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Abstract 

 

 Candida glabrata is an opportunistic pathogen capable of forming biofilms, that favor persistent 

colonization and infection. Understanding of the molecular mechanisms controlling this phenomenon is 

key to devise improved antifungal strategies.  

During this work, the role of Efg2, encoded by ORF CAGL0M07634g, on the control of C. 

glabrata biofilm formation was investigated. Results show that Efg2 is involved in the adhesion to biotic 

and abiotic surfaces. RNA-seq experiments suggest that when cultured under biofilm conditions C. 

glabrata appear to experience carbon and nitrogen limitation, and hypoxia, which appears to be linked 

to decreased cellular ergosterol concentrations. Genes related to adhesion and stress and drug 

resistance were also found up-regulated in biofilm cells. One third of the C. glabrata genes up-regulated 

in biofilm cells were found to be controlled by Efg2, including many related to the biological functions 

indicated above. Based on the indications coming from the transcriptomics data, the role of Efg2 in 

several processes was investigated, showing that Efg2 does not control ergosterol levels in biofilm cells, 

does not confer azole drug resistance in planktonic cells, but partially controls pseudohyphal 

differentiation. Efg2 was found to be permanently localized throughout the whole cell, indicating that 

nuclear accumulation is not required for Efg2 activation. The motives “CGATGS”, “CCATTGTY”, and 

“CASAGAA” were predicted as binding sites of Efg2.  

This work contributed to further the knowledge on biofilm formation in C. glabrata and on the 

role of Efg2 in the process, and is expected to contribute to the design of improved anti-biofilm therapies. 

 

Key-words: Candida glabrata, EFG2, biofilm formation, RNA-seq  
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Resumo 

 

Candida glabrata é um agente patogénico oportunista capaz de formar biofilmes, favorecendo 

colonizações persistentes e infeções. Compreender os mecanismos moleculares que controlam este 

fenómeno é essencial para conceber estratégias antifúngicas melhoradas. 

Neste trabalho foi investigado o papel de Efg2, codificado pela ORF CAGL0M07634g, no controlo da 

formação de biofilmes por C. glabrata. Os resultados mostram que o EFG2 está envolvido na adesão 

a superfícies abióticas e abióticas. Experiências RNA-seq revelaram que sob condições de biofilme, 

células de C. glabrata parecem sofrer privação de carbono e azoto, e hipóxia, o que resulta numa 

redução da concentração celular de ergosterol. Genes relacionados com adesão, resistência ao stress 

e resistência a drogas encontraram-se sobre-expressos em células de biofilme. Um terço dos genes 

sobre-expressos em células de biofilme descobriu-se serem alvos de Efg2, incluindo muitos 

relacionados com as funções biológicas acima indicadas. Dados os dados de transcriptómica, o papel 

de Efg2 em vários processos foi investigado, mostrando que este não controla os níveis de ergosterol 

em células de biofilme, não confere resistência a azois em células planctónicas, mas que controla 

parcialmente a diferenciação em pseudohifas. O Efg2 encontrou-se permanentemente localizado ao 

longo de toda a célula, indicando que acumulação nuclear não é necessária para a sua ativação. Os 

motivos “CGATGS”, “CCATTGTY” e “CASAGAA” foram previstos como locais de ligação do Efg2.  

Este trabalho contribuiu para aprofundar o conhecimento sobre formação de biofilmes em C. glabrata 

e sobre o papel de Efg2 no processo, e espera-se que contribua para o desenho de terapias anti-

biofilme melhoradas. 

 

Palavras-chave: Candida glabrata, EFG2, formação de biofilme, RNA-seq 
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1. Thesis outline 
 

 This dissertation is divided in four chapters. In the first chapter, an overview of the increasing 

prevalence of yeast infections, more specifically caused by the opportunistic pathogen C. glabrata is 

presented. The importance of biofilm formation for Candida spp. virulence is also addressed, with a 

special focus on the mechanisms and transcription factors involved in this process. Lastly, the role and 

regulation of Efg1 transcription factor(TF) in the related species C. albicans is reviewed. In C. glabrata 

the role of this putative transcription factor is still unknown.  

 In the second chapter, all the materials and methods used throughout the development of this 

work are described. 

 In the third chapter, results of the functional characterization of the EFG2 gene of C. glabrata 

are presented and discussed. This functional characterization encompasses adhesion assays to 

polystyrene and to vaginal epithelium where the rate of adhesion of a wild-type (wt) is compared to 

EFG2 deletion or overexpression mutants. To understand the role of EFG2 in C. glabrata biofilm 

formation and planktonic growth RNA-sequencing (RNA-seq) analysis of the effect of deletion of the 

EFG2 gene on the transcriptome in both growth conditions is presented. To better understand the 

changes of gene expression suffered by C. glabrata in cells grown under biofilm conditions a RNA-seq 

analysis is presented comparing the transcriptome of cells grown as biofilm or during planktonic 

cultivation. Based on the indications obtained from the transcriptomics analysis, the role of EFG2 in drug 

resistance was also investigated by performing susceptibility assays to fluconazole, flucytosine, 

ketoconazole, amphotericin B, and caspofungin. The results also include the study of the effect of 

deleting the EFG2 gene in the concentration of ergosterol present in C. glabrata cells grown under 

biofilm and planktonic conditions, and in pseudohyphal differentiation. Considering the putative role of 

EFG2 as a transcription factor, its subcellular localization was assessed, and an in silico prediction of 

its binding sequence was performed and presented.  

 In the fourth and final chapter, the conclusions attained during this work and a model for the 

activity of the Efg2 transcription factor in C. glabrata biofilm formation are presented. Some final remarks 

and future perspectives are also discussed.  
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2. Introduction 
 

2.1. Candida glabrata as a human pathogen 
 

Candida glabrata is an haploid, nondimorphic yeast of the Fungi kingdom, class 

Saccharomycetes, order Saccharomycetales, and family Saccharomycetaceae. 

(https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=5478) [1] It was first identified in 1917 

in the feces of healthy people, and in 1970’s started to be associated to infections in 

immunocompromised hosts with the name Torulopsis glabrata.[2]  

This organism was initially identified as non-pathogenic, but presently is considered an 

opportunistic pathogen. C. glabrata is currently the second most common cause of Candida infections, 

that target the bloodstream, oropharynx and urinary tract, being only surpassed by Candida albicans. 

[3][4][5] In the USA Candida species are the fourth most common cause of nosocomial bloodstream 

infections. [3]  

Candida infections are a result of several factors, although a major determinant is the ever 

increasing population of immunocompromised patients. Even though 60% of healthy individuals have 

their mouths colonized by Candida, a weak immune system is definitely related with higher rates of 

Candida carriage.[6] For example, HIV-infected patients, type 1 diabetics, patients with advanced 

cancer disease and patients receiving chemotherapy present higher rates of oral colonization by this 

pathogen than the average person. [7] Between 7% and 48% of people infected with HIV are also 

infected with Oropharyngeal candidiasis (OPC), and as the HIV infection progresses the percentage of 

patients also suffering from OPC rises to >90%. [6] OPC symptoms can range from none to soreness 

and pain in the oral area, burning sensation of the tongue and altered taste. In severely 

immunocompromised patients OPC is also associated with high relapse rates (30-50%) that usually 

occur within 14 days after ending the treatment. [6] 

Vulvovaginal candidiasis is another example of Candida infection. These infections are mainly 

characterized by vulval itching and abnormal vaginal discharges. C. albicans is responsible for the 

majority of the vulvovaginal candidiasis cases (85-90%). Known risk factors for the development of 

vulvovaginal candidiasis include pregnancy, diabetes mellitus, and the intake of systemic antibiotics. 

Higher rates of vulvovaginal candidiasis are observed in sexually active people. However, there is no 

evidence that it is a sexually transmissible disease. [8] 

Another location commonly infected by Candida is the urinary tract. The main risk factors 

associated to this condition are diabetes mellitus, antibiotic intake, corticosteroid therapy, disturbances 

of the urine flow. The prevalence is higher in women, especially during pregnancy. This infection usually 

develops in a retrograde or hematogenous fashion. Kidney infections usually result from blood infection 

during a candidemia episode. [9][10] C. albicans is the most reported cause of urinary tract infections 

by Candida spp. (50-70%), C. glabrata being the second or third most common species (10-35% 
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depending on the geographic region).[10] A prospective study in kidney transplant patients that suffered 

from urinary tract infection revealed that 53% of those infections were caused by C. glabrata. [11] 

Candida infections can disseminate from localized infection sites, enter the blood stream, and 

become systemic. A study among transplanted patients revealed that among small bowel, liver, heart, 

pancreas, and kidney transplant recipients, the most common cause of invasive fungal infections was 

caused by Candida spp.. [12] Systemic fungal infections are a major cause of morbidity and mortality in 

immunocompromised patients. [1] The ability of these pathogens to colonize several environments 

appear to be consistent with a strong ability to cope with various stresses including survival at different 

pH, oxidative stress, hypoxia, and starvation .[13] [14] [15] 

For many years C. glabrata was considered a relatively nonpathogenic yeast, and one of the 

components of the microbiome of a healthy individual. [1] . C. albicans is the most prevalent member of 

the Candida spp. present in the human body, accounting for ~70% of Candida isolates, followed by C. 

glabrata and C. tropicalis representing ~7% each. [16] Candida cells can be found in the gastrointestinal 

tract, oral cavity, anus and groin of healthy subjects. In healthy women they can also be found in the 

vaginal canal and vulva. [17] A significant cause of Candida infections is the use of medical devices 

such as catheters, joint prosthesis, and cardiac devices, which due to the ability of Candida spp. to 

attach to them and develop biofilms become contaminated. These medical devices can, therefore, 

represent a vehicle of contact between Candida and the human host.[18][19] However, with the 

trivialization of the use of immunosuppressive therapies and the use of broad-spectrum antimycotic 

drugs, the number of infections caused by C. glabrata has increased significantly. [1] This increase is 

partly due to the high resistance displayed by this pathogen to azoles, especially to fluconazole [10]  

Hyphae formation by C. albicans has been associated with a more virulent phenotype, which 

allows this pathogen to escape macrophages. However, C. glabrata cells do not possess the ability to 

form true hyphae, instead they form pseudohyphae and let themselves be taken up by macrophages, 

where they can survive and proliferate for long periods of time. [20][21] 

Many C. glabrata virulence mechanisms remain unknown or not fully understood. A more 

accurate knowledge of the regulatory networks of this pathogen is key to overcome its rising incidence. 

Pathogenicity mechanisms of C. glabrata are therefore a relevant field of study. 

 

2.2. Biofilm formation as a mechanism of pathogenicity in Candida 
 

Many forms of infection caused by Candida species can be associated with the formation of 

biofilms. Biofilms are 3D aggregates of cells that grow attached to each other and a surface, which can 

be a biotic surface such as an epithelium or a mucosa, or an inert surface such as a polymer that 

constitutes a medical device. [22] This ability of microorganisms to adhere to several surfaces, inert and 

biotic, is considered a common cause of infections. [23] Medical devices such as catheters represent a 

serious hazard for patients since these devices can be reservoirs of microorganisms and entry points 

for these pathogens. [24] In addition, the commensal nature of Candida spp. facilitates their contact with 
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most of the medical devices used to implant patients. Furthermore, these medical devices can also 

become contaminated prior or during implantation due to their manipulation by medical personnel. [18] 

Even though most biofilms are formed by a mix of several species of bacterial and fungal 

microorganisms, a biofilm can also be formed by a single species. [25][26] The study of biofilms is 

particularly important since 80% of the microorganisms live as biofilm and it is estimated that about 65-

80% of human infections are linked to biofilm formation. [22] For all these reasons, biofilms are 

potentiators of the establishment of persistent infections in human hosts. In the specific case of Candida 

spp., biofilms are known to be responsible for the development of superficial and systemic infections in 

immunocompromised patients. [7]  

Infections by Candida spp. are particularly hard to treat due to these organisms’ characteristics 

like drug resistance, expression of virulence factors and biofilm formation. Experiments have shown that 

in C. albicans 48h biofilms formed in vitro minimal inhibitory concentration (MIC) of several tested 

antifungals were 30 to 2,000 times higher than the respective values in planktonic cells. [27]  

In a silicon elastomer model C. albicans cells displayed MIC values for fluconazole of 1 and 

>128 µg/ml for planktonic and biofilm-grown cells, respectively. To study the evolution of resistance to 

antifungal drugs over time MIC values were compared between early (0h) and mature biofilms (72h). 

For all the tested drugs (amphotericin B, fluconazole, nystatin, and chlorhexidine) there was a significant 

increase in the MIC values as the biofilm matured, which was not observed in S. cerevisiae. [28] 

Interestingly the metabolic rate of the cells increased as the biofilm formation process progressed, being 

a possible cause for the increase of resistance. [28] Furthermore, biofilm of wt C. albicans cells was 

compared to biofilm formed by deletion mutants of genes related with the filamentation process (∆efg1 

and ∆efg1/∆cph1), regarding their resistance to antifungal drugs. Contrary to what would be expected, 

the resistance displayed by the biofilms formed by the deletion mutant cells displayed similar resistance 

to the applied drugs. These results suggest that the resistance process occurs at the cellular level due 

to adhesion and independently of normal biofilm formation. [29] 

Another possible cause for the increased resistance to drugs by biofilm-grown cells is the 

presence of extracellular polymeric substances (EPS) which can act as a physical barrier that prevents 

the antifungal agent from reaching the cells. [30] Experiments comparing the susceptibility of intact 

biofilm cells with resuspended biofilm cells revealed that resuspended biofilm cells displayed 20% higher 

susceptibility to amphotericin B than the intact ones. [31] In fact, experiments using glucanase 

concentrations which had no impact on biofilm cell viability revealed that the presence of β-1,3 glucan, 

a component of the EPS, both in vitro and in vivo settings would be essential for the resistance of C. 

albicans biofilm-grown cells to amphotericin B and fluconazole.[32] Furthermore, a study with 

radiolabeled fluconazole (3H-fluconazole) showed that mannan, β-1,6 glucan, and β-1,3 glucan all play 

a part in drug sequestration. [33] 

The expression of efflux pumps has also been investigated as a possible source of antifungal 

resistance in cells grown under biofilm conditions. The deletion mutants in the genes MDR1, CDR1, and 

CDR2 which encode multidrug efflux pumps of the plasma membrane, displayed no defects in biofilm 
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formation but showed increased susceptibility to antifungals in early biofilm formation phase (6 hours). 

In intermediate and mature biofilm the fluctuations of sterol composition of the membrane was described 

as being more relevant for drug resistance. [34] 

In C. glabrata, an increase of resistance to antifungal drugs when comparing planktonic to 

biofilm-grown cells was also observed using four bloodstream isolates in in vitro conditions. An 

expression analysis of CDR1 and CDR2 revealed that the expressions of these genes increased until 

15h of biofilm formation, suggesting that in C. glabrata the effect of efflux pumps is probably more 

relevant in the initial stages of biofilm formation. In the same study, the level of ERG11 throughout the 

biofilm development was found to remain constant, indicating that this gene was most likely not a player 

in drug resistance of C. glabrata biofilms. [35] 

Another cause attributed to the increase of drug resistance is the development of persister cells. 

Persister cells are more resistant to antimicrobial substances due to the fact that they are in a dormant 

state in which they slow down their entire metabolism and are unable to proliferate. [36] Persister cells 

have been isolated from C. albicans biofilms that were exposed to amphotericin B and chlorhexidine. 

The persister cells appeared completely resistant to amphotericin B. While the majority of cells was 

killed at 10 µg/mL of chlorhexidine, persister cells only started to be affected at 500µg/mL and could 

only be completely eradicated at 1mg/mL. Interestingly, 1mg/mL is half the concentration found in 

mouthwash used to treat oral infections caused by C. albicans. [37] 

Biofilms are often a source of relapse after apparent successful antifungal treatments and 

techniques to block their formation are still a matter of study. [22] Whenever the source of infection is a 

contaminated biomedical implant, its removal is considered of key importance to achieve a successful 

recovery from the yeast biofilm infection. [28] This removal procedure can be costly, can represent a 

risk to the health of the patient, and can even be impossible. [38] 

 Even though all Candida spp. possess the ability to form biofilms, their composition, structure 

and kinetics of formation varies widely among species. C. albicans’ mature biofilms are heterogeneous 

regarding the distribution of cells, blastospores and hyphae, and the EPS, that is composed by 

polysaccharides. [28] The EPS acts as a scaffold for cell to cell and cell to surface adhesion and provides 

a physical barrier between the cells and the surrounding environment. [39] In contrast, scanning 

electronic microscopy studies revealed that C. glabrata biofilms are organized either in a multilayer 

structure with cells intimately packed or organized in clusters. C. glabrata biofilm EPS was described as 

being composed of high amounts of proteins and carbohydrates. [40] 

 The process of biofilm formation is well described in vitro for C. albicans and can be divided in 

four stages (Figure 1). The first stage is known as early stage, lasts for about 11h and consists in the 

adhesion and development of blastospores into discrete microcolonies.  The intermediate stage is the 

second stage, lasts from 12h to 30 h, during which the Candida biofilm develops as a bilayered structure 

with a mix of yeasts, germ tubes, and young hyphae. This stage is also characterized by the production 

of EPS.  The maturation stage is the third stage. During this stage, the biofilm develops into a thick EPS 

layer that surrounds a mesh of yeasts, pseudohyphae, and hyphae. This last stage develops in 38h to 
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Candida albicans 

biofilm formation 

72 h. [30] Finally, daughter cells can develop as non-adherent yeast, in a fourth stage called 

dispersal.[41]   

 

  

Figure 1 - Formation process of a biofilm. [42] 

 The disadvantage of in vitro models of biofilm formation is that they do not account for the host 

immune system and infection site.[38] An in vivo study with rats has shown through confocal microscopy 

that the early stage was shorter lasting for less than 8 hours and that the biofilm was already mature at 

24h.[38] Another difference observed between in vivo and in vitro models is the thickness of the biofilm. 

