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Abstract

:

Candida albicans, the dimorphic opportunistic human fungal pathogen, is capable of forming highly drug-resistant biofilms in the human host. Formation of biofilm is a multistep and multiregulatory process involving various adaptive mechanisms. The ability of cells in a biofilm to alter membrane lipid composition is one such adaptation crucial for biofilm development in C. albicans. Lipids modulate mixed species biofilm formation in vivo and inherent antifungal resistance associated with these organized communities. Cells in C. albicans biofilms display phase-dependent changes in phospholipid classes and in levels of lipid raft formation. Systematic studies with genetically modified strains in which the membrane phospholipid composition can be manipulated are limited in C. albicans. In this review, we summarize the knowledge accumulated on the impact that alterations in phospholipids may have on the biofilm forming ability of C. albicans in the human host. This review may provide the requisite impetus to analyze lipids from a therapeutic standpoint in managing C. albicans biofilms.
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1. Introduction


A large number of microorganisms are capable of growing both as planktonic as well as in sessile, complex communities surrounded with extracellular matrix called biofilms. The ability to form biofilms has enabled microorganisms to survive and flourish in every niche of earth. Formation of bacterial biofilms was extensively studied and known since 17th century by Antonie Van Leeuwenhoek who discovered bacterial biofilm on his own teeth [1]. Later, discovery of electron microscopy paved way for obtaining a better insight of the detailed structure of biofilm [2]. Biofilms made by bacterial species such as Pseudomonas aeruginosa and Staphylococcus aureus were extensively studied [3]. Apart from bacteria, fungi such as Candida, Cryptococcus, Aspergillus, Pneumocystis, and Coccidioides are also known to form biofilm [4]. Amongst the pathogenic Candida species, Candida albicans is one of the leading causes of hospital-acquired infections [5]. Though, it resides as a harmless commensal in the human host where it colonizes asymptomatically to different niches such as the reproductive tract, gastrointestinal tract, mouth and skin, conditions such as pH or oxygen changes, use of antibiotics or immunosuppressant therapy triggers it to switch to the pathogenic form [6]. The ability of C. albicans to form biofilm poses a significant medical challenge in the treatment of candidiasis as these structured communities are recalcitrant to treatment by antifungals. C. albicans grows as a biofilm on implanted devices such as catheters, dentures, and prostheses in the human host. Biofilms once formed serve as a source of infectious cells leading to disseminated bloodstream and invasive systemic infections. Over half of the central venous catheters that are placed in individuals are susceptible to biofilm-based Candida infections. The treatment of these drug-resistant biofilm based infections is highly expensive as it requires high doses of antifungals and eventually may result in the removal of these devices. Additionally, treatment with high doses of antifungals often leads to other complications in critically ill patients. The increased prevalence of biofilm based infections heralds a need for biofilm-specific drugs and novel strategies for identifying better drug targets.



In recent years, a considerable number of studies have emphasized the contribution of lipids to fungal pathogenicity and other virulence mechanisms such as drug resistance, biofilm formation, and release of extracellular vesicles [7]. Lipid microdomains composed of sphingolipid-ergosterol molecules have been demonstrated to affect physical properties of cell membrane, thereby contributing to virulence. Additionally, lipids have also been identified as an important constituent of the extracellular matrix (ECM) that protects fungal biofilms. Various studies with bacteria demonstrate lipids as determinants of cell attachment to surfaces and biofilm formation [8]. In the fungal context, studies pertaining to lipid and their contribution to biofilm development are preliminary and limited to date. Nevertheless, an insight into the impact of lipids on fungal biofilm formation will not only increase our understanding of fungal pathogenesis but also may have therapeutic implications. This review begins with a general description of biofilm development and its regulation, followed by summary of studies performed to identify the contribution of lipids in fungal biofilm development.




2. Biofilm Architecture, Development, and Regulation in C. albicans


Hawser and Douglas in 1994, for the first time, demonstrated in vitro model system to study biofilm in Candida species [9]. The basic idea of the temporal development of biofilm was established by studying in vitro biofilm models using bioprosthetic materials such as polymethylmethacrylate and silicon elastomere [9,10]. As substantiated from in vitro studies, formation of biofilm comprises of four different steps i.e., adhesion, proliferation, maturation, and dispersion [9,10,11,12,13,14] (Figure 1). The first and the foremost step is the adherence of yeast cells to the surface as well as with each other, thus forming a basal layer of biofilm. Followed by adherence, the cells proliferate forming an anchor layer thus providing primary stability to biofilm. Maturation of biofilm takes typically 24 h in an in vitro system. A mature biofilm comprises of mixed type of cells, i.e., round and spherical yeast cells with filamentous hyphae and pseudohyphae intertwined with each other surrounded with dense extracellular matrix. The filamentous, long hyphae are crucial for providing the structural stability to biofilm, holding the yeast cells and extracellular matrix together [6]. Early phase of biofilm lacks ECM, whereas, progression towards a mature biofilm is marked by dense ECM [10]. ECM functions as a cushion preventing the biofilm from any physical perturbations and in providing resistance against various xenobiotics [15]. The final step in biofilm formation is marked by the release and dispersal of yeast cells to new sites, thus making the infection systemic. Dispersion occurs throughout the process of biofilm formation but is seen to be more profound during the intermediate stage of biofilm formation [16]. These dispersed yeast cells differ markedly from planktonic cells, with enhanced virulence and adhesive characteristics, thus making them fit to colonize and establish new biofilms [16].



