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ABSTRACT 

 

Candida spp. are commensal opportunistic fungal pathogens that often colonize 

and infect mucosal surfaces of the human body. Candida, along with other microbes in 

the microbiota, generally grow as biofilms in a polymicrobial environment. Due to the 

nature of cellular growth in a biofilm (such as production of a protective extracellular 

matrix) and the recalcitrance of biofilms, infections involving biofilms are very difficult 

to treat with antibiotics and perpetuate the cycle of infection. The two most commonly 

isolated Candida spp. from Candida infections are Candida albicans and Candida 

glabrata, and the presence of both of these species results in increased patient 

inflammation and overall biofilm formation. In this work, we investigate the interspecies 

interactions between C. albicans (Ca) and C. glabrata (Cg) in co-culture through 

understanding biofilm formation, transcriptomic analysis, and the involvement of the 

quorum-sensing molecule farnesol in biofilm formation. We report that biofilm formation 

in co-culture populations of Ca and Cg is dependent on the relative starting concentrations 

of each species, with the highest biofilm formation in a ratio of Ca:Cg 1:3. Confocal 

microscopy analysis revealed increased biofilm heterogeneity and Ca hyphae length in co-

culture biofilm compared to mono-culture biofilms. Several genes involved in Ca adhesion 

(HWP1 and ALS3) were up-regulated in Ca:Cg 1:3 co-culture biofilms and there was also 

an increase in resistance to the antifungal drug caspofungin in co-culture biofilms. Next, 

we utilized transcriptomic analysis to further understand Ca:Cg interspecies interactions 

within co-culture biofilms.  We found that, in co-culture biofilms, lipid and cell wall 
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biosynthesis genes were significantly down-regulated and perturbed in both Ca and Cg, 

and it was demonstrated that cell wall lipid content is increased in co-culture biofilms in 

C. albicans via confocal microscopy. Finally, we investigated the relationship and 

mechanisms of farnesol with C. glabrata cultures and also the impact of farnesol on co-

culture biofilm formation. Results show possible Cg sequestration of farnesol and that 

there are other factors likely at play during co-culture biofilm formation that leads to 

increased biofilm formation, especially in the highest biofilm former Ca:Cg 1:3. 
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Ca Candida albicans (C. albicans) 

Cg Candida glabrata (C. glabrata) 
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1. INTRODUCTION  

 

1.1 General Background 

The human microbiota is composed of a wide and diverse array of bacterial and 

fungal species. The interactions that take place between the host cells and the microbiota 

have the potential to be beneficial or detrimental to overall host health. The opportunistic 

fungal pathogens Candida albicans and Candida glabrata are common commensal 

microorganisms found in the human body. Candida is isolated in about 70% of healthy 

individuals and often colonizes mucosal surfaces such as the oral cavity, gastrointestinal 

(GI) tract, urogenital tract, and also the skin [1]. Often times the colonizing Candida 

species changes overtime and is not fixed at a particular site [2]. Despite being commensal 

microorganisms, Candida spp. are the fourth leading cause of nosocomial infections and 

are the leading or second-leading cause of patient death [3, 4]. Candidiasis, a Candida 

infection, may range from mucosal to a deep tissue infection. Disseminated candidiasis 

(candidemia) often affects patients taking broad-spectrum antibiotics or antifungal drugs, 

patients with chronic inflammation, nosocomial patients, and patients that are 

immunocompromised, such as those with HIV or AIDS [5, 6]. Consequently, candidemia 

mortality rates may be as high as 50% [7, 8]. From clinical data of nosocomial candidemia, 

reports show that multiple Candida species are present during an infection. C. albicans is 

often the leading cause of candidiasis and candidemia, with C. glabrata frequently 

reported as the second most common Candida isolate in infections within North America 

[7, 9-11]. 
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1.2 Candida lifestyle and biofilm formation 

A unique feature of C. albicans is that it is polymorphic and has the ability to grow 

as yeast, pseudohyphae, and hyphae. The hyphal morphology of C. albicans is associated 

with increased virulence as it allows for active penetration of mucosal surfaces into host 

tissue, which can lead to disseminated candidiasis. In contrast, C. glabrata mainly grows 

as budding yeast. C. glabrata has been shown to piggyback onto the hyphae of C. albicans 

in order to invade tissue and cause an infection [12]. As part of the microbiome, fungal 

species such as Candida are incorporated into biofilms throughout the human body. 

Biofilms are the principal form of growth for microorganisms and are often composed of 

polymicrobial communities. Biofilms act as a protective niche for cells from stress and 

starvation, which makes them more resistant to antifungal agents and also allows them to 

go unnoticed by the host immune system [13, 14]. Additionally, it is estimated that 65% 

– 80% of human infections originate from biofilms [15]. C. albicans is capable of forming 

very robust biofilms because of their polymorphic capabilities, which contributes to its 

pathogenicity and results in higher mortality rates over other fungal species that lack 

biofilm-forming capabilities [13, 16].  

Candida biofilm development is divided into four stages: (1) adherence to a 

surface, (2) proliferation on a surface, (3) maturation into a complex biofilm, (4) 

dispersion of cells from the biofilm and into the surrounding for further spread of cells 

[17-21]. A biofilm initiates as a monolayer of cells, which then expands and proliferates 

into a multilayer complex. As the biofilm matures, an extracellular matrix (ECM) develops 

and allows the cells to grow into a three-dimensional structure. The extracellular matrix is 
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a hydrated exopolymeric substance (EPS) that encases the cells and acts as a protective 

mechanism against nutritional deprivation and environmental factors such as desiccation, 

host immune defenses, and antifungal treatments. Synthesized mostly from the cells 

themselves, the C. albicans EPS has been shown to include polysaccharides (~25% 

[wt/wt]), lipids (~15% [wt/wt]), proteins (~55% [wt/wt]), and nucleic acids (~5% [wt/wt]) 

[22]. The most studied component of Candida biofilms is β-1,3-glucan, which is the major 

cell wall polysaccharide. It has been shown to act as a “drug sponge” and sequester 

antifungal molecules that only increases the cells resistance to the drug [22]. 

Polysaccharides represent about 25% of the C. albicans biofilm EPS by weight, and 

monosaccharide analysis indicates that arabinose, mannose, glucose, and xylose are the 

four most abundant sugars. Interestingly, the C. albicans major cell wall polysaccharide 

component β-1,3-glucan only represents a low amount of sugars in the EPS. Other 

polysaccharides such as α-1,2 branched and α-1,6-mannans comprise ~87% of EPS 

polysaccharides. These two polysaccharides are known to be associated with unbranched 

β-1,3-glucans and form a type of complex through physical interactions [22].  

The material and growth substrate of Candida cells greatly impacts its ability to 

form biofilms. The media composition, temperature, and the type of growth surface 

Candida is exposed to all affect biofilm formation [2]. Growth conditions closer to a 

physiological pH and temperature induce C. albicans hypha formation, however it was 

demonstrated that medium composition modulates adherence and biofilm formation in C. 

albicans and C. glabrata more than pH [23]. The cellular growth surface also influences 

the morphological state and biofilm formation of C. albicans. For example, biofilms on 
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silicone elastomer catheter material were much thicker than biofilms formed on denture 

material Poly(methyl methacrylate) (PMMA). Interestingly, both hypha and yeast forms 

of C. albicans are able to produce biofilms and one type of cell is not absolutely essential 

for biofilm formation. Additionally, the presence of flow in the system has been shown to 

significantly increase C. albicans ECM production and biofilm strength [21]. Overall, 

Candida biofilm formation can vary greatly depending on the system conditions. 

For mixed fungal biofilms, especially between Candida species, there is limited 

knowledge on how species interact and influence overall microbial pathogenicity. 

Considering that C. albicans and C. glabrata are the two most common species in 

candidiasis and pose a threat for human health, there is clinical relevance to study the 

interspecies interactions during biofilm development. In contrast to C. albicans, C. 

glabrata is able to adhere to some surfaces but forms weak biofilms by themselves. C. 

glabrata has the ability to cause candidiasis and worsen infections when other Candida 

species, such as C. albicans, are present. For example, C. albicans is required for C. 

glabrata to contribute to oropharyngeal candidiasis [12]. Several studies have looked at 

the interactions taking place in co-culture C. albicans and C. glabrata biofilms. Mixed 

species biofilms of C. albicans and C. glabrata have previously been shown to have a 

higher biomass than monoculture biofilms [23, 24]. In addition, it has been demonstrated 

that C. glabrata physically adheres to C. albicans hyphae and that adherence requires the 

adhesin proteins of both fungal species to be present [12].  
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1.3 Genetic control of C. albicans and C. glabrata biofilm formation 

For genetic regulation of biofilms, C. glabrata has several known adhesion genes, 

many of which are in the EPA gene family. The EPA genes are located at subtelomeres 

and expression of several EPA genes is regulated by chromatin silencing. EPA6 and EPA7 

are known adhesion genes in C. glabrata that are involved in biofilm formation. Epa1-5 

do not appear to have a substantial role in biofilm formation despite similar structure to 

Epa6-7. EPA1 has been demonstrated to contribute to the interactions between C. glabrata 

and epithelial cells; however EPA1 is highly expressed during exponential growth phase 

[25]. Studies also show that C. glabrata undergoes cell wall remodeling and changes in 

cell surface physical properties during biofilm formation. Genes involved in cell surface 

hydrophobicity and phospholipid synthesis, such as PDR16 and PGS1, have been shown 

to alter and decrease C. glabrata biofilm formation, respectively [26, 27].  

In C. albicans, there are several known pathways and genes responsible for biofilm 

formation. The Als proteins are adhesins that are regulated by Tor1. In the presence of 

nutrients, adhesion gene expression is repressed by Tup1 and Nrg1. Once nutrients are 

depleted, there is no longer repression of Bcr1 and Efg1 and the proteins can aid in 

activating transcription of adhesion genes [28]. Gene regulation in C. albicans biofilms 

changes over the course of biofilm growth and development [29]. In the early stages of C. 

albicans biofilm growth, farnesol concentration is low and adherence is determined by 

Efg1 and Eap1. After attachment of cells to a surface, HWP1, one of the genes responsible 

for hyphae formation, is activated in C. albicans and cells begin to form filaments and a 

structured biofilm. The biofilm continues to mature and produce more farnesol, which 
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promotes the yeast form of C. albicans. When the biofilm is in the dispersal stage, Nrg1 

modulates C. albicans adhesion genes so cells may detach from the biofilm substrate [29]. 

In previous co-culture C. albicans and C. glabrata biofilm studies, C. glabrata 

adhesion-associated genes were upregulated in the presence of C. albicans. The C. 

glabrata upregulated genes were cell wall protein coding genes EPA8, EPA19, AWP2, 

AWP7, and CAGL0F00181 and they were suggested to mediate the adhesion of C. 

glabrata to C. albicans hyphae [12]. In another study that looked at co-culture biofilms of 

C. albicans and C. glabrata, they found that at 12 and 24 hour biofilm formation the C. 

albicans biofilm-associated genes ALS3, HWP1, PLB2, LIP9, and SAP5 were all slightly 

upregulated in the co-culture biofilm compared to the monoculture C. albicans biofilm. 

This suggests a seemingly neutral or synergistic relationship between the two Candida 

species [30]. Neutral relationships between C. albicans and C. glabrata have also been 

reported, where the number of cells of each species in a culture is not affected by the 

presence of the other [31, 32]. 

 

1.4 Antifungal resistance of C. albicans and C. glabrata biofilms 

Since biofilms are a tightly organized community of cells, they have inherent 

resistance to antimicrobial drugs in comparison to planktonic cells. A biofilm promotes 

infection and persistence of microorganisms in the host, which is why being able to 

properly treat a biofilm is crucial to host survival. Due to the structure of a biofilm, during 

treatment, the outer cells of the biofilm have exposure to the therapeutic and the cells that 

do not die will persist and potentially gain resistance against the drug. In addition, 
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antifungal resistance increases with biofilm development. In one study, early C. albicans 

biofilms had high susceptibility for various antifungal drugs. By mature biofilm formation 

at 72 hours, C. albicans cells were highly resistant [33]. C. glabrata also exhibits an innate 

resistance to antifungal drugs, especially azoles, which makes the treatment of co-culture 

Candida biofilms even more difficult to treat [34]. Additionally, a report looked at the 

effect of glucose concentration on C. glabrata biofilm formation and found that glucose 

concentration modulates C. glabrata biofilm formation and lower glucose promotes 

biofilm formation and increased resistance to amphotericin B [35].  

C. albicans and C. glabrata strains that are resistant or susceptible to antifungal 

drugs also form different types of biofilms. C. albicans that is resistant to fluconazole 

forms more biofilm than the susceptible strains, mostly because of the increased 

hydrophobicity of the cell surface and cell wall polysaccharides that aid in adhesion [36]. 

C. albicans biofilms, regardless of susceptibility, are a dense accumulation of cells 

composed of blastospores, pseudohyphae, and hyphae partially embedded in an ECM. C. 

glabrata resistant cells form a compact layered biofilm composed of only blastospores, 

whereas the susceptible strains form a discontinuous structured biofilm [37]. Since C. 

glabrata forms weaker and thinner biofilms in comparison to C. albicans, the biofilm 

formation seen in C. glabrata resistant cells may contribute to the increased pathogenesis 

of the species. 
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1.5 Quorum sensing in C. albicans and C. glabrata 

Candida albicans and Candida glabrata regulate virulence traits through a 

minimum of two quorum sensing (QS) signaling molecules, E,E-farnesol and tyrosol. 

Through these QS molecules, cells are able to monitor their population density. In C. 

albicans, both molecules affect the morphological transition from yeast to hyphae and also 

biofilm formation. There is tight positive and negative control over the production of these 

molecules in C. albicans based on environmental conditions. The production of E,E-

farnesol and farnesoic acid is stimulated by high biomass and reduces C. albicans hyphae 

formation [38-40]. Indeed, the expression of a hypha-specific cell wall protein HWP1 is 

decreased in C. albicans after exposure to farnesol [41]. Tyrosol, on the other hand, is 

produced and secreted when cell density is low, thus promoting hyphae formation and 

growth. Tyrosol secretion is at least 50% higher in C. albicans biofilms compared to 

planktonic cells and takes effect most significantly during the early and intermediate 

stages of biofilm formation. Tyrosol stimulation of C. albicans hyphae formation seems 

to occur in the early stages of biofilm formation (1 to 6 hours); however, farnesol appears 

to have a dominant affect over tyrosol when both compounds are together at later biofilm 

times (48 to 72 hours) [42].  

Farnesol and tyrosol are also produced by C. glabrata, but at much lower levels 

than C. albicans. C. albicans has been reported to produce ~ 10 – 60 µM farnesol 

(depending on the medium), whereas C. glabrata only produces on the order of ~ 1 µM 

farnesol. Treatment with E,E-farnesol does not affect biofilm formation of C. glabrata but 

slightly decreases the growth rate of the fungus [43]. For tyrosol, C. glabrata produces on 
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the order of ~ 1 µM and C. albicans produces closer to ~ 10 – 50 µM tyrosol [42, 44]. C. 

glabrata total biofilm biomass was shown to be not affected by tyrosol concentrations in 

the medium [45]. 

 

 

Figure 1. Tyrosol biosynthesis pathway in Candida albicans. Genes in green are fully 

characterized and confirmed to be involved in tyrosol biosynthesis. 

 

 

 Tyrosol biosynthesis pathway, as seen in Figure 1, begins with L-tyrosine and 

several alcohol dehydrogenases convert p-hydroxyphenylacetaldehyde to tyrosol [46-48]. 

Figure 2 shows the known genes involved in the farnesol biosynthesis pathway. ERG9 is 

fully characterized in Candida, and IDI1, ERG20, and DPP3 have putative roles in 

farnesol biosynthesis based on homology in S. cerevisiae [49-51]. DPP3 is not fully 

characterized for its involvement in FPP to farnesol conversion (Figure 2), however it was 

demonstrated that the deletion of DPP3 resulted in six times less farnesol production 

compared to wild type C. albicans [52]. DPP3 is the only gene that has been characterized 

and linked to farnesol production in C. albicans [53-55]. Several other genes have been 



 

10 

 

suggested to be involved in FPP conversion to farnesol (e.g. DPP2) [56], but studies 

remain to confirm their role in farnesol biosynthesis. Farnesoic acid (Figure 2) has been 

reported to be produced in some C. albicans strains [40], where others report only farnesol 

production in C. albicans [57]. 

 

 

Figure 2. Farnesol biosynthesis pathway in Candida albicans. Genes in parentheses 

are considered to be involved in pathway biosynthesis. Light blue are reported 

derivatives and dotted blue arrows show biosynthesis known in some Candida spp.  
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The metabolic response of C. albicans to farnesol is just beginning to be 

understood. A report by Han et al. investigated the metabolic response of farnesol treated 

C. albicans cells [58]. Intracellular metabolites were identified after cells were exposed to 

farnesol. What was found was that saturated fatty acid (myristate) and amino acids such 

as phenylalanine and leucine were decreased whereas amino acids such as tryptophan and 

histidine were increased [58]. Looking at pathways differentially expressed under farnesol 

treatment, pathways involved in nitrogen and amino acid metabolism, fatty acid 

metabolism, and acetyl CoA biosynthesis were all upregulated. Downregulated pathways 

included those involved in tryptophan metabolism which is associated with tyrosol 

production [58]. 

What is still not known in yeast is if there is a receptor or sensor for farnesol, how 

farnesol synthesis is regulated, if there is active uptake and transport of farnesol, and the 

exact relationship between farnesol and the commitment to a yeast or hyphae morphology 

[53, 59]. What is also not fully understood is if active degradation of farnesol occurs in 

yeast [53]. It has been demonstrated that farnesol is secreted by white cells only (versus 

opaque) [60], and that secreted farnesol acts as a chemoattractant for macrophages which 

enables the yeast to multiply and spread during infection [61]. What is known about 

farnesol regulation is that biosynthesis is diminished under anaerobic growth [62] and that 

farnesol resistance is a factor of the growth phase where cells have increased resistance to 

farnesol in the stationary phase over the exponential phase [63]. There are several 

transcriptional morphogenic repressor genes: TUP1, NRG1, and EED1. TUP1, NRG1, and 

EED1 mutants all over produce farnesol and are proposed to be regulators in the cellular 
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farnesol response [64]. Interestingly, even with over production of farnesol in the three 

mutants there were no reported changes in DPP3 expression levels suggesting that DPP3 

is not the only gene involved in farnesol production [64-66].  Additionally, EED1 

(epithelial escape and dissemination 1) has been shown to regulate hyphal maintenance in 

C. albicans and the EED1 mutant can form hyphae but it cannot switch back to the yeast 

form of growth and is hypersensitive to farnesol [66]. These findings suggest that EED1 

might play a role in farnesol membrane transport. Overall, it is not clear how yeast cells 

sense farnesol, but binding is very specific as subtle changes in the molecular structure of 

farnesol was sufficient to reduce biological activity [67]. It is possible that farnesol binds 

to a nuclear receptor in C. albicans, similar to what is observed in mammalian cells [68].  

In mammalian cells, free farnesol has been shown to be utilized for isoprenoid 

biosynthesis which is incorporated into cholesterol [69]. Farnesol activates a nuclear 

hormone receptor complex, retinoid X – farnesoid X nuclear receptor (FXR), which 

mediates the transcription of steroids and retinoids [68]. Farnesol also increases the 

degradation of HMG-CoA reductase, which is upstream of the mevalonate pathway and 

converts HMG-CoA to mevalonic acid [70]. In plant cells, farnesol is incorporated into 

sterols by FPP when exogenous farnesol is supplied which demonstrates the conversion 

of farnesol to farnesyl monophosphate (FP) to eventually FPP [71]. Tyrosol similarly is 

not well characterized in yeast but has been studied in mammalian cells to some extent. 

What was demonstrated is that tyrosol is poorly metabolized in hepatocytes [72] and that 

in epithelial cells, tyrosol is metabolized into glucuronides [73].  



 

_______________________________________________ 
  
1 Reprinted with permission from Olson, M. L., Jayaraman, A., & Kao, K. C. (2018). Relative Abundance 

of Candida albicans and Candida glabrata in In Vitro Co-Culture Biofilms Impacts Biofilm Structure and 

Formation. Applied and Environmental Microbiology, 84(8), e02769-17, Copyright © 2018, American 

Society for Microbiology. All Rights Reserved. 
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2. RELATIVE ABUNDANCE OF CANDIDA ALBICANS AND CANDIDA 

GLABRATA IN IN VITRO CO-CULTURE BIOFILMS IMPACTS BIOFILM 

STRUCTURE AND FORMATION1 

  

2.1 Summary 

Candida is a member of the normal human microbiota and often resides on 

mucosal surfaces such as the oral cavity or the gastrointestinal tract. In addition to their 

commensality, Candida species can opportunistically become pathogenic if the host 

microbiota is disrupted or if the host immune system becomes compromised. An important 

factor for Candida pathogenesis is its ability to form biofilm communities. The two most 

medically important species - Candida albicans and Candida glabrata - are often co-

isolated from infection sites, suggesting the importance of Candida co-culture biofilms. 

In this work, we report that biofilm formation of the co-culture population depends on the 

relative ratio of starting cell concentrations of C. albicans (Ca) and C. glabrata (Cg). 

When using a starting ratio of Ca:Cg of 1:3, a ~6.5- and ~2.5-fold increase in biofilm 

biomass was observed relative to Ca monoculture and a Ca:Cg ratio of 1:1, respectively. 