The in vivo assay reported that there were areas in which the thickness surpassed 100 µm, while in vitro 

assays reported thickness of 25 µm. [28][38] 

 Most biofilm studies have been focused on C. albicans, and therefore less information is 

available about biofilm formation by C. glabrata. [43] An in vivo study of biofilm formation by C. glabrata 

in rats revealed that the maturation process took 48h, contrary to the in vitro that was completed after 

24h. [43] This study also reported that the thickness observed was between 75 and 90 µm in vivo, 

approximately half of the thickness displayed by C. albicans biofilms using the same in vivo model. [43] 

 Adhesion is one of the most important abilities of the cell surface, as it prevents cells from being 

washed away. In the specific case of fungal pathogens, this capacity is used to adhere to medical 

devices to gain access to the tissues of patients. [44] This adhesion process is mediated by adhesins. 

These are specialized cell-surface proteins that bind to inert surfaces or to specific amino acid or sugar 

residues present on the surface of other cells. [44] All adhesins are composed by a three-domain 

structure (Figure 2). At their N-terminal domain adhesins possess a carbohydrate or peptide binding 

domain. The middle domain of the protein contains a variety of serine- and threonine-rich repeats, which 

are responsible for adhesin variability. In the C-terminal domain adhesins possess a 
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glycosylphosphatidylinositol (GPI)-anchor addition, responsible for the connection between the adhesin 

and the cell wall. [44] 

 

Figure 2 - Model structure of fungal adhesins.[44] 

 

 In C. albicans the ALS gene family members which encode for large glycoproteins located in 

the cell surface have been shown to mediate adhesion to different tissues of the host.[45][46] In vitro 

experiments with deletion mutants showed that the BCR1-dependent ALS3 plays a crucial role in the 

adhesion process, and in vivo experiments revealed that ALS1 and HWP1, a cell wall mannoprotein of 

germ-tubes and hyphae, might play a role as compensatory adhesins. Differences between in vivo and 

in vitro experiments also suggest that the function of these compensatory adhesins is more relevant in 

vivo than in vitro.[47][48] The genes HWP2 and RBT1, members of the same family as HWP1, have 

been shown to play a part in biofilm formation.[49] HYR1 and EAP1 have also been reported to play a 

role in C. albicans adhesion to epithelial cells of the oral cavity, and to plastics with a hydrophobic 

surface, respectively.[48] 

 In C. glabrata the EPA gene family is responsible for the adhesion process. Like the ALS gene 

family and HWP1 known to mediate adhesion by C.albicans the EPA gene family encodes GPI-

anchored cell wall proteins.[50] This gene family has 17-23 members, depending on the strain. However, 

the major role in the adhesion process is played by EPA1, EPA6 and EPA7. [51] [48] Most EPA genes 

are located in chromosomal regions adjacent to telomeres, where they are silenced until environmental 

stimuli like lack of precursors of NAD+, presence of paraben or sorbic acid, or hypoxia induce their 

expression..[52] 

 The production of EPS by the microorganisms also plays a major role in biofilm formation and 

maintenance. In most biofilms these biopolymers account for over 90% of their dry mass. Three 

important functions performed by EPS are providing a 3D scaffold for biofilm development, adhesion to 

surfaces, and cohesion of the biofilm. [53] By keeping the cells close to each other, the EPS allows cells 

to communicate and to act as a community. [53] Besides from enclosing cells in these matrices, EPS 

also enclose water channels that allow the circulation of nutrients within the biofilms.[54] 

 The composition of the EPS matrix produced by C. albicans was found to be composed by 

39.6% carbohydrates (including 32.2% glucose), 5% proteins, 3.3% hexosamine, 0.5% phosphorus, 

and 0.1% uronic acid. [55] An enzymatic assay designed to detach biofilms from plastic surfaces by 

degrading matrix polymers revealed that most of the glucose present in the biofilm matrix was present 

in form of β-1,3 glucan, which is a major component of the cell wall.[55] The amount of phosphorus 
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present in C. albicans biofilms seems to be consistent with the fact that some bacterial biofilms have 

DNA in their composition. [55] 

 Other study using TEM and biochemical assays revealed that the composition of the matrix of 

C. albicans biofilms was 55% proteins, 25% carbohydrates, 15% lipids and 5% deoxyribonucleic acids. 

Furthermore, a monosugar analysis revealed that the carbohydrate distribution within the biofilm matrix 

was 47.9% arabinose, 20% mannose, 12.5% glucose and 12.6% xylose. Nuclear magnetic resonance 

and confocal imaging results revealed that the major polysaccharide present in the biofilm matrix was a 

mannan-glycosyl complex. Regarding lipid composition, gas chromatography revealed that the major 

categories present were glycerolipids 99.5%, from which 89.2% were neutral and 10.4% were polar, 

and sphingolipids 0.5%.[56] 

 The process of biofilm formation is controlled by several TFs. A screening of 165 C. albicans 

deletion mutants to form biofilms on the surface of serum-treated polystyrene plates revealed that ∆bcr1, 

∆tec1, ∆efg1, ∆ndt80, ∆rob1, and ∆brg1 exhibited an impairment of biofilm formation. Further in vivo 

testing of these mutants in a rat catheter model revealed that the first five mutants were unable to form 

biofilm while ∆brg1 formed biofilm but with a reduced amount of hyphae when compared to the wt strain. 

In a rat denture model all the TF except for BCR1 that had significantly less defects, were unable to form 

biofilms. These results indicate that all six genes are involved in biofilm formation. RNA-seq analysis 

revealed that the six TFs controlled the expression of each other and that a significant percentage of 

the target genes (~60%) is activated by at least four of these TFs. [57] 

 In addition to their involvement in biofilm formation, the C. albicans TFs Efg1 and Cph1 are also 

involved in the yeast to hyphae switch, controlling genes responsible for hyphal growth like ECE1, 

HYR1, HWP1 and ALS3.[58][59][60][61] C. albicans deletion mutants ∆efg1 and ∆efg1/∆cph1 are 

unable to form hyphae or biofilm. [58] Transcriptional profiles of deletion mutants for the EFG1 gene or 

its homolog EFH1 revealed that both these TF control genes like ALS1, ALS10, and HWP1 which are 

related to pseudohyphal or filamentous modes of growth. [62]  

By screening a library of transformant S. cerevisiae, the C. albicans TF Ndt80 was found to be 

responsible for the control of the CDR1 efflux pump. MIC assays of S. cerevisiae transformed with the 

heterologous C. albicans TF Ndt80 further confirmed that this transcription factor increased the 

resistance to ketoconazole and fluconazole. [63] [64] A Gene ontology (GO) analysis of C. albicans 

genes identified as being potentially controlled by Ndt80 revealed an enrichment of genes related to 

metabolism, stress, development, and drug resistance. [64] Ndt80 is also implied in the cell division, and 

hyphal differentiation since its deletion in C. albicans cells causes defects in cell separation, abnormal 

cell sizes, and filamentation defects when compared to wt. [65] Infection studies conducted in mice 

confirmed that there was a significant decrease in virulence when the Ndt80 deletion mutant was used 

instead of the wt. [65] 

C. albicans Brg1 also plays a role in hyphal differentiation since its overexpression increased 

the expression of hyphal differentiation-related genes ALS3, HWP1 and ECE1, inducing hyphal 
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differentiation in non-inducive medium and overcoming the hyphal repression by the overexpression of 

NRG1. [66] 

Another C. albicans TF involved in hyphal differentiation is Tec1. Experiments have shown that 

S. cerevisiae lacking TEC1 gene recovered their ability to form pseudohyphae when transformed with 

the heterologous C. albicans TEC1 gene, proving that both genes were functional homologs. C. albicans 

mutants with both TEC1 alleles deleted displayed a pseudohyphal morphology instead of a hyphal one, 

a defect that was reversed once the gene was reintroduced by transformation with a recombinant 

plasmid. In vitro testing with the aim of studying the interaction of C. albicans with inflammatory 

phagocytes revealed that the TEC1 gene is necessary for evasion of C. albicans from phagocytes. In 

vivo experiments revealed that even though the deletion mutants were able to undergo filamentous 

growth, the degree of virulence was significantly decreased when compared to a wt strain, indicating 

that TEC1 is crucial for a systemic infection by C. albicans. [67] Northern analysis further showed that 

TEC1 is regulated by the Efg1 and Cph2.[67][68] Figure 3 illustrates the involvement of Tec1 and other 

TF in C. albicans hyphal development.  

 

Figure 3 - Putative network of TF involved in hyphal development in C. albicans. [68] 

 

Another TF involved in the control of hyphal growth in C. albicans is Csr1, also known as Zap1. 

Biofilms formed by the C. albicans ∆csr1 deletion mutant display a slimy or glistening appearance, and 

confocal scanning laser microscopy showed that the formed hyphae terminated in a yeast-like cell with 

a spherical shape. The morphology of this deletion mutant became similar to the wt once it was 

complemented with a plasmid containing the CSR1 gene, indicating that this gene plays a role in hyphal 

growth. Changes in the amounts of β-1,3 glucan produced by several deletion and overexpression 

mutants of this gene revealed that CSR1 gene is also implicated in the production of EPS. Csr1 

negatively controls the amount of β-1,3 glucan.[69]  

In C. albicans the Rca1/Cst6 TF regulates the yeast-to-hyphae switch by regulating the 

expression of hyphal growth-related genes HWP1, ECE1, HGC1, and ALS3.[70] 

The Tye7 TF positively regulates glycolytic genes. There is a significant decrease in biofilm 

biomass when this gene is knocked out, showing that this gene is also necessary for efficient biofilm 

formation. [71] 
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In C. glabrata, the C.albicans CPH1 homolog STP12 was demonstrated to be necessary for 

pseudohyphal formation in response to nitrogen starvation in vitro and necessary to maintain virulence 

levels similar to the wt in a mice infection model. [72] Unlike what is observed in C. albicans, the Cst6 

TF negatively regulates biofilm formation and EPA6 expression in C. glabrata. [52] The SWI/SNF 

complex regulates biofilm formation in C. glabrata by remodeling nucleosomes. Contrary to what 

happens in other Candida spp. but similarly to S. cerevisiae, the C. glabrata SWI/SNF complex can 

trigger transcriptional activation or repression at the telomere level, depending on the recruiting of TF. 

In C. glabrata, the two proteins that usually mediate the interaction between the SWI/SNF complex and 

the DNA are Snf2 and Snf6. [52] 

The C. glabrata genes EPA1, EPA2, EPA3, EPA4, EPA5, EPA6, EPA7, and HYR1 are all 

located close to telomeres and are repressed by subtelomeric silencing. This subtelomeric silencing is 

controlled by the SIR complex (Sir2, Sir3, and Sir4), RAP-1, yKu70, yKu80, and Rif1. [52][73] Figure 4 

summarizes roles played by TFs in the biofilm formation, adhesion, filamentation, and production of EPS 

in C. albicans and C. glabrata. 
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Figure 4 - Comparison between the TF involved in the processes of adhesion, biofilm formation, EPS formation and hyphal 
differentiation in C. albicans and C. glabrata [74] 

 

2.3. The Efg1 transcription factor 
 

Efg1 is a member of the APSES family which contain a conserved basic helix–loop–helix 

domain. [75] 

The C. albicans Efg1 TF was first identified as an inducer of pseudohyphal growth when 

heterologous expressed in S. cerevisiae. Further studies showed that this TF is essential for hyphal 
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differentiation in C. albicans. [75] In most conditions, C. albicans cells with both copies of the EFG1 

gene deleted fail to form true hyphae and germ tubes. Instead, they differentiate into pseudohyphae. 

[58][75][76]  

The biological functions of Efg1 in C. albicans are not limited to the process of hyphal growth. 

In a mouse model, the administration of a dose of 105 C. albicans cells per animal led to the killing of 

half the population, while the same death rate was only achieved for C. albicans ∆efg1 when using 107 

cells per mice. This shows that Efg1 also plays an important role in C. albicans virulence.[58] In a 

Drosophila melanogaster model, 8 days after inoculation 60% of the flies infected with the C. albicans 

∆efg1 survived, while no flies survived when infected with the respective wt.[77] In Caenorhabditis 

elegans, attenuated levels of virulence were also observed for C. albicans ∆efg1 when compared to the 

wt.[78] 

Efg1 is also involved in the tissue invasion process. C. albicans ∆efg1 mutants were unable to 

invade reconstructed dermal tissue after 72h due to the existence of a cell barrier called stratum 

corneum. In reconstructed intestinal tissue, which did not possess the cellular barrier, C. albicans ∆efg1 

cells could only invade the surface layer. [79]  

Efg1 also plays a key role in biofilm formation. C. albicans cells with the EFG1 gene deleted 

were unable to achieve a 3D structured biofilm, but instead formed a sparse monolayer of rod-like cells 

and did not show any signs of filamentation or microcolony formation. [29] In vivo experiments with mice 

vaginal mucosa revealed that cells lacking the EFG1 gene were unable to differentiate into hyphal cells 

and no extracellular matrix (ECM) was observed by confocal microscopy. Furthermore, these cells could 

not be analyzed by scanning electron microscopy due to their inability to stay attached to the epithelium 

during the tissue processing procedure, revealing their poor adhesion capacity. Once the deletion was 

complemented the biofilm formation ability became similar to the exhibited by the wt. Even though the 

mutants did not form biofilms, they were still able to invade the tissue similarly to the wt or the 

complemented strain. [80] Experiments using different percentages of oxygen and carbon dioxide 

revealed that the EFG1 gene was involved in biofilm formation independently of the gas composition, 

although transcriptome analysis revealed that different expression patterns occur according to the gas 

compositions used. The overlap of genes expressed in biofilm growth conditions and genes regulated 

by EFG1 under hypoxic conditions suggests that when cells undergo biofilm formation they are 

subjected to hypoxic conditions. [81] 

EFG1 depleted cells also display higher sensitivity to azoles, amphotericin B, and caspofungin. 

Even though the authors attribute this resistance to the increase of activity of efflux pumps regulated by 

Efg1, further investigations are needed. [82] 

The EFG1 gene is also known to be a part of the six TF regulatory network in C. albicans that 

controls biofilm development (Figure 5). Each of these TF regulates the expression of the other TF and 

autoregulates their own expression. [57] 
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Figure 5- Regulatory network of TF involved in biofilm formation in C. albicans. Black arrows represent direct 
binding and experimental confirmation, grey arrows represent direct binding, and dashed arrows indicate 

indirect regulation. [57] 

 The less studied C. glabrata has two predicted C. albicans EFG1 homologs, encoded by the 

CAGL0L01771g and CAGL0M07634g open reading frame (ORF), both uncharacterized, here after 

referred to as EFG1 and EFG2, respectively. [83] [24] Using the BlastP tool 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) it was found that CgEfg1 had an identity of 65% with a coverage 

of 31% when compared to CaEfg1, while CgEfg2 had an identity of 58% and a coverage of 48% when 

compared to CaEfg1. The ORF CAGL0M07634g will be further analyzed during this work since in the 

Candida Genome database it is the one described as being CaEfg1 ortholog and given the preliminary 

results presented in section 5.1 of this work.  

Given all the roles played by Efg1 in C. albicans, the role of the identified C. glabrata ortholog 

Efg2 is therefore worthy of further investigation. This work will focus on C. glabrata Efg2 putative 

transcription factor biological roles giving a special attention to its part in biofilm associated traits. 
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3. Motivation of this work 
 

The ability of C. glabrata to form biofilms is of extreme importance in the development of 

systemic infections, of particular severity in immunocompromised patients. The incidence of these 

opportunistic pathogens has been increasing over the last years due to the trivialization of antifungal 

drug use, as well as the use of medical devices during hospitalization and biomedical implants. Even 

though there is a high amount of information available regarding the control mechanisms of biofilm 

formation in C. albicans, much scarce information is available for C. glabrata.  

