

parapsilosis and C. tropicalis are considered medically significant (Pfaller & Diekema 2010). 

Among these, C. albicans is the largely identified (50-80%) opportunistic pathogen (Segal 

2005; Pfaller & Diekema 2004). Reports state that 30% to 75% of humans are asymptomatic 

carriers of C. albicans (Pappas et al. 2009).  

In a commensal state, the stable interaction with host immune system creates an inhospitable 

environment that requires a homeostasis between Candida growth rate and its clearance by the 

host defence mechanisms. Slight instability in host immune system or mammalian microflora 

alters C. albicans from commensal to a pathogen causing systemic and life threatening 

infections. Candida  infections are prevalent in immunocompromised people, such as patients 

with HIV infection, cancer, transplant recipients, and endocrine disorders such as diabetes 

mellitus (Samaranayake et al. 2006). Prolonged antibiotic therapy may also alter the normal 

endogenous microflora and enable development of Candida infections. C. albicans nosocomial 

infections are increasing alarmingly due to their ability to grow as biofilm on implanted 

medical devices. Device associated C. albicans infections have high mortality rates, as well 

developed biofilms are resistant to conventional antifungal agents (Fox & Nobile 2013). Along 

with biofilm formation, C. albicans possess armoury of virulence factors such as morphological 

transitions, phenotypic switching, adhesins and secreted hydrolases that aid in hematogenously 

disseminated infections in immunocompromised hosts (Mayer et al. 2013).  

During infection, C. albicans encounters stresses in different ways from host defences, host 

environment and intrusion of antifungal agents. C. albicans has a unique ability to grow as a 

commensal in several anatomically distinct host niches, each with its own specific set of 

environment. The structure of biofilm in C. albicans is highly dependent on the environmental 

conditions. For instance, C. albicans encounters different environmental forces such as physical 

factors (carbon and nitrogen sources, pH, temperature, and serum), stresses (osmotic, 
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nitrosative and oxidative stress), innate immune defences (epithelial cells, antimicrobial 

peptides, mucin, macrophages and leucocytes) and co-infecting microorganisms during 

colonisation and dissemination (Fig.1.1). These environmental factors can influence the cell 

physiology, morphology, adherence and architecture of biofilm which results in coordinated 

changes in expression of virulence factors and cell wall composition. Thus, pathogenicity of C. 

albicans is complex and depends on the host physical and physiological status and virulence 

traits. Several studies have reported independently on the role of environmental factors on C. 

albicans growth but how the above mentioned environmental factors drive the C. albicans 

biofilm formation is still in its infancy. Hence, the present study focused on the impact of 

environmental factors on C. albicans biofilm. Special emphasis was given to C. albicans cell 

wall, a dynamic structure that protects the cell from environmental stresses. Understanding the 

pathogenicity of C. albicans biofilms might help in development of new antibiofilm agents and 

preventive procedures. 

 

 

Figure 1.1 Environmental factors affecting Candida biofilm. C. albicans encounters 

different host environments such as nutrient resources, stresses, antimicrobial agents of innate 

immunity and other colonizing microorganisms which affect its biofilm.  
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1.2 Candida biofilm  

1.2.1 Candida infections 

The complex interaction of microorganisms with implanted devices and host factors are 

responsible for large proportion of nosocomial infections. Recent reports by the National 

Institutes of Health demonstrated that 80% of all microbial infections are associated to 

pathogenic biofilms (Nobile & Johnson 2015; Fox & Nobile 2013). A biofilm is a complex, 

interdependent community of surface associated microbial cells enclosed in an extracellular 

matrix. They can adhere to any surface (or air-liquid interfaces) ranging from industrial and 

aquatic water systems to medical devices and host tissues (Nobile & Johnson 2015). C. 

albicans remains the predominant fungal species associated with biofilm related infections 

isolated from medical devices including urinary and central venous catheters, joint prostheses, 

pacemakers, mechanical heart valves, dentures and contact lenses (Kojic & Darouiche 2004).   

C. albicans biofilm acts as a reservoir for infections to seed candidemia that can lead to 

invasive systemic infections of tissues and organs (Fig. 1.2). These biofilms are highly resistant 

to conventional antifungal drugs and the host immune system. C. albicans is the third leading 

cause of infections related to catheter, second highest in colonization to infection rate and the 

overall highest crude mortality (Crump & Collignon 2000). Candidiasis related to devices is 

problematic as device removal is a costly affair and has serious implications (Kuhn et al. 2002).  

Most of the device related fungal infections are associated with Candida biofilm (Kojic & 

Darouiche 2004). Central venous catheters (CVC) represent the highest risk related to device 

associated infections (Richards et al. 2000). Candida  commonly colonizes the central venous 

catheter employed to administer nutrients and cytotoxic drugs in cancer patients (Kojic & 

Darouiche 2004; Richards et al. 2000). Biofilm formation on CVC is rapid as it is coated with 

plasma and various proteins. Candida  biofilms on prosthetic heart valves (90%) cause 

prosthetic valve endocarditis (PVE) or infection of the valve surrounding the heart tissue (Kojic 

& Darouiche 2004).  
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Figure 1.2 Biofilm-associated infections by C. albicans. Schematic representation of female 

body organs or regions susceptible to C. albicans infections either by direct biofilm formation 

on a implanted devices (text in blue) or from a localized and disseminated infection originating 

from a biofilm (text in red). (Figure taken from Gulati & Nobile 2016) 
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The exogenous risk factors for Candida  infection could be due to contamination of catheter tip 

during insertion or by medical staff and patient’s own skin (Sheretz 2000). Candida  colonizing 

as commensal in gastrointestinal tract are able to penetrate intestinal mucosa and disseminate 

into blood, thus can seed catheter tip endogenously (Kojic & Darouiche 2004; Goldmann & 

Pier 1993). Other risk factors include immunocompromised state, arthritis, diabetes mellitus, 

prolonged antibiotic treatment, and prior surgery at site of device insertion (Kathju et al. 2014) . 

The use of intrauterine device has been linked to pelvic inflammatory disease. Candida  co-

exists with bacteria and other Candida  sp., to form biofilms on epithelial surfaces causing 

superficial infections (Budtz-Jörgensen 1990). Some of the non-device associated infections 

that involve biofilms are Candida  endocarditis, oral thrush, vulvovaginal candidiasis and 

denture stomatitis (Douglas 2003; Ferrer 2000).  C. albicans accounts for 54% of systemic 

infections causing deep seated candidiasis in immunocompromised people (Wingard 1995). 

1.2.2 Formation and characteristics of C. albicans biofilms 

The ability of C. albicans to form densely aggregated biofilm communities is considered as a 

major virulence attribute. C. albicans forms highly structured biofilms consisting of oval 

budding yeast forms, pseudohyphal and long tubular hyphal cells (Fanning & Mitchell 2012). 

Extracellular matrix of biofilm is composed of polysaccharides, proteins, lipids, extracellular 

DNA (eDNA) and phosphorous. Experiments using in vitro and in vivo systems have 

characterized C. albicans biofilm development as a series of four distinct sequential steps as 

shown in Figure 1.3 (Chandra et al. 2001; Finkel & Mitchell 2011; Desai & Mitchell 2015). 

Biofilm formation begins with the adherence of yeast cells to a solid substrate (adherence step). 

The initial adhesion is influenced by non specific factors such as electrostatic forces, chemical 

properties, surface hydrophobicity and roughness of the biomaterials used (Donlan & Costerton 

2002; Agarwal et al. 2008a; Lal et al. 2008). Specific factors include fungal surface adhesins 

recognizing ligands such as salivary factors and serum proteins (fibronectin and fibrinogen). In 

addition, C. albicans can co-aggregate and/or bind to other colonizing microorganisms 

(Kumamoto 2002). The adhered yeast cells undergo proliferation, produce filaments (hyphae 

and pseudohyphae) and initiates biofilm development (initiation step). This stage is followed 

by biofilm maturation resulting in a complex three dimensional microcolony architecture of 

polymorphic cells encased in an extracellular matrix with extensive spatial heterogeneity 

(maturation step). This thick structure provides protection from physical and chemical injuries, 

influx of nutrients and efflux of waste products. Non-adherent yeast cells slowly detach or 



Chapter-1 

6 

 

disperse from the biofilm into surrounding medium to colonize new sites or disseminate in 

blood (dispersal step). 

 

 

 

 

Figure 1.3 C. albicans biofilm life cycle.  A. Adhesion of yeast cells to a surface. B. Initiation 

of biofilm formation, where cells proliferate to form a basal layer of adhered cells. C. 

Maturation of the biofilm, where complex filamentous and yeast cells develop and become 

encased in an extracellular matrix. D. Dispersion of yeast cells from mature biofilm to colonize 

new surface (Source: Gulati & Nobile 2016). 
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The ultra structure of biofilm formed on a solid substratum appears as thin basal yeast layer and 

upper hyphal layer with fibres of matrix surrounding the cells under scanning electron 

microscope (Baillie & Douglas 1999). The development of confocal microscopy allowed the 

examination of fully hydrated three dimensional architecture of live biofilm with typical 

microcolonies (Ramage et al. 2001a; Chandra et al. 2001). Studies of C. albicans biofilm using 

in vitro biofilm models has correlated well with the in vivo and ex vivo models in the time 

course of biofilm developmental phases and also had similar architectural properties isolated 

from patients with biofilm infections (Gulati & Nobile 2016).  

1.2.3 Biofilm matrix and composition 

The extracellular matrix is a distinctive feature of biofilm and its dynamic environment 

provides a homeostasis and nutrients to the microbial cells. It forms a three dimensional, 

hydrated, gel like structure in which microbes are enclosed more or less in an immobilized state 

(Fig. 1.4). The matrix is highly heterogeneous and the microcolonies often described as 

‘mushroom shaped stacks or towers’ separated by water channels which provide nutrient 

cycling (Donlan & Costerton 2002). The thickness of mature biofilm ranges between 50 µm to 

350 µm and matrix is mainly comprised of glycoprotein (55%), polysaccharides (25%), lipids 

(15%) and nucleic acids (5%) as has been reported earlier (Nobile & Johnson 2015; Zarnowski 

et al. 2014). Confocal and fluorescence microscopic studies using lectin binding dyes 

(Concavalin A and Calcofluor) displayed that C. albicans biofilms are enveloped in a thick 

extracellular matrix affluent in cell wall like polysaccharides containing glucose and mannose 

residues (Baillie & Douglas 2000). Due to the presence of carboxyl, phosphate and sulphate 

groups, these polysaccharides are negatively charged. The largest fraction of matrix 

polysaccharides consists of glucan-mannan complexes with β-1,3 glucan and α-1,2 and 1,6 

linked mannan attached to β-1,6 glucan (Zarnowski et al. 2014). Environmental modulation can 

affect the composition and molecular mass of matrix polysaccharides and their capacity to 

interact with other polymers (Moryl et al. 2014).  

The major function of matrix proteins is known to be involved in form of enzymes that can 

breakdown complex macromolecules and provide nutrients that can be readily utilized (Dignac 

et al. 1998). extracellular DNA (eDNA) plays an important role in biofilm establishment and 

integrity (Whitchurch et al. 2002; Sahu et al. 2012). Although, matrix polysaccharides and 

proteins confer a frame work, some enzyme activities are important for structural integrity and 

stability of biofilm (Sutherland 2001). The C. albicans biofilm architecture is affected by the 

surface properties of the substrate, environmental properties such as pH, shear stress, redox- 
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gradients, oxygen availability and exhibits a species specific structural heterogeneity (Kuhn et 

al. 2002; Stoodley et al. 2002; Mitchell et al. 2015). The composition of the matrix polymers 

varies significantly according to the biofilm growth phase (Mukherjee & Chandra 2004). 

Biofilm matrix in Candida  aids in cell to cell communication, nutrient recycle and 

significantly contribute to high level of drug resistance (Al-Fattani & Douglas 2006).  

 

 

Figure 1.4 The extracellular matrix components within a biofilm. C. albicans biofilm cells 

are embedded in a self producing extracellular matrix that protects the cells from environmental 

changes. Main components of extracellular matrix are marked on the figure. 

 

1.3 Virulence factors 

Virulence factors in C. albicans facilitate adhesion, colonization and dissemination, assist in 

growth at different host niches and host environments (Mayer et al. 2013). They are considered 

as determinants of pathogenicity and their expression is niche specific. These virulence factors 

in C. albicans are briefly described here. 
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1.3.1 Adhesion 

The adherence of Candida to biomaterial surfaces or host cells is a contributing factor for 

development of robust biofilms. Adhesion is regarded as one of the most important 

determinants of pathogenesis. It is a complex multifactorial process involving expression of 

several adhesins on a polymorphic cell surfaces. Hawser and Douglas (1994) reported a 

correlation between virulence of different Candida sp., and ability to form biofilm. Studies 

have shown several factors influence adherence step including growth medium composition, 

substratum properties (Donlan 2002). Enhanced production of surface manno-protein can 

increase adhesion to epithelial cell membranes (Cameron & Douglas 1996). Well studied 

adhesin is agglutinin-like sequence (ALS) that belongs to a family of eight members that 

encode glycosylphosphatidylinositol (GPI)-linked cell surface glycoproteins. Als1p, Als3p and 

Als5p take part in adhesion to human buccal epithelial cells (HBEC) and fibronectin, laminin, 

collagen, and endothelial cells (Hoyer 2001). The gene expression of ALS3 is upregulated 

during in vitro oral epithelial cell infection and in vivo vaginal infection (Wächtler et al. 2011). 

Als4p attaches to endothelial cells, whereas Als6p and Als9p bind to collagen and laminin. The 

role of Als7p is not clear and Als5p is required for cell aggregation (Karkowska-Kuleta et al. 

2009; Filler et al. 2006). 

Another 34 kDa adhesin called hyphal wall protein (Hwp1) found only on the cell walls of true 

hyphae and germ tube encodes a surface mannoprotein with its amino terminal sequences 

surface exposed and carboxyl terminus covalently linked via β-1,3 glucan to the cell wall 

(Sundstrom et al. 2002). Als3p and Hwp1 act as a complementary adhesins during biofilm 

formation (Nobile et al. 2008). Hwp1 are recognized as substrates for mammalian 

transglutaminase substrate (TGase) and form covalent bonding with HBEC. Disruption of 

HWP1 had shown reduced adherence and mortality in murine models (Staab et al. 

1999)(Chaffin et al. 1998). The binding of C. albicans to extracellular matrix ligands such as 

fibrinogen, collagen, laminin, fibronectin is mediated by morphology independent proteins 

including, Ecm33 (GPI-linked), Mp65 (putative β-glucanase), Phr1 (β-1,3 glucanosyl 

tranferase), Int1p (integrin like proteins) Eap1 and Iff4 (Naglik et al. 2011). Transcriptional 

regulators Bcr1, Ace2, Snf5 and Arg81 are reported to be required for the adherence during 

biofilm development (Finkel et al. 2012). 

1.3.2 Morphological transitions 

The characteristic feature of C. albicans is its ability to switch between unicellular to 

filamentous morphological forms. Budding of C. albicans leads to formation of yeast cells, 
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hypha or filamentous forms arise from germ tubes and pseudo-hyphae results from the 

polarized cell division of budding yeast cells that have elongated without detachment from 

adjoining cells (Kumamoto & Vinces 2005). Hyphal formation is an important attribute 

associated with C. albicans biofilm (Sudbery et al. 2004). Polymorphism in C. albicans is often 

a response of cell to the changing environmental conditions and permits the cell to adapt to 

different host niches. C. albicans grow in predominantly yeast form under low pH (<5.5) 

whereas high pH (>6) induces hyphal growth (Odds 1988).  

Other physiological conditions that affect morphology of C. albicans include starvation, carbon 

sources, serum, temperature, CO2, amino acids and N-acetylglucosamine (Sudbery 2011). The 

quorum sensing molecules in C. albicans regulate morphogenesis by promoting yeast cell 

forms at high cell densities and hyphal forms at low cell density (Hall et al. 2011). The yeast to 

hyphal transition termed dimorphism is crucial for pathogenicity. The hyphal form is believed 

to be involved in invasion and yeast form primarily for dissemination. Lo et al. (1997) reported 

that mutants lacking filamentous or hyphae form were avirulent under in vitro conditions. 

Hwp1, Als3 and family of secreted aspartyl proteinases are hypha-associated proteins which 

encode virulence factors but are not involved in hyphal formation. These proteins are expressed 

during phagocytosis to kill macrophages and aid in escape of Candida  cells from bloodstream 

(Hube 2004; Gow et al. 2002). During morphogenesis genes namely CHS2, CHS3, PHR1, 

HYR1, ECE1 are differentially expressed to regulate phase transitions (Calderone & Fonzi 

2001).  

1.3.3 Hydrolytic enzymes 

1.3.3.1 Proteinases 

Secreted aspartyl proteinases (SAPs) are an important virulence factors that hydrolyze human 

proteins such as hemoglobin, albumin, collagen, keratin, mucin, salivary lactoferin, fibronectin, 

secretory immunoglobulin A and interleukin 1β (Hube et al. 1997). SAPs degrade the host 

tissue barriers and acquire nutrition at the site of infection. SAP gene family includes ten 

proteins (SAPs 1-10) having similar function and characters but different molecular properties 

such as isoelectric point, molecular mass, pH for optimum enzyme activity (Mayer et al. 2013; 

Karkowska-Kuleta et al. 2009). Studies reported that SAPs 1-3 are expressed by yeast cells, 

SAPs 4-6 are expressed by hyphae and SAPs 9 and 10 are expressed by both forms (Albrecht et 

al. 2006; Naglik et al. 2004). SAP 7 was never detected in vitro while SAP 8 is connected with 

extensive penetration (Hube et al. 1997). SAPs are active across wide range of pH (2.0-7.0) and 

show varied levels of protein specificity (Tsai et al. 2013). This feature enables C. albicans to 
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uptake nitrogen at different tissues sites and aids in pathogenicity by adhesion of cells to tissues 

and their dissemination in blood. In vivo studies also affirmed the role of SAPs in tissue 

penetration and mutants lacking SAPs resulted in decreased virulence in murine models 

(Naglik et al. 2004; Hube & Naglik 2001). Increased expression of few SAP genes were 

observed in biofilm cells than planktonic cells (Naglik et al. 2008; Green et al. 2004). SAPs can 

degrade and inactivate the complement components and block the membrane attacking 

complex of the activated complement system (Gropp et al. 2009). 

1.3.3.2 Phospholipases 

C. albicans is the only Candida  sp., that can produce high amounts of phospholipase and the 

secretion of extracellular phospholipases by C. albicans was first reported during 1960s 

(Vidotto et al. 1999; Costa et al. 1968; Werner 1966). Phospholipases are heterogeneous group 

of enzymes that has the ability to hydrolyze ester linkages of glycophospholipids and facilitate 

the tissue invasion (Ghannoum 2000). Enzyme secretion depends on the environmental stimuli, 

genetic patrimony and other factors (Samaranayake et al. 2006; Mukherjee et al. 2003). The 

phospholipases in C. albicans classified into phospholipase PLA, PLB, PLC and PLD on the 

basis of cleavage of ester bond in glycerophospholipids (Karkowska-Kuleta et al. 2009). All 

types of phospholipases comprise hydrolase activity, besides this PLB also possess 

lysophospholipase transacylase activity (Mukherjee et al. 2003). These enzymes are secreted at 

the periphery of yeast cell and hyphal tip either across the cell wall or remain attached to the 

yeast or hyphal walls. Phospholipases acts as a virulence factor in the pathogenesis of invasion 

of mucosal epithelia and hematogenous infections (Bhat et al. 2011). They are very active 

during tissue damage and high levels of phospholipases were produced in isolates from blood 

than commensal form of C. albicans (Ibrahim et al. 1995).  

1.4 The cell wall 

The cell wall of C. albicans is a dynamic bilayered organelle located external to the plasma 

membrane whose composition, thickness and organization can greatly differ depending on 

environmental conditions (Gow & Hube 2012). It accounts for 25-30 % of the cell dry weight 

and provides mechanical strength to withstand adverse conditions (Fleet 1991). The 

polymorphic nature of C. albicans is attributed to the plasticity of the cell wall structure, since 

changes in the cell wall determine the fungal architecture (Chaffin et al. 1998). In host-

pathogen relationship, the cell wall is the external component that mediates the initial contact 

with the environment including other microorganisms and host. It promotes pathogenicity 

through cell- cell recognition, adhesion to host or inert surfaces and invasion (Calderone & 
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Clancy 2011). The cell wall of C. albicans is primarily composed of 80- 90% polysaccharides 

which are unique and differ from the cellulose rich plant cell wall (Chaffin et al. 1998). The 

cell wall components are strongly cross-linked to each other through covalent bonding (Fig. 

1.5). It activates signal transduction pathways thus acts as a signaling center. It serves as a 

permeability barrier and protects the cell against dehydration (Gow & Hube 2012). Studying 

the cell wall and its dynamic architecture can potentially lead to the identification of the targets 

for the development of antifungal drugs.  

1.4.1 Composition of the cell wall 

The cell wall composition of C. albicans is similar to the well studied ascomycetous 

representative Saccharomyces cerevisiae (Klis et al. 2001). The fungal cell wall appears as 

layered structure under electron microscopy with outer fibrillar layer covering the inner 

homogenous layer. Three basic components represent the polysaccharides of the cell wall such 

as glucan, chitin and mannan. In addition, cell wall contains proteins (6-25%) which are found 

in covalent association with mannan (mannoproteins) and lipids (1-7%) (Cassone 1989).  

1.4.1.1 The glucan component 

Glucan is the major structural component constituting 50-60% dry weight of the cell wall. 

Glucans backbone is composed of polymer containing (1→3)- β-D-linked anhydroglucose 

repeat units and a side chain as β (1→6) glucan that cross links the components of the inner and 

outer walls (Klis et al. 2001; Lowman & Williams 2001). The β (1→3) glucan (65-90%) acts as 

a main structural component to which other cell wall constituents are attached covalently. The 

β (1→3) glucan molecules branches with the β (1→3) linked glucose residues at the 6
th

 

position through hydrogen bonding to form a three dimensional structure that maintains the 

shape of the cell (Kopecká et al. 1974). The chain length of the β (1→3) glucan molecules 

varies according to the growth conditions. The cell wall shrinks and porosity decreases under 

hypotonic solutions (De Nobel et al. 1990). The soluble β (1→6) glucan has a high degree of 

polymerization thus are highly branched than β (1→3) glucan and this branching may function 

as an attachment sites for chitin chains (Magnelli et al. 2002). 
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Figure 1.5 The cell wall of C. albicans The outer layer of cell wall is composed of 

glycoproteins with with O- and N-linked mannose polymers (mannans) covalently associated 

with proteins. The inner layer is comprises the skeletal polysaccharides β (1→3) glucan, β 

(1→6) glucan and chitin. The outer cell proteins are linked to inner wall framework by 

glycosylphosphatidylinositol (GPI) anchors via β (1→6) glucan (Figure taken from Grubb et al. 

2008). 

 

1.4.1.2 The chitin component 

Chitin accounts for 1-2% of the cell wall dry weight, is a linear polymer of (1→4)- β- linked N-

acetylglucosamine which is linked through inter-chain hydrogen bonding (Carotti et al. 2002) . 

Most of the chitin is found in the region of bud scars and a small fraction (< 10%) is covalently 

linked to β (1→3) glucan and β (1→6) glucan network. This complex cross-linkage forms a 

rigid skeleton and provides mechanical strength to the cell (Magnelli et al. 2002). Cell wall 

stress leads to hyper accumulation of chitin accounting for 20% of the cell wall dry weight 

(Kapteyn et al. 2000; Popolo et al. 2001). 



Chapter-1 

14 

 

1.4.1.3 Mannoproteins 

Mannan, a polymer of phosphodiester-linked mannose sub-units is the only sugar found in C. 

albicans which is covalently attached to proteins hence, the named as mannoproteins (40% of 

cell wall by dry weight). This outer protein layer determines the cell surface properties such as 

immunogenicity, hydrophobicity, porosity and electrical charge. The cell wall proteins (CWPs) 

of C. albicans are attached to mannose polymers through N- linked (aspargine) and O-linked 

(threonine or serine) glycosidic bonds (Cutler 2001). The N- linked carbohydrate moiety is 

composed of chains of α (1→6) linked mannopyranosyl residues to which oligosaccharide side 

chain of mannopyranosyl residues with α (1→2), α (1→3), β (1→2), β (1→6) linkages are 

attached. In addition to this, phosphodiester linkage and α (1→6) branching is observed under 

acidic growth conditions. The O-linked side chains are usually 4-6 mannose residues in length 

and confer rigidity and spacer like properties (Jue & Lipke 2002). The phosphorylated 

carbohydrate side chains play a crucial role in water retention and protection against 

dehydration. The N-linked chains offer protection from the environment and porosity (De 

Nobel et al. 1990). Some of the cell wall proteins receive a modification called 

glycosylyphosphatidylinositol (GPI) anchor that serves to direct and localize proteins that 

contain C-terminal signal sequence to the cell wall and plasma membrane (Kapteyn et al. 

2000). GPI-dependent cell wall proteins are most abundant cell wall proteins in C. albicans. 

The GPI proteins are rich in serine and threonine repeats and many are expressed under some 

growth conditions. Most of the cell wall proteins are integrated into the wall through covalent 

linkages between sugars present at the N- linked and O-linked sites and/or in the GPI anchor 

with those in the chitin and glucan polymers (Lipke & Ovalle 1998; Klis et al. 2009). 

Mannoproteins are the most potent immunomodulators that are able to regulate phagocytic 

cells, humoral and cell mediated immunity of the host immune system (Cassone 1989).  

The composition of cell wall components in yeast and hyphal forms remains similar, although 

relative amounts of chitin, mannan and glucan vary according to the C. albicans growth pattern 

(Calderone & Braun 1991). Chitin is the first cell wall polymer to appear in regenerating 

protoplasts and hyphal cells contain similar chitin levels as yeast cells do (Elorza et al. 1987). 

Researchers reported decrease in branched β (1→6) glucan in yeast cells compared to 

filamentous forms and increase in mannan content in yeast forms (Adt et al. 2006). 

1.4.2 Molecular organization of the cell wall 

Transmission electron microscopy studies have revealed that the appearance of the cell wall 

layers varies according to the type of strain, growth conditions, morphology and phase of the 
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cell cycle (Osumi 1998). The outer cell wall layer is a dense microfibrillar network while inner 

layer is contiguous plasmalemma. The external protein layer is heavily phosphorylated and 

mannosylated thus binds to positively charged ions. The inner layer consists of β (1→3) 

glucan, β (1→6) glucan and chitin polysaccharides and appears to have extensive membrane 

invaginations that anchor cell wall to the plasma membrane (Klis et al. 2004). The different cell 

wall constituents concentrated in the inner layer interact with each other by hydrogen and 

hydrophobic bonds to give rise to the overall architecture of the cell wall. Besides this, 

mannoprotein present in the outer most layer associate covalently with β (1→6) glucan through 

a GPI anchor which in turn bind to β (1→3) glucan (Hamada et al. 1999). The branching of β 

(1→3) glucan through β (1→6) linkage creates nonreducing ends that may act as covalent 

attachment sites for either β (1→6) glucan or chitin polymer. A minor class of cell wall protein, 

Pir, linked to β (1→3) glucan network is dispersed over inner skeletal layer (Kapteyn et al. 

2000). The outer layer forms a permeability barrier and limits the penetration of large 

molecules whereas inner layer appear to be porous and allows the movement of large molecules 

(De Nobel et al. 1990).  

1.5 Host environmental factors 

During colonisation, C. albicans is exposed to different environmental factors such as different 

nutrient resources, stresses, secretory factors of immune system imposed by the host and 

microbe derived environment (Hall 2015). These microenvironments are in constant state of 

flux to which C. albicans must activate suitable responses in order to survive under these 

environmental challenges. The environments encountered by C. albicans are niche specific and 

can alter the biofilm composition and properties which is a key player in causing infections. 

1.5.1 Metabolic adaptation 

In order to grow and survive in a wide range of host niches, pathogenic fungi depend on 

metabolic adaptability in addition to their virulence factors. This adaptation mediates effective 

assimilation of local nutrients in different host environments. C. albicans is a predominant 

fungal flora in gastrointestinal microbiome (Rosenbach et al. 2010). Mucosal surfaces in this 

region are considered highly competitive for nutrient acquisition due to the presence of other 

microorganisms. The blood stream rich in glucose (6-8 mM), amino acids and proteins act as 

nutrient supply for most of the pathogens inside the host. In contrast, necrotic tissues are 

depleted with nutrients and create starvation conditions due to phagocytosis by macrophage or 

neutrophil (Mayer et al. 2013). The carbon metabolic pathways glycolysis, gluconeogenesis as 
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well as glyoxylate cycle under stress response contribute to colonization and pathogenesis in a 

niche specific manner. C. albicans prefers to utilize glucose as a carbon and energy source 

through glycolysis. However, under hostile milieu in host such as inside macrophages, C. 

albicans switches from glycolysis to gluconeogenesis to assimilate alternative carbon sources 

like lactate, citrate, amino acids and glycerol (Desai et al. 2013). In addition, it also activates 

glyoxylate cycle as a result of starvation. 

During systemic candidiasis, C. albicans disseminate to every organ in the host and secrete 

proteases to hydrolyze host proteins for nutrients under poor glucose conditions (Mayer et al. 

2013). Thus, metabolic adaptation not only promotes growth and survival in C. albicans but 

also affects virulence. Several metabolic pathways are conserved between model yeast 

Saccharomyces cerevisiae and pathogenic C. albicans but the regulatory events of metabolism 

display significant differences (Askew et al. 2009). In S. cerevisiae, glucose concentration, 

growth rate and oxygen availability modulates the balance between fermentation and 

respiration (Gancedo 1998). Whereas, C. albicans classified as glucose-negative yeast 

undergoes respiration even in the presence of glucose (Niimi et al. 1988). The difference in 

central carbon metabolism between S. cerevisiae and C. albicans was revealed by a whole-

genome comparison (Jones et al. 2004). They reported that many genes required for respiration 

and oxidative metabolism such as genes encoding for pyruvate dehydrogenase kinase, fatty 

acid catabolism and amino acid catabolic pathways were upregulated (Jones et al. 2004). These 

results were also supported by microarray data analysis (Ihmels et al. 2005). Interestingly, 

significant molecular rewiring and divergence have occurred between these two species and the 

regulatory network controlling central carbon metabolism is entirely distinct in C. albicans 

(Martchenko et al. 2007; Askew et al. 2009).  

Morphogenesis has also been associated with genes involved in central carbon metabolism 

(Lan et al. 2002). During hyphal development, morphogenetic regulator Efg1 regulates 

glycolytic genes (Nantel et al. 2002). Glucose, one of the several stimuli for hyphal 

morphogenesis induces glycolytic genes during yeast to hyphal transition (Hudson et al. 2004; 

Maidan et al. 2005). Genome wide expression studies revealed that Efg1 regulates the 

expression of morphogenesis and metabolic genes by up-regulating glycolytic genes and 

repressing genes associated with oxidative metabolism (Doedt et al. 2004). It appears that 

metabolic adaptation and key virulence factors regulate in a coordinated fashion through 

complex signalling networks. The adenylyl cyclase PKA-Efg1 signalling pathway regulates 

carbon metabolism and morphogenesis, phenotypic switching and stress resistance (Doedt et al. 
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2004; Morschhäuser 2010). During evolution major molecular rewiring took place in regulation 

of carbon metabolism in C. albicans compared to S. cerevisiae (Natarajan et al. 2001; Tournu 

et al. 2005). For instance, in C. albicans glycolysis is induced by Gal4 and Tye7 but Gcr1 in S. 

cerevisiae (Askew et al. 2009; Ene et al. 2012). The cellular role of transcriptional networks of 

general amino acid metabolism responses and sugar sensing pathways have been conserved in 

these both yeasts. In S. cerevisiae, these responses are triggered by amino acid starvation 

stimulating biosynthetic pathways of all amino acids  (Hinnebusch 1988). Besides this, other 

forms of cellular stress also trigger Gcn4 transcriptional response (Natarajan et al. 2001). 