Confocal microscopy analysis revealed heterogeneity and complex structures composed 

of long Ca hyphae and Cg cell clusters in the co-culture biofilms, and qRT-PCR studies 

showed an increase in the relative expression of the HWP1 and ALS3 adhesion genes in 



 

 

14 

 

the Ca:Cg 1:3 biofilm compared to Ca monoculture biofilm. Additionally, only the 1:3 

Ca:Cg biofilm demonstrated increased resistance to the antifungal drug caspofungin. 

Overall, the results suggest that interspecific interactions between these two fungal 

pathogens increase biofilm formation and virulence-related gene expression in a co-

culture composition-dependent manner.  

 

2.2 Introduction 

The human microbiota is composed of a diverse array of bacterial and fungal 

species that colonize different sites in the body [74, 75]. Although the composition and 

function of the bacteria in the microbiota have been extensively studied [76-80], the 

mycobiota, or fungal members of the microbiome, remains largely understudied [74]. In 

the gastrointestinal tract, shotgun sequencing revealed that fungi compose approximately 

0.1% of the microorganisms [81, 82], yet this is likely an underrepresentation [74]. One 

of the most common fungi in the human body is Candida spp., which colonize mucosal 

surfaces such as the oral cavity, gastrointestinal (GI) tract, urogenital tract, and also the 

skin in approximately 70% of healthy individuals [1]. An expansion in the Candida 

population may lead to mucosal and deep tissue infections (candidiasis), while 

disseminated candidiasis (candidemia) often affects patients on broad-spectrum 

antibiotics or antifungal drugs, patients with chronic inflammation, nosocomial patients, 

and patients that are immunocompromised, such as those with HIV or AIDS [5, 6]. Not 

surprisingly, Candida is the fourth leading cause of nosocomial infections, and 

candidemia mortality rates may be as high as 50% [3, 7, 8]. 
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 Of the various Candida spp., the opportunistic pathogens Candida albicans (Ca) 

and Candida glabrata (Cg) account for roughly 60% of Candida spp. in the human body. 

Ca is often the leading cause of candidiasis and candidemia, with Cg frequently reported 

as the second most common Candida isolate in infections within North America [7, 9-11]. 

Ca and Cg are often co-isolated together during an infection, and isolation of single species 

Cg from infection sites is rare [83]. Additionally, the co-isolation of Ca and Cg has been 

linked with increased pathogenesis as the occurrence of co-isolation was reported in 

almost 80% of patients with high inflammation [84]. The inherent resistance of Cg against 

commonly used antifungals such as fluconazole and amphotericin B is generally higher 

than Ca [85, 86]. The abundance of Cg and non-Candida albicans (non-Ca) species has 

been shown to increase in a clinical study during a course of antifungal treatment against 

Candida spp. [7]. Nguyen et al. [9] observed 427 nosocomial patients with candidemia 

and found that after treatment with amphotericin B, Cg was the most common non-Ca 

species to cause candidemia mainly due to the persistence of Cg and resistance to 

antifungal treatment [9]. 

Biofilm communities provide a protective niche for microorganisms from stress 

and external perturbations, and it is estimated that 65% – 80% of human infections 

originate from biofilms [87]. Fungal species such as Candida are also found in 

polymicrobial biofilms in the human body and are generally more resistant to antifungal 

agents than when present in suspension [88]. It has also been shown that the biofilm 

microenvironment facilitates Candida to evade the host immune system and persist in the 

body [13, 14]. Candida albicans not only resides in the biofilm but also contributes to its 
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development as it is also capable of forming robust biofilms [16, 89]. This is primarily 

due to its polymorphic nature where it is able to grow as yeast, pseudohyphae, and hyphae. 

The hyphal morphology of Ca is associated with increased virulence as it allows for active 

penetration of mucosal surfaces into host tissue, which can lead to disseminated 

candidiasis. On the other hand, Cg mainly grows as budding yeast and has been shown to 

attach to the hyphae of Ca in order to invade tissue [12]. The presence of Candida spp. in 

a polymicrobial biofilm not only promotes its virulence but also increases the biofilm 

formation and antimicrobial resistance of other pathogenic bacteria, as has been 

demonstrated for Staphylococcus aureus [90].  

Despite the synergism between Ca and Cg, there is limited information on the 

underlying mechanisms involved in the interaction between the two fungal species and 

their effect on virulence and invasion. Recent work by Pathak et al. with Ca and Cg co-

cultures demonstrated that co-cultures with a 1:1 initial ratio of Ca:Cg yielded the highest 

biofilm biomass over any other Candida species combination as well as over single 

species biofilms [24].  In addition, a recent host microbiome study showed that the 

abundance of fungal species, including C. albicans, changed with diet, and potentially 

contributed to disease [91]; thus, it is conceivable that the relative abundance of fungal 

species within a polymicrobial biofilm can impact pathogenesis. However, there is little 

knowledge regarding the relative abundance of each species in a biofilm and how that 

contributes to biofilm formation and pathogenesis.  In this work, we investigated the effect 

of how varying the initial Ca and Cg ratio impacts biofilm formation, structure and 

antifungal drug susceptibility.  
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2.3 Materials and Methods 

2.3.1 Microorganisms and growth conditions 

C. albicans (SC5314, J. Berman, ENO1-RFP::Nat1) [92] and C. glabrata (ATCC 

2001, GFP-labeled) were used in this study. Prior to the experiments, strains were cultured 

on Yeast Peptone Dextrose (YPD) agar plates for 48 hours at 30°C. For all experiments, 

single colonies were isolated from YPD agar plates and inoculated into 25 mL YNB 

medium (50 mM glucose and pH 7, Amresco). Cultures were grown overnight at 30°C 

and 170 rpm for 12 hours prior to experiments. 

2.3.2 Biofilm quantification assay 

Biofilms were grown in either 96-well polystyrene plates (Corning®), or on glass 

or acrylic coverslips (VWR®) in 6-well tissue cultures plates. 96-well plates or coverslips 

were incubated in heat-inactivated fetal bovine serum (HI FBS) overnight at 37°C. Prior 

to experiment, coverslips or wells were washed once in 1X phosphate buffered saline 

(PBS, pH 7.4) and the coverslips were placed into 6-well tissue culture plates. Overnight 

cultures were washed twice with PBS and resuspended in fresh YNB medium. A 

hemocytometer was used to calculate cell density and cell cultures were diluted to a final 

concentration of 107 cells/mL. A final volume of 4 mL cell culture was added to each well 

with a coverslip and 100 µL was added to the 96-well plates. Wells with media only were 

used as controls. Biofilms were allowed to grow at 37°C for 48 hours without agitation. 

After 48 hours, the coverslips were removed from the 6-well plates using tweezers and 

washed twice with PBS. For the 96-well plates, wells were washed twice with 200 µL 

PBS. Coverslips were placed in a new 6-well plate, where 2 mL (200 µL for microtiter 
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plates) of 99% methanol was added to each biofilm. After 15 minutes, excess methanol 

was removed from the well and biofilms were allowed to dry completely. Once dry, 2 mL 

(200 µL for microtiter plates) of 0.1% crystal violet was added to each biofilm and 

incubated at room temperature for 20 minutes [93]. Plates were rinsed gently under DI 

water to remove excess crystal violet stain from the wells and biofilms. Excess water was 

removed from the well and 1 mL (150 µL for microtiter plates) of 33% acetic acid was 

added to each biofilm. Acetic acid samples were diluted 50-fold in a black walled clear 

bottom 96-well Corning® plate and absorbance was measured at 590 nm in a plate reader 

(Molecular Devices SpectraMax® 340PC). 

2.3.3 Confocal Laser Scanning Microscopy 

For CLSM biofilm analysis, biofilms were grown in 2-well chambered coverglass 

slides (Nunc® Lab-Tek™) that were pre-incubated overnight with HI FBS at 37°C. 

Cultures of C. albicans and C. glabrata were grown overnight in YNB medium. Cultures 

were washed twice in PBS and adjusted to a cell density of 107 cells/mL. A final volume 

of 2 mL per well was used. Biofilms were allowed to grow for 48 hours at 37°C and no 

agitation. After 48 hours growth, biofilms were washed gently with PBS and fixed with 

4% paraformaldehyde (room temperature, dark, 30 min). Images were acquired using 

Zeiss LSM 780 NLO Multiphoton microscope (Zeiss, USA) using the Plan-Apo 40X/1.4 

oil DIC M27 objective with 488 nm and 543 nm laser lines to image GFP and RFP 

simultaneously. To analyze the structure of the biofilms, a series of optical sections were 

taken at 1 μm intervals throughout the depth of the biofilm. 3 biological replicates were 

imaged and up to 3 images were taken per biofilm sample and used in both Comstat2 and 
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ImageJ analysis. Image J [94] was used to adjust brightness of images,  render 3D image 

stacks, and quantify hyphae length and cell clustering. Comstat2 [95, 96] was used for 

calculating biofilm thickness. 

2.3.4 RNA extraction and qRT-PCR analysis 

As described above, biofilms were grown for 6, 12, and 24 hours on glass 

coverslips in 6-well tissue culture plates. Biofilms were washed off of the coverslip with 

pre-chilled sterile Millipore water and cells were collected by centrifugation (2000 x g, 5 

minutes, 4°C). Supernatant was removed and cell pellets were flash-frozen in liquid 

nitrogen prior to placing in a lyophilizer for drying. Cell pellets were allowed to dry for 

24 hours. Acid-washed glass beads (Sigma-Aldrich) were added to the dried cell pellets 

and disrupted in the Disruptor Genie for 2 minute cycles for up to 10 minutes. Lysis buffer 

from the GE Illustra RNAspin Mini kit was added to the disrupted cell powder and RNA 

was extracted using the kit protocol with on-column DNase I treatment. RNA quality and 

concentration were determined using a Nanodrop® and Qubit™, respectively. 

For qRT-PCR, qScript™ One-Step SYBR® Green qRT-PCR kit (Quanta 

Biosciences™) was used in a Roche LightCycler® 96 system. 50 ng of RNA was used 

per reaction. ADH1 was the reference gene used for ΔCT analysis. For ΔΔCT analysis, 

mono-culture biofilm ΔCT was subtracted from the co-culture biofilm ratios. 2-ΔΔCT
 

analysis was used to determine fold-change gene expression. Standard deviation was taken 

from 2-ΔΔCT values of three biological replicates. Primers used are listed in Table 1. 
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Table 1. qRT-PCR primer list. 

Gene Primer 

HWP1 (Ca) F: 5’-TTGGCTAGTGAAACCTCACCAA-3’ 

R: 5’-GGCAGATGGTTGCATGAGTG-3’ 

ALS3 (Ca) F: 5’-ACTTTGTGGTCTACAACTTGGG-3’ 

R: 5’-CCAGATGGGGATTGTAAAGTGG-3’ 

PLB5 (Ca) F: 5’-CATTTGACTCGTCCGGCTCT-3’ 

R: 5’-ATGATGCCTGGGCAGAGGA-3’ 

SAP9 (Ca) F: 5’-TGTAACTTGGCCGACTCCAG-3’ 

R: 5’-ACGAGCTTGACGATTGTTGCAT-3’ 

EPA1 (Cg) F: 5’-ACCTAGCCCATACGGACCAA-3’ 

R: 5’-TCTGAGAAAGCATACTCGCTTGA-3’ 

EPA6 (Cg) F: 5’-TCCGAATTATCCTCGAACAGGC-3’ 

R: 5’-ATCAAACAGCGAAGTACACCC-3’ 

ADH1 (Ca) F: 5’-TGGGTGCTGAAGCTTACGTT-3’ 

R: 5’-TGACTTTAGCGTGAGCTGGT-3’ 

ADH1 (Cg) F: 5’-GAGCCGTCTTCCCTTCCA-3’ 

R: 5’-CGTGTTCGATTCGGTAACGC-3’ 

 

 

2.3.5 Antifungal susceptibility test 

Caspofungin (GoldBio, St. Louis, MO) was dissolved in sterile MilliQ water to a 

concentration of 1 mg/mL. Caspofungin stock solution was stored at -80°C in individual 

aliquots for one time use. CLSI M27-A2 [97] testing standard was slightly modified and 

used to test Candida planktonic caspofungin susceptibility. Cells were diluted to a 

concentration of 5.0 x 102 to 2.5 x 103 cells/mL in YNB medium (50 mM glucose, pH 7). 

Cultures were allowed to grow for 48 hours in test tubes at 37°C without agitation. OD600 

of planktonic cultures was measured after 48 hours. To test biofilm susceptibility, 96-well 

microtiter plates were coated with HI FBS and placed at 37°C overnight. Wells were 

washed once with PBS before inoculating with prepared cell cultures as mentioned above. 

Final volume in the wells was 100 μL. Biofilms were allowed to grow for 24 hours at 
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37°C. After 24 hours, biofilms were washed twice with 200 μL PBS and fresh YNB 

medium or YNB medium with caspofungin was added to the wells. Plates were placed 

back at 37°C for 24 hours. After 48 hours of total growth, biofilms were washed twice 

with 200 μL PBS and processed with either the XTT assay or CLSM for biofilm cell 

counts. 

Quantitation of Candida biofilms was performed as described previously [98, 99] 

using both a biochemical assay, the 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-

[(phenylamino) carbonyl]-2H-tetrazolium hydroxide (XTT) reduction assay, and CFU 

measurements via confocal microscopy. XTT (Sigma Chemical Co., St. Louis, Mo.) is 

reduced by mitochondrial dehydrogenase into a water-soluble formazan product that is 

measured spectrophotometrically. Briefly, XTT (Amresco) was dissolved in PBS to a final 

concentration of 0.5 mg/mL and filter sterilized. Menadione (Spectrum, NJ) was dissolved 

in acetone to a final concentration of 10 mM. XTT and menadione aliquots were stored at 

-80°C for future use. Menadione solution was added to the XTT solution for a final 

concentration of 1 μM. 100 μL of XTT-menadione solution was added to the wells and 

the plates were wrapped in foil and incubated at 37°C for 3 hours. 80 µL of supernatant 

was added to a new 96 well plate and measured at 490 nm (TECAN Infinite® M200). The 

% viability was calculated using the following equation: % viability = 100*(A490 treated - 

A490 background)/(A490 untreated – A490 background). 

To count biofilm cells from the antifungal susceptibility test, cells were removed 

from the 96 well plates by addition of 100 µL PBS and scraped with a pipette tip. A total 

of 3 technical replicates were collected and combined for one sample in a microcentrifuge 
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tube. Samples were vortexed vigorously and 10 μL of cell suspension was added to a 

coverslip and imaged. Images were taken using a Leica TCS SP5 (Leica, Germany) using 

a HCX Plan-Apo 40X/0.85 dry objective with 488 nm and 543 nm laser lines with 1.7X 

zoom. 10 images were taken per sample and cell counts from a total of 3 biological 

replicates were counted using Image J software [94]. 

 

2.4 Results 

2.4.1 Increasing C. glabrata in a Candida co-culture on biofilm increases biofilm 

formation 

We investigated the effect of varying the initial ratio of Ca and Cg on biofilm 

formation on glass surfaces. Figure 3 shows that the extent of biofilm formation after 48 

h of culture was significantly impacted by the starting ratio of Ca to Cg at the three ratios 

tested (3:1, 1:1, and 1:3). Ca and Cg monocultures demonstrated comparable biofilm 

biomass formation on glass surfaces, as determined by crystal violet staining (Figure 3A). 

However, on polystyrene and acrylic surfaces, biofilm formation by Cg monocultures was 

lower than Ca monocultures (Figure 3B & Figure 4). Interestingly, while Cg monocultures 

showed lower biofilm formation compared with Ca on polystyrene surface, increasing the 

initial cell density of Cg in the mixed species biofilm led to an increase in total biofilm 

formation (see Figure 3B). A ratio of 1:3 (Ca:Cg) yielded the maximum biofilm growth 

and was significantly higher than that observed with both Ca monocultures and 3:1 and 

1:1 initial ratio of Ca-Cg co-cultures. No additional increase in biofilm formation was 

observed when the ratio of Ca:Cg was increased to 1:5 and 1:10 (Figure 5). 
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Figure 3. Effect of starting culture composition on Candida co-culture biofilm 

formation. Biofilms formed on glass coverslips (A) or polystyrene microtiter plates 

(B) for 48 hours. 4 biological replicates. Student’s t-test, *:p-value < 0.05, **:p-value 

< 0.01, ***:p-value < 0.001  compared with C. albicans monoculture. Error bars are 

standard error of samples. 
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Figure 4. Biofilm formation on PMMA coverslips. 48 hours growth. Student’s t-test,    

*: p ≤ 0.05, compared to C. albicans monoculture. Error bars are standard error of 

4 biological replicates. 
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Figure 5. Biofilm formation on glass coverslips. 48 hours growth. Student’s t-test,      

**: p ≤ 0.01, ***: p ≤ 0.001, compared to C. albicans monoculture. Error bars are 

standard error of 6 biological replicates. 

 

 

We quantified the number of Ca and Cg cells in the co-culture biofilms to 

determine whether one species was more abundant in the biofilm. Our results showed that 

the ratio of Ca:Cg in mature biofilms after 48 hours remains approximately similar to the 

initial inoculum ratio (Figure 6), suggesting that one species does not have a significant 

fitness advantage over the other under the culture conditions that were used.  

Since hyphae and biofilm formation in Ca increases in nutrient-limited conditions 

[100, 101], it may be possible that the increase in biofilm biomass observed in co-cultures 

is the result of nutrient competition in Ca:Cg co-cultures. As a control experiment, co-

cultures of Ca and Saccharomyces cerevisiae (Sc) were used to mimic the nutrient 
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competition environment of co-cultures to ensure that the enhanced biofilm formation 

observed in Ca:Cg co-cultures are the result of potential interactions between Ca and Cg 

and not due to nutrient-limited conditions experienced by Ca in co-cultures. The data show 

that unlike the Ca:Cg co-cultures, biofilm formation with Ca:Sc 1:3 co-cultures was not 

greater than monocultures of Ca or Sc (Figure 7), suggesting that the enhanced biofilm 

formation observed in Ca:Cg co-cultures was not due to nutrient competition. 

 

 

 

Figure 6. Candida co-culture biofilm cell counts before and after caspofungin 

treatment. 
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Figure 7. Biofilm formation in 96 well polystyrene plates after 48 hours growth. 

Error bars are standard error of 3 biological replicates. 

 

 

2.4.2 Increased C. albicans hyphae and biofilm structural heterogeneity in Candida co-

culture biofilms 

The composition and structure of Candida co-culture biofilms were characterized 

using Confocal Laser Scanning Microscopy (CLSM).  Biofilms were imaged after 6, 12, 

and 24 h upon initiation of co-culture to assess differences in biofilm composition and 

structure between varying initial Ca:Cg ratios. The biofilm images were used to 

reconstruct the 3D structures of mono- and co-culture biofilms. Image analysis revealed 

long Ca hyphae throughout the entire thickness of the Ca:Cg 1:3 co-culture biofilms and 

increased biofilm thickness compared to the other culture conditions during the early 

biofilm maturation phase after just 6 h of growth (Figure 8). Moreover, the thicknesses of 
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co-culture biofilms at Ca:Cg ratios of 1:1 and 1:3 were significantly higher than Ca 

monoculture biofilms at 6 h (p-value of 0.05 and 0.001 respectively) (Figure 8B). After 

12 h, the co-culture biofilm thickness was comparable in all three Ca:Cg ratios, but still 

greater than Ca monoculture biofilms (Figure 8B). The reconstructed 3D biofilms also 

revealed extensive heterogeneity in the Ca:Cg 1:3 co-cultures, which differed from the 

other two ratios tested. In the Ca:Cg 1:3 biofilm, there was increased clustering of Ca 

hyphae and Cg yeast cells as well as variation in biofilm structure and thickness over the 

entire surface of the biofilm. Interestingly, the thickness of Ca:Cg 1:3 biofilms varied 

across the entire surface of the biofilm, revealing a more heterogeneous biofilm topology; 

whereas the thickness of Ca:Cg 3:1 and 1:1 biofilms were more uniform across the entire 

biofilm (Figure 9A, Figure 10, Figure 11). The length of C. albicans hyphae was estimated 

from the reconstructed 3D biofilms. At each time point, hyphae length increased 

significantly with increasing Cg concentration in the co-culture biofilm, with the Ca:Cg 

1:3 biofilm exhibiting the longest hyphae at all three time points (Figure 9B). 
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Figure 8. Confocal microscopy analysis of Candida co-culture biofilm thickness. (A) 

Representative 6-hour 3D Candida biofilm cross-sectional views. C. albicans = red, 

C. glabrata = green. A - Ca, B - Ca:Cg 3:1, C - Ca:Cg 1:1, D - Ca:Cg 1:3, E - Cg. (B) 

Biofilm thickness at 6, 12, 24 hours. Student’s t-test, *:p-value < 0.05, ***:p-value < 

0.001 compared with C. albicans monoculture. Error bars are standard error of 3 

biological replicates. 
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Figure 9. Effects of culture composition on biofilm structure.  (A) Representative 12 

hour 3D biofilm. Scale bar in microns. (B) Average C. albicans hyphae length in 

biofilms. (C) Representative 3D biofilm images of Ca:Cg 1:3 at 6, 12, and 24 hours. 

Scale bar in microns. Student’s t-test, *:p-value < 0.05, **:p-value < 0.01, ***:p-value 

< 0.001 compared with C. albicans monoculture. Error bars are standard error of 3 

biological replicates. 
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Figure 10. Representative 6 hour 3D Candida biofilms. Scale bar in microns. 
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Figure 11. Representative 24 hour 3D Candida biofilms. Scale bar in microns. 