The C. albicans transcription factor Efg1 is a known major player in processes like biofilm 

formation, hyphal differentiation, and adhesion. Thus, playing a central role in C. albicans virulence. C. 

glabrata contains in its genome two homologs of Efg1. Contrasting with the knowledge on the biological 

roles played by C. albicans Efg1 transcription factor, in C. glabrata no data is available concerning the 

biological functions of its predicted orthologs Efg1 and Efg2. However, preliminary unpublished results 

of adhesion assays with a C. glabrata ∆efg2 obtained by the BSRG team, together with the known roles 

of Efg1 in C. albicans suggests that C. glabrata Efg2 is involved in biofilm formation. Motivated by this 

hypothesis a more thorough characterization of the function of this putative transcription factor was 

performed. This characterization consisted in adhesion assays of C. glabrata overexpression and 

deletion mutants of this gene to both biotic and abiotic surfaces, followed by transcriptomic analysis of 

the effect of the deletion of this gene in cells subjected to planktonic and biofilm conditions. Taking into 

account the genes that have their expression altered by the deletion of the EFG2 in C. glabrata certain 

traits were further investigated such as antifungal resistance, pseudohyphal formation, and ergosterol 

content. Finally, keeping in mind Efg2 role as a transcription factor its subcellular localization as well as 

in silico prediction of its binding sequence was performed. 

This work aims to contribute to a better understanding of the regulatory networks controlling 

biofilm formation in C. glabrata and to unveil possible targets for the future development of strategies to 

prevent biofilm and pathogenicity by C. glabrata. 
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4. Materials and methods 
4.1. Strains and plasmids 

 

The Saccharomyces cerevisiae BY4741 strain (MATa, Δura3, Δleu2, Δhis3, Δmet15) was 

obtained from the Euroscarf collection, and used in the present work to construct the plasmids by 

homologous recombination. The C. glabrata strain KUE100 and its derivative single deletion mutants 

KUE100_ Δcgefg1, and KUE100_ Δcgefg2 were kindly provided by Hiroji Chibana, from the Medical 

Mycology Research Center (MMRC), Chiba University, Chiba, Japan. The C. glabrata strain L5U1 

(Δcgura3, Δcgleu2) was kindly provided by John Bennett from the National Institute of Allergy and 

Infectious Diseases, NIH, Bethesda, USA. The C. glabrata strain CBS138, whose genome sequence 

was released in 2004, was used in this study for gene amplification purposes. 

The VK2/E6E7 human epithelium cell line (ATCC® CRL-2616™) was used for adhesion assays. 

This cell line is derived from the vaginal mucosa of healthy premenopausal female submit to vaginal 

repair surgery, and immortalized with human papillomavirus 16/E6E7. 

The plasmid pGREG576 was obtained from the Drag & Drop collection. [84] 

4.2. Biofilm quantification assays 
 

Biofilms formed by C. glabrata cells were quantified using the crystal-violet method[85] and the 

Prestoblue method[86] 

For the crystal-violet method C. glabrata cells were grown in SDB medium  [containing per liter: 

80 g glucose (Merck) and 20 g meat peptone (Merck)] at pH 5.6 and collected by centrifugation at mid-

exponential phase. Cells were then inoculated in 96-well polystyrene titter plates (Greiner), previously 

filled with Sabouraud Dextrose Broth (SDB) medium at pH 5.6, in order to have an initial optical density 

at 600nm (OD600) of 0.05. Afterwards, cells were incubated for 15 h, at 30ºC and 70 rotations per minute 

(rpm). Aftewards, each well was washed three times with 200 µL of deionized water to remove the cells 

that were not attached to the formed biofilm. After the washing step, 200 µL of 1% crystal-violet (Merk) 

alcoholic solution was added in each well to stain the formed biofilm. The microwell plate was incubated 

for 15 min at room temperature. Then, each well was washed with 250 µL of deionized water. Finally, 

200 µL of 96% (v/v) ethanol was added to each well, to solubilize the dye bound to the biofilm. The 

absorbance of the ethanol-solubilized dye was measured in a microwell plate reader at 590 nm 

(SPECTROstar Nano, BMG Labtech).  

For the Prestoblue method, C. glabrata cells were cultured at 30oC, overnight, with orbital 

agitation (250 rpm), in MMG-U liquid medium. MMG-U medium was composed by minimal medium 

[containing per liter 2.7 g (NH4)2SO4 (Merck), 1.7 g yeast nitrogen base without amino acids or 

(NH4)2SO4 (Difco), and 20 g of glucose (Merck)], supplemented with 60 mg/L Leucine. After overnight 

cultivation, the OD600 of the cultures was measured to calculate the necessary volume to prepare a fresh 

culture with a final OD600 of 0.6. When adequate, these freshly prepared cultures were supplemented 



16 
 

with 200 µM CuSO4 (Sigma) to induce the promoter sequence upstream the EFG2 gene cloned in 

pGreg576. Once the cultures reached the desired OD600, a suspension was prepared with an OD600 of 

0.1 and was supplemented with 400 µM of CuSO4 solution. The cell suspension was then used to 

inoculate a 96-well polystyrene titter plate (Greiner) previously filled with twice concentrated SDB liquid 

medium. The twice concentrated SDB medium, equilibrated at pH 5.6. The pH of 5.6 was obtained using 

a HCl 1M solution. All wells of the microplate were filled with 100 µL medium, and the first 10 columns 

were inoculated with 100 µL of cellular suspension (first four rows strain L5U1+VV and last four rows 

with strain L5U1+Efg2) while the last two rows were inoculated with sterile water. The microwell plates 

were sealed with a membrane (Greiner Bio-One) and incubated at 30°C, with gentle orbital agitation (70 

rpm) for 15h. After this time the growth medium from the biofilm-coated wells of microtiters plates was 

removed, and the biofilm formed was washed two times with 100 μl of phosphate buffered saline (PBS) 

at pH 7.4 to remove cells that were not attached to the formed biofilm. PBS contained per liter: 8 g NaCl 

(Panreac), 0.2 g KCl (Panreac), 1.81 g NaH2PO4.H2O (Merck), and 0.24 g KH2PO4 (Panreac). The pH 

was equilibrated to 7.4 using a HCl 1M solution. After the washing step, 100 μL of 1:10 Prestoblue 

(ThermoFisher Scientific) in SDB solution was added to each well to stain the formed biofilm. This was 

done in darkness due to the photosensitivity of Prestoblue. The plate was covered with foil and was 

incubated at 37oC for 30 minutes. The absorbance of the resulting solution was measured in a microplate 

reader (SPECTROstar Nano, BMG LabTech) at 570 nm and 600 nm. The results were estimated by 

subtracting the absorbance at 600 nm from those measured at 570 to account for the dead cells. The 

values obtained from control columns were then subtracted from the inoculated ones to minimize 

background interference. 

 

4.3. Epithelial adhesion assay 
 

The adhesion to the epithelium by C. glabrata strains was assessed by counting the number of 

colonies formed after a 30 minutes incubation with a 12.5 OD600 yeast suspension in PBS with human 

vaginal epithelium. These C. glabrata suspensions were prepared as follows: A colony of each strain 

was transferred from an Yeast extract –Peptone–Dextrose medium (YPD) plate and used to inoculate 

25mL of YPD medium. YPD contains (per liter): 20 g of glucose (Merck), 20 g of bacterial peptone 

(Dickson) and 10 g of yeast extract (Merck); These suspensions were incubated at 30oC and 250 rpm 

for 8 hours. After that time the OD600 of the suspensions were measured, and adequate volumes were 

used to prepare new cultures of 250 mL of YPD with an OD600 of 0.05. The new suspensions were 

incubated overnight at 30oC and 250 rpm. After incubation, OD600 was measured again to calculate the 

volume necessary to prepare yeast cellular suspensions in PBS with an OD600 of 12.5. The total colony 

forming units (CFUs) present in the PBS suspensions prepared were estimated by plating serial 1:10 

dilutions on YPD medium. 

Vaginal epithelium was placed in wells of a 24 well plate. On the top of each well, containing 

epithelium cells, 10 µL of PBS suspension were pipetted. The plate was centrifuged for 1 minute at 1000 

rpm in a Eppendorf 5804 centrifuge and was incubated for 30 minutes at 37oC in a 5% CO2 atmosphere. 
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After incubation, the medium was removed, and three washes with 500 µL of PBS were performed. The 

washes were followed by 15 minutes incubation with Triton x100 at 0.5%. The wells were then scrapped, 

and the media was collected. Serial 1:10 dilutions were then made and plated on YPD plates. After 

incubation at 30oC for 48h, the colonies were counted. 

 

4.4. S. cerevisiae and C. glabrata transformation   
 

All transformations were performed using the Alkali-Cation Yeast Transformation Kit (MP 

Biomedicals). 

Cultures of S. cerevisiae BY4741 and C. glabrata L5U1 were carried out at 30oC, 250 rpm in 

YPD, containing, per liter,20 g glucose (Merck), 20 g bacterial peptone (Dickson) and 10 g of yeast 

extract (HIMEDIA). Once the cultures reached an OD600 of 0.4, the cells were harvested by centrifugation 

at 4000 rpm for 5 min at 4ºC and the resulting pellets were resuspended in 2.25 mL of TE buffer, pH 

7.5. After a second centrifugation, the cells were harvested and rinsed with 1.25 mL of 0.15 M Lithium 

Acetate solution and shaken gently (100 rpm) at 30ºC for 25 minutes. Cells were harvested by 

centrifugation (4000 rpm, 5 min, 4ºC) and resuspended in 250 μL TE buffer, pH 7.5. 100µL of the cell 

suspensions were then transferred into 1.5 mL Eppendorf tubes. To each 100 μL aliquots of yeast cell 

suspension, 5 μL Carrier DNA, 5 μL Histamine Solution and 100-200 ng of plasmid DNA were added. 

The cell suspensions were gently mixed and incubated at room temperature for 15 min. A 

mixture of 0.8 mL PEG and 0.2 mL TE/Cation MIXX solution was added to each aliquot, followed by 10 

min incubation at 30ºC and a heat shock at 42ºC for 10 minutes. Cells were then pelleted in a 

microcentrifuge and resuspended in 100 μL YPD liquid medium before plating in appropriate selective 

medium agar plates.  

 

4.5. E. coli transformation  
 

An aliquot (150µL) of E.coli competent cells stored at -80oC were slowly defrosted on ice. After 

the cells were completely defrosted, 50 µL of TCM solution and 15µL of plasmid suspension were added 

to the Eppendorf tube. The TCM solution contained 10 mM CaCl2, 10 mM MgCl2, and 10 mM Tris HCL 

at pH 7.5. The cells were then incubated on ice for 15 minutes, heat shocked at 42oC for 3 minutes, and 

incubated again on ice for 5 minutes. After these thermal treatments, 800 µL of liquid Luria broth (LB) 

were added to the Eppendorf tube containing the cell suspension. The cells were incubated for one 

hour, at 37oC and 250 rpm. The liquid LB medium was composed per liter by: 25g LB broth (Sigma). 

The cells were then harvested by centrifugation. Cell pellets were resuspended and plated on pre-

heated LB solid medium [containing 20 g agar (iberagar)] supplemented with 150 µg/mL 

ampicillin(Sigma) plates.  
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4.6. Cloning the MT-I promoter sequence upstream the EFG2 gene  
 

 The pGREG576 plasmid, obtained from the Drag & Drop collection [84], was used to clone the 

MT-I promoter sequence upstream the EFG2 gene (ORF CAGL0M07634g), previously cloned in the 

plasmid. The pGREG576 was acquired from Euroscarf and contains a galactose inducible promoter 

(GAL1), the yeast selectable marker URA3 and the GFP gene, encoding a Green Fluorescent Protein 

(GFPS65T), which allows monitoring of the expression and subcellular localization of the cloned fusion 

protein as shown in Figure 6. The genetic manipulations carried were performed with the final goal of 

creating a C. glabrata strain overexpressing the EFG2 gene. The constructed plasmid was introduced 

in S. cerevisiae, as described before for other heterologous genes [87].  

 

 

Figure 6 - Schematic representation of the cloning procedure using pGREG576. The gene cloning site harbors a HIS3 tag 
flanked by SalI restriction sites. The promoter cloning site harbors the GAL1 promoter, flanked by SacI and NotI restriction 

sites [84]. 

 

 The GAL1 promoter present in the pGREG576+EFG2 plasmid was replaced by the copper-

induced MT-I C. glabrata promoter, originating the pGREG576+MT-I+EFG2 plasmid. The MT-I promoter 

DNA was generated by PCR, using as template genomic DNA extracted from the sequenced CBS138 

C. glabrata strain, and the specific primers present in Table 1. The designed primers contain, in addition 

to the sequence with homology to the first 26 and the last 27 nucleotides of the first 1000 base pairs of 

the MT-I promoter region (italic), nucleotide sequences with homology to the cloning site flanking regions 

of the pGREG576 vector (underlined). The amplified fragment was co-transformed into the S. cerevisiae 

parental strain BY4741 with the pGREG576+EFG2 plasmid (as described in section 4.4), previously cut 

with SacI and NotI restriction enzymes (Takara) to remove the GAL1 promoter, generating the 

pGREG576+MT-I+EFG2 plasmid.  
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Table 1 - Primer sequences used to amplify the MT-I promoter DNA to be inserted in pGREG576 by cloning procedures and 
for colony PCR. The primer sequences contain a region homolog to the cloning site flanking regions of the vector 
(underlined) and to the target (italic) 

Gene Primer Sequence 

 
MT-I 

promoter 

Forward 5’-
TTAACCCTCACTAAAGGGAACAAAAGCTGGAGCTCTGTACGACACGCA
TCA TGTGGCAATC - 3’ 

 
 

Reverse 5’-
GAAAAGTTCTTCTCCTTTACTCATACTAGTGCGGCTGTGTTTGTTTTTGT
AT GTGTTTGTTG - 3’ 

 

The PCR amplification reaction of MT-I promoter was performed using a C1000 Thermal Cycler 

(Bio-Rad) and the program presented in Table 2. The composition of the reaction mixture used to amplify 

the promoter DNA is shown in Table 3. 

 

Table 2 - PCR program used for amplification of MT-I promoter gene for pGREG576 cloning procedure. 

Step Time Temperature (oC) Cycles 

Initial denaturation 30 secs 98 1 

Denaturation 10 secs 98 32 

Annealing 20 secs 56 32 
Extension 1 min and 30 secs 72 32 

Final extension 7 min 72 1 
 

 

 

 

 

 

 

Table 3 - Reaction mixture composition for PCR amplification of the MT-I promoter, to be used for pGREG576 cloning 
procedure. 

Component Volume per reaction (µL) 

10x HF buffer 10 

Primer forward (50pmol) 1 

Primer reverse (50pmol) 1 

dNTPs (10 mM) 1 

MgCl2 (50 mM) 2 

DMSO (Fisher chemicals) 1.5 

C. glabrata CBS 138 genomic DNA 2 

ddH2O 31 

Taq Phusion (2 U.µL-1) 0.5 

Total 50 
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The recombinant plasmid pGREG576+MT-I+EFG2 was obtained through homologous 

recombination in S. cerevisiae using the Alkali-Cation Yeast Transformation Kit (MP Biomedicals) 

according to the manufacturer’s instructions. To assess the presence of the MT-I promoter in the 

constructed plasmid the transformed S. cerevisiae colonies were tested by colony polymerase chain 

reaction (PCR). A loopful of S. cerevisiae cells from colonies obtained from S. cerevisiae transformants 

were suspended in 50 µL of ddH2O. The cell suspensions were then at a 100oC for 15 minutes. The 

suspension was then centrifuged for 2 minutes at 1350 rpm in a table centrifuge to remove cell debris. 

2 µL of the supernatant were used as DNA template. The PCR program and the composition of the PCR 

mix are shown respectively in Tables 4 and 5. 

 

Table 4 - PCR program used to confirm the presence of the MT-I promoter in the pGreg576+Efg2 plasmid. 

Step Time Temperature (oC) Cycles 

Initial denaturation 3 min 95 1 
Denaturation 15 secs 95 30 

Annealing 30 secs 56 30 

Extension 1 min 72 30 

Final extension 7 min 72 1 
 

 

 

 

 

 

Table 5 – Composition of the mixture used for PCR reactions to scan S. cerevisiae transformants. 

Component Volume per reaction (µL) 

dNTPs (10 mM) 0.4 

Primer forward (50pmol) 0.4 

Primer reverse (50pmol) 0.4 

10x NH4 Reaction Buffer  2 

MgCl2 (50 mM) 1.2 

Template DNA 2 
ddH2O 18.5 

BioTaq (5 U.µL-1) 0.1 

Total 25 
 

Plasmids were then extracted using the Miniprep kit (Qiagen) from the S.cerevisiae colonies 

positive for the PCR reaction, and putatively having the MT-I promoter sequence. Since the Miniprep kit 

was made for bacteria, some adjustments were made to the manufacturers protocol.  

The yeast cells were grown in selective medium MMB-U, containing per liter 2.7 g (NH4)2SO4 

(Merck), 1.7 g yeast nitrogen base without amino acids or (NH4)2SO4 (Difco) and 20 g glucose (Merck), 
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supplemented with 60 mg/L leucine, 20 mg/L histidine, and 20 mg/L methionine. After overnight 

incubation at 30oC and 250 rpm, cells were harvested by centrifugation at 5000 rcf. 

