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Abstract 

 The emergence of Candida glabrata strains resistant to currently used antifungals is one of the 

more relevant factors determining the outcome of patients suffering from infections caused by this species 

pushing the need of identifying suitable alternative drugs and new targets different from those targeted by 

current antifungals. Transcription factors involved in response to environmental stress (including those that 

respond to the presence of antifungals in the environment) present themselves as an interesting set of 

possible targets considering their essential role in mounting appropriate tolerance responses. Also of 

importance, is the fact that the inhibition of their activity can result in a wide impact in the cell since it can 

affect, simultaneously, the expression of multiple genes, including those that could be required for survival 

in the presence of the stressor. This thesis is focused on detailing molecular aspects of two pathways 

controlled by two transcription factors, CgPdr1, a pivotal player in response to drugs across different Yeast 

species, and CgHaa1, demonstrated to serve as a determinant of tolerance to acetic acid in some species, 

including C. glabrata. It is expected that the detailing of the molecular mechanisms by which these CgPdr1- 

and CgHaa1- dependent pathways function, can help to foster their possible use as targets in the 

development of new anti-Candida treatments. In the specific case of CgPdr1, considering its prominent 

role in the acquisition of resistance to azoles in clinical strains, an aspect that is well scrutinized in this 

thesis, its further characterization may also pave the way for the development of tools that can facilitate the 

early diagnosis of resistant strains, a pressing issue since appropriate antifungal treatment according to the 

clinical isolate resistance profile has been found to play an important role in determining mortality rates of 

patients suffering from invasive candidiasis.   

   A lot of knowledge has been gathered concerning molecular mechanisms underlying tolerance to 

azoles in C. glabrata, but most of it was gathered in laboratory strains without scrutinizing involvement in 

the acquisition of the resistance phenotype in clinical strains. In this sense, one of the objectives of this 

thesis was to focus on clinical strains, not only those retrieved from sterile sites (usually more focused by 

being implied in invasive infections) but also commensal strains, retrieved from non-sterile sites where C. 

glabrata can thrive as part of the commensal micro(myco)biome. Using comparative transcriptomic and 

genomic analyses of azole susceptible and resistant strains, it was possible to demonstrate that the 

acquisition of mutations in the coding sequence of CgPDR1 resulting in hyper-activation of this regulator 

is the most commonly found resistance mechanism, being possible to identify new variants that were not 

previously described: CgPdr1K274Q, CgPdr1I392M and CgPdr1I803T. To further understand how the impact of 

these three novel hyper-activating mutations affect the biochemical activity of CgPdr1, their impact in the 

tridimensional structure of the protein was studied (using in silico modelling) along with possible changes 

in the set of promoters and interactors directly bound in vivo. Altogether the results obtained in this thesis 

confirm that hyper-active CgPdr1K274Q variant recognizes in vivo the same set of promoters recognized by 

the wild-type CgPdr1, although they show enhanced capacity to induce expression of a set of target genes. 

It was possible to identify a set of proteins interacting with wild-type and with the K274Q variant of CgPdr1, 

but further studies will be required to understand whether these differences in the interaction to both variants 

are responsible for the detected different capabilities of the two proteins to induce target gene expression.  



 

 

 

 

 Following the demonstration that CgHaa1 is required for maximal tolerance and response to acetic 

acid in C. glabrata, in this thesis, it was addressed the dissection of the regulatory network controlled by 

this transcription factor and a possible involvement of this system in biofilm formation and pathogenesis 

of this species. Using ChIP-Seq it was possible to demonstrate that CgHaa1 directly binds to at least 22 

genes in vivo, a few of them (e.g. CgTPO3, CgYRO2, CgYGP1) with orthologs in S. cerevisiae being 

previously shown to confer protection against acetic acid. Only 20% of the direct regulon of CgHaa1 

identified is conserved from that of S. cerevisiae, which indicates a noteworthy divergence of this 

transcriptional networks in both species. The evolution of the direct Haa1 network in C. glabrata may be 

the result of the recognition of a new cis-element identified in silico, that binding by the transcription factor 

requires further confirmation. The results obtained also demonstrate that CgHaa1 is required for maximal 

adherence and biofilm formation of C. glabrata on both biotic and abiotic surfaces. The expression of 

CgHaa1 and of its target genes, CgAWP12, CgAWP13, CAGL0K10164g, CAGL0I07249g, CAGL0E03740g 

and CAGL0G05632g, was also found to maximize virulence against the model wax Galleria mellonella, 

this being of particular interest since it augments the biological functions for this systems beyond response 

to acetic acid at a low pH. 
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Resumo 

O aparecimento de isolados clínicos de Candida glabrata resistentes aos antifúngicos atualmente disponíveis é um 

dos fatores mais relevantes na determinação do sucesso do tratamento dos doentes com infeções causadas por esta 

espécie, tal leva à necessidade de identificar medicamentos alternativos adequados e novos alvos terapêuticos 

diferentes dos visados pelos antifúngicos existentes. Os fatores de transcrição envolvidos na resposta ao stress 

ambiental (incluindo stress causado pela presença de antifúngicos) apresentam-se como um conjunto interessante 

de possíveis alvos considerando o seu papel essencial na regulação das respostas de tolerância adequadas. 

Igualmente importante, é o facto de a inibição da sua atividade poder resultar num amplo impacto na célula, uma 

vez que pode afectar em simultâneo a expressão de múltiplos genes, incluindo os que poderiam ser necessários 

para a sobrevivência na presença do agente de stresse. Esta tese foca-se em detalhar aspetos moleculares de duas 

vias transcriptómicas controladas por dois fatores de transcrição, o CgPdr1, um fator central na resposta a múltiplas 

drogas em diferentes espécies de leveduras, e o CgHaa1, identificado como um fator determinante na tolerância 

ao ácido acético em algumas espécies, incluindo em C. glabrata. É espectável que ao detalhar ao pormenor os 

mecanismos moleculares que regulam o funcionamento das vias de transcrição CgPdr1 e CgHaa1 seja possível 

clarificar a possível utilização de ambas vias regulatórias como alvos no desenvolvimento de novos tratamentos 

anti-Candida. No caso específico do CgPdr1, considerando o seu papel proeminente na aquisição de resistência 

aos azóis em estirpes clínicas, aspeto bem escrutinado nesta tese, a sua posterior caracterização pode também abrir 

caminho para o desenvolvimento de ferramentas que possam facilitar o diagnóstico precoce de estirpes resistentes, 

uma questão importante uma vez que se verificou que a terapia apropriada consoante a resistência do isolado 

clínico desempenha um papel importante na determinação das taxas de mortalidade de pacientes que sofrem de 

candidíase invasiva.   

   Até à data, foram detalhados vários mecanismos moleculares subjacentes à tolerância aos azóis em C. 

glabrata, incluindo o papel proeminente desempenhado pelo CgPdr1, no entanto, a maioria deste conhecimento 

foi obtido através do uso de estirpes laboratoriais sem escrutinar o envolvimento na aquisição do fenótipo de 

resistência em estirpes clínicas. Neste sentido, um dos objetivos desta tese é o foco do estudo de resistência em 

estirpes clínicas, não só aquelas recuperadas de locais estéreis (geralmente implicadas em infeções invasivas) mas 

também em estirpes comensais, isoladas de locais não estéreis onde a C. glabrata pode prosperar como parte do 

micro(mico)bioma comensal. Utilizando análises comparativas transcriptómicas e genómicas de estirpes 

suscetíveis e resistentes a azóis, foi possível demonstrar que a aquisição de mutações na sequência de codificação 

de CgPDR1 resultando na hiperativação deste regulador é o mecanismo de resistência mais comumente 

encontrado, tendo sido possível identificar novas variantes que não foram previamente descritas: CgPdr1K274Q, 

CgPdr1I392M e CgPdr1I803T. Para compreender melhor como o impacto destas três novas mutações hiper-activadoras 

na atividade bioquímica do CgPdr1, foi estudado o seu impacto na estrutura tridimensional da proteína (utilizando 

modelação in silico) juntamente com a análise de possíveis alterações da ligação direta ao conjunto de promotores 

e interactoma in vivo. No conjunto, os resultados obtidos nesta tese confirmam que a variante hiper-ativa do 

CgPdr1K274Q reconhece in vivo o mesmo conjunto de promotores CgPdr1 do tipo selvagem, embora mostre uma 

maior capacidade de induzir a expressão de um conjunto de genes alvo. Foi também possível identificar um 

conjunto de proteínas que interagem com o tipo selvagem e com a variante K274Q do CgPdr1, mas serão 
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necessários mais estudos para compreender se possíveis diferenças de interação com ambas as variantes são 

responsáveis pelas diferentes capacidades demonstradas das duas proteínas induzirem a expressão dos genes alvo.  

 Após ter sido demonstrado que CgHaa1 é necessário para a máxima tolerância e resposta a ácido acético 

em C. glabrata, nesta tese foi abordada a clarificação da rede transcriptómica controlada por este factor de 

transcrição e um possível envolvimento deste sistema na formação de biofilme e da patogénese desta espécie. 

Usando a metodologia de ChIP-seq foi possível demonstrar que o CgHaa1 se liga diretamente a 22 genes in vivo, 

alguns deles (por exemplo, CgTPO3, CgHRK1, CgYGP1) com ortólogos em S. cerevisiae que foram previamente 

demonstrados ser importantes para conferir proteção contra o ácido acético. Apenas 20% do regulão direto de 

CgHaa1 identificado é conservado quando comparado ao de S. cerevisiae, o que indica uma divergência notável 

destas redes transcripcionais em ambas as espécies. A evolução da rede direta de Haa1 em C. glabrata pode ser o 

resultado do reconhecimento de um novo elemento cis identificado in silico, cuja ligação pelo fator de transcrição 

requer confirmação adicional. Os resultados obtidos demonstram também que o CgHaa1 é necessário para a 

máxima aderência e formação de biofilme de C. glabrata tanto em superfícies bióticas como abióticas. A expressão 

de CgHaa1 e dos seus genes alvo, CgAWP12, CgAWP13, CAGL0K10164g, CAGL0I07249g, CAGL0E03740g e 

CAGL0G05632g, foi também demonstrada ser importante para maximizar a virulência de C. glabrata no modelo 

de lagarta da traça-de-cera Galleria mellonella, o que é de particular interesse uma vez que aumenta as funções 

biológicas deste sistema para além da resposta ao ácido acético a pH baixo. 
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 The increase in the incidence of isolation of resistant Candida glabrata clinical isolates, together with the 

shortage of new antifungal molecules introduced in the market, brings a serious Public Health issue, considering 

the high relevance of these species as causative agents of fungal infections. In this context, it is essential to 

scrutinize the molecular mechanisms by which C. glabrata cells acquire resistance to antifungals in vivo with the 

aim of identifying what could be novel therapeutic targets. This knowledge may also pave the way for the 

development of new tools that could be used for the rapid diagnosis of resistant strains, a particularly important 

aspect since delays in diagnosis and treatment of Candida infections greatly determine the outcome of infected 

patients, specially in the case of those caused by C. glabrata, a species that distinguishes among Candida spp. for 

its higher resilience to azoles and a more rapid capability of acquiring resistance in vitro. This thesis starts with an 

introductory chapter (Chapter II) that focus on what is known in the field of azole-resistance in Candida species, 

with a particular emphasis on the knowledge gathered in C. glabrata. From this survey of the literature available, 

it was evident that the relevance of most tolerance mechanisms described in laboratory strains in the azole 

resistance phenotype in clinical strains remains to be studied. This aspect renders particularly important the focus 

herein put on the study of resistant clinical C. glabrata strains, as a way to provide more knowledge about the 

genomics and physiology of these strains that can be used in the future to better address these still yet elusive 

questions concerning underneath molecular players.    

  Chapter III of the thesis describes the whole-genome sequencing of a fluconazole and voriconazole-

resistant clinical C. glabrata isolate (named FFUL887) that was identified after a phenotypic screening of a 

collection of strains recovered not only from sterile niches but also from other niches in which C. glabrata exists 

as a commensal (such as vaginal or oral swabs, for example). This is a distinguishable aspect of this study since 

the azole-resistance phenotype in commensal populations is likely to play a very important role considering the 

growing body of knowledge that demonstrates the potential of these populations in disseminating from their 

original niches to the bloodstream. The genome of the FFUL887 strain was compared with the genome of the 

susceptible strain CBS138, which revealed prominent differences in several genes documented to promote azole 

resistance in C. glabrata. Of many differences that were found in the coding sequence of genes described to confer 

protection against azoles in C. glabrata, focus was put on the CgPDR1 allele encoded by this strain since this 

encoded a K274Q non-synonymous modification that was not described before. Through transcriptomic analysis 

coupled with more detailed molecular analysis, it was possible to demonstrate that this modification represents a 

new gain-of-function mutation of CgPdr1. The genomic and transcriptomic analyses also provided insights into 

what can be adaptive responses evolved by C. glabrata during adaptation to the host environment.  

 Chapter IV continues the efforts in disclosing azole-resistance phenotype of clinical C. glabrata strains. 

In this study, a large collection of clinical isolates belonging to different Candida species, encompassing strains 

retrieved from sterile infection sites and commensal ones, resulted in the identification of 11 C. glabrata strains 

resistant to fluconazole and to voriconazole. Ten out of these eleven azole-resistant strains were found to encode 

CgPDR1 GOF alleles, with two of them, being herein characterized for the first time, I392M and I803T. The sole 

resistant isolate, ISTB218, which was found to encode a wild-type CgPDR1 allele, was subjected to comparative 

genomic and transcriptomic profiling to shed light into what can be resistance mechanisms independent of CgPdr1. 

Comparison of the transcriptomic expression of the several azole-resistant strains identified in the course of 

chapters III  and IV encoding the CgPdr1 GOF variants K274Q, I392M and I803T appears to suggest that different 

gain-of-function modifications have a different impact in the biochemical activity of CgPdr1 and, consequently, 
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in the genomic expression of the strains. Although the great differences in the genetic background of different 

clinical strains is an essential issue that needs to be accounted in the interpretation of these results, other results 

published in the literature (and also obtained in Chapter IV) reinforce this idea by demonstrating that different 

CgPdr1 variants have different requirements for the mediator subunit complex CgGal11A. In Chapter V, it is 

addressed a more molecular perspective of how the different GOF mutations affect the overall biochemical activity 

of CgPdr1 including its impact in the regulatory network governed by wild-type or GOF variants of this regulator, 

and also in the tridimensional structure of the protein. For this last aspect, in silico analysis was performed using 

the recently predicted structure of CgPdr1. Using a laboratory strain of C. glabrata expressing the alleles of the 

wild-type or a CgPdr1K274Q variant and exploring chromatin immunoprecipitation approaches, it was examined 

how this GOF modification impacted the set of promoters recognized in vivo, the ability to induce target gene 

expression and the set of interactors.  

Chapters VI and VII of the thesis also address a transcriptional regulatory network in C. glabrata, but 

this time the one that depends on the transcription factor CgHaa1. This novel regulator was identified in our 

laboratory as mediating C. glabrata response and tolerance to high concentrations of acetic acid, a relevant trait to 

assure that these cells are not excluded from the vaginal tract when the concentrations of this organic acid increase 

prominently during bacterial vaginosis. Taking into consideration the observation that CgHaa1 was demonstrated 

to be required for maximal adhesion of C. glabrata to vaginal epithelial cells and was identified as a positive 

regulator of several adhesin-encoding genes, in Chapter VI it was addressed the involvement of this regulon in the 

ability of C. glabrata cells to form biofilms and also in virulence of this species against the infection model 

Galleria mellonella. In a second step, in Chapter VII, it is detailed the elucidation of the CgHaa1-dependent 

regulatory network active in C. glabrata cells and the way it might have evolved from the network described in 

the budding yeast Saccharomyces cerevisiae that is controlled by ScHaa1, orthologue of CgHaa1. A particular 

emphasis was put on the identification of genes that were found to be under the regulation of CgHaa1, but not of 

ScHaa1, suggesting that some functional expansion of the network could have worked aiming to encompass new 

genes that bring new physiological functions into the network.  