Studies suggest that inactivation of Gcn4 significantly inhibited biofilm formation but does not 

attenuated C. albicans virulence in systemic candidiasis model (Brand et al. 2004; García-

Sánchez et al. 2004). C. albicans gene expression studies by microarray analysis revealed that 

amino acid biosynthesis pathways were not affected by neutrophils exposure (Rubin-Bejerano 

et al. 2003). Recently it has been suggested that in response to neutrophils and nutrient limiting 

conditions, amino acid metabolism excretes ammonia which increases the surrounding pH thus 

stimulating morphogenesis (Vylkova et al. 2011). 

1.5.2 Stress adaptation response  

The ability of C. albicans to colonize different host niches and rapid adaptation to host derived 

as well as environmental stresses is the successful attribute behind its pathogenicity. Inside 

host, C. albicans is exposed to variety of stresses such as heat shock, pH, hypoxia, osmotic and 

oxidative stress. Several stress signaling pathways aid in adaptation to these stresses by 

generating robust stress responses which are closely linked to virulence of C. albicans (Brown 

et al. 2009). In model yeasts, S. cerevisiae and Schizosaccharomyces pombe stress signaling 

pathways are well characterized and induce stress responses by set of genes that are commonly 

expressed in response to all stresses (Ruis & Schüller 1995). Whereas, in C. albicans there are 

no genes that are induced in common to stresses and no-cross protection responses were 

detected (Enjalbert et al. 2003). Specific set of genes are induced in response to different stress 

stimuli which are regulated by specific signaling pathways (Enjalbert et al. 2003). The roles of 

key regulators that are evolutionarily conserved in C. albicans have diverged during the course 

of time (Fig. 1.6) (Butler et al. 2009; Nikolaou et al. 2009). This makes C. albicans relatively 

resistant to several stresses encountered inside warm-blooded host than model yeasts 

(Ramsdale et al. 2008).  

Fungal cells might be exposed to changes in osmotic pressure and water balance during its 

colonization in skin, oral and kidney epithelium. Intracellular currents activated by host 
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immune cells might impose osmotic/cationic stresses (Steinberg et al. 2010). These stresses 

causes rapid water loss, cell size reduction and fall of turgor pressure (Kühn & Klipp 2012). 

Osmotic stress response activated by Hog1 (High osmolarity glycerol response) MAPK 

(mitogen activated protein kinase) pathway induces glycerol biosynthetic pathways  (Enjalbert 

et al. 2003; Smith et al. 2010). This leads to accumulation of intracellular glycerol, regain of 

turgor pressure and growth resumption (Alonso-Monge et al. 2003; Smith et al. 2004; Wächtler 

et al. 2011). Hog1 is a highly conserved component of MAPK pathway that plays crucial role 

in osmotic stress adaptation, inactivation of which leads to attenuation of virulence (Cheetham 

et al. 2011). This pathway also mediates other cellular stresses, morphogenesis, cell wall 

biogenesis and metabolism in C. albicans (Smith et al. 2004; Eisman et al. 2006). 

C. albicans is exposed to reactive oxygen species (ROS) and reactive nitrogen species (RNS) 

inside a phagolysosome (Mansour & Levitz 2002; Thorpe et al. 2004). Antioxidant enzymes 

such as catalase (Ctal1) superoxide dismutases (Sod1 and Sod 5), damage repair systems 

glutathione reductase-thoredoxin (GLR1 and TRX1) and glutathione synthetase (GCS1) are 

released in response to the oxidative stresses created by peroxide, superoxide and hydroxyl 

radicals (Chauhan et al. 2006; Brown et al. 2014). This response is mediated by AP-1 like 

transcription factor Cap1 (Alarco & Raymond 1999). Oxidative stress adaptation is crucial for 

C. albicans pathogenicity. The inactivation of oxidative stress response machinery and its 

components leads to attenuation of virulence and C. albicans cells become more sensitive to 

phagocytic killing (Fradin et al. 2005; Martchenko et al. 2007; Frohner et al. 2009). 
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Figure 1.6 Conserved oxidative and osmotic stress regulators in C. albicans. Evolutionarily 

conserved mitogen-activated protein kinase (MAPK) signalling molecules (blue) and 

transcription factors (red) contribute to the regulation of stress functions in C. albicans. These 

pathways are perhaps operate in an integrated network but represented as linear pathways for 

simplicity Oxidative stress pathway: Cap1, AP-1 bZIP transcription factor; Skn7, putative 

response regulator; SODs, superoxide dismutases. Hog1 signalling pathway: Ssk2, MAPK 

kinase kinase (MAPKKK); Pbs2, MAPK kinase (MAPKK); Hog1, MAPK/stress-activated 

protein kinase (SAPK). (Figure adapted from Brown et al. 2014). 

 

Metabolic and stress adaptation termed as ‘fitness attributes’ have undergone a evolutionary 

rewiring in C. albicans (Butler et al. 2009; Sandai et al. 2012). Metabolic adaptation affects 

stress response and cell wall architecture in C. albicans (Ene et al. 2012). Single cell profiling 

studies revealed the niche-specific induction of stress responses (Miramón et al. 2012).  

1.5.3 Host immunity 

The human immune system can recognize between the commensal and pathogenic C. albicans 

by pathogen associated molecular patterns (Cheng et al. 2012). A robust immune response 



Chapter-1 

20 

 

results in a cascade of host signaling events that eventually leads to destruction and clearance 

of C. albicans cells. The host innate immune system acts as the immediate primary line of 

defence against systemic fungal infections (Cheng et al. 2012). This process involves epithelial 

cells, complement system, antimicrobial peptides, dendritic cells, cellular response mediated by 

macrophages and neutrophils (Cheng et al. 2012; Jiménez-López & Lorenz 2013). Cell surface 

receptor that aids in recognition of C. albicans includes Toll-like receptors (TLR2 and TLR4), 

internal receptors (TLR9 and NLRP3) and C-type lectin receptors (Dectin-1, Dectin-2, 

DCSIGN, MR, Mincle and MBL). These receptors bind to sugars residues such as 

mannoproteins and β-1,3-glucans present on the cell surface of C. albicans. The release of 

proinflammatory mediators such as chemokines and cytokines induces the deployment of 

phagocytic cells at the site of infection (Hebecker et al. 2014). Dendritic cells acts as link 

between innate and adaptive immunity by processing and presenting Candida  specific antigens 

(Hickey et al. 2011). T helper cells and antibodies from adaptive immune system also help in 

elimination of pathogenic C. albicans (Sallusto & Lanzavecchia 2002). 

Epithelial cells are the first line of defence which act as passive physical barrier restricting the 

invasion of Candida  to deeper tissues (Yan et al. 2013). Tight junctions formed by 

interepithelial cell connections maintains the epithelial integrity by sealing the gap between cell 

surface and the mucosal lamina propria thus preventing the interepithelial invasion of C. 

albicans (Yan et al. 2013). Intestinal and vaginal epithelial cells secrete mucus which blocks 

the direct contact of C. albicans with the epithelium (Yan et al. 2013; Cassone 2015). Inside 

oral cavity, saliva acts as chemical barrier by continuously flushing the dental and mucosal 

surfaces (Fig. 1.7). Saliva contains redundant amounts of antimicrobial agents such as histatins, 

lactoferrin, lysozyme, defensins, and cathelicidins which prevent adhesion of Candida  to oral 

epithelial cells (Hibino et al. 2009).  
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Figure 1.7 Host response to oral C. albicans. A robust protective host response to C. albicans 

oral infection is dependent on dendritic mediated induction of Th17 cell-mediated adaptive 

immunity which further upregulates the expression of mucosal antimicropial peptides 

(defensins, caprolectins), IL-8 and GM-CSF (trigger recruitment of neutrophils) by epitheilal 

cells. NKT cells, ILCs, nTh17 cells also particpate in mucosal host response by producing IL-

17. C-type lectin receptors (CLRs); reactive oxygen intermediates (ROIs); reactive nitrogen 

intermediates (RNIs); toll-like receptors (TLRs). (Figure taken from de Repentigny et al. 2015). 

 

Lysozyme is a cationic antimicrobial enzyme found in tissues, secretions such as saliva, tears, 

serum, breast milk as well as expressed by phagocytes and macrophages (Tenovuo et al. 1990). 

The fungicidal activity of lysozyme is likely to be mediated by hydrolysis of N- glycosidic 

bonds in C. albicans cell wall resulting in injury to cell membrane (Anil & Samaranayake 
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2002). Lactoferrin is also a bactericidal protein secretion of host that has diverse protective 

functions. Lactoferrin chelates iron, prevent adherence to the host surfaces, bind to the 

lipopolysaccharide and disrupts bacterial cell membranes (Che et al. 2009). It also prevents 

biofilm formation as reported in Staphylococci sp., (Singh et al. 2002). In cystic fibrosis 

patients, higher concentration of lactoferrin does not affect the planktonic growth of P. 

aeruginosa but inhibited adherence. Cleavage of lactoferrin by cathepsin B can result in loss of 

bactericidal and antibiofilm activity (Rogan et al. 2004). 

Mucin is the gel-forming glycoproteins that are produced by mucous cells of glandular tissues 

and goblet cells of the gastro-intestinal tract. Salivary mucins are significant (approximately 

26%) proportion of salivary proteins (Amerongen et al. 1995). Mucins provide lubrication on 

epithelial surfaces, respiratory, gastrointestinal and urogenital tracts as well as oral cavity (Van 

Klinken et al. 1997). Eleven specific human mucin (MUC1-MUC4, MUC5AC, MUC5B, 

MUC6-8 and MUC11-12) genes have been isolated to date (Porchet et al. 1991; Gum et al. 

1994; Bobek et al. 1996; Williams et al. 1999). Salivary mucin MUC5B and MUC7 are the 

most abundant proteins in saliva (Shankar et al. 1997). Mucins are reported to prevent surface 

attachment and biofilm formation by promoting dispersion (Caldara et al. 2012). It helps in 

preventing infection by modulating the cellular processes associated to virulence (Nelson et al. 

2007). 

1.5.4 Polymicrobial interactions 

Candida  species exist in a mixed milieu with bacteria and other fungal species in oral as well 

as mucosal habitats such as gastrointestinal and vaginal tracts (Thein et al. 2009). Microbial 

interactions have been evolved through biofilm communities. Two common types of interaction 

are widely observed among subpopulations in mixed biofilm communities are commensalism 

and antagonism (McLean & Kakirde 2013). Fundamentally these interactions are far more 

complex than recognized. Apart from microbial factors, there are certain environmental factors 

which microbe’s encounters in host niches (Thein et al. 2009). These include oxygen 

availability, nutrient conditions, and stresses which are likely to impact functionality and 

biomass spatial property of microbial cells. These factors can significantly alter the interactions 

between different species in mixed biofilm communities (Thein et al. 2009). For instance, C. 

albicans can modulate the adhesion and propagation of C. krusei in mixed biofilms (Thein et 

al. 2007).  When C. albicans was co-incubated with E. coli, colonization of Candida  was 

hindered whereas bacterial population occupied larger area of the substratum (Nair & 

Samaranayake 1996a). Thus, Candida sp., such as C. albicans, C. tropicalis, C. krusei and C. 
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glabrata either in combination or with other bacterial species such as Staphylococcus sp., P. 

aeruginosa, Enterobacter sp., and Klebsiella pneumonia are often associated with 

polymicrobial infections. Several researchers reported the bacterial-fungal interactions in 

implant associated infections involving catheters, endotracheal tubes, and mechanical heart 

valves, infections related to oral, gastrointestinal and vaginal mucosa (Sbordone & Bortolaia 

2003; Doedt et al. 2004). Candida  coexists with bacterial species E. coli, S. aureus, Klebsiella 

sp., Pseudomonas, Streptococci sp., in oral infections such as Candida  associated denture 

stomatitis, angular stomatitis and periodontitis (Jenkinson & Douglas 2002).  Researchers have 

shown the role of mixed biofilm which were more resistant to antimicrobial agents than biofilm 

formed by single species (van der Mei et al. 2000; Nelson et al. 2007). Klotz et al. (2007) 

reported that in blood stream infections, Candida sp., was commonly isolated with S. aureus 

(20%), P. aeruginosa (8%) and E. coli (4%).   

In burn wounds, C. albicans almost never found co-existed with P. aeruginosa indicating the 

antagonistic interaction (Gupta et al. 2005). Candida sp., Staphylococcus and Pseudomonas sp., 

are the common pathogens found in ventilator-associated pneumonia (Adair et al. 1999). 

Antifungal treatment of respiratory infections caused by Candida colonization reduces the risk 

of Pseudomonas associated pneumonia (Ader et al. 2009). Co-infection of Candida may alter 

the host immune system ability to clear Pseudomonas causing pneumonia (Roux et al. 2009). In 

cystic fibrosis patients, S. aureus colonizes lungs of young children while in adults P. 

aeruginosa (80%) is the major colonizer (Hauser et al. 2011). Earlier, Valenza et al. (2008) 

reported that 78% of these patients are colonised by C. albicans along with S. aureus (63%) 

and P. aeruginosa (50%). C. albicans envelopes the S. aureus cells in an extracellular 

polymeric matrix which offers protection to it against antibiotics (Kart et al. 2014). This helps 

S. aureus to form biofilms in serum which typically S. aureus alone cannot form. Such 

mutualistic relationship resulted C. albicans and S. aureus in being the top three 

microorganisms co-isolated in nosocomial infections (Klotz et al. 2007). 

S. aureus lacks the ability to invade host tissues; however, it seems to use C. albicans hyphae 

for tissue invasion in murine models (Peters et al. 2012). Streptococcus gordonii also share a 

synergistic interaction with C. albicans through hyphal formation and colonization of the oral 

mucosa (Bamford et al. 2009). Several adhesins of C. albicans namely, Als3p, Hwp1p and 

Eap1p play key role in attachment of S. gordonii (Nobbs et al. 2010). 
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1.6 Antifungal therapy 

Antifungal drugs will select and remove pathogenic fungi with negligible toxicity to the host. 

These drugs available are classified according to their site of action in fungal cells into four 

main categories: polyenes, the azoles, the echinocandins and other miscellaneous classes of 

DNA analogue drugs such as 5-fluorocytosine (Ostrosky-Zeichner et al. 2011) (Fig. 1.8). 

1.6.1 Antifungal drugs 

1.6.1.1 Polyenes 

The polyenes nystatin and amphotericin B are the broad-spectrum antifungal drugs available 

with both fungicidal and fungistatic activity (Andriole 1999; Wynn et al. 2003). Polyenes 

intercalate with the ergosterol present in the plasma membrane by creating membrane-spanning 

channels and affect the selective membrane permeability. This destroys the proton gradient and 

the membrane stability due to leakage of cytoplasmic contents (Bossche et al. 1994). In 

addition to this, amphotericin B induces oxidative damage to cell membrane (Ellis 2002). 

Amphotericin B is the drug of choice for invasive fungal infections whereas nystatin is used for 

superficial mycoses (Andriole 1999). 

1.6.1.2 Azoles 

The azole drugs include imidazoles (econazole, clotrimazole, fenticonazole, ketoconazole, and 

miconazole) and the traizoles (fluconazole, itraconazole, voriconazole and posaconazole). 

These azoles inhibit ergosterol biosynthesis by interacting with fungal cytochrome P450 

enzyme lanosterol demethylase which converts 14α-demethylsterol to ergosterol (Ellepola & 

Samaranayake 2000; Lewis 2007). This disrupts plasma membrane synthesis by depleting 

ergosterol content in the cell membrane and thus halting the cell membrane functions. Along 

with this, imidazoles are also capable of lethal accumulation of hydrogen peroxide causing 

oxidative damage to fungal cells (Lewis 2007). Azoles are fungistatic and used in the treatment 

of tropical and systemic candidiasis. 
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Figure 1.8 Mode of action of antifungal drugs. Azoles, polyenes, echinocandins and their 

targets from top to bottom (Figure taken from Shapiro et al. 2011). 

 

1.6.1.3 Echinocandins 

Echinocandins (caspofungin, anidulafungin and micafungin) and their analogues 

pneumocandins are lipopeptides that interrupt the synthesis of fungal cell wall component β 
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(1→3) glucan by inhibiting the enzyme β (1→3) glucan synthase that forms glucan polymers. 

The inhibition is effective, specific and results in osmotic lysis. Echinocandians are fungicidal 

and demonstrated new alternatives to fluconazole resistant Candida  species (Denning 2002). 

1.6.1.4 Nucleoside analogs  

Nucleoside analogs such as flucytosine interfere with DNA and RNA synthesis in fungal cell. 

Flucytosine inhibits enzyme thymidylate synthetase, which is involved in nuclear division and 

DNA synthesis (Ellepola & Samaranayake 2000; Lewis 2007). This drug also inhibits protein 

synthesis leading to cell death. Flucytosine is fungistatic used in combination with 

amphotericin B to treat systemic mycoses (Wynn et al. 2003). Another nucleoside drug of 

bacterial origin is tunicamycin, produced by bacteria Streptomyces clavuligerus and 

Streptomyces lysosuperficus. It blocks the synthesis of N-linked oligosaccharide chains on 

mannoproteins. Tunicamycin inhibits C. albicans biofilm formation germ tube and mycelia 

formation (Pierce et al. 2009). Antibiotics such as nikkomycin and papulacandin damage fungal 

cell walls by inhibiting chitin synthases and β-glucan synthesis (Hector & Braun 1986).  

1.6.2 Biofilm mediated antifungal drug resistance 

It is now widely established that life in a sessile mode of growth confers a unique type of 

resistance in form of biofilm which is highly challenging for effective therapeutic choice 

(Bhattacharya et al. 2015). Hawser and Douglas (1994) demonstrated increased antifungal 

resistance of Candida biofilm. Candida  in biofilm lifestyle exhibit 30 to 2000 times resistance 

to different antifungals than planktonic cells (Ramage et al. 2001b). The biofilm mediated 

antifungal resistance is multifactorial process and yet to be fully elucidated in fungal species. 

Due to quick consumption of nutrients by microbial cells at biofilm-fluid interface, nutrient 

limitation occurs at inner biofilm core. Waste products also accumulate at biofilm centre where 

exchange with external fluid is limited (Stewart & Franklin 2008). The heterogeneous 

population with different growth rates also contributes to antimicrobial sensitivity in biofilms. 

It has been observed that antimicrobial drugs are active against metabolically active cells than 

slow growers (Anwar & Costerton 1990). Studies on Candida  biofilms reported that drug 

resistance increases with the progression of biofilm development (Chandra et al. 2001). In 

addition, mature biofilms were less susceptible to amphotericin B under nutrient limitation 

conditions (Baillie & Douglas 2000).  

The exopolymeric matrix of C. albicans biofilm has been implicated in resistance to 

conventional antifungal agents (Desai et al. 2014). Matrix components reduce the penetration 

of antimicrobials by either chemical reaction with the compound or sorption. The constituents 
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of biofilm matrix such as polysaccharides, eDNA limits the entry of these antifungals. These 

components act an ion exchange resin and sequester positively charged antimicrobial 

substances (Hoyle et al. 1990; Gristina 1994). In C. albicans biofilm matrix, polysaccharide β 

(1→3) glucan contributes to the resistance by specifically binding to antifungal drug 

amphotericin B (Vediyappan et al. 2010). Nett et al. (2007) reported that treatment of biofilms 

with enzyme β (1→3) glucanase increased the susceptibility of biofilm cells to fluconazole and 

addition of β (1→3) glucan exogenously increased resistance to fluconazole in planktonic cells.  

Two drug efflux pumps that were studied in C. albicans planktonic cells are ATP binding 

cassette (ABC) transporter and major facilitator proteins encoded by CDR and MDR genes. 

The expression of genes encoding these pumps is up-regulated during different stages of 

biofilm development (Mukherjee & Chandra 2004). Adaptive resistance mechanisms 

considerably play a critical role in resistance to conventional antifungal drugs. Azole resistance 

is caused due to one of the several mechanisms such as mutations in the drug target, 

upregulation of multidrug transporters Mdr1, Cdr1, Cdr2 and alterations in the transcription 

factor Upc2, Efg1 (Calderone & Clancy 2011; Shapiro et al. 2011; Bink et al. 2012). Several 

stress reponse pathways mediated by calcineurin, PKA, PKC, TOR and Hsp90 also contribute 

for azole resistance (Cannon et al. 2007; Cowen & Steinbach 2008; Shapiro et al. 2011). 

Walker et al. (2008) reported the C. albicans cells acquired caspofungin tolerance by activation 

of cell wall salvage pathways and by increasing the chitin content in their cell walls. Drug 

susceptibility studies on mixed biofilms of bacterial and fungal species can affect the antifungal 

activity on biofilms (Jenkinson & Douglas 2002).  

Persister cells are small population of reversible yeast cells which are adaptable to be in 

metabolically dormant state (Lewis 2007). These cells emerge from small colony variants and 

are highly resistant to antifungal drugs (LaFleur et al. 2006). They have a unique gene 

expression profile that turns on toxin-antitoxin operons and turns off metabolism related genes 

(Correia et al. 2006). Under stressful conditions, persister cells may survive by building 

reservoir cells that can re-grow and cause relapsing chronic infections (Stewart & Franklin 

2008). Less is known about the role of persister cells in C. albicans biofilm development. 

1.7 Developing novel therapeutics against C. albicans biofilm 

The current treatment options for C. albicans biofilm related infections are very scarce due to 

the intrinsic augmented tolerance to antimycotics. As described above biofilm mediated 

antifungal resistance is a multifactorial phenomenon. Hence, there is an imperative need of 

intensive research in finding therapeutics against these biofilm infections. One approach is 
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gaining deeper knowledge in molecular mechanisms of biofilm formation to identify the novel 

targets for the design of antifungal drugs. Another approach is screening of the chemical 

libraries for the identification of active compounds that has biofilm disruption potential. 

Antifungal agents either plant or microbe derived is considered as significant sources of 

bioactive compounds for C. albicans biofilm eradication as discussed below. 

1.7.1 Plant derived products 

Despite several herbal products claimed to have antifungal activity, very few scientific studies 

have reported their efficacy  (Havsteen 2002; Quiroga et al. 2006). These bioactive compounds 

from plant origin are mainly composed of polyphenols and flavonoids which are quite 

promising as antifungal agents however, the toxicity and the tolerable doses in patients need to 

be established. Essential oils are secondary metabolites synthesized by plants as a microbial 

defence also exhibits excellent anti-candidal activity (Agarwal et al. 2008b; Agarwal et al. 

2010; Dohare et al. 2014; Kalia et al. 2015). The plant by-product terpenes contain a 

combination of several 5-carbon units called isoprenes have demonstrated antifungal activity 

by affecting morphology of C. albicans and induced fungal cell lysis (Tyagi & Malik 2010; 

Khan et al. 2013).  

Polyphenolics, another bioactive compounds that are ubiquitously present in plants have been 

in use as traditional medicine since ages (Xu & Lee 2001). The chemical and structural 

similarities of these compounds with numerous biomoleules as well as their crucial role in 

plant-microbial interactions make them an attractive class of phyto-constituents for biological 

activity (Yi et al. 2008). Their widespread incidence, broad spectrum diversity and activity 

make them appropriate chemical scaffolds for novel therapeutic agents.  

1.7.2 Microbial derived  

Microbe derived surface active amphipathic compounds such as biosurfactants partition 

preferentially at the interface between two different phases in a heterogeneous system (Yu & 

Huang 2011). These compounds have gained significant commercial importance as compared 

to their synthetic chemical counterparts due to their tailor-made multifaceted diversity, eco-

friendly nature, higher biodegradable ability, low toxicity, effectiveness at extreme pH and 

temperature suitability for large scale production and selectivity (Dusane et al. 2010). 

Biosurfactants have been emerged as a promising multipurpose ingredient, possessing 

emulsifying, anti-adhesive and antimicrobial activities. In recent decade, the use of 

biosurfactant as alternative therapeutics to control biofilms has been explored widely (Rivardo 

et al. 2009). In our study, biosurfactant di-rhamnolipid isolated from P. aeruginosa DSVP20 
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have shown to disrupt the C. albicans biofilm (Singh et al. 2013). Biosurfactants interfere in the 

microbial adhesion and desorption by modifying surface hydrophobicity of the substratum 

(Rodrigues et al. 2006). Thus, coating of biosurfactants on medical implants prior to 

implantation may be used as a preventive strategy against implant associated infections  (Gan et 

al. 2002; Walencka et al. 2008).  

1.7.3 Nano-drug delivery systems 

Nano-drug delivery systems are evolving technologies for drug delivery using biodegradable 

and biocompatible polymers (Link et al. 2010). These delivery systems are designed to improve 

the therapeutic and pharmacological properties of drugs (Ansari et al. 2014; Sharma et al. 

2016). Drug carriers in delivery systems are constructed and engineered with nanometer 

dimensions with enhanced bioavailability and less toxic side effects (Haley & Frenkel 2008). 

Despite broad range of applications of polyphenolic compounds and other plant metabolites, 

poor solubility in aqueous solutions remains critical in clinical efficiency and bioavailability 

(Soobrattee et al. 2005). To enhance the solubility and bioactivity of these compounds nano-

encapsulation in polymeric nanoparticles/nanofibres is widely employed (Hosseini et al. 2013; 

Singh et al. 2015). In our investigation on anti-biofilm studies, polyphenolic compound 

quercetin was encapsulated with poly(D,L-lactide-co-glycolide)-poly(ε-caprolactone) nanofibers 

using an electrospinning technique (Vashisth et al. 2013). These quercetin encapsulated 

nanofibres were found to be effective against C. albicans biofilm.  

1.8 Objectives of this study 

As described in earlier sections, the pathogenicity of C. albicans is dependent on adaptation 

and the robust response that helps C. albicans to withstand the local environmental challenges 

be it imposed by the host or microbe derived. The main objective of the work carried out was to 

understand how C. albicans responds to different environmental factors it encounters during 

colonization and in particular how these environments affect the C. albicans biofilm, virulence 

factors and cell wall composition during the biofilm growth (Fig. 1.9). 

 

 The first aim of this work was to evaluate how different carbon sources affect surface 

associated growth in C. albicans and to describe the changes in virulence properties and 

structure of the cell wall component β-glucan (Chapter-2). The second aim was to better 

understand the adaptive response generated by C. albicans in the presence of oxidative and 

osmotic stresses and how these stresses affect the virulence factors and the cell wall 
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composition in biofilm cells (Chapter-3). Next environmental factor taken into consideration 

was innate immune secretory factors to which C. albicans is constantly exposed especially in 

oral milieu. The third main aim of the study was to evaluate the response of C. albicans in the 

presence of the innate immune secretory factors like mucin, lactoferrin, lysozyme and dATP 

(Chapter-4). The fourth main aim was to study the influence of microbe derived environment 

on C. albicans biofilm during co-culture conditions (Chapter-5).  In addition to this, studies 

were also focussed on testing of phytochemical libraries for bioactive compounds having 

antifungal and antibiofilm activities (Chapter 6).  
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2. Modulation of Candida albicans biofilm by different carbon 

sources 

2.1 Background 

The fungal pathogen Candida  albicans thrive as a normal flora in the host microenvironment 

such as the oral cavity, skin, gastro-intestinal and urogenital tracts of healthy individuals  

(Calderone & Clancy 2011). The colonization of C. albicans remains benign in healthy 

individuals (Ruhnke 2002) However, in immunocompromised people C. albicans is an 

opportunistic pathogen as it colonises different host niches and medical implants by forming 

biofilm (Perlroth et al. 2007; Herwald & Kumamoto 2014). The commensal to pathogen shift 

of C. albicans requires an effective adaptation to the host environment. It has been observed 

that during infection, carbon play a central role in metabolism and critical for colonization in C. 

albicans (Brown et al. 2014). C. albicans need to assimilate locally available or alternative 

nutrients for their survival and multiplication in the dynamic environments. 

 It is likely that the locally available carbon sources can influence the fungal adhesion, biofilm 

formation and can trigger other crucial virulence factors including morphological transitions 

and secretion of hydrolytic enzymes during infection (Mayer et al. 2013). Moryl et al. (2014) 

also observed that composition and quantity of exopolymeric matrix also depend on carbon 

source in bacterial biofilm models. In C. albicans, cell wall plays a key role in cell robustness, 

morphology and adhesion to medical implants or host tissues (Gow & Hube 2012).
 
Glucans 

(85-90% of the cell wall dry mass) are major structural components of the cell wall and they 

are also most important fungal pathogen-associated molecular pattern (PAMPs) (Fleet 1991; 

Klis 1994; Brown & Williams 2009). Presently, little information is available on how different 

carbon sources influence structure of β-glucans in C. albicans biofilm. Earlier reports were 

limited to studies on the effect of dietary sugars on C. albicans adhesion and biofilm formation 

(Jin et al. 2004; Abu-Elteen 2005). Based on the above facts, it is significant to study the 

impact of different carbon sources on virulence factors and β-glucan structure in C. albicans 

biofilm. Glucose, sucrose, arabinose and lactate were selected as carbons sources according to 

their physiological relevance at different host tissues as mentioned above. This is the first study 

that highlighted the role of arabinose in C. albicans biofilm to the best of our knowledge. The 

aim of this investigation was to study the impact of different carbon sources on biofilm 

CHAPTER-2 
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formation, virulence factors and β-glucan, an important cell wall component of C. albicans. 

These analyses will open up new avenues in understanding the influence of metabolic 

adaptation on C. albicans biofilm. 

2.2 Materials and methods 

2.2.1 Chemicals and media 

2,3-bis[2-Methoxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-5-carboxanilide (XTT); Menadione; 

FITC-ConA were purchased from Sigma-Aldrich, USA. Yeast peptone dextrose (YPD) 

medium, yeast nitrogen base (YNB) and all other chemicals were obtained from Himedia, 

India. 

2.2.2 Strain and growth conditions 

C. albicans MTCC 227 (equivalent to reference strain ATCC 10231) was grown on YPD plate 

for 24 h at 37 ºC from its stock culture (Singh et al. 2013). A loop full of yeast cells were 

inoculated into YPD broth and incubated at 37 ºC under shaking conditions (120 rpm). The 

cells were harvested (5000×g for 10 min at 4 ºC) during mid-logarithmic phase (after 16-18 h 

incubation) and the pellet obtained was washed twice with phosphate buffered saline (PBS, pH 

7.2). The cell pellet was suspended in YNB supplemented with 1% carbon source (glucose, 

arabinose, sucrose and lactate) and adjusted to a standard cell suspension of 1×10
7
 cells mL

-1
 

(OD520 nm is equal to 0.25) by a spectrophotometer (Lasany, LI-2800 UV-vis Double beam, 

India).  