The supernatant was discarded, and the cells were resuspended in P1 buffer from the Miniprep 

kit. Some microspheres were added to the suspension and then the cells were vortexed for 10 minutes 

at maximum speed. The suspension was left to rest for 10 minutes, and was then transferred to a new 

Eppendorf. After that the manufacturer’s instructions were followed. The plasmids recovered were used 

to transform E. coli competent cells using the protocol shown in subchapter 4.5 of this thesis. Plasmids 

were recovered from the E. coli using the Miniprep kit (Qiagen), this time following the manufacturer’s 

instructions. Plasmids were then restricted using the Hind III enzyme which should result in two 

fragments of 1612 and 7567 bps. This prediction was made by consulting the restriction mapper tool of 

the Yeast Genome website. The restriction products were then fractioned according to their size by 

agarose gel electrophoresis. After ensuring that the restriction products were the expected size, the 

constructed plasmids were used to transform the C. glabrata strain L5U1, creating the L5U1+p576+MT-

I+Efg2 strain carrying the EFG2 gene under the control of MT-I promoter inducible by Cu2+. 

 

4.7. RNA-sequencing analysis 
 

 RNA-sequencing (RNA-seq) analysis was carried out to identify which genes were differently 

expressed when comparing planktonic or biofilm grown cells of C. glabrata. The same methodology was 

performed to identify genes differently expressed between C. glabrata KUE100 and its deletion mutant 

Δefg2. For these purposes, planktonic cells were obtained from cultures grown in SDB medium, at 30°C, 

with orbital agitation (250 rpm), when reaching an OD600 of 1. Biofilm grown cells were obtained from 

24h grown cultures with SDB medium and gently agitated (30 rpm) at 30oC, carried out in square plates 

(Greiner, 120x120x17mm), with an initial OD600 of 0.05. 

 Total RNA of cells cultivated as described above was isolated using Ambion Ribopure-Yeast 

RNA kit, according to manufacturer’s instructions. Cell cultures and RNA extraction were performed by 

Mafalda Cavalheiro. 

 Strand specific RNA-seq library preparation and sequencing was carried out as a paid service 

by the NGS core from Oklahoma Medical Research Foundation, Oklahoma City, Oklahoma, USA. 

Paired-end reads (Illumina HiSeq 3000 PE150, 2x150 bp, 2 GB clean data) were obtained from wild 

type C. glabrata KUE100 and correspondent deletion mutant strain KUE100_Δcgefg2 (ORF 

CAGL0M07634g). Two replicates of each sample were obtained from three independent RNA isolations, 

subsequently pooled together. Sample reads were trimmed using Skewer [88] and aligned to the C. 

glabrata CBS138 reference genome, obtained from the Candida Genome Database (CGD) 

(http://www.candidagenome.org/), using TopHat [89]. HTSeq [90] was used to count mapped reads per 

gene. Differentially expressed genes were identified using DESeq2 [91] with an adjusted p-value 

threshold of 0.01 and a log2 fold change threshold of -1.0 and 1.0. Default parameters in DESeq2 were 

used. Candida albicans and Saccharomyces cerevisiae homologs were obtained from the Candida 
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Genome Database and Saccharomyces Genome Database (SGD) (https://www.yeastgenome.org/), 

respectively. Raw data pre-treatment was performed by Pedro Pais, in collaboration with Geraldine 

Butler, University College Dublin.  

In this work, manual clustering of the up- and down-regulated genes was carried out, based on 

the description of the C. glabrata genes found on the Candida Genome Database (CGD) 

(http://www.candidagenome.org/, last accessed at 12/05/2018). Uncharacterized genes were clustered 

based on the description of ortholog genes in S. cerevisiae or in C. albicans, according to the 

Saccharomyces Genome Database (SGD) (https://www.yeastgenome.org/, last accessed at 

12/05/2018) or in CGD, respectively. 

  

4.8. Antifungal susceptibility assays in C. glabrata cells depleted from 

the genes EFG2 and EFG1 
 

 This procedure was performed according to the EUCAST norms. [92] The strains in study 

(KUE100, ∆efg2 and ∆efg1) were cultured overnight in YPD medium at 250 rpm, and 30oC. The following 

day new cultures were prepared with a computed volume of the first cultures to ensure that in the 

beginning of the experiment the OD600 of the final cultures was 0.6. At the established time a cell 

suspension with and OD600 of 0.05. For hydrophilic drugs, Fluconazole and Flucytosine, 20 µL of stock 

solution of each drug (12800mg/L) were added to 1.98mL of Roswell Park Memorial Institute Medium. 

(RPMI) twice concentrated at pH 7. The RPMI 1640 medium was constituted per 300 mL by 6.24 g 

RPMI 1640 (Sigma), 20.72 g MOPs (Sigma) and 10.8 g glucose (Merck). The pH was adjusted to 7 

using a NaOH 1M solution. 200 µL of the obtained solution were added to each well of the first column 

of the 96 well-plate. The remaining wells were filled with 100 µL of the twice concentrated RPMI medium 

at pH 7. After this, 100 µL were transferred from column 1 to column 2, and from column 2 to the 

following, making successive dilutions until column 10.  

 For hydrophobic drugs (Amphotericin B, Ketoconazole and Caspofungin) nine aliquots of 50 µL 

of DMSO (Fisher chemicals) were prepared. From the stock solution of the drug (1600mg/L).50 µL were 

transferred to the first aliquot and from this 50 µL were transferred to the second aliquot, and this way 

on until 10 dilutions of the drug were obtained. Ten new aliquots were prepared with 1.98 mL of RPMI 

twice concentrated medium and 20 µL of the respective dilution of the drug. Each of the ten dilutions 

was used to fill their respective column of a 96 well-plate (Greiner). Each well was filled with 100 µL. 

Columns 11 and 12 were filled with 100 µL of twice concentrated RPMI medium. For both types of drugs 

100 µL of the cell suspension was added to each well of the first 11 columns of the plate. The last column 

was filled with 100 µL of deionized and sterilized water. 

The plates were covered with foil and were incubated at 37oC for 24 hours without any agitation. After 

that time the solutions in each well were resuspended and the absorbance of the resulting solution was 

measured with a microplate reader (SPECTROstar Nano, BMG LabTech) at 530 nm. The blank columns 
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(column that was inoculated with deionized and sterilized water) were subtracted from the inoculated 

ones to minimize background interference and the percentage of survival was calculated as a 

percentage of absorbance relative to the column to which the drug was not added to the growth medium. 

 

4.9. Quantification of ergosterol in C. glabrata strains 
 

 The C. glabrata wt (KUE100) and its derivative ∆efg2 were used. To quantify the total amount 

of ergosterol in the C. glabrata two different protocols were followed according to the cells mode of 

growth. 

 For planktonic grown cells, cultures were grown in YPD liquid medium for 24h at 30oC, and 250 

rpm. This inoculum was used to start three new cultures of 100 mL with an initial OD600 of 0.05. Cultures 

were grown overnight at 30oC, and 250 rpm. After overnight culture, each culture-batch was transferred 

to a different Beckman centrifuge bottle. The cell cultures were centrifuged for 7 minutes, at 8000 rpm 

and 4oC. The supernatant was discarded and 5mL of sterile deionized were used to resuspend the cells. 

The suspension was then transferred to smaller centrifuge tubes that were previously weighted. The 

cells were centrifuged (Eppendorf 5804R) again for 7 minutes, at 8000 rpm and 4oC. The supernatant 

was discarded, and the centrifuge tubes were weighted again with the pellet. Glass spheres were added 

to the pellet in equal amounts. One mL of cholesterol was added as well as 5mL of methanol (HPLC 

grade). The tubes were vortexed for 30 seconds and were then agitated for 1 hour at 320 rpm. The cells 

were centrifuged again for 7 minutes, at 4oC and 8000 rpm. From each tube three aliquots of 1.7 mL of 

supernatant were collected. The aliquots were centrifuged (Sigma 2K15) for 10 minutes, at 11000 rpm 

at 4oC. One mL of supernatant was collected and stored at  -20oC. 

 In order to obtain biofilm grown cells, SDB liquid medium was inoculated with C. glabrata 

KUE100 and ∆efg2 strains and incubated overnight at 30oC with orbital agitation (250 rpm). These 

cultures were used as inocula to start three cultures with a final OD600 of 0.6. The cell cultures were 

transferred to a square plate that was previously filled with 40 mL of SDB medium. The transferred 

volume was computed in a way that ensured that the final culture had an OD600 was 0.05. After 

inoculation the plates were agitated gently (30 rpm) for 24 hours at 30oC. After this time, the supernatant 

was discarded and 3mL of deionized and sterile water was added to the plate. The cells that were 

attached to the surface of the plate were scraped with a spatula, and all the volume contained in the 

plate was pipetted to a centrifuge flask. The same amount of water was added to the plate and the same 

procedure was applied. The cells grown as biofilms were processed as described for planktonic cells. 

Briefly cells were centrifuged for 7 minutes, at 8000 rpm and 4oC (centrifuge Eppendorf 5804R). The 

supernatant was discarded, and the previously weighted flasks were weighted again, this time with the 

pellet. An amount of glass spheres was added to each flask similar to the amount of pellet, followed by 

1 mL of 1mg/mL cholesterol (Sigma) solution and 5 mL of methanol (HPLC grade). The tubes were 

vortexed for 30 seconds and were then agitated for one hour at 320 rpm. After that, the cells were 

centrifugated again for 7 minutes at 8000 rpm, and 4oC (centrifuge Eppendorf 5804R). Three aliquots 
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of 1.7 mL of supernatant were collected from each tube. Those aliquots were centrifuged for 10 minutes, 

at 11000 rpm, and 4oC (Sigma 2k15). Finally, 1 mL of supernatant was collected to a new Eppendorf 

and was stored at -20oC. 

 Samples from cells grown as planktonic or as biofilms were analyzed by HPLC in order to 

quantify the amount of ergosterol present, based on the method described by Santos et al. [93] Briefly, 

the extracts were separated in a 250 mm × 4 mm C18 column (LiChroCART Purospher STAR RP-18 

end- capped 5 µm) at 30ºC. Samples were eluted in 100% methanol at a flow rate of 1 mL/min. Detection 

of cholesterol and ergosterol was performed using an UV-Vis detector set at 210 and  282 nm, 

respectively. Under the conditions used the retention time of cholesterol was 14.0±0.2 while ergosterol 

was eluted at 11.7 ±0.1 minutes. Subsequent quantification of the two lipids was performed using 

appropriate calibration curves.  

 

 

4.10. Pseudohyphal differentiation assay 
 

 To stimulate pseudohyphal differentiation in C. glabrata cells the tested strains, KUE100 and 

∆efg2, were cultured in YPD medium overnight. New cell batches were then prepared in YPD medium 

supplemented with 125 µL of isoamyl alcohol solution, with an initial OD600 of 0.1. The new cell batches 

were grown for 48h with orbital agitation (250 rpm) at 30oC. After the stipulated time 7 µL were collected 

from each batch and were observed by microscopy with a Zeiss Axioplan microscope (Carl Zeiss 

MicroImaging). Images were captured using a Axiocam 503 Color (Zeiss). Percentage of pseudohyphal 

differentiation was computed manually.  

 

4.11. Efg2 subcellular localization assessment 
  

 The subcellular localization of the Efg2 TF was determined based on the observation of L5U1 

C. glabrata cells transformed with the pGREG576+MT-I+EFG2 plasmid. These cells express the 

Efg2+GFP fusion protein, whose localization may be determined using fluorescence microscopy. C. 

glabrata cell suspensions were prepared in minimal medium supplemented with 60 mg/L leucine (MMG-

U), and were incubated overnight at 30oC, and 250 rpm.  

For planktonic grown cells a second culture was prepared from the first cell culture to have an 

OD600 of 0.02. This culture was supplemented with 50 μM CuSO4 (Sigma), to induce protein 

overexpression. The culture was kept at 30oC and 250 rpm until significant fluorescence was observed 

under the microscope. 

For biofilm grown cells a second culture was prepared from the first culture to have an OD600 at 

the time of the transfer to the square plates of 0.6. This second culture was supplemented with 200 µM 
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of CuSo4 (Sigma). When the intended OD was reached a 40 mL suspension was prepared in SDB 

growth medium with an OD600 of 0.05 in a square plate. The cell suspensions were incubated for 6h or 

24h at 30oC and 30 rpm. After the established time the supernatant was discarded, and the attached 

cells were scraped using a spatula. For observation under the microscope 7µL were collected from each 

strain and each growth type.  

The distribution of Efg2+GFP fusion protein in C. glabrata living cells was detected by 

fluorescence microscopy in a Zeiss Axioplan microscope (Carl Zeiss MicroImaging), using excitation 

and emission wavelength of 395 and 509 nm, respectively. Fluorescence images were captured using 

a Axiocam 503 Color (Zeiss). 
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5. Results and discussion 
 

5.1. Efg2 is determinant for biofilm formation 
 

In the present work, the eventual role played by the uncharacterized C. glabrata Efg1 and Efg2 

transcription factors, encoded by ORFs CAGL0L01771g and CAGL0M07634g, respectively, on biofilm 

formation was investigated, given their high homology to the Efg1 transcription factor from Candida 

albicans [29], implicated in this phenomenon.   

To do so, the first assay conducted was the measurement of the effect of EFG1 or EFG2 deletion 

in biofilm formation in a polystyrene surface, using the crystal-violet method.  

Biofilm formation by the parental wild-type strain KUE100 was compared to that of the derived 

deletion mutant strains ∆efg1 and ∆efg2. Despite the sequence similarity and predicted functions for 

Efg1 and Efg2, Figure 7 shows that Efg1 appears to have no effect in biofilm formation in C. glabrata, 

while its predicted paralog, Efg2, does play a crucial role in the process. Indeed, its deletion was found 

to decrease biofilm formation in more than 2-fold. Given this initial result, all subsequent studies were 

focused on Efg2.  

 

Figure 7 - Evaluation of the role of Efg1 and Efg2 on C. glabrata ability to form biofilm in a polystyrene surface. Crystal-violet 
was used to stain the C. glabrata wt (KUE100) and the deletion mutant strains ∆efg1 and ∆efg2. Each dot results from a 

single absorbance measurement. **** indicates a P-value<0.0001 

 

To confirm the importance of Efg2 in biofilm formation, the effect of over-expressing EFG2 in the 

level of biofilm formation in a polystyrene surface was assessed. Wt strain L5U1 overexpressing EFG2, 

from the pGreg576_MT-I_EFG2 plasmid, was compared to the same cells harboring the pGreg576 
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cloning vector (L5U1+VV) in terms of biofilm formation, and the results of this assay are presented in 

Figure 8. 
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Figure 8 - Role of Efg2 on C. glabrata ability to form biofilm on a polystyrene surface. Prestoblue was used to stain the C. 
glabrata wt (L5U1+vv) and the mutant strain overexpressing EFG2 (L5U1+EFG2). Each dot results from a single absorbance 

measurement. A total of 37measurements were performed for each strain. **** indicates a P-value<0.0001. 

 

These results are consistent with the notion that Efg2 is a key player in C. glabrata biofilm formation, 

as the level of biofilm formation increases upon moderate overexpression of the EFG2 gene, when 

compared to the parental strain, harboring the empty vector pGreg576. 

To understand whether Efg2 also plays a role in biofilm formation in epithelial cell surfaces, the 

effect of EFG2 deletion in C. glabrata adhesion to VK2/E6E7 human vaginal epithelial cells was 

evaluated. This choice of vaginal epithelial cells was made considering that one of the most common 

niche of infection by Candida species is the vaginal tract [94][95]. After incubation of the yeast 

suspensions, inoculated over a layer of vaginal epithelial cells for 30 minutes, the percentage of adhered 

yeast cells was evaluated. For each replicate, the percentage of adhered cells was calculated as the 

ratio of the CFU/ml after incubation with the epithelial cells and the initial CFU/ml estimated for each 

suspension. 

The results obtained show that EFG2 deletion significantly decreases C. glabrata adhesion, leading 

to lower concentrations of adhering cells (Figure 9). All these results suggest that the EFG2 gene plays 

not only a part in the adhesion process of C. glabrata to inert surfaces but also to mucosal surfaces.  
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Figure 9 - Average amount of adherent cells of C. glabrata strains KUE100 and its deletion mutant Δefg2 to the vaginal 
epithelium cells. The standard deviations are indicated, as well as the average percentage for each trial. ***indicates a P-

value<0.0001. 

 

5.2. Transcriptomics analysis of the role of EFG2 in biofilm formation 
 

To assess the role of EFG2 in biofilm formation, the effect of its deletion on global gene expression 

was evaluated through RNA-sequencing, focusing especially in changes occurring from planktonic 

growth to biofilm formation. The obtained results are detailed and discussed below, starting with the 

analysis of gene expression changes observed in cells cultivated as biofilm for 24h, when compared to 

planktonic cultivation, and followed by the analysis of the genes whose expression was found to be 

controlled by EFG2 in biofilm cells. 