 

 

Ca monoculture biofilms were thinner compared to co-culture biofilms and 

composed of both yeast and hyphae cells in a dense mat that were tightly interwoven as 

evident by the close clustering of red in the representative images (Figure 9A, Figure 10, 

Figure 11, Figure 12). Cg monoculture biofilms were composed of yeast cells but formed 

small clusters of cells that contributed to a thin biofilm layer (Figure 8A, Figure 10, Figure 

11, Figure 12). However, co-culture biofilms with an initial Ca:Cg ratio of 1:3 

demonstrated different characteristics. Two distinct features were observed – a dense, but 

not thick, region that was comprised of a mat of Ca hyphae and Cg cells, and a less dense, 

but thicker, region with long and elongated Ca hyphae that contributed to the increased 
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thickness and volume, with few Cg cells (Figure 9A,C). The denser regions of the Ca:Cg 

1:3 biofilm were similar to those observed with Ca monoculture biofilms, or co-culture 

biofilms started with Ca:Cg at 1:1 and 3:1 (Figure 9A, Figure 10, Figure 11). 

 

 

 

Figure 12. Representative cross-sectional views of Candida biofilms. (A) 12 hour (B) 

24 hour.  A - Ca, B - Ca:Cg 3:1, C - Ca:Cg 1:1, D - Ca:Cg 1:3, E - Cg. Scale bar = 20 

µm. 

 

 

In addition to increased thickness and Ca hyphae length in the Candida co-culture 

biofilms, the observed physical associations between Ca and Cg in the mixed species 

biofilm were quantified. Cg appears to preferentially attach to the hyphae of Ca (Figure 

13A-C), which has previously been observed [12]. The clustering between the two 

Candida species was most abundant in the Ca:Cg 1:3 biofilm, where the percent of Cg 
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attached to Ca hyphae was significantly higher than Ca:Cg 3:1 at 12 and 24 h and Ca:Cg 

1:1 ratio at 6 and 12 h (Figure 13D). 

 

 

Figure 13. Physical association of C. glabrata with C. albicans hyphae in biofilms. (A): 

Ca:Cg 3:1, (B): Ca:Cg 1:1, (C): Ca:Cg 1:3, (D) percent C. glabrata attached to C. 

albicans hyphae in Candida co-culture biofilm. Student’s t-test, *:p-value < 0.05, 

***:p-value < 0.001 compared with C. albicans monoculture. Error bars are 

standard error of 3 biological replicates. 

 

 

2.4.3 Gene expression analysis of adhesion genes in C. albicans biofilms  

Quantitative real-time PCR was utilized to analyze gene expression at 6, 12, and 

24 h in all Ca:Cg co-culture biofilms. For Ca, four adhesion and invasion associated genes 
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(HWP1, ALS3, PLB5, and SAP9) were chosen whereas two Cg adhesion genes (EPA1 and 

EPA6) were chosen as representative Cg genes (see Materials and Methods). HWP1, 

ALS3, PLB5, and SAP9 are all genes that contribute to Ca cell wall integrity and adhesion 

during biofilm formation. In Cg, EPA1 and EPA6 are known adhesion genes that have 

been demonstrated to be upregulated in biofilms [102]. All of these genes have been 

previously reported to be involved in biofilm formation and Candida virulence [30, 103-

106]. The expression of HWP1 increased with increasing Cg in the co-culture biofilm. The 

maximum increase in HWP1 expression was observed at 12 h and was significantly 

different between Ca monoculture biofilms, or co-culture biofilms at 3:1 and 1:3 ratios (t-

test, p < 0.01). At 24 h, HWP1 gene expression in Ca:Cg 1:1 and Ca:Cg 1:3 was 

significantly higher compared to Ca monoculture biofilm (Table 2). 

ALS3 gene expression increased as the ratio of Ca:Cg decreased and the maximum 

increase was again observed at 12 h. ALS3 gene expression was significantly higher in 

Ca:Cg 3:1 biofilm at 24 h and in Ca:Cg 1:3 biofilm at 6 and 24 h compared to the Ca 

monoculture biofilm (t-test, p < 0.05) (Table 2). The expression of PLB5 did not change 

significantly between Ca and the co-culture biofilms at all ratios at the three time points, 

whereas SAP9 gene expression decreased at all time points in the co-culture biofilms 

compared to Ca monoculture (Table 3). The expression of Cg adhesion genes EPA1 and 

EPA6 was unchanged at all ratios and time points compared to Cg monoculture (Table 4).  
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Table 2. Relative C. albicans biofilm gene expression of HWP1 and ALS3. Average 

gene expression level +/- standard error of 3 biological replicates with 3 technical 

replicates each. Statistical significance is with respect to Ca monoculture biofilm. 

Student’s t-test, *:p-value < 0.05, **:p-value < 0.01. 
  

Gene expression level (relative to ADH1) 

Gene Biofilm 6 hour 12 hour 24 hour 

HWP1 Ca 0.352 ± 0.262 1.274 ± 0.280 0.151 ± 0.102 
 

Ca:Cg 3:1 0.357 ± 0.148 1.070 ± 0.330 0.465 ± 0.098 
 

Ca:Cg 1:1 0.680 ± 0.237 2.141 ± 0.822 0.621 ± 0.114 (*) 
 

Ca:Cg 1:3 0.774 ± 0.157 3.827 ± 0.369 (**) 0.829 ± 0.095 (**) 

ALS3 Ca 0.095 ± 0.053 0.359 ± 0.103 0.052 ± 0.021 
 

Ca:Cg 3:1 0.146 ± 0.075 0.238 ± 0.065 0.157 ± 0.019 (*) 
 

Ca:Cg 1:1 0.257 ± 0.089 0.345 ± 0.088 0.177 ± 0.055 
 

Ca:Cg 1:3 0.337 ± 0.052 (*) 0.714 ± 0.084 0.163 ± 0.007 (*) 
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Table 3. Relative C. albicans biofilm gene expression of PLB5 and SAP9. Average 

gene expression level +/- standard error of 3 biological replicates with 3 technical 

replicates each. Statistical significance is with respect to Ca monoculture biofilm. 

Student’s t-test, *:p-value < 0.05, **:p-value < 0.01. 
  

Gene expression level (relative to ADH1) 

Gene Biofilm 6 hour 12 hour 24 hour 

PLB5 Ca 0.004 ± 0.000 0.007 ± 0.002 0.008 ± 0.004 

 
Ca:Cg 3:1 0.003 ± 0.000 0.005 ± 0.001 0.005 ± 0.002 

 
Ca:Cg 1:1 0.003 ± 0.000 0.006 ± 0.001 0.003 ± 0.001 

 
Ca:Cg 1:3 0.004 ± 0.000 0.012 ± 0.002 0.003 ± 0.000 

SAP9 Ca 0.018 ± 0.000 0.585 ± 0.148 0.552 ± 0.199 

 
Ca:Cg 3:1 0.014 ± 0.001 0.214 ± 0.082 0.214 ± 0.093 

 
Ca:Cg 1:1 0.014 ± 0.001 0.113 ± 0.022 0.064 ± 0.020 

 
Ca:Cg 1:3 0.014 ± 0.002 0.083 ± 0.020 0.055 ± 0.006 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

38 

 

Table 4. Relative C. glabrata biofilm gene expression. Average gene expression level 

+/- standard error of 3 biological replicates with 3 technical replicates each. 
  

Gene expression level (relative to ADH1) 

Gene Biofilm 6 hour 12 hour 24 hour 

EPA1 Cg 0.026 ± 0.005 0.032 ± 0.011 0.078 ± 0.023 
 

Ca:Cg 3:1 0.014 ± 0.004 0.040 ± 0.014 0.197 ± 0.063 
 

Ca:Cg 1:1 0.013 ± 0.003 0.049 ± 0.008 0.256 ± 0.098 
 

Ca:Cg 1:3 0.011 ± 0.002 0.048 ± 0.015 0.192 ± 0.074 

EPA6 Cg 0.442 ± 0.201 0.407 ± 0.211 0.256 ± 0.149 
 

Ca:Cg 3:1 0.635 ± 0.268 0.676 ± 0.447 0.380 ± 0.234 
 

Ca:Cg 1:1 0.510 ± 0.175 0.980 ± 0.656 0.402 ± 0.266 
 

Ca:Cg 1:3 0.430 ± 0.243 0.360 ± 0.193 0.346 ± 0.162 

 

 

2.4.4 Candida co-culture biofilms demonstrate increased anti-fungal resistance 

As biofilms are known to increase antimicrobial drug resistance [16, 88, 107], the 

increased biofilm thickness and structural complexity of Ca:Cg co-cultures can potentially 

result in enhanced antifungal drug resistance. Therefore, the impact of Ca:Cg ratio on the 

susceptibility of Ca and Cg biofilm cultures to caspofungin was tested. The MIC50 for 

planktonic culture of Cg and mixed Ca:Cg 1:1 was measured to be 0.0156 µg/mL which 

was double that of Ca monoculture (0.0078 µg/mL) and MIC90 was 0.0312 µg/mL for all 

conditions. The MIC50 and MIC90 of planktonic Candida cultures were lower than that 

observed in biofilms (Table 5). 
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Table 5. Candida biofilm cell viability after caspofungin treatment. 

Condition MIC
50 

(µg/ml) MIC
90 

(µg/ml) 

Biofilm  

(24 h biofilm,  

24 h 

caspofungin 

treatment) 

 (n=6) 

Ca 0.0234 Ca 0.0468 

Cg 0.0312 Cg 0.125 

Ca:Cg 3:1 0.0234 Ca:Cg 3:1 0.125 

Ca:Cg 1:1 0.0312 Ca:Cg 1:1 0.125 

Ca:Cg 1:3 0.0312 Ca:Cg 1:3 0.250 

 

 

Due to differences in metabolism of XTT between Candida species, CLSM was 

utilized for cell enumeration and to quantify cell viability of caspofungin-treated biofilms. 

A caspofungin concentration of 0.03 μg/mL was chosen to analyze cell viability based on 

unpublished data from our laboratory showing that the MIC50 using the XTT assay was 

0.03 μg/mL for Ca, Cg, and co-culture biofilms (Table 5). After caspofungin treatment, 

Cg monoculture biofilm had a viability of 14% ± 2.5% and Ca monoculture biofilm was 

43% ± 4.4% viable compared to untreated control biofilms (Figure 14). In co-culture 

biofilm, total cell viability increased with increasing Cg in the biofilm. The Ca:Cg 1:3 

biofilm had a cell viability of 75% ± 8.4%, which was significantly higher than the Ca:Cg 

3:1 and Ca:Cg 1:1 biofilms which exhibited a viability of 37% ± 8.2% and 62% ± 5.7%, 

respectively (Figure 14). When considering the individual species viability in co-culture 

biofilms, Ca was more susceptible to caspofungin than Cg. In the mixed species biofilm, 

Cg continues to grow even after the addition of caspofungin. 
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Figure 14. Candida biofilm viability after caspofungin treatment. Student’s t-test, *: 

p ≤ 0.05, compared to C. albicans monoculture. Error bars are standard error of 3 

biological replicates. 

 

 

2.5 Discussion 

Recent microbiome studies have started to shed light on how composition of 

bacterial and fungal species can potentially correlate with health and disease [91, 108-

110]. Candida, being a commensal fungal microorganism and opportunistic pathogen [1], 

is involved in this paradigm of health and disease. As Candida species exhibit variable 

susceptibility to antifungal treatments, changing prevalence of Candida spp. in candidiasis 

and candidemia on an epidemiological level [111-113] and changing colonization of 

fungal species over time at the single patient level have been observed [111, 114, 115], 
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suggesting changes in the mycobiome during the course of disease and treatment. Candida 

biofilms pose a high risk to human health, as high rates of infection and mortality are 

correlated with biofilm formation due to enhanced resistance to antimicrobials [116]. 

Clinical studies show that Ca and Cg are often co-isolated in infections [34, 111, 117], and 

the degree of infection is worsened by the presence of both species [84, 118]. While the 

clinical importance of Candida spp. in biofilms is evident, the interactions between Ca 

and Cg, in terms of their relative abundance and on the development of Candida biofilms, 

is poorly understood. In this work, we investigated the impact of varying the relative 

starting ratios of Ca and Cg in co-culture biofilms on biofilm formation and resistance to 

antifungal treatment. Our results clearly demonstrate that the relative abundance of each 

species has a significant impact on biofilm formation as biofilm increased with increased 

levels of Cg. This observation is especially interesting as we and others [23, 45, 119, 120] 

have shown that Cg in monocultures forms a weaker biofilm compared with Ca. The fact 

that this density-dependent effect was observed with biofilms grown on different surfaces 

(glass, polystyrene, and acrylic) suggests that this behavior is independent of the surface 

characteristics. 

Analysis of biofilms using CLSM revealed that the ratio of Ca:Cg remained 

relatively constant at the levels in which they were seeded over the duration of the 

experiment. This suggests that one species did not have a nutritional or metabolic 

advantage to outgrow the other in the biofilm (Figure 6). Cataldi et al. [37] demonstrated 

that a complex biofilm structure (biofilm composed of blastospores, pseudohyphae, and 

hyphae cells) increased biofilm cell surface area, which can increase adhesion to host cell 
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surfaces and pathogenesis. Recently, Alonso et al. demonstrated that macrophage 

migration towards Ca, a mechanism for clearing infection and pathogens in the human 

body, is reduced two-fold when cells are in a biofilm, which was attributed to increased 

biofilm thickness and structure (extracellular matrix encasement of yeast and hyphal cells 

[121]), rather than the composition of the biofilm matrix [122]. In this work, we also 

observed increased structural complexity and heterogeneity in co-culture Candida 

biofilms compared to monoculture biofilms where the highest biofilm heterogeneity was 

seen in the Ca:Cg 1:3 biofilm. The increase in structural complexity was evident from the 

increase in Ca hyphae formation and uneven thickness across the biofilm, which resulted 

in a larger network of cells and more complex 3D structure (Figure 8, Figure 9, Figure 10, 

Figure 11, Figure 12).  

Because of the increase in hyphae and uneven topology, overall biofilm thickness 

was not an appropriate metric for quantifying co-culture Candida biofilms. Instead, 3D 

biofilm reconstructed images were used for biofilm data interpretation. For example, the 

increase in hyphae length observed with the 1:3 Ca:Cg biofilms suggests that the Ca:Cg 

1:3 biofilm is potentially more virulent than 1:1 or 3:1 ratio biofilms, as an increase in 

hyphae length is often associated with increased Ca virulence [123]. We observed that a 

majority of Ca yeast cells were on the bottom of the biofilm with hyphal cells growing 

upward (Figure 8 & Figure 12), which is similar to the observations reported by Kuhn et 

al. with monoculture Ca biofilms [124]. In our observations of Ca:Cg co-culture biofilms, 

Cg was evenly dispersed throughout the biofilm and aggregates formed around Ca hyphae 

(Figure 9C & Figure 13). While clustering of Cg around Ca hyphae was seen in all three 
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Ca:Cg ratios (Figure 13A-C), maximum clustering was observed in the Ca:Cg 1:3 biofilm. 

This observation is consistent with the longer hyphae that were observed in this co-culture 

condition (Figure 9B). 

Previous studies have shown that several Ca genes (e.g. HWP1, ALS3) and Cg 

genes (e.g. EPA1, EPA6) are involved in increased adhesion and biofilm formation in vitro 

and in vivo [103, 105, 106]. In this study, both HWP1 and ALS3 gene expression increased 

in the co-culture biofilms compared to a Ca monoculture biofilm, and the highest fold-

induction was observed with starting ratio of Ca:Cg 1:3 (Table 2). The increase in HWP1 

gene expression for the Ca:Cg 1:3 biofilm is consistent with the increased hyphae length 

seen in the biofilms (Figure 9B), as HWP1 (Hyphal Wall Protein 1) is a Ca hyphal-

associated gene involved in adhesion and invasion [125, 126]. ALS3 gene expression was 

highest in Ca:Cg 1:3 co-culture biofilms compared to Ca monoculture biofilms at 6 and 

24 h indicating that Als3 may be needed for the initial forming of Candida co-culture 

biofilms (at 6 h) and also maintenance of mature biofilm structure (at 24 h). Early 

activation of ALS3 gene expression in C. albicans biofilms has previously been 

demonstrated by Nailis et al., where ALS3 gene expression increases within 6 hours 

compared to planktonic cells and then is downregulated after 48 hours [127]. Increased 

expression of Ca cell wall adhesins HWP1 and ALS3 also suggest an increase in 

attachment of cells within the biofilm, which allows for more robust biofilm formation 

compared to biofilms with lower adhesin expression. Moreover, increased hyphae in Ca 

and increased HWP1 expression is associated with increased yeast-hyphae cell 

interactions in the biofilm which contributes to increased structural complexity of cells 
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within the biofilm matrix (Figure 13D), and ALS3 has been demonstrated to facilitate the 

binding of Cg to Ca in a biofilm further leading to biofilm robustness and thickness in co-

culture [12]. Expression of HWP1 and ALS3 are also activated earlier on in the Ca:Cg 1:3 

biofilm compared to Ca monoculture, indicating an earlier initiation of biofilm formation 

which possibly contributes to the higher biomass seen over time in the 1:3 ratio. 

We observed an increase in the expression of the Cg adhesion gene EPA1 at 24 

hours in co-culture biofilms. Recently, Tati et al. demonstrated that several EPA adhesions 

genes (EPA8 and EPA19) are upregulated in mixed species cultures of Ca and Cg [12]. 

While no significant change in the expression of EPA1 or EPA6 was observed between 

co-culture and monoculture biofilms (Table 4), it should be noted that EPA1 has been 

primarily reported to be involved in adhesion to host tissue [106], and the lack of observed 

gene expression change in EPA1 and EPA6 could also be the result of sub-telomeric 

silencing [128-130]. 

In concordance with the biofilm data, Ca:Cg 1:3 co-culture biofilms exhibited the 

highest resistance to caspofungin treatment (Figure 14). Cataldi et al. [37] has reported 

that a non-uniform biofilm increases susceptibility to antifungal drugs due to a lower 

biofilm cell-matrix density and discontinuous cell embedding in the extracellular matrix, 

which could explain the increased resistance to caspofungin with the Ca:Cg 1:3 biofilm. 

Interestingly, while Ca monoculture biofilms were more susceptible to caspofungin, Cg 

biofilms cells in co-culture grew in the presence of 0.03 µg/mL caspofungin (Figure 6). It 

is unclear why Cg cell viability increases in co-culture biofilms in the presence of 

caspofungin and if this phenomenon is observed for other antifungal drugs as well. 
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Our study presents multiple lines of evidence to demonstrate that the initial relative 

cell densities of a Ca and Cg in a co-culture biofilm strongly influences the extent of 

biofilm formation as well as its structural complexity. The increased hyphae length in the 

Ca:Cg 1:3 biofilm contributes to a more complex biofilm structure, which increases the 

thickness and antifungal resistance of the biofilm. Additionally, increased hyphae also 

provides more hyphal surface area for Cg yeast cells to attach and cluster in the biofilm. 

These observations suggest that the changing Candida polymicrobial culture dynamics 

during biofilm formation may alter the course of the infection. Ongoing work in our 

laboratory focuses on investigating the transcriptomic changes in co-culture biofilms and 

identifying the molecular basis underlying Candida interspecies interactions. 
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3. TRANSCRIPTOMIC ANALYSIS OF CANDIDA CO-CULTURE BIOFILMS 

 

3.1 Summary 

Candida spp. are commensal opportunistic fungal pathogens that often colonize 

and infect mucosal surfaces of the human body. Candida, along with other microbes in 

the microbiota, generally grow as biofilms in a polymicrobial environment. Due to the 

nature of cellular growth in a biofilm (such as production of a protective extracellular 

matrix) and the recalcitrance of biofilms, infections involving biofilms are very difficult 

to treat with antibiotics and perpetuate the cycle of infection. The two most commonly 

isolated Candida spp. from Candida infections are Candida albicans and Candida 

glabrata, and the presence of both of these species results in increased patient 

inflammation and overall biofilm formation. This work aims to investigate the interspecies 

interactions between C. albicans (Ca) and C. glabrata (Cg) in co-culture through 

transcriptome analysis over the course of biofilm growth. We report that during co-culture, 

lipid biosynthesis and transporter genes were significantly modulated in both Ca and Cg. 

Differentially expressed genes in Ca during co-culture growth included putative 

transporter genes (C2_02180W_A and C1_09210C_B; up-regulated), amino acid 

biosynthesis (CaARO7; up-regulated most in Ca:Cg 1:3), and lipid-related genes (CaLIP3 

and CaIPT1; down-regulated). Differentially expressed genes in Cg in co-culture included 

putative transmembrane transporters (CAGL0H03399g and CAGL0K04609g; up-

regulated), an oxidative stress response gene (CAGL0E04114g; down-regulated most in 

Ca:Cg 1:3), genes involved in the TCA cycle (CgLYS12 and CAGL0J06402g; down-
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regulated), and several genes involved in cell wall/membrane biosynthesis (CgSEC53, 

CgGAS2, CgVIG9; down-regulated). Additionally, confocal microscopy was utilized for 

cell membrane lipid analysis between mono-culture and co-culture biofilms. Through 

filipin-stained lipid analysis, we found that there was a significant increase in cell 

membrane lipid content in Ca:Cg 1:3 biofilms compared to Ca mono-culture biofilms. 