      In Chapter VIII, a final discussion provides an integrated perspective of the findings of the presented work and 

explores future perspectives of the results obtained.  
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1. The human opportunistic pathogen Candida glabrata and its high 

resilience to azole antifungal drugs 

 

Candida species are commensal organisms of the human gastrointestinal and genitourinary tracts, 

however, under certain conditions, such as the decreased activity of the immune system, this commensal 

colonization can progress to infections that can range from mucocutaneous candidiasis to disseminated mycosis 

[1]. Although C. albicans remains the leading agent of invasive candidiasis, an alarming increase in the incidence 

of infections caused by non-Candida albicans species occurred in the past decades, this being worrisome as these 

species are often more resilient to antifungal drugs [2, 3]. Specifically, C. glabrata is today the second most 

common causative agent of candidiasis, this emergence being associated with its innately higher resilience to 

azoles, the frontline antifungal therapy used today in the clinical setting [2-4]. A higher emergence of C. glabrata 

clinical isolates resistant to azoles and/or echinocandins is also being increasingly reported [2, 3, 5], this being of 

concern as it may result in therapeutic failure and, consequently, in increased mortality and morbidity rates [6].  

The development of antifungal drugs is limited by the similarity between fungal and human cells, which 

diffi culties the identification of molecules that specifically target the microbial cell while not damaging the host. 

Only four different classes of antifungals are available to treat infection caused by Candida species:  azoles, 

polyenes, fluoropyrimidines, and echinocandins (reviewed in [7]). The mechanism of action of the different classes 

of antifungals is schematized in Figure II. 1. Briefly, while azoles and polyenes target the biosynthesis of ergosterol 

[8, 9], echinocandins affect the cell wall [10]; two cellular traits that are absent in mammalian cells and are 

therefore largely explored as therapeutic targets. Fluoropyrimidines, like 5-fluorocytosine enters fungal cells 

through cytosine transporter(s) being afterward metabolized via the pyrimidine salvage pathway to 5-fluorouracil 

(5-FU), considered the active form of 5-FC. 5-FU incorporates in RNA, causing premature chain termination, and 

inhibiting the activity of thymidylate synthase, an enzyme essential for DNA synthesis [11]. This thesis focuses 

on the mechanisms of tolerance to azoles in C. glabrata, as such, there will be an emphasis on the known molecular 

responses to these antifungals.  
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Figure II. 1. Schematic representation of the known mechanisms of action of the different classes of antifungals 

available for the treatment of candidiasis. 5-FU ï 5-fluorouracil; 5-FUMP- 5-fluorouridine monophosphate; 

FdUMP -5-fluorodeoxyuridine monophosphate; FUTP- 5-fluorouridine triphosphate. Figure retrieved from 

Salazar, S.B. et al. 2020 [7]. 

 

1.1 Mechanisms underlying the innate resilience to azoles in Candida glabrata and 

consequences for resistance 

 Azoles act by inhibiting the activity of the lanosterol-14Ŭ-demethylase enzyme (encoded by the ERG11 

gene) that is involved in ergosterol biosynthesis [12]. As a result of this inhibition, azole-exposed fungal cells 

accumulate toxic sterols in the plasma membrane dramatically affecting its permeability, among other effects 

(Figure II. 1)[7]. Azole antifungals have a fungistatic activity against Candida, meaning that after removal of the 

antifungal, in vitro exposed cells are able to resume growth, contrary to what is observed upon exposure to 

amphotericin B or echinocandins that are fungicidal [13]. The benefit of using fungicidal agents during patient 

treatment remains elusive since the outcome of invasive infections is often the same, even though several reports 

highlight a significant increase in therapeutic success using fungicidal agents in the early treatment 

of Candida infections  [13, 14]. C. glabrata and C. krusei show less susceptibility to azoles than the remaining 

Candida spp. (Table II. 1) and thus higher doses are recommended to treat infections caused by this species [3, 

15] (Table II. 1). The mechanisms underlying this increased resilience of C. glabrata towards azoles are not totally 
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clear, being suggested that this species could have evolved responses to handle changes in sterol content distinct 

from those verified S. cerevisiae or of other Candida species. Specifically, the inactivity of CgErg11 appears to 

result in the accumulation of sterols that compensate for the lack of ergosterol instead of having a toxic effect  [16-

19]. While the emergence of resistance to azoles in C. albicans, C. krusei, C. parapsilosis, or C. tropicalis has 

been largely associated with changes in the ergosterol pathway, including modifications in sequence or 

overexpression of ERG11 [20-26], the allele encoded by C. glabrata azole-resistant clinical isolates is, in the vast 

majority of the cases, identical to the one encoded by susceptible strains [16, 27-29]. No link between expression 

of this gene and increased resistance to azoles could also be established in C. glabrata [27, 29, 30] and disruption 

of CgERG11 gene results in the cross-resistance to amphotericin B and azoles  [17, 31, 32]. Another striking 

difference observed is the report that in C. albicans deletion of ERG3 [33], involved in the conversion of sterol 

intermediates into toxic sterols, results in enhanced resistance to azoles, a phenotype that is not observed in C. 

glabrata [31, 32]. Interestingly, non-synonymous mutations in CgErg3 that are thought to increase protein activity 

appeared with high frequency during in vitro evolution of echinocandin resistance, but not during evolution 

towards increased azole resistance [32], even though these observed modifications in CgErg3 were found to 

enhance tolerance to azoles.  

 

Table II. 1. General susceptibility patterns of Candida species to antifungal drugs used in the treatment of 

candidiasis (adapted from [15] and [34]). S-susceptible; S-DD ï susceptible dose-dependent; I ï intermediate; R 

ï resistant. 

Species Imidazole Triazoles 

C. albicans S to R S 

C. tropicalis S S 

C. parapsilosis S S 

C. glabrata S-DD to R S-DD to R 

C. krusei S to R S-DD to R 

 

 The induction of the activity of drug-efflux pumps has also been observed as an almost transversal 

mechanism of resistance to azoles across different Candida species. In this context, the more studied drug efflux 

pumps linked to azole resistance are those belonging to the ATP-binding cassette (ABC) superfamily out of which 

CgCdr1 stands out as having the more prominent role [35](Table II. 2).  The expression of CgPDH1, CgYOR1 and 

CgSNQ2 genes, also encoding ABC-transporters, was found to be increased in azole resistant clinical strains [28, 

36], however, the deletion CgPDH1 and of CgYOR1 only resulted in enhanced susceptibility to azoles in a ȹcdr1 

mutant strain [36, 37]. This observation highlights the overwhelming role of CgCdr1 in enhancing tolerance to 

azoles, a feature that may mask the importance of other MDR transporters in this phenotype. Despite this, CgYor1 

was found to protect C. glabrata cells from azole stress under nitrogen depletion conditions [37] while the 

expression of CgAus1 favored tolerance to azoles when exogenous sterols were present in the medium [38]. 

Although the influence of MDR transporters belonging to the Major Facilitator Superfamily (MFS) in mediating 

tolerance to azoles in C. glabrata has not been studied at the same extent as those belonging to the ABC 

superfamily, promising results had been obtained in a recent study showing a positive correlation between the 

expression of the C. glabrata CgAQR1, CgTPO1_1, CgTPO3, and CgQDR2 MFS-MDR transporters genes in 

resistance to clotrimazole [39](Table II. 2). In this study, it was also shown that the deletion of CgTPO3 abolishes 

resistance to clotrimazole in one of the identified resistant clinical isolates [39]. CgPdr16, CgPdr17, CgTpo1_2, 

and CgFlr2 were also found to be required for maximum tolerance to ketoconazole and/or fluconazole in laboratory 
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strains [40-42]. The model that is generally accepted to explain the positive effect of ABC and MFS transporters 

in drug resistance is their role in directly mediating the extrusion of the drugs, however, from the biochemical 

point of view, this model is difficult to accept considering the wide structural divergence of the hypothesized 

substrates [as reviewed in 43]. Indeed, more recent studies performed in the eukaryotic model yeast S. cerevisiae 

show that ABC and MFS-MDR transporters have physiological substrates whose transport may affect the partition 

of the drugs between the intra- and the extracellular environment [as reviewed in 43, 44]. In specific, some MDR 

transporters have been shown to influence the lipid composition of the plasma membrane, by promoting the 

transport of phospholipids and/or ergosterol, which thereby may affect the diffusion rate of the drugs across the 

membrane [as reviewed in 44]. In this context, it was recently shown that deletion of the poorly characterized C. 

albicans ABC transporter CaRoa1 results in increased membrane rigidity and, consequently, in a reduced 

intracellular concentration of azoles [45]. In C. glabrata the transcriptional regulation of MDR efflux pumps is 

under the tight control of the pleiotropic drug resistance network (or PDR) that is dependent on the CgPdr1 

regulator [46](Table II. 2). The involvement of the PDR network, and of CgPdr1 in particular, in tolerance of C. 

glabrata to azoles will be scrutinized in a dedicated section in this introduction.  

 Genomic analyses have unveiled an important role in the inactivation of the CgMSH2 gene as a driver 

of resistance to antifungals (including azoles, echinocandins and amphotericin B) in C. glabrata while colonizing 

the host [47]. The CgMSH2 gene encodes a protein involved in DNA repair and its inactivation (promoted by 

frameshift mutations in the coding sequence) leads to increased genetic diversity in the C. glabrata population. As 

such, isolates harboring inactive CgMSH2 alleles rapidly acquired resistance to antifungals resulting from the rapid 

acquisition of beneficial mutations [47]. The genomic plasticity exhibited by C. glabrata has also been found to 

contribute to increased drug resistance in these species. In specific, in azole-resistant clinical C. glabrata isolates 

it has been described the increase of CgCDR1, CgPDH1 or CgERG11 gene copy number, which may be correlated 

to interchromosomal duplication or the formation of mini-chromosomes harboring several copies of the same 

genes [48, 49].  

 

Table II. 2. Summary of the determinants of resistance identified in azole-resistant Candida glabrata isolates 

Modification of drug target 

(protein or pathway) 

Increased activity of drug-efflux 

pumps 

Increased activity of PDR 

transcription factors 

Missense mutation CgERG11 

bypassing inactivation of 

ergosterol biosynthesis by azoles 

[17] 

Over-expression of CgAQR1, CgCDR1, 

CgPDH1, CgQDR2, CgSNQ2, 

CgTPO1_1, CgTPO3  

[28, 35, 36, 39] 

Increased activity of 

CgPdr1  

[27, 29, 50-56] 

 

 In recent years, global phenotypic studies, first using collections of laboratory mutant strains and more 

recently resorting to transposon gene disruption approaches, expanded (in some cases by a lot) the set of genes 

and biological processes conferring protection against azoles in C. glabrata [40, 57-59]. These studies confirmed 

the important role of CgPdr1 and its target MDR transporters for tolerance to azoles, while also implicating other 

regulators in the transcriptional regulation of drug-efflux pumps or ergosterol metabolism under azole stress 

including CgStb5 [60] or CgUpc2A [61]. It was also highlighted the role of several genes encoding transcription 

coactivators of the mediator complex, proteins involved in calcium-dependent signaling pathway or in Rho1-

mediated signaling, as well as proteins involved in cell wall homeostasis [40, 57-59]. Furthermore, deletion of 

genes involved in ribosomal biogenesis and mitochondrial translation, the activity of the Krebs cycle and 

respiration, were found to exert protection against azoles [40, 58]. Nevertheless, a very modest overlap of those 
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genetic elements identified were confirmed to underlie azole resistance in clinical strains (none of these 

genes/functions being indicated in Table II. 2). This lack of correspondence might reflect that the occurrence of 

factors conditioning azole resistance in vivo may not be reflected in those found in vitro. Furthermore, the cellular 

functions identified to be relevant for the response to azole antifungals might not necessarily be involved in the 

development of azole resistance. Despite this, the dissimilarities in the findings obtained in the laboratory and 

clinical strains also reflect the lower amount of work that has been undertaken in clinical strains, compared to 

laboratory strains [as reviewed in 7]. In the vast majority of the cases, azole resistance in C. glabrata clinical 

strains derives from them acquiring gain-of-function (GOF) mutations in the transcription regulator CgPdr1 [as 

reviewed in 62]. In line with these results, a recent study using a transcriptomic approach to unveil the mechanisms 

of in vitro evolution of fluconazole resistance in C. glabrata, reported that the population transcriptomic profile 

appeared to select in the end the acquisition of CgPdr1 GOF mutations and consequently the upregulation of MDR 

efflux pumps, possibly reflecting a minimum cost of this resistance mechanism [63]. However, the development 

of resistance reported in clinical isolates [64, 65] and in vitro evolved strains [32, 63] is often gradual, reflecting 

transient resistance mechanisms by modifications in distinct genes and changes in the transcriptome-wide 

remodeling. Furthermore, secondary mutations often arise to balance the loss of fitness of resistance mechanisms 

[64-66]. Also relevant, is the fact that in vivo, there is a genetic heterogeneity that should not be neglected in the 

clonal population, in which different mutations in resistance and pathogenic genes might appear dominant during 

different times of infections in response to different stresses and can provide an advantage to the changing 

environment. These mutations, therefore, do not necessarily reflect an evolution of the isolate, but rather a selection 

within the host of the prevalent clonal genotype  [66, 67]. 
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2. The Pleiotropic Drug Resistance transcription factor , 

CgPdr1, in Candida glabrata 

 

 As said above, the major contributor to the multidrug resistance (MDR) phenotype in Yeasts is the 

pleiotropic drug-resistant (PDR) network, which has been shown to respond to a diverse range of 

xenobiotics [68-70]. The impacts of MDR are varied but in the specific context of Candida species, its 

impact in the tolerance and resistance of clinical isolates to azoles stands out. In the following chapter, an 

overview of the organization of this network is provided, starting first with its description in the non-

pathogenic yeast species Saccharomyces cerevisiae and how it changes when compared to the network 

active in C. glabrata. Detailed analysis on the molecular mechanisms underlying the control of the activity 

of this regulatory network, in particular, of the Pdr1 transcription factor, will also be provided.  

 

2.1. The Pleiotropic Drug Resistance network: from Saccharomyces cerevisiae to 

Candida glabrata 

 The PDR transcription factors in both S. cerevisiae and C. glabrata are found constitutively bound 

to the highly conserved pleiotropic drug response element sequences (PDRE; 5ô- TCCRYGSR -3ô and 5ô- 

YCCRKGGR ï 3ô, respectively [71, 72]) present in the promoter of target genes [70, 73, 74]. Without 

further stimulus, the interaction of the PDR transcription factors with the PDRE motifs happens at low 

activity, resulting in the maintenance of a basal level of expression for target genes [70, 73, 74]. Pdr-

dependent genes transcription is further activated upon stimulus [70]. The network of target genes directly 

regulated by ScPdr1, as evaluated by the interaction of the transcription factor with gene promotors [70, 

75](Figure II. 2), identified several MDR transporters including ScPDR5, ScPDR10, ScPDR15, ScSNQ2, 

and ScYOR1. These MDR-transporters genes were found to be induced in an ScPdr1-dependent manner 

upon xenobiotic stimulation, including fluphenazine, selenite, progesterone, or benomyl [76-78]. However, 

the induction of genes may depend not only of the binding of ScPdr1 to the PDRE motif but also of 

additional factors [70]. A good demonstration of this is the observation that ScPdr1 plays an important role 

in the induction of ScSNQ2 during exposure of the cells to fluphenazine, but the same does not happen in 

response to benomyl stress [70, 76]. Therefore, a combination of transcription inputs upon stress will help 

define the PDR-dependent transcriptional response and determine the final impact in gene transcription 

[70]. Lipid plasma membrane homeostasis is another major function regulated by the ScPdr1-network 

(Figure II. 2) including genes involved in biosynthesis and transport of phospholipids (ScPDR16 and 

ScICT1 [79, 80]), in the synthesis of sphingolipids (ScIPT1 and ScRSB1 [81, 82]) and in transport of sterols 

(ScLAF1 [83]) [70, 84]. The ScPdr1-dependent network also includes ScGRE2, encoding a reductase 

responsive to osmotic and oxidative stress and that has an important, yet unclear, role in ergosterol 

metabolism [85]. Demonstrating the complexity of the network, ScPdr1 was confirmed to directly regulate 

other transcriptional activators (Figure II. 2) including the biotin regulator ScVHR1 [86], ScYRR1 and 