 

5.2.1. Global transcriptional remodeling occurring during biofilm formation in 

C. glabrata 
 

To unveil the patterns of gene expression associated with biofilm cells, when compared to 

planktonic growth in C. glabrata, an RNA-seq analysis was performed, and the results were afterwards 

biologically interpreted. The transcriptome of exponentially growing planktonic cells, grown in SDB 

medium and harvested with an OD600 of 1.0, was compared to that of biofilm cells, cultivated in the same 

medium for 24h in polystyrene dishes. 

In a first analysis, the transcriptomes from wilt-type cells grown planktonically or as biofilms were 

compared. This analysis revealed a total of 3072 genes with an altered expression, which corresponds 

to around half of the C. glabrata genome, which contains to this date 5293 identified ORFs, from which 
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only 237 have been verified 

(http://www.candidagenome.org/cache/C_glabrata_CBS138_genomeSnapshot.html). Among the 

genes that had their expressions altered according to the conditions of growth of the C. glabrata cells, 

1505 genes were found to be down-regulated, while 1567 genes were found to be up-regulated in biofilm 

cells, when compared to planktonic cells. This result per se demonstrates that massive transcriptional 

remodeling is required for C. glabrata cells to form mature biofilms. To evaluate which are the most 

important biological processes required for biofilm formation, the referred 3072 genes were grouped 

according to their biological function. An initial attempt to cluster genes based on Gene Ontology term 

enrichment analysis the GO term finder from Candida Genome Database (CGD) 

(http://www.candidagenome.org/) was used to carry out Gene Ontology (GO) analyses, proved to be 

disappointing, as the GO terms that arose were mostly involved in very general processes, such as 

“regulation of biological process”, “RNA metabolic process” or “transport”. This lack of specific GO term 

enrichment is likely due to the huge dimension of the dataset under analysis, which corresponds to more 

than half of the genes in the C. glabrata genome. Additionally, this lack of GO term enrichment also 

reflects the observation that the transcriptional response involves multiple pathways and processes in 

C. glabrata cells. As such, the manual clustering of the up- and down-regulated genes was carried out, 

based on the description of the C. glabrata genes, found on CGD (http://www.candidagenome.org/) 

(Figures 10 and 11). In the case of the many uncharacterized genes, clustering was conducted based 

on the description of ortholog genes in S. cerevisiae or in C. albicans, as registered in SGD 

(https://www.yeastgenome.org/) or in CGD, respectively. 

 

Figure 10 - Distribution of C. glabrata up-regulated genes in cells grown in biofilm, when compared with planktonic grown 
cells, according to their function. 
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The most represented biological functions among genes up-regulated genes in biofilm cells are “RNA 

metabolism and translation” (26.2%), “unknown function” (21.6%), “Carbon and energy metabolism” 

(6.7%), “Cell cycle” (5.9%) and “Response to stress” (5.1%). 

  

Figure 11 - Distribution of C. glabrata down-regulated genes in cells grown in biofilm, when compared with planktonic 
grown cells, according to their function. 

 

The most represented biological functions among genes down-regulated genes in biofilm cells are “RNA 

metabolism and translation” (13.5%), “unknown function” (12.9%), “Cell cycle”(12.2%), “Intracellular 

trafficking” (9.6%), “DNA metabolism and repair” (9.0%), “Carbon and energy metabolism” (7.4%) and 

“Protein metabolism”(7.4%). 

 One of the first transcriptomics studies on biofilm formation by C. albicans was carried out by 

García-Sánchez et al. [96]. In their work, the transcriptome of 72h C. albicans biofilm cells was compared 

to the transcriptome of planktonic grown cells. The authors used macroarrays with 2002 probes which 

represents approximately one third of the C. albicans genome. A group of 325 genes was found to be 

differently expressed according to the growth conditions of the cells. Those genes were grouped into 25 

functional groups according to their homology to S. cerevisiae genes. The functional groups that were 

enriched in this analysis were “amino acid metabolism”, “nucleotide metabolism”, “lipid, fatty acid, and 

isoprenoid metabolism”, “transcription”, “protein synthesis”, “Control of cellular organization”, 

“Subcellular localization” and “Unclassified”.  

 The high representation of the “RNA metabolism and translation” group in both up- and down-

regulated subgroups of differently expressed genes found in our RNA-seq analysis of C. glabrata cells 
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grown under biofilm and planktonic conditions seems to be consistent with the observations of García-

Sánchez et al..[96] In their analysis a high number of genes differently expressed were related to mRNA 

and rRNA processing and stability, as well as ribosomal proteins and aminoacyl-tRNA synthases that 

are included in categories “protein synthesis” and “transcription”. [96] Opposite to these authors we 

observed as major categories of differently expressed genes “carbon and energy metabolism”, “cell 

cycle”, “response to stress”, “Intracellular trafficking” and “DNA metabolism and repair”. These 

differences might result from the fact that in this analysis the number of probes used only represents a 

third of the C. albicans genome which might not give a very representative view of the changes occurring 

in the expression of the genes as well as some differences between species. 

 Nett et al. also studied the transcriptome of in vivo biofilms formed by C. albicans at different 

developmental stages: intermediate (12h), and mature (24h). Since the biofilms from C. glabrata cells 

are fully mature at 24h when grown in vitro, our comparison will focus on the 24h biofilm of C. albicans 

cells grown in vivo. From the 6354 ORFs analyzed by Net et al., 1034 genes were differently expressed 

in 24h biofilms when compared to planktonic grown cells. From these genes, 523 were up-regulated 

and 511 were down-regulated. In their work the categories of genes that are more up-regulated in 24h 

biofilms are “unknown”, “transcription/protein”, “energy metabolism”, “carbohydrates”, “DNA/cell cycle”, 

and “transport”. The up-regulation of genes related to RNA metabolism in our analysis goes into 

agreement to the results of Nett et al. [102] even though they are placed in the same functional group 

as protein. In both analysis genes related to cellular duplication and carbon metabolism appear up-

regulated. Besides energy production, another possible reason for the up-regulation of carbon 

metabolism is the synthesis of the EPS that makes up the matrix where the biofilm cells are involved, 

even though this process should be more active in the intermediate stage of development of the biofilm. 

Unlike what is observed in Nett et al. [102] analysis, our RNA-seq analysis shows that genes related to 

response to stress represent one of the functional groups most present in the up-regulated sub-set. This 

difference might be related to the fact that the thickness of the EPS of C. albicans cells in biofilms is 

greater than the one of C. glabrata. This lower thickness leaves the C. glabrata biofilms more subjected 

to the environment conditions, increasing the necessity to activate stress responsive mechanisms. 

 In the transcriptome analysis of Nett et al. [102] the functional groups that appear most 

represented among the down-regulated set of genes are “unknown”, “transcription/protein”, “DNA/cell 

cycle”, “transport”, “energy metabolism”. These observations are in agreement with ours. A result that 

jumps to sight in our analysis as well as the ones performed by García-Sánchez et al. [96] and Nett et 

al. is the high number of genes with unknown functions. This might be justified with either lack of 

homology to S. cerevisiae or C. albicans genes or the very high amount of genes uncharacterized in C. 

albicans (70%) (http://www.candidagenome.org/cache/C_albicans_SC5314_genomeSnapshot.html) 

and, even more, in C. glabrata (95%) 

(http://www.candidagenome.org/cache/C_glabrata_CBS138_genomeSnapshot.html). 

The comparison of Figures 10 and 11 further shows that, within the functional categories 

associated to response to stress, cellular ion homeostasis, response to drugs, virulence, adhesion, 

amino acid metabolism, nitrogen metabolism, autophagy and peroxisome biogenesis in biofilm 
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conditions, there is a higher percentage of up-regulated than down-regulated genes, suggesting that 

these processes are overall activated in biofilm cells. Some of these selected functional groups and their 

relation to biofilm formation are, thus, discussed in more detail bellow. 

5.2.1.1. Multiple stress response pathways are up-regulated during biofilm 

formation 

 Within the group of stress response genes, 80 were found to be up-regulated, while 46 were 

found to be down-regulated during biofilm formation. Among the up-regulated genes, 14 encode 

chaperones, such as HSP12, SSA3, SSB2, PDR13 and SSE1, predicted to be involved in the response 

to heat shock and other protein denaturing conditions, and 11 encode oxidative stress response 

proteins, including the superoxide dismutase encoding genes SOD1 and the ortholog to C. albicans 

SOD2 encoded in ORF CAGL0E04356g, and the redox balance related genes TSA1, GSH1, the 

ortholog to C. albicans GRX3 encoded by the ORF CAGL0G08151g and TRR1, etc. Many of the up-

regulated genes also encode stress responsive transcription factors, involved in the general stress 

response, namely MSN1 and MSN4, in oxidative and metal stress response, AP1, CAD1, YAP6 and 

YAP7, in acid/alkaline stress response, RIM101, HAA1, WAR1, in the unfolded protein response, HAC1, 

and in osmotic stress response, HOT1, among others. Altogether, biofilm cells appear to either sense a 

stressing environment or be highly prepared to face one.  

In the work of Yeater et al. the changes in gene expression throughout the process of biofilm 

development were analyzed in C. albicans cells. They report changes in the expression of genes related 

to several environmental stresses. In response to oxidative stress they highlight CAT1, that does not 

have a known ortholog in C. glabrata, GCS1, which is an ortholog of C. glabrata’s GSH1 whose 

expression is up-regulated in our analysis, TSA1, whose C. glabrata ortholog encoded in ORF 

CAGL0G07271g is down-regulated in our RNA-seq study, NCE103, whose C. glabrata ortholog 

NCE103 also appears up-regulated in our analysis, and PRX1 (orf19.5180), which does not appear as 

having its expression changed in our analysis. Regarding response to osmotic stress these authors 

highlight the gene RHR2, whose ortholog in C. glabrata RHR2 is up-regulated in our acquired data. 

Differences were also observed in genes related to thermal stress, in particular HSP90 and HSP104. 

[97] The ortholog of HSP90 in C. glabrata, HSC82, is shown to have its expression altered during biofilm 

growth conditions according to our data. From the data acquired from in vivo grown C. albicans biofilms 

by Nett et al. there are some genes that are related to “resistance/stress” that are up-regulated in both 

12h and 24h biofilms. The identified genes are AQY1, which is involved in resistance to osmotic shock, 

EBP1, which codifies a NADPH oxidoreductase, and SOD6 which encodes a copper-containing 

superoxide dismutase. The heat shock protein coding gene HSP30 is also up-regulated at both 12h and 

24h biofilm grown cells. These changes in expression of genes related to adaption to hostile 

environments seems to be consistent with the hypothesis that Candida spp. cells grown under biofilm 

conditions are either sensing or are ready to experience stressful environments. 
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5.2.1.2. Multiple drug resistance genes are up-regulated during biofilm formation 

 

 Biofilms are associated to higher resistance to drugs. Although this is not a result of a single 

factor, it can be linked to the overexpression of genes encoding efflux pumps and the reduction of 

antifungal accumulation within the cell. [98] Interestingly, among the up-regulated genes in biofilm cells 

are a number of genes encoding multidrug resistance (MDR) transporters from the Major Facilitator 

Superfamily (MFS), previously shown to confer antifungal resistance in C. glabrata, including CgQDR2 

[99], CgAQR1 [100], CgTPO1_2 [93] and CgTPO3 [101], along with the uncharacterized ORFs 

CAGL0B02343g and CAGL0J00363g, which are predicted MFS-MDR transporters.  Besides conferring 

azole drug resistance, the CgTpo1_2 multidrug transporter was found to be required for biofilm 

formation, although the exact underlying mechanisms remain to be elucidated [93]. However, the CDR1 

gene, encoding the major ATP binding cassete (ABC) drug efflux pump involved in azole resistance, 

was found to be down-regulated in 24h biofilm cells. This observation goes into agreement with works 

that indicate that the role of Cdr1 is more relevant in the early and intermediate stages of biofilm 

development. [34][35] In the work of Nett et al. the up-regulation of drug resistance-related genes was 

also observed throughout the developmental stages of C. albicans biofilms in vivo. In their article they 

report the up-regulation of CDR2 at 12h of biofilm formation, and of MDR1 at both 12h and 24h. 

Interestingly, Mdr1 belongs to the Drug:H+ Antiporter family, displaying homology to the above referred 

MFS MDR transporters, whose gene expression was found to be up-regulated in this study in C. glabrata 

biofilm cells. [102][103]  

 In the work of Yeater et al. differently expressed genes that encode efflux pumps is also reported 

in biofilm grown C. albicans cells. The genes highlighted by the authors are QDR1, which is the ortholog 

of C. glabrata’s QDR2 up-regulated in our data set, NAG3/MDR97 and CDR4, which do not have known 

orthologs in C. glabrata. The differences in expression are however attributed to specific combinations 

of strains and substrates. This is consistent with the idea that a multifactorial mechanism dependent on 

the substrate and specific strain is responsible for the drug resistance displayed by biofilms, particularly 

those constituted by C. albicans. [97] 

 Unlike what is reported in the two mentioned articles, García-Sánchez et al. have found no 

significant differences in expression of the genes CDR1, CDR2, CDR3, CDR4, and MDR1. This might 

be due to the fact that the work of García-Sánchez was performed in 72h biofilms while the other works 

focus on biofilms in earlier stages of development, therefore having different patterns of gene 

expression. [96] 

It is worth mentioning that besides the up-regulation of the expression of genes coding for efflux 

pumps and transporters, there are other possible sources of increase in drug resistance displayed by 

cells cultured under biofilm conditions. The other attributed causes are the presence of an EPS layer 

surrounding the cells, which protects them from some external unpleasant conditions, and the existence 

of persister cells, which are cells that are able to resist the action of antifungals due to a general 
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slowdown of their metabolism. [30][36] Nevertheless, the reason why biofilm cells display increased 

expression of multidrug transporters, in the absence of drugs, is still to be understood.  

 

5.2.1.3. Adhesion-related genes are up-regulated during biofilm formation 

Adhesion to surfaces and between cells is the first step of biofilm formation, being required to 

maintain the mature biofilm [44][19]. Thus, the observed up-regulation of genes related to adhesion was 

clearly expected. These include EPA1, EPA2, EPA3, EPA9, EPA10, EPA12, EPA20, EPA23, encoding 

cluster I adhesins, as well as PWP1, PWP2, PWP3, PWP5, encoding cluster II adhesins, AED1 and 

AED2, encoding cluster III adhesins, and AWP1, AWP3, AWP4, AWP6, AWP13, encoding cluster IV 

adhesins.  

In the analysis of the transcriptome of 72h C. albicans biofilms made by García-Sánchez et al. 

it is also mentioned changes in expression of genes encoding for adhesins. The gene ALS1 was up-

regulated while ALS7 was down-regulated. The genes ALS3/ALS10 and ALS5 did not display significant 

changes of expression. This suggests that each gene of the ALS family would make independent 

contributions to the biofilm developmental process.[96] As mentioned in the introduction section it is 

important to keep in mind that the Als are glycoproteins that mediate the interaction between C. albicans 

cells and tissues of the host. Other genes that encode adhesin-like proteins have also been found up-

regulated in biofilm growth conditions in C. albicans in García-Sánchez article. These adhesin-like genes 

are PGA62/IPF20161, YWP1/IPF5185, PGA59/ IPF20008, and they do not possess known orthologs in 

C. glabrata. [96] 

In the work of Yeater et al. their data shows that the expression of ALS1 is down-regulated in 

biofilm grown cells in comparison with planktonic grown cells at 6h of growth, but no significant 

differences were registered at 12h and 48h between the two growth conditions. These authors also 

mention previous works where the levels of expression of ALS1 is both up- and down-regulated in biofilm 

growth when compared to planktonic growth, leading them to conclude that the fluctuations of 

expression of this gene is dependent on the developmental stage of the biofilm, as well as biofilm 

substrate. Given the available data the authors propose that ALS1 may play a role in a later stage of 

biofilm development, instead of being involved in initial adhesion process. [97] 

In the in vivo setting of Nett et al. biofilm grown cells of C. albicans displayed differences in the 

expression of ALS-family genes when compared to in vitro planktonic grown cells. The ALS1 gene 

displayed 12-fold enhanced expression and ALS2 displayed a 4-fold enhancement in 12h biofilms. No 

significant changes in expression were observed for these genes at 24h biofilms when compared to 

planktonic grown cells. No significant changes in expression were observed for ALS3, fact that lead the 

authors to suggest that either Als adhesins play redundant roles in in vivo biofilm formation, or that ALS3 

acts at a certain point in time that was not measured by the authors. [102] 
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Interestingly, ORFs CAGL0M01716g and CAGL0M07634g, predicted to encoded biofilm-

related transcription factors, were also found to be up-regulated in biofilm cells. Each of these ORFs 

encodes one of the two predicted orthologs of C. albicans Tec1 and Efg1 transcription factors, 

respectively, which play a massive role in biofilm formation in this pathogenic yeast [57]. It is interesting 

to point out that within the two predicted C. albicans Efg1 homologs in C. glabrata, Efg1 and Efg2, it is 

the Efg2 encoding ORF that was found to be up-regulated in biofilm cells, which is consistent with the 

role played by the C. glabrata Efg2 transcription factor, but not by Efg1, in biofilm formation, as described 

in this thesis. It will be interesting to assess the role of the two predicted C. glabrata Tec1/2 transcription 

factors in its ability to form biofilm, with special emphasis on the one encoded by ORF CAGL0M01716g, 

found in this study to be up-regulated in biofilm cells. The role of C. albicans Efg1 and Tec1 transcription 

factors in biofilm formation has been mostly associate to the control of hyphal differentiation [68], a 

phenomenon that does not occur in C. glabrata. Thus, what the role of the orthologous transcription 

factors in C. glabrata biofilm is, is a question that deserves a more in-depth analysis.  