These results suggest significant modifications of both cell wall, cell membrane, and 

transporters in both Ca and Cg during the time course of co-culture growth, which allows 

for increased biofilm formation and virulence in Candida co-culture biofilms. 

 

3.2 Introduction 

Candida spp. are commensal opportunistic fungal pathogens in the human body 

and often reside on skin or mucosal surfaces [74, 131]. It was recently described by 

Auchtung et al. [132] that C. albicans is a more transient member in the GI tract than once 

believed and that the fungi will thrive only in the gut of certain individuals. However, if a 

patient has inflammation, is immunocompromised, or has a compromised gut microbiota, 

Candida spp. may become virulent and invade host tissue leading to an infection [5, 6]. 

These infections mainly occur on mucosal surfaces, which are colonized and inhabited by 

many types of bacterial and fungal species [75, 133, 134]. Within these polymicrobial 

niches, certain communities exhibit antagonistic (oral – C. albicans and Pichia [135], 

vaginal – C. albicans and Lactobacillus [136]) or synergistic interactions (oral – C. 

albicans and Streptococcus mutans [109], GI tract – C. albicans and C. parapsilosis [137, 

138]). During the course of a Candida infection (i.e. candidiasis), C. albicans (Ca) and C. 
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glabrata (Cg) are often co-isolated [83]. Coco et al. reported that patients with the 

combination of these two Candida species exhibit a higher level of inflammation at the 

site of infection [84]. Additionally, in vitro experiments show that co-culture of C. 

albicans and C. glabrata produces higher biofilm formation over mono-culture biofilms 

alone [23, 24, 139]. Additionally, our lab has recently demonstrated that the relative 

abundance of Ca and Cg in co-cultures impacts overall biofilm formation; and increased 

co-culture Candida biofilm formation is associated with increased antifungal resistance 

and virulence gene expression [139]. In the highest biofilm former with initial culture 

Ca:Cg ratio of 1:3, there was increased Ca hyphae, increased Cg attachment to Ca hyphae, 

and increased expression of Ca virulence genes over time [139]. Thus, it is important to 

elucidate the interspecies interactions between Ca and Cg in a biofilm to improve 

therapeutic strategies for treating fungal infections throughout different areas of the human 

body. 

The survival of C. albicans and C. glabrata in different host niches and its potential 

to cause disease relies largely on its ability to alter its transcriptome in response to different 

environmental stimuli and stresses [140, 141]. In C. albicans, a complex transcriptional 

circuitry exists for the regulation of yeast to hyphae morphogenesis (an important 

virulence factor) in response to certain stimuli [142]. Changes in the transcriptional 

network also allows C. albicans to grow in a variety of environments with a range of pH 

and stresses from the immune system [143-145]. Furthermore, it was demonstrated by 

Rajendran et al. [146] that amino acid metabolism in C. albicans is up-regulated in high 

biofilm forming conditions and shown by Lattif et al. [147] that C. albicans biofilm cells 
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have a higher content of phospholipids and sphingolipids than planktonic cultures. On the 

other hand, little is currently known about the transcriptional dynamics during growth and 

biofilm formation in C. glabrata.  Since C. glabrata is inherently difficult to treat with 

certain antifungal drugs (i.e. azole drugs [148]), studies have focused on investigating the 

genes involved in Cg drug resistance. It was recently reported by Rodrigues et al. that 

several genes involved in beta-1,3-glucans and mannans biosynthesis (identified via RT-

qPCR) were an essential component of Cg biofilm growth and play an important role in 

antifungal drug resistance in biofilms [149]. Additionally, Linde et al. looked at 

transcriptional regulatory differences between Ca and Cg under nutrient-rich medium, 

nitrosative stress, and pH shifts using RNA-seq analysis [141], and found that iron 

homeostasis was altered in Cg in response to pH changes, whereas Ca exhibited less of a 

response. For adaptation to nitrosative stress, ‘RNA polymerase III activity’ (which has 

global impacts on gene expression) and ‘oxidation-reduction process’ (which signifies the 

cells are encountering and responding to stress) were significantly enriched in Cg, but not 

in Ca, suggesting different patterns of adaptation to pH shift and stress between C. 

glabrata and C. albicans [141].  

While several studies have explored transcriptome dynamics in mono-cultures of 

Ca or Cg, few studies have focused on Ca and Cg co-culture biofilms. One report 

demonstrated that several genes involved in C. albicans adhesion (i.e. CaALS3, CaHWP1) 

were down-regulated in co-cultures with C. glabrata [30]; however, our lab recently 

reported an increase in gene expression of Ca adhesion genes CaALS3 and CaHWP1 

during Ca:Cg co-culture biofilm formation over 24 hours [139]. The differences in gene 
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expression results may be due to varied approaches in culturing Candida biofilms. 

Furthermore, work by Tati et al. showed that CaAls1 and CaAls3 adhesins are needed for 

Cg virulence in co-culture [12]. Overall, studies have demonstrated that there is 

transcriptome modulation in both Ca and Cg during co-culture biofilm growth. Here we 

investigate the transcriptome profiles of C. albicans and C. glabrata co-culture biofilms 

as a function of Ca:Cg ratios and explore any temporal shifts in gene expression in mono- 

and co-culture biofilms.  The result shows significant changes in transcriptional regulation 

in both Ca and Cg over time during biofilm development and specifically in co-cultures 

that leads to increased overall biofilm formation and potentially virulence. Interestingly, 

the results showed substantially more genes to be differentially expressed in C. glabrata 

compared to C. albicans in co-cultures. During co-culture growth, several transporters and 

genes responsible for lipid biosynthesis were perturbed in C. albicans. In C. glabrata, 

genes involved in amino acid and lipid membrane biosynthesis were significantly 

modulated in co-culture biofilms. Additionally, we found that through filipin-stained cell 

membrane lipids, there was a significant increase in membrane lipids in Ca:Cg 1:3 

compared to both Ca mono-culture and Ca:Cg 3:1 co-culture biofilm. Increased lipid 

content in Ca:Cg 1:3 suggests that lipid biosynthesis is indeed modulated in co-culture, as 

found from transcriptomic analysis, and biosynthesis is most significantly altered in the 

highest biofilm former Ca:Cg 1:3. This work elucidates physiological and metabolic shifts 

as a result of interspecies interactions between C. albicans and C. glabrata during co-

culture biofilm growth via transcriptome analysis, and reveals potential adaptations of 
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Candida spp. during in vitro co-culture biofilm formation that may lead to an overall 

increase in virulence. 

 

3.3 Materials and Methods 

3.3.1 Microorganisms and growth conditions 

 C. albicans (SC5314, J. Berman, ENO1-RFP::Nat1) (58) and C. glabrata (ATCC 

2001, GFP-labeled) were used in this study. Prior to the experiments, strains were cultured 

on Yeast Peptone Dextrose (YPD) agar plates for 48 hours at 30°C. For all experiments, 

single colonies were isolated from YPD agar plates and inoculated into 25 mL YNB 

medium (50 mM glucose and pH 7, Amresco). Cultures were grown overnight at 30°C 

and 170 rpm for 12 hours prior to experiments. 

3.3.2 Biofilm quantification assay 

Biofilms were grown in 96-well polystyrene plates (Corning®). 96-well plates 

were incubated in heat-inactivated fetal bovine serum (HI FBS) overnight at 37°C. 

Overnight cultures were washed twice with PBS and resuspended in fresh YNB medium. 

A hemocytometer was used to estimate cell density, and cell cultures were diluted to a 

final concentration of 107 cells/mL. A final volume of 100 µL was added to the 96-well 

plates. Wells with media only were used as controls. Biofilms were allowed to grow at 

37°C for 48 hours without agitation. After 48 hours, wells were washed twice with 200 

µL PBS. Then 200 µL of 99% methanol was added to each well and after 15 minutes, 

excess methanol was removed from the wells and biofilms were allowed to dry 

completely. Once dry, 200 µL of 0.1% crystal violet was added to each biofilm and 
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incubated at room temperature for 20 minutes [93]. Plates were rinsed gently under DI 

water to remove excess crystal violet stain from the wells and biofilms. Excess water was 

removed from the well and 150 µL of 33% acetic acid was added to each well. Acetic acid 

samples were diluted 10-fold in a clear walled clear bottom 96-well Corning® plate and 

absorbance was measured at 590 nm in a plate reader (Molecular Devices SpectraMax® 

340PC). 

3.3.3 Filipin Staining and Confocal Laser Scanning Microscopy 

For CLSM biofilm-derived cell analysis, biofilms were grown in 96-well 

microtiter polystyrene plates (Corning®) that were pre-incubated overnight with HI FBS 

at 37°C. Cultures of C. albicans and C. glabrata were grown overnight in YNB medium. 

Cultures were washed twice in PBS and adjusted to a cell density of  ~107 cells/mL. A 

final volume of 100 l was used per well. Biofilms were allowed to grow for 24 hours at 

37°C and no agitation. After 24 hours growth, biofilms were washed gently with PBS, and 

100 L of PBS was added per well to scrape and remove attached biofilm cells. Biofilm 

cells were centrifuged in a microcentrifuge tube and resuspended in 50 g/ml filipin 

complex (Sigma-Aldrich) solution in PBS. Samples were incubated at room temperature 

for 20 minutes. To make the filipin complex solution, filipin was prepared in DMSO to a 

concentration of 5 mg/mL and aliquots were stored in rubber-sealed vials at -20C with 

only one freeze thaw. Prior to imaging for filipin staining, cells were washed once with 

PBS, and mounted on a glass coverslip and imaged using a Leica SP8 (Leica, USA) using 

the Leica HC PL APO CS2 63x/1.2 water objective (zoom = 3) with 405, 488 nm and 561 

nm laser lines. 3 biological replicates were imaged and 10 images were taken per biofilm 
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sample. Comstat2 was used to quantify the surface area of filipin staining per image [95, 

96]. Automatic thresholding was used in Comstat2 and filipin surface area quantification 

(m2) for C. albicans-RFP only cells in co-culture biofilms was calculated by subtracting 

the GFP-associated filipin surface area from raw images prior to Comstat2 analysis. For 

biofilm images without filipin dye, images were taken in the chambered coverglass slides 

(2 mL biofilm volume, previously fixed with 4% paraformaldehyde, 1 hour in the dark at 

room temperature) and acquired with a Zeiss LSM 780 NLO Multiphoton microscope 

(Zeiss, USA) using the Plan-Apo 40X/1.4 oil DIC M27 objective with 488 nm and 543 

nm laser lines to image GFP and RFP simultaneously. To analyze the structure of the 

biofilms, a series of optical sections were taken throughout the chamber slides at 1 μm 

intervals throughout the depth of the biofilm. 3 biological replicates were imaged and 3 

images were taken per biofilm sample and used in ImageJ analysis [94].  

3.3.4 RNA extraction 

Biofilms were grown for 6, 12, and 24 hours as described in “Biofilm 

quantification assay,” except on glass coverslips (pre-incubated in HI FBS) in 6-well 

tissue culture plates. Biofilms were washed off of the coverslip with pre-chilled sterile 

MilliQ water and cells were collected by centrifugation (2000 x g, 5 minutes, 4 °C). 

Supernatant was removed and cell pellets were flash-frozen in liquid nitrogen prior to 

lyophilization for 24 hours. Acid-washed glass beads (Sigma-Aldrich) were added to the 

dried cell pellets and disrupted in the Disruptor Genie for 2 minute cycles for up to 10 

minutes. Lysis buffer from the GE Illustra RNAspin Mini kit was added to the disrupted 

cell powder and RNA was extracted using the kit protocol with on-column DNase I 
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treatment. RNA quality and concentration were determined using a Nanodrop® and 

Qubit™, respectively. 

3.3.5 RNA-sequencing and analysis 

RNA-sequencing was done through the Texas A&M AgriLife Research center. RNA 

libraries were constructed using TruSeqRNA kit and processed (125SE) on an Illumina 

HiSeq 2500v4 High Output instrument. RNA-sequencing analysis was done using the 

Galaxy interface [150] through the Texas A&M High Performance Research Computing 

Center. In Galaxy, raw reads were trimmed of adapter sequences using Trimmomatic and 

mapped to the reference genome using Tophat2 [151, 152]. In Trimmomatic, TruSeq3 

adapter sequences were used and selected operations were MINLEN (20), LEADING (3), 

TRAILING (3). MINLEN drops reads below a specified length (in this case 20 bp), and 

LEADING/TRAILING cuts off bases from the start/end of the read if the quality is below 

a certain threshold (set to default of 3). In Tophat2, intron length was set to 10 – 1500 bp 

as previously described and all other parameters were set to default [140]. Average 

sequencing depth for C. albicans genome was 95 and 126 for the C. glabrata genome, 

which indicates how many times each base in the genome was sequenced on average. 

Coverage rate equation used: Coverage = (read length)*(number of reads)/(size of haploid 

genome). “Number of reads” used in the equation were taken from the average mapped 

reads over all time points of monoculture biofilm to reference genome. The percent of 

mapped reads for C. albicans was 83% and 84% for C. glabrata. Percent mapped reads 

was calculated from the average of monoculture mapped reads over 6, 12, and 24 hour 

time points. After mapping, HTseq-counts was used to count how many reads mapped to 
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each feature of the genome using the aligned sequencing reads and a list of genomic 

features as the input [153]. The Bioconductor DEseq2 package [154] was used to analyze 

HTseq-count data for differentially expressed genes, and Candida Genome Database GO 

Term Finder was used for statistically significant Gene Ontology analysis and GO Slim 

Mapper was used for broad categorization of terms [155]. Data analysis schematic 

represented in Figure 15. A p-adjusted value was calculated by taking all conditions 

(biofilm condition and time points) into account for use of comparisons within and 

between conditions.  

 

 

Figure 15. RNA-seq analysis schematic. 
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3.4 Results and Discussion 

3.4.1 Confocal images demonstrate differences between mono-culture and co-culture 

Candida biofilms 

It was previously demonstrated that relative abundance of Candida spp impacts 

co-culture biofilm formation [139]; we observed an increase in Ca hyphae length and 

overall biofilm formation in C. glabrata and C. albicans co-cultures (Figure 16). 

Furthermore, an increase in antifungal drug resistance was also observed in the co-culture 

with the highest biofilm formation (Ca:Cg ratio of 1:3) [139]. These results suggest 

interspecies interactions between Ca and Cg, which allow for increased biofilm formation 

and Ca hyphal growth. To investigate this further, RNA-seq analysis was utilized to 

determine the influence of co-culture on Candida gene expression over time at 6, 12, and 

24 hours of growth. 
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Figure 16. Increased hyphae and biofilm formation in Candida co-culture biofilms. 

(A): Representative 24-hour Candida biofilm z-slice cross-sectional views. C. 

albicans (Ca) = red, C. glabrata (Cg) = green. (B): Candida biofilm formation in 96-

well polystyrene plates, data from 3 biological replicates. Student’s t-test, *:p-value 

< 0.05, ***:p-value < 0.001 compared with C. albicans monoculture. Error bars are 

standard error of samples. 

 

 

3.4.2 Significant C. albicans genes in mono-culture and co-culture biofilms 

Biofilm samples for initial co-culture ratios of Ca:Cg 3:1, 1:1, and 1:3 and 

monocultures were taken after 6, 12, and 24 hours of biofilm growth and subjected to 

RNA-seq analysis. Multifactor analysis was carried out with the RNA-seq data, which 

included a linear model fitted to sample p-value and log2 fold change for all transcripts 

and takes into account all time points and biofilm conditions.  For C. albicans genes, there 

were 128 significantly perturbed genes in C. albicans during biofilm growth from the 
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multifactor analysis (p-adjusted value less than 0.1 and log2 fold change greater than 1.2). 

Of the 128 significant Ca genes, 14 genes had unknown protein function (Table 6). Eleven 

out of the 14 genes of unknown function were noted to be induced in Spider-medium 

biofilms. Additionally, among the set genes with unknown functions, C3_07980C_A was 

also upregulated in Candida co-culture biofilms and is reported to be regulated by Plc1 

which is involved in hyphal growth and biofilm formation (Table 6).   

 

 

Table 6. C. albicans significant genes from multifactor analysis with unknown 

function. 
Systematic Name Description (CGD) 

C2_00860C_A Protein of unknown function; Spider biofilm induced [156] 

C5_03430W_B Protein of unknown function; Spider biofilm induced [156] 

CR_06570C_B Protein of unknown function; Spider biofilm induced [156] 

C4_06960W_B Protein of unknown function; Spider biofilm induced [156] 

C3_03020W_A Protein of unknown function; flow model biofilm induced [157] 

C6_04420W_A Protein of unknown function; GlcNAc-induced protein; Spider 

biofilm induced; rat catheter biofilm repressed [156, 158, 159] 

C1_05900W_A Protein of unknown function; mRNA binds to She3; Hap43 

repressed gene; Spider biofilm induced [156, 160, 161] 

C3_01020W_A Protein of unknown function; opaque-specific transcript; induced 

during chlamydospore formation in both C. albicans and C. 

dubliniensis; Hog1-repressed; Spider biofilm induced [145, 156, 

162, 163] 

CR_06500C_B Protein of unknown function; Hap43-induced; regulated by Nrg1, 

Tup1; repressed by alpha pheromone in SpiderM medium; Spider 

biofilm induced; Bcr1-repressed in RPMI a/a biofilms [156, 161, 

164-166] 

C1_05920W_A Protein of unknown function; induced during chlamydospore 

formation in both C. albicans and C. dubliniensis; Spider biofilm 

induced [156, 163] 

C3_07980C_A Protein of unknown function; Plc1-regulated; transcript detected in 

high-resolution tiling arrays [167, 168] 

C7_03150W_A Protein of unknown function; rat catheter and Spider biofilm 

induced [156, 158] 

C1_12470W_A Protein of unknown function; induced by Mnl1 under weak acid 

stress [169] 

C3_02330C_A Protein of unknown function; Spider biofilm induced [156] 
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Using the GO Term Finder on CGD [155], there were significant genes in both 

gene ontology terms ‘molecular function’ and ‘cellular component’ for C. albicans 

multifactor analysis (Table 7) [155]. Under ‘molecular function’, significant gene 

ontology categories included kininogen binding, cell adhesion molecular binding, and 

several transmembrane transporter activities (Table 7). ‘Kininogen binding’ GO term 

included the adhesin gene CaALS3. Significant ‘cell adhesion’ genes included CaHWP1, 

CaINT1, and CaALS3. Transmembrane transporters were those involved in inorganic 

molecular entity, L-proline, and ion transport. For the L-proline transporters, CaGNP1 is 

fluconazole and caspofungin induced and is reported to be similar to asparagine and 

glutamine permease [157, 170]. Genes involved in ion transmembrane transporter activity 

included zinc (CaZRT1, CaZRT2), as well as a putative serine transporter (CaAGP3), 

glycerophosphocholine transporter (CaGIT4), and glycerophosphoinositol permease 

which is involved in the utilization of glycerophosphoinositol as a phosphate source 

(CaGIT1) (Table 7) [171]. 

Genes categorized under ‘cellular component’ included cell surface, cell wall, 

hyphal cell wall, and cell periphery (Table 7). Genes associated with cell surface and cell 

wall/hyphal cell wall included adhesion genes (CaALS3, CaPGA59), as well as several 

chitinase genes (CaCHS1, CaCHT2) and many GPI-anchored proteins (i.e. CaEXG2, 

CaECM331, CaIHD1, CaHYR1, CaPGA10). For those genes associated with cell 

periphery, there were many overlaps with cell wall and cell surface. Genes associated with 

cell periphery included those involved in septin (CaSEP7), alternative oxidase (CaAOX2), 
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and an oligopeptide transporter (CaPTR22). Septin is involved in Ca hyphal cell growth, 

which is a major component of Ca biofilm formation.  

 

Table 7. GO analysis of C. albicans multifactor analysis significant genes. 

Biological process: no significant ontology term 

 

Molecular function 

GO term Gene(s) annotated to the term Corrected p-value 

kininogen 

binding 

ENO1, HYR1,  ALS3 

0.01012 

high molecular 

weight 

kininogen 

binding 

ENO1, HYR1, ALS3 

0.01012 

cell adhesion 

molecule 

binding 

HWP1,  INT1, ALS3 

0.01996 

inorganic 

molecular entity 

transmembrane 

transporter 

activity 

HSP31, ATP1, ZRT2, GIT1, FUR4, GAP2, 

VMA6, AGP3, ZRT1,  GIT4, HIP1, GNP1, 

CM_00250W 

0.03458 

L-proline 

transmembrane 

transporter 

activity 

GAP2, GNP1 

0.05354 

ion 

transmembrane 

transporter 

activity 

HSP31, ATP1, ZRT2, GIT1, FUR4, GAP2, 

VMA6, AGP3, ZRT1,  GIT4, HIP1, GNP1, 

CM_00250W 

0.07962 

Cellular component 

GO term Gene(s) annotated to the term Corrected p-value 

cell surface 

EXG2, BMH1, ATP1, PGA26, PGA45, 

ENO1, FGR41, HYR1, ACT1, SOD5, TOS1, 

PGA10, RPL20B, PGA59, CRH11, HWP1, 

ECM331, INT1, CHT2, FET99, IHD1,

 PGA61, CHS1, PGA34, IFF9, ALS3 1.45E-12 
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Table 7. Continued. 