Formation of biofilm is a complex and multistep process and hence controlled by a wide array of transcription regulators (Figure 1). Transcription factor deletion library was screened for deficiency in biofilm formation to gain an idea about the regulatory network. Of the total 165 mutant strains, 6 mutants were found to be exclusively responsible for biofilm formation and did not show a general growth defect [17]. These six transcription factors (Bcr1, Tec1, Efg1, Ndt80, Rob1, Brg1) form the core biofilm regulators. Although these mutants were unable to develop biofilms, except for Efg1, all other mutants could make normal hyphae in biofilm forming media as well as in suspension cultures [17]. The two currently available in vivo systems to study biofilm formation, rat venous catheter [18] and rat denture models [19] were utilized to assess the effects of these mutants in the in vivo condition, given the fact that biofilm formation in vivo will differ significantly from biofilm formation in vitro due to addition of several factors in the in vivo condition [20]. All the mutants were defective in biofilm formation in rat catheter model, though Brg1 mutant had some kind of morphologically distinct formation of adherent cells and extracellular matrix [17]. However, in rat denture model, Bcr1 mutant could overcome the defects and form biofilms to some extent. This variation in the phenotype observed in both models could be due to the influence of different environmental conditions. In later studies, Fox et al. identified three additional master regulators, namely, Flo8, Gal4, and Rfx2. Deletion mutants of Gal4 and Rfx2 showed enhanced biofilm formation thus acting as negative regulators of biofilm development [21]. To identify the direct downstream effectors of all these nine transcription factors, full genome chromatin immunoprecipitation microarray (CHIP-chip) was performed, which led to some interesting revelations. A total of about 1000 genes are regulated by these biofilm transcription factors and each of the regulator has an influence on the effectors of others as well as on the expression of each other [17,21]. The genetics of each step of biofilm formation and the regulators involved therein is described in detail in the following sections.



2.1. Adherence


Adhesion is the initial step in the formation of C. albicans biofilms, which typically takes about 1–2 h in an in vitro system. Although current understanding about the mode of adhesion is incomplete, recent studies have indicated an array of conditions critical for this process. These conditions range from nature of the surface to the presence of interacting microorganisms [22,23]. Even host hormones have been found to affect biofilm formation [24]. Microarray studies of cells participating in biofilm formation were compared with un-adhered cells after the adhesion process or cells growing in suspension at log phase or stationary phase to find genes having altered expression. This resulted in the identification of a series of genes with expressions altered in a temporal fashion [21]. A total of 408 genes were identified to be upregulated or downregulated at least two-fold in adhered cells. More than half of these upregulated genes correspond to components involved in DNA synthesis, RNA synthesis, and processing and protein synthesis, suggesting preparation for drastic morphological and physiological shift upon physical adherence [21]. There was also upregulation in two classes of adhesion molecules, one at early point of time while the other at later time point. The early induced class is a group of 10 adhesion molecules, namely, ALS1, ALS2, ALS3 ALS4, EAP1, MSB2, PGA6, SIM1, ORF19.2449, and ORF19.5126), seven of which were unique to only adhered cells suggesting its involvement in attaching to the substrate. The remaining three (MSB2, ALS3, and ORF19.2449) were also upregulated in un-adhered cells indicating their induction was not dependent on contact with a solid surface [21]. Further screening by using deletion strains revealed that five of these early induced genes—ALS1, ALS2, ALS3, EAP1, and MSB2—are directly associated with biofilm formation [14,17,25,26,27,28]. The other class of adhesion molecules (HYR1, FAV2, IFF4, IFF6, PGA32, PGA55, ORF19.3988, ORF19.4906, ORF19.5813, and ORF19.7539.1) upregulated at later point of biofilm formation are assumed to function in cell-cell adhesion in mature biofilms [21].



The aforementioned genes are only a few of the many components that are involved in the complex mechanism of adherence, some of which have been identified while others require further study. In vitro adherence experiment using silicon as a surface identified more than 30 transcription regulators involved in this process [28]. Among these, the transcription factor Bcr1 is a prominent one as it is required for adhesion to all kinds of surfaces [29]. One important change that happens upon adherence is that there is a global decrease in the expression of metabolic genes, similar to what happens in stationary cells, albeit to a greater extent [21].