 

5.2.1.4. Virulence-related genes are up-regulated during biofilm formation 

 A relatively small number of virulence related genes was found to change in expression in biofilm 

cells, when compared to planktonic cultivation. However, the whole list is composed of YPS genes, 

encoding a family of glycosylphosphatidylinositol-linked aspartyl proteases, shown to be required for full 

virulence in mouse models [104]. More specifically, YPS3, YPS4, YPS10, and YPS11 were found to be 

up-regulated in biofilm C. glabrata cells. In S. cerevisiae the yapsin gene family is composed by five 

(GPI)-linked aspartyl proteases that cleave C-terminal domains of peptides in in vitro and in vivo 

conditions. These genes are usually expressed during cell-remodeling processes. Furthermore S. 

cerevisiae deletion mutants for YPS genes have been shown to have reduced amounts of β-1,3 and β-

1,6 glucans in their cell wall constitution. [105]  

 Experiments that aimed to understand the transcriptomic changes of C. glabrata when in contact 

with host macrophage cells revealed that members of the YPS family had their expressions altered 

when in contact with these immune cells. The genes that display increase in their expression when in 

contact with the macrophages are YPS2, YPS4, YPS5, and YPS8-11. Using deletion mutants for these 

genes it was also possible to understand that these genes played a key role in the mechanisms of 

survival and replication of C. glabrata within macrophage cells. Furthermore, macrophages infected with 

C. glabrata deletion mutants of YPS genes have been shown to produce more nitric oxide than 

macrophages infected with wt. Additional experiments with deletion mutants for the YPS genes revealed 

that one of their targets might be the Epa1 adhesin. The results suggest that this family of genes play a 

role in the removal of Epa1 from the cell wall. The YPS gene family plays a key role in cell wall 

remodeling by removing (GPI)-cell wall proteins. The expression of these genes seems to indicate either 

a necessity to remove certain (GPI)-CWPs to replace them with others more suited to a new 

environment or might be a protection mechanism developed by C. glabrata in which targets of the innate 

or adaptive immune system are removed from the cell surface. [104] 
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5.2.1.5. Changes in amino acid and nitrogen metabolism gene expression during 

biofilm formation 

Among the genes whose expression changes in biofilm cells, when compared to those growing 

planktonically, we found 127 related to amino acid and nitrogen metabolism. To have a better 

understanding of the impact of these changes in biofilm cells, the Kegg mapper tool was used to identify 

the predicted up- or down-regulated pathways (http://www.kegg.jp/kegg/mapper.html) (Figure 12).  

 
Figure 12 - Distribution of differently expressed genes in biofilm vs planktonic and ∆efg2 vs wt under biofilm 
conditions identified by RNA-seq analysis in the amino acids biosynthesis pathway. 
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Overall, the synthesis of histidine, phenylalanine, glutamate and arginine appears to be up-

regulated. The biosynthesis of sulfur amino acids, cysteine and methionine, were found to be down-

regulated under our experimental conditions, as well as the hydrophobic apolar amino acids valine, 

leucine, isoleucine and glycine. Interestingly, there appears to be an up-regulation of deamination 

reactions leading to α-oxoacids intermediates, as is the case of the reactions that convert serine into 

pyruvate, glutamine into glutamate, and threonine into 2-oxobutanoate. Simultaneously there seems to 

be a down-regulation of genes involved in the conversion of α-oxoacids into amino acids, like valine, 

leucine, isoleucine, proline, and glycine. In addition, several intermediate reactions involved in the 

synthesis of these amino acids are up-regulated, suggesting that the pathways are partially activated. 

This suggests that C. glabrata cells undergoing biofilm growth are using at least some of these amino 

acids to generate the corresponding α-oxoacids. This might represent a metabolic shift favoring the 

energetic metabolism instead of the amino acid biosynthesis pathway, suggesting that the cells might 

be experiencing nitrogen starvation. This is probably due to their high degree of adhesion to each other 

and due to the fact they are embedded in a EPS matrix which causes the more internal cells to get 

reduced access to nutrients, namely nitrogen sources. 

 In the work by García-Sánchez et al. C. albicans cells from 72h biofilms display an 

overexpression of genes involved in the synthesis of aromatic and sulfur amino acids. From the 

biosynthetic pathway of aromatic amino acids, the authors highlight the overexpression of the genes 

TRP4, TRP5, ARO3, and ARO4. From these four genes only ARO3 does not have a known ortholog in 

C. glabrata. The remaining genes do not have their orthologs differently expressed in our RNA-seq 

analysis. The genes MET3, ECM17/MET5, CYS3, CYS4, and SER33, involved in the biosynthesis of 

sulfur amino acids were also overexpressed in the expression analysis performed by García-Sánchez 

et al..[96] In the present work, the C. glabrata orthologs of these five genes were all down-regulated in 

biofilm growth conditions. The analysis of Figure 12 shows that the biosynthetic pathway of sulfur amino 

acids (methionine and cysteine) is down-regulated in our experimental setting. In the work of Yeater et 

al., besides the differences in expression of genes involved in the synthesis of sulfur amino acids, there 

is also a differential regulation of genes involved in the synthesis of branched-chain amino acids, 

glutamate and glycine.[97] According to our data, the glutamate synthetic pathway from glutamine is up-

regulated, but the glycine biosynthesis is down-regulated. However, our results show that this apparent 

up-regulation of glutamate biosynthesis is the result of glutamine deamination and not the amination of 

2-oxoglutarate, this is consistent with the hypothesized lack of nitrogen sources. Our results also show 

that the pathways leading to the synthesis of branched amino acids (leucine, isoleucine, and valine) are 

down-regulated. Interestingly the down-regulated genes are those involved in the amination step of the 

respective α-oxoacid precursors. In the work performed by Nett et al. with C. albicans cells grown under 

in vivo biofilm conditions, the cells from biofilms in more mature states of development instead of 

expressing differently genes that codify enzymes involved in the synthesis of sulfur amino acids, have 

the expression of genes encoding amino acid permeases up-regulated. Examples of genes found to be 

up-regulated in the work of Nett et al. that encode for amino acid permeases are DAO2, DIP5, GAP6, 

and GNP1.[102] From the mentioned genes only the C. glabrata ortholog of DIP5 is up-regulated in our 

data set. It is however worth mentioning that from the 66 genes up-regulated related to amino acid 
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metabolism approximately 30% are genes that codify for amino acid transporters (CAGL0L07546g, 

CAGL0B04455g, CAGL0J08162g, CAGL0D02178g, DIP5, CAGL0A02508g, CAGL0J08184g, 

CAGL0I07689g, CAGL0K05753g, CYN1, CAGL0L06710g, GAP1, CAGL0E05632g, CAGL0K10362g, 

and CAGL0H08393g). 

 Within the nitrogen metabolism group the major functions present are transport of polyamine 

and ammonium. Genes up-regulated in our data set that are involved in polyamine transportation are 

DUR3, CAGL0H09152g, and DUR31. The up-regulated genes that are involved in the ammonium 

transportation are CAGL0M03465g, CAGL0A03212g, CAGL0I10747g, MEP2, CAGL0D04928g. 

Altogether, our results from amino acid metabolism and nitrogen metabolism strongly suggest that C. 

glabrata in mature biofilms experience nitrogen limitation. 

  

5.2.1.6. Changes in carbon and energy metabolism gene expression during 

biofilm formation 

  

 To further investigate the metabolic change being experienced by C. glabrata cells when 

cultured under biofilm conditions when comparing with cells grown under planktonic conditions, the 216 

genes grouped under carbon and energy metabolism category were studied using the Kegg mapper 

tool (http://www.kegg.jp/kegg/mapper.html). The distribution of the genes given by this tool is presented 

in Figure 13. 
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Figure 13 - Distribution of differently expressed genes in biofilm vs planktonic and ∆efg2 vs wt under biofilm conditions 
identified by RNA-seq analysis in the carbon metabolic pathway. 

  

The distribution of up- and down-regulated genes from the carbon and energy metabolism group 

shows that there is a down-regulation of the glycolytic pathway and instead there is an up-regulation of 

the glyoxylate cycle which might indicate that biofilm cells are using alternative sources of carbon to 

glucose. A possible alternative source of carbon are 2 carbon molecule sources that come from β-

oxidation pathway. 
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 In the work Nett et al. with C. glabrata in vivo biofilms, there is also an up-regulation of the 

glyoxylate cycle. The authors report an up-regulation in mature biofilms of genes that codify for enzymes 

that play a role in this pathway such as MLS1 and ICL1, which had their expression increased 2.4 and 

2.3 times, respectively.[102] In our analysis the C. glabrata orthologs of these genes have their 

expression increased 5.2 and 5.0 times increased when comparing cells grown under biofilm conditions 

to cells grown under planktonic conditions. To further assess whether the hypothesis of carbon sources 

being redirected from β-oxidation would be plausible the Kegg mapper tool was used with the Lipid 

metabolism group of genes (http://www.kegg.jp/kegg/mapper.html). The results of the usage of that tool 

are presented in Figure 14. 
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Figure 14 - Distribution of differently expressed genes in biofilm vs planktonic and ∆efg2 vs wt under biofilm 
conditions identified by RNA-seq analysis in the fatty acid metabolic pathway. Red arrows represent down-
regulated genes in biofilm conditions, green arrows represent up-regulated genes under biofilm conditions. Red 
arrows contoured in black represent genes down-regulated by Efg2 under biofilm growth conditions. Green 
arrows contoured in black represent genes up-regulated by Efg2 under biofilm growth conditions. 



42 
 

 Figure 14 shows an up-regulation of the pathways that lead to the degradation of fatty-acids. 

Simultaneously there is a down-regulation of the synthesis of long chain fatty-acids. This favoring of the 

β-oxidation together with the up-regulation of genes involved in the glyoxylate cycle seems to agree with 

the hypothesis that C. glabrata cells under biofilm growth conditions might be using alternative carbon 

sources. In each cycle of β-oxidation there is the formation of a molecule of acetyl-CoA. This molecule 

can then enter the glyoxylate cycle and be used as a carbon and energy source. In S. cerevisiae and in 

C. albicans β-oxidation occurs inside the peroxisomes, it is therefore likely that peroxisomes play a key 

role in β-oxidation in C. glabrata. [106][107] In our RNA-seq data there are 18 genes grouped as 

“peroxisome biogenesis and organization”. From these 18 genes, 13 are up-regulated (PEX3, PEX5, 

PEX6, PEX10, PEX12, PEX21, PEX21B, PEX24, PEX25, PEX32, CAGL0D00352g, CAGL0M02387g, 

and CAGL0M03245g). All this is consistent to an up-regulation of the β-oxidation pathway in order to 

use alternative sources of carbon to glucose. Even though in our data set there are no evidences that 

the gluconeogenesis is up-regulated, the interception of the up-regulation of the β-oxidation and the 

glyoxylate cycle is indicative of an environment poor in nutrients.  

 

5.2.1.7. Changes in ergosterol gene expression during biofilm formation 

 As discussed in the previous section our RNA-seq data suggests that C. glabrata cells 

undergoing biofilm growth up-regulate genes that encode enzymes involved in β-oxidation pathway. 

Furthermore the biosynthesis of long-chain fatty acids is down-regulated in our experimental conditions.  

 To further study the effects of C. glabrata biofilm growth on the metabolism of lipids the Kegg 

mapper tool was used to evaluate the changes at the level of ergosterol metabolism (Figure 15) 

(http://www.kegg.jp/kegg/mapper.html).  
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Figure 15 - Distribution of differently expressed genes in biofilm vs planktonic and ∆efg2 vs wt under biofilm conditions 
identified by RNA-seq analysis in the steroid biosynthesis pathway. Red boxes represent down-regulated genes in biofilm 
conditions, green boxes represent up-regulated genes under biofilm conditions. Red arrows contoured in black represent genes 
down-regulated by Efg2 under biofilm growth conditions. Green arrows contoured in black represent genes up-regulated by 
Efg2 under biofilm growth conditions. 

  

 Among the 30 “ergosterol biosynthesis” genes whose expression was seen to change in biofilm 

cells, when compared to planktonic cells, 18 are up-regulated. From the ERG gene family ERG1, ERG3, 

ERG11, and ERG13 are up-regulated. Simultaneously the genes ERG2, ERG4, ERG8, ERG9 are down-

regulated. 

 In the work of García-Sánchez with 72h biofilms of C. albicans cells the genes ERG11/ERG16 

and ERG25 were up-regulated.[96] In our data set the C. glabrata orthologs of the C. albicans genes 

mentioned, ERG11 and CAGL0K04477g, were also up-regulated. In the work of Nett et al. C. albicans 

cells in biofilm growth conditions displayed at both intermediate and mature states of development up-

regulation of ERG25, and down-regulation of ERG7.[102] According to our data in C. glabrata 24h 

biofilms the ortholog of C. albicans ERG25 is up-regulated but the ortholog of ERG7, CAGL0J10824g 

was not differentially expressed. These results suggest that even though the final steps leading to 

ergosterol biosynthesis are repressed, the intermediates might be accumulating in biofilm cells. The 

activation of C. glabrata ortholog of ERG25, CAGL0K04477g described as being a putative C-4 methyl 

sterol oxidase with a role in C4-demethylation of ergosterol biosynthesis intermediates. Nett et al. 

proposed that this up-regulation may allow for increased conversion of lanosterol to nonergosterol 

intermediates, including eburicol and 14-methyl fecosterol, at the expense of conversion to ergosterol 

in C. albicans.[102] Other alternative explanation would be that in C. glabrata the up-regulation of genes 
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involved in the process of ergosterol biosynthesis happens at an earlier stage than the one measure in 

this work. Nonetheless the role of these intermediates remains unexplained. 

 

5.2.1.8. Changes in cell wall metabolism gene expression during biofilm formation 

 
Changes in expression of genes that are involved in the cell wall organization can be relevant 

for the understanding of the biofilm formation process. During biofilm development the cells are attached 

to each-other and have to interact with each-other in order to function as a colony. To gain further clues 

on changes that occur in the expression of genes involved in cell wall organization when cells undergo 

biofilm growth the Kegg mapper tool was used (http://www.kegg.jp/kegg/mapper.html). The results of 

this search is presented in Figure 16. 

 

Figure 16 - Distribution of differently expressed genes in biofilm vs planktonic and ∆efg2 vs wt under biofilm conditions 
identified by RNA-seq analysis in the GPI-anchor biosynthesis pathway. Red arrows and boxes represent down-regulated genes 
in biofilm conditions. Red arrows contoured in black represent genes down-regulated by Efg2 under biofilm growth conditions. 
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All genes involved in GPI-anchor biosynthesis were found to be down-regulated, suggesting 

that GPI-synthesis is repressed in C. glabrata cells at 24h. We speculate that this down regulation of 

GPI-anchors might be related to the dispersal phase of biofilm formation.  

 In the work of Nett et al. from the genes that were found to be differently expressed at 12h and 

24h C. albicans biofilm the only gene identified as playing a part in GPI-anchor biosynthesis is CWH43, 

which was found to be down-regulated. [102] The ortholog of this gene in C. glabrata, CWH43, was not 

found to be differently expressed in our data set. 

 Opposite to our observations, Yeater et al. found several genes encoding GPI-linked cell wall 

proteins up-regulated in C. albicans cells from biofilms after 6h and 12h hours. [97] These results were 

obtained from biofilms at earlier stages of development compared to the stage of development of the 

biofilm cells used in the present work. 

 

5.2.2.  Role of Efg2 in biofilm formation 
 

The role of the transcription factor Efg2 in biofilm formation was evaluated based on the 

comparison of the transcriptome-wide changes occurring upon 24h of biofilm formation in wild-type cells 

and Δcgefg2 mutant cells. Overall, EFG2 deletion was found to affect the expression of 863 genes, in 

planktonic growing cells, and 1162 genes in biofilm cells. Considering only the Efg2-up-regulated genes, 

258 were found to be under the control of Efg2 during planktonic cultivation, while 648 were found to be 

regulated by Efg2 upon 24h of biofilm formation.  