2.2.3 Adhesion assay  

The adhesion assay was performed by adding 100 µL of C. albicans standard cell suspensions 

(1×10
7
 cells mL

-1
) in YNB containing 1% carbon source (glucose, arabinose, sucrose and 

lactate) to sterile 96-well polystyrene microtiter plate (MTP) and incubated at 37 ºC for 2 h (Jin 

et al. 2004). Later, cell suspensions were aspirated washed twice with PBS to remove loosely 

bound cells and XTT assay was performed. 

2.2.4 Biofilm formation 

C. albicans biofilm formation experiment was performed as described earlier (Santana et al. 

2013). 100 µL of C. albicans (1×10
7
 cells mL

-1
) in YNB medium were seeded into sterile 96-

well polystyrene microtiter plate wells for 90 min at 37 ºC (adhesion phase). Afterwards, wells 

were washed twice with 200 µL of PBS to remove loosely adhered cells and 100 µL of YNB 
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supplemented with 1% carbon source (glucose, arabinose, sucrose and lactate) was added to 

wells. Plates were incubated at 37 ºC for 48 h or 72 h. The fresh growth medium was added 

after each 24 h period during 72 h biofilm development. 

2.2.5 Quantification of biofilm 

The metabolic activity of biofilm cells was quantified by XTT (2, 3-bis(2-Methoxy-4-nitro-5-

sulfophenyl)-5-[(phenylamino)-carbonyl]-2H-tetrazolium salt) reduction assay. XTT is reduced 

to soluble tetrazolium formazan product by mitochondrial dehydrogenase of metabolically 

active cells in presence of an electron-coupling agent menadione (Hawser 1996).
 
Either 

adherent cells (after 2 h in adhesion assay) or biofilm formed (after 48 h) in each well were 

washed thrice with sterile 200 µL of PBS to remove loosely adhered cells. XTT and menadione 

solutions were prepared as described earlier (Pierce et al. 2008). 100 µL of PBS, 48 µL of XTT 

(1 mg mL
-1

) and 2 µL menadione (1mM) solution was added to each MTP wells. Plates were 

incubated in dark for 2 h at 37 ºC and the absorbance was measured at 492 nm by MTP reader 

(Spectra Max M2, Molecular Devices, USA). Biofilm was washed as described above and the 

scraped off carefully using a sterile scalpel from the MTP wells as described by  Jin et al. 

(2004). The resulted suspensions were added to PBS and vortexed for 3 min to disrupt the cell 

aggregates. The cell suspensions were serially diluted in PBS and plated onto YPD agar plates, 

incubated at 37 ºC for 24 h and CFU mL
-1

 were quantified. Two parallel plates were used for 

XTT assay and CFU assay. 

2.2.6 Isolation of matrix polysaccharides from C. albicans biofilm 

The biofilm biomass of C. albicans grown in presence of carbon sources was harvested 

(10000×g 10 min) after 48 h and the obtained biofilm pellet was suspended in PBS. The 

polysaccharides in biofilm suspension were extracted by sonication (Q700 sonicator, QSonica, 

USA) at 35W in an ice bath up to five 30 seconds on ice to disrupt the clump of cells (Comte et 

al 2006). Proper care was taken not to disrupt the cell wall during sonication and disruption of 

aggregates was monitored by microscopy. The samples were centrifuged at 10000×g for 10 min 

at 4 ºC and the supernatant was collected for quantification of matrix polysaccharides. The total 

carbohydrate content was measured by phenol-sulphuric acid method (DuBois et al. 1956) with 

glucose as a standard. Briefly, 200 µL of supernatant solution containing matrix polymers was 

transferrd into a sterile glass tube and mixed with 200 µL of phenol (5% w/v) followed by 1 

mL of conc. H2SO4. The solution was left undisturbed for 10 min at room temperature and then 
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incubated at 30 ºC for 30 min in a water bath. The absorbance at 485 nm was measured with a 

spectrophotometer (Lasany, LI-2800 UV-vis Double beam, India). 

2.2.7 Confocal laser scanning electron microscopy (CLSM) 

C. albicans biofilm was developed in presence of different carbon sources on sterile 

polystyrene discs (1 cm in diameter) placed in 12-well culture plate. After incubation (48 h), 

cells were washed with PBS and stained with 50 μg Fluorescein isothiocyanate-concanavalin A 

mL
-1

 (FITC-ConA, long-pass filter, excitation wavelength, 490 nm; emission wavelength, 525 

nm; emits green fluorescence) for 1 h at 37 °C (Singh et al. 2013). FITC-Con A is a lectin that 

binds to terminal glucose and mannose residues of polysaccharide present in the biofilm matrix 

and cell walls and confers as a better tool to characterize exopolymeric substances (Lal et al. 

2010; Jin et al. 2005; Sharon & Lis 1972). The samples were visualized using a Leica TCS SP5 

confocal laser scanning electron microscope (Leica Microsystems, Germany) with 20x 

objective lens and a HyD hybrid detector. The interactive 3-D surface plot images were 

constructed through ImageJ software (version 1.50a).  

2.2.8 Atomic force microscopy 

Biofilm of C. albicans were developed in presence of carbon sources (glucose, lactate, sucrose 

and arabinose) for 48 h at 37 °C on sterile polystyrene discs (1 cm in diameter) in a 12-well 

culture plate. After incubation, medium was withdrawn and the discs were washed twice with 

PBS and dried. The images of biofilm formed on polystyrene discs were taken using a 

NTEGRA PRIMA system (NT-MDT). All images were recorded in a semi-contact mode 

regime using a sharpened SiN cantilever tip (NSG10S) with spring constant of 10 Nm
-1

, 

amplitude range of 5-10 nm, tip radius 10 nm and cone angle of 22 º. Height and deflection 

images were acquired with a resonance frequency of 250 KHz. Data analysis was carried out 

using software called NOVA. 

2.2.9 Assay of proteinase and phospholipase activity 

The biofilm biomass obtained after 72 h of biofilm development was sonicated as described 

above and centrifuged at 10000×g for 10 min at 4 °C. The supernatant obtained was used for 

assay of extracellular enzymes. The proteinase activity was determined by mixing azocasein 

substrate (1% w/v) with supernatants thus making the final reaction volume to 1 mL and 

incubated at 37 ºC for 1 h (Santana et al. 2013). The reaction was stopped by adding 10% 

trichloroactetic acid and the mixture was centrifuged for 5 min at 10000×g. Subsequently, 

supernatants were mixed with 0.5 M NaOH and incubated for 15 min. The proteinase activity 
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was measured spectrophotometrically at 440 nm. The specific proteinase activity was defined 

as the amount of enzyme that elicited an increase of 0.001 units of absorbance per minute of 

reaction by biofilm biomass (OD at 492 nm). The phospholipase activity was determined as 

described (Taniguchi et al. 2009) by adding phosphatidylcholine substrate solution to biofilm 

supernatants, incubated for 1 h at 35 ºC and absorbance was read spectrophotometrically at 630 

nm. The specific phospholipase activity was recorded as the absorbance shift per minute of 

reaction by biofilm biomass. 

2.2.10 Effect of carbon sources on C. albicans morphogenesis 

To examine the effect of different carbon sources on morphogenesis, experiments were 

performed at 37 ºC in YNB supplemented with 1% glucose, lactate, sucrose and arabinose. 

Briefly, medium was inoculated with yeast cells from overnight cultures and standardised to a 

density of 1×10
7
 cells mL

-1
 followed by incubation under shaking conditions at 200 rpm. Cells 

were visualized by microscopy (EVOS-FL, Advance Microscopy Group, USA) after 4 h in 

transmittance mode and images were captured. 

2.2.11 Isolation of glucan from C. albicans biofilm cells 

Glucan was isolated from C. albicans biofilm grown in different carbon sources for 48 h by a 

modified method of Lowman et al. (2014). Briefly, biofilm suspensions were sonicated for 2 

min as described above and harvested at 10000×g for 10 min at 4 °C. Biofilm cell pellets were 

suspended in PBS and β-glucan was extracted with 0.1 N NaOH for 15 min at 100 °C, followed 

by neutralization. The neutral residue was extracted by boiling with 0.1 N H3PO4 for 15 min at 

100 °C and neutralized to pH 7.0. The water insoluble micro particulates of isolated glucan 

were lyophilized for further analysis.  

2.2.12 Fourier transform infrared spectroscopy 

The infrared spectra of the β-glucan samples were recorded using FT-IR spectrometer (Thermo 

Nicolet NEXUS, Maryland, USA) by KBr pellet technique and data was obtained with OMNIC 

software. The spectrum was taken between 500 cm
-1

 to 4000 cm
-1

 at a 4 cm
-1

 resolution on an 

average of 18 scans. Overlapping and hidden peaks often give broad peaks which are difficult 

to analyze and results in poorly resolved spectrum. These overlapping peaks due to absorptions 

of biomoleules present in cells and other intrinsic factors can be solved by mathematical 

methods (Lórenz-Fonfría & Padrós 2005). Fourier deconvolution, second derivative and curve 

fitting methods were used to analyze structural changes in spectral region with Peak Fit Version 

4.12. Curve fitting was performed by non-linear regression method using Gaussian and 
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Lorentzian bands. The goodness of fit was estimated by the chi-square value; the lower the chi-

square value better is the fit (Galichet et al. 2001; Adt et al. 2006). 

2.2.13 Statistical analysis 

Three independent experiments were conducted in duplicate and data was expressed as mean ± 

standard deviation. Data obtained were evaluated with analysis of variance (ANOVA) followed 

by posthoc Tukey’s honestly significant different (HSD) test for pair-wise comparisons using 

XLSTAT statistical add-in software for Microsoft Excel
© 

and OriginPro
®
 8. Letters on the 

histogram provides the graphical representation for posthoc pair-wise comparisons, (Tukey’s 

HSD). Means sharing the same letter is not significantly different from each other. In all 

evaluations, p value less than or equal to 0.05 were considered significant. 

2.3 Results 

2.3.1 Carbon sources variably influence C. albicans adhesion and biofilm development 

The adhesion and biofilm formation of C. albicans on to polystyrene MTP in the presence of 

carbon sources was determined by their metabolic activity. Glucose displayed the highest 

metabolic activity in adhesion assay (p < 0.03, Fig. 2.1a) and significant differences were 

observed among the other carbon sources (p < 0.05). During biofilm formation, the highest 

metabolic activity was observed in sucrose (p < 0.001) followed by glucose, arabinose and 

lactate (Fig. 2.1b). Statistically significant differences were observed between glucose and 

lactate/or arabinose (p < 0.001). However, no significant differences were observed between 

sucrose and glucose (p > 0.05). Similarly, lactate and arabinose were not different significantly 

(p > 0.05). These results were correlated with the viable cell counts represented as log CFU 

counts (10
5
 dilution, p < 0.05) which were recorded highest in sucrose (8.36) grown cells 

compared to glucose (7.96), arabinose (6.83) and lactate (6.51) respectively. 
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Figure 2.1 Adhesion and biofilm assay. a) Effect of different carbon sources on C. albicans a) 

adhesion after 2 h of incubation b) biofilm formation (48 h) in polystyrene plate. Data represent 

the means ± the SD of three independent measurements. Letters on the histogram provides the 

graphical representation for posthoc pair-wise comparisons, (Tukey’s HSD, p < 0.05). Means 

sharing the same letter are not significantly different from each other. 

 

2.3.2 Carbon sources modulate secretion of matrix polysaccharides   

C. albicans biofilm matrix polysaccharides were evaluated and compared among different 

carbon sources (glucose, sucrose, arabinose and lactate) tested (Fig. 2.2a). The highest content 

of matrix polysaccharides were observed in sucrose followed by glucose (p < 0.05) and no 

significant difference was observed between lactate and arabinose (p > 0.05). The architecture 

of biofilm embedded in matrix polysaccharides was examined after 48 h using CLSM (Fig. 

2.2b). The green fluorescence in the images was due to selective binding of FITC-ConA to 

glucose and mannose residues of the fungal polysaccharides present on the cell surface and 

biofilm matrix. Images revealed a heterogeneous structure of biofilm cells encased in a thick 

network of polysaccharides in matrix. No apparent difference in biofilm architecture and 

exopolysaccharide distribution was observed in glucose and sucrose grown cells. A similar 

observation was noted for lactate and arabinose in which exopolysaccharides were interspersed 

between biofilm cells.  
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2.3.3 Thickness and architecture of biofilm varies with the carbon source 

The surface roughness and height of the biofilm formed in presence of carbon sources were 

analyzed by AFM (Fig. 2.3). The biofilm cells were observed as ridges and grooves due to 

varied production of exopolymeric matrix that projected out from the surrounding cells (Fig. 

2.3a1-d1). The average roughness of biofilm formed in the presence of carbon sources were 

21.75 nm (sucrose), 17.99 nm (glucose), 13.6 nm (arabinose) and 11.16 nm (lactate). The 

height of glucose and sucrose grown biofilm was 167.5 nm and 196 nm respectively. A 

significant variation in height and thickness were observed in arabinose (126 nm) and lactate 

(113 nm) as compared to sucrose. The three-dimensional structure of biofilm also exhibited 

significant differences in Z- axis value among carbon sources tested (Fig. 2.3a2-d2). The Z-axis 

values of 167 nm/div, 196 nm/div, 126 nm/div and 113 nm/div corresponds to glucose, sucrose, 

arabinose and lactate respectively. 
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Figure 2.2 Influence of carbon sources on matrix polysaccharides secretion. a) 

Quantification of matrix polysaccharides secreted in C. albicans biofilm. Data represent the 

means ± the SD of three independent measurements. Letters on the histogram provides the 

graphical representation for posthoc pair-wise comparisons, (Tukey’s HSD, p < 0.05). Means 

sharing the same letter are not significantly different from each other. b) Three dimensional 

CLSM images of C. albicans biofilm matrix stained with FITC-Con A. Images appear green in 

color due to selective binding of Con A to glucose and mannose residues of fungal 

polysaccharides in biofilm matrix and cell wall. Scale bar indicates 100 μm. 
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Figure 2.3 Atomic force microscopy. AFM micrographs of C. albicans biofilm on microtiter 

plates and their respective 3D images grown in presence of growth medium supplemented with 

a) glucose b) lactate c) sucrose and d) arabinose. 

 

2.3.4 Carbon sources modulate hydrolytic enzymes and morphology 

The specific activity of proteinase after 72 h was highest in lactate grown C. albicans followed 

by arabinose, glucose and sucrose grown cells as shown in Figure 2.4a. The specific 

phospholipase activity was highest in biofilm developed on arabinose (p < 0.001) followed by 

glucose and lactate (Fig. 2.4b). No significant difference was observed in specific 

phospholipase activity between glucose and lactate grown cells. Significant differences were 

observed between sucrose and lactate or arabinose in both virulence enzyme assays (p < 0.05). 

Filamentation in C. albicans was microscopically observed after 4 h. Despite analogous physio-

chemical parameters employed (incubation time, temperature and rpm), filamentation in C. 

albicans grown on different carbon sources were observed (Fig. 2.4c). Images depicted germ 

tubes in glucose, hyphal and pseudo-hyphal forms in lactate and arabinose. While 

predominantly yeast and chains of yeast forms were observed in sucrose grown cells.  
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Figure 2.4 Test for virulence factors. a) The specific activity proteinase and b) the specific 

activity of phospholipase in C. albicans biofilm. Data represent the means ± the SD of three 

independent measurements. Letters on the histogram provides the graphical representation for 

posthoc pair-wise comparisons, (Tukey’s HSD, p < 0.05). Means sharing the same letter are not 

significantly different from each other. c) Microscopic images of morphogenesis in presence of 

different carbon sources. Scale bar indicates 50 μm. 
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2.3.5 FTIR analysis revealed structural changes in cell wall component β-glucan 

FT-IR spectrum of β-glucan from C. albicans biofilm grown in presence of different carbon 

sources were studied in the absorption region of 600 cm
-1

-4000 cm
-1

. It was noted that spectra 

obtained exhibited slightly different spectral profile in each carbon source tested (Fig. 2.5). To 

assess these spectral changes which might be due to structural modifications, curve fitting 

method was used. The theoretical spectrum was calculated in the region 850 cm
-1

 to 1350 cm
-1

 

that represents functional groups corresponding to component structures of glucans and their 

content (Fig. 2.6). This region also reflects the absorption of polysaccharides. The 

corresponding band areas and their assignments were detailed in Table 2.1. The characteristic 

β-glucan band at 892 cm
-1

 was found to be same in all carbon sources investigated. The bands 

identified at 998 cm
-1

 and 1145 cm
-1

 that were characteristic to β(1→6) and β(1→3) glucans 

was observed in all the spectra. The other functional groups were recognized by bands at wave 

numbers 1639 cm
-1 

(C=O stretching) between 2323 cm
-1

 to 2345 cm
-1

 (O=C=O stretching) and 

3400 cm
-1

 (-OH vibrational stretch) corresponding to polysaccharides.  

The positions of most of the bands do not vary much in arabinose and sucrose grown cells but 

the absorption intensity of β(1→6) and β(1→3) glucan was highest in arabinose which was also 

found similar to glucose (Fig. 2.6a,c,d). There was an absorption intensity decrease of the band 

at 998 cm
-1

 in lactate and up field 3 cm
-1

shift of band from 1241 cm
-1

 to 1238 cm
-1 

(δ CH + δ 

OH in plane). Other bands observed at 1050 cm
-1

 (CO and CC vibrational stretching), 1162 cm
-

1
 (vibrational stretching of CO) and 1335 cm

-1
 (bending vibrations of CCH and OCH) have 

significant band area in lactate which were absent in other carbon sources tested (Fig. 2.6b). 

The two bands identified at 998 cm
-1

 and 1145 cm
-1 

assigned to β(1→6) and β(1→3) glucan 

were used for band area evaluation. From the calculations, β(1→6) to β(1→3) glucan ratio was 

less in lactate grown cells (1.15) compared to glucose (1.73), sucrose (1.62) and arabinose 

(2.85) respectively. The β(1→6) to β(1→3) glucan ratio in arabinose reflects its absorption 

intensity which was found to be highest among all carbon sources tested (Fig. 2.6c).  
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Figure 2.5 FT-IR analysis. Normalised FT-IR spectrum of β-glucans isolated from cell wall of 

C. albicans biofilm grown on different carbons sources. 
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Figure 2.6 Determination of structural modification in β-glucan. Curve-fitting of β-glucan 

FT-IR spectra in the frequency range of 850 cm
-1

-1350 cm
-1

 a) glucose b) lactate c) sucrose and 

d) arabinose. Black and grey lines represent the experimental and calculated spectra. Second 

derivative spectra are displayed above each spectrum with band positions used for calculation. 

χ
2 
values for curve-fitting were in the range of 10

-6
 to 10

-5
. 
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Band Position (cm
-1

)  Band Area (%)  Assignment  

Glucose  892  9.3  β-glucan  

 998 53.5  β (1→6)glucan  

 1145  30.2  β (1→3)glucan  

 1243  6.8  δ CH + δ OH in plane  

Sucrose  892  8.9  β-glucan 

 998 48.8 β (1→6)glucan 

 1083 5.8 β (1→3)glucan 

 1145 30.0 β (1→3)glucan  

 1245 6.5 δ CH + δ OH in plane 

Arabinose 892 8.5 β-glucan 

 997 57.0 β (1→6)glucan 

 1085 5.0 β (1→3)glucan 

 1143 20.0 β (1→3)glucan 

 1204 0.1 δ CH + δ OH in plane 

 1241 9.2 δ CH + δ OH in plane 

Lactate  892 9.1 β-glucan 

 997 31.8 β (1→6)glucan 

 1050 9.35 ν CO + ν CC 

 1144 27.6 β (1→3)glucan 

 1162 4.5 ν CO 

 1238 6.6 δ CH + δ OH in plane 

 1335 10.8 δ CCH + δ OCH 

 

Table 2.1 Quantitative assessment of curve-fitting bands of the FT-IR spectra obtained 

from C. albicans β-glucans in the frequency range of 850 cm
-1

-1350 cm
-1

. 

2.4 Discussion  

C. albicans has evolved adaptive tactics which are driven by the needs to assimilate nutrients, 

colonise, multiply and survive in different host niches. The impact of these plans contributes to 

design of structural and pathogenicity platform as biofilm, which provide them an armoury to 

evade antifungals as well as host defence system. Carbon sources possibly act as a key player 

in C. albicans biofilm formation, virulence factors and cell wall structure which might enhance 
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pathogenicity. When the effect of different carbon sources on adhesion were tested, YNB 

medium supplemented with glucose resulted in higher Candidal adhesion to the polystyrene 

plates. In subsequent stages of biofilm, higher degree of biofilm formation was seen in sucrose 

grown C. albicans cells. Given the effect of these dietary carbohydrates glucose and sucrose on 

the adherence and biofilm formation in vitro, these commonly consumed carbohydrates are 

important in the pathogenesis of C. albicans in the oral cavity (Jin et al. 2004). 

The host niches are multifarious, dynamic and often glucose limited. For instance, glucose 

levels in bloodstream are at 0.06-0.1% and 0.5% in vaginal secretions (Owen & Katz 1999; 

Barelle et al. 2006). Lactate, a carboxylic acid present in vaginal mucosa is a physiologically 

relevant carbon source required for Candida  proliferation in the gastrointestinal tract (Ueno et 

al. 2011). On the other hand, arabinose and its polyol product arabitol were reported in 

association with vulvovaginitis and invasive candidiasis (Kiehn et al. 1979; Horowitz et al. 

1984; Wong et al. 1993). The ability to use and assimilate carbon sources like lactate and 

arabinose indicate the effective adaptation of C. albicans to the available nutrients. These 

observations are in agreement with the ability of C. albicans to rapidly tune its metabolism and 

the expression of key metabolic functions in a niche-specific manner (Brown et al. 2007).  

Biofilm matrix consists of polysaccharides, proteins, and signalling molecules that help in 

nutrient channelling and act as a barrier for the diffusion of antifungals (Moryl et al. 2014). 

Biochemical analysis revealed that in presence of sucrose, C. albicans produced highest 

amount of polysaccharides. CLSM images demonstrated the distribution of exopolysaccharides 

in C. albicans biofilm matrix. AFM studies revealed that biofilm thickness and roughness 

varied significantly among the carbon sources tested. The irregular ridges and grooves due to 

exopolymeric secretion increased the height of the biofilm. 

 In C. albicans, metabolic adaptation also alter key virulence factors such as yeast to hyphal 

transitions, proteinases and phospholipases which aid in tissue invasion and modulate host 

immune response (Vidotto et al. 2004; D’Eça Júnior et al. 2011). The expression of certain 

proteinase and phospholipase genes are regulated in response to carbon sources, pH of the 

medium and correlated with the site of infection (Ghannoum 2000; Naglik et al. 2003; D’Eça 

Júnior et al. 2011). Glucose a commonly available carbon source can stimulate hyphal 

morphogenesis at low concentration of 0.1% (mimics glucose concentration in blood) and 

higher concentration (2%) results in few hyphae (Maidan et al. 2005; Sabina & Brown 2009). 

In this study, germ tubes were observed in 1% glucose growth medium similar to the reports of 

Buu and Chen (2014). Growth of C. albicans on lactate induced hyphal forms and displayed 

the highest proteinase activity. Studies on hyphal morphogenesis reveal that hyphal forms elicit 
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the production of hypha-associated secreted aspartyl proteinases (Felk et al. 2002; Buu & Chen 

2014). Ene et al. (2012) stated that growth on alternative carbon sources like lactate increased 

the virulence potential in in-vivo models of systemic candidiasis and vaginal infection. 

Arabinose grown cells induced pseudo-hyphal forms and exhibited the highest phospholipase 

activity. A correlation study between filamentation and high phospholipase activity in oral 

isolates suggests that these virulence factors are necessary for colonization and infection as 

phospholipase activity is particularly concentrated in hyphal tips (Vidotto et al. 1999). Enjalbert 

and Whiteway (2005) reported hyphal forms when overnight cultures were transferred to a 

fresh medium. This response was transient and hyphal cells produced budded cells after 3h. 

Similarly, chains of yeast (pseudomycelia) were visualized in sucrose grown cells along with 

yeast forms which might be due to cells undergoing reversible morphological transition phase. 

However, it is not clear why pseudomycelial forms were not observed in C. albicans grown on 

other carbon sources which also had similar cultural conditions. These results indicates that 

adaptation of C. albicans to grow on the carbon sources available or alternative carbon sources 

influences the virulence and thereby its ability to colonize different anatomical sites. 

Glucan backbone is composed of polymer containing (1→3)- β-D-linked anhydroglucose 

repeat units and a side chain as β(1→6) glucan that cross links the components of the inner and 

outer walls (Klis et al. 2001; Lowman & Williams 2001). The bands observed in FT-IR spectra 

at different wavelengths corresponding to β-glucan were in good agreement with previous 

works (Galichet et al. 2001; Adt et al. 2006; Ibrahim et al. 2006; Plata et al. 2013). Present 

study results indicate that different carbon sources influence glucan structure variably in C. 

albicans primarily affecting the cross-linkage. The reduction of band intensity of β(1→6) and 

β(1→6) to β(1→3) ratio could indicate that lactate triggered a decrease in cross-linkage. The 

cross-linkage among glucan chains confers to the rigidity of cell wall. These results are in 

concordance with earlier reports stating that carbon adaptation in C. albicans can bring changes 

in cross-linking among cell wall biopolymers and biophysical properties (Aguilar‐Uscanga & 

Francois 2003). Researchers also demonstrated that the thickness of the inner layer of cell wall 

decreased when cells were grown on lactate (Ene et al. 2012). Our findings evidently illustrate 

that carbon adaptation in C. albicans strongly influence the virulence properties such as biofilm 

development, filamentation, hydrolytic enzymes secretion and alter the cell wall glucan 

structure thus making C. albicans fit to survive in diverse host niches. This modulation of C. 

albicans virulence by carbon adaptation might affect host immune response thereby promoting 

pathogenesis of biofilm related infections. 
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3. Impact of oxidative and osmotic stresses on Candida albicans 

biofilm formation  

3.1 Background 

C. albicans is the most common pathogen associated with fungal biofilm infections related to 

implanted medical devices. The ability of it to form biofilm on both biotic and abiotic surfaces 

has an important clinical repercussion with increasing mortality rates (Kojic & Darouiche 

2004). During infection, C. albicans encounters a range of stresses from the host environment 

across diverse niches. Discrepancy in cellular osmo-homeostasis leads to rapid water loss, cell 

size reduction and fall of turgor pressure in C. albicans (Klipp et al. 2005; Kühn & Klipp 

2012). C. albicans also get exposed to oxidative stress during infection in form of reactive 

oxygen species (ROS) released by polymorphonuclear leukocytes (PMNLs) and macrophages 

(Mavor et al. 2005). The effective adaptation to stresses is an essential feature to medically 

important pathogens like C. albicans (Martinez & Casadevall 2007). Several studies reported 

that stress responses in C. albicans have been evolutionarily tuned in comparison to 

Saccharomyces cerevisiae and molecular rewiring takes place according to the types and 

intensities of stresses that C. albicans come across during infection (Enjalbert et al. 2003; 

Brown et al. 2014). Inactivation of signalling pathways or genes associated with robust stress 

response attenuates virulence factors. This multifactorial virulence process includes surface 

adhesion, biofilm formation, morphogenesis and secretion of extracellular enzymes such as 

proteinases and phospholipases (Nicholls et al. 2011; Mayer et al. 2013). Additionally, 

virulence relies on C. albicans cell wall, a complex and dynamic structure containing glucan, 

mannan and chitin, which are crucial for colonization at different niches in a host. Among 

them, mannan helps with adhesion of Candida  to the mammalian cells as the first step of 

infection, which induces production of cytokines and may act as a virulence factor (Miyakawa 

et al. 1992; Jouault et al. 1994; Trinel et al. 2002). Stress adaptation is crucial for C. albicans 

virulence as it increases the survival of this pathogen (Arana et al. 2007; Patterson et al. 2013). 

Though, much is known about the stress signalling pathways and the powerful responses 

against different stresses (Enjalbert et al. 2003; Ullmann et al. 2004; Fradin et al. 2005), little is 

known about how stress conditions influence biofilm formation. It is important to study 

biofilm, since the cell phenotypes within biofilm demonstrate reduced susceptibility to 

antifungals and cells of the immune system. Moreover, the influence of different stress 
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conditions on the cell wall composition and other virulence factors in biofilm provides the 

general physical mechanism that controls the pathogenicity of C. albicans biofilms. The link 

between stress and biofilm formation was studied to some extent in eubacteria, particularly in 

Staphylococcus aureus and Streptococcus mutans where osmotic and acid/oxidative stress 

induced biofilm formation (Rachid et al. 2000; Wen et al. 2005). This relationship is yet to be 

empathized clearly in C. albicans as there is no paradigm for stress induction, therefore, stress 

response varies according to the stress condition. Thus, this study investigated the influence of 

oxidative and osmotic stresses on C. albicans biofilm formation and matrix composition. 

Osmotic and oxidative stresses were focussed in this work since they contribute to fungal 

virulence and antifungal susceptibility. Importantly, this study highlights how oxidative and 

osmotic stresses may affect virulence factors and the cell wall components such as chitin and 

mannan.  

3.2 Materials and methods 

3.2.1 Strain and growth conditions 

C. albicans MTCC 227 (equivalent to reference strain ATCC 10231) was grown on YPD plate 

(1% peptone, 1% yeast extract, 2% dextrose, 1.5% agar) for 24 h at 37 ºC. A loop full of yeast 

cells were inoculated into YPD broth and incubated at 37 ºC under shaking conditions (120 

rpm). The cells were harvested (5000×g for 10 min at 4 ºC) during mid-logarithmic phase (after 

16-18 h incubation) and the pellet obtained was washed twice with phosphate buffered saline 

(PBS, pH 7.2). The cell pellet was suspended in RPMI-1640 (Sigma-Aldrich, USA) 

supplemented with 2% glucose and buffered with 0.165 mM morpholinepropanesulfonic acid 

(MOPS). The suspension was standardised to a final concentration of 1×10
7
 cells mL

-1
 (0.25 

OD at 520 nm) by a spectrophotometer (Lasany, LI-2800 UV-visible Double beam, India). 

3.2.2 Biofilm formation 

C. albicans biofilm formation experiment was performed as described earlier (Jin et al. 2004; 

Santana et al. 2013). The cell suspension of 100 µL C. albicans (1×10
7
 cells mL

-1
) in RPMI-

1640 medium was seeded into sterile 24-well polystyrene microtiter plate (MTP) wells for 90 

min at 37 ºC (adhesion phase). Afterwards, the wells were washed twice with PBS (pH 7.2) to 

remove loosely adhered cells followed by addition of RPMI-1640 medium containing 5 mM 

H2O2 (oxidative stress) and 2 M NaCl (osmotic stress) into separate wells. Plates were then 

incubated at 37 ºC up to 72 h and growth was monitored at different time intervals (6, 12, 24, 

48, 72 h). 
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3.2.3 Quantification of biofilms 

The C. albicans biofilm formed in each well was washed thrice after specified intervals (6, 12, 

24, 48, 72 h) with sterile PBS to remove loosely adhered cells and XTT assay was performed as 

described in Chapter 2 (sub-section 2.2.5).  