2.2. Formation of Hyphal Cells


The next crucial step in biofilm formation is the transformation of the yeast cells to hyphal cells, which typically starts after 4–6 h from biofilm initiation. C. albicans yeast cells in suspension culture can be induced to form hyphal cells simply by increasing the culture temperature from 30˚C to 37˚C, change in pH, CO2, and O2 levels [30]. Many transcription factors and other components involved in hyphal formation during biofilm development are also involved in hyphal formation in suspension culture system [12,17]. Some of the master regulators of biofilm formation such as Efg1, Rob1, Ndt80, and Tec1 are also known to regulate hyphae formation in planktonic cells. Bcr1, the master regulator of biofilm is not directly involved in hyphae formation but in adherence of hyphae to each other [29]. Furthermore, kinase deletion planktonic cells defective in hyphal cell formation also were defective in biofilm formation [31]. Hyphae provide a scaffold to yeast cells and extracellular matrix, thus enabling the biofilm to acquire a thicker, resilient structure. Studies also show that clinical strains having high biofilm forming ability has increased expression of hyphae specific genes, confirming the significance of hyphae in biofilm formation [32].




2.3. Extracellular Matrix Production


The hyphal transition is followed by the production of extracellular matrix (ECM). The dense extracellular matrix encasing mature biofilms are composed primarily of glycoproteins and carbohydrates along with lipids and nucleic acids [15]. Its chemical nature suggests that it is less likely formed by secretion of components alone, but rather by lysis of some of its own cells along with other components [15]. One of the key factors contributing towards the increased antifungal resistance to biofilm is the presence of extracellular matrix [33]. β1-3 glucan is known to provide resistance against fluconazole by sequestering the drug [34]. Rlm1 and Zap1 are the two transcriptional regulators that regulate the matrix production [35,36]. Zap1 negatively regulates the production of β1-3 glucan. The target genes of Zap1 includes GCA1 and GCA2, the known glucoamylase [35]. Rlm1 positively regulates the production of β1-3 glucan through the modulation of FKS1, the glucan synthase [34]. Interestingly, the extracellular DNA present in the ECM is shown to contribute to the overall stability of biofilm as treating ECM with DNase led to decrease in biofilm biomass at later time point [37].




2.4. Dispersion


Dispersion of yeast form of C. albicans occurs during and after the formation of biofilms [16]. It is a way used by the pathogen to spread through blood stream and forming biofilms at new sites, thus making the infection systemic. Several components such as transcriptional regulators, cell wall proteins, chaperons, etc. are crucial for this step [38,39,40]. Ume6, Pes1, and Nrg1 are the known regulators that are involved in the dispersion of cells from biofilm. Overexpression of the known regulator of hyphal extension, UME6 [41] decreases dispersion. On the contrary overexpression of NRG1, a negative regulator of filamentation [42] and PES1, regulator of the transition of hyphae to yeast form [43], increases the dispersal of cells from biofilm [16].





3. Structural and Functional Contribution of Lipids to Biofilm Formation


Considerable evidence in the recent years has shown that lipids present on the plasma membrane and ECM may be essential for the architectural stability of the biofilm [7,44]. While the genetic control of biofilm development is well-documented [21], molecular studies focusing on the contribution of lipids to ECM biogenesis and traits associated with biofilms are restricted in C. albicans. It has been demonstrated that lipids are critical in modulating microbial biofilms as cells in a biofilm differ from those in the planktonic growth mode in the distribution of phospholipids and their molecular species. Variation in the sterol and sphingolipid profile between the planktonic and biofilm cells affects not only the ability of C. albicans to form biofilms but also influences antifungal resistance associated with this structured community [45]. Furthermore, membrane lipid composition is considered an important determinant of cell size and cell shape; essential morphological parameters that ensure surface adhesion and biofilm formation in bacterial cells [8]. Concordantly, it is conceivable that dynamic changes in lipid profiles may also have detrimental effects on cellular shape and cell physiology in C. albicans. As a result, phospholipid-altered C. albicans strains may exhibit impaired adhesion, leading to a defect in biofilm formation, an area that can be harnessed for future antifungal therapy. In the following sections, a review of the literature on the contribution of lipids to the structure and function of biofilms is discussed.



3.1. Lipids are Constituents of Fungal Membrane


Considering the role of lipids in providing structural integrity to the plasma membrane and in modulating fungal growth and pathogenesis [46,47,48], studies have been performed in C. albicans to understand the importance of lipids during the early and mature phases of biofilm. These studies involved (i) comparison of transcriptional profiles of C. albicans biofilm (formed on denture and catheter substrates) and planktonic cultures as a function of time and (ii) two-dimensional difference-in-gel electrophoresis (DIGE)-based proteomics on cell walls and ECM from biofilms and planktonic cells [49,50,51]. The microarray analysis examined three biofilm developmental phases—early (6 h), intermediate (12 h), and mature (48 h)—and compared it with planktonic cells grown to the same time points. Glycolysis/gluconeogenesis is one of the most common pathway that is differentially regulated in the early as well as the mature phases of biofilm development. Additionally, pathways such as the pentose phosphate pathway, TCA cycle, amino acid metabolism, sterol, fatty acid, and lipid metabolism are also upregulated during biofilm formation [49] (Figure 2). All these processes occur at the early time point and are necessary to build up levels of biomolecules that are required for the biomass increase during the intermediate phase of biofilm development. Initiation of new metabolic activity ceases during the mature phase of biofilm as indicated by the differential regulation of few genes in that phase (Figure 2) [49,50].