To evaluate the contribution of Efg2 to the transcriptional remodelling taking place during biofilm 

formation, the Venn diagram depicted in Figure 17 was constructed. Efg2 was found to positively 

regulate 466 out of the 1567 genes found to be up-regulated in biofilm cells, which corresponds to 

roughly controlling 1/3 of the transcriptome-wide changes registered during this process.   



46 
 

 

Figure 17 - Venn Diagram ilustrating the interception between the up-regulated genes of the three transcriptomic 
analysis. 

 

To gain understanding of what are the biological processes affected by Efg2, the 1162 genes 

that were found to be differentially expressed in wild-type versus Δefg2 strains in 24h biofilm cells were 

grouped according to their functional category, and were divided in up-regulated and down-regulated by 

the Efg2 transcription factor. The result of these analyses is presented in Figure 18 and Figure 19. 

 

Figure 18 - C. glabrata genes up-regulated by Efg2 in cells grown in the biofilm mode divided by the indicated 
functional groups. 
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The most represented biological functions among the Efg2 up-regulated genes in biofilm cells are 

“unknown” (30.86%), “Protein metabolism” (8.49%), “Response to stress” (7.56%), “Carbon and Energy 

metabolism” (6.79%) and “Lipid metabolism” (6.17%). 

 

Figure 19 - C. glabrata genes down-regulated by Efg2 in cells grown in the biofilm mode divided by the indicated 
functional groups. 

 

The most represented biological functions among the Efg2 down-regulated genes in biofilm cells 

are “RNA metabolism and ribosomal biogenesis” (13.42%), “Unknown” (12.45%), “Cell cycle” (11.28%), 

“Carbon and energy metabolism” (10.31%) and “Protein metabolism” (7.98%). 

Assuming that the most relevant Efg2 targets are those found to be up-regulated in wild-type 

biofilm cells, when compared to those growing in planktonic cultivation, the 466 Efg2 target genes that 

fit this criteria were also clustered based on the biological processes they are involved in. The results of 

this clustering are summarized in Figure 20. 
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Figure 20 - C. glabrata genes up-regulated by Efg2 in cells grown in the biofilm mode and up-regulated in biofilm growth 
conditions when compared to planktonic growth conditions divided by the indicated functional groups. 

The most represented biological functions among the Efg2 controlled up-regulated genes in 

biofilm cells are “unknown function” (28.54%), “RNA metabolism and translation” (7.30%), “Response 

to stress” (6.87%), “Cell cycle” (6.65%) and “Carbon and energy metabolism” (6.44%). These results 

show that the group with the highest number of genes is the one with unknown function, evidencing that 

there are still many genes with unattributed functions in C. glabrata.  

The role of Efg2 in the control of the expression of genes associated to functional categories 

which are more clearly related to biofilm formation is explored in more detail in the following subsections. 

 

5.2.2.1. Efg2 controls the expression of genes involved in stress response 

 

The second biggest group of Efg2 target genes activated in biofilm cells is the one containing 

49 genes related to stress response. Among the Efg2 target genes it is possible to find many related to 

oxidative stress, including GPX2, GRX3, GRX7, GSH1, SRX1. TSA2, a few chaperone encoding genes, 

such as HSP12 and SSA4, and quite a few stress related transcription factors, including those involved 

in the general stress response, namely MSN1 and MSN4, in oxidative and metal stress response, CAD1, 

in acid/alkaline stress response, RIM101, and in the unfolded protein response, HAC1, among others. 

Altogether, Efg2 appears to control several aspects of the stress response activation occurring in biofilm 

cells. It would be interesting to check whether this transcription factor confers specifically resistance to 

any of these stresses. 
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 Upon consultation of the PathoYeastract database (http://pathoyeastract.org/), C. albicans Efg1 

was found to regulate C2_05860C, which is a putative transcription repressor induced by oxidative 

stress, CAS5, which is a TF involved in cell wall stress response, C2_03530W, that plays a role in the 

apoptotic process, YIM1, whose S. cerevisiae ortholog is involved in cellular response to DNA damage 

stimulus, YHB1, that acts in nitric oxide detoxification, RIM101, which is a TF involved in alkaline pH 

response; YCP4, which is involved in oxidative stress protection, SSU1, which is involved in the efflux 

of sulfites, PDE1, that mediates cAMP signaling in response to intracellular acidification, and GAC1, 

whose orthologs have heat shock protein binding. Interestingly, all these genes have their orthologs 

down-regulated in the absence of EFG2 in C. glabrata cells cultured under biofilm conditions.Thus, there 

seems to be a significant overlap of the function of these orthologous transcription factors in the control 

of stress response in biofilm cells.  

 

5.2.2.2. Efg2 controls the expression of genes involved in multidrug resistance 

 

 Within the set of genes that are positively regulated by Efg2 there is a subset that is involved in 

the process of drug resistance. This subset is composed by 13 genes, including those encoding drug 

transporters of the MFS, FLR1, TPO1_1 and TPO1_2, CAGL0J00363g (homolog of ScYHK8), 

CAGL0L10912g (homolog of ScTPO4), and CAGL0B02079g (homolog of ScAZR1), and of the ABC 

superfamilies, CDR1, SNQ2, and PDH1. This suggests that under biofilm growth conditions Efg2 might 

be involved in an increase of resistance to azoles by C. glabrata cells. However, it is necessary to point 

out that C. glabrata Efg2 role in the control multidrug resistance transporter expression does not appear 

to be shared by C. albicans Efg1.  From this group of genes only the C. albicans ortholog of C. glabrata 

CAGL0M05445g, C1_10140C, is described as being up-regulated by Efg1 in cells cultured under biofilm 

conditions. C1_10140C codifies for a protein of unknown function, however its S. cerevisiae ortholog 

Cos111 confers resistance to the antifungal drug ciclopirox olamine.  

 

5.2.2.3. Efg2 controls the expression of adhesion-related genes 

 

Efg2 was found to control the expression of 7 predicted adhesins, including cluster I adhesins 

encoded by the EPA9 and EPA10 genes. Genes AED1, AED2, encoding cluster III adhesins, and 

AWP13, encoding a cluster IV adhesin, regulated by Efg2 were also found to be up-regulated in biofilm 

cells, when compared to planktonic cultivation. ORF CAGL0M01716g, predicted to encode a Tec1-like 

biofilm-related transcription factor, was found to be under the control of Efg2, besides being up-regulated 

in biofilm cells. This may indicate that, similar to what has been registered in C. albicans [57], Efg2 and 

Tec1 may constitute two key players in the complex regulatory network controlling biofilm formation. 
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In C. albicans Efg1 has also been described to up-regulate some adhesin coding genes such 

as ALS1, ALS3, ALS4, ALS6, ALS7, and ALS9. This goes into agreement with our results in which Efg2 

plays an important role in adhesion to both epithelium and polystyrene in C. glabrata.  

 

 

5.2.2.4. Efg2 controls the expression of genes involved in amino acid and nitrogen 

metabolism 

 Among genes up-regulated by Efg2 in C. glabrata cells cultured under biofilm growth conditions 

there are some that are involved in the synthesis of amino acids. These genes are involved in the 

pathway that leads to the biosynthesis of citroline from both glutamine and carbonyl phosphate. They 

also play a role in the biosynthesis of histidine, lysine and leucine, as shown by Figure 12, from section 

5.2.1.5. By using the Kegg mapper tool (http://www.kegg.jp/kegg/mapper.html) twelve Efg2 target genes 

were found to be involved in the amino acids biosynthesis pathway [ARG8, CAGL0F06501g 

(CaECM42), CAGL0F06875g (CaLYS1), CAGL0G06732g (ScLEU9), CAGL0G09691g (ScSER1), 

CAGL0I09009g (ScHIS2), CAGL0I10791g (which does not have a known ortholog in C. albicans or in 

S. cerevisiae), CAGL0J03124g (CaARG5,6), CAGL0K08580g (CaAAT1), GLT1, CAGL0L12254g 

(CaALT1), and CAGL0M00550g (CaSTR2)]. In C. albicans cells cultured under biofilm growth conditions 

only the ortholog of C. glabrata CAGL0K08580g, AAT1, was found to be positively regulated by Efg1 

according to the PathoYeastract (http://pathoyeastract.org/). 

 

5.2.2.5. Efg2 controls the expression of genes involved in carbon source and 

energy metabolism 

 

 From the group of genes that was found to be up-regulated by Efg2 in C. glabrata cells cultured 

for 24h under biofilm growth conditions, there is a subset of genes identified as playing a part in carbon 

and energy metabolism. Using the Kegg mapper tool (http://www.kegg.jp/kegg/mapper.html) five genes 

were identified as playing a role within the carbon metabolism pathway, namely CAGL0B03663g 

(ScCIT2), CAGL0E01705g (CaMDH1), CAGL0H06633g (which does not have a known ortholog in C. 

albicans or in S. cerevisiae), CAGL0J00451g (which does not have a known ortholog in C. albicans or 

in S. cerevisiae), and CAGL0L09273g (Sc ICL2). Figure 13 from section 5.2.1.6 shows that the effect of 

these genes is mainly related to the activation of the glyoxylate cycle. Additionally, some of the genes 

that are up-regulated by Efg2 seem to up-regulate fatty acid β-oxidation as can be seen in Figure 14 

from section 5.2.1.6. Simultaneously, Efg2 seems to down-regulate genes involved in the biosynthesis 

of long-chain fatty acids. The genes that are up-regulated by Efg2 and that are predicted to play a role 

in fatty acid β-oxidation are CAGL0H09460g (CaFAA21), CAGL0H06787g (CaPOT1), CAGL0F05071g 

(CaECI1), and CAGL0A03740g (which does not have a known ortholog in C. albicans or in S. 

cerevisiae). Given the up-regulation of genes related to β-oxidation, it was also pertinent to see what 
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the effect of Efg2 in the expression of genes related to peroxisome organization was. The genes PEX2, 

PEX3, PEX4, PEX5B, PEX7, PEX10, PEX11, PEX12, PEX21, PEX21B, PEX23B, PEX24, PEX25, and 

PEX32 were all found to be down-regulated in the absence of EFG2 in C. glabrata cells cultured for 24h 

under biofilm growth conditions. Among the orthologs of the referred genes only the C. albicans 

orthologs of CAGL0B03663g and PEX7, CIT1 and PEX7, respectively, were described as being 

regulated by Efg1 according to the PathoYeastract database, suggesting that the control of carbon 

metabolism is not shared by C. albicans Efg1. 

 Altogether, these results suggest that C. glabrata Efg2 might play a role in cellular adaptation to 

less nutritious conditions such as the ones experienced by the innermost cells of biofilms, particularly in 

the use of 2 carbon molecules as an alternative source.  

 

5.2.2.6. Efg2 controls the expression of ergosterol metabolism-related genes 

 

 Among genes that are up-regulated by Efg2, some were found to be related to the synthesis of 

ergosterol and other steroids (Figure 15 section 5.2.1.7). This group of genes related to the metabolism 

of ergosterol included genes such as ERG1, ERG3, ERG6, and ERG11, shown to be up-regulated by 

Efg2 during biofilm formation. In C. albicans, genes ERG7 and ERG13 of the ERG family were both 

predicted to be positively regulated by Efg1. It is however worth mentioning that in C. glabrata the 

ortholog of C. albicans ERG7, CAGL0J10824g, was not found to be differently expressed in the absence 

of EFG2, and that C. albicans ERG13 does not have a predicted ortholog in C. glabrata. Other genes 

found to be involved in the synthesis of steroids and that were down-regulated in the absence of EFG2 

in C. glabrata were CAGL0G02365g (ScTGL4), CAGL0K04477g (CaERG25), and CAGL0M10571g 

(CaARE2). In C. albicans none of the orthologs of these genes were found to be potential targets of 

Efg1 under biofilm growth conditions. These results seem to suggest that Efg2 up-regulates the 

expression of genes involved in the biosynthesis of steroids. These results further suggest that Efg2 

might be implicated in the resistance to azoles and polyenes, as these drugs effectiveness depend on 

ergosterol biosynthesis. 

  

5.2.2.7. Efg2 controls the expression of cell wall metabolism-related genes 

 

Although the “cell wall organization” functional category was not evidenced in the results 

presented above, a subgroup of genes appears to be up-regulated by Efg2 in biofilm conditions. This 

subgroup contains genes coding for β-mannosyltransferases, namely BMT1, BMT3, BMT4 and BMT6. 

C. albicans genome contains various genes codifying for beta manosyltransferases that are described 

to be positively regulated by Efg1. These genes are BMT1, BMT7, and BMT9 that do not have known 

orthologs in C. glabrata. 
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The β-1,2-mannosyltransferases are enzymes identified in several yeast species, in particular 

among C. albicans, C. dubliniensis, C. glabrata, and C. orthopsilosis. These enzymes are encoded by 

the BMT gene family and are responsible for the synthesis of yeast β-mannosides.[108] C. albicans 

exhibits β (1,2)-oligomannosides on its cell surface. Several cell wall glycoconjugates of C. albicans, 

such as mannoproteins, phosphopeptidomannan, and phosholipomannan, are replaced by terminal β-

1,2-mannosides. These enzymes play an important role in cell wall composition, and therefore have 

implications in the adhesion process that has an important relevance in biofilm formation. For instance, 

in C. albicans, the loss of β1,2‐mannose moiety of phosphomannan results in a reduced ability  to bind 

the cationic dye Alcian Blue, due to the loss of negative charge in the cell wall, as a result in the reduction 

of phosphate content. [109] The existence of these motifs in yeast has been associated to virulence 

mechanisms. [108] 

In vitro studies showed that C. albicans cells treated with monoclonal antibodies that bind 

specifically to β-1,2 and to α-1,2-mannosides exhibited a significant decrease of their ability to adhere 

to human enterocytes. C. albicans cells treated with control monoclonal antibody(A255) displayed a 

degree of adhesion of 91.4 ± 7.17%, while yeast cells treated with anti-β-1,2 mannoside (5B2) showed 

a degree of adhesion of 53 ± 6.21%. These results suggest that these motifs play a role in the process 

of intestinal adhesion/colonization. [110] C. albicans also has the ability of altering macrophage 

responses, lowering their production of nitric oxide. Macrophages supplemented with 50µM β-1,2-

oligomannoside purified from C. albicans cell wall produced significantly decreased levels of cytokines 

involved in signal transduction and nitic oxide release. Measurements of radiolabeled [3H] arachidonic 

acid production, a known immunoregulator whose production is stimulated by C. albicans, revealed that 

macrophage incubation with β-1,2-oligomannoside lead to the release of [3H] arachidonic acid. 

Arachidonic acid derivatives have an immunosuppressive effect on target cells such as B, T, and 

myeloid cells. [111] These results suggest that β-1,2-oligomannoside are responsible for C. albicans 

capacity of desensitizing macrophages.  

Interestingly, in a mouse model, the administration of synthetic β-1,2 oligomannosides prior to 

inoculation with a virulent strain of C. albicans resulted in an almost complete eradication of yeast cells 

recovered from the infected mice stool, opening the possibility for the development of prophylactic 

treatments. [112] In a more recent work, a vaccine preparation containing β-1,2-α mannosylated cell-

surface peptides was shown to increase antibody production in vaccinated mice, leading to an increase 

in survival times and reduced kidney fungal burden when compared to control groups. [113] 

From the BMT gene family in C. albicans BMT1 and BMT3 act on the acid-stable domain of 

phosphopeptidomannan, BMT2-4 acts on the acid-labile domain of phosphopeptidomannan, and BMT5 

and BMT6 act on phospholipomannan.[114] 

C. glabrata cells also express β-1,2 mannosides. Western blot experiments conducted with a 

deletion mutant for genes BMT2 to BMT6 confirmed that the mutants had a very reduced expression of 

β-1,2-mannoside residues when compared with the wt. Colitis mice models infected with C. glabrata wt 

strain and mutant strain for β-mannosyltransferases revealed that mice infected with the wild-type had 

lower survival rates than those infected with the mutant strain. Furthermore, the number of CFUs 
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recovered from the stool of infected mice revealed that from day 7 (which represents the beginning of 

acute inflammation) the number of CFUs from the wt were higher than the CFUs from ∆bmt2-6. 

Recovery of C. glabrata cells from the gastrointestinal tract of the infected mice revealed that the 

mutants display a lower colonizing capacity when compared with the wt. These results suggest that in 

C. glabrata the β-mannosides play an important role in pathogenicity.[115] 

 

5.3. Efg2 is not a determinant of antifungal drug resistance in C. 

glabrata in planktonic growth 
 

As mentioned above, from the RNA-seq collected data Efg2 was found to control the expression of 

a high number of multidrug transporters in both biofilm and planktonic conditions. In biofilm conditions 

Efg2 activates the expression of 12 drug resistance genes, as detailed above, while in planktonic growth 

conditions the basal expression of 13 drug resistance genes was found to be positively controlled by 

Efg2, including the ABC drug efflux pump encoding genes CDR1 and PDH1. Additionally, Efg2 was 

found to regulate the expression of ergosterol biosynthesis genes, which is expected to affect azole and 

polyene drug activity. This posed the question whether the Efg2 putative TF plays a role in drug 

resistance in C. glabrata. 