Cellular component 

GO term Gene(s) annotated to the term Corrected p-value 

cell wall 

EXG2, CDC12, BMH1, ATP1, PGA45, 

ENO1, HYR1, SOD5, TOS1, PGA10, CSP2, 

PGA59, CRH11, HWP1, ECM331, INT1, 

C5_02500C_A, CHT2, IFF9, ALS3 6.14E-09 

fungal-type cell 

wall 

EXG2, CDC12, BMH1, ATP1, PGA45, 

ENO1, HYR1, SOD5, TOS1, PGA10, CSP2, 

PGA59, CRH11, HWP1, ECM331, INT1, 

C5_02500C_A, CHT2, IFF9, ALS3 6.14E-09 

external 

encapsulating 

structure 

EXG2, CDC12, BMH1, ATP1, PGA45, 

ENO1, HYR1, SOD5, TOS1, PGA10, CSP2, 

PGA59, CRH11, HWP1, ECM331, INT1, 

C5_02500C_A, CHT2, IFF9, ALS3 6.88E-09 

cell periphery 

SEP7, EXG2, CDC12, BMH1, ATP1, 

PGA45, ENO1, AOX2, C1_10540C_A, 

HYR1, ACT1, SOD5, ZRT2, GIT1, TOS1, 

FUR4, PTR22, GAP2, PGA10, CSP2, 

PGA59, QCR9, CRH11, HWP1, VPS1, 

ECM331, INT1, C5_02500C_A, CHT2, 

CAG1, FET99, CR_02210W_A, OPT4, IFF9, 

ALS3 0.0000353 

hyphal cell wall 

ATP1, ENO1, HYR1, SOD5, TOS1, CRH11, 

HWP1, ALS3 0.00924 

 

 

For analysis of C. albicans significant genes that were only differentially expressed 

in Candida co-culture biofilms, a threshold of p-adjusted value (see Materials and 

Methods) less than 0.1 and log2 fold change greater than 2 was used. For this analysis, 

significant genes were first categorized based on 6 different conditions (see Materials and 

Methods): genes unique to mono-culture (Ca or Cg), Ca:Cg 3:1, Ca:Cg 1:1, Ca:Cg 1:3, 12 

hour growth, and 24 hour growth. To analyze significantly perturbed genes in co-cultures, 

two different analyses were considered: 1) comparing genes differentially expressed at 12 
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and 24 hours in all biofilm conditions compared to mono-culture at either 6, 12, or 24 

hours (time-course analysis) and 2) comparing the three co-culture biofilm conditions 

(Ca:Cg 3:1, Ca:Cg 1:1, Ca:Cg 1:3) to mono-culture at the same time points (either 6, 12 

or 24 hours). Combining all cases, there were a total of 29 significant genes unique to 

Candida co-culture and biofilm growth time (at 12 and 24 hours compared to 6 hours): 16 

genes were up-regulated and 13 genes were down-regulated in comparison to Ca mono-

culture. None of these genes had significant gene ontology terms for process, function, or 

component analysis. The GO Slim Mapper was used to give high-level parent GO terms. 

For the up-regulated genes, these included those involved in transport and response to 

chemical, stress and drug (Table 8). For the down-regulated genes, GO terms included 

lipid metabolic process, as well as response to stress, chemical, and drug (Table 9).  
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Table 8. GO analysis for C. albicans up-regulated genes in co-culture. 

C. albicans GO term Gene(s) 

up-regulated 
transport 

C2_04850C_A, C1_09210C_A, 

LTE1, C2_02180W_A 

  
biological_process 

C3_01090W_A, C1_08390C_A, 

C1_07010W_A, C3_01020W_A 

  regulation of biological 

process 
LTE1, HOT1, PST1 

  carbohydrate metabolic 

process 
C1_02320C_A, MNN47 

  
response to chemical C1_09210C_A, PST1 

  
organelle organization C2_04850C_A, MEF2 

  
response to stress HOT1, PST1 

  
vesicle-mediated transport C2_04850C_A, LTE1 

  
cytoskeleton organization C2_04850C_A 

  
RNA metabolic process HOT1 

  
response to drug C1_09210C_A 

  
signal transduction LTE1 

  interspecies interaction 

between organisms 
PST1 

  
cellular homeostasis C2_02180W_A 

  
pathogenesis PST1 
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Table 9. GO analysis for C. albicans down-regulated genes in co-culture. 

C. albicans GO term Gene(s) 

down-regulated 
biological_process 

C1_05390C_A, C2_10090C_A, 

C2_08740W_A, C1_01610C_A 

  

response to stress C3_02770C_A, YIM1, IPT1 

  

lipid metabolic process LIP3, IPT1 

  

RNA metabolic process YPT1, C1_01160C_A 

  

response to chemical YPT1, IPT1 

  

response to drug YPT1, IPT1 

  

organelle organization CSE4, YPT1 

  regulation of biological 

process YPT1, IPT1 

  

ribosome biogenesis C1_01160C_A 

  

cellular respiration MRPS9 

  

translation MRPS9 

  generation of precursor 

metabolites and energy MRPS9 

  

transport YPT1 

  

filamentous growth IPT1 

  

signal transduction YPT1 

  

cell cycle CSE4 

  interspecies interaction 

between organisms IPT1 

  

DNA metabolic process C3_02770C_A 

  

biofilm formation IPT1 

  

vesicle-mediated transport YPT1 
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In the time-course analysis for Ca significant genes, there were 10 genes that were 

up-regulated in the 12- and 24-hour time point samples in co-culture biofilms (Figure 17, 

Table 10). In C. albicans, there were two genes specific to 12 hours that were up-regulated 

– CaCTF1 and CaMEF2. CaCTF1 is a putative transcription factor that activates genes for 

fatty acid degradation. CaCTF1 has been shown to regulate beta-oxidation of fatty acids 

in C. albicans, which is required for the full virulence of C. albicans [172]. In co-culture 

biofilms, CaCTF1 was most up-regulated in Ca:Cg 1:3 biofilm. At 24 hours, two genes 

were up-regulated and specific to co-culture: CaPST1 and CaMNN47. CaPST1 is a 

flavodoxin-like protein (FLP) induced by Ca hyphae formation and is involved in 

oxidative stress protection and virulence of Ca; FLPs are a membrane protein and are 

critical for fungal survival in the host [173]. CaMNN47 was also only upregulated at the 

later stages of biofilm growth and is a protein of unknown function but is thought to be a 

part of a MNN4-like gene family of phosphomannosyltransferases, which are responsible 

for phosphomannosylation that modifies mannan cell wall proteins (Table 10) [174]. At 

both 12 and 24 hours, CaARO7 and C1_02320C_B were upregulated suggesting an 

increase in both amino acid metabolism and glycolysis, respectively (Figure 18). CaARO7 

is a putative chorismate mutase and has been shown to be involved in Ca response to pH 

[144] and CaARO1, another gene involved in the shikimate pathway, has been shown to 

alter Ca cell wall properties and also increase expression of adhesin genes CaALS1 and 

CaALS3 [175]. This signifies that amino acid metabolism may also modulate increased 

biofilm formation in co-culture through increased adhesin/cell wall architecture. CaHOT1 

was upregulated in Ca in co-culture biofilms at 12 and 24 hours, which is a putative 
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transcription factor required for the response of Ca to farnesoic acid by increasing 

expression on CaPHO81 that reduces hyphal growth [176]. Several putative transporters 

were also upregulated: C2_02180W_A (ortholog is zinc transporter) and C1_09210C_B 

which is similar to the Sit1p siderophore iron transporter associated with epithelial 

invasion and penetration [177]. Also to note, two genes with unknown functions 

(C3_01090W_A and C3_01020W_A) were among the highest expressed genes in Ca:Cg 

1:3 biofilms, which suggests that these two ORFs may be involved in interspecies 

interactions in co-culture biofilm and warrant further investigation in future work.  

 

 

Figure 17. (A): Venn diagram of Ca significant genes in co-culture at 12 and 24 

hours. Case 4: 12 hour, Case 5: 24 hour, Case 6: Ca mono-culture. (B): Heat map of 

Ca significant genes in co-culture at 12 and 24 hours. A: Ca, B: Ca:Cg 3:1, C: 

Ca:Cg 1:1, D: Ca:Cg 1:3. 2 biological replicates (i.e. A1 and A2). Normalized count 

data Log2(counts). 
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Table 10. Significant genes in C. albicans co-culture over 12 and 24 hours. 

Systematic 

Name 

Standard 

Name 

Description 

C1_08390C_B 
 

Ortholog of S. cerevisiae : YPL247C, C. glabrata 

CBS138 : CAGL0H00781g, C. dubliniensis CD36 : 

Cd36_07900, C. parapsilosis CDC317 : 

CPAR2_207070 and Candida tenuis NRRL Y-1498 : 

CANTEDRAFT_121354 

C3_01090W_A 
 

Ortholog of C. parapsilosis CDC317 : CPAR2_103040, 

Candida tenuis NRRL Y-1498 : 

CANTEDRAFT_116324, Debaryomyces hansenii 

CBS767 : DEHA2G01980g and Pichia stipitis Pignal : 

PICST_45936 

C1_01160C_B 
 

Exosome non-catalytic core component; involved in 3'-

5' RNA processing and degradation in the nucleus and 

cytoplasm; Spider biofilm induced [156] 

C2_08740W_A 
 

Has domain(s) with predicted ATP binding, nucleoside-

triphosphatase activity, nucleotide binding activity 

C1_01390C_B HOT1 Putative transcription factor; required for inhibition of 

filamentous growth by farnesoic acid and for expression 

of PHO81; filament induced [65, 176] 

C2_04850C_B 
 

Ortholog(s) have actin filament binding activity, role in 

actin cortical patch localization, actin filament bundle 

assembly, endocytosis and actin cortical patch 

localization 

C1_07010W_A 
 

Ortholog of C. dubliniensis CD36 : Cd36_06550, C. 

parapsilosis CDC317 : CPAR2_209030, Candida tenuis 

NRRL Y-1498 : CANTEDRAFT_111035 and 

Debaryomyces hansenii CBS767 : DEHA2F25300g 

C1_03500W_A YPT1 Functional homolog of S. cerevisiae Ypt1p, which is an 

essential small Ras-type GTPase involved in protein 

secretion at ER-to-Golgi; dominant-negative mutation 

causes SAP secretion defect and accumulation of 

intracellular secretory vesicles [178, 179] 

C2_01890W_A CTF1 Putative zinc-finger transcription factor, similar to A. 

nidulans FarA and FarB; activates genes required for 

fatty acid degradation; induced by oleate; null mutant 

displays carbon source utilization defects and slightly 

reduced virulence [172, 180] 
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Table 10. Continued. 

Systematic 

Name 

Standard 

Name 

Description 

C3_01020W_A 
 

Protein of unknown function; opaque-specific transcript; 

induced during chlamydospore formation in both C. 

albicans and C. dubliniensis; Hog1-repressed; Spider 

biofilm induced [145, 156, 162, 163] 

C2_06860W_B LTE1 Protein similar to GDP/GTP exchange factors; repressed 

by alpha pheromone in Spider medium; flow model 

biofilm repressed [157, 165] 

C1_07000W_B MEF2 Putative mitochondrial translation elongation factor; 

caspofungin induced [181] 

C1_12340C_A MRPS9 Mitochondrial ribosomal protein S9; has N-terminal 

mitochondrial targeting signal and an S9 consensus 

motif; overexpression in S. cerevisiae causes respiratory 

defect that is reversible upon cessation of C. albicans 

gene expression [182] 

C2_02180W_B 
 

Ortholog of S. cerevisiae Zrt3, vacuolar membrane zinc 

transporter; predicted Kex2 substrate; induced in 

oralpharyngeal candidiasis; flow model biofilm induced; 

Spider biofilm induced [156, 157, 183, 184] 

C1_06720C_A 
 

Ortholog(s) have mitochondrion localization 

C3_00860W_B CSE4 Centromeric histone H3 variant; role in structural 

changes of centromeric nucleosomes during cell cycle; 4 

nucleosomes bind 1 centromere, each has 1 Cse4 

molecule during most of cell cycle, 2 molecules in 

anaphase; Spider biofilm repressed [156, 185-189] 

C2_06870C_A PST1 Flavodoxin-like protein involved in oxidative stress 

protection and virulence; putative 1,4-benzoquinone 

reductase; hyphal-induced; regulated by Cyr1, Ras1, 

Efg1, Nrg1, Rfg1, Tup1; Hap43-induced; Spider biofilm 

induced [65, 156, 161, 173, 190, 191] 
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At both time points of 12 and 24 hours, several genes were downregulated involved 

in cell membrane (Figure 17, Figure 18). CaYPT1 is a functional homolog of S. cerevisiae 

Ypt1p, which is involved in protein secretion between ER and Golgi and overexpression 

in Ca and has been shown to inhibit growth and aspartyl protease secretion [178]. CaIPT1 

was also downregulated in co-culture biofilms (and most downregulated in Ca:Cg 1:3), 

which is involved in sphingolipid biosynthesis and is responsible for proper membrane 

transporter localization and drug resistance [192, 193] signifying that the cell membrane 

of Ca is significantly modulated in co-culture biofilm formation through modulation of 

cell membrane sphingolipids. CaLIP3 and CaYIM1 were downregulated (Table 11) and 

CaLIP3 – a secreted lipase - has been shown to be downregulated at later time points of 

C. albicans infection in a mouse model [194]. CaYIM1 (most down-regulated in Ca:Cg 

1:3 biofilms) was reported to be down-regulated when C. albicans is in the presence of 

macrophages [195].  
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Figure 18. (A):Venn diagram of Ca significant genes in co-culture compared to 

monoculture. Case 1: Ca:Cg 3:1 biofilm, Case 2: Ca:Cg 1:1 biofilm, Case 3: Ca:Cg 

1:3 biofilm, Case 6: Ca mono-culture. (B): Heat map of Ca significant genes in co-

culture at 6, 12, and 24 hours. A: Ca, B: Ca:Cg 3:1, C: Ca:Cg 1:1, D: Ca:Cg 1:3. 2 

biological replicates (i.e. A1 and A2). Normalized count data Log2(counts). 
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Table 11. Significant genes to co-culture in C. albicans over all time points (Case 

123 v. 6). 
Systematic name Standard 

name 

Description 

C1_09130W_A MNN47 Protein of unknown function; Spider biofilm induced [156] 

C1_09210C_B 
 

Putative transporter; slightly similar to the Sit1p 

siderophore transporter; Gcn4p-regulated; fungal-specific; 

induced by Mnl1p under weak acid stress [169, 177, 196, 

197] 

C1_11500C_A ARO7 Putative chorismate mutase; fungal-specific (no human or 

murine homolog); alkaline upregulated [144] 

C2_10090C_B 
 

Ortholog of S. cerevisiae : MRX1, C. glabrata CBS138 : 

CAGL0J03278g, C. dubliniensis CD36 : Cd36_24130, C. 

parapsilosis CDC317 : CPAR2_407430 and Candida 

tenuis NRRL Y-1498 : cten_CGOB_00234 

C2_03750W_A YIM1 Protein similar to protease of mitochondrial inner 

membrane; increased transcription is observed upon 

benomyl treatment; macrophage-downregulated gene [195, 

198] 

C1_09900W_A LIP3 Secreted lipase; gene family member whose members are 

expressed differentially in response to carbon source and 

infection; possible role in nutrition and/or in creating an 

acidic microenvironment; flow model biofilm induced 

[157, 194, 199] 

C1_02320C_B 
 

Putative protein similar to 6-phosphofructo-2-

kinase/fructose-2,6-bisphosphatase; expression 

downregulated in an ssr1 null mutant [200] 

C1_05390C_B 
 

Ortholog of C. dubliniensis CD36 : Cd36_05120, C. 

parapsilosis CDC317 : CPAR2_107740, Candida tenuis 

NRRL Y-1498 : CANTEDRAFT_136277 and 

Debaryomyces hansenii CBS767 : DEHA2A02266g 

C3_02770C_B 
 

Ortholog(s) have role in transcription-coupled nucleotide-

excision repair and Ddb1-Ckn1 complex localization 

C1_01610C_B 
 

Protein of unknown function; Hap43-induced; Spider 

biofilm induced [156, 161] 

C1_04430C_B 
 

Putative protein of unknown function; clade-associated 

gene expression [201] 

C1_09120W_B IPT1 Inositol phosphoryl transferase; catalyzes the synthesis of 

the most abundant sphingolipid, mannose-(inositol-P)2-

ceramide, M(IP)2C, from MIPC; required for wild-type 

membrane localization of Cdr1; Spider biofilm induced 

[156, 192, 193] 
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3.4.3 Significant C. glabrata genes in mono-culture and co-culture biofilms 

For the multifactor analysis with C. glabrata genes, there were 763 significantly 

differentially expressed genes (p-adjusted value less than 0.1 and log2 fold change greater 

than 1.2). Compared to C. albicans, which had 128 significant genes, C. glabrata had 

many more differentially expressed genes (763 genes), which is interesting to note. To 

reduce the list of genes for further analysis, multiple factors were taken into account: 

multifactor analysis, biofilm condition (mono-culture and co-culture), and time course (12 

and 24 hour significant transcripts) which resulted in a total of 63 significant genes in Cg 

over all time points and biofilm conditions. Looking at a heat map of the 63 significant 

transcripts in Cg (Figure 19), Cg significant genes were down-regulated over time in 12h 

and 24h and significant genes were also down-regulated in co-culture biofilms. This can 

be seen in Ca:Cg 3:1 (B), Ca:Cg 1:1 (C), and also in Ca:Cg 1:3 (D) where there are 

significant decreases in transcripts in co-cultures compared to mono-culture (E) and also 

specifically at 12h and 24h compared to 6h (Figure 19). Of these 63 significant genes, 

there was only significant GO ‘function’ term for ligase activity (Table 12) which included 

CgFOL3 (role in folic acid biosynthesis). Looking at GO slim mapper ‘component’ 

analysis, which finds global GO trends with less stringency than GO term finder, most 

genes were involved in cytoplasm and membrane component groups including genes 

involved in glycosylation (i.e. GDP-mannose for protein glycosylation (CgVIG9), 

CAGL0L07172g, CAGL0K05005g, CAGL0A00209g, CAGL0L00693g), predicted GPI-

anchor (CgGAS2), and a membrane anchor for oligosaccharides (CAGL0A00209g). 

Additionally, CgCRN1 was a reported gene in GO analysis, which has been reported as 
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upregulated in ΔACE2 strains and noted to be involved in cell fate and cell type 

differentiation in C. glabrata [202, 203], indicating that there may be some cell wall and 

morphology adaptations of C. glabrata in co-culture Candida biofilms. It was 

demonstrated by de Groot et al. that the cell wall proteins of C. glabrata (specifically the 

adhesion-like proteins) depended on the growth stage of the cell, where there was 

increased adhesion and cell surface hydrophobicity of Cg during the stationary phase over 

the log phase of growth [204]. Additionally, it was recently reported by Charlet et al. that 

the C. glabrata cell wall underwent several changes during in vivo mouse colonization 

such as a significant increase in cell wall chitin after exposure to a mouse gastrointestinal 

tract [205]. For the Cg stress response, it was reported by Ramírez-Quijas et al. that 

oxidative stress (a common environmental stress) modified the cell wall morphology and 

of C. glabrata [206]. Transport genes from GO analysis included those involved in ion, 

DNA, and transmembrane transport, indicating a potential increase or decrease in cellular 

uptake. Several genes involved in DNA and RNA assembly, amino acid biosynthesis 

(histidine, lysine, folic acid derivative), and protein localization (nucleus, mitochondria, 

and endoplasmic reticulum) were represented in GO analysis.  A change in DNA and RNA 

assembly may suggest a modification of gene expression and cell growth and amino acid 

biosynthesis indicates a potential change in growth requirements of C. glabrata during 

biofilm formation. It has been previously suggested that alterations of amino acid (i.e. 

methionine) biosynthesis results in modulation of azole susceptibility in C. albicans [207].  
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Figure 19. Normalized count data heat map for Cg significant transcripts. Grouped 

based on Candida biofilm condition. G: Cg, B: Ca:Cg 3:1, C: Ca:Cg 1:1, D: Ca:Cg 

1:3. 2 biological replicates (i.e. B1 and B2). Normalized count data Log2(counts).  
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Table 12. Gene ontology for significant C. glabrata genes from multifactor analysis 

(63 genes). 

Biological process: no significant ontology term 

 

Molecular function 

GO term Gene(s) annotated to the term Corrected p-value 

Ligase activity FRS1, CAGL0H09372g, 

CAGL0K00913g, FOL3, 

CAGL0K05027g, CAGL0M01606g 0.07963 

 

Cellular component: no significant ontology term 

 

 

To select significant genes in C. glabrata unique to Candida co-culture, a threshold 

of p-adjusted value less than 0.02 and log2 fold change greater than 2.7 was used. 

Combining both co-culture conditions and the effect of time (12 and 24 hours compared 

to 6 hours), there were a total of 49 significant C. glabrata genes unique to co-culture and 

time (Table 13, Table 14). 4 genes were up-regulated (Table 15) and 45 of these genes 

were down-regulated (Table 16) in comparison to mono-culture Cg as seen in Table 15 

and Table 16 respectively for GO slim analysis. In GO slim analysis for up-regulated 

genes, GO terms included transport, cell cycle, and response to chemical and drug (Table 

15). For GO slim analysis for down-regulated genes, general categories of GO included 

organelle organization, transport, lipid metabolic process, and response to stress, 

chemical, and drug (Table 16).  
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Table 13. Significant genes in C. glabrata in co-culture at 12 and 24 hours (Case 45 

v. 6). 