The differential expression of genes involved in lipid biosynthesis pointed to a role of lipids in biofilm formation. Subsequently, lipidome analysis of biofilm and planktonic cells confirmed the impression that lipids may exert an influence on the biology of C. albicans biofilms [52]. Lipid profiling indicated towards a growth-phase-dependent difference in the levels of the phospholipid, sphingolipid and sterol species in biofilms. Cells in the biofilm mode of growth are enriched in all polar lipids especially phosphatidylinositol (PI). The levels of phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylinositol (PI), phosphatidylserine (PS), and phosphatidic acid (PA) are higher in the early and mature phases of biofilm formation, compared to the planktonic cells (Table 1). Additionally, the cells in a biofilm display a larger increase in the PC:PE ratio (2-fold) as opposed to a small increase (0.2-fold) in the planktonic cells, in both early and late phases of biofilm development. Furthermore, all molecular species for PC, PI, PE, PS, PA, and PG are higher in biofilms than in planktonic cells as deduced from ESI-MS/MS analysis. The unsaturation indices of various species of lipids also vary in the biofilm as reflected in the high unsaturation index observed for PC and PS in early-phase biofilms versus low index of PC, PE, and PS in mature phase of biofilms. In contrast, the planktonic cells do not display a significant change in the unsaturation indices of various phospholipid classes. Biofilm cells also exhibit high levels of sphingolipid species [52], in accord with the increased levels of PI, which is involved in biosynthesis of sphingolipids, in the early-phase of biofilms than in early-phase planktonic cells (Table 1).



Mukherjee and group performed gas–liquid chromatography (GLC) to obtain an insight into the levels of sterols between planktonic and biofilm cells [45] as (i) sterols are also crucial components of the plasma membrane and (ii) alterations in sterol levels have been known to be associated with antifungal resistance in planktonic cells [53]. Their results show that while the levels of the intermediates of the ergosterol biosynthesis pathway remain unaffected in planktonic cells, their levels vary between the developmental phases of a biofilm. Both biofilm and planktonic C. albicans show similar ergosterol levels at 6 h followed by 41% and 50% reduction in ergosterol levels in the intermediate and mature phase of biofilms, respectively, compared to the 6 h time point. An 18% reduction in ergosterol levels in both the intermediate and mature phase of planktonic cells indicates that the decrease in ergosterol as the biofilm matures is larger, compared to the planktonic cells. Collectively, these studies suggest that cells in C. albicans biofilms exhibit changes in levels of phospholipids, sphingolipid, and sterols presumably to adapt and adjust to varying requirements during the development of a biofilm. The overall effect of changes in sterol and sphingolipid levels have been shown to prevent biofilm formation in C. albicans, suggesting the essentiality of membrane lipids in this cellular process [45,52,54].




3.2. Lipids Are Constituents of Extracellular Matrix


Lipids have also been found to be associated with the C. albicans biofilm matrix. Given the importance of ECM in contributing to an array of functions [10,44,55,56], studies pertaining to its structure, composition, and function have gained recent interest. Douglas et al. in the year 2000 described a basic protocol for matrix extraction and analyzed its constituents [56]. Since then several approaches have been employed to isolate and study a pure biofilm matrix devoid of any intracellular component. The recent protocol for matrix extraction established by Andes group deploys a large-scale extraction method with subsequent filtration, dialysis, and lyophilization procedures yielding the most purified form of matrix suitable for its biochemical and functional analyses [57].



Biochemical analysis shows that lipids constitute 15% of the total dry weight of the ECM along with 55% glycoproteins, 25% carbohydrates and 5% nucleic acids (Figure 3). Gas chromatography revealed the presence of eight different classes of lipids in the matrix, with a prevalence of glycerolipids (99.5%) while sphingolipids constitute only 0.5% of the total matrix lipid [15]. Glycerolipids comprise of neutral lipids (89.2%) with small amount of polar lipids (10.4%). The fatty acid side chains on these lipids were classified into 13 different classes. Amongst the fatty acids present in the neutral lipids, oleic acid and linoleic acid were in maximum proportion with small amounts of palmitic acid, stearic acid, palmitoleic acid, and myristic acid. The polar lipids present in the biofilm matrix consist largely of PE (8.9%) with little amounts of PC, PI, and sphingomyelin. Mass spectroscopy also revealed the presence of ergosterol and prostaglandin E2 in small amounts [15]. The exact role of the various lipid species present in the ECM in the context of matirx biogenesis and biofilm development has not been investigated. Exploring the relevance of all the components of ECM will pave a way for a better understanding of the contribution of lipids to biofilm and its prevention.