3.2.4 Scanning electron microscopy  

To observe C. albicans biofilm cells morphology and architecture, scanning electron 

microscopy was performed. C. albicans biofilm was developed in the presence of oxidative and 

osmotic stress on sterile polystyrene discs (1 cm in diameter) placed in 12-well culture plate at 

37 °C. After 48 h of incubation, biofilm was washed twice with PBS and fixed with 2.5% 

glutaraldehyde for 2 h. The cells were then dehydrated in series of ethanol concentrations (35, 

50, 70, 90 and 100%) for 10 min incubation.  All samples were then dried to a critical point in 

the Polaron critical point dryer, mounted on to SEM stubs, sputter coated with gold. Specimens 

were observed with a SE microscope (Carl Zeiss, Quanta 200F Model, Netherlands) at a 

voltage of 15 kV and magnification from 1000 to 5000 X.  

3.2.5 Extraction of matrix polymers from C. albicans biofilms 

The C. albicans biofilm formed in the presence of oxidative and osmotic stress was harvested 

(10000×g 10 min) after 48 h and the obtained biofilm pellet was suspended in PBS. For matrix 

polymer extraction, biofilm suspension was sonicated (Q700 sonicator, QSonica, USA) at 35W 

in an ice bath up to 2 min (five 30s cycles with 1 min cooling on ice) as described earlier 

(Comte et al. 2006; Pemmaraju et al. 2016). The samples were centrifuged at 10000×g for 10 

min at 4 °C and the supernatant was collected for quantification of matrix polymers. The total 

carbohydrate content was measured by phenol-sulphuric acid method with glucose as a 

standard (DuBois et al. 1956). Briefly, 200 µL of supernatant solution containing EPS was 

transferred into a sterile glass tube and mixed with 200 µL of phenol (5% w/v) followed by 1 

mL of conc. H2SO4. The solution was left undisturbed for 10 min at room temperature and then 

incubated at 30 °C for 30 min in a water bath. The absorbance at 485 nm was measured with a 

spectrophotometer (Lasany, LI-2800 UV-visible Double beam, Haryana, India). The total 

amount of protein was quantified by a microplate procedure with Micro BCA (bicinchoninic 

acid) protein assay reagent kit (Thermo Fisher Scientific, Pierce Biotechnology, IL, USA) with 

bovine serum albumin as a standard. The absorbance was read at 562 nm by microtiter plate 

reader (SpectraMax M2, Molecular Devices, CA, USA). The total extracellular DNA (eDNA) 

content was determined by Allesen-Holm method by mixing 0.25 M NaCl to the supernatant 
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solution and the eDNA was precipitated by adding 2:1 volume of ethanol (Allesen-Holm et al. 

2006). The precipitated eDNA was dissolved in TE buffer and the eDNA concentration was 

measured spectrophotometrically (OD260/OD280). The ratio OD260 /OD280 of eDNA sample 

within the range of 1.8-1.9 was considered as pure. 

3.2.6 Assay of proteinase and phospholipase activity 

The C. albicans biofilm from oxidative and osmotic stress treatment was sonicated after 72 h of 

incubation and centrifuged at 10000×g for 10 min at 4 °C. The supernatant obtained was used 

for assay of extracellular enzymes as described in Chapter 2 (sub-section 2.2.9).  

3.2.7 Reactive oxygen species accumulation and catalase activity  

The level of intracellular reactive oxygen species (ROS) and catalase activity in C. albicans 

biofilm due to oxidative stress (5 mM H202) was determined using a modified protocol of 

Jakubowski et al. 2000. Briefly, biofilm cells were collected by centrifugation (at specified 

intervals) and suspended in PBS (pH 7.2). 10 µM of 2′,7′- dichlorodihydrofluorescein diacetate 

(DCFDA, Sigma-Aldrich, USA) and 1 mg mL
-1

 of propidium iodide (PI, Sigma-Aldrich, USA) 

was added to tubes containing biofilm cells and incubated at 37 ºC for 30 min in the dark. 

DCFDA is a fluorogenic dye freely permeable across cell membranes and measures the ROS 

activity within the cell. PI was used to monitor the cell lysis as it binds to eDNA or DNA of 

cells with compromised cell membrane (Ma et al. 2009). For ROS measurements, cells were 

harvested (10000×g for 10 min at 4 °C) after incubation, suspended in PBS and cells were 

broken with glass beads (0.5 mm) using a cell disruptor (Constant Systems, England). The cell 

homogenates were sedimented and the fluorescence of DCFDA in the supernatant was 

measured using fluorescence spectrophotometer (Fluorolog-3 LS55, Horiba Jobin Yvon Spex
®
, 

USA) at 485 nm excitation wavelength and emission wavelength at 520 nm respectively. The 

fluorescence of PI in the cell suspension was calculated at an excitation wavelength 543 nm 

and emission wavelength at 617 nm. Alternatively, cells were also examined by fluorescence 

microscope (EVOS-FL, Advance Microscopy Group, USA). For catalase activity 

measurements, biofilm cells were centrifuged (10000×g for 10 min at 4 °C), suspended in PBS 

(pH 7.2). Cells were subjected to lysis with glass beads (0.5 mm) using cell disruptor (Constant 

Systems, England) and cell debris was removed by centrifugation. The aqueous solution of 

H2O2 in PBS was added quickly to the supernatant and the rate of decrease in absorbance at 240 

nm was measured. One unit of catalase activity corresponded to the amount of enzyme that 

decomposes 1 µmole of H2O2 per minute of reaction at 37 °C.  
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3.2.8 Isolation and purification of cell walls for chitin quantification 

C. albicans biofilm cell walls were isolated and purified using modified procedure of de Groot 

et al. (2004). The biofilm obtained from oxidative and osmotic stress treatment after 48 h was 

centrifuged (10000×g for 10 min at 4 °C) and the cell pellet was suspended in PBS (pH 7.2). 

Cells were disrupted using cell disruptor (Constant Systems, England) with glass beads (0.5 

mm) in the presence of a protease inhibitor cocktail. The complete cell breakage was examined 

by microscope. The cells were washed thrice with 1 M NaCl and then washed twice with 

MilliQ-water and extracted for 10 min at 100 °C in an appropriate volume of SDS-Mer 

extraction buffer (150 mM NaCl, 20 g/l SDS, 100 mM EDTA, 100 mM β-mercaptoethanol, 50 

mM Tris-HCl, pH 7.8). These SDS-Mer treated cells were washed thrice with MilliQ-water and 

lyophilized overnight. 

3.2.9 Quantification of chitin  

Chitin content in the cell wall of each sample was determined as described earlier by Heilmann 

et al. (2013). Freeze-dried cell walls were suspended in tubes containing 100 µL of 1 M NaOH 

and boiled for 10 min. The insoluble cell wall components were hydrolyzed in 1mL of 6 M HCl 

for 18 h at 100 °C. After hydrolysis, the liquid was evaporated under a stream of nitrogen and 

the pellet was suspended in MilliQ- water. Then samples were mixed with equal volumes of 1.5 

M Na2CO3 in 4% acetylacetone and boiled for 20 min. The tubes were allowed to cool at room 

temperature and 700 µL of 96% ethanol and 100 µL of a p-dimethyl-aminobenzaldehyde 

solution (1.6 g in 30 mL of concentrated HCl and 30 mL of 96% ethanol) was added to 

incubate for 1 h at room temperature. The absorbance at 520 nm was measured 

spectrophotometrically and compared to a standard of glucosamine. 

3.2.10 Structural studies of the cell wall component mannan isolated from C. albicans 

biofilm cells 

C. albicans biofilm from stress treatments was centrifuged (10000×g for 10 min at 4 °C) after 

48 h of incubation and the cell pellet was suspended in PBS (pH 7.2). Mannans were extracted 

from the cells as described previously (Sen et al. 2011) with water at 120 ºC in an autoclave for 

3 h. The supernatants were recovered after centrifugation and treated with equal volume of 

Fehling’s reagent which forms copper-mannan precipitate complex. The copper-mannan 

complex was dissolved in 3 N HCl and further precipitated drop-wise in Methanol: Acetic acid 

(6:1) solvent. The precipitate was dried, dissolved in water, purified and then lyophilized till 

further use. The purified mannan obtained from above mentioned procedure was analyzed 



Chapter-3 

54 

 

using a Fourier transform infrared (FT-IR) spectrometer (Thermo Nicolet NEXUS, Maryland, 

USA) by KBr pellet technique. The spectrum was taken in the frequency range of 500 cm
-1

 to 

4000 cm
-1

 at a 4 cm
-1

 resolution. Each final spectrum was the average of 40 scans and data was 

obtained with OMNIC software. Nuclear magnetic resonance (NMR) spectroscopic analysis of 

purified mannans was performed with Bruker Avance 500 MHz spectrometer equipped with Z-

gradient triple resonance probe (TXI). All 
1
H NMR spectra were recorded for a solution sample 

of mannan in 600 µL of D2O at 35 °C using pulse program zg30 with spectral width of 20 ppm 

and 256 scans. 0.1 µL of 0.1 M 3-(trimethylsilyl) propionic-2, 2, 3, 3-d4 acid sodium salt (TSP) 

was used as internal reference. All spectra were processed and analyzed using Topsin (version 

1.3, Bruker) program package.  

3.2.11 Statistical analysis 

Three independent experiments were conducted in duplicate and data was expressed as mean ± 

standard deviation. Data obtained were evaluated by analysis of variance (ANOVA) followed 

by post hoc Tukey’s honestly significant difference (HSD) test for pair-wise comparisons using 

XLSTAT statistical add-in software for Microsoft Excel
© 

and OriginPro
®
 8. Letters on the 

histogram provides the graphical representation for post hoc pair-wise comparisons, (Tukey’s 

HSD). Means sharing the same letter is not significantly different from each other. In all 

evaluations, p value less than or equal to 0.05 were considered significant. 

3.3 Results 

3.3.1 Osmotic and oxidative stress increases biofilm formation and matrix production 

A time course study (6, 12, 24, 48, 72 h) of metabolic activity of C. albicans biofilm cells 

developed in the presence of oxidative and osmotic stress revealed significant differences (p < 

0.01) in biofilm formation compared to control (Fig. 3.1a,b). XTT assay demonstrated that the 

osmotic stress induced biofilm formation in C. albicans with gradual increase in metabolic 

activity. Data showed that under oxidative stress the initial growth of C. albicans was slow but 

a well-established biofilm was formed after 24 h. In control experiments, C. albicans adhered 

to polystyrene plate with lower metabolic activity compared to both stress conditions. Data 

revealed that under the influence of osmotic stress, C. albicans secreted highest amount of 

polysaccharides and protein (Fig. 3.2a, b). Significant difference in polysaccharide content was 

observed in osmotic stress treated samples (p < 0.001). However, no significant difference was 

observed between control (12 µg mg
-1

 biomass) and oxidative stress condition (15 µg mg
-1

 

biomass) during total protein content estimation while in the presence of osmotic stress the total 
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protein content was found to be 18 µg mg
-1

 biomass. Interestingly, eDNA content was highest 

under oxidative stress treatment as compared to control. The architecture of C. albicans biofilm 

topology visualized under SEM depicted extensive biofilm with an amorphous extracellular 

matrix enclosing yeast cells and germ tubes in the presence of osmotic stress compared to 

oxidative stress and control (Fig. 3.3).  

 

 

 

 

Figure 3.1 Effect of osmotic and oxidative stress on C. albicans biofilm formation. 

Metabolic activity of C. albicans biofilms developed in the presence of a) osmotic stress (Ost) 

b) oxidative stress (Oxt). Data represent the means ± standard deviations of three independent 

experiments. Letters on the histogram provides the graphical representation for posthoc pair-

wise comparisons, (Tukey’s HSD, p < 0.05). Means sharing the same letter are not significantly 

different from each other. 
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Figure 3.2 The influence of osmotic and oxidative stress on matrix polymers production in 

C. albicans biofilm. Quantification of extracellular polymeric substances (EPS) secreted in C. 

albicans biofilm under a) osmotic stress (Ost) b) oxidative stress (Oxt). Data represent the 

means ± standard deviations of three independent experiments (**p<0.001, * p<0.05).  

 

 

 

 

Figure 3.3 Scanning electron microscopy. Micrographic images of C. albicans biofilm 

developed on a) Osmotic stress b) Oxidative stress c) Control. Images were captured at 5000 X 

magnification and bar represents 2 µm. 

  



Chapter-3 

57 

 

 

3.3.2 Stress conditions regulates virulence traits and alters chitin levels 

Significant differences were observed in phospholipase and proteinase activity of C. albicans 

biofilm grown under stress conditions (oxidative and osmotic) as compared to control (Fig. 

3.4a, b). The level of intracellular ROS accumulated in the presence of 5 mM H2O2 was 

recorded highest at 4 h and found to decrease gradually over time, reaching minimum levels 

after 48 h of C. albicans biofilm development (Fig. 3.5a). Results showed that ROS levels in 

control remained stable during the time course. ROS accumulation demonstrated a damaging 

effect on cells as the fluorescence intensity of PI that binds to DNA of dead cells increased 

substantially (Fig. 3.5b). Fluorescence microscopic images also demonstrated green (ROS) and 

red fluorescence (dead cells) in cells exposed to oxidative stress (Fig. 3.5c). The level of 

catalase activity observed to be higher at 4 h in biofilm under oxidative stress and decreased 

over time (Fig. 3.5d). The catalase activity remained steady throughout biofilm development in 

control. Chitin content 56.21 µg mg
-1

 and 39.6 µg mg
-1

 of the cell wall was recorded from C. 

albicans grown under oxidative and osmotic stress conditions respectively as compared to 27.3 

µg mg
-1

 of the cell wall control (without stress) after 48 h. 

 

 

Figure 3.4 Assay of virulence factors.  a) The specific activity of enzyme phospholipase in C. 

albicans biofilms was estimated at 630 nm after 72 h. b) The secreted aspartyl proteinase 

activity in C. albicans biofilms was measured at 440 nm after 72 h. Data represent means ± 

standard deviations of three independent experiments (**p<0.001, * p<0.05). 
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Figure 3.5 Level of oxidative stress (Oxt). a) Intracellular ROS accumulation b) Fluorescence 

intensity of PI c) Fluorescence microscopic images of C. albicans biofilm cells (4 h and 24 h) 

stained for detection of ROS (green), cell lysis (bright red) and eDNA (diffuse red) d) Catalase 

activity.  
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3.3.3 Spectral analysis of stress response revealed structural changes in mannan  

The FT-IR spectral profile of C. albicans cell wall component mannan isolated from biofilm 

grown under the influence of both oxidative and osmotic stress was observed in the frequency 

range of 500-4000 cm
-1

 (Fig. 3.6a-c). The spectral vibration between 900 cm
-1

 to 1200 cm
-1

 

corresponding to polysaccharides revealed the structural changes in mannan (Fig. 3.6d). The 

band maximum was observed in a very packed spectral region between 1200 and 1000 cm
-1

 

region, which was dominated by ring vibrations and stretching vibrations of (C-OH) side 

groups. The oxidative and osmotic stress treated samples showed band maximum at 1133 cm
-1 

and 1128 cm
-1 

corresponding to (C-OH) stretching vibrations. The infrared bands at lower 

frequencies 1051-1039 cm
-1

 represents the glycosidic linkage ν(C-O-C). The high absorption 

intensity band at lower frequency 3435 cm
-1 

represents the ν(OH) stretching. In control, 

significant difference in absorption intensity of mannan spectra was observed when compared 

to spectra of both stress conditions. The absorption intensity of a characteristic band of mannan 

at 1045 cm
-1

 (C-O-C) was higher in control as compared to both oxidative and osmotic stress 

conditions. The spectral shape with diminished bands at about 1066 and 1008 cm
-1

 were 

observed in oxidative stress. The absorption bands in anomeric region at 834 cm
-1 

was assigned 

to α-linkage and 898 cm
-1 

for β-linkage. In oxidative stress conditions, α-linked mannose units 

were predominant. The intensity of β-linked mannose units was slightly increased than α-linked 

units under the influence of osmotic stress. Similar results were also observed in the 
1
H NMR 

spectrum of oxidative and osmotic treated C. albicans mannan (Fig. 3.7). The peaks observed 

between 3.2 ppm-4.5 ppm indicates signal from H2, H3, H4 and H5 protons of mannose 

moiety. The H1 proton gave signals between 4.9 ppm-5.6 ppm (α- anomeric region) and 4.7 

ppm-4.9 ppm (β- anomeric region).  In oxidative stress conditions, peaks observed at 4.94 ppm, 

5.23 ppm, 5.13 ppm suggests the existence of α-linked mannose moieties (Fig. 3.7a). The peaks 

observed at 5.35 ppm and 4.91 ppm in osmotic stress treated mannan were assigned to α-linked 

and latter to β- linked mannose residues (Fig. 3.7b). Control showed signals at 5.53 ppm, 4.89 

ppm and 5.12 ppm. The two former signals correspond to β-linked mannose residues and the 

later signal to the α-linked mannose moieties. The signal at 5.53 ppm in control corresponds to 

β-1,2 branched mannose units attached to through phosphodiester moiety which was absent in 

both oxidative and osmotic stress conditions (Fig. 3.7c). 
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Figure 3.6 FT-IR spectra of mannan. The cell wall component mannan was isolated from C. 

albicans biofilm cells grown under a) Osmotic stress (Ost) b) Oxidative stress (Oxt) c) Control 

and d) Spectra in the frequency region of 800-1300 cm
-1

 that corresponds to polysaccharides. 
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Figure 3.7 
1
H NMR spectra of mannan isolated from the cell wall of C. albicans biofilm 

cells. a) Oxidative stress b) Osmotic stress c) Control. 

 

3.4 Discussion  

The robust stress response of C. albicans contributes to its survival and virulence by facilitating 

the adaptation to changing host environmental factors. The conditions for oxidative and 

osmotic stress were optimised by investigating the C. albicans growth under different 

conditions of NaCl and H2O2 according to the previous investigations (Li et al. 2004; Koyama 

et al. 2009). This study highlighted the cellular response of C. albicans and adaptive strategies 

to combat these stresses. Significant observations were recorded in secretion of virulence 

factors (proteinase and phospholipase) and content of the cell wall components chitin and 

mannan. Data demonstrated that exogenous stress conditions, H2O2 and NaCl increased C. 

albicans biofilm formation and promoted surface-associated sessile behaviour with rich 

extracellular polymeric matrix. The response of C. albicans to the stresses indicates that 

adverse environmental conditions induce biofilm formation with maximum secretion of 

exopolymeric substances to protect the cells. These results are in consistence with the earlier 

reports of biofilm formation in the presence of stress conditions observed in bacterial biofilm 

models (Zhang et al. 2007; Villa et al. 2012; Moryl et al. 2014). Results obtained suggested that 

C. albicans responded to osmotic stress by producing maximum polysaccharide and protein 
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secretion into matrix, whereas H2O2 induced sub-lethal oxidative stress and enhanced eDNA 

content during C. albicans biofilm formation. 

In this investigation, oxidative stress (5 mM H2O2) generated high levels of ROS and cell lysis 

at early stages of biofilm formation followed by its significant decline. These results were 

correlated with release of eDNA in C. albicans biofilm under oxidative stress compared to 

control while catalase activity decreased substantially in these cells. Phagocytic cells of the 

innate immune system are the first line of defence against microbial infections generating ROS 

to destroy the pathogens (Arana et al. 2007). To counter this, biofilm formation is one of the 

immune evasion strategies adopted by C. albicans (Xie et al. 2012). Although cell lysis is 

supposed to be disadvantageous for individual cell, but in biofilm communities it is believed to 

be an essential process as it leads to release of DNA into the extracellular medium (Čáp et al. 

2012). Thus, the release of eDNA to ROS might be an adaptation of C. albicans to oxidative 

stress as it maintains biofilm integrity. In addition, the results indicated that tolerance of C. 

albicans to oxidative stress increased with the biofilm development and not with the 

scavenging activity of catalase per se. This adaptive mechanism to survive in the presence of 

H2O2/ROS generated due to oxidative stress is not surprising for highly successful 

opportunistic pathogen like C. albicans. Recent literature on biofilm also suggests that eDNA 

production happens because of cell lysis via H2O2 generation (Das & Manefield 2012). For 

successful tissue colonization, invasion and dissemination inside the host, extracellular 

hydrolytic enzymes are required for C. albicans (Ghannoum 2000; Naglik et al. 2003). Results 

showed that cells exposed to oxidative stress produced less extracellular phospholipase that 

effectively degrades cell membrane components, but proteinase production required for tissue 

invasion exceeded that of control. Fekete et al. (2007) reported the high aspartic proteinase 

production and low extracellular phospholipase in C. albicans AF06 mutant (oxidative tolerant) 

than its wild-type C. albicans ATCC 14053. Similarly, this investigation showed a decreased 

extracellular phospholipase production in C. albicans biofilm formed under osmotic stress. 

These results are in line with the previous findings which indicated significant reduction in 

enzyme activities due to an adaptive stress response (Lórenz-Fonfría & Padrós 2005; Fradin et 

al. 2005). The cell wall of C. albicans is dynamic and its response to changes in the 

environment plays a crucial role in host-pathogen interactions. Many stresses affect the 

membrane composition and fluidity, which could in turn affect the cell wall composition. Thus, 

the elevated chitin levels may be more likely a potential resistance mechanism or tolerance 

against deleterious effects of oxidative stress. Fungi respond to damaged cell walls by 

increasing the chitin levels to strengthen the weakened cell wall and to maintain the cell wall 



Chapter-3 

64 

 

integrity (Heilmann et al. 2013). Structural analysis by FT-IR and NMR revealed that the 

content of mannan was decreased under both osmotic and oxidative stress conditions. Besides 

this, the β-linked mannose units were also reduced in cells exposed to stress. These findings 

corroborate with the previous observation that osmotic and oxidative stresses induce structural 

changes in the β-1,2-linked mannose side chains (Koyama et al. 2009). Mannan is known to be 

a significant component of C. albicans with potential virulence and antigenic properties 

(Nelson et al. 1991). Data suggests that the adaptability of C. albicans to oxidative and osmotic 

stresses by alteration in mannan structure might alter the antigenic variability useful for 

identification of the species. This may lead to delay in rapid and early diagnosis of C. albicans 

mediated infections. Even though the changes identified in mannan oligosaccharide sub-units 

were subtle, these alterations might increase resistance to cell-mediated immunity and 

persistence of infection.  

In conclusion, the obtained results highlight the response by C. albicans towards oxidative and 

osmotic stress promoted surface-associated growth by biofilm genesis, increased levels of 

polysaccharides and eDNA in the extracellular matrix. Increase in chitin levels and decrease in 

virulence traits accompanied with the changes in the mannan structure might affect the innate 

immune recognition during host-pathogen interaction. These findings suggest that addressing 

the gap areas in stress inducible biofilm formation could aid in identification of potential targets 

for the development of novel antifungal therapies.  

 



 

65 

 

 

4. Innate immune secretory factors affect Candida albicans biofilm 

formation  

4.1 Background 

Oropharyngeal candidiasis is the most common infection seen in immunocompromised people 

such as HIV patients and individuals with systemic diseases (Powderly et al. 1999). In HIV 

individuals, salivary gland secretion is severely impaired which contributes to recurrent oral 

infections. The suppression of the local defences leads to invasive colonization of opportunistic 

C. albicans and other pathogenic microorganisms (Samaranayake & MacFarlane 1990). In 

human host, a constant flow of saliva is a prime source of many antimicrobial substances such 

as lactoferrin, lysozyme, salivary peroxidase, antimicrobial peptides, immunoglobulin 

(secretory IgA) and salivary mucin (Tenovuo et al. 1990). These innate immune defences 

regulate the quality and quantity of microflora present on mucosal surfaces. Lactoferrin is an 

iron binding protein present in granules of PMNLs and various exocrine secretions including 

saliva that has antimicrobial activity (Gupta & Satyanarayana 2002; Anil & Samaranayake 

2002). Lysozyme is secreted into saliva by the gingival tissue and gingival the crevicular fluid 

of salivary glands (Tenovuo et al. 1990). In vitro studies reported the antibacterial and anti-

candidal activity of lysozyme (Iacono et al. 1983; Iacono et al. 1985). Mucin is the main 

glycoprotein of mucus lining the inner cavities of trachea, stomach and intestine (Loomis et al. 

1987). Salivary mucins demonstrated antibacterial and antifungal activities by suppressing 

cellular processes associated to virulence (Kavanaugh et al. 2014). N-acetylglucosamine 

(GlcNAc) which is an inducer of morphogenesis in C. albicans is present covalently linked to 

mucin (Cassone et al. 1985). Earlier it has been reported that oral bacteria secrete enzyme N-

acetyl-D-glucosaminidase that catalyses the breakdown of GlcNAc from the oligosaccharide 

portion of glycoproteins (Beighton et al. 1988). It is reported that S. mutans ferments GlcNAc 

found freely in saliva and several oral bacteria also utilizes GlcNAc as carbon or nitrogen 

source under starvation conditions (Homer & Beighton 1992). 

In addition to the innate immune factors, many host molecules potentiate cell-to-cell 

communication as danger signals in response to tissue damage (Dando & Roper 2009). 

Adenosine triphosphate (ATP) a decisive enzyme cofactor in cellular metabolism and a 

reservoir of the intracellular energy also signal ‘danger’ as a powerful extracellular messenger 
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(eATP) via purinergic signaling (Bours et al. 2006). ATP can be included into the restricted 

family of damage-associated molecular patterns (DAMPs) that signal danger to the immune 

system. eATP with purinergic receptors on immune cells induce inflammation, intracellular 

pathogen killing by apoptosis, cell adhesion and chemo attraction in response to tissue injury or 

stress (Cruz et al. 2007). The role of eATP as a host derived signal and its protective advantage 

to eukaryotic host has been well established (Burnstock 2006; Bayliss et al. 2014). In addition, 

eATP has also shown to stimulate biofilm formation in bacterial strains namely S. aureus, A. 

baumannii, E. coli and S. maltophilia (Xi & Wu 2010). There is no data reported to the best of 

our knowledge about how opportunistic yeast C. albicans responds to the danger signal 

dATP/ATP. It is believed that there exists a dynamic interplay between the activation of 

immune responses and the ability of the pathogen to modulate these responses. Here, we 

investigate the response of C. albicans to the innate immune secretory factors such as mucin, 

lactoferrin, lysozyme and dATP during biofilm formation.  

4.2 Materials and Methods 

4.2.1 Strain and growth conditions 

C. albicans MTCC 227 (equivalent to reference strain ATCC 10231) was grown on YPD plate 

(1% peptone, 1% yeast extract, 2% dextrose, 1.5% agar) for 24 h at 37 ºC as elaborated earlier 

in Chapter-3 (sub-section 3.2.1).  

4.2.2 Biofilm formation and quantification 

A stock solution of 1000 µM dNTP’s (dATP, dCTP, DTTP, dGTP) were prepared in sterile 

PBS (pH 7.2), stored at 4 ºC and used within a week. For biofilm formation, 100 µL of the 

standard cell suspensions of C. albicans (1×10
7
 cells mL

-1
) in RPMI-1640 medium was seeded 

into presterilised 96-well polystyrene microtiter plate wells for 90 min at 37 ºC (adhesion 

phase). Afterwards, wells were washed twice with sterile PBS to remove loosely adhered cells. 

RPMI-1640 medium supplemented with different concentrations of dATP/ and other dNTP’s 

(100-500 µM) were added to wells. Plates were incubated at 37 ºC up to 48 h. After incubation, 

biofilm cells were carefully washed twice with PBS without disrupting the biofilm integrity. 

Biofilm formation was quantified by XTT reduction assay as described earlier in Chapter-2 

(sub-section 2.2.5).  
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4.2.3 Extraction and quantification of polysaccharides and eDNA from C. albicans biofilms 

The total polysaccharides content of C. albicans biofilm was measured by phenol-sulphuric 

acid method with glucose as a standard (DuBois et al. 1956) as briefed earlier in Chapter-3 

(sub-section 3.2.5). To determine the total eDNA content, protocol of Allesen-Holm et al. 2006 

was followed as described in Chapter-3 (sub-section 3.2.5). 

4.2.4 Scanning electron microscopy  

To observe C. albicans biofilm morphology and architecture, scanning electron microscopy 

was performed by placing a small drop of suspension from C. albicans biofilm developed in the 

presence of 500 µM eATP after 48 h of incubation on a sterile glass surface. The sample 

fixation was done as described earlier in Chapter-3 (sub-section 3.2.4).  

4.2.5 Measurement of ROS in dATP treated biofilms  

The level of intracellular ROS generated in the presence of dATP was determined by 

fluorescent probe 2′,7′- dichlorodihydrofluorescein diacetate (DCFDA) and propidium iodide 

(PI) using fluorescence spectrometer (Fluorolog, Horiba Jobin Yvon). C. albicans cells were 

incubated with dATP (500 µM) up to 4 h and the fluorescent intensity was measured as 

described earlier in Chapter-3, (sub-section 3.2.7). The viability of cells treated with dATP 

were assessed by diluting the cells (10
5
) in series and plated on YPD medium followed by 

incubation at 37 ºC for 24 h. 

4.2.6 Effect of lactoferrin and lysozyme 

A stock solution of 10 mg mL
-1

 Hen-egg-white lysozyme (Himedia, India) and Lactoferrin 

(Sigma, India) were prepared in sterile distilled water separately, stored at 4 ºC and consumed 

with one week. C. albicans MTCC 227 was grown in RPMI-1640 medium containing different 

concentrations (0-8 mg mL
-1

) of the above stock solutions at 37 ºC for 24 h in 96-well 

microtiter plates separately. In addition to this, the effect of lactoferrin and lysozyme were also 

tested on the 24 h grown preformed C. albicans biofilm.  

4.2.7 Effect of mucin 

Mucin type III from porcine stomach (Himedia, India) was dissolved as per manufacturer’s 

instructions. GlcNAc was dissolved in water, autoclaved before each experiment and used. To 

study the effect of mucin and GlcNAc on C. albicans biofilm formation and extracellular 

hydrolytic enzymes secretion, 1% mucin and 1% GlcNAc solution were added separately to 
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wells containing standard suspension of C. albicans (100 µL of 1×10
7
 cells mL

-1
) in YNB 

medium and incubated up to 72 h at 37 ºC with periodic replacement of growth medium.  

4.2.8 Statistical analysis 

Three independent experiments were conducted in duplicate and data was expressed as mean ± 

standard deviation. Data obtained were evaluated with Student’s t-test using XLSTAT 

statistical add-on software for Microsoft Excel
©
. In all evaluations, p value less than or equal to 

0.05 were considered statistically significant. 

4.3 Results  

4.3.1 eATP stimulates biofilm formation in C. albicans 

The effect of eATP on C. albicans biofilm formation was recorded using polystyrene MTP by 

XTT reduction assay. Xi and Wu (2010) reported that physiological concentration (400 µM) of 

eATP stimulates biofilm formation in bacterial models, which is in line with the eATP 

concentration tested in the present study. Results demonstrated that the metabolic activity of C. 

albicans in biofilms was significantly increased at 500 µM eATP concentration while, the ATP 

hydrolyzing enzyme apyrase reduced the biofilm development (Fig. 4.1a). These results 

demonstrate that addition of eATP stimulates biofilm formation in dose dependent manner. It 

was observed that the extracellular polysaccharide secretion was enhanced in the presence of 

eATP (Fig. 4.1b). SEM images revealed that eATP at 500 µM concentration promoted cell 

aggregation and extracellular matrix deposition (Fig. 4.1c).  

4.3.2 Effect of other extracellular nucleotides on C. albicans biofilm  

To determine whether the observed increase in biofilm formation was specific to eATP or not, 

the effect of dCTP, dTTP and dGTP on C. albicans biofilm formation was also tested. 

Interestingly, no stimulatory effect on biofilm formation was observed from nucleotides dCTP 

and dGTP while dTTP showed marginal increase in biofilm formation as compared to control 

(Fig. 4.2). 