ScPDR3 both regulators of drug-response, and Pdr1 itself [70, 86, 87]. ScPdr1 and ScPdr3 are paralogues 
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and share most of the directly regulated target genes and thus the basal expression of ScPdr1-dependent 

genes can be maintained in a ȹpdr1 mutant due to compensation by ScPdr3 [70, 88-90]. However, it has 

been demonstrated that despite their homology, ScPdr1 and ScPdr3 diverged and specialized in response 

to different physiological signaling events and regulatory mechanisms [77, 88, 91-97]. ScPdr1 is the main 

responsible for response to xenobiotic stimulus, while ScPdr3 plays only a minor role in this although it 

has been shown to bind xenobiotics as well [70, 91]. In turn, ScPdr3 alone is responsible for the activation 

of the PDR-dependent genes in response to mitochondrial defects [92-95]. The expression of ScPDR3 is 

maintained at low levels in rho+ cells and is strongly induced in rho0 mutants, this induction being dependent 

of the ScPdr3 transcriptional auto-regulation, since deletion of the two PDRE motifs found in SPDR3 

promotor abolishes PDR transcription activation in rho0 cells [94, 98, 99]. This autoregulatory circuit is not 

verified for ScPDR1 since PDRE motifs are not found in its promotor [100, 101].  Despite this ScPDR3 

induction, ScPdr3 protein levels are still underrepresented when compared to those of ScPdr1, and 

therefore, other mechanisms must be involved in the increased binding of ScPdr3 to PDRE of target genes 

[102]. Also highlighting this specialization of ScPdr1 and ScPdr3, in response to the same stress these 

transcription factors can exert a different effect in the transcription of a specific group of genes [77]. For 

instance, in response of S. cerevisiae cells to progesterone, both transcription factors have identical and 

overlapping activity on the expression of several PDR transporter genes (including ScPDR5, ScPDR15, 

ScSNQ2, and ScTPO1), while ScPdr1 has a dominant effect in the transcription of lipid metabolism gene 

transcription [77]. ScPdr3 further diverges from ScPdr1 by having a broader spectrum of induced genes, 

including ScRTG3 gene from the retrograde system and genes induced in response to DNA damage or to 

salt-induced stress [88, 96]. These differences in transcription specificity between ScPdr1 and ScPdr3 were 

correlated to specific variations in the PDRE sequence and the number of PDRE motifs present in the 

promoter region of target genes, suggesting differences in the DNA binding affinity of the two regulators 

[77, 97]. Another striking example of the difference in the impact of both transcription factors in the 

expression of the same genes is the observation that while ScPdr3 is the main activator of the PDR genes 

in response to retrograde mitochondrial disfunction, the same signaling results in ScPdr1 being a negative 

regulator of the expression of ScPDR5, ScSNQ2 and ScYOR1 [94, 95, 102, 103]. In opposition, in normal 

growth conditions, ScPdr3 inhibits the expression of these same genes and further inhibits expression of 

ScPDR5 and ScPDR15 in response to mycotoxin, while under this same stress ScPdr1 positively regulates 

them [90, 91].  

 In C. glabrata, the single copy of the PDR transcription factor CgPdr1 regulates transcription of 

target genes after activating stimuli (that can be exposure to a xenobiotic or response to a mitochondrial 

defect, as detailed below) thus congregating functions that are attributed to ScPdr1 or ScPdr3 [104, 105]. 

Another noticeable difference between the Pdr1-dependent genes in S. cerevisiae and in C. glabrata is the 

auto-regulation of CgPDR1 from two PDRE motifs found in the promotor gene in C. glabrata, while in S. 

cerevisiae this is only observed in the promoter region of ScPDR3 but not of ScPDR1 [71, 73, 94, 100]. 

Elimination of the two PDRE motifs from CgPDR1 promoter results in the significant reduction of CgPdr1 

protein levels and, consequently, reduced azole tolerance, thus highlighting the crucial role of the CgPdr1 

autoregulatory circuit for the normal function of the PDR network in this pathogenic species [73]. Notably, 

upon fluconazole stimulus, CgPdr1 protein is still over-produced (compared to the levels attained in the 
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absence of the antifungal) even when both PDRE motifs are deleted, demonstrating that CgPDR1 

transcription is under the regulation of other transcription factors as well [73].   

 Using ChIP-seq Paul, S. et al. 2014 [71] defined 25 genes as those more likely to be direct targets 

of CgPdr1, based on the enrichment of CgPdr1 binding observed in the corresponding promoter of target 

genes in rho0 cells, compared to the same binding observed in rho+ cells (Figure II. 2). These results showed 

a substantial overlap of target genes directly regulated by Pdr1 in S. cerevisiae and in C. glabrata [71, 72, 

95], including those encoding MDR transporters (e.g. ScPDR5/CgCDR1, ScPDR15/ 

CgPDH1, and YOR2) or involved in plasma membrane homeostasis (ScIPT1/CAGL0G05313g, RSB1 and 

YMR102C/CAGL0K03377g) [71](see Figure II. 2). Another relevant direct target of Pdr1 in both S. 

cerevisiae and C. glabrata is the Rpn4 transcription factor, a major regulator of proteasome and 

ubiquitination machinery genes [106-108]. In C. glabrata Rpn4 is also a positive contributor to maintaining 

intracellular ergosterol levels and membrane permeability through the up-regulation of genes encoding 

enzymes of the ergosterol biosynthetic pathway and heme biosynthesis [78, 108]. Despite the convergence 

in functions regulated by the Pdr network in both species, specific target genes were also identified as 

detailed in Figure II. 2. In specific, CgPdr1 regulates the MDR transporters genes CgQDR2, with a putative 

physiological role in the export of amino acids and copper in S. cerevisiae [109, 110], while a similar 

connection was not observed for ScPdr1-ScQdr2. CgPdr1 was also found to specifically regulate CgYBT1, 

a putative vacuole ABC transporter presumed to promote vacuolar sequestration of azole [111]; CgRTA1, 

a predicted member of the fungal lipid translocating exporters with a suggested role in the export of aberrant 

sterol intermediates [112]; and CAGL0J05852g, predicted to encode an oxidoreductase that regulates the 

morphology of lipid droplets [113]. CgPdr1 was also found to exclusively interact with the promotor of 

CgATF2, a putative alcohol acetyltransferase suggested to be involved in sterol detoxification [114], and 

of CgNCE103 encoding a carbonic anhydrase activator necessary for growth in aerobic conditions [115, 

116]. Another specific direct target in C. glabrata is CgPUP1, which encodes a mitochondrial protein with 

an unknown function, but whose deletion reduces the virulence of this species against mice [117].  
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Figure II. 2. Comparison of the genes directly regulated by Pdr1 in Saccharomyces cerevisiae and Candida 

glabrata. Networks detailed in this figure [70, 71, 84]  were defined by the Pdr1 interaction with the 

promotor region of targets by DNA-footprinting, ChIP-chip and ChIP-seq technologies plus monitorization 

of gene transcription. Only genes with PDRE motif in the promotor are herein detailed. 

 

2.3. The complex and intertwined interactions established between the Pleiotropic 

Drug Resistance regulatory network and other stress-responsive regulators  

 The PDR regulatory network becomes more complex as the central regulator Pdr1 directly 

regulates other genes encoding transcription factors, including, as mentioned, CgRPN4 in C. glabrata or 

ScRPN4, ScYRR1 and ScVHR1 in S. cerevisiae [70, 71, 75]. In C. glabrata, disruption of Rpn4 transcription 

factor-encoding gene results in increased susceptibility to azoles, consistent with its Pdr-dependent 

regulation being relevant to favor azole tolerance [108, 118]. Other transcription factors such as CgUpc2A 

or CgStb5 were also found to directly affect CgPDR1 transcription and CgPdr1 function, respectively [60, 

119]. In S. cerevisiae, close contacts between the Pdr network with other networks involved in response to 

oxidative stress-mediated by Yap1 and in response to protein degradation mediated by Rpn4, have also 

been described [78, 120-124] (Figure II. 3). 
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Figure II. 3. Schematic representation illustrating the interactions established between the pleiotropic 

drug resistance transcription factors with other regulatory networks in Saccharomyces cerevisiae and in 

Candida glabrata. A schematic view of the complexity of the regulatory associations established between 

PDR transcription factors (represented in grey) with other transcription factors involved in response to 

oxidative stress (represented in blue), in protein degradation (represented in yellow), in ergosterol 

biosynthesis (represented in red) in S. cerevisiae and in C. glabrata [60, 70, 71, 75, 78, 88, 101, 119-126]. 

The represented models distinguish the direct effect (backed by evidence of regulatory element presence in 

the promotor and/or direct binding to the promotor, accompanied by the demonstration that the transcription 

factor influences gene expression. Dimerization of ScStb5 with ScPdr1 is also represented as it influences 

PDR transcription. The stressor stimuli in which the transcription is influence by the different transcription 

factors is also indicated (Ergosterol pathway defects (EPD); fluconazole (FLZ); gain-of-function mutation 

(GOF); methyl methanesulfonate (MMS); azetidine-2-carboxylic acid (ACZ), a proline analog that miss-

incorporates into proteins and leads to proteotoxic stress; mitochondrial defects (MitD)).  

 

 In S. cerevisiae, in response to mancozeb and selenite the major oxidative transcription regulator 

ScYap1 regulates ScPDR3 expression [78, 124] by directly binding to the corresponding promotor region, 

even in control conditions [123]. ScYap1 can also regulate ScPDR1, albeit indirectly, via ScRPN4 

(confirmed to be directly regulated by ScYap1 during H2O2, selenite and benomyl stress [78, 121]), while 

ScPdr1 also regulates ScRPN4 during selenite stress [78]. Concordantly, a complete ScYap1-dependent 

response to benomyl, acetaminophe and diazaborine, is reduced in the absence of a downstream functional 

ScPdr1 and/or ScPdr3 [127-129]. ScRpn4 was further reported to bind to Yap1 promotor in highthroughput 

chromatin immunoprecipitation assays [120] and positively influence ScYAP1 gene expression in response 

to mancozeb stress [124]. Notably, during selenite stress ScRpn4 negatively influences ScYap1 expression 

[78, 120]. Interestingly, the influence of ScPdr1 or ScYap1 on ScRPN4 transcription was found to depend 

on the other being absent in the promotor, increasing the complexity of the cross-regulation of these 

transcription factors [107]. Another direct target of ScYap1 during benomyl, H2O2 and selenine stress is 

the transcription factor ScYrr1 [78], which has been shown to influence expression of the some of the Pdr-
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dependent genes like ScSNQ2 both under non-stressful conditions and also in response to 4-nitroquinoline 

n-oxide stress [130-132]). Notably, ScYrr1 was found to negatively regulate other Pdr genes like ScPDR5, 

as it was observed to occur in response to vanillin stress [133]. This influence of ScYrr1 in the expression 

of the above-mentioned genes was found to be direct since it was demonstrated the direct interaction of the 

regulator with the corresponding promoter regions [134]. Altogether this data suggests that ScYrr1 may 

play a role in fine-tuning the PDR response [88](Figure II. 3). ScYrr1 was further identified to be a direct 

target of ScPdr1 and ScPdr3, where higher expression was found to be regulated during mancozeb stress 

[88, 101](Figure II. 3). ScHsf1 heat-shock responsive transcription factor provides another network 

crossing paths with S. cerevisiae PDR transcriptional network being involved in the direct regulation of 

ScPDR3  and ScRPN4 in response to heat shock, methyl methanesulfonate or to the proline analog 

azetidine-2-carboxylic acid [121] and possibly indirectly by ScPdr1 during selenite stress as well [78] 

(Figure II. 3). In response to these stressors, ScPdr3 exerted a minor role in the direct regulation of ScRpn4 

upregulation, as well [121]. The ScStb5 transcriptional regulator is also activated in response to oxidative 

stress caused by diamide and H2O2  and regulates genes involved the pentose phosphate pathway 

(presumably to increase the supply of NADPH) and also genes of the PDR network like ScSNQ2, ScPDR5 

or ScIPT1 [132, 135, 136]. ScStb5 is found predominantly in the cell as a heterodimer with ScPdr1 (but not 

with ScPdr3) able to interact with the PDRE motif (Figure II. 3)[125]. Expression of ScSTB5 is dependent 

of ScYap1 after long selenite exposure, during H2O2 or in response to arsenite stress; thus showing the 

dense nature of the transcriptional regulatory networks involving the PDR system [78, 137, 138]. 

Interaction of ScYap1 to ScSTB5 promotor was also reported in a high throughput assay [139].  In S. 

cerevisiae the PDR-dependent transcriptional response was also found to rely on transcriptional repressors 

and not only transcriptional activators, being of notice the involvement of ScRdr1, a described repressor of 

ScPDR5, ScPDR15, ScPDR16 or ScRSB1 genes [126]. The negative regulation of these genes is dependent 

on the presence of PDRE in the promotors although, the interaction of ScRdr1 with this DNA motif was 

not further confirmed [126]. Up-regulation of ScRdr1 expression was found to be dependent of ScPdr1 in 

response to selenite stress and further interaction in the promotor in high throughput assay was reported, 

this being suggestive of a negative transcriptional regulation loop between both transcription factors [78, 

120, 126].  

In C. glabrata, no information is available on the potential role of the HSF1 orthologue in the 

regulation of CgPDR1 transcription. Also, an extensive remodeling in the chromosomal region encoding 

Rdr1 has occurred along with the evolution between S. cerevisiae and C. glabrata that has resulted in the 

loss of this orthologue [140]. A CgPdr1-CgAp1-CgRpn4 orthologue co-transcriptional network appears to 

have been conserved [78]. In specific, benomyl stress was found to induce the expression of the three 

transcription factors and since the DNA motifs recognized by those are conserved in the promoter regions 

of the corresponding encoding genes, it is likely that the transcriptional loops described in S. 

cerevisiae could still be active in this pathogenic yeast [78]. A PDRE motif is also found conserved in the 

promoter of CgYRR1 and this transcription factor was also found to play a role in conferring protection 

against azoles in C. glabrata [118, 141]. In C. glabrata, CgRpn4 protein is relocated to the nucleus upon 

cell exposure to azoles suggesting an activation of the regulator in these conditions [108]. Interestingly, 

during growth in azole-unsupplemented medium, the expression of CgRpn4 was found to negatively affect 
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the expression of several direct targets of CgPdr1 (including CgCDR1, CgQDR2, CgEPA1, or CgPUP1) 

[108] which indicates that even under these non-activating conditions there might be some cross-talk 

between the CgPdr1- and CgRpn4- regulatory pathways. Contrary to S. cerevisiae, the transcription factor 

CgStb5 was found to negatively regulate Pdr-regulated target genes like CgCDR1, CgPDH1 or CgYOR1 

and this was consistent with the ȹCgstb5 mutant exhibiting decreased susceptibility to azoles, while 

CgSTB5 overexpression results in increased resilience [60]. The ability of CgStb5 to form heterodimers 

with CgPdr1 and to interact with PDRE, similar to what was reported in S. cerevisiae, was not further 

demonstrated [60]. A specific feature observed in C. glabrata is that CgUpc2A directly regulates CgPDR1 

gene expression in response to inhibition of the ergosterol pathway (even if this takes place at different 

steps) [119]. In specific, it was observed that the deletion of genes involved in the ergosterol biosynthetic 

pathway results in CgUpc2A re-localization from the cytoplasm to the nucleus indicating that this regulator 

responds to perturbations in sterol composition of the membrane [119]. Indeed, ScUpc2 was found to 

directly bind to ergosterol and dehydroergosterol also relocating to the nucleus upon changes that lead to 

alterations in plasma membrane sterol content [119, 142]. In response to azoles, ergosterol biosynthesis 

genes are positively regulated by CgUpc2A expectedly to counteract the deleterious effects exerted by these 

drugs on the membrane sterol content [143, 144]. Recently, CgUpc2A was reported to directly regulate a 

large number of genes, to which the ERG genes account only for a small part [61] with many overlapping 

with those regulated by CgPdr1, including CgPDR1 istself [61, 71, 119]. In agreement with CgUpc2A 

having an independent role in the activation of PDR genes, the deletion of CgUpc2A affects azole 

susceptibility even in the presence of a hyperactive form of CgPdr1 [144]. Until today, there is no evidence 

linking the activity of ScUpc2 to ScPdr1 or ScPdr3 activity [61]. Recently two putative negative 

transcriptional regulators of CgPDR1 were reported, specifically CgGln3 and CgZap1 [145, 146]. CgGln3 

was reported to repress CgPDR1, CgCDR1, and CgPDH1 transcription during C. glabrata growth in 

ammonium sulphate, the preferred nitrogen source of this species [145]. However, since Gln3 is generally 

described to exert a positive role in transcription, this effect should not result from direct regulation, and 

further studies are required to elucidate the CgGln3 role in PDR regulation [146]. CgZap1, responds to zinc 

nutrient limitation and was found to inhibit the expression of CgPDR1, but also of the MDR-transporter 

CgCDR1 and the ergosterol metabolism genes CgERG3 and CgERG5 [146]. The direct/indirect nature of 

the regulation of CgPDR1 was not yet further inferred. However, deletion of CgZAP1 renders C. glabrata 

cells more susceptible to azole antifungals by affecting the membrane properties including the depletion of 

ergosterol and decrease phosphatidylinositides levels [146]. 