3.3. Lipids Facilitate Formation of Lipid Rafts


The above sections describe the structural role of lipids in C. albicans biofilm. Another mechanism by which lipids in the plasma membrane of C. albicans contribute to biofilm formation is by facilitating formation of microdomains referred to as lipid rafts. These microdomains enriched in sphingolipids and ergosterol are considered pivotal for maintaining the integrity of the plasma membrane and in segregating proteins localized to the plasma membrane [7]. The phase-specific changes in lipid levels during biofilm development impacts the biofilm-forming ability of this pathogenic fungus by perturbing raft formation, suggesting that lipid rafts are essential for biofilm development [52]. C. albicans biofilms contain large number of lipid rafts, in concurrence with the high levels of sphingolipids in the biofilm cells, compared to the planktonic cells [52]. Treatment with drugs that inhibit sphingolipid biosynthesis pathway disrupts raft formation followed by reduction in the biofilm-forming ability of C. albicans, forging a link between lipid rafts and biofilm formation. Similarly, simvastatin (compound inhibiting ergosterol biosynthesis)-treated C. albicans fails to form biofilms, thus tying ergosterol levels to biofilm development. Therefore, inhibiting the sphingolipid or ergosterol biosynthesis pathways pharmacologically or genetically may prove beneficial for illuminating the effect of lipid rafts on biofilm formation in C. albicans [52].




3.4. Lipid Signaling Modulates Biofilm Formation


Lipids are also known to promote cell-cell signaling, during C. albicans biofilm formation [58]. The importance of lipid signaling in regulating fungal pathogenicity has already been established [59]. Farnesol, a quorum sensing lipid molecule, is known to inhibit filamentation, a virulence trait, essential for pathogenesis. Farnesol exerts its effect on biofilm formation by inhibiting the bud-to-hyphae transition; a feature that is fundamental for biofilm development [58,60,61]. The antibiofilm activity of farnesol is observed exclusively during initial time of adherence, with no effect on biofilm formation 1–2 h after adherence and after the commencement of hyphae formation. Furthermore, farnesol that is produced by mature biofilms helps in preventing overpopulation by shifting the morphology to the yeast form, which might disperse to a new site for initiation of new biofilm [61].



Farnesol also acts as a modulator of drug efflux pumps Cdr1 and Cdr2, potent contributors of multidrug resistance (MDR), by competitively inhibiting the efflux of rhodamine 6G. It functions synergistically with antifungals such as fluconazole, miconazole, ketoconazole, and amphotericin in in vitro biofilm models and can be used in combinational therapy to treat drug-resistant biofilms [62]. Thus, albeit the need to further investigate the full potential of farnesol in antifungal therapeutics, it may still be exploited as a prospective target for developing anti-infective strategies in lieu of its role in quorum-sensing in fungal biofilms.



Prostaglandins are another class of signaling lipids involved in inflammatory and immune responses [63]. Prostaglandins are lipid derivatives of arachidonic acid produced via two cyclooxygenase (COX) enzyme, COX1 and COX2, in mammalian cells. C. albicans synthesizes prostaglandin de novo as well as from external arachidonic acid [64]. Increased production of the prostaglandin PGE2 in C. albicans biofilms hinted towards a regulatory role of this lipid in biofilm formation [65]. Recently, the role of prostaglandin in promoting mixed biofilm with Staphylococcus aureus as described later in this review, has also been established [66]. Though cyclooxygenase is not yet identified in C. albicans, treatment with cycolooxygenase inhibitors such as aspirin, etodolac, and diclofenac significantly decreases the synthesis of prostaglandin and biofilm formation confirming a regulatory role of COX-dependent prostaglandins in biofilm formation [65,67]. Coupled together, the potential of these signaling lipids in modulating biofilm formation can be harnessed for development of antifungal therapies.





4. Lipids Influence Clinically-Relevant Traits Associated with Biofilms


Antifungal resistance associated with C. albicans biofilm is one of the most clinically-relevant challenge that has to be considered for treating candidiasis. In addition, C. albicans colonizes with multiple species of prokaryotes in vivo to form polymicrobial biofilms on medical surfaces [68,69,70]. As the polymicrobial biofilms consist of multiple species of both prokaryotes and eukaryotes, multiple drug combinations are required to eradicate both fungal and bacterial species [68]. Polymicrobial interactions therefore are likely to dictate the final outcome of treatment with antifungals. Thus, directing therapies to combat the multiplicity of the species and antifungal resistance of a fungal biofilm is of utmost clinical importance in future. In the following section, we review the importance of lipids in imparting antifungal resistance and in promoting mixed biofilms, which may prove beneficial in developing strategies to prevent biofilm formation.



4.1. Role of Lipids in Antifungal Drug Resistance


It is reported that biofilms display innate resistance against triazoles displaying up to 1000-fold increased resistance than the planktonic cells, rendering azoles ineffective in treating biofilms [71]. On the other hand, the emergence of drug-resistant planktonic cells is an outcome of long-term treatment of Candida infection by triazoles [72,73]. Upregulation of drug efflux pumps (Cdr1, Cdr2, and Mdr1) and mutations in the ERG11 gene are the most prominent mechanisms that contribute to the development of drug resistance in planktonic cells [74,75,76,77,78,79,80]. Triazoles such as fluconazole are the most common antifungals used to treat Candida infections that target ERG11 gene, encoding lanosterol demethylase. It disrupts the ergosterol biosynthesis pathway leading to the accumulation of 14α-methyl sterol precursor [81,82] in both planktonic and biofilm cells. Considering the involvement of drug efflux pumps in acquiring drug resistance in the planktonic cells, the role of these efflux pumps in imparting antifungal resistance to biofilm has also been investigated. The antifungal susceptibility assay of early biofilms (6 h) made up of the single, double, and triple mutants of CDR1, CDR2, and MDR1 genes showed significantly increased susceptibility to fluconazole as compared to the wild type parent strain, with the triple mutant exhibiting the minimum MIC value (16 µg/mL). On the contrary, later phase of biofilm showed resistance to fluconazole similar to the wild type strain (MIC ≥ 256 µg/mL). Thus, this phase-specific study reveals the contribution of these efflux pumps towards azole-resistant phenotype only in the early phase (6 h) of biofilm formation while ruling out their role in the intermediate (12 h) and mature (24 h) phases of biofilm [45].