Systemic name Standard 

name 

Description 

CAGL0B02409g 
 

Ortholog of S. cerevisiae : YML119W and 

Saccharomyces cerevisiae S288C : YML119W 

CAGL0C00517g 
 

Ortholog(s) have protein-arginine omega-N 

monomethyltransferase activity, protein-arginine 

omega-N symmetric methyltransferase activity 

CAGL0D04708g 
 

Ortholog(s) have copper ion transmembrane 

transporter activity, role in copper ion import, iron ion 

transmembrane transport and plasma membrane 

localization 

CAGL0D05434g ROX1 Protein of unknown function 

CAGL0E04114g 
 

Ortholog(s) have role in cellular response to oxidative 

stress, protein import into peroxisome matrix, protein 

quality control for misfolded or incompletely 

synthesized proteins and mitochondrial inner 

membrane localization 

CAGL0G02585g LYS12 Homo-isocitrate dehydrogenase [203] 

CAGL0F07601g CWP1.1 GPI-linked cell wall protein [208, 209] 

CAGL0I02156g 
 

Ortholog(s) have role in endocytosis 

CAGL0J09746g 
 

Ortholog(s) have tRNA (guanine-N7-)-

methyltransferase activity, role in tRNA methylation 

and tRNA methyltransferase complex localization 

CAGL0J11264g 
 

Has domain(s) with predicted oxidoreductase activity 

and role in metabolic process 

CAGL0K05027g 
 

Ortholog(s) have DNA replication origin binding, 

adenylosuccinate synthase activity, sulfinylpropanyl 

adenylate synthase activity and role in 'de novo' AMP 

biosynthetic process, cellular response to cadmium 

ion, fumarate metabolic process 

CAGL0L13178g 
 

Ortholog(s) have role in mitochondrial respiratory 

chain complex III assembly and integral component of 

mitochondrial inner membrane localization 

CAGL0M09614g 
 

Ortholog(s) have plasma membrane localization 



 

 

77 

 

Table 14. Significant genes to co-culture in C. glabrata over all time points (Case 

123 v. 6). 
Systematic name Standard 

name 

Description 

CAGL0A03190g   Ortholog(s) have kinetochore localization 

CAGL0C05313g   Protein of unknown function 

CAGL0D01716g   Ortholog(s) have DNA polymerase processivity factor 

activity 

CAGL0D01034g VIG9 GDP-mannose pyrophosphorylase involved in the 

synthesis of GDP-mannose for protein glycosylation [210] 

CAGL0D04444g   Ortholog(s) have role in mitotic sister chromatid cohesion, 

negative regulation of chromosome condensation, negative 

regulation of maintenance of mitotic sister chromatid 

cohesion and nuclear cohesin complex localization 

CAGL0D05742g   Has domain(s) with predicted dolichyl-

diphosphooligosaccharide-protein glycotransferase 

activity, role in protein glycosylation and endoplasmic 

reticulum, integral component of membrane localization 

CAGL0D01012g   Ortholog(s) have RNA polymerase II proximal promoter 

sequence-specific DNA binding, transcriptional activator 

activity, RNA polymerase II proximal promoter sequence-

specific DNA binding activity 

CAGL0F02431g ACO2 Ortholog(s) have role in mitochondrial translation and 

mitochondrion, nucleus localization 

CAGL0F06941g PYC1 Putative pyruvate carboxylase isoform; gene is 

upregulated in azole-resistant strain [211] 

CAGL0G02585g LYS12 Homo-isocitrate dehydrogenase [203] 

CAGL0I05764g   Ortholog(s) have repressing transcription factor binding, 

transcription factor activity, transcription factor binding 

activity and role in negative regulation of transcription 

involved in G1/S transition of mitotic cell cycle 

CAGL0G04851g SUR4 Predicted fatty acid elongase involved in production of 

very long chain fatty acids for sphingolipid biosynthesis; 

mutants show reduced sensitivity to caspofungin and 

increased sensitivity to micafungin [212] 

CAGL0H07183g   Ortholog(s) have role in regulation of DNA methylation 

CAGL0I00484g   Ortholog(s) have cell adhesion molecule binding, glucan 

endo-1,6-beta-glucosidase activity, glucan exo-1,3-beta-

glucosidase activity 

CAGL0F08437g   Ortholog(s) have steryl deacetylase activity, role in 

response to toxic substance, sterol deacetylation and 

endoplasmic reticulum lumen, integral component of 

membrane, lipid droplet localization 

CAGL0F07865g UPC2B Putative Zn(2)-Cys(6) binuclear cluster transcriptional 

regulator of ergosterol biosynthesis [213] 
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Table 14. Continued. 

Systematic name Standard 

name 
Description 

CAGL0H03399g   Ortholog(s) have (R)-carnitine transmembrane transporter 

activity, choline transmembrane transporter activity, 

ethanolamine transmembrane transporter activity 

CAGL0I08371g   Ortholog(s) have DNA replication origin binding activity 

and role in DNA replication initiation, chromatin silencing 

at silent mating-type cassette, pre-replicative complex 

assembly involved in nuclear cell cycle DNA replication 

CAGL0I01210g   Ortholog(s) have [cytochrome c]-lysine N-

methyltransferase activity, role in peptidyl-lysine 

methylation and cytosol localization 

CAGL0J04378g   Ortholog(s) have role in glycolipid translocation and 

endoplasmic reticulum membrane localization 

CAGL0J05676g INN1 Ortholog(s) have enzyme regulator activity, role in 

chromosome organization, division septum assembly and 

HICS complex, cellular bud neck contractile ring 

localization 

CAGL0J06402g   Ortholog(s) have homocitrate synthase activity, role in 

DNA repair, histone displacement, lysine biosynthetic 

process via aminoadipic acid and nucleus localization 

CAGL0K11506g   Ortholog(s) have 5'-3' exodeoxyribonuclease activity 

involved in UV-damage excision repair, 5'-flap 

endonuclease activity, double-stranded DNA 5'-3' 

exodeoxyribonuclease activity, single-stranded DNA 5'-3' 

exodeoxyribonuclease activity 

CAGL0K12870g   Ortholog(s) have role in mitochondrial respiratory chain 

complex IV assembly and mitochondrion localization 

CAGL0K01001g   Ortholog(s) have role in protein localization to plasma 

membrane, protein targeting to vacuole, receptor-mediated 

endocytosis, response to pheromone and actin cortical 

patch, cytosol, endosome, plasma membrane localization 

CAGL0K00605g   Ortholog(s) have ATP binding, ATPase activity, DNA 

replication origin binding, GTP binding, GTPase activity, 

chromatin binding, protein serine/threonine kinase activity 

CAGL0K00913g   Ortholog(s) have formate-tetrahydrofolate ligase activity, 

methenyltetrahydrofolate cyclohydrolase activity, 

methylenetetrahydrofolate dehydrogenase (NADP+) 

activity, single-stranded DNA binding activity 

CAGL0K04609g   Has domain(s) with predicted role in transmembrane 

transport and integral component of membrane 

localization 
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Table 14. Continued. 

Systematic name Standard 

name 
Description 

CAGL0K12848g SEC53 Putative phosphomannomutase; protein differentially 

expressed in azole resistant strain [203, 214] 

CAGL0L01397g   Ortholog(s) have DNA replication origin binding, MCM 

complex binding, chromatin binding, single-stranded 

DNA-dependent ATP-dependent DNA helicase activity 

CAGL0L11088g   Ortholog(s) have phosphatase activity and role in 

dephosphorylation 

CAGL0L08184g FEN1 Predicted fatty acid elongase with role in sphingolipid 

biosynthetic process; mutants show reduced sensitivity to 

caspofungin and increased sensitivity to micafungin [212] 

CAGL0L09867g   Ortholog(s) have adenylate kinase activity, uridylate 

kinase activity, role in 'de novo' pyrimidine nucleobase 

biosynthetic process and mitochondrion, nucleus 

localization 

CAGL0M14025g   Has domain(s) with predicted oxidoreductase activity and 

role in oxidation-reduction process 

CAGL0M08448g   Ortholog(s) have mannose-ethanolamine 

phosphotransferase activity and role in ATP transport, GPI 

anchor biosynthetic process, conidium formation, 

regulation of growth rate 

CAGL0M13849g GAS2 Putative glycoside hydrolase of the Gas/Phr family; 

predicted GPI-anchor [209] 
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Table 15. GO slim analysis for C. glabrata in up-regulated significant genes in co-

culture. 

C. glabrata GO term Gene(s) 

up-regulated 

transport CAGL0H03399g, CAGL0K04609g 

  

cell cycle CAGL0K00605g 

  

response to chemical CAGL0H03399g 

  regulation of biological 

process CAGL0K00605g 

  

response to drug CAGL0H03399g 

  

biological_process ROX1 

  

DNA metabolic process CAGL0K00605g 
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Table 16. GO slim analysis for C. glabrata down-regulated genes in co-culture. 

C. glabrata GO term Gene(s) 

down-regulated regulation of 

biological process 

CAGL0D01716g, CAGL0C00517g, 

CAGL0L01397g, CAGL0M08448g, 

CAGL0I05764g, UPC2B, 

CAGL0D04444g, CAGL0H07183g, GAS2, 

CAGL0D01012g, CAGL0I08371g 

  organelle 

organization 

CAGL0L01397g, CAGL0K12870g, INN1, 

CAGL0J06402g, CAGL0K11506g, 

CAGL0L13178g, CAGL0D04444g, 

CAGL0E04114g, GAS2, CAGL0I08371g 

  

transport 

FEN1, CAGL0D04708g, CAGL0M08448g, 

SEC53, CAGL0J04378g, CAGL0E04114g, 

CAGL0I02156g, CAGL0K01001g, SUR4 

  

cell cycle 

CAGL0D01716g, CAGL0C00517g, 

CAGL0L01397g, CAGL0I05764g, INN1, 

CAGL0K11506g, CAGL0D04444g, 

CAGL0D01012g, CAGL0I08371g 

  

response to stress 

CAGL0D01716g, CAGL0C00517g, 

CAGL0L01397g, CAGL0J06402g, UPC2B, 

CAGL0K11506g, CAGL0E04114g, GAS2 

  

response to chemical 

CAGL0M08448g, UPC2B, 

CAGL0F08437g, CAGL0K05027g, 

CAGL0E04114g, CAGL0K01001g 

  lipid metabolic 

process 

FEN1, CAGL0M08448g, UPC2B, 

CAGL0F08437g, SUR4 

  cellular protein 

modification process 

CAGL0C00517g, CAGL0M08448g, 

CAGL0I01210g, VIG9, CAGL0D05742g 

  DNA metabolic 

process 

CAGL0D01716g, CAGL0L01397g, 

CAGL0J06402g, CAGL0K11506g, 

CAGL0I08371g 

  carbohydrate 

metabolic process CAGL0I00484g, PYC1, SEC53, GAS2 

  

biological_process 

CAGL0M09614g, CAGL0B02409g, 

CAGL0C05313g, CAGL0A03190g 

  vesicle-mediated 

transport 

FEN1, CAGL0I02156g, CAGL0K01001g, 

SUR4 

  RNA metabolic 

process 

CAGL0D01716g, CAGL0K11506g, 

CAGL0J09746g 

  cell wall 

organization CAGL0I00484g, CWP1.1, GAS2 
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Table 16. Continued. 

C. glabrata 

down-regulated 

GO term Gene(s) 

protein catabolic 

process CAGL0C00517g, CAGL0E04114g 

 response to drug CAGL0M08448g, UPC2B 

 

interspecies 

interaction between 

organisms CAGL0I00484g, GAS2 

 

cytokinesis INN1 

  

cellular respiration ACO2 

  

hyphal growth GAS2 

  

cell development CAGL0M08448g 

  

generation of 

precursor 

metabolites and 

energy ACO2 

  

translation ACO2 

  

cell adhesion CAGL0I00484g 

  vitamin metabolic 

process CAGL0K00913g 

  

filamentous growth GAS2 

  

conjugation CAGL0I00484g 

  

biofilm formation CAGL0I00484g 

  

pathogenesis GAS2 

 

 

The GO term mapper from CGD [155] was used to find statistically significant 

GO terms related to C. glabrata co-culture conditions.  For genes involved in ‘biological 
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process’, significant genes included those involved in GDP-mannose processes (CgVIG9, 

CgSEC53) and ‘small molecule biosynthetic process’ such as CgPYC1 and CgLYS12 

(Table 17). CgVIG9 is a GDP-mannose pyrophosphorylase involved in GDP-mannose 

synthesis [215]. CgSEC53 is a putative phosphomannomutase and was reported as 

differentially expressed in an azole resistant Cg strain [203, 214]. Both genes are also 

involved in the mannose metabolism pathway (Figure 20). CgPYC1 is a putative pyruvate 

carboxylase isoform and was up-regulated in azole-resistant strain [211] and CgLYS12 is 

a homo-isocitrate dehydrogenase [203] involved in lysine biosynthesis (Figure 21). These 

results suggest that the cell wall via mannose metabolism and amino acid biosynthesis 

were significantly altered during co-culture C. glabrata growth conditions. For GO 

‘molecular function’, significant terms included fatty acid elongase and synthase activity 

(CgSUR4, CgFEN1), and DNA replication origin binding (Table 17). CgSUR4 is a 

predicted fatty acid elongase for the production of very long chain fatty acids for 

sphingolipid biosynthesis, which are major components of the Cg cell membrane [212]. 

CgFEN1 plays a role in sphingolipid biosynthesis as well and mutants in both genes (SUR4 

and FEN1) showed a reduced susceptibility to caspofungin [212]. In C. albicans, it was 

recently demonstrated by Alfatah et al. that CaFEN1 plays a critical role in Ca cell wall 

integrity and biofilm formation and that a double mutant of CaFEN1 and CaFEN12 

resulted in defective hyphae formation, which is a major component of biofilm growth 

[216]. Our GO analysis results imply that there are substantial cell membrane changes in 

Cg under the exposure to Ca in co-culture biofilms and that these cell membrane changes 

increase biofilm formation in C. glabrata. In GO ‘cellular component’, significant genes 
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were associated with the DNA replication complex, and MBF transcription complex 

(Table 17). In S. cerevisiae, this complex is involved in the regulation of transcription 

during the G1/S transition of the cell cycle [217]. This information indicates that the cell 

growth (G1 phase) and DNA replication (S phase) is impacted when Cg is co-culture with 

Ca in biofilms.  

 

Table 17. Significant Gene Ontology terms for C. glabrata co-culture specific 

significant genes. 
Biological process 

GO term Gene(s) annotated to the term Corrected P-value 

nuclear DNA replication CAGL0D01716g, CAGL0I08371g, 

CAGL0K00605g, CAGL0K11506g, 

CAGL0L01397g 

0.00256 

cell cycle DNA 

replication 

CAGL0D01716g, CAGL0I08371g, 

CAGL0K00605g, CAGL0K11506g, 

CAGL0L01397g 

0.00285 

GDP-mannose 

metabolic process 

VIG9, SEC53 0.0332 

GDP-mannose 

biosynthetic process 

VIG9, SEC53 0.0332 

pre-replicative complex 

assembly involved in 

cell cycle DNA 

replication 

CAGL0I08371g, CAGL0K00605g, 

CAGL0L01397g 

0.03559 

pre-replicative complex 

assembly 

CAGL0I08371g, CAGL0K00605g, 

CAGL0L01397g 

0.03559 

pre-replicative complex 

assembly involved in 

nuclear cell cycle DNA 

replication 

CAGL0I08371g, CAGL0K00605g, 

CAGL0L01397g 

0.03559 

very long-chain fatty 

acid biosynthetic 

process 

SUR4, FEN1 0.06613 
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Table 17. Continued. 

Biological process 

GO term Gene(s) annotated to the term Corrected P-value 

small molecule 

biosynthetic process 

PYC1, UPC2B, LYS12, SUR4, 

CAGL0J06402g, CAGL0K00913g, 

SEC53, FEN1 

0.07207 

 

Molecular function 

GO term Gene(s) annotated to the term Corrected P-value 

fatty acid elongase 

activity 

SUR4, FEN1 0.0074 

fatty acid synthase 

activity 

SUR4, FEN1 0.051 

DNA replication origin 

binding 

CAGL0I08371g, CAGL0K00605g, 

CAGL0L01397g 

0.05963 

sequence-specific 

double-stranded DNA 

binding 

CAGL0D01012g, UPC2B, 

CAGL0I08371g, CAGL0K00605g, 

CAGL0L01397g 

0.07284 

 

Cellular component 

GO term Gene(s) annotated to the term Corrected P-value 

pre-replicative complex CAGL0I08371g, CAGL0K00605g, 

CAGL0L01397g 

0.00663 

nuclear pre-replicative 

complex 

CAGL0I08371g, CAGL0K00605g, 

CAGL0L01397g 

0.00663 

DNA replication 

preinitiation complex 

CAGL0I08371g, CAGL0K00605g, 

CAGL0L01397g 

0.01727 

MBF transcription 

complex 

CAGL0D01012g, CAGL0I05764g 0.01879 
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Figure 20. C. glabrata KEGG pathway for mannose metabolism [218-220]. Blue 

boxes indicate Cg co-culture down-regulated genes. 
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Figure 21. C. glabrata KEGG pathway for lysine biosynthesis [218-220]. Blue box 

indicate Cg co-culture down-regulated genes. 

 

 

Looking at differential gene expression in C. glabrata in co-culture biofilms, there 

were several significant genes upregulated at 12 and 24 hours compared to 6 hour. Most 

of the C. glabrata significant genes were down-regulated in co-culture. CgROX1, which 

is a protein of unknown function in Cg, has an ortholog in S. cerevisiae that is a heme-

dependent repressor of hypoxic genes. A previous study showed that biofilm formation 

was reduced in a CgROX1 mutant under hypoxia [221], an important host factor, and 

Linde et al. linked the Cg stress response to iron homeostasis in Cg [141]. Biofilm 

formation is generally considered a stress and survival mechanism of Cg so our results 

also suggest the link of stress and biofilm formation to potentially up-regulation of iron 

homeostasis in Cg. CAGL0H03399g was also upregulated in co-culture, and orthologs of 

this gene have choline transmembrane transporter activity. It is reported that choline and 

inositol utilize the same transporter in the cell, and inositol is a precursor for sphingolipid 
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biosynthesis in yeast [222, 223]. Another gene up-regulated in Cg co-culture biofilms was 

CAGL0K04609g, which has predicted transmembrane transport association and an 

integral role in membrane localization. 

Looking at down-regulated genes, 33 genes in Cg were down-regulated in co-

culture biofilms (Table 18). 12 genes out of these 33 genes were involved in cell 

membrane and cell wall biosynthesis. Cell membrane sugars and lipid backbones 

positively impact the extracellular matrix of Candida biofilms and contribute to biofilm 

formation. The majority of the cell membrane-related down-regulated genes in Cg during 

co-culture biofilm growth were involved in the cell wall biosynthesis such as mannan and 

sphingolipid biosynthesis (CgCWP1.1 – GPI-linked cell wall protein most down-regulated 

in Ca:Cg 1:3, CgSEC53, CgFEN1, CgCAGL0M08448g – most down-regulated in Ca:Cg 

1:3, CgGAS2, CgVIG9) (Figure 20, Figure 22, Figure 23). Additionally, CgSUR4 (a 

predicted fatty-acid elongase for long sphingolipid biosynthesis) was downregulated most 

in Ca:Cg 1:3 biofilms. Recently, Charlet et al. [205] reported Cg cell wall remodeling as 

a factor during growth in the gut microbiota signifying that this factor of cell wall structure 

change (such as sphingolipid content) is important for Cg growth and environmental 

adaptation.  

Transport genes were also significantly expressed in Cg during co-culture growth. 

Transporters included those for various ions (copper: CAGL0D04708g, choline: 

CAGL0H03399g, iron), DNA, and transmembrane transport (CAGL0K04609g). C. 

albicans has been reported to potentially absorb copper ions through CaAls1 and CaAls3 

[224] and copper ion transporter CaFET4 mutation was associated with increased biofilm 
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formation [225] demonstrating a connection between copper ion transport and increased 

biofilm formation in Candida spp. Additionally, 7 of the down-regulated Cg significant 

genes were involved in nutrient and energy utilization. Several of these significant genes 

were involved in glycolysis (CgLYS12 – most downregulated in Ca:Cg 1:3 biofilms, 

CgLYS21, CgPYC1) (Figure 21, Figure 23, Figure 24). Additionally, genes involved in 

DNA/RNA processes, cell division, and cellular response to oxidative stress 

(CAGL0E04114g, most downregulated in Ca:Cg 1:3) were significantly downregulated 

in co-culture biofilms (Table 18). Similar to Cg, an oxidative stress response gene CaPST1 

was also modulated in C. albicans biofilms (up-regulated). It was reported by Pemmaraju 

et al. that C. albicans under exogenous oxidative stress increased biofilm matrix 

production and modulated virulence factors and cell wall mannan content [226].  C. 

glabrata is highly resistant to oxidative stress [227] and more tolerant to oxidative stress 

as a biofilm over planktonic cells [228]. 
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Table 18. Down-regulated C. glabrata genes in co-culture biofilms. 