 

2.4 A molecular view on the transcription of Pdr-target genes 

 Transcription activation triggered by nuclear receptors such as Pdr1 appears to happen in a 

multistep cascade of events (as reviewed in [147, 148]). In the absence of the activating ligand, the nuclear 

receptor interacts with negative regulators (such as chromatin regulators that repress transcription) thus 

maintaining the expression of target genes at low levels. Upon binding to the ligand, the nuclear receptors 

release the co-repressors allowing the recruitment of co-activators that facilitate chromatin remodeling and 

subsequent contacts with the transcriptional machinery. ScPdr1 constitutively recruits transcriptional 
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machinery to the ScPDR5 promotor to assure a basal expression level. In specific, ScPdr1 was found to 

recruit the TBP general transcription factor (TATA-binding protein); the mediator complex, that will 

subsequently interact with the polymerase [149, 150]; and components of the SAGA (Spt-Ada-Gcn5 

acetyltransferase), FACT (facilitates chromatin transcription), or SWI/SNF (SWItch/Sucrose Non-

Fermentable) complexes, all involved in chromatin remodeling [149, 150] (Table II. 3). Although these 

interactions were observed to occur during growth in drug-free medium, they are further enhanced by the 

xenobiotics-induced activation of ScPdr1  [105, 150, 151]. As a consequence, the transcription of ScPdr1-

target genes is up-regulated in response to the activating xenobiotic, this increase in expression happening 

at the same extent as the enhanced recruitment of co-activators [105, 150, 151]. It is, however, essential to 

note that most of the studies undertaken thus far addressing this issue have focused only a few genes, with 

emphasis on ScPDR5, leaving unclear whether these mechanisms would also be observed for all genes of 

the Pdr1-regulon.  After being recruited to the promoter, the mediator complex prompts the recruitment of 

Pol II to target promoters, stimulating the formation of the pre-initiation complex and the subsequent 

transition to the transcription elongation step, while promoting chromatin remodeling as a mean of 

facilitating access to DNA (reviewed in [152]). In response to azoles, the component of the tail module 

ScGal11 in S. cerevisiae (as well as its orthologue CgGal11A in C. glabrata) is responsible for the 

interaction of Pdr1 with the mediator complex [105, 150]. Consequently, deletion of CgGAL11A severely 

reduces the activation of CgPdr1-dependent transcription, while also contributing for significantly 

enhanced susceptibility of C. glabrata cells to azoles [105]. Besides CgGal11A, the disruption of the 

mediator complex components CgMED2, CgMED3 and CgMED14 from the tail module, CgMED5 from 

the middle module and CgMED12 of the CDK8 complex, were also found to be required for C. glabrata 

maximum tolerance to azoles [58, 59, 153](Table II. 3). Despite this tight interaction between CgPdr1 and 

the CgGal11A mediator complex subunit, there are evidences suggesting that other mechanisms are in place 

to assure expression of CgPdr1-target genes including the observation that some expression of CgPdr1 

target genes is observed upon deletion of CgGAL11A [105] or the fact that CgGal11A (and also ScGal11) 

is dispensable for the induction of PDR-dependent genes in response to retrograde signaling in rho0 mutants 

[71, 99].  

 As said above, several complexes mediating chromatin remodeling through the modification of 

histones have been found to be required for the full induction of PDR-dependent genes. These include 

several components of the SAGA complex that were found to be recruited to ScPDR5  promoter and were 

found to be co-immunoprecipitated with ScPdr1 [149, 154, 155] (Table II. 3), although the ScGcn5 

nucleosome acetyltransferase was found to be dispensable for transcription, even if recruited to the 

promoter [149, 156]. Consistently, ScPDR5 xenobiotics-induced transcription is not correlated with a 

change in histone acetylation levels in the corresponding promoter region [149].  In C. glabrata, cells 

devoid of genes belonging to the SAGA complex were found to be susceptible to azoles, however, this 

effect could not be attributed to different expression levels of CgPdr1 target genes [58, 157, 158](Table II. 

3). Strikingly, disruption of CgGCN5  was synthetically lethal with CgPdr1 hyperactivation during 

fluconazole stress  [159]. Overall, these results show divergences in the way the SAGA complex connects 

with Pdr1 in C. glabrata and in S. cerevisiae. Another histone acetylation complex that was found to play 

an important role in the regulation of ScPDR5 expression in S. cerevisiae is ScRdp3L (Table II. 3). This 
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complex was found to be required for basal expression of ScPDR5 and also for the drug-induced up-

regulation of this gene in response to xenobiotics or to retroactive signaling [160, 161]. Noteworthy, the 

overexpression of ScPDR3 or the expression of an ScPDR3 GOF variant did not suppress hypersensitivity 

of the S. cerevisiae mutant strain ȹrpd3 [161]. ScUme6, the DNA binding component of the Rpd3L 

complex, was also found to be required for ScPDR3 and ScPDR5 expression during retroactive signalling 

in rho0 cells, possibly by direct binding to these genes promotors [162] (Table II. 3). However, in rho+ cells, 

ScUme6 suppresses the basal transcription levels of ScPDR1, ScPDR3, ScPDR5, consequently affecting 

fluconazole resistance, while ScRdp3 appears to not interfere with ScPDR5 expression in this same cells 

[163]. Regardless of its importance in S. cerevisiae, in C. glabrata the Rdp3 complex does not appear to 

influence azole tolerance [40, 57]( Table II. 3).  

  Besides acetylation, methylation of histones was also associated with the CgPdr1-dependent 

transcriptional response of C. glabrata to azoles.  In specific, in response to azoles, it has been observed 

that there is a decrease in histone H3 and H4 methylation and consequent stabilization of higher histone H3 

and H4 protein levels in the cell [164]. As a result a concomitant increase in the expression of PDR genes 

is observed, including CgPDR1, CgCDR1, CgPDH1 and CgSNQ2, as a possible consequence of an open 

chromatin state at the CgPdr1 promotor targets [164]. In line with these results, several proteins involved 

in histone methylation were found to be positive regulators of the expression of known CgPdr1-targets, 

while demethyltransferases exert a negative effect [164](Table II. 3). Of note, histone methylation further 

promotes histone acetylation [164-167] and therefore, a combination of histone modifications is likely to 

determine the final level of expression of PDR-target genes in azole-challenged C. glabrata cells [164]. In 

S. cerevisiae this mechanism may not be conserved, since the deletion of the same identified effectors 

appear to have a contrary impact in tolerance to xenobiotics that Pdr-transcription factors respond to [168-

170](Table II. 3). Inhibition of the chromatin silencing complex CgHst1-CgRfm1-CgSum1 induced by 

niacin limitation was found to prompt the upregulation of CgPDR1 and target genes CgCDR1 and CgEPA1 

[171], this mechanism being relevant for colonization of the urinary tract by C. glabrata [172]. In specific, 

in the niacin-limited environment of the urinary tract, the NAD+-dependent CgHst1 sirtuin deacetylase is 

inactive, alleviating transcription repression through allowing histone acetylation and consequently the 

transcription of genes required for the uptake of niacin, oxidative stress, adhesion, and those dependent of 

CgPdr1 [171, 173]. This regulatory association between sirtuins and Pdr1 appears unique to C. 

glabrata, since Rfm1 and Sum1 proteins are absent in the CTG clade of C. albicans and in S. 

cerevisiae the ScHst1-ScRfm1-ScSum1 complex only regulates sporulation [174] and results in improved 

tolerance to azoles when deleted [170](Table II. 3). A recent study demonstrated that this specialization in 

C. glabrata might have derived from the evolution of Sum1, the sequence-specific DNA binding 

component of the complex, from the remaining Saccharomycetaceae family [175].  

 The FACT ( complex, which removes nucleossomes to allow the transcription elongation by Pol 

II but also facilitates nucleosome re-assembly after the Pol II transcription (reviewed in [176]), also plays 

an essential role in ScPDR5 transcription [150](Table II. 3). In specific, recruitment of FACT (components 

ScSpt16-ScPob3) to the ScPDR5 promoter coincides with the loss of the nucleosome during transcriptional 

activation of this gene induced by azoles and afterward repopulation of the chromatin with nucleosomes 
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[150].  Up to now the influence of FACT complex in tolerance to azoles or in determining the transcription 

of PDR-dependent genes has not been studied in C. glabrata. 
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Table II. 3. (Part 1) Transcription initiation co-activators described to influence the expression of PDR-dependent genes in Saccharomyces cerevisiae and in Candida glabrata. 

The influence of the genes encoding the different transcriptional co-activators or subunit of chromatin modifying complexes in the activity of Pdr1 regulator and in the 

transcription of target genes or in tolerance to PDR xenobiotics response in S. cerevisiae and C. glabrata is summarized in this table. The negative effect of transcriptional co-

activators gene deletion in xenobiotic resistance is highlighted in red, and a positive effect is highlighted in green.  Proteins/genes whose deletion were found to result in opposite 

effects in diferent studies concerning tolerance to drugs responded by Pdr1 are written in red; n.i. indicates that no information was found; FLZ - fluconazole; KTZ - ketoconazole; 

CTZ - clotrimazole; VZ - voriconazole; ECZ - econazole; PCZ - posaconazole; MCZ - miconazole; CHX - cycloheximide; OM - oligomycin; AVT - Atorvastatin. 
Complex 

Component 

Effects of gene disruption in the 

expression of CgPdr1-regulated genes 

Effect of gene disruption in 

tolerance to drugs 
REFs 

Effects of gene disruption in the expression 

of ScPdr1/3-regulated genes 

Effect of disruption 

in tolerance to drugs 
REFs 

Mediator complex 

Med2 
Reduces the capacity of CgPdr1L280F to 

induce CgCDR1 and CgPDR1 

Increased susceptibility to FLZ, 

KTZ, CTZ and CHX, including in 

a strain producing CgPdr1L280F 

GOF variant 

[59, 

153] 
n.i n.i - 

Med3 n.i 

Increased susceptibility to FLZ, 

but not in a strain producing 

CgPdr1L280F GOF variant 

[59, 

153] 
n.i 

Increased 

susceptibility to CTZ 

and CHX 

[177, 

178] 

Med5 n.i 

Increased susceptibility to FLZ, 

including in a strain producing 

CgPdr1L280F GOF variant 

[58, 

153] 
n.i 

Increased 

susceptibility to FLZ 

[170, 

179, 

180] 

Med12 n.i 

Increased susceptibility to FLZ, 

including in a strain producing 

CgPdr1L280F GOF variant 

[58, 

153] 

Reduces the basal expression of ScPDR5 and the 

increased expression of ScPDR5 and  ScPDR3 

in rho0 cells (correlated to the increased 

recruitment to gene promotor in rho0 cells and 

coimmunoprecipitation with ScPDR3) 

Increased 

susceptibility to FLZ, 

CHX, OM and AVT 

[99, 

156, 

170] 

Med14 n.i 

Increased susceptibility to FLZ, 

but not in a strain producing 

CgPdr1L280F GOF variant 

[58, 

153] 
n.i n.i - 

Gal11 (A) 

Reduces the expression of CgCDR1, 

CgPDR1 and CgPDH1 during  KTZ 

and/or FLZ stimulus (but not in a rho0 

strain).  

 

Reduces the expression of CgCDR1, 

CgPDH1, CgSNQ2 and CgYBT1 in 

strains producing CgPdr1R376W and 

CgPdr1Y584C, CgPdr1P822L and 

CgPdr1D1082G (less pronounced in the 

two later variants) 

Increased susceptibility to FLZ, 

KTZ and CHX. 

Increase susceptibility to 

fluconazole in a strain producing 

CgPdr1R376W, CgPdr1Y584C, 

CgPdr1P822L and CgPdr1D1082G 

(less pronounced in the two later 

variants) 

Does not affect resistance to FLZ 

in rho0 strain  

[60, 73, 

104, 

105, 

181] 

Reduces the expression of ScPDR5 and ScSNQ2 

during  FLZ, KTZ and CHX exposure 

(correlated to the recruitment to gene promotor, 

increased in GOF variants and KTZ stimulus) 

Deletion does not affect PDR transcription 

activation in rho0 cells  

Increased 

susceptibility to FLZ, 

KTZ and CHX 

[99, 

105, 

149, 

150, 

170, 

177, 

179, 

182] 

Med17 n.i. No effect in tolerance to FLZ  [40] 

Reduces the basal expression of ScPDR5 

(correlated to the recruitment to gene promotor, 

increased in GOF variants) 

Increased 

susceptibility to CTZ  

[149, 

177] 



 

 

22 

 

 

 

Table II. 3 (Part 2) 

Complex 

Component 

Effects of gene disruption in the 

expression of CgPdr1-regulated genes 

Effect of gene disruption in 

tolerance to drugs 
REFs 

Effects of gene disruption in the expression 

of ScPdr1/3-regulated genes 

Effect of disruption 

in tolerance to drugs 
REFs 

Histone methyltransferases 

Fpr3 
Increases CgPDR1, CgPDR5, CgPDH1 and 

CgSNQ2 basal expression 

Increased resistance 

to FLZ 
[164] n.i. 

Increased 

susceptibility to CHX 
[169] 

Fpr4 
ncreases CgPDR1, CgPDR5, CgPDH1 and 

CgSNQ2 basal expression 

Increased resistance 

to FLZ 
[164] n.i. n.i. n.i. 

Set2 
Increases CgPDR1, CgPDR5 and CgPDH1 

basal expression 

Increased resistance 

to FLZ 
[164] n.i. 

Increased 

susceptibility to CHX 

Increased resistance 

to CHX 

[170] 

 

 

[183] 

Rph1 
Reduces CgPDR1, CgPDR5 and CgPDH1 basal 

expression 

Increased 

susceptibility to FLZ 
[164] n.i. 