4.3.3 eATP induces biofilm formation through eDNA release 

To test the effect of eATP on eDNA release, C. albicans was cultured in the presence of 

different concentrations (100-500 µM) of eATP for 48 h on MTPs. C. albicans significantly 

released more eDNA in the presence of eATP (Fig.4.3). These results also indicate a dose 

dependent relationship between eATP concentration and eDNA release into biofilm matrix. 
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Figure 4.1 Quantification of biofilm developed by C. albicans. a) Biofilms developed were 

examined after 48 h of incubation in RPMI-1640 medium supplemented with different test 

agents: without any test agent (control); dATP (different concentration 100-500 µM); Apyrase 

(200 mU mL
-1

); dATP (500 µM) and apyrase (200 mU mL
-1

). Biofilms were quantified by 

XTT reduction assay. b) Quantification of matrix polysaccharides secreted in C. albicans 

biofilm. Data represent the means ± the SD of three independent measurements (Student’s t-test 

**p<0.001; *p<0.05 compared to control). c) Scanning electron microscopic images of C. 

albicans biofilm developed in the presence of eATP/dATP at 500 µM concentration and 

without dATP (control). 
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Figure 4.2 The effect of other dNTPs on C. albicans biofilm formation. C. albicans biofilms 

developed in the presence of 500 µM dGTP, dTTP, dCTP were quantified after 48 h of 

incubation by XTT reduction assay. Data represent the means ± the SD of three independent 

measurements (Student’s t-test **p<0.001; *p<0.05 compared to control).  

 

 

Figure 4.3 Influence of dATP on extracellular DNA production. Quantification of eDNA 

secreted in C. albicans biofilm. Data represent the means ± the SD of three independent 

measurements (Student’s t-test **p<0.001; *p<0.05 compared to control).  
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4.3.4 eATP mediated ROS accumulation and cell lysis 

A fluorescence spectroscopic assay for ROS quantification using a fluorescent probe DCHCF 

revealed ROS generation in the presence of 500 µM eATP (Fig. 4.4a). To investigate the 

relation between ROS generation and cell lysis, florescent dye propidium iodide that binds to 

DNA of cells with compromised cell membrane or eDNA was used. The cell viability (%) was 

also monitored (Fig. 4.4b). The fluorescence intensity of the PI decreased over time than the 

control reflecting the cell lysis in eATP treated C. albicans (Fig. 4.4c).  

 

Figure 4.4 ROS accumulation and cell lysis in the presence of eATP/dATP. a) Intracellular 

ROS accumulation b) Fluorescence intensity of PI c) Cell survival (%) of C. albicans  (4 h). 

Data represent the means ± the SD of three independent measurements (Student’s t-test 

**p<0.001; *p<0.05 compared to control).  

4.3.5 Lactoferrin and lysozyme affects biofilm formation 

Lactoferrin and lysozyme are known for their antifungal activity on C. albicans. To test their 

effect on biofilm formation, C. albicans cells were grown in the presence of different 

concentrations of both these compounds separately. Biofilm formation was suppressed at 

concentration ≥0.25 mg mL
-1

 lysozyme and ≥0.5 mg mL
-1

 lactoferrin respectively (Fig. 4.5a). 

A preformed biofilm of C. albicans was disrupted only at higher concentrations of lactoferrin 

and lysozyme (≥2 mg mL
-1

), while lower concentrations (≤0.65 mg mL
-1

) of both test agents 

did not showed any inhibitory activity on biofilm growth (Fig. 4.5b). 
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Figure 4.5 Effect of different concentration of lactoferrin (LF) and lysozyme (LZ) on C. 

albicans. a) Biofilm formation b) preformed biofilm (24 h) in polystyrene plate. Data represent 

the means ± the SD of three independent measurements (Student’s t-test **p<0.001; *p<0.05 

compared to control). 

 

4.3.6 Mucin suppress biofilm formation and virulence traits in C. albicans 

The effect of mucin and GlcNAc on C. albicans biofilm formation was evaluated by XTT 

reduction assay after 48 h of incubation. In the presence of mucin biofilm formation by C. 

albicans was reduced compared to control (Fig. 4.6). On the other hand, C. albicans utilized 

GlcNAc and formed well adhered biofilms in polystyrene wells. Microscopic visualization of 

cells adhered after 4 h of incubation depicted that mucin relatively reduced the cell attachment 

to polystyrene surface than GlcNAc (Fig.4.7). Data from extracellular phospholipase and 

proteinase activity measurements suggests that mucin suppressed the respective enzyme 

activities compared to control and GlcNAc (Fig.4.8).  



Chapter-4 

73 

 

 

 

Figure 4.6 Effect of mucin on C. albicans. Cells were incubated in the presence of mucin and 

GlcNAc in a MTP and the biofilm developed after 48 h was quantified by XTT reduction 

assay. Data represent the means ± the SD of three independent measurements (Student’s t-test 

**p<0.001; *p<0.05 compared to control). 

 

 

 

Figure 4.7 Microscopic images of C. albicans. Effect of mucin on adhesion of C. albicans to 

MTP was observed by microscopy after 4h of incubation. Images were captured at 60 X 

magnification and bar represents 50 µm. 
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Figure 4.8 Specific activity of extracellular enzymes. a) proteinase activity b) phospholipase 

in C. albicans biofilms after 72 h. Data represent the means ± the SD of three independent 

measurements (Student’s t-test **p<0.001; *p<0.05 compared to control). 

 

4.4 Discussion 

C. albicans is a commensal colonizer of mucosal tissues in healthy individuals however, in 

immunosuppressed individuals, it causes systemic infections. Invading C. albicans encounter a 

complex and intricate host defence system in form of immune cells, cellular receptors, 

signalling pathways and effector molecules. These defence machineries recognise potential 

invasive forms of C. albicans and eliminate them.  

During mucosal infections, there is a high possibility that C. albicans damage epithelial cells on 

mucosal surface. eATP is a signalling molecule which is released (5-10 mM) in response to 

injury by epithelial cells to alert the host defence system (Di Virgilio 2005). The released eATP 

is involved in activation of inflammatory cells, chemo-attraction, cell adhesion and killing of 

intracellular pathogens by apoptotic stimuli in host macrophages (Cruz et al. 2007). Thus, it is 

likely that C. albicans is exposed to high levels of eATP during infection process. In this study, 

we investigated the response of C. albicans in the presence of eATP stimuli under in vitro 

conditions. In C. albicans, exogenous addition of ATP/dATP stimulated biofilm formation. 

Apyrase, an enzyme that catalyses ATP hydrolysis to generate AMP and inorganic phosphate 
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showed significant decreased in biofilm formation. eATP (500 µM)  showed increased 

polysaccharide secretion which acts as a scaffold to hold biofilm cells. Further, tests found that 

dATP induces eDNA release into biofilms and observed a link between dATP concentration 

and amount of eDNA released in a dose dependent manner. In the presence of other dNTPs 

(dGTP, dCTP and dTTP) similar trend in biofilm formation and eDNA release was not 

observed. eDNA release occurs via cell lysis of bacterial or fungal subpopulations (Das & 

Manefield 2012). eATP has been shown to stimulate ROS generation in macrophages and 

microglia (Parvathenani et al. 2003; Cruz et al. 2007; Noguchi et al. 2008). Based on these 

facts, attempts were made to validate our hypothesis that eATP through the ROS induces 

eDNA release in C. albicans biofilm. The increase in ROS levels coincided with the cell lysis 

and cell viability.  

Despite cellular lysis, the release of DNA into extracellular matrix is demonstrated to offer 

greater biofilm stability. Contrary to this, the robust antioxidant enzyme machinery like 

catalase, glutathione peroxidase, superoxide dismutase reduces the deleterious effect of ROS 

generated which in turn are responsible for the viable population of biofilm cells. 

Oral cavity is a unique niche that C. albicans colonizes to causes oral candidiasis in 

immunocompromised patients (Powderly et al. 1999). Saliva contains various antimicrobial 

peptides and enzymes that modulate C. albicans growth as well as mediate fungicidal activity 

(Tenovuo et al. 1990). Hence, in the present study the effects of lactoferrin and lysozyme on C. 

albicans biofilm in vitro were explored. It has been reported that lactoferrin inhibits biofilm 

formation by iron chelating mechanism and cause extracellular leakage of proteins in yeast 

cells (Nikawa et al. 1993). The antifungal activity of lysozyme may be due to the enzymatic 

hydrolysis of N-glycosidic bonds that connect polysaccharides and proteins in cell wall as well 

as damage to enzymatic machinery together may cause subsequent injury to the cell (Anil & 

Samaranayake 2002).  In this study, lactoferrin and lysozyme inhibited the biofilm formation of 

C. albicans in a dose dependent manner. However, similar inhibitory effect of lactoferrin and 

lysozyme was not observed while treating preformed C. albicans biofilms. The higher 

concentration (> 5 mg mL
-1

) of lactoferrin and lysozyme were proved to be effective in 

inhibiting preformed biofilms. This shielding effect to lactoferrin and lysozyme could be due 

the presence of extracellular matrix of C. albicans biofilm which is rich in polysaccharides, 

proteins and other biomoleules. These extracellular polymers are well recognised to form a 

barrier in reducing the diffusion of antimicrobial agents (Al-Fattani & Douglas 2006). 

Another host derived important salivary glycoprotein and a major component of mucus layer is 

mucin. These glycopolymers are emerging as important regulators of microbial colonization 
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and microbial virulence (Caldara et al. 2012). The present study showed that mucin suppressed 

the C. albicans biofilm formation which is a major virulence factor. Further work demonstrated 

reduction in phospholipase and proteinase activity in the presence of 1% mucin. It was reported 

that in C. albicans genes related to adhesion, biofilm formation and filamentation were down-

regulated in the presence of 0.5% mucin (Kavanaugh et al. 2014). C. albicans utilized GlcNAc 

efficiently as a carbon source and formed well-established biofilms on polystyrene MTP. C. 

albicans can uptake GlcNAc and metabolise it further inside the cell due to the presence of 

Ngt1 transporter in the plasma membrane (Alvarez & Konopka 2007). This transporter is 

specific for GlcNAc as other sugars cannot compete for the transport. It is likely that under 

nutrient-limiting conditions C. albicans can metabolize GlcNAc either that is freely available in 

the saliva or by catabolising the glycoproteins like mucin. Also in the presence of GlcNAc, the 

specific activity of extracellular enzymes namely phospholipase and proteinase was recorded 

highest than mucin. It is known that GlcNAc induce morphological switching in C. albicans 

from yeast form to filamentous hyphal or pseudohyphal cells (Sudbery et al. 2004). As hyphal 

specific genes and SAP genes are regulated in a coordinated fashion the expression of one these 

virulence factor can influence the other (Naglik et al. 2003). The presence of less number of 

cells attached to polystyrene surface indicate that mucin suppress the cell surface attachment 

and biofilm formation. These results further confirm the role of mucin as a therapeutic agent in 

limiting the surface attached communities. Although it appears to be minor factor, the ability of 

C. albicans to utilize GlcNAc and promote the virulence traits indicates the need to consider 

these factors strongly while studying the complex interactions of oral community.  
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5. Influence of bacteria on Candida albicans biofilm formation 

5.1 Background 

Microorganisms in their natural environments co-exist as multi species biofilms where cell to 

cell communication and intercellular interaction plays a key role in their survival (Lynch & 

Robertson 2008; Moons et al. 2009). These interactions can be synergistic where the presence 

of one microorganism provides a niche for other microorganism which can give rise to 

infections (Wargo & Hogan 2006). Synergistic coexistence of C. albicans and bacterial 

pathogen S. aureus in dual species microbial biofilm revealed a unique biofilm architecture and 

differential protein expression related to virulence factors in S. aureus (Peters et al. 2010). This 

interaction also promoted vancomycin resistance in S. aureus biofilms (Harriott & Noverr 

2009). S. aureus and C. albicans dual species biofilm is medically important as these two 

species are currently most commonly isolated blood stream pathogens ranking under top four in 

nosocomial patients (Perlroth et al. 2007). On the other hand, interaction between C. albicans 

and P. aeruginosa was reported to be antagonistic as P. aeruginosa kills C. albicans by 

forming dense biofilms on hyphae (Nseir et al. 2007). C. albicans and P. aeruginosa are part of 

mucosal flora that causes serious infections. Signalling molecules that regulate P. aeruginosa 

virulence inhibits C. albicans hyphal development (Shiner et al. 2005). They are often co-

isolated from cystic fibrosis infections and burn wounds (McAlester et al. 2008). Other 

pathogenic bacterium E. coli causes infections in immunocompromised and hospitalized 

patients is often associated with C. albicans (Bandara et al. 2010). Earlier, studies reported that 

E. coli modulates adhesion of C. albicans to different biotic and abiotic surfaces (Nair & 

Samaranayake 1996a; Nair & Samaranayake 1996b).  

Polymicrobial diseases caused by co-aggregation of bacteria and fungi are increasing 

alarmingly (Peters et al. 2010). Limited studies have focussed on deciphering the complex 

inter-kingdom interactions in polymicrobial biofilms, particularly between pathogenic fungi 

and bacteria. Pathogenic yeast and bacterial cells compete for adhesion sites. During this 

process, they secrete quorum sensing molecules which can affect the adhesion of other 

colonising organism and subsequent biofilm formation (Hogan & Kolter 2002). Little is known 

about the influence of bacterial population on C. albicans biofilm formation. Biofilm formation 

is the major virulence factor in the pathogenicity of C. albicans as biofilms are highly resistant 

to antifungal therapy and host defences (Seneviratne et al. 2008). Hence, in this study the effect 
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of bacterial strains namely S. aureus, P. aeruginosa and E. coli on in vitro biofilm formation of 

C. albicans was evaluated. 

5.2 Materials & methods 

5.2.1 Strains and culture preparation 

C. albicans and bacterial strains (S. aureus MTCC 3160, E. coli MTCC 4315 and P. 

aeruginosa DSVP20) were sub-cultured on YPD medium (1% peptone, 1% yeast extract, 2% 

dextrose, 2% agar) and Luria-Bertani (LB) medium (1% tryptone, 1% NaCl, 5% yeast extract, 

2% agar) respectively for 24 h at 37 ºC. A loopful of these overnight grown cultures were 

inoculated into YPD broth and LB broth respectively and incubated at 37 ºC under shaking 

conditions (120 rpm) for 18 h. After incubation, the resulting cells were harvested by 

centrifugation (5000×g) for 10 min at 4 ºC, and washed thrice with PBS (pH 7.2). The cell 

pellets were suspended in RPMI-1640 medium and adjusted to standard suspension of 1×10
7
 

cells mL
-1

 (0.1 OD at 600 nm) by a spectrophotometer (Lasany, LI-2800 UV-visible Double 

beam, India). 

5.2.2 Biofilm growth  

Pre-sterilized polystyrene, flat bottom 96-well MTP were used to study biofilm formation as 

described earlier with some modifications (Jin et al. 2004). For growth of mixed species 

biofilms, C. albicans (100 µL) was added to 100 µL each of S. aureus, P. aeruginosa and E. 

coli cell suspension separately in wells of MTP. Cell suspensions were mixed thoroughly and 

incubated for 90 min at 37 °C to promote adhesion. Similarly, 100 µL of diluted monospecies 

C. albicans or bacterial strains were added to each well and marked as control. Following 

adhesion phase, the wells were washed carefully thrice with PBS to remove non-adherent cells 

and 100 µL of RPMI-1640 medium was added to each well. Plates were incubated at 37 ºC for 

48 h. After incubation, wells were washed carefully thrice with PBS without disrupting the 

biofilm integrity.  

5.2.3 Crystal violet assay 

The biofilm biomass of monospecies and mixed species were quantified by crystal violet 

staining method as described earlier (Peters et al. 2010). Each well was washed thrice with 

sterile PBS to remove non-adherent cells and 0.1% crystal violet was added to each well for 15 

min. Stain was washed several times with distilled water and the crystal violet bound to cells 
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was resolubulized in 95% ethanol. The absorbance was measured at 590 nm using a microtiter 

plate reader (Spectra Max M2, Molecular Devices, USA).   

5.2.4 Viable cell measurements 

Biofilms formed after 48 h were washed using sterile PBS (pH 7.2) and carefully scraped off 

from the well by a sterile scalpel and then transferred to 1 mL of PBS solution (Jin et al. 2004). 

The resultant suspension was vortexed for 3 min to disrupt the aggregates. Serial dilutions were 

performed in sterile PBS and cells were inoculated on to YPD agar medium containing 2 µg 

mL
-1

 ampicillin for C. albicans enumeration. For bacterial enumeration LB agar medium 

supplemented with 2 µg mL
-1

 amphotericin B was used. Plates were incubated at 37 ºC for 24 h 

and the resultant CFU mL
-1

 was calculated. 

5.2.5 Assay of proteinase and phospholipase activity 

The biofilm biomass obtained after 72 h of growth on MTP from both mono and mixed species 

was used for determination of proteinase and phospholipase activity. The assay was performed 

by mixing azocasein substrate for proteinase and phosphatidylcholine substrate for 

phospholipase activities respectively as described in Chapter-2 (sub-section 2.2.9). 

5.2.6 Statistical analysis 

Three independent experiments were conducted in triplicate and the data was expressed as 

mean ± standard deviation. Significant differences between two groups were evaluated by 

Student’s t-test and p value less than or equal to 0.05 were considered significant. 

5.3 Results 

The interactions between fungal and bacterial cells have important physiological and medical 

implications, but the influence of bacteria on C. albicans biofilm formation is not well-

established. The biofilm formation of C. albicans in mono and mixed species were compared 

after 48 h of incubation. The biomass of mixed species biofilm was greater when C. albicans 

and S. aureus were grown together than the biomass of either C. albicans or S. aureus biofilms 

grown independently (Fig 5.1). On the other hand, biofilm biomass was suppressed in P. 

aeruginosa - C. albicans mixed species biofilm. Significant increase in biofilm biomass data 

was observed in E. coli - C. albicans co-cultured biofilms. Cell counts of C. albicans and 

bacteria in mono and mixed biofilms were calculated by CFU assay which also differentiates 

between the viable fungal and bacterial cells in biofilms (Fig 5.2). The viability of C. albicans 

in C. albicans - S. aureus mixed biofilms was not statistically different from mono species 
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biofilms. Cell numbers of viable S. aureus increased dramatically in co-cultures with C. 

albicans. The growth of C. albicans was significantly reduced in mixed species biofilm with P. 

aeruginosa. While P. aeruginosa cell counts remained unaffected in the presence of C. 

albicans. In the presence of E. coli, the viability of C. albicans was reduced while significant 

increase in E. coli growth was observed in mixed species biofilm with C. albicans. The specific 

activity of C. albicans proteinases and phospholipases differed between mono and mixed 

biofilms (Fig 5.3). Maximum proteinase activity was observed in C. albicans - S. aureus mixed 

biofilms compared to C. albicans monospecies biofilms. While, specific activity of 

phospholipase was similar in both mono and mixed biofilms. In P. aeruginosa - C. albicans 

biofilm the specific activity of proteinases and phospholipases were significantly reduced. 

Similarly, in E. coli - C. albicans mixed biofilm, the specific activity of both enzymes were 

decreased relative to the C. albicans biofilms.  

 

Figure 5.1 Biomass quantification of mono and mixed species biofilm. The effect of co-

culture of bacteria S. aureus (SA), P. aeruginosa (PA), E. coli (EC) and C. albicans (CA) on 

biofilm formation. Mono and mixed species biofilms were grown on polystyrene plates for 48 h 

and biofilm biomass was quantified by CV assay. Data represent the means ± the SD of three 

independent measurements. p<0.05 was considered statistically significant (*p<0.05, 

**p<0.01). 
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Test  microorganisms  Mean CFU counts (±SD)  

C. albicans  25.89±6.60  

C. albicans + S. aureus  21.22±5.92  

S. aureus  119.89±86.60  

S. aureus + C. albicans  189.11±50.02  

C. albicans  26.76±3.05  

C. albicans + P. aeruginosa  13.60±2.17  

P. aeruginosa  157.33±35.71  

P. aeruginosa + C. albicans  112.00±48.73 

C. albicans  27.67±5.86 

C. albicans + E. coli  18.60±6.85 

E. coli  90.67±56.78 

E. coli + C. albicans  140.22±69.67 

 

Table 5.1 Viable counts of mono and mixed species biofilm. The mean CFU counts of mono 

(C. albicans or bacteria) and mixed species (C. albicans and bacteria) biofilms. Data represent 

the means ± the SD of three independent measurements. 
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Figure 5.2 Test for virulence factors. a) The specific activity proteinase and b) the specific 

activity of phospholipase in C. albicans mono and mixed species biofilm. Data represent the 

means ± the SD of three independent measurements. p<0.05 was considered statistically 

significant (*p<0.05, **p<0.01). 

 

5.4 Discussion 

The architecture of biofilm is a complex phenomenon involving multiple microbial species 

colonizing to both biotic and abiotic surfaces. Recently, it has been noted that the majority of 

the nosocomial infections are due to mixed biofilms involving both bacteria and fungi (Peters et 

al. 2012). The interaction between bacteria and fungi need to be elucidated as these may have 

an impact on biofilm forming ability and its functionality. Bacteria and fungi may co-aggregate 

with each other and promote biofilm formation. They may also compete with each other which 

results in reduction of biofilm formation. This study was aimed to evaluate the role of bacteria 

in affecting C. albicans biofilm formation. The biofilm of each mono and mixed species were 

developed in polystyrene MTP. Data showed significant increase in biofilm biomass in the 

presence of S. aureus and E. coli. However, the viability of C. albicans was reduced in the 

presence of bacteria E. coli and P. aeruginosa compared to the biofilm formed when C. 

albicans was incubated alone. The co-incubation of C. albicans with S. aureus does not have 

any detrimental effects on C. albicans growth as measured by cell counts. Together with C. 

albicans, S. aureus is responsible for increasing the number of nosocomial infections (20%) as 

they are often co-associated with polymicrobial infections (Klotz et al. 2007). As expected the 

growth of S. aureus was significantly increased in the presence of C. albicans. The reduction in 
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the cell number of C. albicans was observed more in the presence of P. aeruginosa. These 

reports are in consistent with the earlier reports that P. aeruginosa suppress filamentation in C. 

albicans resulting in inhibition of biofilm formation (Hogan & Kolter 2002). It is likely that P. 

aeruginosa secretes or releases several key compounds that inhibit growth of C. albicans. 

Besides this, that quorum sensing molecule of P. aeruginosa 3-oxo-C-12 homoserine lactone 

inhibits C. albicans filamentation (Hogan & Kolter 2002). In addition to this, biosurfactant 

rhamnolipid derived from P. aeruginosa also reported to disrupt C. albicans biofilm formation 

(Singh et al. 2013). P. aeruginosa has a special affinity to hyphal elements as yeast form of C. 

albicans is generally not affected (Shiner et al. 2005). Enterobacterium E. coli is a significant 

component of human microbiome which often causes infections in hospitalized and 

immunocompromised patients (Thein et al. 2006; Kumar et al. 2015). Earlier, studies have 

found that E. coli enhance adhesion of C. albicans to mucosal epithelia and no inhibitory effect 

on adhesion to polystyrene surfaces (Seneviratne et al. 2008). The present data showed that 

viability of C. albicans was decreased in the presence of E. coli. These results are in agreement 

with the significant inhibition of C. albicans biofilm formation at higher concentrations of E. 

coli (Thein et al. 2006). The inhibiting action of E. coli was also reported by Park et al. (2014) 

in which density of E. coli - C. albicans biofilms were decreased compared to C. albicans 

monospecies biofilm. Proteinases and phospholipases are extracellular hydrolytic enzymes 

which helps C. albicans in tissue invasion by degradation of host cell molecules and 

membranes (Hube & Naglik 2001). The specific activities of these enzymes were significantly 

decreased in mixed biofilms when tested on bacterial strains used in this study. Researchers has 

earlier reported the significant decrease in expression of C. albicans virulence related genes 

required for adhesion and hyphal morphogenesis such as ALS3, ECE1, SAP5 and HWP1 in the 

presence of different bacteria strains (Park et al. 2014). 
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6. Biofilm prevention and control strategies- C. albicans biofilm 

inhibition by synergistic action of terpenes and fluconazole 

6.1 Background 

The uprising of Candida biofilm infections in the last decades are almost in line with the 

increased use of a broad range of medically implanted devices in patients with impaired host 

defences. C.  albicans is a foremost human fungal pathogen allied with colonisation and biofilm 

formation on the surfaces of medical devices (Douglas 2003). Due to its versatility it can behave 

as a commensal organism in several anatomically distinct sites which can pose a major problem 

from a clinical point of view, resulting in infections (Eraso et al. 2006). Furthermore, in recent 

years there has been mounting concern about the rising pervasiveness of infections caused by 

yeasts that are resistant to normally used antifungal drugs. The efficacy of the majority of 

antifungal agents is greatly reduced if yeasts are in a biofilm as opposed to the planktonic state. 

Of particular concern is that biofilms display increased resistance to antifungal therapy which 

can cause failure of implant devices, and serve as a reservoir or source for future continuing 

infections (Alexander & Perfect 1997; Kojic & Darouiche 2004). Hence, there is a need to 

identify new methods of preventing and treating biofilms to improve treatment of established 

infections and to limit further development of drug resistance. The new therapeutic strategies 

using natural products, of which essential oils are of immense importance due to their use in 

reducing oral infections (Singh et al. 2012). These oils are complex mixtures of volatile 

compounds known for their in vitro and/or in vivo antifungal properties (Tampieri et al. 2005; 

Marcos-Arias et al. 2011). The strong antifungal activity of some major components of 

essential oils, i.e. terpenes, has been described in several studies (Hammer et al. 2003; He et al. 

2007; Mansouri & Darouiche 2008; Barchiesi et al. 2009). Hence, the present investigation 

evaluates the synergistic action of terpenes (eugenol, menthol and thymol) with fluconazole 

(FLA) on C. albicans with an aim to inhibit its biofilm formation. The search for new 

antifungal agents effective against biofilm has important clinical implications that may affect 

the outcome of patients suffering from these difficult-to-treat infections. 

CHAPTER-6 
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6.2 Materials and methods 

6.2.1 Fungal strain and growth conditions 

C. albicans MTCC 227 used in the present investigation was cultured in yeast peptone dextrose 

broth (YPD) medium and incubated for 24 h at 35 °C with agitation (120 rpm). Cells were 

harvested, washed twice in 0.1 M phosphate-buffered saline (PBS, pH 7.2) and adjusted to 

1×10
7 

cells mL
-1 

in PBS for biofilm formation (Singh et al. 2012). All growth media chemicals 

used in the present investigation were purchased from Himedia and Sigma, India.  

6.2.2 Minimum inhibitory concentration (MIC) of terpenes 

The terpenes (eugenol, menthol and thymol) were prepared as a stock solution of 16 % (v/v) in 

Roswell Park Memorial Institute medium (RPMI-1640) and 0.1 % (v/v) Tween 80. The MICs 

of the terpenes against planktonic C. albicans were determined by Clinical and Laboratory 

Standards Institute (CLSI M27-A3) broth micro-dilution method (Wayne 2010). An overnight 

grown culture of C. albicans was diluted to a final concentration of 2.5×10
3
 cells mL

-1 
in RPMI 

1640-MOPS medium and inoculated into commercially available, presterilised, polystyrene, 

flat-bottomed 96-well microtiter plate (MTP). Terpenes concentrations ranging from 0.01 %-8 

% (v/v) were added to the 96-well MTP wells and incubated for 48 h at 35 °C. The growth in 

presence of terpenes was estimated using the MTP reader at optical density 530 nm after 

incubation. 

6.2.3 Biofilm formation of C. albicans 

The effects of terpenes on biofilm cell viability were established by measurement of cell 

metabolic activity of C. albicans biofilm in 96-well MTP. A 200 μL aliquot of C. albicans cell 

suspension containing 1×10
7
 blastospores mL

-1 
in RPMI 1640-MOPS medium was added in 

MTP wells and incubated at 35 °C for 90 min for adhesion. The medium was then aspirated 

from the wells and washed with sterilized PBS to remove loosely adhered cells. Further, RPMI 

1640-MOPS medium (200 μL) was added to each MTP wells and incubated for 24 h at 35 °C 

to obtain biofilm. After that, the growth medium was carefully removed by aspiration without 

disrupting the integrity of biofilm, washed thrice with PBS (pH 7.2) to remove non-adherent 

cells (Singh et al. 2012).  

6.2.4 Effect of terpenes on C. albicans biofilms 

The plate with the seeded biofilm was used subsequently to determine the effect of terpenes on 

the metabolic activity of the biofilm. The final concentration of terpenes used in this 
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experiment was in the range of 0.01 % to 8 % (v/v). Controls plates of seeded biofilm without 

terpenes were also included in each experiment. After incubation at 35 °C for 24 h, the treated 

biofilm were washed thrice with PBS and XTT assay was performed. 

6.2.5 Evaluation of the effect of terpenes on biofilm development 

Metabolic activity was assessed using the XTT tetrazolium salt reduction, assay as described 

earlier in Chapter 2 (sub-section 2.2.5). The sessile minimum inhibitory concentration 

(SMIC90) was recorded as the lowest concentration resulting in a 90 % reduction in absorbance 

when compared with control biofilm. 

6.2.6 Assessment of drug synergy against C. albicans biofilm 

The effects of terpenes and fluconazole (FLA) on biofilm cell viability were established by 

measurement of cell metabolic activity of C. albicans biofilm in a 96-well MTP (Wei et al. 

2011). Briefly, 200 μL aliquot of a suspension of C. albicans cells in RPMI 1640-MOPS 

(1×10
7
 blastospores mL

-1
) was added in wells for biofilm formation. After incubation at 35 °C 

for 24 h, the growth medium was carefully removed by aspiration without disruption of the 

integrity of the biofilm, and the formed biofilms were carefully washed thrice with PBS (pH 

7.2) to remove non-adherent cells. The plate with the seeded biofilms was used to determine 

the effect of terpenes with FLA (terpenes/FLA) on the metabolic activity of the biofilm by a 

checkerboard micro-dilution assay. The final concentrations of terpenes ranged from 0.01 % to 

8 % (v/v), and for FLA, from 0.01 to 0.5 mg mL
-1

. After incubation at 35 °C for 24 h, the 

terpenes and antifungal agents were removed, and the treated biofilm was washed three times 

with PBS and XTT reduction assay was performed. The fractional inhibitory concentration 

(FIC) defined as the ratio of the MIC of an agent used in combination to the MIC of the agent 

used alone was calculated using the formula:  

FIC = MIC (A combination)/MIC (A alone) + MIC (B combination)/MIC (B alone).  

A- MIC value of individual terpenes in % (v/v) when combined with FLA 

B- MIC value of FLA in mg mL
-1 

when combined with individual terpenes. 

ΣFIC < 0.5 indicates synergy; 0.5–4.0, indifference; and >4, antagonism (ΣFIC, the sum of 

individual FICs). 
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6.2.7 Adherence assay 

The effect of the terpenes/FLA on C. albicans adhesion was estimated by adding 200 μL of 

Candida l cells (1×10
7
 blastospores mL

-1
 in RPMI 1640-MOPS medium) to pre-sterilized 

polystyrene 96-well plate which were then treated with terpenes along with the FLA (0.5 mg 

mL
-1

) for 4 h at 37 °C. The media was aspirated after incubation and the wells were washed 

with sterilized PBS to remove loosely adhered cells. The plates were read at 492 nm by 

performing the XTT reduction assay. The results were expressed in terms of percent cell 

viability compared to terpenes/FLA-untreated wells, which were used as control.  