Drug-resistant planktonic cells also exhibit altered sterol composition correlating sterol levels to triazole resistance [53,83]. Altered sterol levels may impact the entry of the antifungal by influencing membrane permeability, resulting in triazole resistance. This prompted researchers to also investigate this perspective in contributing to drug resistance in biofilms. Transcriptional studies of in vitro biofilm cells demonstrate altered expression of sterol biosynthesis genes compared to the planktonic cells [84]. Additionally, in vivo rat venous catheter model also revealed the increased expression of ERG25, encoding a putative C4 methyl sterol oxidase. The proposed role of this enzyme is the C4-demethylation of the ergosterol biosynthesis intermediates, converting lanosterol to non-ergosterol intermediates; thus limiting ergosterol synthesis, which limits the potency of triazoles in treating biofilm-based infections [85]. Studies performed by Mukherjee et al. show that resistance to ergosterol targeting antifungals was attributed to the a significantly reduced sterol levels in the intermediate and mature phase of biofilm, validating the link between sterol composition and triazole resistance in different phases of biofilms [45]. Consequently, these studies suggest that altered sterol levels contribute to the biofilm-associated resistance in C. albicans. This area warrants further exploration as an impact of these changes on membrane permeability and its effect on triazole entry in biofilms is lacking.




4.2. Role of Lipids in Mixed-Species Biofilm Formation


In addition to the decreased susceptibility of biofilms to antifungals, another challenge that impedes treatment of Candida infections is occurrence of polymicrobial biofilms in in vivo conditions rather than monomicrobial. Multiple species interacting synergistically and antagonistically with each other lead to the formation of polymicrobial biofilms [86]. It has also been reported that approximately 27–56% of hospital acquired bloodstream infections of C. albicans are polymicrobial [87,88]. C. albicans is commonly found associated with bacterial species such as S. aureus in blood stream infections [89] and with Streptococcus gordonii and Streptococcus mutans in dental caries or dental stomatitis [90,91]. S. aureus is the third most common organism found in association with candidemia with increased mortality rate in animal model [92]. Prostaglandins secreted by C. albicans, serve as signaling molecules to promote the growth of S. aureus biofilm as examined in an in vitro biofilm infection model system for S. aureus and C. albicans [66]. Presence of C. albicans enhances the growth rate of S. aureus by providing a scaffold to the bacteria [93]. In order to explore the role of prostaglandins in promoting S. aureus growth, supernatants of cell free C. albicans strains SC5314 and 31883 when incubated with S. aureus biofilm greatly enhanced the biofilm growth of S. aureus while supernatants from prostaglandin mutants (ura3∆/∆fet31∆/∆) showed no stimulatory effect on S. aureus biofilm [66]. Moreover, treatment with non-specific cyclooxygenase inhibitor indomethacin significantly repressed S. aureus growth. These observations establish a potential role of prostaglandin in biofilm development as well as in promoting mixed biofilms with S. aureus.



Apart from polymicrobial bloodstream infections, occurrence of these mixed-species biofilm is most prevalent in oral cavities which is a site for different microorganisms to reside. Candida associated denture stomatitis, an inflammatory mucosal condition affecting 50–70% of denture wearers, is often found co-associated with Streptococcus mutans [94,95]. It has been shown that the presence of S. mutans facilitates adhesion of C. albicans to the surface [96,97]. Therefore, compounds that can affect these mixed-species biofilms are much more needed. In this context, it is worth mentioning the role of farnesol which is known to have antimicrobial as well as antibiofilm activity [61,98]. Recent studies have demonstrated dose dependent role of farnesol in affecting mixed-species biofilm formation. Higher concentration of this compound shows inhibitory effect on S. mutans biofilm while lower doses showed stimulatory effect [99]. Treatment with high concentration of farnesol exhibited an inhibitory effect on this dual biofilm of C. albicans and S. mutans under in vitro conditions [100]. Thus, extending further focus on these signaling molecules will further help in treating these resilient polymicrobial biofilms.