Increased 

susceptibility to FLZ 
[168] 

SAGA (Histone acetylation)  

Ada2 

Deletion does not affect CgPdr1 target genes 

expression, with the exception of CgEPA1 that 

is more transcribed in a mutant strain 

Increased 

susceptibility to FLZ, 

VZ, PCZ 

[157, 158] 

Reduces the basal expression of ScPDR5 

(correlated to the recruitment to gene promotor, 

increased in GOF variants) 

n.i [149, 155] 

Ada3 n.i 
No effect in tolerance 

to FLZ 
[40, 57] 

Reduces the basal expression of ScPDR5 

(correlated to the recruitment to gene promotor 

and coimmunoprecipitation with ScPdr1) 

Increased 

susceptibility to 

MCZ and CHX 

[155, 178, 

184, 185] 

Spt3 n.i 
No effect in tolerance 

to FLZ 
[57] 

Reduces the basal expression of ScPDR5 

(correlated to the recruitment to gene promotor, 

increased in GOF variants) 

Increased 

susceptibility to FLZ 

and CHX 

[149, 178, 

179] 

Spt7 n.i 
No effect in tolerance 

to FLZ 
[40] Reduces the basal expression of ScPDR5  

Increased 

susceptibility to FLZ, 

CTZ, KTZ and OM 

[149, 156, 

182] 

Spt8    Reduces the basal expression of ScPDR5  
Increased 

susceptibility to FLZ 

[149, 156, 

170] 

Spt20 n.i 
Increased 

susceptibility to FLZ 
[58] 

Reduces the basal expression of ScPDR5 

(correlated to the recruitment to gene promotor, 

increased in GOF variants) 

  

Increased 

susceptibility to FLZ, 

MCZ and CHX 

[149, 178, 

179, 184] 

Gcn5 n.i 
No effect in tolerance 

to FLZ 
[57, 159] 

Deletion does not affect ScPDR5 basal 

expression (even if recruited to the promotor) 

 

Increased 

susceptibility to 

MCZ and CHX 

[149, 156, 

178, 185, 

186] 
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Table II. 3 (Part 3) 

FACT (nucleosome assembly) 

Spt16 

n.i n.i - 

Recruitment to ScPDR5 promotor is increased 

during xenobiotic stimulus, affects nucleosome 

depletion and re-deposition across ScPDR5 open 

reading frame 

Increased 

susceptibility to KTZ 
[149, 150] 

Pob3 
n.i n.i - Recruitment to ScPDR5 promotor Increased 

susceptibility to KTZ 
[149, 150] 

Complex 

Component 

Effects of gene disruption in the expression 

of CgPdr1-regulated genes 

Effect of gene 

disruption in 

tolerance to drugs 

REFs 
Effects of gene disruption in the expression of 

ScPdr1/3-regulated genes 

Effect of disruption 

in PDR resistance a 
REFs 

Rpd3L (Histone deacetylase) 

Rdp3 n.i 
No effect in tolerance 

to FLZ 
[40, 57] 

Reduces the expression of ScPDR5 during CHX 

stimulus, in rho0 cells and  during basal expression 

in rho+  

Increased 

susceptibility to FLZ 

and CHX 

[160, 161, 

187] 

Sin3 n.i 
Increased resistance 

to FLZ 
[58] 

Reduces the expression of ScPDR5 during CHX 

stimulus  and basal expression 

Increased 

susceptibility to 

MCZ and CHX 

[161, 179, 

184, 187] 

Ume6 n.i n.i - 

Reduces the expression of ScPDR3 and ScPDR5   

in rho0 cells being enhanced by exposure to CHX 

(correlated to the recruitment to gene promotor) 

Represses basal expression of ScPDR1, ScPDR3, 

ScPDR5 in rho+ 

Increased 

susceptibility to FLZ 

and CHX in rho0 

cells 

Increased resistance 

to FLZ and CHX in 

rho+ cells 

[160] 

 

 

 

[163] 

Hst1-Rfm1-Sum1 (Histone deacetylase) 

Hst1 

Negatively regulates the CgCDR1 (correlated to 

the recruitment to gene promotor) and CgPDR1 

basal expression  

Increased resistance 

to FLZ 

[171] 

 

[175] 

n.i. Increased 

susceptibility to FLZ 
[170] 

Sum1 

Negatively regulates the CgCDR1 (correlated to 

the recruitment to gene promotor) and CgPDR1 

basal expression 

Increased resistance 

to FLZ 

[171] 

 

[175] 

n.i. 
Increased 

susceptibility to FLZ 

and CHX 

[179] 
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2.5. Mechanistic insights underlying regulation and regulators of the activity of PDR 

transcription factors  

2.5.1 Ligand Binding  

 The PDR transcription factors are nuclear receptors whose activity is modulated by direct binding 

of xenobiotics. The work of Thakur, J.K. et al. 2008 [105] pioneered this knowledge by demonstrating that 

ScPdr1, ScPdr3, or CgPdr1 immunopurified (using sepharose beads) could directly bound to radiolabeled 

ketoconazole. Using cold competition assays this work further demonstrated that other xenobiotics like the 

antibiotic rifampicin or cycloheximide compete with ketoconazole for binding to ScPdr1 and ScPdr3 

proteins, while the same was not detected for ethanol or for the glucocorticoid dexamethasone. A second 

study, undertaken by Vanacloig-Pedros, E. et al. 2019 [91], used a binary vector system in which the Gal4 

DNA binding domain (DBD) was fused with the various S. cerevisiae pleiotropic transcription factors, 

including ScPdr1, ScPdr3, ScYrr1, ScStb5, and ScPdr8. The activity of these hybrid proteins was measured 

using luciferase as a reporter gene put under the control of GAL1UAS sequences. This system allowed the 

evaluation of the transcription factors' response to xenobiotics in a quantitative and time-elapsed manner 

[91]. The results demonstrated that ScPdr1 has the lowest specificity of all the transcription factors tested 

since it was able to trigger the higher levels of activation of the reporter gene in response to distinct 

xenobiotics, including the mycotoxins citrinin and ochratoxin, and the hydrophobic membrane oxidant 

menadione [91]. This decreased specificity in ligand binding is suggested to allow Pdr transcription factors 

to be economic effectors for the survey of the accumulation of excess levels of diverse toxicants [147]. 

Differently, ScPdr3 was found to play a minor contribution in inducing expression of the reporter gene, in 

agreement with its reported minor role in prompting activation of target genes in response to xenobiotics 

[91]. After xenobiotic activation, ScPdr1p protein was found to undergo rapid degradation, this being 

dependent on the xenobiotic itself, while ScPdr3 protein levels remain constant [91]. Since most of the 

after-mentioned compounds are not naturally occurring molecules found by C. glabrata in their life as a 

commensal organism, other unidentified molecules found in the host environment are likely to interact with 

CgPdr1 thereby promoting its activation. Indeed, progesterone is a metabolite that has been described to 

result in a long-term activation of ScPdr1 in S. cerevisiae [77]. Recently, hormone exposure was reported 

to reduce azole susceptibility in C. glabrata as well, but further studies are required to correlate this 

phenotype with the activity of CgPdr1 [188]. Another recent study identified the glycolytic side-product 

methylglyoxal as capable of triggering activation of ClMrr1, the transcription regulator of azole resistance 

genes in C. lusitaniae [189]. More recently, the same phenotype was demonstrated for C. auris Mrr1 

orthologue [190]. Factors leading to an internal accumulation of methylglyoxal in humans coincide with 

those increasing risk for the development of candidiasis including diabetes or uremia and is further 

generated during inflammation by neutrophils [189, 191, 192]. Thus, persistent exposure of Candida cells 

to this molecule during colonization is likely to serve as an inducer factor for the appearance of gain-of-

function mutants and, consequently, in the emergence of azole-resistant strains [190]. Further studies are 

required to understand if methylglyoxal is a general activator of the MDR transcription in other commensal 

and/or pathogenic yeasts, however, it is interesting to note that ScGRE2, a direct target of ScPdr1, has an 

NADPH-dependent methylglyoxal reductase activity [85, 192, 193]. The demonstration that mitochondrial 
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defects resulting in the petite mutant phenotype trigger activation of the PDR network, either in S. cerevisiae 

and in C. glabrata [194-196], is also consistent with this idea that ñinternal stimuliò are relevant inducers 

of Pdr regulators. The defects resulting in the petite mutant phenotype include deletions in the mtDNA, 

defects in the activity of the mitochondrial F0ATPase, disruption of the mitochondrial protein import, and/or 

the destabilization of the mitochondrial membrane [71, 92-94, 197]. The mechanisms underlying the 

activation of the Pdr network in response to mitochondrial defects fall outside the model of ligand binding 

and are still elusive. Despite this link between mitochondrial dysfunction and increased Pdr1 activity, only 

a few clinical azole-resistant C. glabrata strains were found to display the petite phenotype [51, 195, 196, 

198]. It has been suggested that the petite phenotype could be a transient strategy to face certain stressful 

conditions being reverted when the stress is removed [199, 200]. In favor of this hypothesis, in vitro petite 

variants selected upon exposure of C. glabrata cells to macrophages reverted back to the wild-type 

phenotype when the cells were cultivated in the absence of the macrophage cells, possibly since they were 

found to exhibit a reduced growth rate (and also reduced virulence against the murine model of systemic 

infection) [199, 200]. Interestingly, C. glabrata cells engulfed by neutrophils were also found to over-

express genes of the CgPDR1 regulon [201]. Notably, clinical strains displaying the petite phenotype did 

not show any significant growth defects,  which suggests a more complex layer of regulation rather than 

restoration of fitness alone [196].  

  Other environmental stimuli besides the accumulation of methylglyoxal and compromised 

mitochondrial function have also been found to result in up-regulation of genes of the CgPdr1 regulon in 

C. glabrata, including glucose depletion or niacin limitation [171, 201]. Differently, growth in the presence 

of ammonium (the preferred nitrogen source) resulted in prominent down-regulation of PDR target genes 

[145]. More recently, a clear link between the activity of CgPdr1 and ergosterol biosynthesis has been 

established clearly [119]. A similar connection is observed in S. cerevisiae, since exposure to different 

plasma membrane-destabilizing compounds were found to result in a rapid up-regulation of PDR-target 

genes [202]. Altogether this data demonstrates that although direct binding by ligands explains well the 

underlying activating mechanism of Pdr1 in response to azoles, it is likely that other environmental 

stressors, more physiologically relevant, can also play a role in modulating the activity of this regulator 

and, indirectly, contribute for azole resistance.  

 Several studies surveying azole resistance in C. glabrata clinical strains found that most of these 

encode CgPDR1 alleles harboring specific non-synonymous mutations not observed in the corresponding 

allele encoded by susceptible isolates [27, 50, 51, 53, 55, 194, 203-208]. These mutations were found to 

result in hyper-active gain-of-function (GOF) CgPdr1 mutants able to up-regulate target genes of the PDR 

network, even in the absence of a stimuli. This issue will be analyzed in detail in the following section but 

is worthwhile mentioning that up to now no significant cost in fitness has been reported associated with the 

encoding of CgPdr1 GOF mutants, something that has been observed in C. albicans and in C. parapsilosis 

strains encoding hyper-active Tac1, Upc2A and Mrr1 (MDR transcription factors in these species) mutants 

[209-211]. In fact, strains expressing CgPdr1 GOF variants exhibited increased fitness in vitro and also 

enhanced virulence towards murine models [51]. Notwithstanding that, the study of Vermitsky, J.P. et al. 

2006 [56], showed that a strain encoding the GOF CgPdr1P927L variant exhibited increased sensitivity to 

H2O2 and ethanol, a phenotype that was no longer observed upon deletion of the CgPDR1 GOF allele. 
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Figure II. 4. Physiologically relevant stimuli that result in activation of Pdr1 and consequent phenotypic 

traits resulting from such activation  

 

2.5.2 Chaperones and ubiquitin proteases that regulate the Pdr transcription factors 

activity  

As mentioned before, during growth in non-stressful conditions, the PDR transcription factors 

have a low activity regulating only the basal expression of its target genes [70, 73, 74]. Increased activation 

is dependent on the alleviation of the interaction established with negative regulators while promoting the 

interaction with positive cofactors (Figure II. 5). As mentioned before, ScPdr3 and CgPdr1 both respond to 

mitochondrial defects and therefore their negative regulation is fundamental to ensure that the activity of 

the transcription factor is kept low and only specifically activated in response to retrograde signaling [89, 

98]. The ScSsa1/ScSsa2 chaperones of the Hsp70 family directly interact with ScPdr3 in rho+ cells, exerting 

a negative regulation on its activity [89, 212]. In rho0 cells, the negative regulation of ScSsa1/2 is alleviated 

presumably as a consequence of excess misfolded proteins in these cells that will compete for the chaperone 

function and release ScPdr3 [89]. In line with this model, the ScFes1 exchange factor, which triggers ADP 

release and consequent inactivation of ScSsa1, is a positive regulator of ScPDR5 expression [89]. In C. 

glabrata, neither CgFES1 nor CgSSA1 disruption affects azole resistance suggesting that regulation of 

CgPdr1 activity via these chaperones may not be conserved [40]. Despite this, it was shown that the 

ubiquitin protease cofactor CgBre5 inhibits the transcription of CgPDR1, CgCDR1, CgPDH1 and CgSNQ2 

genes in rho+ cells and this is dependent of the existence of direct interaction between CgBre5 and CgPdr1 

[213]. In response to defects in mitochondrial function, the inhibitory activity of CgBre5 over CgPdr1 is 

released showing some degree of similarity to the regulatory mechanism involving ScSsa1/2-ScFes1 and 

ScPdr3 in S. cerevisiae [213, 214]. Notably, this regulatory role of Bre5 over the activity of Pdr1 was not 

observed in S. cerevisiae, suggesting that independent mechanisms were developed in both species to 

control the activity of Pdr transcription factors in the absence of retroactive signaling [213]. Chaperones 

that positively regulate of the activity of Pdr1/Pdr3 have also been identified including ScSsz1, from the 

Hsp70 chaperone protein family, and ScZuo1, a J-protein cochaperone  [215, 216]. Like other Hsp70 
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chaperones, ScSsz1 and ScZuo1 are ribosome-associated co-chaperones usually found in the cytoplasm 

that under certain physiological conditions re-localize to the nucleus to interact with nuclear proteins [74]. 

For instance, the over-expression of ScSsz1 alone increases the proportion of protein not attached to the 

ribosome and that is thus free to bind other proteins, including ScPdr1 [215, 216]. ScSsz1 is unable to up-

regulate PDR-dependent genes in an ScPdr1 mutant devoid of the central regulatory domain, suggesting 

that this region should be the regulatory target [74]. In its turn, ScZuo1 is released from the ribosome after 

conformational changes and in this ñfree-formò the C-terminal domain of the protein becomes free and is 

sufficient for ScPdr1 activation [217]. These two chaperones have been found to physically interact with 

ScPdr1 at the promoter of PDR-dependent genes contributing to maximize the activity of this regulator 

[216-218]. Consistently, gain-of-function mutants in both ScSsz1 and ScZuo1 were found to over-express 

genes of the PDR regulon [215, 216]. Although ScSsz1 and ScZuo proteins can independently regulate 

ScPdr1, they form a very stable heterodimer and thus both are believed to act in a complex in the regulation 

of ScPdr1 [216-218]. Overall, the evidences obtained until thus far point to the existence of a 

communication signal that transmits changes in the translation apparatus to the PDR regulon, however, the 

trigger of these molecular events has not yet been identified [217]. A notable aspect was the observation 

that the role of these chaperones was only observed for ScPdr1 but not for ScPdr3 [215]. The importance 

of CgSsz1 or CgZuo1 in the regulation of CgPdr1 in C. glabrata was not studied in detail although 

disruption of ScZuo1 orthologue did not enhance susceptibility to azoles [40].  In C. glabrata, the activity 

of CgJjj1, a predicted chaperone of the Hsp40 family that plays a role in stimulating ATP hydrolysis 

prompted by Hsp70 ATPase domains [219], was demonstrated to be a negative regulator of CgPdr1-

dependent targets and consequently of fluconazole tolerance in C. glabrata [220]. A more detailed analysis 

revealed that the deletion of the CgJJJ11 gene increases the expression of CgPDR1 and consequently 

increases the corresponding protein levels and enhances transcription of about 25% of the described direct 

targets of CgPdr1 [71, 220].  Interestingly, the deletion of CgJJJ11 also resulted in the up-regulation of 

several adhesins regulated by CgPdr1, including CgEPA1, which is usually under sub-telomeric silencing 

[173, 220]. Contrarily, in S. cerevisiae deletion of the ScJJJ1 gene decreases tolerance to fluconazole [221]. 

 

2.5.3 Activity of upstream signalling pathways  

 The rapid induction of the PDR network upon stress was also suggested to involve upstream 

signalling pathways [70, 156], although the exact players that could underlie these responses remain to be 

identified both in S. cerevisiae and in C. glabrata. The mitotic signalling protein kinase ScElm1 was found 

to influence modifications in the nucleosome structure upstream of the PDRE motif in the 

ScPDR5 promoter, this being an essential feature for ScPdr1 to promote the up-regulation of this gene 

[222]. In line with this observation, the expression of ScPDR5 peaks during mitosis [222]. Disruption of 

ScELM1 (as well as of other mitotic progression genes) reduces expression of ScPDR5 even in strains 

encoding a hyper-active ScPdr1 markedly showing a connection between cellular cycle progression and the 

PDR network [222]. Although it has been hypothesized that this influence of ScElm1 over ScPDR5 

transcription can occur due to an effect of this kinase in phosphorylation of ScPdr1, this remains to be 

demonstrated [222]. In C. glabrata the orthologues of those S. cerevisiae mitotic progression genes shown 

to influence ScPDR5 transcription [222] were found not to play a relevant role in tolerance to azoles [40, 
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57]. In its turn, the disruption of CgBEM2, CgSLT2, and CgBNR1 genes encoding kinases and Rho GTPase 

proteins that regulate the PKC pathway, that responds to cell wall damage, were found to affect the azole 

resilience [57, 59]. Intriguingly, CgBem2 which negatively regulates the PKC signalling, was found to 

regulate PDR-dependent genes expression, including of CgPDR1 and CgCDR1, albeit the underneath 

molecular mechanism remains to be disclosed [57, 59].  In S. cerevisiae, ScBem2 and ScRom2 are required 

for proper expression of the ScPDR5 gene as well [156, 161].  