6.2.8 Scanning electron microscopy (SEM) 

The effect of thymol and FLA on C. albicans biofilm in comparison to control  formed on 

polystyrene coupons were visualized by SEM. Briefly, C. albicans biofilm formed on 

polystyrene surface, were fixed  with 2.5% (v/v) glutaraldehyde in PBS (0.1M, pH 7.2) for 2 h 

at room temperature. They were then treated with 1% (w/v) uranyl acetate for 1 h, and washed 

with distilled water. The samples were dehydrated with ethanol series (30%, 50%, 70%, 90% 

and 100%). All samples were dried to a critical point by Polaron critical point drier, coated with 

gold and viewed under SEM (Leo435, England). 

6.2.9 Statistical analysis 

All experiments were performed in triplicate and results were expressed as mean ± standard 

deviation. Statistical analyses of the differences between mean values obtained for 

experimental groups were performed using Student’s t-test. P-values of 0.05 or less were 

considered significant. 

6.3 Results 

6.3.1 MIC of terpenes 

The MIC done using CLSI M27-A3 broth micro-dilution method showed antifungal activities 

at a concentration of 0.12 % (v/v) for both thymol and eugenol as compared to 0.25 % (v/v) for 

menthol respectively, against C. albicans MTCC 227 (Fig 6.1). 

6.3.2 Effect of terpenes on C. albicans biofilms 

The effect of terpenes (eugenol, thymol and menthol) on metabolic activity of preformed C. 

albicans biofilm cells was evaluated using XTT reduction assay in 96-well MTP. Data obtained 

from different concentration of terpenes mediated disruption of pre-formed C. albicans biofilm 
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for 24 h at 35 °C revealed that reduction of C. albicans biofilm took place in a dose dependent 

manner. Data also showed thymol and eugenol were more effective at lower concentrations of 

≥ 1.0 % (v/v) than menthol (Fig 6.2).   

6.3.3 Assessment of drug synergy against C. albicans biofilm 

Synergistic studies using checkerboard micro-dilution assay showed a fractional inhibitory 

concentration index (ΣFIC=0.31) between thymol/FLA followed by eugenol/FLA (Σ FIC=0.37) 

and menthol/FLA (Σ FIC<0.5) against pre-formed C. albicans biofilms (Table 6.1). Thymol 

with fluconazole showed highest synergy in reduction of biofilm formation than eugenol and 

 

 

 

 

 

 

Figure 6.1 MIC of terpenes (eugenol, thymol and menthol) against C. albicans. 
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Figure 6.2 Effect of different concentrations of terpenes (eugenol, thymol and menthol) on 

metabolic activity of pre-formed C. albicans biofilm. 

menthol, which was not observed when their activities were observed independently. The 

results demonstrated that synergistic effects can also be observed in cells that have already 

grown in a biofilm, which are typically the most difficult to treat. 

 

S. No. Agent SMIC90 (%) 

Alone        Combo 

Synergistic 

activity (ΣFIC) 

1  Eugenol  2.0              0.25  0.37  

2  Thymol  1.0              0.06  0.31  

3  Menthol  4.0              1.0  0.5  

 

Table 6.1 Synergistic activity (ΣFIC) of terpenes/fluconazole. The table shows the SMIC90 

(%) results of terpenes alone and in combination (combo) with fluconazole. 

6.3.4 Adherence assay 

In vitro studies on effect of  terpenes/FLA on Candida l cell adhesion after 4 h showed it to be 

concentration dependent (Fig 6.3). Data showed 30% viability of C. albicans cells after 2 h of 

treatment with 0.05 % (v/v) thymol/FLA.  
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Figure 6.3 Synergistic effect of terpenes/fluconazole on adhesion of C. albicans to 

polystyrene plates. 

 

6.3.5 Scanning electron microscopy (SEM) 

The effect of thymol/FLA at 0.05 % (v/v)/0.5 mg mL
-1

 on C. albicans biofilm visualized by 

SEM micrographs showed reduction in cell number and disruption of C. albicans cells 

compared to the  control (Fig 6.4 A and B).  

 

 

Figure 6.4 SEM micrographs of C. albicans. a) control and b)thymol/fluconazole treated of 

pre-formed C. albicans biofilm. 

 

6.4 Discussion 

Increased use of antifungal agents, corresponding to susceptible individuals has resulted in the 

emergence of multidrug-resistant Candida strains. The present study demonstrated that 
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synergistic activity of terpenes with fluconazole, which exerted strong inhibitory effect against 

C. albicans biofilms. These results were in agreement with our earlier data depicting the 

usefulness of essential oils in complex natural mixtures extracted from several aromatic plants 

having antimicrobial activities (Agarwal et al. 2008b). These results suggested the potential 

benefit of terpenes in treating immunocompromised individuals infected with C. albicans. 

Terpenes are made from combinations of several 5-carbon-base units called isoprene. The 

monoterpenes are formed from the coupling of two isoprene units. They are the most 

representative molecules constituting 90% of the essential oils and allow a great variety of 

structures. Among the monoterpenes, menthol, terpinen-4-ol and μ-terpineol are monocyclic 

alcohols; while carvacrol and thymol are phenols. The aromatic compounds such as eugenol, 

derived from phenylpropane, occur less frequently than the terpenes (Hammer et al. 2000; Pauli 

2006; Palmeira-de-Oliveira et al. 2009).   

The antifungal properties are correlated with the ability of terpenes to pass through the fungal 

cell wall and position between fatty acid chains of lipid bilayers, disrupting lipid packaging and 

altering the structure of the cell membrane (Ahmad et al. 2011). While evaluating the 

antifungal properties of terpenes, the method for determining MIC is important, for this reason, 

CLSI reference method for antifungal susceptibility testing was used in the current study and 

fluconazole was considered as control. The metabolic activity of C. albicans in biofilm was 

assessed using the tetrazolium (XTT), assay which based upon the reduction of XTT 

tetrazolium to the tetrazolium formazan product by mitochondrially active C. albicans in the 

presence of menadione, an electron-coupling agent (Hawser 1996). Among three terpenes 

tested, thymol exerted strongest effect towards both the planktonic and biofilm phase of C. 

albicans. However, its effectiveness against C. albicans biofilm mode was achieved at 

threefold higher of SMIC90 value, than the MIC for its planktonic counterparts, which could be 

due to the resistant form of fungal growth. Earlier, researchers demonstrated by scanning 

electron microscopy, that thymol affected the envelope of planktonic C. albicans (Braga et al. 

2008). The present study also revealed that, inhibition of biofilm formation was observed when 

thymol and fluconazole were supplemented together. The SMIC90 of FLA was found to be 0.5 

mg mL
-1

 when combined with thymol as compared to 2.0 mg mL
-1

 when tested alone. This can 

be related to synergistic antimicrobial action of FLA and thymol which may be due to 

inhibition of ergosterol biosynthesis and alternation in permeability and membrane fluidity 

causing degradation of cell wall and variable effects like disruption of cytoplasm membrane, 

leakage of cell contents (Ahmad et al. 2011). Based on the growth inhibitory effects of thymol 

with fluconazole in the broth micro-dilution assay, it is reasonable to assume that the effect of 
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the combination on biofilm formation is related to an effect on C. albicans cell growth rather 

than an effect on cell adhesion. Fluconazole belongs to the azole antifungals, which inhibit 

biosynthesis of ergosterol, a crucial component of fungal cell membranes, leading to 

permeability changes. The inhibition of ergosterol biosynthesis also results in the accumulation 

of toxic methylated sterol intermediates and subsequently, arrests fungal cell growth (De Nollin 

& Borgers 1975; Bailey et al. 1990). Even though the mode of synergic action is not clear at 

this time, a similar mechanism may exist in the thymol with fluconazole combination against 

biofilm cells. Menthol has also been observed with the antifungal activity against C. albicans. 

In agreement with our observations, other authors have found that eugenol exhibited anti-

Candida  activity against fluconazole-resistant Candida  isolates (Chami et al. 2004; Ahmad et 

al. 2010). Similar results related to the inhibitory action of terpenic derivatives on C. albicans 

biofilm also pointed out the reduction in biofilm activity (Dalleau et al. 2008). The potent 

antibiofilm activities of these naturally occurring active principles might convert them into 

promising alternatives for the treatment of Candida -associated infections as they are relatively 

safe, and their side effects are minor and self-limiting (Bakkali et al. 2008; Traboulsi et al. 

2008). Thus, our results collectively indicate that terpenes, especially thymol, along with 

fluconazole can be a better medication for C. albicans biofilm related infections. 
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Conclusion and future directions 

The work carried out in this investigation was to understand how C. albicans responds to 

different environmental factors it encounters during colonization and in particular the effect of 

these factors on C. albicans biofilm. Initially, the role of different carbon sources and stresses 

on C. albicans biofilm formation, matrix polymers secretion and its biofilm architecture were 

studied. The effect of these environmental factors on virulence traits (proteinases and 

phospholipases) and cell wall components during biofilm growth were also monitored. Apart 

from this, the investigation was done to study how C. albicans responds to innate immune 

secretory factors (mucin, lactoferrin, lysozyme, dATP) and other co-infecting microorganisms 

(S. aureus, E. coli and P. aeruginosa).  

 

The results presented signify that carbon sources influence C. albicans biofilm development, 

modulate virulence factors and structural organization of the cell wall component β-glucan. 

Microscopic studies showed that there exists a morphological plasticity of C. albicans to switch 

between yeast and hyphal forms which has a major influence on its virulence. The ability of C. 

albicans to survive the osmotic and oxidative stresses generated by the host immune system is 

essential for virulence. Several stress responsive signalling pathways and the evolutionary 

rewiring that took place in C. albicans has been well established. Despite this, little is known 

about how C. albicans adapts to these stresses which affects its virulence. The results discussed 

indicate that stresses promote surface associated growth in C. albicans with dense extracellular 

matrix to protect the cells within from harsh environmental conditions. In addition, data also 

showed that these stresses can cause alterations in the content of C. albicans cell wall 

components mainly chitin and mannan which are the key players in cell robustness and its 

adhesion to biotic and abiotic surfaces. 

 

Biofilm formation and high levels of extracellular DNA into matrix by C. albicans in response 

to host danger signal eATP is likely to provide a protective advantage for this opportunistic 

pathogen. This might significantly impact the development of C. albicans infection process. 

However, this area of research needs a complete exploration of adaptation process and 

pathogenesis of C. albicans in the presence of host derived molecules. 

 

Association of microbial communities is a complex process and the influence of one on each 

other might results in modulation of biofilm formation. The findings presented collectively 
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indicate that bacteria alter C. albicans biofilm formation and virulence factors. The synergistic 

interaction during polymicrobial infections along with the increase in virulence factors may be 

partially responsible for high infection rate. In this study, attempts were made to decipher the 

bacterial and fungal relationship during biofilm formation. Their interactions at molecular level 

can elucidate the differential expression and regulation of several genes involved in metabolism 

and virulence that are essential for survival of pathogenic microorganisms.  

 

Overall, the work presented in this thesis adds to our understanding on C. albicans biofilm 

formation in response to different environmental challenges. Biofilm formation and alteration 

in virulence factors to a range of host and microbe derived environments are likely to 

contribute to the successful colonisation of this opportunistic pathogen. Further, work is 

required to understand the adaptive responses and the complex biofilm formation. Moreover, 

microbial interactions that interfere in the process of C. albicans biofilm development might 

aid in the identification of drug targets for therapeutic purposes. The characterization of 

quorum sensing molecules and plant derived compounds that are inhibitory to C. albicans and 

their mechanism of action would ease the discovery process of novel antifungal agents. 

 

 



   

97 

 

1. References 

2. Abu-Elteen KH. 2005. The influence of dietary carbohydrates on in vitro adherence of 

four Candida species to human buccal epithelial cells. Microb Ecol Health Dis. 17:156–

162. 

3. Adair GC, Gorman PS, Feron MB, Byers ML, Jones SD, Goldsmith EC, Moore EJ, 

Kerr RJ, Curran DM, Hogg G, et al. 1999. Implications of endotracheal tube biofilm for 

ventilator-associated pneumonia. Intensive Care Med. 25:1072–1076.  

4. Ader F, Bienvenu A-L, Rammaert B, Nseir S. 2009. Management of invasive 

aspergillosis in patients with COPD: Rational use of voriconazole. Int J Chron Obstruct 

Pulmon Dis. 4:279–287.  

5. Adt I, Toubas D, Pinon JM, Manfait M, Sockalingum GD. 2006. FTIR spectroscopy as 

a potential tool to analyse structural modifications during morphogenesis of Candida 

albicans. Arch Microbiol. 185:277–285. 

6. Agarwal V, Lal P, Pruthi P, Pruthi V. 2008a. Studies of Candida albicans biofilm 

formed on biomaterial surfaces. J Biotechnol. 136:S451. 

7. Agarwal V, Lal P, Pruthi V. 2008b. Prevention of Candida albicans biofilm by plant 

oils. Mycopathologia. 165:13–19. 

8. Agarwal V, Lal P, Pruthi V. 2010. Effect of Plant Oils on Candida albicans. J 

Microbiol Immunol Infect. 43:447–451.  

9. Aguilar-Uscanga B, Francois JM. 2003. A study of the yeast cell wall composition and 

structure in response to growth conditions and mode of cultivation. Lett Appl 

Microbiol. 37:268–274. 

10. Ahmad A, Khan A, Akhtar F, Yousuf S, Xess I, Khan LA, Manzoor N. 2011. 

Fungicidal activity of thymol and carvacrol by disrupting ergosterol biosynthesis and 

membrane integrity against Candida. Eur J Clin Microbiol Infect Dis. 30:41–50. 

11. Ahmad A, Khan A, Khan LA, Manzoor N. 2010. In vitro synergy of eugenol and 

methyleugenol with fluconazole against clinical Candida isolates. J Med Microbiol. 

59:1178–1184. 

12. Alarco A-M, Raymond M. 1999. The bZip transcription factor Cap1p is involved in 

multidrug resistance and oxidative stress response in Candida albicans. J Bacteriol. 

181:700–708. 

13. Albrecht A, Felk A, Pichova I, Naglik JR, Schaller M, de Groot P, MacCallum D, Odds 

FC, Schäfer W, Klis F. 2006. Glycosylphosphatidylinositol-anchored proteases of 



 

98 

 

Candida albicans target proteins necessary for both cellular processes and host-

pathogen interactions. J Biol Chem. 281:688–694. 

14. Alexander BD, Perfect JR. 1997. Antifungal resistance trends towards the year 2000. 

Drugs. 54:657–678. 

15. Al-Fattani MA, Douglas LJ. 2006. Biofilm matrix of Candida albicans and Candida 

tropicalis: chemical composition and role in drug resistance. J Med Microbiol. 55:999–

1008. 

16. Allesen-holm M, Barken KB, Yang L, Klausen M, Webb JS, Kjelleberg S, Molin S, 

Givskov M, Tolker-nielsen T. 2006. A characterization of DNA release in 

Pseudomonas aeruginosa cultures and biofilms. 59:1114–1128. 

17. Alonso-Monge R, Navarro-García F, Román E, Negredo AI, Eisman B, Nombela C, Pla 

J. 2003. The Hog1 mitogen-activated protein kinase is essential in the oxidative stress 

response and chlamydospore formation in Candida albicans. Eukaryot Cell. 2:351–361. 

18. Alvarez FJ, Konopka JB. 2007. Identification of an N-acetylglucosamine transporter 

that mediates hyphal induction in Candida albicans. Mol Biol Cell. 18:965–975. 

19. Amerongen AVN, Bolscher JGM, Veerman ECI. 1995. Salivary mucins: protective 

functions in relation to their diversity. Glycobiol. 5:733–740.  

20. Andriole VT. 1999. Current and future antifungal therapy: new targets for antifungal 

agents. J Antimicrob Chemother. 44:151–162.  

21. Anil S, Samaranayake LP. 2002. Impact of lysozyme and lactoferrin on oral Candida 

isolates exposed to polyene antimycotics and fluconazole. Oral Dis. 8:199–206.  

22. Ansari MA, Khan HM, Khan AA, Ahmad MK, Mahdi AA, Pal R, Cameotra SS. 2014. 

Interaction of silver nanoparticles with Escherichia coli and their cell envelope 

biomolecules. J Basic Microbiol. 54:905–915.  

23. Anwar H, Costerton JW. 1990. Enhanced activity of combination of tobramycin and 

piperacillin for eradication of sessile biofilm cells of Pseudomonas aeruginosa. 

Antimicrob Agents Chemother. 34:1666–1671.  

24. Arana DM, Alonso-Monge R, Du C, Calderone R, Pla J. 2007. Differential 

susceptibility of mitogen-activated protein kinase pathway mutants to oxidative-

mediated killing by phagocytes in the fungal pathogen Candida albicans. Cell 

Microbiol. 9:1647–1659. 

25. Askew C, Sellam A, Epp E, Hogues H, Mullick A, Nantel A, Whiteway M. 2009. 

Transcriptional regulation of carbohydrate metabolism in the human pathogen Candida 

albicans. PLoS Pathog. 5:e1000612. 



 

99 

 

26. Bailey EM, Krakovsky DJ, Rybak MJ. 1990. The triazole antifungal agents: a review of 

itraconazole and fluconazole. Pharmacother J Hum Pharmacol Drug Ther. 10:146–153. 

27. Baillie GS, Douglas LJ. 1999. Role of dimorphism in the development of Candida 

albicans biofilms. J Med Microbiol. 48:671–679. 

28. Baillie GS, Douglas LJ. 2000. Matrix polymers of Candida biofilms and their possible 

role in biofilm resistance to antifungal agents. J Antimicrob Chemother. 46:397–403. 

29. Bakkali F, Averbeck S, Averbeck D, Idaomar M. 2008. Biological effects of essential 

oils–a review. Food Chem Toxicol. 46:446–475. 

30. Bamford CV, d’ Mello A, Nobbs AH, Dutton LC, Vickerman MM, Jenkinson HF. 

2009. Streptococcus gordonii modulates Candida albicans biofilm formation through 

intergeneric communication. InfectImmun. 77:3696-3704.  

31. Bandara HMHN, Lam OLT, Watt RM, Jin LJ, Samaranayake LP. 2010. Bacterial 

lipopolysaccharides variably modulate in vitro biofilm formation of Candida species. J 

Med Microbiol. 59:1225–1234.  

32. Barchiesi F, Silvestri C, Arzeni D, Ganzetti G, Castelletti S, Simonetti O, Cirioni O, 

Kamysz W, Kamysz E, Spreghini E. 2009. In vitro susceptibility of dermatophytes to 

conventional and alternative antifungal agents. Med Mycol. 47:321–326. 

33. Barelle CJ, Priest CL, MacCallum DM, Gow NAR, Odds FC, Brown  AJP. 2006. 

Niche-specific regulation of central metabolic pathways in a fungal pathogen. Cell 

Microbiol. 8:961–971. 

34. Bayliss J, DeLaRosa S, Wu J, Peterson JR, Eboda ON, Su GL, Hemmila M, Krebsbach 

PH, Cederna PS, Wang SC, et al. 2014. ATP hydrolysis reduces neutrophil infiltration 

and necrosis in partial-thickness scald burns in mice. J Burn Care Res. 35:54–61.  

35. Beighton D, Smith K, Glenister DA, Salamon K, Keevil CW. 1988. Increased 

degradative enzyme production by dental plaque bacteria in mucin-limited continuous 

culture. Microb Ecol Health Dis. 1:85–94. 

36. Berman J, Sudbery PE. 2002. Candida albicans: a molecular revolution built on lessons 

from budding yeast. Nat Rev Genet. 3:918–932. 

37. Bhat V, Sharma SM, Shetty V, Shastry CS, Rao V. 2011. Extracellular enzymes of 

Candida albicans and their role in development of denture stomatitis: a review. JIADS. 

2:26–30. 

38. Bhattacharya M, Wozniak DJ, Stoodley P, Hall-Stoodley L. 2015. Prevention and 

treatment of Staphylococcus aureus biofilms. Expert Rev Anti Infect Ther. 13:1499–

1516.  



 

100 

 

39. Bink A, Govaert G, Vandenbosch D, Kuchariková S, Coenye T, Nelis H, Van Dijck P, 

Cammue BPA, Thevissen K. 2012. Transcription factor Efg1 contributes to the 

tolerance of Candida albicans biofilms against antifungal agents in vitro and in vivo. J 

Med Microbiol. 61:813–819.  

40. Bobek LA, Liu J, Sait SNJ, Shows TB, Bobek YA, Levine MJ. 1996. Structure and 

chromosomal localization of the human salivary mucin gene, MUC7. Genomics. 

31:277–282. 

41. Bossche H Vanden, Marichal P, Odds FC. 1994. Molecular mechanisms of drug 

resistance in fungi. Trends Microbiol. 2:393–400. 

42. Bours MJL, Swennen ELR, Di Virgilio F, Cronstein BN, Dagnelie PC. 2006. 

Adenosine 5′-triphosphate and adenosine as endogenous signaling molecules in 

immunity and inflammation. Pharmacol Ther. 112:358–404. 

43. Braga PC, Culici M, Alfieri M, Dal Sasso M. 2008. Thymol inhibits Candida albicans 

biofilm formation and mature biofilm. Int J Antimicrob Agents. 31:472–477. 

44. Brand A, MacCallum DM, Brown AJP, Gow NAR, Odds FC. 2004. Ectopic expression 

of URA3 can influence the virulence phenotypes and proteome of Candida albicans but 

can be overcome by targeted reintegration of URA3 at the RPS10 locus. Eukaryot Cell. 

3:900–909. 

45. Brown AJP, Brown GD, Netea MG, Gow NAR. 2014. Metabolism impacts upon 

Candida immunogenicity and pathogenicity at multiple levels. Trends Microbiol. 

22:614–622. 

46. Brown AJP, Budge S, Kaloriti D, Tillmann A, Jacobsen MD, Yin Z, Ene I V, Bohovych 

I, Sandai D, Kastora S, et al. 2014. Stress adaptation in a pathogenic fungus. J Exp Biol. 

217:144–55.  

47. Brown AJP, Haynes K, Quinn J. 2009. Nitrosative and oxidative stress responses in 

fungal pathogenicity. Curr Opin Microbiol. 12:384–391. 

48. Brown AJP, Odds FC, Gow NAR. 2007. Infection-related gene expression in Candida 

albicans. Curr Opin Microbiol. 10:307–313. 

49. Brown GD, Williams DL. 2009. β-Glucans in innate immunity: mammalian systems. 

Chem Biochem Biol (1, 3)-Beta Glucans Relat Polysaccharides San Diego, CA Acad 

Press Elsevier, Inc. 

50. Budtz-Jörgensen E. 1990. Histopathology, immunology, and serology of oral yeast 

infections: diagnosis of oral candidosis. Acta Odontol Scand. 48:37–43. 

51. Burnstock G. 2006. Pathophysiology and therapeutic potential of purinergic signaling. 



 

101 

 

Pharmacol Rev. 58:58–86. 

52. Butler G, Rasmussen MD, Lin MF, Santos MAS, Sakthikumar S, Munro CA, Rheinbay 

E, Grabherr M, Forche A, Reedy JL. 2009. Evolution of pathogenicity and sexual 

reproduction in eight Candida genomes. Nature. 459:657–662. 

53. Buu LM, Chen YC. 2014. Impact of glucose levels on expression of hypha-associated 

secreted aspartyl proteinases in Candida albicans. J Biomed Sci. 21:10–1186. 

54. Caldara M, Friedlander RS, Kavanaugh NL, Aizenberg J, Foster KR, Ribbeck K. 2012. 

Mucin biopolymers prevent bacterial aggregation by retaining cells in the free-

swimming state. Curr Biol. 22:2325–2330. 

55. Calderone RA, Braun PC. 1991. Adherence and receptor relationships of Candida 

albicans. Microbiol Rev. 55:1–20. 

56. Calderone RA, Clancy CJ. 2011. Candida and candidiasis. American Society for 

Microbiology Press. 

57. Calderone RA, Fonzi WA. 2001. Virulence factors of Candida albicans. Trends 

Microbiol. 9:327–335. 

58. Cameron BJ, Douglas LJ. 1996. Blood group glycolipids as epithelial cell receptors for 

Candida albicans. Infect Immun. 64:891–896. 

59. Cannon RD, Lamping E, Holmes AR, Niimi K, Tanabe K, Niimi M, Monk BC. 2007. 

Candida albicans drug resistance – another way to cope with stress. Microbiology. 

153:3211–3217.  

60. Čáp M, Váchová L, Palková Z. 2012. Reactive oxygen species in the signaling and 

adaptation of multicellular microbial communities. Oxid Med Cell Longev. 2012. 

61. Carotti C, Ferrario L, Roncero C, Valdivieso M, Duran A, Popolo L. 2002. Maintenance 

of cell integrity in the gas1 mutant of Saccharomyces cerevisiae requires the 

Chs3p‐targeting and activation pathway and involves an unusual Chs3p localization. 

Yeast. 19:1113–1124. 

62. Cassone A, Sullivan PA, Shepherd MG. 1985. N-acetyl-D-glucosamine-induced 

morphogenesis in Candida albicans. Microbiologica. 8:85–99. 

63. Cassone A. 1989. Cell wall of Candida albicans: its functions and its impact on the 

host. In: Curr Top Med Mycol. Springer; p. 248–314. 

64. Cassone A. 2015. Vulvovaginal Candida albicans infections: pathogenesis, immunity 

and vaccine prospects. BJOG An Int J Obstet Gynaecol. 122:785–794. 

65. Chaffin WL, López-Ribot JL, Casanova M, Gozalbo D, Martínez JP. 1998. Cell wall 

and secreted proteins of Candida albicans: identification, function, and expression. 



 

102 

 

Microbiol Mol Biol Rev. 62:130–180. 

66. Chami F, Chami N, Bennis S, Trouillas J, Remmal A. 2004. Evaluation of carvacrol and 

eugenol as prophylaxis and treatment of vaginal candidiasis in an immunosuppressed 

rat model. J Antimicrob Chemother. 54:909–914. 

67. Chandra J, Kuhn DM, Mukherjee PK, Hoyer LL, McCormick T, Ghannoum MA. 2001. 

Biofilm formation by the fungal pathogen Candida albicans: development, architecture, 

and drug resistance. J Bacteriol. 183:5385–5394. 

68. Chauhan N, Latge J-P, Calderone R. 2006. Signalling and oxidant adaptation in 

Candida albicans and Aspergillus fumigatus. Nat Rev Microbiol. 4:435–444. 

69. Che YO, Sanderson K, Roddam LF, Kirov SM, Reid DW. 2009. Iron-binding 

compounds impair Pseudomonas aeruginosa biofilm formation, especially under 

anaerobic conditions. J Med Microbiol. 58:765–773. 

70. Cheetham J, MacCallum DM, Doris KS, da Silva Dantas A, Scorfield S, Odds F, Smith 

DA, Quinn J. 2011. MAPKKK-independent regulation of the Hog1 stress-activated 

protein kinase in Candida albicans. J Biol Chem. 286:42002–42016. 

71. Cheng S-C, Joosten LAB, Kullberg B-J, Netea MG. 2012. Interplay between Candida 

albicans and the mammalian innate host defense.Maurelli AT, editor. Infect Immun. 

80:1304–1313.  

72. Comte S, Guibaud G, Baudu M. 2006. Relations between extraction protocols for 

activated sludge extracellular polymeric substances (EPS) and EPS complexation 

properties: Part I. Comparison of the efficiency of eight EPS extraction methods. 

Enzyme Microb Technol. 38:237–245. 

73. Correia FF, D’Onofrio A, Rejtar T, Li L, Karger BL, Makarova K, Koonin E V, Lewis 

K. 2006. Kinase activity of overexpressed hipa is required for growth arrest and 

multidrug tolerance in Escherichia coli . J Bacteriol. 188:8360–8367.  

74. Costa AL, Costa C, Misefari A, Amato A. 1968. On the enzymatic activity of certain 

fungi. VII. Phosphatidase activity on media containing sheep’s blood of pathogenic 

strains of Candida albicans. Atti Soc Sci Fis Mat Nat. 14:93–101. 

75. Costerton JW, Lewandowski Z, Caldwell DE, Korber DR, Lappin-Scott HM. 1995. 

Microbial biofilms. Annu Rev Microbiol. 49:711–745. 

76. Cowen LE, Steinbach WJ. 2008. Stress, drugs, and evolution: the role of cellular 

signaling in fungal drug resistance . Eukaryot Cell. 7:747–764.  

77. Crump JA, Collignon PJ. 2000. Intravascular catheter-associated infections. Eur J Clin 

Microbiol Infect Dis. 19:1–8. 



 

103 

 

78. Cruz CM, Rinna A, Forman HJ, Ventura ALM, Persechini PM, Ojcius DM. 2007. ATP 

activates a reactive oxygen species-dependent oxidative stress response and secretion of 

proinflammatory cytokines in macrophages. J Biol Chem. 282:2871–2879. 

79. Cutler JE. 2001. N-glycosylation of yeast, with emphasis on Candida albicans. Med 

Mycol. 39:75–86. 

80. D’Eça Júnior A, Silva AF, Rosa FC, Monteiro SG, Figueiredo P de MS, Monteiro C de 

A. 2011. In vitro differential activity of phospholipases and acid proteinases of clinical 

isolates of Candida. Rev Soc Bras Med Trop. 44:334–338. 

81. Dalleau S, Cateau E, Bergès T, Berjeaud JM, Imbert C. 2008. In vitro activity of 

terpenes against Candida biofilms. Int J Antimicrob Agents. 31:572–576. 

82. Dando R, Roper SD. 2009. Cell-to-cell communication in intact taste buds through ATP 

signalling from pannexin 1 gap junction hemichannels. J Physiol. 587:5899–5906. 

83. Das T, Manefield M. 2012. Pyocyanin promotes extracellular DNA release in 

Pseudomonas aeruginosa. PLoS One. 7:e46718. 

84. Denning DW. 2002. Echinocandins: a new class of antifungal. J Antimicrob 

Chemother. 49 :889–891.  

85. Desai JV, Bruno VM, Ganguly S, Stamper RJ, Mitchell KF, Solis N, Hill EM, Xu W, 

Filler SG, Andes DR, et al. 2013. Regulatory role of glycerol in Candida albicans 

biofilm formation. mBio. 4 .  

86. Desai JV, Mitchell AP, Andes DR. 2014. Fungal biofilms, drug resistance, and 

recurrent infection. Cold Spring Harb Perspect Med. 4.  

87. Desai J V, Mitchell AP. 2015. Candida albicans biofilm development and its genetic 

control. Microbiol Spectr. 3:10.1128/microbiolspec.MB–0005–2014.  

88. Dignac MF, Urbain V, Rybacki D, Bruchet A, Snidaro D, Scribe P. 1998. Chemical 

description of extracellular polymers: implication on activated sludge floc structure. 

Water Sci Technol. 38:45–53. 

89. Doedt T, Krishnamurthy S, Bockmühl DP, Tebarth B, Stempel C, Russell CL, Brown 

AJP, Ernst JF. 2004. APSES proteins regulate morphogenesis and metabolism in 

Candida albicans. Mol Biol Cell. 15:3167–3180. 