To assess if Efg2 is relevant for the resistance of C. glabrata to antifungals, several antifungal 

compounds were tested. With this purpose, the minimal inhibitory concentration (MIC) of each antifungal 

was determined for C. glabrata wild-type KUE100 strain and derived deletion mutants Δcgefg1 and 

Δcgefg2. The MIC values obtained for the antifungals Flucytosine, Amphotericin B, Caspofungin, 

Fluconazole, and Ketoconazole are listed in Table 6.  

Table 6 - MIC values estimated for Flucytosine, Amphotericin B, Caspofungin, Fluconazole, and Ketoconazole 
towards C. glabrata strains KUE100, Δefg1, and Δefg2. Results are the mean values of 3 independent experiments. 

MIC (mg/L) Flucytosine Amphotericin 

B 

Caspofungin Fluconazole Ketoconazole 

KUE100 1 0.25 0.0625 16 0.25 

Δefg1 1 0.25 0.0625 16 0.5 

Δefg2 0.25 0.125 0.0625 16 0.5 

 

From these results it appears that the Efg1 confers resistance to Flucytosine in C. glabrata, but 

not to any other antifungal drug tested. From the literature the genes FUR1, FCA1, FCY21 and FCY22 

are described as playing a part in the process of resistance to flucytosine in C. albicans. Flucytosine is 

metabolized via the pyrimidine salvage pathway where it ends up leading to the production of toxic 

nucleotides and disruption of DNA [116] A schematic picture of this pathway is shown in Figure 21. 
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Figure 21 -  The salvage and de novo pathways for the synthesis of UMP and subsequent incorporation into RNA. The 
relevant enzymes are shown in italic and their fluorinaded equivalent are shown in blue[116] 

  

Among this set of genes, only the C. glabrata ortholog of FUR1 was differently expressed in the 

absence of EFG2. Furthermore, our data suggest that Efg2 down-regulates the expression of FUR1. A 

possible explanation for the increase of resistance to flucytosine displayed by C. glabrata cells in this 

experiment is the existence of several genes that are putatively down-regulated by Efg2 and whose 

mutations are described as creating hypersensitivity. Genes that fall into this category are 

CAGL0M05885g (CaLAS1), CAGL0L12672g (CaNOP4), CAGL0J00957g (CaRLP24), CAGL0J03476g 

(ScRSA4), and CAGL0H05709g (CaNOG1). 

Despite the results obtained for azole and echinocandin resistance, suggesting that Efg2 has 

no role in the resistance to these antifungal drugs, it will be important to assess MIC50 levels in biofilm 

conditions. This analysis will allow the evaluation of the eventual role of Efg2 in drug resistance in biofilm 

cells.  

 

 

5.4. Analysis of the role of Efg2 in the amount of ergosterol in cells 

grown in biofilm and planktonic conditions 
 

From the RNA-seq data it became evident that several genes that are a part of the ergosterol 

biosynthetic pathway were up-regulated by the Efg2 gene in biofilm conditions. These genes are 

highlighted in the scheme of the sterol biosynthesis pathway in Figure 15 section 5.2.1.7. Additionally, 

the changes in expression of ergosterol biosynthesis genes in biofilm cells, when compared to planktonic 

cells, did not allow the formulation of a clear hypothesis, as they appeared to be contradictory, in the 

sense that some of the genes were up-regulated, while others were down-regulated in these conditions.  
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Ergosterol is known to be a constituent of the plasma membrane of fungi and of the ECM that 

constitutes the biofilm formed by some Candida species, such as C. albicans. Therefore, we have 

quantified the amount of ergosterol present in C. glabrata KUE100 and ∆efg2 cells grown under 

planktonic and biofilm conditions.  

After growth for 24 hours under biofilm conditions and overnight in planktonic condition the cells 

were harvested and lysed, and their content was dissolved in methanol (CH3OH). The resulting mix was 

then fractioned and analyzed by HPLC. The ergosterol was quantified and the results are presented as 

amount of ergosterol per mass of cells. 

Results are presented in Figure 22. 
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Figure 22 - Average amount of ergosterol per mass of cells of C. glabrata strains KUE100 and ∆efg2, after growth under 

planktonic or biofilm conditions. Results are presented as means and standard deviation of three biological replicates, 
corresponding to three technical replicates each. **** indicates Pvalue<0.0001. 

 

 From these results it is possible to conclude that Efg2 does not appear to affect total ergosterol 

concentration, independently of the type of growth to which the cells are subjected. However, it is worth 

noticing that there is a significant difference between the amount of ergosterol found in planktonic and 

biofilm cells, with the later exhibiting nearly 3-fold lower concentrations of ergosterol.  
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 It has been reported in C. albicans that cells that constitute mature biofilm have low levels of 

membrane sterol when compared to planktonic grown cells, but have higher expression of genes related 

to ergosterol biosynthesis. This is thought to be a response to the hypoxic conditions to which biofilm 

cells are subjected, since several steps of ergosterol biosynthesis require oxygen. [117][81][118] 

 

5.5. Efg2 affects pseudohyphal differentiation in C. glabrata 
 

Although pseudohyphal differentiation does not seem to take place in C. glabrata biofilm cells, C. 

albicans Efg1 was predicted to control this process [67]. Additionally, Efg2 was found to activate the 

expression of Tec1, which is also predicted to affect this morphological change, based on the role of its 

C. albicans ortholog [75]. Significantly, the Efg2 target genes SFL2 and CHP2 have been described as 

playing a role in the induction of hyphal genes in C.albicans cells [119][61].  

With the goal of finding out whether the Efg2 gene plays a role in C. glabrata differentiation 

process into pseudohyphae, cells of the KUE100 strain and of the mutant ∆cgefg2 were grown in YPD 

medium with isoamyl alcohol to stimulate the differentiation process. After 48 hours of growth, 7 µL of 

each cell culture were observed under the microscope. Three biological replicates were done, and for 

each replicate, several images were acquired. A total of 5195 cells from the wt strain and 2626 from the 

∆efg2 strain were analyzed. For each replicate, a percentage of pseudohyphal cells was computed for 

each strain. The results are summarized in Figure 23. 

 

 

 

Figure 23 – Average percentage of pseudohyphal formation by C. glabrata wt and ∆efg2 and standard deviation. 

Even though the difference observed between the degree of formation of pseudohyphae 

between the two C. glabrata strains was not statistically significant it has to be taken into account that 

only two assays were considered. Therefore, these results should be seen as preliminary and further 

assays should be performed to corroborate these results. Nevertheless, there appears to be a 2-fold 
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decrease in the degree of pseudohyphal formation in the absence of EFG2, suggesting that Efg2 might 

play a role in this differentiation process. 

5.6. Efg2 subcellular localization in C. glabrata 
 

Efg2 is predicted to be a transcription factor since its C. albicans ortholog Efg1 is known to be one. 

Transcription factors are synthetized in the cytoplasm and have to be imported to the nucleus in order 

to perform their function. This process is known to be modulated by several mechanisms such as direct 

phosphorylation, which masks the nuclear localization signals required for the transport of transcription 

factors to the nucleus, binding to an anchoring protein, which keeps the transcription factor retained in 

the cytoplasm, modulation of the import machinery, and very likely a conjugation of more than one of 

these mechanisms.[120] 

With the goal of finding whether the Efg2 gene was localized to the nucleus its subcellular 

localization was assessed using the GFP fusion that was created by the use of the pGreg576 in L5U1 

cells. In this localization assay L5U1 cells transformed with pGreg576 plasmid (L5U1+VV) were 

compared with L5U1 cells transformed with the pGreg576 that was cloned with the MT-I promoter 

sequence and the Efg2 gene (L5U1+pGreg576+MT-I+Efg2). 

Since the main goal of this work is to understand the role of Efg2 gene in the process of biofilm 

formation, cells grown in planktonic conditions were compared to cells that were grown in biofilm for 6h 

and for 24h. Planktonic cells were cultured in MMB-U medium supplemented with 50µM of CuSO4 that 

was used to induce the expression of the Efg2 gene. Biofilm cells were supplemented with 200 µM of 

CuSO4 to induce the expression of the Efg2. The concentration of CuSO4 used was higher in biofilm 

conditions since the cells in biofilm growth conditions tend to adhere to each other, making it difficult for 

all the cells to be exposed to copper ions. 

Results of these observations are shown in Figure 24. 

 

A)                                               B)                                                    C) 

 

                

Figure 24 - Fluorescence of  L5U1 C. glabrata cells transformed with pGreg576+MT-I+Efg2 grown under planktonic 
conditions for 24 hours (A) or under biofilm growth conditions for 6h(B) or 24h(C). 

 

 Figure 24 indicates that there is no specific subcellular localization that can be attributed to the 

Efg2 transcription factor, in any of the tested conditions, giving no further clues to the mechanisms of 

activation of this gene. 
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5.7. In silico prediction of Efg2 binding sites 
 

To predict the nucleotide sequence recognized and bound to by Efg2 the up-stream regions of its 

up-regulated genes (in planktonic and biofilm growth), were obtained using the PathoYeastract 

(http://pathoyeastract.org/). Consensus motifs were predicted from those up-stream regions using 

DREME (Discriminative Regular Expression Motif Elicitation) online software (http://meme-

suite.org/doc/dreme.html?man_type=web). A total of twenty-nine or fifteen motifs were obtained 

considering the Efg2 activated genes in biofilm cells or in planktonic cells, respectively. Since this still 

was a very high number of motifs to further test, a screen-down process was necessary. 

First the TATA boxes were eliminated since these are transcription initiation sites present in all 

promoter regions. After this first filtering process several factors were considered simultaneously to help 

select the most relevant predicted motifs. The chosen factors were presence in an higher number of up-

stream regions of genes, presence in groups of genes described as biofilm-related, presence in genes 

up-regulated by Efg2 in planktonic and biofilm conditions simultaneously, and similarity to the binding 

sites described for Efg1 in C. albicans. 

The known sequences of the C. albicans Efg1 binding sites are listed in Table 7 

Table 7 -  C. albicans Efg1 known binding motifs. The binding motif sequences were obtained in the PathoYeastract database 
(http://pathoyeastract.org/)  

C. albicans Efg1 binding motifs 

RYGCATRD 

CANNTG 

TGCAT  

CAWWTG 

 

 After the filtering process three motifs were chosen. These motifs are presented in Table 8. 

Table 8 - Predicted binding sites for C. glabrata Efg2 TF. 

Predicted binding motifs for C. 

glabrata Efg2 

CGATGS 

CCATTGTY 

CASAGAA 
  

This prediction still requires experimental testing. 
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6. Conclusion 
 

In this work the transcription facto Efg2, but not its close homolog Efg1, was found to play a role 

in the adhesion of C. glabrata to both biotic and abiotic surfaces, leading to biofilm formation. 

The changes in gene expression suffered by C. glabrata cells when cultured under biofilm 

growth conditions were studied through an RNA-seq analysis. The complexity of the process of biofilm 

formation by C. glabrata is evidenced by the large number of genes differently expressed (3072), which 

accounts for approximately half of the C. glabrata genome. Among the differently expressed genes, 

more than 17% belong to the category “unknown”. This results partly from the lack of homology of C. 

glabrata and C. albicans, and C. glabrata and S. cerevisiae, but above all from a gap of knowledge on 

gene function, especially in C. glabrata. Future work on C. glabrata functional genomics will certainly 

contribute to a better knowledge of molecular mechanisms underlying biofilm formation by C. glabrata. 

Among the differentially expressedfunctional groups in biofilm cells, those specifically related to 

biofilm formation by C. glabrata were further analyzed. From the “stress response” group, the up-

regulated genes were found to be involved in heat shock and oxidative stress response, including 

several encoding transcription factors. These transcription factors are involved in general stress 

response (MSN1 and MSN4), in oxidative and metal stress response (AP1, CAD1, YAP6, and YAP7), 

in acid/alkaline stress response (RIM101, HAA1,WAR1), in unfolded protein response (HAC1),and in 

osmotic stress response (HOT1). These results suggest that biofilm C. glabrata cells are experiencing 

adverse conditions and/or preparing to cope with them. Biofilms have been associated to a higher drug 

resistance when compared to planktonic grown cells. Our RNA-seq analysis supports this observation, 

since several MDR transporters (e.g.: Cdr1, Qdr2, CgAqr1, CgTpo1_2, CgTpo3) were up-regulated 

under biofilm growth conditions. Nevertheless, other factors most certainly contribute to the increased 

resistance displayed by biofilms, such as the presence of an EPS layer surrounding the cells, and the 

existence of persister cells. C. glabrata cells grown under biofilm conditions also display an up-regulation 

of several adhesins. This up-regulation supports the notion that adhesion is required during biofilm 

growth for cell-to-cell and cell-to-surface attachment, making the biofilm more robust and resistant to 

environmental stressors. In C. albicans, transcription factors Efg1 and Tec1 are known to play an 

important role in biofilm formation. The C. glabrata orthologs, encoded by ORFs CAGL0M07634g and 

CAGL0M01716g respectively, were both up-regulated under biofilm growth conditions.  

The formation of biofilms by C. glabrata is associated with changes in the physiology of the 

organism. This is evidenced by our results showing the up-regulation of genes of the YPS family involved 

in cell-wall remodeling as an evasion mechanism from the immune system of the host. Our results also 

indicate changes in amino acid metabolism towards amino acid deamination, suggesting that biofilm 

cells are subject to nitrogen starvation. The carbon metabolism also appears to be shifted towards the 

usage of 2-carbon molecule sources, as indicated by the up-regulation of genes of the glyoxylate cycle 

and down-regulation of glycolysis. This hypothesis is strongly supported by the up-regulation of genes 

involved in β-oxidation, together with the up-regulation of genes involved in the assembly of 
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peroxisomes. No clear picture could be drawn from the changes in the levels of expression of genes 

involved in ergosterol biosynthesis, although our results suggest that this pathway is skewed towards 

the formation of intermediates. The biosynthesis of (GPI)-anchors, involved in adhesion, were found to 

be down-regulated, possibly due to the specific stage of development of the biofilm studied. Figure 25 

summarizes the main metabolic changes occurring in C. glabrata cells growing as biofilm 

 

Figure 25 -Summary of the main metabolic changes occurring in C. glabrata cells when cultured in biofilm conditions as 
revealed by RNA-seq analysis. 

 

The role of Efg2 in biofilm formation in C. glabrata was studied by RNA-seq analysis. This study 

revealed Efg2 as putatively responsible for the control of approximately 1/3 of the genes up-regulated 

under biofilm conditions. This overlap highlights EFG2 as a main regulator of the adaptation of C. 

glabrata cells to biofilm growth conditions. Efg2 appears to up-regulate genes encoding adhesins, which 

is likely one of the main reasons why ∆efg2 cells display decreased adhesion to epithelial cells and 

decreased biofilm formation. Efg2 was also found to be upregulation of drug resistance and stress 

response genes, as well as in the synthesis of ergosterol.Interestingly, biofilm cells were found to contain 

decreased levels of ergosterol, a likely consequence of hypoxia felt by the C. glabrata cells in the inner 

parts of the biofilm. This physiological change was , however, shown to happen independently from 

Efg2. Drug susceptibility assays under planktonic conditions suggest that Efg2 only plays a role in 

resistance to flucytosine, but not other antifungal drugs. Further susceptibility assays should however 

be performed to unveil the role of Efg2 in the resistance to antifungal drugs in C. glabrata cells grown 

under biofilm conditions.  
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Efg2 was further found to affect pseudohyphal differentiation. However, since only two assays 

were performed these results should be considered as preliminary, and further testing is required to 

reach statistical significance. Subcellular localization did not prove to be helpful in the understanding of 

Efg2 action, given that Efg2 was found to be localized throughout the whole cell. An in silico prediction 

of the binding site of Efg2 was performed and three motifs were considered as more probable, 

“CGATGS”, “CCATTGTY”, and “CASAGAA”. This prediction still requires experimental confirmation.  

Altogether, our results strongly suggest that C. glabrata Efg2 is a TF playing a key role in biofilm 

formation by this yeast. A model showing the hypothesized role of Efg2 as a TF binding to the motives 

predicted in this work and regulating genes involved in biofilm formation is presented in Figure 26. 

 

 

Figure 26 -Hypothetical model of action of Efg2 in C. glabrata cells cultured under biofilm conditions. 

 

Among the 1162 genes found to be regulated by Efg2, several encode for putative transcription 

factors. Figure 27 summarizes the TF grouped in functional categories considered relevant for biofilm 

formation and suggesting that Efg2 is a key player in a very complex transcription regulatory network 

controlling this multifactorial phenomenon. 
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Figure 27 - Transcription factors controled by C. glabrata Efg2 under biofilm conditions. 

 

Overall this work contributed to further understand the mechanism underlying C. glabrata 

adaptation to biofilm growth conditions and to unveil the role of Efg2 in the complex process that is 

biofilm formation by C. glabrata. It is also a step forward in the development of new preventative methods 

since Efg2 is a promising drug target to prevent biofilm formation. 
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