Regulatory mechanisms linking mitochondrial dysfunction and PDR pathway activation remain 

far from fully understood. Two independent retroactive signaling pathways were identified linking 

mitochondrial defects to the activation of the PDR transcriptional network in S. cerevisiae [92, 93, 223].  

Activation of Pdr transcription through the loss of mitochondrial genome involves the retroactive signaling 

pathway component ScRtg2 and ScRtg1 [92]. The PDR transcription activation through this retrograde 

signaling may be conserved in C. glabrata since the disruption of CgRTG2 also influences azole 

resistance [58]. The second signalling mechanism identified, but not fully understood, is dependent on the 

cytoplasmatic localization of the protein ScPsd1 observed in rho0 cells, a mitochondrial intermembrane 

space protein [93, 223]. This signaling pathway also involves the increased activity of ScLge1 nuclear 

protein, which is thought to induce the recruitment of ScPdr3 to its promotor. However, the mechanisms 

connecting ScPsd1 presence in the cytoplasm to the ScLge1 nuclear protein activity remain to be clarified 

[98]. In C. glabrata, the overproduction of CgPsd1 also increases CgCDR1 gene expression and consequent 

drug resistance, even in rho+ cells [104].  
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Figure II. 5. Described regulators of the pleiotropic drug resistance transcription factors protein activity 

in Saccharomyces cerevisiae and Candida glabrata. Representation of the identified positive and negative 

regulators, represented in green and red respectively, of the activity regulation of the PDR transcription 

factors in blue. The main component of the mediator complex involved in the PDR transcription activation, 

if known, is represented in light blue. When characterized, the stimulus resulting in a specific regulation 

pathway is highlighted. 

 

2.5.4 Regulation of the activity PDR transcription factor through protein structural 

changes 

 As said above PDR regulators belong to the zinc-finger family of transcription factors [73, 147], 

being the zinc finger DNA binding domain (DBD) located at the N-terminal region (in specific, between 

amino acids 1 and 205/258 in the case of ScPdr1/CgPdr1(Annex Figure II. 1) and including three structural 

regions: the Zn2Cys6 motif followed by a linker sequence and a coiled-coil motif involved in dimerization 

to other zinc transcription factors  [97, 147] (Figure II. 6).  The Zn2Cys6 zinc cluster motif recognizes the 

CG triplets half-sites in the DNA, while the configuration of the coiled-coil structure and of the linker 

sequence will then guide the dimer contact to the preferred DNA sequence (in the case of ScPdr1/CgPdr1, 

the PDRE motif), specifying the inter-base pair separation between DNA half-sites [97, 147, 224]. ScPdr1 

and ScPdr3 can form both homo-  and hetero- dimers [97], being still elusive whether the different forms 

bind to the DNA with different specificity [97]. As mentioned before, ScPdr1 (but not ScPdr3) also forms 

heterodimers with ScStb5, an association that might be conserved in C. glabrata̧ since CgStb5 also affects 

Pdr-regulated genes expression [60, 125, 132].  A central regulatory domain (CRD) is usually located after 

the dimerization domain in nuclear receptors [73, 147]. In ScPdr1 a short sequence located at the N-terminal 

of the CRD (residues 238-276) was identified as being essential to restrict ScPdr1 activity and, due to that 
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phenotype, was defined as an inhibitory domain (ID)(Figure II. 6)[225]. However, this inhibitory effect of 

the CRD domain does not fully abrogate Pdr1 activity since, without further stimulus, basal levels of 

expression of target genes are still observed [70, 73, 74]. Upon interaction of Pdr1 with xenobiotics, through 

the xenobiotic binding domain (XBD) located within CRD, the inhibitory effect is relieved (Figure II. 

6)[105]. Despite the strong homology established between ScPdr1 and ScPdr3, the XBD only shares ~40% 

similarity, in agreement with the reported different responses of these proteins to xenobiotics [91] (Annex 

Figure II. 1). Similarly, the XBD of ScPdr1 is not similar to that of CgPdr1, which may suggest different 

binding specificity of the two proteins to xenobiotics (Annex Figure II. 1).  Also localized in the CRD is 

the middle homology region (MHR) (Figure II. 6) [226] that is present in most yeast zinc transcription 

factors. This domain is located within the XBD, which might suggest a potential role in the sensing/binding 

of xenobiotics to the protein [105, 147] and it was further suggested to assist in the discrimination of target 

DNA by facilitating direct interaction between the DBD and the linker DNA [224]. The nuclear localization 

signal of ScPdr1 is located within the CDR as well and is enriched with serine and tyrosine residues, most 

of these also being found conserved in CgPdr1 (Annex Figure II. 1)[227]. The nuclear import of ScPdr1 

involves the nuclear importer ScPse1, however indirectly through the possible interaction of another 

uncharacterized factor [227]. The NLS motif is not conserved in ScPdr3 and its import to the nucleus was 

shown to be independent of ScPse1 [227]. This observation reinforces the idea of ScPdr1 and ScPdr3 have 

significant differences in the way their CRD is regulated [227]. Both ScPdr1 and ScPdr3 are assumed to be 

immediately transported to the nucleus after translation since both proteins are constitutively located in the 

nucleus [74, 97, 222, 227]. Differently, and although CgPdr1 is constitutively bound to the PDRE motifs 

[71], C. glabrata CgPdr1 when in a complex with CgGal11A was found to be located in the nucleus or the 

cytoplasm [207]. Nevertheless, changes in CgPdr1 activity regulated through subcellular localization have 

not been described. 

 In C. glabrata removal of CRD from CgPdr1 results in hyper-activation of the regulator to a degree 

so high that becomes toxic for the cells, possibly due to extreme sequestration of the transcriptional 

machinery [73]. This observation highlights the necessity of maintaining some degree of negative 

regulation over the activity of CgPdr1. In S. cerevisiae the deletion of the CRD also yields a hyperactive 

ScPdr1, however, without the toxic effects observed in C. glabrata [73, 74, 100]. From the molecular point 

of view, it is believed that the CRD controls the activity of the C-terminal transactivation domain by 

sequestering it thus preventing a subsequent interaction with the transcriptional machinery [181]. Upon 

activation, the transactivation domain is released from the core structure of the protein being free to engage 

in multivalent interactions with the transcriptional machinery [62]. In zinc finger transcription factors the 

structure of transactivation domains includes conserved short helix structures enriched with negatively 

charged residues, this enrichment in negative charges being suggested to serve as a repellent to the DNA 

and serving to facilitate in engagement with positively charged patches of transcriptional regulatory 

proteins (Figure II. 6)  [228]. The TAD structure is also enriched in hydrophobic residues (preferable 

aromatic) to allows this structure to be buried and locked in binding pockets through an aromatic anchor 

[228]. This domain is further reported to interact with the positively charged histones and hydrophobic 

pocket of nucleosomes, promoting chromatin remodeling and thus facilitating transcription [228]. The 

transactivation domain of ScPdr1 was found to interact with the hydrophobic patch present on the surface 
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of the kinase-inducible domain interacting domain (KIX ) of ScGal11 upon transcriptional activation [105].  

Due to the importance of this domain in the regulation of PDR transcription factors, any modifications in 

the C-terminal can result in changes in azole resistance phenotype [51, 54, 56, 117, 196, 207].  

 

Figure II. 6. Different functional domains in the Pleiotropic Drug Resistance transcription factor of 

Candida glabrata, CgPdr1. The DBD (1 to 254 a.a.), CRD (255 to 968 a.a.), and TAD (969 to 1107 a.a.) 

domains were defined in Simonicova, L. and Moye-Rowley, W.S. 2020 [181]. The ID (322-372), the 

minimum XDB (417 to 608 a.a.), and NLS (793 to 819 a.a.) were defined by sequence homology to these 

domains identified in S. cerevisiae [105, 225, 227]. 

 

2.5.5 The impact of gain-of-function mutations in the activation of CgPdr1 in Candida 

glabrata  

As said above, in C. glabrata the more common mechanism described to underlie resistance to 

azoles in clinical strains results from these encoding hyper-active alleles of CgPDR1, the so-called gain-of-

function mutants (or GOF) [7]. As such, in the past decade, there has been a noteworthy increase in the 

identification of these CgPDR1 GOF mutations (Figure II. 7, Annex Table II. 1) [27, 50, 51, 53, 55, 194, 

203-208]. Notably, a recent study by Won, E. J. et al. 2021 [6] highlighted the correlation of azole resistance 

in C. glabrata clinical isolates, with non-synonymous mutations in CgPdr1 uniquely to resistant isolates, 

to the increased mortality of almost 90% of patients that receive inappropriate azole monotherapy. The sole 

factor leading to a reduction of mortality was an appropriate antifungal treatment, either by the treatment 

with combinatory antifungal therapy or with an antifungal to which the clinical isolate was found 

susceptible [6]. In line with these results, CgPdr1 GOF mutations reduce the efficacy of fluconazole 

treatment in a murine model of C. glabrata disseminated infection [196].  

Most of the GOFs identified in the sequence of CgPDR1 affect the CRD or the TAD domain. 

Notably, some regions of the CRD of CgPdr1 appear more prone to accumulate non-synonymous mutations 

in C. glabrata azole-resistant strains including the terminal region of the minimum XBD, the surrounding 

of the predicted NLS region and a region before the predicted TAD domain (Figure II. 7).    
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Figure II. 7. Distribution of reported gain-of-function mutations in CgPdr1 structure. Non-synonymous 

mutations summarized in this picture were only found in resistant clinical isolates or strains. These point 

mutations were further defined as gain-of-function mutation if, when introduced in a susceptible 

background, the strain becomes resistant and/or induces CgPdr1 target genes upregulation (black). Highly 

potential GOF mutations that were identified in strains after in vitro evolution during azole exposure or 

during in vivo evolution in a patient undergoing azole treatment are also represented in grey. The full list 

of non-synonymous mutations identified till today and the references that reported them are summarized in 

Annex Table II. 1.  

 

 Although the detailed effect of how these modifications affect the biochemical activity of the 

protein is not well understood, it is believed that these alterations may cause structural changes that relieve 

the negative role of the CRD over TAD, thereby enabling interactions with the transcriptional machinery 

[62]. In line with this, higher activity of GOF CgPdr1 variants correlates with increased recruitment of the 

transcriptional machinery to the promoter region of CgPdr1 target genes. In S. cerevisiae, an ScPdr1 GOF 

variant was found to occupy more the promotor of the target gene ScPDR5 (compared to a corresponding 

wild-type), further enhancing the recruitment of the components of the mediator complex, the SAGA and 

SWI/SNF complexes, and the TATA-binding protein [149]. Furthermore, a significant loss of histones 

linked to the promoter and coding sequence DNA of ScPDR5 was reported in the strain overexpressing the 

ScPDR1 GOF allele [149]. Interestingly, all these modifications in transcription co-factors and chromatin 

remodeling are not clear in cells expressing a wild-type ScPdr1 activated upon exposure to xenobiotics, 

only being observed slight changes in the structure of the nucleosome surrounding the PDRE motif in the 

promoter region of target genes, suggesting different underlying activation mechanisms when compared to 

CgPdr1 GOF variants [149]. In C. glabrata, this detailed analysis of the differences obtained in the promoter 

region of CgPdr1-target genes has not been performed to the same extent, however, the notable remark is 

the fact that induction of PDR-dependent genes in strains encoding hyperactive CgPdr1 can reach five times 

the level that is attained upon xenobiotic-induced activation of CgPdr1, this being observed also for the 

CgPDR1 gene itself [46, 50, 62]. Consequently, CgPdr1 GOF mutants overproduce CgPdr1p [73] although 

this increase does not appear to constitute the main driver of tolerance to azoles [73, 74, 181]. It is 
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noteworthy that strains over-expressing CgPdr1 variants do not show fitness defects considering that these 

modifications are believed to restrict the inhibitory effect of the CRD over the transactivation domain, 

something that when it is performed at the full extent (that is upon full abrogation of CRD) results in high 

toxicity for C. glabrata cells [51, 73]. One possible mechanism by which the cells expressing CgPDR1 

GOF variants control the hyper-activation may be the degradation rate of the protein that, in some cases, 

has been shown to be twice the one observed for wild-type CgPdr1 [73]. It is also possible that GOF 

mutations affect only mildly the CRD (and thus its inhibition over the TAD would still be active in these 

cells, albeit less intense) or that it has a limited effect in alleviating negative regulatory mechanisms of 

CgPdr1. Consistent with the idea that the interactome of CgPdr1 may differ between wild-type and GOF 

variants, recent studies have reported that specific GOFs have different dependencies of the mediator 

subunit CgGal11A [153, 181, 212]. Furthermore, different GOF mutants affect differently the 

transcriptome, this being observed even when the modifications occur in the same genetic background [54, 

117]. No apparent correlation between the structural region of CgPdr1 affected by GOF mutations and the 

generated genomic expression could be established [50, 194]. In fact,  only two genes were found to be 

commonly activated in isolates expressing different GOF variants: CgCDR1, that as said above encodes a 

multidrug efflux pump of the ABC Superfamily, and CgPUP1, encoding a mitochondrial protein with 

unknown function whose deletion reduces C. glabrata virulence against mice [27, 50, 55, 56, 117]. 

Concordant to the different transcription profiles, when reconstituted in the same genetic background, 

different Pdr1 GOF mutations led to different degrees of tolerance to azoles [51, 54], different adherence 

capabilities to epithelial cells  [54, 229], different degrees of virulence against the murine infection model 

[51] and different protein degradation rates [118]. Furthermore, the effects of hyperactivation of CgPdr1 in 

virulence and fitness are not transversal to all GOFs and a specific GOF loss of fitness traits can be 

attenuated in different genetic backgrounds [56, 196]. Altogether these observations show that the 

consequences of the different modifications in biochemical activity of CgPdr1 are complex to understand 

and are likely multi-factorial.  
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3. The acetic acid-responsive transcription factor CgHaa1 and 

its dependent regulatory network  

 

   To successfully colonize the vaginal tract Candida cells, including those of C. glabrata, must 

cope with several stressful conditions that may restrain growth. These include fluctuations of nutrients, 

changing hormones, the activity of the immune system, or competing microbiota. Concerning this last 

aspect, the vaginal microbiota is largely composed of lactic acid bacteria  [230, 231] that are believed to 

play an instrumental role in maintaining vaginal health by maintaining an acidic pH (~4.5)[137, 232]. This 

acidification is prompted by the production of significant amounts of lactic acid produced mainly by the 

commensal Lactobacillus, but also by epithelial cells [233]. Acetic acid has also been found in vaginal fluid 

[137, 232, 234] resulting from metabolic activity of colonizing bacteria, specially the species associated 

with bacterial vaginosis (reviewed in Aldunate, M. et al. 2015 [235]). In conditions of dysbiosis, an over-

proliferation of anaerobic bacteria occurs and the concentration of acetic acid increases prominently (up to 

a maximum of 120mM mM) [233, 236]. To avoid exclusion from the vaginal tract, Candida cells are 

expected to have evolved adaptive mechanisms that allow them to thrive in this environment, being among 

these the capacity to tolerate acetic acid at a low pH. Notably, while lactic acid at physiological conditions 

found in the vaginal environment exerted no significant inhibitory effect against C. glabrata, concentrations 

of acetic acid in the range of those found upon dysbiosis were found to affect significantly the growth of 

this pathogenic yeast [237]. At the vaginal pH of 4.5, acetic acid (pKa 4.7) is found mainly in its 

undissociated form that can permeate the plasma membrane by passive diffusion [232, 233, 235]. Once 

inside C. glabrata cell, where the cytosolic pH is close to neutrality, acetic acid dissociates leading to the 

accumulation of protons and of the negatively charged counter-ion [238-241]. In C. glabrata the effects of 

stress-induced by acetic acid or by other carboxylic acids have been relatively poorly studied, however, a 

lot of knowledge has already been gathered in S. cerevisiae (reviewed in Mira, N. et al. 2010 [242]). Among 

other effects, it has been suggested that the consequences of acetic acid/acetate accumulation include 

oxidative stress [243, 244], with repercussions in lipid peroxidation and inhibition of membrane sensors 

and transporters [245];  severe depletion of energy, likely resulting from the great demand for ATP due to 

the activation of many energy-consuming defense mechanisms (out of which the plasma membrane H+-

ATPase proton pumps stand out); and inhibition of glucan synthase enzyme [246, 247].  Recently, our 

group has also demonstrated that acetic acid at physiological vaginal pH has a high synergic effect with 

azoles in inhibiting the growth of C. glabrata [237]. Similarly, the presence of acetic acid was found to 

render fluconazole cidal against Candida albicans but not against C. glabrata, although the concentrations 

of acid tested were only those found under eubiosis conditions  [248]. Interestingly, it has been shown that 

vaginal C. glabrata strains are highly tolerant to acetic acid at a low pH, this being attributed to a lower 

internal accumulation of the acid [249], this reduction correlating, at least in part, with structural changes 

of the cell wall architecture of these cells, compared to susceptible strains [249]. Recently, remodeling of 

the cell wall structure was found to play an instrumental role in tolerance of S. cerevisiae to acetic acid 

[250]. Another factor that appears to contribute to this higher tolerance of vaginal strains to acetic acid 
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includes a capacity to consume acetic acid even when glucose is present in the medium [249]. This 

metabolic flexibility is an essential advantage for human colonizing microbiota to cope with the nutrient 

deprivation that characterizes the different infection sites [251]. Strains exhibiting higher tolerance to acetic 

acid were also found to exhibit higher levels of CgPma1 activity when facing acetic acid stress suggesting 

better control of internal pH homeostasis in these vaginal strains as well [249].  