90. Dohare S, Dubey SD, Kalia M, Verma P, Pandey H, Singh NK, Agarwal V. 2014. Anti-

biofilm activity of eucalyptus globulus oil encapsulated silica nanoparticles against E. 

Coli biofilm. Int J Pharm Sci Res. 5:5011. 

91. Donlan RM, Costerton JW. 2002. Biofilms: survival mechanisms of clinically relevant 

microorganisms. Clin Microbiol Rev. 15:167–193. 



 

104 

 

92. Donlan RM. 2002. Biofilms: microbial life on surfaces. Emerg Infect Dis. 8. 

93. Douglas LJ. 2003. Candida biofilms and their role in infection. Trends Microbiol. 

11:30–36. 

94. DuBois M, Gilles KA, Hamilton JK, Rebers PA, Smith F. 1956. Colorimetric method 

for determination of sugars and related substances. Anal Chem. 28:350–356.  

95. Dusane DH, Nancharaiah YV, Zinjarde SS, Venugopalan VP. 2010. Rhamnolipid 

mediated disruption of marine Bacillus pumilus biofilms. Colloids Surfaces B 

Biointerfaces. 81:242–248. 

96. Eisman B, Alonso-Monge R, Roman E, Arana D, Nombela C, Pla J. 2006. The Cek1 

and Hog1 mitogen-activated protein kinases play complementary roles in cell wall 

biogenesis and chlamydospore formation in the fungal pathogen Candida albicans. 

Eukaryot Cell. 5:347–358. 

97. Ellepola ANB, Samaranayake LP. 2000. Oral candidal infections and antimycotics. Crit 

Rev Oral Biol Med. 11:172–198.  

98. Ellis M. 2002. Invasive fungal infections: evolving challenges for diagnosis and 

therapeutics. Mol Immunol. 38:947–957.  

99. Elorza M V, Murgui A, Rico H, Miragall F, Sentandreu R. 1987. Formation of a new 

cell wall by protoplasts of Candida albicans: effect of papulacandin B, tunicamycin and 

nikkomycin. Microbiology. 133:2315–2325. 

100. Ene I V, Adya AK, Wehmeier S, Brand AC, MacCallum DM, Gow NAR, Brown AJP. 

2012. Host carbon sources modulate cell wall architecture, drug resistance and 

virulence in a fungal pathogen. Cell Microbiol. 14:1319–1335. 

101. Enjalbert B, Nantel A, Whiteway M. 2003. Stress-induced gene expression in Candida 

albicans: absence of a general stress response. Mol Biol Cell. 14:1460–1467. 

102. Enjalbert B, Whiteway M. 2005. Release from quorum-sensing molecules triggers 

hyphal formation during Candida albicans resumption of growth. Eukaryot Cell. 

4:1203–1210. 

103. Eraso E, Moragues MD, Villar-Vidal M, Sahand IH, González-Gómez N, Pontón J, 

Quindós G. 2006. Evaluation of the new chromogenic medium Candida ID 2 for 

isolation and identification of Candida albicans and other medically important Candida 

species. J Clin Microbiol. 44:3340–3345. 

104. Fanning S, Mitchell AP. 2012. Fungal Biofilms. PLoS Pathog. 8:e1002585.  

105. Fekete A, Emri T, Gyetvai A, Gazdag Z, Pesti M, Varga Z, Balla J, Cserháti C, Emody 

L, Gergely L, Pócsi I. 2007. Development of oxidative stress tolerance resulted in 



 

105 

 

reduced ability to undergo morphologic transitions and decreased pathogenicity in a t-

butylhydroperoxide-tolerant mutant of Candida albicans. FEMS Yeast Res. 7:834–47.  

106. Felk A, Kretschmar M, Albrecht A, Schaller M, Beinhauer S, Nichterlein T, Sanglard 

D, Korting HC, Schäfer W, Hube B. 2002. Candida albicans hyphal formation and the 

expression of the Efg1-regulated proteinases Sap4 to Sap6 are required for the invasion 

of parenchymal organs. Infect Immun. 70:3689–3700. 

107. Ferrer J. 2000. Vaginal candidosis: epidemiological and etiological factors. Int J 

Gynecol Obstet. 71:21–27. 

108. Filler SG, Sheppard DC, Edwards Jr JE, Heitman J, Edwards JE, Mitchell AP. 2006. 

Molecular basis of fungal adherence to endothelial and epithelial cells. Mol Princ fungal 

Pathog.:187–196. 

109. Finkel JS, Mitchell AP. 2011. Genetic control of Candida albicans biofilm 

development. Nat Rev Microbiol. 9:109–118.  

110. Finkel JS, Xu W, Huang D, Hill EM, Desai J V, Woolford CA, Nett JE, Taff H, Norice 

CT, Andes DR. 2012. Portrait of Candida albicans adherence regulators. PLoS Pathog. 

8:e1002525. 

111. Fleet GH. 1991. Cell walls. The yeasts. 4:199–277. 

112. Fox EP, Nobile CJ. 2013. The role of Candida albicans biofilms in human disease. 

Candida albicans symptoms, causes treat options, Nov Sci Publ.:1–24. 

113. Fradin C, De Groot P, MacCallum D, Schaller M, Klis F, Odds FC, Hube B. 2005. 

Granulocytes govern the transcriptional response, morphology and proliferation of 

Candida albicans in human blood. Mol Microbiol. 56:397–415.  

114. Frohner IE, Bourgeois C, Yatsyk K, Majer O, Kuchler K. 2009. Candida albicans cell 

surface superoxide dismutases degrade host‐derived reactive oxygen species to escape 

innate immune surveillance. Mol Microbiol. 71:240–252. 

115. Galichet  A, Sockalingum GD, Belarbi  A. Manfait M. 2001. FTIR spectroscopic 

analysis of Saccharomyces cerevisiae cell walls: Study of an anomalous strain 

exhibiting a pink-colored cell phenotype. FEMS Microbiol Lett. 197:179–186. 

116. Gan BS, Kim J, Reid G, Cadieux P, Howard JC. 2002. Lactobacillus fermentum RC-14 

inhibits Staphylococcus aureus infection of surgical implants in rats. J Infect Dis. 

185:1369–1372. 

117. Gancedo JM. 1998. Yeast carbon catabolite repression. Microbiol Mol Biol Rev. 

62:334–361. 

118. García-Sánchez S, Aubert S, Iraqui I, Janbon G, Ghigo JM, d’Enfert C. 2004. Candida 



 

106 

 

albicans biofilms: a developmental state associated with specific and stable gene 

expression patterns. Eukaryot Cell. 3:536–545. 

119. Ghannoum MA. 2000. Potential role of phospholipases in virulence and fungal 

pathogenesis. Clin Microbiol Rev. 13:122–143. 

120. Goldmann DA, Pier GB. 1993. Pathogenesis of infections related to intravascular 

catheterization. Clin Microbiol Rev. 6:176–192. 

121. Gow NAR, Brown AJP, Odds FC. 2002. Fungal morphogenesis and host invasion. Curr 

Opin Microbiol. 5:366–371. 

122. Gow NAR, Hube B. 2012. Importance of the Candida albicans cell wall during 

commensalism and infection. Curr Opin Microbiol. 15:406–412. 

123. Green CB, Cheng G, Chandra J, Mukherjee P, Ghannoum MA, Hoyer LL. 2004. RT-

PCR detection of Candida albicans ALS gene expression in the reconstituted human 

epithelium (RHE) model of oral candidiasis and in model biofilms. Microbiology. 

150:267–275. 

124. Gristina AG. 1994. Biofilms and chronic bacterial infections. Clin Microbiol Newsl. 

16:171–176.  

125. de Groot PWJ, de Boer AD, Cunningham J, Dekker HL, de Jong L, Hellingwerf KJ, de 

Koster C, Klis FM. 2004. Proteomic analysis of Candida albicans cell walls reveals 

covalently bound carbohydrate-active enzymes and adhesins. Eukaryot Cell. 3:955–965. 

126. Gropp K, Schild L, Schindler S, Hube B, Zipfel PF, Skerka C. 2009. The yeast Candida 

albicans evades human complement attack by secretion of aspartic proteases. Mol 

Immunol. 47:465–475. 

127. Grubb SEW, Murdoch C, Sudbery PE, Saville SP, Lopez-Ribot JL, Thornhill MH. 

2008. Candida albicans-endothelial cell interactions: a key step in the pathogenesis of 

systemic candidiasis. Infect Immun. 76:4370–4377. 

128. Gulati M, Nobile CJ. 2016. Candida albicans biofilms: development, regulation, and 

molecular mechanisms. Microbes Infect. 18:310-321. 

129. Gum JR, Hicks JW, Toribara NW, Siddiki B, Kim YS. 1994. Molecular cloning of 

human intestinal mucin (MUC2) cDNA. Identification of the amino terminus and 

overall sequence similarity to prepro-von Willebrand factor. J Biol Chem. 269:2440–

2446.  

130. Gupta P, Kumhar GD, Kaur G, Ramachandran VG. 2005. Clinical significance of 

polymicrobial bacteremia in newborns. J Paediatr Child Health. 41:365–368.  

131. Gupta V, Satyanarayana T. 2002. Production of extracellular siderophores by 



 

107 

 

ectomycorrhizal fungi. Indian J Microbiol. 42:107–110. 

132. Haley B, Frenkel E. 2008. Nanoparticles for drug delivery in cancer treatment. In: Urol 

Oncol Semin Orig Investig. Vol. 26. Elsevier; p. 57–64. 

133. Hall RA, Turner KJ, Chaloupka J, Cottier F, de Sordi L, Sanglard D, Levin LR, Buck J, 

Mühlschlegel FA. 2011. The quorum-sensing molecules farnesol/homoserine lactone 

and dodecanol operate via distinct modes of action in Candida albicans. Eukaryot Cell. 

10:1034–1042. 

134. Hall RA. 2015. Dressed to impress: impact of environmental adaptation on the Candida 

albicans cell wall. Mol Microbiol. 97:7–17.  

135. Hamada K, Terashima H, Arisawa M, Yabuki N, Kitada K. 1999. Amino acid residues 

in the ω-minus region participate in cellular localization of yeast 

glycosylphosphatidylinositol-attached proteins. J Bacteriol. 181:3886–3889. 

136. Hammer KA, Carson CF, Riley TV. 2003. Antifungal activity of the components of 

Melaleuca alternifolia (tea tree) oil. J Appl Microbiol. 95:853–860. 

137. Hammer KA, Carson CF, Riley TV. 2000. Melaleuca alternifolia (tea tree) oil inhibits 

germ tube formation by Candida albicans. Med Mycol. 38:354–361. 

138. Harriott MM, Noverr MC. 2009. Candida albicans and Staphylococcus aureus form 

polymicrobial biofilms: effects on antimicrobial resistance. Antimicrob Agents 

Chemother. 53:3914–3922.  

139. Hauser AR, Jain M, Bar-Meir M, McColley SA. 2011. Clinical significance of 

microbial infection and adaptation in cystic fibrosis. Clin Microbiol Rev. 24:29–70.  

140. Havsteen BH. 2002. The biochemistry and medical significance of the flavonoids. 

Pharmacol Ther. 96:67–202. 

141. Hawser S. 1996. Comparisons of the susceptibilities of planktonic and adherent 

Candida albicans to antifungal agents: a modified XTT tetrazolium assay using 

synchronised C. albicans cells. J Med Vet Mycol. 34:149–152. 

142. Hawser SP, Douglas LJ. 1994. Biofilm formation by Candida species on the surface of 

catheter materials in vitro. Infect Immun. 62:915–921. 

143. He M, Du M, Fan M, Bian Z. 2007. In vitro activity of eugenol against Candida 

albicans biofilms. Mycopathologia. 163:137–143. 

144. Hebecker B, Naglik JR, Hube B, Jacobsen ID. 2014. Pathogenicity mechanisms and 

host response during oral Candida albicans infections. Expert Rev Anti Infect Ther. 

12:867–879. 

145. Hector RF, Braun PC. 1986. Synergistic action of nikkomycins X and Z with 



 

108 

 

papulacandin B on whole cells and regenerating protoplasts of Candida albicans. 

Antimicrob Agents Chemother. 29:389–394.  

146. Heilmann CJ, Sorgo AG, Mohammadi S, Sosinska GJ, de Koster CG, Brul S, de 

Koning LJ, Klis FM. 2013. Surface stress induces a conserved cell wall stress response 

in the pathogenic fungus Candida albicans. Eukaryot Cell. 12:254–64.  

147. Herwald SE, Kumamoto CA. 2014. Candida albicans niche specialization: features that 

distinguish biofilm cells from commensal cells. Curr Fungal Infect Rep. 8:179–184.  

148. Hibino K, Wong RWK, Hägg U, Samaranayake LP. 2009. The effects of orthodontic 

appliances on Candida in the human mouth. Int J Paediatr Dent. 19:301–308.  

149. Hickey DK, Patel MV, Fahey JV, Wira CR. 2011. Innate and adaptive immunity at 

mucosal surfaces of the female reproductive tract: stratification and integration of 

immune protection against the transmission of sexually transmitted infections. J Reprod 

Immunol. 88:185–194.  

150. Hinnebusch AG. 1988. Mechanisms of gene regulation in the general control of amino 

acid biosynthesis in Saccharomyces cerevisiae. Microbiol Rev. 52:248. 

151. Hogan DA, Kolter R. 2002. Pseudomonas-Candida interactions: an ecological role for 

virulence factors. Science. 296:2229–2232. 

152. Homer KA, Beighton D. 1992. Synergistic degradation of transferrin by mutans 

Streptococci in association with other dental plaque bacteria. Microb Ecol Health Dis. 

5:111–116. 

153. Horowitz BJ, Edelstein SW, Lippman L. 1984. Sugar chromatography studies in 

recurrent Candida vulvovaginitis. J Reprod Med. 29:441–443. 

154. Hosseini SF, Zandi M, Rezaei M, Farahmandghavi F. 2013. Two-step method for 

encapsulation of oregano essential oil in chitosan nanoparticles: preparation, 

characterization and in vitro release study. Carbohydr Polym. 95:50–56. 

155. Hoyer LL. 2001. The ALS gene family of Candida albicans. Trends Microbiol. 9:176–

180. 

156. Hoyle BD, Jass J, Costerton JW. 1990. The biofilm glycocalyx as a resistance factor. J 

Antimicrob Chemother. 26:1–5.  

157. Hube B, Naglik J. 2001. Candida albicans proteinases: resolving the mystery of a gene 

family. Microbiology. 147:1997–2005. 

158. Hube B, Sanglard D, Odds FC, Hess D, Monod M, Schäfer W, Brown AJ, Gow NA. 

1997. Disruption of each of the secreted aspartyl proteinase genes SAP1, SAP2, and 

SAP3 of Candida albicans attenuates virulence. Infect Immun. 65:3529–3538. 



 

109 

 

159. Hube B. 2004. From commensal to pathogen: stage-and tissue-specific gene expression 

of Candida albicans. Curr Opin Microbiol. 7:336–341. 

160. Hudson DA, Sciascia QL, Sanders RJ, Norris GE, Edwards PJB, Sullivan PA, Farley 

PC. 2004. Identification of the dialysable serum inducer of germ-tube formation in 

Candida albicans. Microbiology. 150:3041–3049. 

161. Iacono VJ, Boldt PR, MacKay BJ, Cho MI, Pollock JJ. 1983. Lytic sensitivity of 

Actinobacillus actinomycetemcomitans Y4 to lysozyme. Infect Immun. 40:773–784. 

162. Iacono VJ, Byrnes TP, Crawford IT, Grossbard BL, Pollock JJ, MacKay BJ. 1985. 

Lysozyme-mediated de-chaining of Streptococcus mutans and its antibacterial 

significance in an acidic environment. J Dent Res. 64:48–53. 

163. Ibrahim AS, Mirbod F, Filler SG, Banno Y, Cole GT, Kitajima Y, Edwards JE, Nozawa 

Y, Ghannoum MA. 1995. Evidence implicating phospholipase as a virulence factor of 

Candida albicans. Infect Immun. 63:1993–1998. 

164. Ibrahim M, Alaam M, El-Haes H, Jalbout AF, Leon A de. 2006. Analysis of the 

structure and vibrational spectra of glucose and fructose. Eclet Quim. 31:15–21. 

165. Ihmels J, Bergmann S, Gerami-Nejad M, Yanai I, McClellan M, Berman J, Barkai N. 

2005. Rewiring of the yeast transcriptional network through the evolution of motif 

usage. Science. 309:938–940. 

166. Jakubowski W, Biliński T, Bartosz G. 2000. Oxidative stress during aging of stationary 

cultures of the yeast Saccharomyces cerevisiae. Free Radic Biol Med. 28:659–664. 

167. Jenkinson HF, Douglas LJ. 2002. Interactions between Candida species and bacteria in 

mixed infections. 

168. Jiménez-López C, Lorenz MC. 2013. Fungal immune evasion in a model host–pathogen 

interaction: Candida albicans versus macrophages. PLoS Pathog. 9:e1003741.  

169. Jin Y, Samaranayake LP, Samaranayake Y, Yip HK. 2004. Biofilm formation of 

Candida albicans is variably affected by saliva and dietary sugars. Arch Oral Biol. 

49:789–798. 

170. Jin Y, Zhang T, Samaranayake YH, Fang HHP, Yip HK, Samaranayake LP. 2005. The 

use of new probes and stains for improved assessment of cell viability and extracellular 

polymeric substances in Candida albicans biofilms. Mycopathologia. 159:353–360. 

171. Jones T, Federspiel NA, Chibana H, Dungan J, Kalman S, Magee BB, Newport G, 

Thorstenson YR, Agabian N, Magee PT. 2004. The diploid genome sequence of 

Candida albicans. Proc Natl Acad Sci U S A. 101:7329–7334. 

172. Jouault T, Bernigaud A, Lepage G, Trinel PA, Poulain D. 1994. The Candida albicans 



 

110 

 

phospholipomannan induces in vitro production of tumour necrosis factor-alpha from 

human and murine macrophages. Immunology. 83:268. 

173. Jue CK, Lipke PN. 2002. Role of Fig2p in agglutination in Saccharomyces cerevisiae. 

Eukaryot Cell. 1:843–845. 

174. Kalia M, Yadav VK, Singh PK, Sharma D, Pandey H, Narvi SS, Agarwal V. 2015. 

Effect of cinnamon oil on quorum sensing-controlled virulence factors and biofilm 

formation in Pseudomonas aeruginosa.Leoni L, editor. PLoS One. 10:e0135495.  

175. Kapteyn JC, Hoyer LL, Hecht JE, Müller WH, Andel A, Verkleij AJ, Makarow M, Van 

Den Ende H, Klis FM. 2000. The cell wall architecture of Candida albicans wild‐type 

cells and cell wall‐defective mutants. Mol Microbiol. 35:601–611. 

176. Karkowska-Kuleta J, Rapala-Kozik M, Kozik A. 2009. Fungi pathogenic to humans: 

molecular bases of virulence of Candida albicans, Cryptococcus neoformans and 

Aspergillus fumigatus. Acta Biochim Pol. 56:211. 

177. Kart D, Tavernier S, Acker H Van, Nelis HJ, Coenye T. 2014. Activity of disinfectants 

against multispecies biofilms formed by Staphylococcus aureus, Candida albicans and 

Pseudomonas aeruginosa. Biofouling. 30:377–383.  

178. Kathju S, Nistico L, Tower I, Lasko LA, Stoodley P. 2014. Bacterial biofilms on 

implanted suture material are a cause of surgical site infection. Surg Infect (Larchmt). 

15:592–600.  

179. Kavanaugh NL, Zhang AQ, Nobile CJ, Johnson AD, Ribbeck K. 2014. Mucins suppress 

virulence traits of Candida albicans. MBio. 5:6 e01911-14. 

180. Khan MSA, Ahmad I, Cameotra SS. 2013. Phenyl aldehyde and propanoids exert 

multiple sites of action towards cell membrane and cell wall targeting ergosterol in 

Candida albicans. AMB Express. 3:54.  

181. Kiehn TE, Bernard EM, Gold JW, Armstrong D. 1979. Candidiasis: detection by gas-

liquid chromatography of D-arabinitol, a fungal metabolite, in human serum. Science. 

206:577–580. 

182. Van Klinken BJ, Dekker J, Buller HA, de Bolos C, Einerhand AW. 1997. Biosynthesis 

of mucins (MUC2-6) along the longitudinal axis of the human gastrointestinal tract. Am 

J Physiol - Gastrointest Liver Physiol. 273:G296–G302.  

183. Klipp E, Nordlander B, Krüger R, Gennemark P, Hohmann S. 2005. Integrative model 

of the response of yeast to osmotic shock. Nat Biotechnol. 23:975–982. 

184. Klis FM, De Groot P, Brul S, Hellingwerf K. 2004. Molecular organization and 

biogenesis of the cell wall. Metab Mol Physiol Saccharomyces Cerevisiae 2nd ed CRC 



 

111 

 

Press Boca Raton, FL.:117–139. 

185. Klis FM, De Groot P, Hellingwerf K. 2001. Molecular organization of the cell wall of 

Candida albicans. Med Mycol. 39:1–8. 

186. Klis FM, Sosinska GJ, De Groot PWJ, Brul S. 2009. Covalently linked cell wall 

proteins of Candida albicans and their role in fitness and virulence. FEMS Yeast Res. 

9:1013–1028. 

187. Klis FM. 1994. Review: cell wall assembly in yeast. Yeast. 10:851–869. 

188. Klotz SA, Chasin BS, Powell B, Gaur NK, Lipke PN. 2007. Polymicrobial bloodstream 

infections involving Candida species: analysis of patients and review of the literature. 

Diagn Microbiol Infect Dis. 59:401–406.  

189. Kojic EM, Darouiche RO. 2004. Candida infections of medical devices. Clin Microbiol 

Rev. 17:255–267. 

190. Kopecká M, Phaff HJ, Fleet GH. 1974. Demonstration of a fibrillar component in the 

cell wall of the yeast Saccharomyces cerevisiae and its chemical nature. J Cell Biol. 

62:66–76. 

191. Koyama T, Makita M, Shibata N, Okawa Y. 2009. Influence of oxidative and osmotic 

stresses on the structure of the cell wall mannan of Candida albicans serotype A. 

Carbohydr Res. 344:2195–2200. 

192. Kühn C, Klipp E. 2012. Zooming in on yeast osmoadaptation. In: Adv Syst Biol. 

Springer; p. 293–310. 

193. Kuhn DM, Chandra J, Mukherjee PK, Ghannoum MA. 2002. Comparison of biofilms 

formed by Candida albicans and Candida parapsilosis on bioprosthetic surfaces. Infect 

Immun. 70:878–888. 

194. Kumamoto CA, Vinces MD. 2005. Contributions of hyphae and hypha-co-regulated 

genes to Candida albicans virulence. Cell Microbiol. 7:1546–1554.  

195. Kumamoto CA. 2002. Candida biofilms. Curr Opin Microbiol. 5:608–611.  

196. Kumar A, Mallik D, Pal S, Mallick S, Sarkar S, Chanda A, Ghosh AS. 2015. 

Escherichia coli O8-antigen enhances biofilm formation under agitated 

conditions.Clarke D, editor. FEMS Microbiol Lett. 362.  

197. LaFleur MD, Kumamoto CA, Lewis K. 2006. Candida albicans biofilms produce 

antifungal-tolerant persister cells . Antimicrob Agents Chemother. 50:3839–3846.  

198. Lal P, Agarwal V, Pruthi P, Pereira BMJ, Kural MR, Pruthi V. 2008. Biofilm formation 

by Candida albicans isolated from intrauterine devices. Indian J Microbiol. 48:438–

444.  



 

112 

 

199. Lal P, Sharma D, Pruthi P, Pruthi V. 2010. Exopolysaccharide analysis of 

biofilm‐forming Candida albicans. J Appl Microbiol. 109:128–136. 

200. Lan C-Y, Newport G, Murillo LA, Jones T, Scherer S, Davis RW, Agabian N. 2002. 

Metabolic specialization associated with phenotypic switching in Candida albicans. 

Proc Natl Acad Sci. 99:14907–14912. 

201. Lewis RE. 2007. Pharmacodynamic implications for use of antifungal agents. Curr Opin 

Pharmacol. 7:491–497.  

202. Li D, Gurkovska V, Sheridan M, Calderone R, Chauhan N. 2004. Studies on the 

regulation of the two-component histidine kinase gene CHK1 in Candida albicans 

using the heterologous lacZ reporter gene. Microbiology. 150:3305–3313. 

203. Link A, Balaguer F, Goel A. 2010. Cancer chemoprevention by dietary polyphenols: 

promising role for epigenetics. Biochem Pharmacol. 80:1771–1792. 

204. Lipke PN, Ovalle R. 1998. Cell wall architecture in yeast: new structure and new 

challenges. J Bacteriol. 180:3735–3740. 

205. Lo HJ, Köhler JR, DiDomenico B, Loebenberg D, Cacciapuoti A, Fink GR. 1997. Non-

filamentous C. albicans mutants are avirulent. Cell. 90:939–949. 

206. Loomis RE, Prakobphol A, Levine MJ, Reddy MS, Jones PC. 1987. Biochemical and 

biophysical comparison of two mucins from human submandibular-sublingual saliva. 

Arch Biochem Biophys. 258:452–464. 

207. Lórenz-Fonfría VA, Padrós E. 2005. Maximum entropy deconvolution of infrared 

spectra: use of a novel entropy expression without sign restriction. Appl Spectrosc. 

59:474–486. 

208. Lowman DW, Greene RR, Bearden DW, Kruppa MD, Pottier M, Monteiro M a., 

Soldatov D V., Ensley HE, Cheng SC, Netea MG, Williams DL. 2014. Novel structural 

features in Candida albicans hyphal glucan provide a basis for differential innate 

immune recognition of hyphae versus yeast. J Biol Chem. 289:3432–3443. 

209. Lowman DW, Williams DL. 2001. A proton nuclear magnetic resonance method for the 

quantitative analysis on a dry weight basis of (1→ 3)-β-D-glucans in a complex, 

solvent-wet matrix. J Agric Food Chem. 49:4188–4191. 

210. Lynch AS, Robertson GT. 2008. Bacterial and Fungal Biofilm Infections. Annu Rev 

Med. 59:415–428.  

211. Ma L, Conover M, Lu H, Parsek MR, Bayles K, Wozniak DJ. 2009. Assembly and 

Development of the Pseudomonas aeruginosa Biofilm Matrix. PLoS Pathog. 

5:e1000354.  



 

113 

 

212. Magnelli P, Cipollo JF, Abeijon C. 2002. A refined method for the determination of 

Saccharomyces cerevisiae cell wall composition and β-1, 6-glucan fine structure. Anal 

Biochem. 301:136–150. 

213. Maidan MM, Thevelein JM, Van Dijck P. 2005. Carbon source induced yeast-to-hypha 

transition in Candida albicans is dependent on the presence of amino acids and on the 

G-protein-coupled receptor Gpr1. Biochem Soc Trans. 33:291–293. 

214. Mansour MK, Levitz SM. 2002. Interactions of fungi with phagocytes. Curr Opin 

Microbiol. 5:359–365. 

215. Mansouri MD, Darouiche RO. 2008. In vitro activity and in vivo efficacy of catheters 

impregnated with chloroxylenol and thymol against uropathogens. Clin Microbiol 

Infect. 14:190–192. 

216. Marcos-Arias C, Eraso E, Madariaga L, Quindós G. 2011. In vitro activities of natural 

products against oral Candida isolates from denture wearers. BMC Complement Altern 

Med. 11:1. 

217. Martchenko M, Levitin A, Hogues H, Nantel A, Whiteway M. 2007. Transcriptional 

rewiring of fungal galactose-metabolism circuitry. Curr Biol. 17:1007–1013. 

218. Martinez LR, Casadevall A. 2007. Cryptococcus neoformans biofilm formation depends 

on surface support and carbon source and reduces fungal cell susceptibility to heat, 

cold, and UV light. Appl Environ Microbiol. 73:4592–4601. 

219. Mavor AL, Thewes S, Hube B. 2005. Systemic fungal infections caused by Candida 

species: epidemiology, infection process and virulence attributes. Curr Drug Targets. 

6:863–874. 

220. Mayer FL, Wilson D, Hube B. 2013. Candida albicans pathogenicity mechanisms. 

Virulence. 4:119–128. 

221. McAlester G, O'Gara F, Morrissey JP. 2008. Signal-mediated interactions between 

Pseudomonas aeruginosa and Candida albicans. J Med Microbiol. 57:563–569.  

222. McLean RJC, Kakirde KS. 2013. Enhancing metagenomics investigations of microbial 

interactions with biofilm technology. Int J Mol Sci. 14:22246.  

223. van der Mei HC, Free RH, Elving GJ, Van Weissenbruch R, Albers FWJ, Busscher HJ. 

2000. Effect of probiotic bacteria on prevalence of yeasts in oropharyngeal biofilms on 

silicone rubber voice prostheses in vitro. J Med Microbiol. 49:713–718. 

224. Miramón P, Dunker C, Windecker H, Bohovych IM, Brown AJP, Kurzai O, Hube B. 

2012. Cellular responses of Candida albicans to phagocytosis and the extracellular 

activities of neutrophils are critical to counteract carbohydrate starvation, oxidative and 



 

114 

 

nitrosative stress. PLoS One. 7:e52850. 

225. Mitchell KF, Zarnowski R, Sanchez H, Edward JA, Reinicke EL, Nett JE, Mitchell AP, 

Andes DR. 2015. Community participation in biofilm matrix assembly and function. 

Proc Natl Acad Sci USA. 112:4092–4097.  

226. Miyakawa Y, Kuribayashi T, Kagaya K, Suzuki M, Nakase T, Fukazawa Y. 1992. Role 

of specific determinants in mannan of Candida albicans serotype A in adherence to 

human buccal epithelial cells. Infect Immun. 60:2493–2499. 

227. Moons P, Michiels CW, Aertsen A. 2009. Bacterial interactions in biofilms. Crit Rev 

Microbiol. 35:157–168.  

228. Morrell M, Fraser VJ, Kollef MH. 2005. Delaying the empiric treatment of Candida 

bloodstream infection until positive blood culture results are obtained: a potential risk 

factor for hospital mortality. Antimicrob Agents Chemother. 49:3640–3645. 

229. Morschhäuser J. 2010. Regulation of white-opaque switching in Candida albicans. Med 

Microbiol Immunol. 199:165–172. 

230. Moryl M, Kaleta A, Strzelecki K, Rózalska S, Rózalski A. 2014. Effect of nutrient and 

stress factors on polysaccharides synthesis in Proteus mirabilis biofilm. Acta Biochim 

Pol. 61:133–139. 

231. Mukherjee PK, Chandra J, Kuhn DM, Ghannoum MA. 2003. Differential expression of 

Candida albicans phospholipase B (PLB1) under various environmental and 

physiological conditions. Microbiology. 149:261–267. 

232. Mukherjee PK, Chandra J. 2004. Candida biofilm resistance. Drug Resist Updat. 

7:301–309. 

233. Naglik J, Albrecht A, Bader O, Hube B. 2004. Candida albicans proteinases and 

host/pathogen interactions. Cell Microbiol. 6:915–926. 

234. Naglik JR, Challacombe SJ, Hube B. 2003. Candida albicans secreted aspartyl 

proteinases in virulence and pathogenesis. Microbiol Mol Biol Rev. 67:400–428. 