 

Systematic 

name 

Standard 

name Description 

Cell 

membrane 

CAGL0J04378g   
Ortholog(s) have role in glycolipid translocation and 

endoplasmic reticulum membrane localization 

CAGL0K01001g   

Ortholog(s) have role in protein localization to plasma 

membrane, protein targeting to vacuole, receptor-

mediated endocytosis, response to pheromone and actin 

cortical patch, cytosol, endosome, plasma membrane 

localization 

CAGL0K12848g SEC53 
Putative phosphomannomutase; protein differentially 

expressed in azole resistant strain [203, 214] 

CAGL0L08184g FEN1 

Predicted fatty acid elongase with role in sphingolipid 

biosynthetic process; mutants show reduced sensitivity 

to caspofungin and increased sensitivity to micafungin 

[212] 

CAGL0M08448g   

Ortholog(s) have mannose-ethanolamine 

phosphotransferase activity and role in ATP transport, 

GPI anchor biosynthetic process, conidium formation, 

regulation of growth rate 

CAGL0M13849g GAS2 
Putative glycoside hydrolase of the Gas/Phr family; 

predicted GPI-anchor [209] 

CAGL0D01034g VIG9 

GDP-mannose pyrophosphorylase involved in the 

synthesis of GDP-mannose for protein glycosylation 

[210] 

CAGL0D05742g   

Has domain(s) with predicted dolichyl-

diphosphooligosaccharide-protein glycotransferase 

activity, role in protein glycosylation and endoplasmic 

reticulum, integral component of membrane 

localization 

CAGL0G04851g SUR4 

Predicted fatty acid elongase involved in production of 

very long chain fatty acids for sphingolipid 

biosynthesis; mutants show reduced sensitivity to 

caspofungin and increased sensitivity to micafungin 

[212] 

CAGL0I00484g   

Ortholog(s) have cell adhesion molecule binding, 

glucan endo-1,6-beta-glucosidase activity, glucan exo-

1,3-beta-glucosidase activity 

CAGL0F07865g UPC2B 
Putative Zn(2)-Cys(6) binuclear cluster transcriptional 

regulator of ergosterol biosynthesis [213] 

CAGL0F08437g  

Ortholog(s) have steryl deacetylase activity, role in 

response to toxic substance, sterol deacetylation and 

endoplasmic reticulum lumen, integral component of 

membrane, lipid droplet localization 
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Table 18. Continued. 

 
Systematic name 

Standard 

name Description 

Nutrient and 

energy 

utilization 

CAGL0I01210g   

Ortholog(s) have [cytochrome c]-lysine N-

methyltransferase activity, role in peptidyl-lysine 

methylation and cytosol localization 

CAGL0J06402g   

Ortholog(s) have homocitrate synthase activity, 

role in DNA repair, histone displacement, lysine 

biosynthetic process via aminoadipic acid and 

nucleus localization 

CAGL0K12870g   

Ortholog(s) have role in mitochondrial respiratory 

chain complex IV assembly and mitochondrion 

localization 

CAGL0L11088g   
Ortholog(s) have phosphatase activity and role in 

dephosphorylation 

CAGL0M14025g   
Has domain(s) with predicted oxidoreductase 

activity and role in oxidation-reduction process 

CAGL0F06941g PYC1 
Putative pyruvate carboxylase isoform; gene is 

upregulated in azole-resistant strain [211] 

CAGL0G02585g LYS12 Homo-isocitrate dehydrogenase [203] 

DNA/RNA  

CAGL0I08371g   

Ortholog(s) have DNA replication origin binding 

activity and role in DNA replication initiation, 

chromatin silencing at silent mating-type cassette, 

pre-replicative complex assembly involved in 

nuclear cell cycle DNA replication 

CAGL0K11506g   

Ortholog(s) have 5'-3' exodeoxyribonuclease 

activity involved in UV-damage excision repair, 5'-

flap endonuclease activity, double-stranded DNA 

5'-3' exodeoxyribonuclease activity, single-

stranded DNA 5'-3' exodeoxyribonuclease activity 

CAGL0K00913g   

Ortholog(s) have formate-tetrahydrofolate ligase 

activity, methenyltetrahydrofolate cyclohydrolase 

activity, methylenetetrahydrofolate dehydrogenase 

(NADP+) activity, single-stranded DNA binding 

activity 
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Table 18. Continued. 

 
Systematic name 

Standard 

name Description 

DNA/RNA 

CAGL0L01397g   

Ortholog(s) have DNA replication origin binding, 

MCM complex binding, chromatin binding, single-

stranded DNA-dependent ATP-dependent DNA 

helicase activity 

CAGL0L09867g   

Ortholog(s) have adenylate kinase activity, 

uridylate kinase activity, role in 'de novo' 

pyrimidine nucleobase biosynthetic process and 

mitochondrion, nucleus localization 

CAGL0D01716g   
Ortholog(s) have DNA polymerase processivity 

factor activity 

CAGL0D01012g   

Ortholog(s) have RNA polymerase II proximal 

promoter sequence-specific DNA binding, 

transcriptional activator activity, RNA polymerase 

II proximal promoter sequence-specific DNA 

binding activity 

CAGL0F02431g ACO2 
Ortholog(s) have role in mitochondrial translation 

and mitochondrion, nucleus localization 

CAGL0H07183g   
Ortholog(s) have role in regulation of DNA 

methylation 

Cell 

division 

CAGL0J05676g INN1 

Ortholog(s) have enzyme regulator activity, role in 

chromosome organization, division septum 

assembly and HICS complex, cellular bud neck 

contractile ring localization 

CAGL0A03190g   Ortholog(s) have kinetochore localization 

CAGL0D04444g   

Ortholog(s) have role in mitotic sister chromatid 

cohesion, negative regulation of chromosome 

condensation, negative regulation of maintenance 

of mitotic sister chromatid cohesion and nuclear 

cohesin complex localization 

CAGL0I05764g   

Ortholog(s) have repressing transcription factor 

binding, transcription factor activity, transcription 

factor binding activity and role in negative 

regulation of transcription involved in G1/S 

transition of mitotic cell cycle 

unknown CAGL0C05313g   Protein of unknown function 
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Figure 22. (A): Venn diagram of Cg significant genes in co-culture at 12 and 24 

hours. Case 4: 12 hour, Case 5: 24 hour, Case 6: Cg mono-culture.(B): Heat map of 

Cg significant genes in co-culture at 12 and 24 hours. E: Cg, B: Ca:Cg 3:1, C: 

Ca:Cg 1:1, D: Ca:Cg 1:3. 2 biological replicates (i.e. E1 and E2). Normalized count 

data Log2(counts). 
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Figure 23. (A): Venn diagram of Cg significant genes in co-culture compared to 

monoculture. Case 1: Ca:Cg 3:1 biofilm, Case 2: Ca:Cg 1:1 biofilm, Case 3: Ca:Cg 

1:3 biofilm, Case 6: Cg mono-culture. (B): Heat map of Cg significant genes in co-

culture at 6, 12, and 24 hours. A: Ca, B: Ca:Cg 3:1, C: Ca:Cg 1:1, D: Ca:Cg 1:3. 2 

biological replicates (i.e. A1 and A2). Normalized count data Log2(counts). 
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Figure 24. C. glabrata KEGG pathway for citrate cycle [218-220]. 

 

 

3.4.4 Increased cell wall lipids in C. albicans in Co-Culture Ca:Cg 1:3 biofilm 

It is generally accepted that cell wall proteins and the extracellular matrix 

contribute to increased biofilm formation and antifungal resistance in Candida biofilms 

[229-233]. Our RNA-seq results indicated that the cell membrane lipids were significantly 

perturbed in both Ca and Cg in co-culture biofilms. In order to determine and visualize 

any differences in cell wall lipid composition between mono-culture and co-culture 

biofilms, filipin dye was used to stain lipids in both Ca and Cg biofilm cells. Filipin is 

known to interact with the 3-β-hydroxyl group of sterols and preferentially stains 
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ergosterol in the cell membrane and in lipid rafts. Here, we stained biofilm-derived cells 

of Ca, Ca:Cg 3:1, and Ca:Cg 1:3 with filipin and then imaged cells with a confocal 

microscope (see Materials and Methods). Filipin stained lipid rafts were visible in all three 

conditions, but there was an observed increased abundance of lipid staining on hyphal cell 

walls in co-culture biofilms Ca:Cg 3:1 and Ca:Cg 1:3 (Figure 25). Comstat2 was used to 

calculate the occupied surface area of filipin-stained cells. Figure 26 shows the Ca RFP-

associated filipin surface area averages from 10 images per replicate. As demonstrated in 

Figure 26, Ca:Cg 1:3 biofilm had an overall increased lipid content compared to Ca mono-

culture and Ca:Cg 3:1 biofilms, although this increase was not statistically significant. In 

biofilm assays, Ca:Cg 1:3 biofilm was the highest biofilm former and also demonstrated 

a modulation of lipid biosynthesis gene expression in RNA-seq analysis. For example, 

CaIPT1 was downregulated in co-culture biofilms and was most downregulated in Ca:Cg 

1:3. Image analysis results confirm the RNA-seq reported findings, that cell membrane 

lipids are indeed modulated in Candida co-culture biofilms and most significantly in the 

highest biofilm former Ca:Cg 1:3. Overall, our study suggests modification to the cell wall 

for lipid biosynthesis and membrane transporters in both C. albicans and C. glabrata 

during co-culture biofilm formation. An increase in cell wall lipid content may contribute 

to increased biofilm formation in Candida co-cultures.  
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Figure 25. Confocal imaging of filipin-stained biofilm derived cells. Filipin (cyan), 

RFP (C. albicans), GFP (C. glabrata). White arrows point to lipid rafts. 
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Figure 26. Quantification of surface area of filipin-stained lipids in C. albicans cell 

membrane between biofilm conditions. Error bars are standard error from 3 

biological replicates and 10 images per replicate. 
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4. ELUCIDATING THE MECHANISMS OF FARNESOL, A CANDIDA QUORUM 

SENSING MOLECULE, ON CANDIDA CO-CULTURE BIOFILM FORMATION 

 

4.1 Summary 

 Candida spp. are fungal commensal microorganisms that often resides on mucosal 

surfaces and grow as polymicrobial biofilms. If an individual is immunocompromised, 

prescribed antibiotics, or experiences inflammation, Candida spp. have the potential to 

become pathogenic and cause infection throughout the body. Candida infections are very 

difficult to treat due to biofilm persistence and inherent resistance to antifungal therapies. 

The two most common co-isolated Candida spp. are C. albicans (Ca) and C. glabrata 

(Cg), and co-cultures of these two species have been shown to exhibit increased virulence, 

biofilm formation, and antifungal drug resistance. A major factor during biofilm formation 

in Candida spp. is the production and response to quorum sensing molecules. One 

particular molecule, farnesol, is most significantly produced in C. albicans and regulates 

the Ca yeast-to-hyphae transition, decreases Ca hyphae formation, and overall has been 

shown to decrease biofilm formation. In this work, we aim to elucidate the mechanisms 

and role of farnesol in Ca:Cg co-culture biofilm formation. By using a C. albicans ΔDPP3 

strain (KWN2; DPP3 is responsible for farnesol biosynthesis from FPP), we saw that 

biofilm formation increased in mono-culture biofilms but formation was not significantly 

affected in co-cultures. In KWN2, there was increased hyphae formation compared to wild 

type Ca and there was a further increase in hyphae in the highest biofilm former of Ca:Cg 

1:3. When biofilms were exposed to exogenous farnesol during growth, biofilm formation 
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decreased in all conditions and the Ca:Cg 1:3 biofilm had less biofilm reduction with 

addition of 5 µM farnesol (~37% reduction) compared to Ca:Cg 1:1 (~45% reduction) 

using the wild type Ca strain. To investigate the potential role of Cg in modulating farnesol 

concentrations in in vitro Ca:Cg co-culture biofilms, intracellular farnesol uptake in Cg 

suspension cultures was measured via GC-MS. Preliminary results show that Cg 

suspension cultures do indeed sequester and/or possibly consume farnesol from the 

extracellular medium. Further studies plan to investigate these results, which will include 

calculating an overall farnesol mass balance in Cg cultures and farnesol downstream 

metabolite analysis in Cg as a result of possible Cg farnesol catabolism.  

 

4.2 Introduction 

The human microbiota is composed of a variety of fungal and bacterial species, 

many of which reside on mucosal surfaces. Candida is a commensal opportunistic 

pathogen [131] that has recently been described by Auchtung et al. as a transient fungal 

species [132] with the potential to expand and cause infection (i.e. candidiasis) in 

individuals with weakened immune systems or dysbiosis of the microbiome [6]. Once a 

Candida infection enters the blood stream and becomes systemic, mortality rates may 

reach as high as 50 percent [8]. Candida and other microbes often reside in the human 

body as biofilms, which is often a polymicrobial cellular structure that acts as a protective 

niche for microorganisms from external environments and antimicrobial treatments. 

Candida biofilms increases the pathogen’s virulence through increased expression of 

virulence-associated adhesion genes and increased resistance to antifungal drugs [89, 139, 
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234-238]. Biofilms are commonly associated with mucosal surfaces, and high Candida 

mucosal colonization is linked to an increased risk of candidiasis infection and several 

gastrointestinal tract diseases such as Crohn’s disease and ulcerative colitis [239]. C. 

albicans is the most common Candida spp. isolate from patients with candidiasis or 

candidemia [240-242], followed by C. glabrata as a common second most common isolate 

[7, 241, 243, 244]. C. albicans and C. glabrata are often co-isolated together during 

infection [83], which is also perpetuated by the inherent resistance of C. glabrata to many 

antifungal drugs (e.g. azole drugs) [245, 246]. Due to the variation in drug response and 

other factors, there is an emergence of infections from non-albicans pathogenic Candida 

spp. such as C. glabrata [247]. C. albicans and C. glabrata co-isolation is also associated 

with high levels of inflammation [84] and the presence of C. albicans with C. glabrata 

increases C. glabrata adhesion to C. albicans hyphae (an important virulence factor) and 

increases invasion of C. glabrata in vitro [12, 248]. 

Quorum sensing (QS) is the regulation of gene expression and group behavior in 

response to changes in cell population density. QS molecules are used by Candida spp. to 

sense cell density and control group behaviors such as virulence and biofilm formation. 

The two major QS molecules in C. albicans and C. glabrata are E,E-farnesol and tyrosol. 

Both molecules are produced by each species, where C. albicans produces more of each 

molecule than C. glabrata. C. albicans has been reported to produce ~ 10 – 60 µM farnesol 

(depending on the medium), whereas C. glabrata only produces on the order of ~ 1 µM 

farnesol [43]. CaDPP3 is considered the main gene responsible for the conversion of 

farnesyl pyrophosphate to farnesol in C. albicans, and a report by Navarathna et al. 
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demonstrated the reduction of farnesol production in C. albicans DPP3 knockout strain 

[52]. The C. glabrata gene CAGL0H01177g has orthologs in S. cerevisiae (DPP1) with a 

role in farnesol biosynthesis. In C. albicans, farnesol is produced at higher cell population 

densities and promotes the yeast form of cell growth [39]. In C. glabrata, treatment with 

E,E-farnesol does not affect biofilm formation but slightly decreases the growth rate [43]. 

Candida biofilm formation is affected by farnesol and tyrosol during different stages of 

development. In the early biofilm growth stages, tyrosol concentration is higher and 

promotes adhesion and filamentation of C. albicans. As the biofilm grows, more farnesol 

is produced, which has a dominant effect over tyrosol and promotes the growth of more 

yeast cells that can ultimately lead to the final stage of dispersal of the biofilm [42]. 

Additionally, farnesol was shown by Ramage et al. to reduce biofilm formation in C. 

albicans and farnesol reduced hyphal growth, which is a major component of biofilm 

formation in C. albicans [41]. Farnesol has also been demonstrated to impact gene 

expression involved in the hyphal morphogenesis transformation in C. albicans. In 

general, farnesol affected the expression of genes belonging to the following categories: 

cell cycle, cell wall, stress response, drug resistance, heat shock, amino acid and carbon 

metabolism, and iron transport [249-253]. Our lab recently published that during C. 

albicans – C. glabrata co-culture biofilm growth there was increased biofilm formation, 

increased C. albicans (Ca) hyphae length as well as increased C. glabrata (Cg) attachment 

to Ca hyphae [139]. What we aim to further understand in this study is the impact of 

observed Ca-Cg interactions on overall farnesol concentration in biofilm cultures. We are 

interested in the impact of farnesol on biofilm formation and elucidating potential C. 
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glabrata mechanisms of farnesol mediation in Candida cultures such as farnesol 

sequestration or catabolism.  

 

4.3 Materials and Methods 

4.3.1 Microorganisms and growth conditions 

C. albicans (SN152 and KWN2 (ΔDPP3), K. Nickerson) [52] and C. glabrata 

(ATCC 2001, GFP-labeled) were used in this study. Prior to the experiments, strains were 

cultured on Yeast Peptone Dextrose (YPD) agar plates for 48 hours at 30°C. For all 

experiments, single colonies were isolated from YPD agar plates and inoculated into 25 

mL YNB medium (50 mM glucose and pH 7, Amresco) supplemented with 40 mg/L of 

arginine, histidine, and leucine. Cultures were grown overnight at 30°C and 170 rpm for 

12 hours prior to experiments. 

4.3.2 Construction of RFP-labeled Candida albicans strains 

 ENO1-RFP::Nat fusion in SN152 and KWN2 strains were constructed using 

overlap PCR. Primers used for amplification are listed in Table 19. Using C. albicans 

SC5314 ENO1-RFP::Nat gDNA as template, PCR1 (5’ upstream, MO_RFPver_F and 

MO_ENO1US_R) and PCR2 (RFP-Nat and 3’ downstream, MO_CaRFPNAT_F and 

MO_CaRFPamp_R) were amplified using Phusion High-Fidelity DNA Polymerase 

(Thermo ScientificTM) using 58°C annealing temperature, 2 minute extension time at 

72°C, and manufacturer concentration recommendations. PCR1 and PCR2 were gel-

purified, and overlap PCR was performed using 50 ng of each template (PCR1 and PCR2), 

primers MO_RFPver_F and MO_CaRFPamp_R, with 58°C annealing temperature and 
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2:10 extension time at 72°C.  A total of 10, 50 uL PCRs were pooled, cleaned and 

concentrated, and transformed into SN152 and KWN2 using the Zymo Research Frozen-

EZ Yeast Transformation II KitTM. Modifications to the manufacturer protocol included:  

back-dilute an overnight culture 1:100 in 3 mL YPD and grow cells until OD600 of 0.8-

1.0, incubate cells in EZ 3 solution for 3 hours, then after 3 hours add 2 mL YPD to cells 

for an outgrowth phase of 2 hours at 30°C. After the outgrowth phase, cells were 

centrifuged at 500 x g for 4 minutes, 3 mL of fresh YPD was added to cells and cells were 

allowed to grow overnight in a test tube at 30°C and 100 rpm. Cells were plated the next 

day on YPD+200 µg/ml Nourseothricin (Nourseothricin Sulfate, GoldBio), and allowed 

to grow for 2 days at 30°C. Successful transformants were confirmed via colony PCR and 

DNA sequencing.  

 

Table 19. Primer list for amplification of C. albicans RFP integration cassette. 

Name Direction Sequence (5’ to 3’) 

MO_RFPver_F forward GATTTCCGAATACCCAATTGTT 

MO_ENO1US_R reverse TAATAACATCTTCAGTGTTATCCATCAATT

GAGAAGCCTTTTGGAAAT 

MO_CaRFPNAT_F forward AGATTTCCAAAAGGCTTCTCAATTGATGGA 

TAACACTGAAGATGTTATTA 

MO_CaRFPNAT_R reverse TTTTTTTATTTAATCAGAGGCAAACGTAAA

ACGACGGCCAGTGAA 

MO_ENO1DS_F forward TCGAATTCACTGGCCGTCGTTTTACGTTTG

CCTCTGATTAAATAAAAA 

MO_CaRFPamp_R reverse CATTATGTTTCAACCGCATTTC 
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4.3.3 Mycelium growth on agar plates 

Candida albicans (SC5314, J. Berman, ENO1-RFP::Nat1) [92] and Candida 

glabrata (ATCC 2001, GFP-labeled) were used for mycelium growth studies. Prior to the 

experiments, strains were cultured on Yeast Peptone Dextrose (YPD) agar plates for 48 

hours at 30°C. Mycelium formation on YPD agar plates was performed in accordance with 

prior studies [254]. Fresh colonies were lifted from the YPD agar surface and streaked out 

onto a YPD agar plate using a sterile inoculation loop. Distances between streaks were 5 

– 10 mm. Agar plates were placed vertically at 30̊C for 3 days. As seen in Figure 27, 

growth between streaks is referred to as “inside” and growth not in-between is referred to 

as “outside”. Images were taken with a Canon Powershot G10 on a Zeiss Axio Scope A.1 

inverted light microscope using an N-ACHROPLAN 10x/0.25 objective. 

 

 

 

Figure 27. Experimental design for Candida mycelium growth. Ca = C. albicans, Cg 

= C. glabrata 
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4.3.4 Biofilm quantification assay 

Biofilms were grown in 96-well polystyrene microtiter plates (Corning®). Wells 

were incubated overnight with heat-inactivated fetal bovine serum (HI FBS) at 37°C. Prior 

to experiment, wells were washed once in 1X phosphate buffered saline (PBS, pH 7.4). 

Overnight cultures were washed twice with PBS and resuspended in fresh YNB medium. 

A hemocytometer was used to calculate cell density and cell cultures were diluted to a 

final concentration of 107 cells/mL. A final volume of 100 µL per well was added to the 

96-well plates. For the exogenous farnesol-addition biofilm assay, farnesol dilutions (4M, 

Sigma-Aldrich) were prepared fresh in ethanol and added to wells at time zero of initial 

biofilm seeding. Final ethanol concentration in medium was 1% and was kept constant 

between all farnesol concentrations. Ethanol only addition was used as the control 0 µM 

farnesol medium. Biofilms were allowed to grow at 37°C for 48 hours without agitation. 