 In S. cerevisiae tolerance to acetic acid has been found to be largely dependent on the transcription 

factor ScHaa1 where this regulator was found to regulate, directly or indirectly, the expression of more than 

80% of the acetic acid-responsive genes, including several genes involved in multidrug resistance transport, 

encoding regulators and effectors of the carbohydrate metabolism, genes involved cell wall homeostasis 

and lipid metabolism, or several transcription factor genes [252, 253]. The expression of ScHAA1 

significantly increased tolerance of S. cerevisiae to acetic acid and, consistently, the expression of some of 

the ScHaa1-regulated genes has also found to exert protection against the acid [254, 255]. Specific ScHaa1-

regulated genes [252] contributing for tolerance to acetic acid included the multidrug resistance transporter 

ScTpo3 [256], which was implicated in the reduction of the internal accumulation of acetic acid in acid-

challenged cells; or the protein kinase Hrk1 [252], which was proposed to be involved in the post-

translational regulation of other acetate exporters, based on the demonstration that deletion of this gene also 

caused increased accumulation of acetate in acid-challenged cells [252, 256]. A homologue of ScHaa1 has 

been identified in the species Zygosaccharomyces bailii , known by its very high tolerance to acetic acid, 

and its corresponding regulon was characterized [257]. The results obtained revealed that ZbHaa1 regulates 

genes encoding several heat-shock proteins during acetic acid stress [257], responding to the acid-induced 

protein denaturation and misfolding [258, 259]. ZbHaa1 was also found to induce ZbMDH1 that encodes 

mitochondrial malate dehydrogenase protein, presumed to be involved in the metabolization of the acid in 

the presence or absence of glucose [260, 261]. More recently, a study disclosed the involvement of a Haa1-

regulon in C. glabrata tolerance to acetic acid [262] (Figure II. 8). In particular, it was demonstrated that 

deletion of CgHAA1 (ORF CAGL0L09339g) significantly increased tolerance of C. glabrata to acetic acid 

at a low pH, also reducing the expression of around 70% of the acid-induced genes. The CgHaa1 targets 

genes included genes encoding enzymes involved in the main pathways of central carbon metabolism and 

the generation of energy such as glycolysis, glyoxylate cycle, pentose phosphate pathway, Krebs cycle, and 

catabolism of trehalose and glycogen [262]. The transcription of several genes encoding stress chaperones 

or enzymes of the antioxidant response was also dependent of a functional CgHaa1 [262], as well as a set 

of genes involved in the control of internal pH homeostasis: CgPMA1, encoding the plasma membrane 

proton pump; CgPMP2 and CgHSP30, two predicted regulators of CgPma1p activity; and CgVMA1, 

encoding a subunit of the vacuolar proton pump [262]. Concordantly, under acetic acid stress, CgHaa1 

expression increases the amount in the plasma membrane and the activity of the proton pump CgPma1 

[262]. Among the set of CgHaa1-regulated genes was also the drud-efflux pump CgTpo3, confirmed to be 

involved in the reduction of the internal accumulation of the acid in C. glabrata [262], similarly to what 

was observed in S. cerevisiae [252]. Under acetic acid stress, CgHaa1 was also found to activate the 

expression of CgYPS2, CgYPS4, and CgYPS10 genes [262], which belong to a family of yapsins required 

for control of C. glabrata internal pH homeostasis [263], as well as several adhesin-encoding genes [262]. 

Consistent with this positive role in inducing expression of genes related with adhesion, the expression of 
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CgHaa1 was demonstrated to be necessary for maximal adherence of C. glabrata to vaginal epithelial cells 

in the presence of 30 mM acetic acid, a concentration that is in the range of those observed under eubiosis 

conditions [262]. 

 
Figure II. 8. Schematic representation of the biological functions of genes belonging to the CgHaa1-

regulon in Candida glabrata. 

 

 A comparison of the dataset of genes regulated by ScHaa1 and CgHaa1 revealed some similarities, 

but also significant disparities, which is interesting considering that the experiments were performed using 

similar experimental settings (same growth medium and pH and using comparable inhibitory concentrations 

of acetic acid), a condition that is essential for accurate comparison of transcriptional regulatory networks 

across yeasts [264](Figure II. 9). 
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Figure II. 9. Comparison of the CgHaa1- and ScHaa1-regulons active in response to acetic acid stress. 

The dataset of genes found to be activated by CgHaa1 or by ScHaa1 during the response of C. glabrata or 

S. cerevisiae to acetic acid (at pH 4) were compared [252, 262]. The intersection of the two datasets revealed 

a modest overlap between the two networks. The functional classes most represented within the dataset of 

genes specifically regulated by CgHaa1 are indicated in the figure, alongside the names of some of the 

genes clustered in these functional classes. The homologs genes regulated by ZbHaa1 during acetic acid 

stress are also highlighted underlined [260, 265]. The image was adapted from Bernardo, R. et al. 2017 

[262]. 

 

 The Haa1 transcription network active during the response of S. cerevisiae or C. glabrata to acetic 

acid stress was found to commonly regulate the expression of some genes such as the glycoprotein YGP1; 

the MFS-MDR transporters TPO3/TPO2, or the kinase HRK1, all described to play a role in conferring 

protection against the acid [256, 262, 266-271]. Several chaperone-encoding genes also appear to be under 

the regulation of Haa1 in both species [252, 262]. Notably, all these genes were also found to be under the 

regulation of ZbHaa1 in Z. balli [257, 260](Figure II. 9). Both ScHaa1- and CgHaa1- regulon also regulate 

genes responsive to oxidative and dissection stress response, membrane transport and carbohydrate 

metabolism genes [252, 262](Figure II. 9). ScHaa1 recognizes the responsive element 5ô - 

(G/C)(A/C)GG(G/C)G - 3ǋ motif [253], a motif similar to the one predicted for ZbHaa1, 5ǋ -

(A/C)GGG(A/C)G(A/G)(C/T)(G/T)- 3ô[260]. Despite these similarities, the number of genes under the 

regulation of CgHaa1 was considerably larger and included genes and biological functions that were not 

found to be under the regulation of ScHaa1 (and here it is important to again refer that the experiments 

resulting in the elucidation of these regulons in the two species were performed under similar experimental 

conditions)(Figure II. 9). Among these functions that stood out from the ñspecificò set of CgHaa1-regulated 

genes emerged those involved in adhesion, including a set of adhesins that are present in C. glabrata 

genome but not in S. cerevisiae (Figure II. 9);  CgTIR3, involved in the uptake of sterols; several genes 

involved in the synthesis of ɓ-1,3 and ɓ -1,6-glucans; and the genes involved in the regulation of internal 
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pH homeostasis [262]. This last aspect was particularly relevant since in S. cerevisiae the regulation of the 

activity of the plasma membrane protein pump was found not to occur at the transcriptional level but post-

translationally, via multiple post-translation modifications [252, 268, 272]. Several genes found to be 

regulated exclusively by CgHaa1 have an HRE-like motif that is not found in the ortholog promotor of S. 

cerevisiae, suggesting the addition of new genes to the regulon through the addition of the Haa1 regulatory 

element during promotor evolution [262]. Further and more detailed studies will be required in order to 

scrutinize how this regulatory network evolved from S. cerevisiae to C. glabrata. 
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II I . Comparative genomic and transcriptomic analyses 

unveil novel features of azole resistance and adaptation 

to the human host in Candida glabrata 
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1. Abstract 

 

 The frequent emergence of azole resistance among Candida glabrata strains contributes to the 

increase in the incidence of infections caused by this species. Whole-genome sequencing of a fluconazole 

and voriconazole-resistant clinical isolate (FFUL887) and subsequent comparison with the genome of the 

susceptible strain CBS138 revealed prominent differences in several genes documented to promote azole 

resistance in C. glabrata. Among these was the transcriptional regulator CgPdr1. The CgPdr1 FFUL887 

variant included a K274Q modification not documented in other azole-resistant strains. Transcriptomic 

profiling evidenced the up-regulation of 92 documented targets of CgPdr1 in the FFUL887 strain, 

supporting the idea that the K274Q substitution originates a CgPdr1 gain-of-function mutant. Notably, the 

production of CgPdr1K274Q variant in the background of FFUL887 cells was associated with a higher 

susceptibility of the cells against organic acids at a low pH (4.5), but had no detectable effect in tolerance 

towards other environmental stressors. Comparison of the genome of the FFUL887 and CBS138 also 

revealed prominent differences in the sequence of adhesin-encoding genes, while the comparison of the 

transcriptome of the two strains showed a significant remodelling of the expression of genes involved in 

the metabolism of carbohydrates, nitrogen and sulphur in the FFUL887 strain; these differences likely 

reflecting adaptive responses evolved by the clinical strain during colonization of the host.     
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2. Introduction 

 

 An alarming increase in the incidence of infections caused by C. glabrata has been reported in the 

last years [2, 3]. As such, in most epidemiological surveys this species ranks as the second major causative 

agent of invasive fungal infections worldwide, behind C. albicans [2, 3]. This increase in the incidence of 

infections caused by C. glabrata is believed to result from its naturally high resilience to azoles, the frontline 

antifungal therapy used to treat candidiasis [273]. The remarkably high rate at which C. glabrata strains 

acquire resistance to azoles, higher than the one registered for any other Candida spp., is another key factor 

contributing to the emergence of resistant strains [274-276]. Mutations in Erg11, the enzyme targeted by 

azoles, is not a primary mechanism of resistance in C. glabrata, in contrast with what is observed to occur 

for other Candida species [27, 29, 30]. This observation suggests that C. glabrata clinical strains rely on 

other mechanisms to cope with azole stress. In line with this, several reports have underlined the important 

role of the ABC drug-efflux pumps such as CgCdr1 and CgPdh1 in contributing for azole resistance in 

clinical strains [28, 35, 36]. More recently, the involvement of MDR transporters belonging to the MFS in 

azole resistance of C. glabrata has also been described [39].  

 The transcriptional regulation of drug-efflux pumps in C. glabrata, as in other yeasts, relies on the 

activity of the well-organized PDR regulatory network [276]. In C. glabrata the key regulator of the PDR 

network is the transcription factor CgPdr1 and, concomitantly, this has been demonstrated to play an 

essential role in conferring tolerance to azoles [46, 56], including in resistant clinical isolates [27, 28, 35, 

50, 51, 194]. CgPdr1 has been implicated in the regulation of the drug-efflux pumps CgCDR1, CgPDH1, 

CgQDR2 and CgYOR1 [27, 56, 117]. Other azole-responsive genes regulated by CgPdr1 have biological 

functions related to stress response, metabolism of fatty acids and sterols, transcriptional regulation and 

adhesion [27, 50, 51, 56, 117]. Analysis of the coding sequence of the CgPDR1 gene in susceptible and in 

resistant clinical isolates identified a panoply of GOF mutations that are believed to constitutively activate 

the transcription factor resulting in enhanced C. glabrata azole resistance (reviewed in Annex Table II. 1). 

In this work, the genome and transcriptome of the azole-susceptible reference strain C. glabrata 

CBS138 were compared with the those of an azole-resistant clinical isolate (named FFUL887) recovered 

along the course of an epidemiological survey undertaken in hospitals of the Lisbon area. Besides providing 

clues to the mechanisms underlying the acquisition of azole resistance in the host, the results may also 

contribute for a better understanding of the different responses evolved by C. glabrata in the colonization 

of the human host. 
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3. Methods 

 

3.1. Strains and growth media 

 The laboratory strains used in this work are listed in Table III 1 while the 58 C. glabrata clinical 

isolates (recovered from patients attending three major Hospitals of the Lisbon area between 2000 and 

2008) are detailed in supplementary materials (Annex Table III. 1). The strains were cultivated in rich 

growth media Yeast Peptone Dextrose (YPD), in RPMI (Roswell Park Memorial Institute Medium), or 

Minimal Medium (MM). YPD contains, per liter, 20 g glucose (Merck Millipore), 10 g yeast extract 

(HiMedia Laboratories, Mumbai, India) and 20 g Peptone (HiMedia Laboratories). RPMI, contains, per 

liter, 20.8 g RPMI-1640 synthetic medium (Sigma), 36 g glucose (Merck Millipore), 0.3g of L-glutamine 

(Sigma) and 0.165 mol/L of MOPS (3-(N-morpholino) propanesulfonic acid, Sigma). MM contains, per 

liter, 20 g glucose (Merck Millipore), 2.65 g (NH4)2 SO4 (Merck Millipore) and 1.7 g of yeast nitrogen base 

without amino acids and without ammonium sulphate (Difco). YPD and MM medium were sterilized by 

autoclaving for 15 minutes at 121ºC and 1 atm, while RPMI medium was filtered with a 0.22-µm pore size 

filter and preserved at 4ºC until further use. Solid media was prepared supplementing the corresponding 

liquid media with 2% agar. 

 

Table III 1. List of laboratory strains used in this study. 

Strain Parental 

Starin 

Description Reference 

KUE100 2001H Parent strain; histidine auxotroph; the 

recipient enables high efficient gene targeting 

in which yku80 is repressed with a SAT1 

flipper 

Ueno et al., 2011 

[277] 

KUE100_chr606 KUE100 Control strain derived from KUE100 parental 

strain in which the CgHIS3 marker was 

ectopically integrated at a non-coding locus 

Ueno et al., 2011  

[277] 

KUE100_ȹCgpdr1 KUE100 ȹCgpdr1 strain, CgPDR1 (CAGL0A00451g) 

was replaced with the CgHIS3 marker 

This study 

CBS138 - Reference strain CBS-KNAW 

Fungal Biodiversity 

Centre 

 

3.2. Assessment of resistance to antifungals of Candida glabrata clinical isolates 

   To assess the resistance of the C. glabrata clinical isolates and of the reference strain CBS138 to 

voriconazole, fluconazole, anidulafungin and caspofungin the MIC50 (minimum inhibitory concentration) 

of each of the antifungals was estimated using the micro-dilution method recommended by the European 

Committee on Antimicrobial Susceptibility Testing (EUCAST) [278]. The concentrations of fluconazole 

tested ranged from 0.125 mg/L to 64 mg/L and for the remaining antifungals ranged from 0.015 mg/L to 8 

mg/L. MIC50 value was taken as being the first concentration of antifungal that reduced growth of the strains 

to half that registered in drug-free medium, as defined by EUCAST [278]. The MIC50 of each antifungal 

determined for the strain was compared with the clinical breakpoints recommended by EUCAST (32 mg/L 
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for fluconazole, 0.06 mg/L for anidulafungin) to classify the strains as resistant (the MIC50 is above the 

defined breakpoint), susceptible (MIC50 equal or above the breakpoint) or intermediate (MIC50 shows a 

susceptible dose-dependence (SDD). Since a breakpoint value is not yet established for voriconazole in C. 

glabrata the epidemiological cut-off value (ECOFF) (1 mg/L) was used to detect non-wild type isolates, as 

recommended [279]. The stock solutions of the antifungals were prepared from the powder and using 

DMSO (Dimethyl sulfoxide, Sigma) as the solvent.  Fluconazole was purchased from Sigma; voriconazole 

and anidulafungin were kindly provided by Pfizer; and caspofungin was provided by Merck Sharp Dohme. 