235. Naglik JR, Moyes D, Makwana J, Kanzaria P, Tsichlaki E, Weindl G, Tappuni AR, 

Rodgers CA, Woodman AJ, Challacombe SJ. 2008. Quantitative expression of the 

Candida albicans secreted aspartyl proteinase gene family in human oral and vaginal 

candidiasis. Microbiology. 154:3266–3280. 

236. Naglik JR, Moyes DL, Wächtler B, Hube B. 2011. Candida albicans interactions with 

epithelial cells and mucosal immunity. Microbes Infect. 13:963–976. 

237. Nair RA, Samaranayake LP. 1996a. The effect of oral commensal bacteria on candidal 

adhesion to denture acrylic surfaces. APMIS. 104:339–349.  



 

115 

 

238. Nair RG, Samaranayake LP. 1996b. The effect of oral commensal bacteria on candidal 

adhesion to human buccal epithelial cells in vitro. J Med Microbiol. 45:179–185.  

239. Nantel A, Dignard D, Bachewich C, Harcus D, Marcil A, Bouin A-P, Sensen CW, 

Hogues H, van het Hoog M, Gordon P. 2002. Transcription profiling of Candida 

albicans cells undergoing the yeast-to-hyphal transition. Mol Biol Cell. 13:3452–3465. 

240. Natarajan K, Meyer MR, Jackson BM, Slade D, Roberts C, Hinnebusch AG, Marton 

MJ. 2001. Transcriptional profiling shows that Gcn4p is a master regulator of gene 

expression during amino acid starvation in yeast. Mol Cell Biol. 21:4347–4368. 

241. Nelson AL, Roche AM, Gould JM, Chim K, Ratner AJ, Weiser JN. 2007. Capsule 

enhances pneumococcal colonization by limiting mucus-mediated clearance. Infect 

Immun. 75:83–90. 

242. Nelson RD, Shibata N, Podzorski RP, Herron MJ. 1991. Candida mannan: chemistry, 

suppression of cell-mediated immunity, and possible mechanisms of action. Clin 

Microbiol Rev. 4:1–19. 

243. Nett J, Lincoln L, Marchillo K, Massey R, Holoyda K, Hoff B, VanHandel M, Andes 

D. 2007. Putative role of β-1,3 glucans in Candida albicans biofilm resistance. 

Antimicrob Agents Chemother. 51:510–520.  

244. Nicholls S, MacCallum DM, Kaffarnik F A R, Selway L, Peck SC, Brown AJP. 2011. 

Activation of the heat shock transcription factor Hsf1 is essential for the full virulence 

of the fungal pathogen Candida albicans. Fungal Genet Biol. 48:297–305.  

245. Niimi M, Kamiyama A, Tokunaga M. 1988. Respiration of medically important 

Candida species and Saccharomyces cerevisiae in relation to glucose effect. J Med Vet 

Mycol. 26:195–198. 

246. Nikawa H, Samaranayake LP, Tenovuo J, Pang KM, Hamada T. 1993. The fungicidal 

effect of human lactoferrin on Candida albicans and Candida krusei. Arch Oral Biol. 

38:1057–1063. 

247. Nikolaou E, Agrafioti I, Stumpf M, Quinn J, Stansfield I, Brown AJP. 2009. 

Phylogenetic diversity of stress signalling pathways in fungi. BMC Evol Biol. 9:1. 

248. De Nobel JG, Klis FM, Munnik T, Priem J, van den Ende H. 1990. An assay of relative 

cell wall porosity in Saccharomyces cerevisiae, Kluyveromyces lactis and 

Schizosaccharomyces pombe. Yeast. 6:483–490. 

249. Nobile CJ, Johnson AD. 2015. Candida albicans biofilms and human disease. Annu 

Rev Microbiol. 69:71–92. 

250. Nobile CJ, Schneider HA, Nett JE, Sheppard DC, Filler SG, Andes DR, Mitchell AP. 



 

116 

 

2008. Complementary adhesin function in C. albicans biofilm formation. Curr Biol. 

18:1017–1024. 

251. Nobbs AH, Vickerman MM, Jenkinson HF. 2010. Heterologous expression of Candida 

albicans cell wall-associated adhesins in Saccharomyces cerevisiae reveals differential 

specificities in adherence and biofilm formation and in binding oral Streptococcus 

gordonii. Eukaryot Cell. 9:1622-1634.  

252. Noguchi T, Ishii K, Fukutomi H, Naguro I, Matsuzawa A, Takeda K, Ichijo H. 2008. 

Requirement of reactive oxygen species-dependent activation of ASK1-p38 MAPK 

pathway for extracellular ATP-induced apoptosis in macrophage. J Biol Chem. 

283:7657–7665. 

253. De Nollin S, Borgers M. 1975. Scanning electron microscopy of Candida albicans after 

in vitro treatment with miconazole. Antimicrob Agents Chemother. 7:704–711. 

254. Nseir S, Jozefowicz E, Cavestri B, Sendid B, Di Pompeo C, Dewavrin F, Favory R, 

Roussel-Delvallez M, Durocher A. 2007. Impact of antifungal treatment on Candida-

Pseudomonas interaction: a preliminary retrospective case-control study. Intensive Care 

Med. 33:137–142.  

255. Odds FC. 1988. Candida and candidosis: a review and bibliography. Bailliere Tindall. 

256. Ostrosky-Zeichner L, Pappas PG, Shoham S, Reboli A, Barron MA, Sims C, Wood C, 

Sobel JD. 2011. Improvement of a clinical prediction rule for clinical trials on 

prophylaxis for invasive candidiasis in the intensive care unit. Mycoses. 54:46–51.  

257. Osumi M. 1998. The ultrastructure of yeast: cell wall structure and formation. Micron. 

29:207–233. 

258. Owen DH, Katz DF. 1999. A vaginal fluid simulant. Contraception. 59:91–95. 

259. Palmeira-de-Oliveira A, Salgueiro L, Palmeira-de-Oliveira R, Martinez-de-Oliveira J, 

Pina-Vaz C, Queiroz JA, Rodrigues AG. 2009. Anti-Candida activity of essential oils. 

Mini Rev Med Chem. 9:1292–1305. 

260. Pappas PG, Kauffman CA, Andes D, Benjamin DK, Calandra TF, Edwards JE, Filler 

SG, Fisher JF, Kullberg B-J, Zeichner LO, et al. 2009. Clinical practice guidelines for 

the management candidiasis: 2009 update by the infectious diseases society of America. 

Clin Infect Dis. 48:503–535.  

261. Park SJ, Han KH, Park JY, Choi SJ, Lee KH. 2014. Influence of bacterial presence on 

biofilm formation of Candida albicans. Yonsei Med J. 

262. Parvathenani LK, Tertyshnikova S, Greco CR, Roberts SB, Robertson B, Posmantur R. 

2003. P2X7 mediates superoxide production in primary microglia and is up-regulated in 



 

117 

 

a transgenic mouse model of Alzheimer’s disease. J Biol Chem. 278:13309–13317. 

263. Patterson MJ, McKenzie CG, Smith DA, da Silva Dantas A, Sherston S, Veal EA, 

Morgan BA, MacCallum DM, Erwig L-P, Quinn J. 2013. Ybp1 and Gpx3 signaling in 

Candida albicans govern hydrogen peroxide-induced oxidation of the Cap1 

transcription factor and macrophage escape. Antioxid Redox Signal. 19:2244–2260. 

264. Pauli A. 2006. Anti-candidal low molecular compounds from higher plants with special 

reference to compounds from essential oils. Med Res Rev. 26:223–268. 

265. Pemmaraju SC, Pruthi PA, Prasad R, Pruthi V. 2016. Modulation of Candida albicans 

Biofilm by Different Carbon Sources. Mycopathologia. 181:341–352. 

266. Perlroth J, Choi B, Spellberg B. 2007. Nosocomial fungal infections: epidemiology, 

diagnosis, and treatment. Med Mycol. 45:321–346. 

267. Peters BM, Jabra-Rizk MA, Graeme AO, Costerton JW, Shirtliff ME. 2012. 

Polymicrobial interactions: impact on pathogenesis and human disease. Clin Microbiol 

Rev. 25:193–213. 

268. Peters BM, Jabra-Rizk MA, Scheper MA, Leid JG, Costerton JW, Shirtliff ME. 2010. 

Microbial interactions and differential protein expression in Staphylococcus aureus-

Candida albicans dual-species biofilms. FEMS Immunol Med Microbiol. 

269. Pfaller MA, Diekema DJ. 2004. Rare and emerging opportunistic fungal pathogens: 

concern for resistance beyond Candida albicans and Aspergillus fumigatus. J Clin 

Microbiol. 42:4419–4431. 

270. Pfaller MA, Diekema DJ. 2010. Epidemiology of invasive mycoses in North America. 

Crit Rev Microbiol. 36:1–53. 

271. Pierce CG, Thomas DP, López-Ribot JL. 2009. Effect of tunicamycin on Candida 

albicans biofilm formation and maintenance. J Antimicrob Chemother. 63:473–479.  

272. Pierce CG, Uppuluri P, Tristan AR, Wormley FL, Mowat E, Ramage G, Lopez-Ribot 

JL. 2008. A simple and reproducible 96-well plate-based method for the formation of 

fungal biofilms and its application to antifungal susceptibility testing. Nat Protoc. 

3:1494–1500. 

273. Plata MR, Koch C, Wechselberger P, Herwig C, Lendl B. 2013. Determination of 

carbohydrates present in Saccharomyces cerevisiae using mid-infrared spectroscopy 

and partial least squares regression. Anal Bioanal Chem. 405:8241–8250. 

274. Popolo L, Gualtieri T, Ragni E. 2001. The yeast cell-wall salvage pathway. Med Mycol. 

39:111–121. 

275. Porchet N, Van Cong N, Dufosse J, Audie JP, Guyonnet-Duperat V, Gross MS, Denis 



 

118 

 

C, Degand P, Bernheim A, Aubert JP. 1991. Molecular cloning and chromosomal 

localization of a novel human tracheo-bronchial mucin cDNA containing tandemly 

repeated sequences of 48 base pairs. Biochem Biophys Res Commun. 175:414–422. 

276. Powderly WG, Gallant JE, Ghannoum MA, Mayer KH, Navarro EE, Perfect AJR. 

1999. Clinical perspective oropharyngeal candidiasis in patients with HIV: Suggested 

guidelines for therapy. AIDS Res Hum Retroviruses. 15:1619–1623.  

277. Quiroga EN, Sampietro DA, Soberón JR, Sgariglia MA, Vattuone MA. 2006. Propolis 

from the northwest of Argentina as a source of antifungal principles. J Appl Microbiol. 

101:103–110. 

278. Rachid S, Ohlsen K, Wallner U, Hacker J, Hecker M, Ziebuhr W. 2000. Alternative 

transcription factor ςB is involved in regulation of biofilm expression in a 

Staphylococcus aureus Mucosal isolate. J Bacteriol. 182:6824–6826. 

279. Ramage G, Walle K Vande, Wickes BL, Lopez-Ribot JL. 2001a. Characteristics of 

biofilm formation by Candida albicans. Rev Iberoam Micol. 18:163–170. 

280. Ramage G, Walle K Vande, Wickes BL, López-Ribot JL. 2001b. Standardized method 

for in vitro antifungal susceptibility testing of Candida albicans biofilms. Antimicrob 

Agents Chemother. 45:2475–2479. 

281. Ramsdale M, Selway L, Stead D, Walker J, Yin Z, Nicholls SM, Crowe J, Sheils EM, 

Brown AJP. 2008. MNL1 regulates weak acid–induced stress responses of the fungal 

pathogen Candida albicans. Mol Biol Cell. 19:4393–4403. 

282. de Repentigny L, Goupil M, Jolicoeur P. 2015. Oropharyngeal candidiasis in HIV 

infection: analysis of impaired mucosal immune response to Candida albicans in mice 

expressing the HIV-1 Transgene.Gaffen S, editor. Pathogens. 4:406–421.  

283. Richards MJ, Edwards JR, Culver DH, Gaynes RP. 2000. Nosocomial infections in 

combined medical-surgical intensive care units in the United States. Infect Control 

Hosp Epidemiol. 21:510–515. 

284. Rivardo F, Turner RJ, Allegrone G, Ceri H, Martinotti MG. 2009. Anti-adhesion 

activity of two biosurfactants produced by Bacillus spp. prevents biofilm formation of 

human bacterial pathogens. Appl Microbiol Biotechnol. 83:541–553. 

285. Rodrigues LR, Teixeira JA, van der Mei HC, Oliveira R. 2006. Isolation and partial 

characterization of a biosurfactant produced by Streptococcus thermophilus A. Colloids 

surfaces B Biointerfaces. 53:105–112. 

286. Rogan MP, Taggart CC, Greene CM, Murphy PG, O'Neill SJ, McElvaney NG. 2004. 

Loss of microbicidal activity and increased formation of biofilm due to decreased 



 

119 

 

lactoferrin activity in patients with cystic fibrosis. J Infect Dis. 190:1245–1253. 

287. Rosenbach A, Dignard D, Pierce J V, Whiteway M, Kumamoto CA. 2010. Adaptations 

of Candida albicans for growth in the mammalian intestinal tract. Eukaryot Cell. 

9:1075–1086.  

288. Roux D, Gaudry S, Dreyfuss D, El-Benna J, de Prost N, Denamur E, Saumon G, Ricard 

JD. 2009. Candida albicans impairs macrophage function and facilitates Pseudomonas 

aeruginosa pneumonia in rat. Crit Care Med. 37:1062–1067. 

289. Rubin-Bejerano I, Fraser I, Grisafi P, Fink GR. 2003. Phagocytosis by neutrophils 

induces an amino acid deprivation response in Saccharomyces cerevisiae and Candida 

albicans. Proc Natl Acad Sci. 100:11007–11012. 

290. Ruhnke M. 2002. Skin and mucous membrane infections. Candida candidiasis ASM 

Press Washington, DC:307–325. 

291. Ruis H, Schüller C. 1995. Stress signaling in yeast. Bioessays. 17:959–965. 

292. Sabina J, Brown V. 2009. Glucose sensing network in Candida albicans: a sweet spot 

for fungal morphogenesis. Eukaryot Cell. 8:1314–1320. 

293. Sahu PK, Iyer PS, Oak AM, Pardesi KR, Chopade BA. 2012. Characterization of eDNA 

from the clinical strain Acinetobacter baumannii AIIMS 7 and its role in biofilm 

formation. Sci World J. 2012:973436.  

294. Sallusto F, Lanzavecchia A. 2002. The instructive role of dendritic cells on T-cell 

responses. Arthritis Res. 4:S127–S132. 

295. Samaranayake LP, MacFarlane TW. 1990. Host factors and oral candidosis. Oral 

candidosis.:66–103. 

296. Samaranayake YH, Dassanayake RS, Cheung BPK, Jayatilake J, Yeung KWS, Yau 

JYY, Samaranayake LP. 2006. Differential phospholipase gene expression by Candida 

albicans in artificial media and cultured human oral epithelium. Apmis. 114:857–866. 

297. Sandai D, Yin Z, Selway L, Stead D, Walker J, Leach MD, Bohovych I, Ene IV, 

Kastora S, Budge S. 2012. The evolutionary rewiring of ubiquitination targets has 

reprogrammed the regulation of carbon assimilation in the pathogenic yeast Candida 

albicans. MBio. 3:e00495–12. 

298. Santana IL, Gonçalves LM, Vasconcellos AA De, da Silva WJ, Cury JA, Cury AADB. 

2013. Dietary carbohydrates modulate Candida albicans biofilm development on the 

denture surface. PLoS One. 8. 

299. Sarvikivi E, Lyytikäinen O, Vaara M, Saxén H. 2008. Nosocomial bloodstream 

infections in children: an 8‐year experience at a tertiary‐care hospital in Finland. Clin 



 

120 

 

Microbiol Infect. 14:1072–1075. 

300. Sbordone L, Bortolaia C. 2003. Oral microbial biofilms and plaque-related diseases: 

microbial communities and their role in the shift from oral health to disease. Clin Oral 

Investig. 7:181–188.  

301. Segal E. 2005. Candida, still number one–what do we know and where are we going 

from there? Mycoses. 48:3–11. 

302. Sen M, Shah B, Rakshit S, Singh V, Padmanabhan B, Ponnusamy M, Pari K, 

Vishwakarma R, Nandi D, Sadhale PP. 2011. UDP-glucose 4, 6-dehydratase activity 

plays an important role in maintaining cell wall integrity and virulence of Candida 

albicans. PLoS Pathog. 7:e1002384.  

303. Seneviratne G, Zavahir JS, Bandara W, Weerasekara M. 2008. Fungal-bacterial 

biofilms: their development for novel biotechnological applications. World J Microbiol 

Biotechnol. 24:739–743. 

304. Shankar V, Pichan P, Eddy RL, Tonk V, Nowak N, Sait SN, Shows TB, Schultz RE, 

Gotway G, Elkins RC, et al. 1997. Chromosomal localization of a human mucin gene 

(MUC8) and cloning of the cDNA corresponding to the carboxy terminus. Am J Respir 

Cell Mol Biol. 16:232–241.  

305. Shapiro RS, Robbins N, Cowen LE. 2011. Regulatory circuitry governing fungal 

development, drug resistance, and disease. Microbiol Mol Biol Rev. 75:213–267.  

306. Sharma S, Bano S, Ghosh AS, Mandal M, Kim HW, Dey T, Kundu SC. 2016. Silk 

fibroin nanoparticles support in vitro sustained antibiotic release and osteogenesis on 

titanium surface. Nanomedicine Nanotechnology, Biol Med. 12:1193–1204.  

307. Sharon N, Lis H. 1972. Lectins: cell-agglutinating and sugar-specific proteins. Science. 

177:949–959. 

308. Sheretz RJ. 2000. Pathogenesis of vascular catheter infection. Infect Assoc with 

indwelling Med devices 3rd ed Washingt Am Soc Microbiol.:111–125. 

309. Shiner EK, Rumbaugh KP, Williams SC. 2005. Interkingdom signaling: Deciphering 

the language of acyl homoserine lactones. FEMS Microbiol Rev. 29:935–947.  

310. Singh N, Nayyar A, Bhattacharjee G, Singh AK, Pruthi V. 2012. Assessment of 

dentifrices against Candida biofilm. Appl Biochem Biotechnol. 167:1688–1698. 

311. Singh N, Pemmaraju SC, Pruthi PA, Cameotra SS, Pruthi V. 2013. Candida biofilm 

disrupting ability of di-rhamnolipid (RL-2) produced from Pseudomonas aeruginosa 

DSVP20. Appl Biochem Biotechnol. 169:2374–2391. 

312. Singh PK, Parsek MR, Greenberg EP, Welsh MJ. 2002. A component of innate 



 

121 

 

immunity prevents bacterial biofilm development. Nature. 417:552–555. 

313. Singh R, Shedbalkar UU, Wadhwani SA, Chopade BA. 2015. Bacteriagenic silver 

nanoparticles: synthesis, mechanism, and applications. Appl Microbiol Biotechnol. 

99:4579–4593.  

314. Smith DA, Morgan BA, Quinn J. 2010. Stress signalling to fungal stress-activated 

protein kinase pathways. FEMS Microbiol Lett. 306:1–8. 

315. Smith DA, Nicholls S, Morgan BA, Brown AJP, Quinn J. 2004. A conserved stress-

activated protein kinase regulates a core stress response in the human pathogen Candida 

albicans. Mol Biol Cell. 15:4179–4190. 

316. Soobrattee MA, Neergheen VS, Luximon-Ramma A, Aruoma OI, Bahorun T. 2005. 

Phenolics as potential antioxidant therapeutic agents: mechanism and actions. Mutat 

Res Mol Mech Mutagen. 579:200–213. 

317. Staab JF, Bradway SD, Fidel PL, Sundstrom P. 1999. Adhesive and mammalian 

transglutaminase substrate properties of Candida albicans Hwp1. Science. 283:1535–

1538. 

318. Steinberg BE, Huynh KK, Brodovitch A, Jabs S, Stauber T, Jentsch TJ, Grinstein S. 

2010. A cation counterflux supports lysosomal acidification. J Cell Biol. 189:1171–

1186.  

319. Stewart PS, Franklin MJ. 2008. Physiological heterogeneity in biofilms. Nat Rev Micro. 

6:199–210.  

320. Stoodley P, Cargo R, Rupp CJ, Wilson S, Klapper I. 2002. Biofilm material properties 

as related to shear-induced deformation and detachment phenomena. J Ind Microbiol 

Biotechnol. 29:361–367. 

321. Sudbery P, Gow N, Berman J. 2004. The distinct morphogenic states of Candida 

albicans. Trends Microbiol. 12:317–324. 

322. Sudbery PE. 2011. Growth of Candida albicans hyphae. Nat Rev Microbiol. 9:737–

748. 

323. Sundstrom P, Balish E, Allen CM. 2002. Essential role of the Candida albicans 

transglutaminase substrate, hyphal wall protein 1, in lethal oroesophageal candidiasis in 

immunodeficient mice. J Infect Dis. 185:521–530. 

324. Sutherland IW. 2001. Biofilm exopolysaccharides: a strong and sticky framework. 

Microbiology. 147:3–9. 

325. Tampieri MP, Galuppi R, Macchioni F, Carelle MS, Falcioni L, Cioni PL, Morelli I. 

2005. The inhibition of Candida albicans by selected essential oils and their major 



 

122 

 

components. Mycopathologia. 159:339–345. 

326. Taniguchi L, de Fátima Faria B, Rosa RT, de Paula E Carvalho A, Gursky LC, Elifio-

Esposito SL, Parahitiyawa N, Samaranayake LP, Rosa EAR. 2009. Proposal of a low-

cost protocol for colorimetric semi-quantification of secretory phospholipase by 

Candida albicans grown in planktonic and biofilm phases. J Microbiol Methods. 

78:171–174. 

327. Tenovuo J, Lumikari M, Soukka T. 1990. Salivary lysozyme, lactoferrin and 

peroxidases: antibacterial effects on cariogenic bacteria and clinical applications in 

preventive dentistry. Proc Finn Dent Soc. 87:197–208. 

328. Thein ZM, Samaranayake YH, Samaranayake LP. 2006. Effect of oral bacteria on 

growth and survival of Candida albicans biofilms. Arch Oral Biol. 51:672–680.  

329. Thein ZM, Samaranayake YH, Samaranayake LP. 2007. In vitro biofilm formation of 

Candida albicans and non-albicans Candida species under dynamic and anaerobic 

conditions. Arch Oral Biol. 52:761–767. 

330. Thein ZM, Seneviratne CJ, Samaranayake YH, Samaranayake LP. 2009. Community 

lifestyle of Candida in mixed biofilms: a mini review. Mycoses. 52:467–475. 

331. Thorpe GW, Fong CS, Alic N, Higgins VJ, Dawes IW. 2004. Cells have distinct 

mechanisms to maintain protection against different reactive oxygen species: oxidative-

stress-response genes. Proc Natl Acad Sci U S A. 101:6564–6569. 

332. Tournu H, Tripathi G, Bertram G, Macaskill S, Mavor A, Walker L, Odds FC, Gow 

NAR, Brown AJP. 2005. Global role of the protein kinase Gcn2 in the human pathogen 

Candida albicans. Eukaryot Cell. 4:1687–1696. 

333. Traboulsi RS, Mukherjee PK, Ghannoum MA. 2008. In vitro activity of inexpensive 

topical alternatives against Candida spp. isolated from the oral cavity of HIV-infected 

patients. Int J Antimicrob Agents. 31:272–276. 

334. Trinel P-A, Maes E, Zanetta J-P, Delplace F, Coddeville B, Jouault T, Strecker G, 

Poulain D. 2002. Candida albicans phospholipomannan, a new member of the fungal 

mannose inositol phosphoceramide family. J Biol Chem. 277:37260–37271. 

335. Tsai P-W, Chen Y-T, Hsu P-C, Lan C-Y. 2013. Study of Candida albicans and its 

interactions with the host: a mini review. BioMedicine. 3:51–64. 

336. Tyagi AK, Malik A. 2010. In situ SEM, TEM and AFM studies of the antimicrobial 

activity of lemon grass oil in liquid and vapour phase against Candida albicans. 

Micron. 41:797–805. 

337. Ueno K, Matsumoto Y, Uno J, Sasamoto K, Sekimizu K, Kinjo Y, Chibana H. 2011. 



 

123 

 

Intestinal resident yeast Candida glabrata requires Cyb2p-mediated lactate assimilation 

to adapt in mouse intestine. PLoS One. 6:e24759. 

338. Ullmann BD, Myers H, Chiranand W, Lazzell AL, Zhao Q, Vega LA, Lopez-Ribot JL, 

Gardner PR, Gustin MC. 2004. Inducible defense mechanism against nitric oxide in 

Candida albicans. Eukaryot Cell. 3:715–723. 

339. Valenza G, Tappe D, Turnwald D, Frosch M, König C, Hebestreit H, Abele-Horn M. 

2008. Prevalence and antimicrobial susceptibility of microorganisms isolated from 

sputa of patients with cystic fibrosis. J Cyst Fibros. 7:123–127.  

340. Vashisth P, Nikhil K, Pemmaraju SC, Pruthi PA, Mallick V, Singh H, Patel A, Mishra 

NC, Singh RP, Pruthi V. 2013. Antibiofilm activity of quercetin-encapsulated 

cytocompatible nanofibers against Candida albicans. J Bioact Compat 

Polym.:0883911513502279. 

341. Vediyappan G, Rossignol T, d’Enfert C. 2010. Interaction of Candida albicans biofilms 

with antifungals: transcriptional response and binding of antifungals to Beta-glucans. 

Antimicrob Agents Chemother. 54:2096–2111.  

342. Vidotto V, Koga-Ito CY, Milano R, Fianchino B, Pontón J. 1999. Correlation between 

germ tube production, phospholipase activity and serotype distribution in Candida 

albicans. Rev Iberoam Micol. 16:208–210. 

343. Vidotto V, Pontón J, Aoki S, Quindós G, Mantoan B, Pugliese A, Ito-Kuwa S, 

Nakamura K. 2004. Differences in extracellular enzymatic activity between Candida 

dubliniensis and Candida albicans isolates. Rev Iberoam Micol. 21:70–74. 

344. Villa F, Remelli W, Forlani F, Gambino M, Landini P, Cappitelli F. 2012. Effects of 

chronic sub-lethal oxidative stress on biofilm formation by Azotobacter vinelandii. 

Biofouling. 28:823–33.  

345. Di Virgilio F. 2005. Purinergic mechanism in the immune system: A signal of danger 

for dendritic cells. Purinergic Signal. 1:205–209.  

346. Vylkova S, Carman AJ, Danhof HA, Collette JR, Zhou H, Lorenz MC. 2011. The 

fungal pathogen Candida albicans autoinduces hyphal morphogenesis by raising 

extracellular pH. MBio. 2:e00055–11. 

347. Wächtler B, Wilson D, Haedicke K, Dalle F, Hube B. 2011. From attachment to 

damage: defined genes of Candida albicans mediate adhesion, invasion and damage 

during interaction with oral epithelial cells. PLoS One. 6:e17046. 

348. Walencka E, Różalska S, Sadowska B, Różalska B. 2008. The influence of 

Lactobacillus acidophilus-derived surfactants on Staphylococcal adhesion and biofilm 



 

124 

 

formation. Folia Microbiol (Praha). 53:61–66. 

349. Walker LA, Munro CA, de Bruijn I, Lenardon MD, McKinnon A, Gow NAR. 2008. 

Stimulation of chitin synthesis rescues Candida albicans from Echinocandins. PLoS 

Pathog. 4:e1000040.  

350. Wargo MJ, Hogan DA. 2006. Fungal-bacterial interactions: a mixed bag of mingling 

microbes. Curr Opin Microbiol. 9:359–364.  

351. Wayne P. Clinical and Laboratory Standards Institute: Reference method for broth 

dilution antifungal susceptibility testing of yeasts; approved standard. CLSI Doc M27-

A3 Suppl S. 3. 

352. Wei GX, Xu X, Wu CD. 2011. In vitro synergism between berberine and miconazole 

against planktonic and biofilm Candida cultures. Arch Oral Biol. 56:565-572. 

353. Wen ZT, Suntharaligham P, Cvitkovitch DG, Burne RA. 2005. Trigger factor in 

Streptococcus mutans is involved in stress tolerance, competence development, and 

biofilm formation. Infect Immun. 73:219–225. 

354. Werner H. 1966. Untersuchungen über die Lipase-Aktivität bei Hefen und 

hefeähnlichen Pilzen. Zentralblatt für Bakteriol und Hyg I Abt Orig. 200:113–124. 

355. Whitchurch CB, Tolker-Nielsen T, Ragas PC, Mattick JS. 2002. Extracellular DNA 

required for bacterial biofilm formation. Science. 295:1487. 

356. Williams SJ, McGuckin MA, Gotley DC, Eyre HJ, Sutherland GR, Antalis TM. 1999. 

Two novel mucin genes down-regulated in colorectal cancer identified by differential 

display. Cancer Res. 59:4083–4089.  

357. Wingard JR. 1995. Importance of Candida species other than C. albicans as pathogens 

in oncology patients. Clin Infect Dis. 20:115–125. 

358. Wong B, Murray JS, Castellanos M, Croen KD. 1993. D-Arabitol metabolism in 

Candida albicans: Studies of the biosynthetic pathway and the gene that encodes NAD-

dependent D-arabitol dehydrogenase. J Bacteriol. 175:6314–6320. 

359. Wynn RL, Jabra-Rizk MA, Meiller TF. 2003. Fungal drug resistance, biofilms, and new 

antifungals. Gen Dent. 51:94-98. 

360. Xi C, Wu J. 2010. dATP/ATP, a multifunctional nucleotide , stimulates bacterial cell 

lysis, extracellular dna release and biofilm development. PLoS ONE 5(10): e13355.  

361. Xie Z, Thompson A, Sobue T, Kashleva H, Xu H, Vasilakos J, Dongari-Bagtzoglou A. 

2012. Candida albicans biofilms do not trigger reactive oxygen species and evade 

neutrophil killing. J Infect Dis. 206:1936-1945. 

362. Xu HX, Lee SF. 2001. Activity of plant flavonoids against antibiotic-resistant bacteria. 



 

125 

 

Phyther Res. 15:39–43. 

363. Yan L, Yang C, Tang J. 2013. Disruption of the intestinal mucosal barrier in Candida 

albicans infections. Microbiol Res. 168:389–395. 

364. Yi JH, Park IK, Choi KS, Shin SC, Ahn YJ. 2008. Toxicity of medicinal plant extracts 

to Lycoriella ingenua (Diptera: Sciaridae) and Coboldia fuscipes (Diptera: Scatopsidae). 

J Asia Pac Entomol. 11:221–223. 

365. Yu H, Huang GH. 2011. Isolation and characterization of biosurfactant-and 

bioemulsifier-producing bacteria from petroleum contaminated sites in Western 

Canada. Soil Sediment Contam. 20:274–288. 

366. Zarnowski R, Westler WM, Lacmbouh GA, Marita JM, Bothe JR, Bernhardt J, 

Sahraoui AL-H, Fontaine J, Sanchez H, Hatfield RD, et al. 2014. Novel entries in a 

fungal biofilm matrix encyclopedia. MBio. 5:e01333–14. 

367.  Zhang XS, García-Contreras R, Wood TK. 2007. YcfR (BhsA) influences Escherichia 

coli biofilm formation through stress response and surface hydrophobicity. J Bacteriol. 

189:3051–3062. 

 

 

 

 

 


	Fronts
	Thesis