After 48 hours, wells were washed twice with 200 µL PBS. 200 µL of 99% methanol was 

added to each biofilm. After 15 minutes, excess methanol was removed from the well and 

biofilms were allowed to dry completely. Once dry, 200 µL of 0.1% crystal violet was 

added to each biofilm and incubated at room temperature for 20 minutes [93]. Plates were 

rinsed gently under DI water to remove excess crystal violet stain from the wells and 

biofilms. Excess water was removed from the well and 150 µL of 33% acetic acid was 

added to each biofilm. Acetic acid samples were diluted 10-fold in a clear walled clear 

bottom 96-well Corning® plate and absorbance was measured at 590 nm in a plate reader 

(Molecular Devices SpectraMax® 340PC). 
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4.3.5 Confocal Laser Scanning Microscopy 

For CLSM biofilm analysis, biofilms were grown in 2-well chambered coverglass 

slides (Nunc® Lab-Tek™) that were pre-incubated overnight with HI FBS at 37°C. 

Cultures of C. albicans and C. glabrata were grown overnight in YNB medium. Cultures 

were washed twice in PBS and adjusted to a cell density of 107 cells/mL. A final volume 

of 2 mL per well was used. Biofilms were allowed to grow for 24 hours at 37°C and no 

agitation. After 24 hours growth, biofilms were washed gently with PBS and fixed with 

4% paraformaldehyde (room temperature, dark, 30 min). Images were acquired using 

Leica Confocal Microscope SP-8 (Leica, USA) using the HC PL APO CS 40x/0.85 dry 

objective with 488 nm and 561 nm laser lines to image GFP and RFP simultaneously. To 

analyze the structure of the biofilms, a series of optical sections were taken at 1 μm 

intervals throughout the depth of the biofilm. 3 biological replicates were imaged and 3 

images were taken per biofilm sample and used in both Comstat2 and ImageJ analysis. 

Image J [94] was used to adjust brightness of images and quantify hyphae length. 

Comstat2 [95, 96] was used for calculating biofilm thickness. 

4.3.6 Farnesol uptake test in C. glabrata suspension cultures 

 C. glabrata was grown overnight in 5 mL of YNB medium at 250 rpm and 30C. 

The next day, C. glabrata was diluted to an OD600 = 0.5 in fresh YNB medium. 300 µM 

of farnesol (4M, Sigma-Aldrich; diluted in ethanol) was added to cell culture, using 

ethanol addition as the control. 2 mL of cell culture was added to screw-cap test tubes and 

cells were cultured for up to 12 hours at 170 rpm and 30C. At each time point (0, 4, 8, 12 

hours), one test tube was sacrificed and 2 mL of cell culture was centrifuged in a cryovial. 
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Supernatant was removed, and glass beads and 300 µL of hexane was added to each 

cryovial tube. Cells were disrupted using a Precellys 24 (Bertin Instruments) for 30 

seconds at 6000x. Cell suspension was centrifuged at max speed and 200 µL of the hexane 

layer was collected. Samples were stored in a HPLC vial at -20C prior to GCMS analysis.  

4.3.7 GC-MS/MS method for farnesol detection  

Gas chromatography mass spectrometry (GC-MS) analyses were carried out with 

a Thermo Scientific TRACE 1300 GC (Thermo Scientific, Waltham, MA) coupled to a 

TSQ 8000 Evo operated in Selected Ion Monitoring (SIM) mode. Samples were injected 

with a TSQ RSH Autosampler (Thermo Scientific) using a 10 μL syringe. 

Chromatographic separation was achieved on a DB-1MS column (30m x 0.250mm 

x0.25um) from Agilent Technologies (Santa Clara, CA). The carrier gas was helium at a 

constant flow rate of 1 mL min-1. The temperatures of MS transfer line and ionization 

source were set at 250 and 200 °C, respectively. The injection volume was 1 μL for all 

standards and samples. The inlet temperature was set to 250 °C and all injections were 

made in split mode at a ratio of 10:1. The 3 step ramp temperature program started at 50 

°C, held for 0.5 min; increased until 170 °C at a rate of 40 °C min-1, held for 1 min; 

increased to 190 °C at a rate of 4 °C min-1, held for 1 min; and finally increased to 300 °C 

at a rate of 40 °C min-1 and held for 2 min. The total run time was 15.5 min. Data 

processing was performed with Xcalibur and TraceFinder software (Thermo Scientific). 

The following were the 4 ions for Farnesol at Retention Time 9.11 min within a 2 min 

scan range: m/z 41.1, 69.1, 81.1 and 93.1. 
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4.4 Results 

4.4.1 Increased mycelium growth between C. albicans and C. glabrata cultures 

 To look at Ca-Cg interactions, we started by looking at mycelium growth between 

species on an agar plate. Cg does not produce hyphae, so no mycelium growth was 

expected from Cg to Ca cells (Figure 28). At 2 days growth on agar plates, no mycelium 

was seen between Ca-Ca streaks but filamentous clusters between the Ca-Cg streaks start 

to form (Figure 29). At 3 days growth, the mycelium formed between Ca-Ca are thinner 

filaments evenly distributed across the inside streaks. For the Ca-Cg plate, Ca still forms 

mycelium towards Cg but the hyphae are sparser and larger clusters of hyphae with 

extensive blastospore formation are observed (Figure 30). The observation of larger 

hyphae clusters between Ca-Cg compared to Ca-Ca may indicate that Cg is secreting a 

molecule to induce this behavior in Ca. Interestingly, there was no mycelium growth on 

the outside of the Ca streaks, indicating a concentration dependent response as often seen 

with quorum sensing or signaling molecules (Figure 28). 

 

 

Figure 28. Outside of Ca and Cg agar streaks. 
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Figure 29. 2 day mycelium growth. 

 

 

 

Figure 30. 3 day mycelium growth. 
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4.4.2 Biofilm formation in DPP3 knockout C. albicans strain KWN2 

 The DPP3 gene is involved in the biosynthesis of farnesol in C. albicans. SN152, 

a wild type Ca species, was co-cultured with Cg at varying Ca:Cg ratios (Figure 31, Figure 

32). The trend of co-culture biofilm formation was similar to previously published results 

using a different strain of Ca [139]. The Ca strain KWN2, a double allele DPP3 knockout 

strain, was used to investigate the role of endogenous farnesol production on Candida 

mono-culture and co-culture biofilm formation. What was observed was that there was an 

overall increase in biofilm formation in KWN2 mono-culture and co-culture biofilms 

compared to the SN152 strain (Figure 31, Figure 32). KWN2 mono-culture biofilm 

formation was significantly higher than SN152 mono-culture (which has the DPP3 gene 

for farnesol production) (Figure 31), which demonstrates that endogenous farnesol 

production by C. albicans impacts mono-culture biofilm formation. This also shows that 

there are other factors involved besides farnesol production in co-culture biofilm growth 

that results in very high biofilm formation in Ca:Cg 1:1 and Ca:Cg 1:3 (Figure 31, Figure 

32).  
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Figure 31. Biofilm formation in 96-well polystyrene plates. 48 hours growth. Data 

from average of 15 biological replicates per condition. Student’s t-test, *:p-value < 

0.05 compared with C. albicans SN152. Error bars are standard error of samples. 
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Figure 32. Biofilm formation between C. albicans species SN152 and KWN2 in 

mono-culture and co-culture biofilms, expanded ratios. 3 biological replicates. 

Error bars are standard error of samples. 

 

 

4.4.3 Increased hyphae formation in DPP3 knockout C. albicans strain KWN2 biofilm 

 Confocal microscopy was utilized to further visualize and quantify biofilm 

formation in KWN2 compared to SN152 in both mono-culture and co-cultures to 

understand the impact of endogenous farnesol production on Ca morphology and biofilm 

formation. What was observed was that compared to SN152 cultures (Ca and Ca:Cg 1:3) 

(Figure 33), in KWN2 there was a significant increase in hyphae formation in both mono-

culture and Ca:Cg 1:3 (Figure 34). KWN2 formed very long Ca hyphae throughout the 

entire biofilm, whereas SN152 formed some long hyphae with clustering in mono-culture 

but with a noticeable increase in hyphae and clustering in SN152:Cg 1:3 biofilms.  
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Figure 33. Biofilm structure shown through z-slice of SN152 (A) and SN152:Cg 1:3 

(B) after 24 hours growth. 
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Figure 34. Biofilm structure shown through a representative z-slice of KWN2 (A) 

and KWN2:Cg 1:3 (B) after 24 hours growth. 
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Following confocal microscopy visual analysis, image analysis was used to 

quantify Ca hyphal length and overall biofilm thickness. There was an increase in Ca 

hyphae length in SN152:Cg 1:3 compared to SN152 mono-culture, and an increase in 

hyphae length in KWN2:Cg 1:3 compared to KWN2 (Figure 35). KWN2 mono-culture 

also had increased hyphae compared to mono-culture SN152 biofilms (Figure 35), which 

is mostly the result of decreased farnesol production which is known to increase hyphae 

formation in C. albicans. Surprisingly, biofilm thickness was only significantly different 

between KWN2 and KWN2:Cg and was relatively the same overall thickness between 

SN152, SN152:Cg 1:3, and KWN2 (Figure 36). What should be noted and was previously 

reported in our lab [139], is that there were still noticeable changes in biofilm topology 

between mono-culture and co-culture for both SN152 and KWN2 species where Ca:Cg 

1:3 co-culture had an increase in varied thickness topology (data not shown). Overall, 

these results demonstrate the significant impact of farnesol on Ca mono-culture and co-

culture biofilm formation and that there are additional factors involved besides farnesol 

production that results in increased biofilm formation in Ca:Cg 1:3 co-culture conditions.  
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Figure 35. Average C. albicans hyphae length in biofilm. 3 biological replicates. 

Student’s t-test, *:p-value < 0.05, **:p-value < 0.01. Error bars are standard error 

of samples. 
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Figure 36. Average biofilm thickness between monoculture and co-culture Candida 

biofilms. 3 biological replicates. Student’s t-test, **:p-value < 0.01 compared to 

monoculture C. albicans KWN2. Error bars are standard error of samples.  

 

 

4.4.4 Biofilm formation with exogenous farnesol addition 

 To determine the effect of farnesol on biofilm development, exogenous farnesol 

was added to biofilms at the time of initial seeding into wells.  Both strains SN152 and 

KWN2 were tested and in the 0 µM farnesol biofilm, growth was comparable between the 

two strains (Figure 37, Figure 38). Biofilm formation proved to be variable in KWN2 

(Figure 31), most likely due to the fact that the DPP3 knockout is not a clean deletion or 

complete removal of farnesol production in Ca. Biofilm formation in Ca and Ca:Cg 3:1 
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was not significantly impacted by exogenous farnesol addition, and biofilm formation 

remained low and close to the same over 0 to 1000 µM farnesol addition (Figure 37, Figure 

38). In both SN152:Cg and KWN2:Cg co-culture biofilms, the percentage of biofilm 

decrease between untreated and farnesol treated biofilms was lower in the Ca:Cg 1:3 

biofilm ratio. In SN152:Cg 1:1 there was a decrease of 45% between 0 and 5 µM farnesol, 

whereas Ca:Cg 1:3 only had a decrease of 37% (Figure 37). In KWN2:Cg 1:1, there was 

a decrease in biofilm formation of 34% and a decrease of 24% in Ca:Cg 1:3 (Figure 38). 

This signifies that Ca:Cg 1:3 biofilm formation, the highest biofilm former, is more 

resilient to exogenous farnesol addition during biofilm growth and development and is 

able to maintain high biofilm formation in the presence of up to 5 µM farnesol. 

 

 

 

Figure 37. Biofilm formation of SN152 (Ca) and Ca:Cg with the addition of 

exogenous farnesol. 3 biological replicates. Error bars are standard error of 

samples. 
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Figure 38. Biofilm formation of KWN2 (Ca) and Ca:Cg with the addition of 

exogenous farnesol. 3 biological replicates. Error bars are standard error of 

samples. 

 

 

4.4.5 C. glabrata farnesol uptake in suspension cultures 

 In co-culture biofilms, Cg preferentially adhered to Ca hypha. Increased hypha 

formation was also observed under co-culture conditions. It is hypothesized that Cg may 

be playing a role in Ca farnesol mediation that would result in increased hypha. To better 

understand the impact and fate of farnesol in Cg during growth, the cellular uptake of 

farnesol in Cg suspension cultures was quantified over 12 hours growth using a GCMS 

(Figure 39, see Materials and Methods). We observed that upon immediate exposure of 
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Cg cells to farnesol via exogenous farnesol addition to culture medium, farnesol had a 

high affinity for the Cg cell wall and concentration of farnesol at time = 0h was ~35 µM. 

After 4 hours of growth, Cg farnesol concentration decreased to ~15 µM and remained at 

similar levels over 12 hours (Figure 39). Overall, these results support the hypothesis that 

Ca-Cg interactions involve farnesol mediation by Cg and that Cg is able to acquire and 

possibly metabolize farnesol. There are ongoing studies to further understand the uptake 

and possible conversion of farnesol in Cg. 

 

 

Figure 39. Farnesol concentration in C. glabrata suspension-grown cell pellets over 

time. Data represents two biological replicates and error bars are the standard 

error of samples.  

 

 

4.5 Discussion 

 Candida spp. are commensal yet opportunistic fungal pathogens that are capable 

of causing superficial and serious life-threatening systemic infections. These infections 
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most frequently occur in hospital environments, where there is prevalent use of antibiotics 

and invasive measures (e.g. catheters). Candida spp. generally grow as biofilms, which 

are often polymicrobial cellular communities that act as a protective niche for 

microorganisms from external environments. Due to the protective nature of biofilms, 

biofilms are inherently difficult to treat with antibiotic therapies and can often perpetuate 

the cycle of infection by dispersal of biofilm cells to many different areas of the body to 

continue infection [89, 255-257]. C. albicans, the most commonly isolated Candida 

species [7], is capable of forming hyphae which increases biofilm formation. Additionally, 

C. glabrata is often the second most common isolate species from candidiasis [241, 243] 

and is naturally more resistant to antifungal drugs which makes this species very difficult 

to treat [246, 258]. C. albicans and C. glabrata are often co-isolated and when they are 

isolated together there is a reported increase in inflammation [84]. Previous studies have 

found that C. glabrata actually binds to C. albicans hyphae in biofilm formation [12] and 

that the co-culture of Ca:Cg biofilms yields to increased biofilm formation, virulence gene 

expression, and antifungal caspofungin drug resistance [23, 139].  

 Farnesol, a Candida spp. quorum sensing molecule, is produced as a part of the 

sterol biosynthesis pathway [57] and controls the yeast-to-hyphae transition and biofilm 

formation in C. albicans [41]. C. albicans is capable of producing up to ~60 uM farnesol 

in cultures, whereas C. glabrata produces very small amounts [43]. Farnesol is also an 

unstable molecule and most likely undergoes degradation and inactivation by modification 

of the farnesol molecule [67, 259]. The production and degradation, if any, of farnesol in 

C. albicans is still not well characterized or understood [53, 59]. What was investigated 
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in this work was the impact of farnesol on C. albicans and C. glabrata co-culture biofilm 

formation and also if C. glabrata actively sequesters farnesol in suspension cultures. What 

was observed was that in the DPP3 knockout C. albicans strain KWN2 (DPP3 converts 

FPP to farnesol), biofilm formation increased significantly in the mono-culture biofilm 

but not in Ca:Cg co-cultures. This result was expected because farnesol decreases biofilm 

formation [41], so by removing a majority of farnesol biosynthesis via DPP3 deletion 

[52], biofilm formation is expected to increase. Ca hyphae length also increased in the 

KWN2 strain biofilms, where KWN2:Cg 1:3 had the longest Ca hyphae in all biofilm 

conditions. Farnesol reduces hyphae formation in C. albicans and the presence of hyphae 

is often associated with increased pathogenicity [41, 260-262]. When farnesol was 

exogenously added to the medium, it was observed that the co-culture Ca:Cg 1:1 and 1:3 

biofilms were more resistant to biofilm biomass reduction compared to mono-culture 

biofilms. Ca:Cg 1:3 had the least reduction of biofilm biomass during farnesol exposure 

compared to the other co-culture conditions. This suggests that Ca:Cg 1:3 is more tolerant 

to farnesol or is more adept at overcoming the effects of exogenous farnesol, which results 

in the ability to form robust biofilms. Furthermore, preliminary results demonstrate that 

Cg sequesters farnesol to some degree in suspension cultures. It was previously reported 

by our lab that there were increased interactions between Ca and Cg in co-culture biofilms 

[139], and it is possible that these increased interactions result in Cg modulating the 

farnesol concentration in in vitro biofilms via either sequestration alone or in combination 

with enhanced farnesol degradation. Further investigation into these mechanisms are 

needed. Taken together, these results suggest that farnesol production (and possibly 
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reduction thereof) impacts Candida co-culture biofilm formation and that there are other 

factors besides farnesol that are involved in robust Ca:Cg co-culture biofilm formation.  
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5. CONCLUSIONS AND RECOMMENDATIONS 

 

5.1 Conclusions 

 In this work, we investigated the impact of the relative abundances of C. albicans 

and C. glabrata on overall biofilm formation and gene expression, and the significance 

and mechanisms of farnesol on C. glabrata and Ca:Cg co-culture biofilm formation. What 

was observed was that the relative starting ratio of Ca:Cg influences biofilm formation, 

and the ratio of Ca:Cg 1:3 was the highest biofilm former. With increasing Cg in co-culture 

Ca:Cg biofilms, there was an increase in biofilm formation, Ca:Cg interactions, Ca hyphal 

length, Ca virulence gene expression, and overall antifungal (caspofungin) drug 

resistance. Transcriptomic analysis was performed to better understand gene expression 

and regulation in Candida co-culture biofilms. What was discovered was that genes 

involved in lipid and cell wall biosynthesis were significantly perturbed in both Ca and 

Cg in co-culture biofilms, which was confirmed through in vitro confocal microscopy 

analysis. In Cg, transporter genes involved in iron and copper and genes involved in 

glycolysis and the citrate cycle were all significantly down-regulated which suggests a 

modulation of cell metabolism during co-culture biofilm formation. From the observation 

of increased biofilm formation and interactions between Ca and Cg in co-culture biofilms, 

the role of farnesol was further investigated due to its known impact on Candida hyphae 

and biofilm formation. Farnesol decreased Candida biofilm formation and there was 

increased biofilm formation in the KWN2 (DPP3) strain in both mono-culture and co-

culture Ca:Cg 1:3 over wild type. To determine if Cg had any role in farnesol sequestration 
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or mediation of farnesol culture concentrations, Cg farnesol uptake was tested, where it 

was reported that Cg does indeed sequester exogenous farnesol while in suspension 

cultures. These results may shed light on the role of Cg in Ca:Cg co-culture biofilms and 

why with increasing Cg in co-culture, there is increased biofilm formation and virulence. 

 

5.2 Recommendations for Further Research 

To follow up RNA-seq results, it would be beneficial to have a more rigorous 

quantitative assay for lipids between mono-culture and co-culture Candida biofilms. 

RNA-seq results demonstrated that major components of the cell wall were modulated in 

both Ca and Cg during co-culture growth, so it would be interesting to see if that is able 

to be measured more robustly. Possible avenues for this type of quantification include 

electron microscopy for imaging localization of mannoprotein constituents [236], dry 

weight determination of cell wall components [236], or two-dimensional gel 

electrophoresis of extracted cell wall proteins [263]. For additional lipid-specific analysis, 

lipid extraction followed by lipid characterization (thin-layer chromatography and/or 

electrospray ionization-tandem mass spectrometry) is another option for cell wall lipid 

quantification [147]. Furthermore, genes involving biosynthesis of other cell wall 

components such as mannose were shown to be significantly down-regulated in C. 

glabrata. More extensive quantification could be done to determine cell wall component 

differences between co-culture and mono-culture biofilms. 

In order to progress this work, the fate of farnesol needs to be further understood 

and studied in Candida albicans and Candida glabrata co-culture biofilms. This would 
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help elucidate the role and fate of farnesol in C. glabrata, and if C. glabrata actively 

sequesters or consumes farnesol in cultures in order to enhance overall biofilm formation 

of Ca:Cg co-cultures. We are currently investigating the impact of exogenous farnesol in 

C. glabrata suspension cultures to determine if Cg actively acquires farnesol from culture 

medium. Furthermore, downstream farnesol metabolite analysis of Cg cultures exposed to 

farnesol would be useful to understand the degradation products, if any, from Cg farnesol 

catabolism. 

 Still looking at the effect of farnesol on co-culture Candida biofilms, it would be 

beneficial to quantify the concentration of farnesol produced in Candida mono-culture and 

co-culture biofilms. In addition to farnesol quantification efforts in biofilms, it would also 

be useful to quantify and image lipid rafts in Candida co-culture biofilms of the ΔDPP3 

farnesol pathway knockout to study the impact of endogenous farnesol production on 

Candida cell membrane lipid rafts and cell wall biosynthesis. Furthermore, it would be 

useful to investigate the impact of farnesol on Cg biofilm and virulence gene expression 

and to look at the differential gene expression of virulence genes between Cg suspension, 

Cg mono-culture biofilm, and Cg co-culture biofilm with and without the addition of 

farnesol. This same gene expression analysis could be applied to Ca virulence gene 

expression. 
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