5. Targeting Lipid Biosynthesis Impedes Biofilm Formation


The aforementioned studies provide an unprecedented view of the structural, signaling and metabolic pathways in which lipids participate during biofilm development in C. albicans. Although lipids are shown to function as regulators of fungal pathogenicity [101], the precise role of lipid-dependent processes in regulating C. albicans biofilm formation remains underexplored. Genetic manipulation and pharmacological modulation of lipid biosynthesis pathways are two strategies that have been exploited to tie lipid alterations to biofilm formation in this fungus. Manipulation of membrane lipid composition by systematically targeting gene coding for lipid biosynthesis enzymes facilitates modulation of endogenous lipid levels. Using this approach IPT1, a gene coding for an enzyme that catalyzes the terminal step of sphingolipid biosynthesis was deleted in C. albicans [52,102]. The ipt1Δ/Δ cells display fewer lipid rafts on the hyphal membrane and reduced biofilm formation [52]. Another study demonstrates a role for fatty acid elongases coding genes, FEN1 (ELO2) and SUR4 (ELO3) that are involved in sphingolipid biosynthesis, in biofilm formation [103]. These genes along with ELO1 synthesize C14-C16 long chain fatty acids, up to C24 very long chain fatty acids (VLCFA) and C24 or C26 VLCFA. Deletions in FEN1 and SUR4 results in the production of short chain fatty acids and leads to reduced sphingolipid levels. SEM analysis of poly-L-lysine coated cover slips inoculated with fen1Δ/Δ and sur4Δ/Δ mutants show defect in biofilm formation [103]. Furthermore, the loss of de novo phosphatidylethanolamine (PE) and phosphatidylserine (PS) synthesis and its impact on the phospholipidome of C. albicans has also been demonstrated [104]. Despite the observation that mutations in genes coding for PS synthase (CHO1) and PS decarboxylases (PSD1 and PSD2), enzymes involved in PS and PE synthesis, compromise the virulence of C. albicans [105], the mutants have not been tested for their ability to form biofilms. Similarly, the effect of manipulating the ergosterol biosynthesis pathway on biofilm formation has not been examined, undermining the contribution of lipids on biofilm formation in C. albicans.



Pharmacological modulation of sphingolipid biosynthesis pathway in C. albicans has been achieved by using compounds such as myriocin and aureobasidin A. Interestingly, treatment of wild type C. albicans strain with these compounds results in blocking biofilm formation [106]. Furthermore, fluconazole which only moderately affects growth of cells in liquid culture by inhibiting ergosterol biosynthesis has a more pronounced effect in preventing biofilm formation by a variety of both fluconazole-susceptible and -resistant C. albicans strains [107]. Fluconazole-treated C. albicans cells are able to adhere but cannot form the three-dimensional structure of the biofilms, pointing to a biofilm-specific inhibitory role of fluconazole [107].



Combining the existing antifungals with other drugs can also be used as a therapeutic approach to treat biofilm-based infections. Drug combination therapy, considered as the best option to treat invasive infections, not only enhances the efficacy of the drugs but also impedes development of drug resistance [85]. The non-steroidal anti-inflammatory (NSAIDs) drugs—such as aspirin, diclofenac, and ibuprofen—display anti-biofilm activity by blocking prostaglandin synthesis that promotes formation of polymicrobial biofilms [106]. A combination of diclofenac and fluconazole is effective in preventing C. albicans biofilm formation on catheters in vivo [108]. Similarly, phytocompounds such as eugenol and cinnamaldehyde sensitize biofilms to treatment with fluconazole by converting this fungistatic azole to a fungicidal drug [109]. Using pharmacological modulators of lipid biosynthesis in combination with other compounds will add-on to the therapeutic values of the lipid-specific antifungals in the future. Coupled together, these studies forge a link between lipid biosynthesis pathways and biofilm formation in C. albicans.



Aside from using methods to directly target lipid biosynthesis pathways, indirect methods that may cause alterations in phospholipid composition at the plasma membrane will also help in providing evidence that will link alterations in lipids to biofilm development. Phospholipid-altered bacterial strains exhibit changes in cell morphology, in turn leading to a defect in surface adhesion and biofilm formation [8]. Concordantly, changes in lipid composition mediated by lipid translocases is also shown to alter erythrocytes shape, indicating the importance of translocases in maintaining cell shape [110,111]. P4-type ATPases are one such class of translocases that function as flippases; proteins that direct the inward transbilayer movement of phospholipids across the plasma membrane. Floppases, on the contrary regulate the outward-directed transbilayer movement of phospholipids across the plasma membrane. The concerted action of flippases and floppases leads to the asymmetric distribution of phospholipids on the plasma membrane, generating plasma membrane asymmetry in eukaryotic cells [112,113,114]. Flippase activity of the P4-type ATPases can induce changes in the membrane curvature leading to defects in the cell morphology of the erythrocytes [115]. In line with this, elevated flipping of PC by the P4 ATPase ATP10A in HeLa cells results in altered cell shape and size, delayed adhesion and spreading onto the extracellular matrix, conceivably by enhancing the inward bending of plasma membrane [116]. Enhancement of PC flipping induces an imbalance in the level of lipids between the two leaflets of the membrane bilayer. Consequentially, the plasma membrane tends to bend inwards, perturbing the membrane curvature leading to adhesion defects in HeLa cells expressing ATP10A [117]. Therefore, studies focusing on targeting lipid translocases that function as flippases will also help in understanding the influence of phospholipid alteration at the plasma membrane on cell morphology, surface adhesion, and biofilm development in C. albicans.



Such data wherein a connection between phospholipid flippase activity and cell adhesion has been established is not available in C. albicans. In this context, it is pertinent to mention the recent identification of Rta3, a 7-transmembrane receptor protein and its roles in regulating the activity of an unidentified PC-specific flippase, adhesion, and biofilm formation in C. albicans [118]. Absence of Rta3 causes an increase in the flip movement of PC plausibly by regulating an unidentified PC-specific flippase; thus perturbing the asymmetric distribution of PC across the plasma membrane [118]. rta3Δ/Δ cells also exhibit a defect in adhesion that in turn leads to a biofilm defect in C. albicans. It is possible that enhanced PC flipping and perturbation in membrane curvature may be the basis for the observed adhesion defect in rta3Δ/Δ cells, though experimental evidence to prove this needs to be investigated. Considering that Rta3 and its orthologs are exclusive to fungal kingdom, targeting these genes may have therapeutic implication in the future. Identification of proteins that function as flippases and elucidating the regulatory mechanisms of these flippases may offer novel strategies to address the impact of lipids to biofilm formation in this pathogenic fungus.




6. Conclusions and Future Directions


The importance of lipids in maintaining plasma membrane integrity and cell survival has been demonstrated in prokaryotic and eukaryotic cells. However, studies pertaining to analyze the impact of systematic alterations in lipid levels on cell shape and its influence on biofilm formation in C. albicans remain limited. Presently, a comprehensive understanding of lipid-dependent cellular processes that would impact biofilm formation is essential. The significance of membrane lipids in maintaining cell morphology is one such cellular process and future area of interest. Changes in cell shape may lead to defects in surface adhesion, thus negatively influencing the biofilm forming ability of C. albicans. Further studies on the influence of phospholipid composition on the structure and function of the cell wall/membrane or the ECM and its effect on cell shape warrant more investigations. Identification of lipid translocases of the P4-type and their regulators, their systematic deletion in C. albicans may augment our knowledge in this area. Subsequently, these mutant strains can be analyzed for alterations in membrane lipid composition and its effect on cell shape and thus biofilm formation. Deciphering the role of phospholipids in detecting and integrating environmental signals to regulate biofilm formation will prove beneficial for developing antifungal therapies. Considering the lack of biofilm-specific antifungals, identifying novel lipid-dependent cellular pathways crucial for biofilm formation and targeting them may have significant clinical impact in future.
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Figure 1. Biofilm development phases in C. albicans. C. albicans biofilm life cycle comprises of attachment of free C. albicans cells to the surface, formation of hyphae, extracellular matrix production, and detachment (dispersion) of cells that can initiate biofilm formation at new sites. For simplicity, few genes including transcription factors (in bold) involved in the indicated stages (as identified in both in vitro and in vivo conditions) are presented in the box. Arrows indicate the properties of the dispersed yeast cells such as enhanced adherence, virulence, and antifungal resistance. 
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Figure 2. Cellular processes upregulated during biofilm formation at different time interval. Time course for upregulation of the listed cellular processed is shown as inferred from the transcriptome analysis reported by Yeater et al., 2007 [50]. Differentially regulated genes associated with lipid homeostasis during different phases of biofilm development are also shown. For simplicity, categories of genes upregulated at 6 h vs. 12 h are summarized under the 6 h heading whereas, data from the 12 h vs. 6 h and 12 h vs. 48 h comparisons are placed under 12 h heading. Individual genes upregulated at 48 h vs. 12 h are listed under 48 h section. 
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Figure 3. Composition of extracellular matrix (ECM) of biofilm. ECM of biofilm comprises of glycoproteins (55%), carbohydrates (25%), lipids (15%), and nucleic acid (5%). Glycerolipids (99.5%) and sphingolipids (0.5%) are the different classes of lipids present in the ECM. Glycerolipids contain a mixture of neutral lipids and polar lipids. 
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Table 1. Distribution of lipids in C. albicans biofilms and planktonic cells as gathered from lipidomic analysis by Lattif et al. 2011 [52]. Asterisk (*) represents average lipid levels in biofilms and planktonic cells grown to early phase (6 h) or mature phase (48 h). The number of asterisks indicates the extent of alteration in the levels of the corresponding phospholipid in the given phase. The mean lipid levels were found to be increased in both early and late biofilm, compared to planktonic cells. nd: not detectable.
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Lipid Molecular Species

	
Planktonic Stage

	
Biofilm Stage




	
Early Phase

	
Late Phase

	
Early Phase

	
Late Phase






	
Phospholipids

	
Phosphatidylcholine

	
*

	
*

	
**

	
**




	
Phosphatidylethanolamine

	
*

	
*

	
**

	
**




	
Phosphatidylinositol

	
*

	
*

	
***

	
***




	
Phosphatidylserine

	
*

	
*

	
**

	
**




	
Phosphatidic acid

	
*

	
*

	
**

	
**




	
Phosphatidylglycerol

	
*

	
*

	
**

	
**




	
Sphingolipids

	
Inositolphosphorylceramide

	
*

	
*

	
***

	
***




	
Mannosylinositolphosphorylceramide

	
*

	
*

	
***

	
***




	
Mannosyldiinositolphosphorylceramide

	
*

	
***

	
***

	
nd
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