Growth curves of the C. glabrata reference strain CBS138 and of the FFUL887 isolate in the presence of 

fluconazole and voriconazole were performed using the same experimental setup described above for the 

microdilution assays, with the difference that instead of measuring OD of the culture only after 24h this 

was measured every 30 minutes during 42h.  

 

3.3. FFUL887 genomic DNA extraction and whole-genome sequencing 

 FFUL887 cells were cultivated in YPD growth medium (up to an OD600nm of approximately 3.0) 

and then centrifuged at 5000 rpm, for 5 min at 4ºC. The pellet was resuspended in 1 ml solution A (1 M 

Sorbitol (Sigma); 0.1 M EDTA (ethylenediaminetetraacetic acid) at pH 7.5). Afterwards, 10 mg/mL 

zymolyase (Zymo research) was added to the cellular suspension and the solution was incubated at 37ęC 

until protoplast formation. The suspension was centrifuged at 5000 rpm for 5 min and the pellet was 

resuspended in 1 mL solution B (50 mM Tris-HCL at pH 7.4 (Sigma-Aldrich), 20 mM EDTA). After this 

step, 30 µL of sodium dodecyl sulfate (SDS) 10% were added to the mixture and this was left for 30 min 

at 65 ęC. 250 ÕL of potassium acetate (5 M, Merck) were subsequently added and the mixture was left for 

1h on ice. The suspension was clarified by centrifugation (10000 rpm, 10 min) and the supernatant was 

transferred to two fresh microfuge tubes. 1 volume of cold isopropanol was used to precipitate the pellet 

followed by centrifugation at 5000 rpm for 15 min. Supernatant was discarded and the resulting pellet was 

incubated in 1 mL ethanol 70 % during 5 min, and washed twice with ethanol 70 %. The pellet was then 

dried in speed vacuum and resuspended in 200 µl Tris-EDTA buffer (TE) at pH 7.4. 0.5 µl of RNAse (10 

mg/ml) was added followed by 1 h incubation at 37 ºC. The mixture was centrifuged at 10000 rpm for 15 

min and the supernatant was preserved at 4 ºC till further use. FFUL887 genome sequencing was based on 

Ion Torrent and was performed by Stab Vida (Portugal) as a paid service. Two rounds of paired-end 

sequencing were performed which resulted in approximately 6 million reads with an average size of 199 

bp. The reads were trimmed based on quality and for SNP calling the trimmed reads were mapped against 

the reference genome of CBS138 (available on Candida Genome Database (CGD)) using CLC Genomics 

Workbench. Variant detection was performed from the mapped reads using both the probabilistic and 

quality-based variant detection tools embedded on CLC to increase confidence on the results obtained. To 

annotate the genome of the FFUL887 strain the reads were de novo assembled into 799 contigs yielding a 

total of assembled bases of 12.29 Mb and genome coverage of around 96x. Ab initio gene detection was 

performed usin PEDANT genome database, using different algorithms followed by manual curation to 

select the more appropriate gene models [280]. The sequence and annotation of the genome of the FFUL887 
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clinical strain has been deposited in ENA (http://www.ebi.ac.uk/ena/data/view/ FWDN01000001-

FWDN01000799). 

 

3.4. Comparative transcriptomic analysis of C. glabrata CBS138 and FFUL887 

strains. 

 The transcriptomes of FFUL887 and CBS138 strains was compared using DNA microarrays 

specifically designed for C. glabrata (design ID 064590)[281]. Both strains were cultivated over-night in 

25 mL of YPD at 30ºC with orbital agitation (250 rpm) and then re-inoculated (at an OD600nm of 0.2±0.05) 

in 150 mL of fresh RPMI. The cells were harvested by centrifugation (8000 x g, 7min, 4 °C ï Beckman 

J2.21 Centrifuge, rotor JA.10) in mid-exponential phase (OD600nm~2±0.05) and immediately frozen at -80 

ºC until further use. RNA extraction was performed as described in Bernardo et al. 2017 [262] and in 

Rossignol et al. 2007 [281]. 

 

3.5. CgPDR1 gene disruption in the FFUL887 clinical strain 

 The deletion of the C. glabrata PDR1 (CAGL0A00451g) in strain KUE100 (parental to the 

ȹCgpdr1 mutant used in spot assays) was carried out using the method described by Ueno et al. 2011 

[277].The target gene CgPDR1 was replaced by a DNA cassette including the CgHIS3 gene, through 

homologous recombination. The replacement cassette was prepared by PCR. Recombination locus and gene 

deletion were verified by PCR. Deletion of the same gene in the background of the clinical isolate strain 

FFUL887 was carried out using a little modified method from the one above described for the KUE100 

strain. In specific, CgPDR1 was replaced by a DNA cassette containing the zeocin resistant marker by 

homologous recombination. Transformants were isolated on YPD supplemented with 100µg/ml zeocin. 

Correct insertion of the zeocine resistance cassette and corresponding deletion of CgPDR1 were verified 

by PCR and by confirming the absence of CgPDR1 expression in the mutant strains by real-time RT-PCR 

(primers available in Table III. 2). 

 

3.6. Effect of the CgPdr1K274Q variant in expression of CgCDR1, CgPDH1, CgQDR2 

and CgPDR1 genes. 

 The expression of CgCDR1, CgPDH1, CgQDR2 and CgPDR1 genes was compared in CBS138, 

FFUL887 and FFUL887_ȹCgpdr1 strains by RT-PCR. Cells of the different strains were cultivated in 

identical conditions to those used for the microarray analysis. Conversion of total RNA into cDNA was 

performed using 1µg of RNA. The reverse-transcription step was performed in a C1000 Thermal Cycler 

(Bio-Rad, Hercules, USA). The subsequent quantitative PCR step was performed using 2.5µL of the cDNA. 

Gene expression was calculated using CgRDN5.8 as an internal control.  
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Table III. 2. List of primers used in this study. 

Primer identification  Primer sequence 

CgRDN5.8 

 

Forward 5ô-AACAACTCACCGGCCGAAT-3ô 

Reverse 5ô-CTTGGTTCTCGCATCGATGA-3ô 

CgPDR1 Forward 5ô-CGATTGCCAACCCGTTAGA-3ô 

Reverse 5ô-GACGACCTTGGTGTAGGAGTCAT-3ô 

CgCDR1 Forward 5ô-GCTTGCCCGCACATTGA-3ô 

5ô- CCTCAGGCAGAGTGTGTTCTTTC-3ô 

CgPDH1 Forward 5ô-GCCATGGTACCTGCATCGAT-3ô 

5ô-CCGAGGAATAGCAAAACCAGTATAC-3ô 

CgQDR2 Forward 5ô-TCACTGCATAGTTTCATATCGGACTA-3ô 

Reverse 5ô-TGCCGATATGTTCCCAAGTGA-3ô 

 

3.7. Effect of the CgPdr1K274Q variant  in tolerance to environmental stressors. 

 Comparison of susceptibility of CBS138, KUE100_chr606, KUE100_ȹCgpdr1, FFUL887 and 

FFUL887_ȹCgpdr1 cells to inhibitory concentrations of H2O2 and of the organic acids acetic, propionic 

and butyric acids was based on spot assays. Cells of the different strains were cultivated in MM growth 

medium until mid-exponential phase (OD600nm~0.8) and then diluted in 1 mL of sterile PBS to obtain a cell 

suspension having an OD600nm of 0.05. 4 µL of this cell suspension and of two subsequent dilutions (1:5 

and 1:10) were applied onto the surface of MM agarised plates supplemented or not with inhibitory 

concentrations of H2O2 (5-18 mM), of acetic acid (50-60 mM), of propionic acid (17-20 mM) and of butyric 

acids (15-17 mM). The plates were incubated at 30ºC for two to three days depending on the severity of 

growth inhibition. The same experimental setup was used to assess the susceptibility of the strains to heat 

stress with the difference that instead of incubating the inoculated plates at 30ºC, these were incubated at 

37ºC, 40ºC or 42ºC. 
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4. Results 

 

4.1. Identification of FFUL887 as a fluconazole- and voriconazole- resistant strain 

 To characterize the incidence of resistance to fluconazole, voriconazole, caspofungin and 

anidulafungin in a cohort of 58 C. glabrata clinical isolates the concentration of each of these antifungals 

leading to a 50% growth inhibition (generally designated as MIC50), compared with growth registered in 

drug-free medium, was determined. This phenotypic screening was performed using the highly 

standardized microdilution method recommended by EUCAST. As a control, we have also included the 

reference strain CBS138 in the screening. The MIC value obtained for each drug and each isolate is shown 

in Annex Figure III. 1 and the distribution of MIC values across all isolates is shown in Figure III. 1. The 

MIC values obtained were compared with the clinical resistance breakpoints defined by EUCAST (32 mg/L 

for fluconazole and 0.06 mg/L for anidulafungin) to classify the strains as resistant, intermediate or 

susceptible. To identify voriconazole-resistant strains the MIC value obtained was compared with the 

ECOFF (epidemiological cut-off) value (1 mg/mL) which can be used to distinguish wild-type from non 

wild-type isolates [279]. For caspofungin no breakpoint has been defined by EUCAST and therefore the 

strains were not classified. Under the experimental conditions used, the MIC value of the reference strain 

CBS138 was 16 mg/L for fluconazole and 0.25 mg/L for voriconazole, indicating that the reference strain 

is susceptible to these two azoles. Seven isolates (FFUL412, FFUL443, FFUL674, FFUL830, FFUL866, 

FFUL878, FFUL887) were resistant to fluconazole and voriconazole, two only resistant to fluconazole 

(FFUL98 and FFUL4012) and one only resistant to voriconazole (FFUL677) (Annex Table II. 1). Notably, 

three of the cross-resistant isolates (FFUL412, FFUL443 and FFUL674) were retrieved from patients 

undergoing fluconazole-based therapy (Annex Table III. 1). Despite the small number of isolates examined 

in this study, the percentage of resistance obtained for fluconazole and voriconazole (16% for fluconazole 

and 14% for voriconazole) are close to the values reported (10-15%) in antifungal surveillance tests 

undertaken with much larger cohorts of strains (e.g.[2]). None of the C. glabrata isolates tested could be 

considered susceptible to fluconazole as the MIC values were always above 0,002 mg/L (Figure III. 1), 

consistent with the described increased resilience of C. glabrata to this azole drug [273, 276]. All the 

isolates tested exhibited high susceptibility to anidulafungin, none of them exhibiting growth when 

cultivated in the presence of 0.06 mg/L, the defined resistance breakpoint (Figure III. 1 panel B; Annex 

Figure III. 1). For caspofungin only one isolate, FFUL887, exhibited a MIC value of 0.25, while for the 

remaining isolates this MIC value was of 0.125 or below (Figure III. 1 panel B; Annex Figure III. 1).  

 The FFUL887 strain was selected for further analysis since it was demonstrated to be resistant to 

fluconazole and voriconazole and also exhibited higher resilience to caspofungin, compared to the other 

clinical isolates compared in this study. To assess how the presence of the fluconazole and voriconazole 

affected growth kinetics of the FFUL887 and CBS138 strains, growth curves in liquid medium were 

performed using the same experimental setup that was used for the estimation of the MIC50 value (Annex 

Figure III. 2). Three concentrations of voriconazole and fluconazole were tested: one corresponding to the 

resistance breakpoint, one below and one above that value (Annex Figure III. 2). The results obtained show 

that the two strains exhibited a similar fitness when cultivated in drug-free medium, with only a slight 
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decrease in the final biomass produced by the FFUL887 strain (Annex Figure III. 2). Supplementation of 

the RPMI medium with the two azole drugs led to a drastic growth inhibition of the CBS138 strain, whereas 

growth of the FFUL887 strain was almost identical to the control conditions, with only a small detectable 

decrease of the growth rate (e.g. 0.033 h-1 in the presence of 64 mg/L fluconazole and  0.044 h-1 in control 

conditions) (Annex Figure III. 2) and a slight increase in the lag phase that was observed upon inoculation 

in the drug-supplemented medium (Annex Figure III. 2). 

 To assess if the resistant phenotype exhibited by the FFUL887 strain towards fluconazole and 

voriconazole was generalized for azoles or was limited to azoles of the triazole family (including 

fluconazole or voriconazole), growth of this strain in the presence of the imidazoles ketoconazole and 

clotrimazole was examined (Annex Figure III. 3). Cells were cultivated for 24h in 96-multiwell plates 

containing RPMI or in the same growth medium supplemented with 4 mg/L ketoconazole and 1 mg/mL of 

clotrimazole, the defined resistance breakpoints for these two drugs. Annex Figure III. 3 shows that 

FFUL887 cells are more tolerant to the tested concentrations of ketoconazole and clotrimazole than the 

CBS138 strain; however, the FFUL887 strain is still considered susceptible to the two imidazoles since the 

concentrations tested reduced growth by more than 50% the one registered in control conditions (Annex 

Figure III. 3). 
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Figure III. 1. Distribution of minimun inhibitory concentration values of fluconazole, voriconazole (panel 

A) caspofungin and anidulafungin (panel B) obtained for the cohort of Candida glabrata clinical isolates 

tested in this work. The dashed line indicates the resistance breakpoints defined by EUCAST (as detailed 

in materials and methods). These results were obtained based on the assessment of MIC50 value by the 

microdilution method recommended by EUCAST and that gave rise to the results shown in Annex Figure 

III. 1. 
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4.2. FFUL887 genome sequencing and annotation 

 The fluconazole- and voriconazole- resistance phenotype exhibited by the FFUL887 strain 

prompted us to obtain the genome sequence of this isolate. The assembled contig sequences were used for 

automatic ab initio gene detection that was subsequently manually curated to select the more appropriate 

gene models. This analysis allowed us to predict that the ORFeome of the FFUL887 strain includes 5079 

genes, which corresponds to 96% of the total number of genes annotated for the CBS138 strain [282]. The 

number of ORFs obtained for the FFUL887 strain is also in line with those recently reported for other C. 

glabrata clinical isolates (in the range of 5300 coding sequences (CDS)) [283, 284]. The vast majority 

(5039) of the protein pairs present in CBS138 and FFUL887 shared more than 90% identity at the amino 

acid level indicating that the proteins encoded by the two strains are fairly similar. For the identification of 

single nucleotide polymorphism (SNP) that could underlie the observed resistance to fluconazole and 

voriconazole of the FFUL887 strain the reads obtained were mapped against the genome sequence of the 

CBS138 strain, as detailed in materials and methods. This comparison yielded 77749 SNPs between the 

genomes of FFUL887 and CBS138 (Annex Figure III. 4). A similar high number of SNPs was also reported 

in a recent comparative genomic analysis between two C. glabrata clinical isolates and the reference strain 

CBS138 [283]. About 45% of the SNPs identified between CBS138 and FFUL887 were located in coding 

regions, affecting 3194 of the gene sequences predicted for the FFUL887 strain. The percentage of genes 

harboring non-synonymous SNPs in the FFUL887 strain was similar throughout the nine C. glabrata 

nuclear chromosomes (~60%) but considerably smaller (~18%) in the mitochondrial chromosome (Annex 

Figure III. 4). On average FFUL887 and CBS138 orthologous genes harbored 5 non-synonymous SNPs; 

however, in some cases this number increased up to more than 30 non-synonymous SNPs including in 

CAGL0K12078g (>50 non-synonymous SNPs), encoding a putative transcription factor similar to ScNrg1; 

CAGL0C00231g (42 non-synonymous SNPs), encoding a presumed plasma membrane nucleobase 

transporter, and the adhesin CgPWP4 (52 non-synonymous SNPs)(Figure III. 2). Other adhesin-encoding 

genes were also observed to harbor a high number of non-synonymous SNPs between FFUL887 and 

CBS138 including CgEPA8, CgPWP5, CAGL0C03575g and CAGL0L10092g (Figure III. 2). 

 No non-synonymous SNPs were found in the sequence of CgERG11 gene encoded by FFUL887, 

consistent with the idea that azole resistance of this strain is not driven by alterations in the drug target as 

shown for most C. glabrata azole-resistant isolates [27, 29, 30]. No SNPs were also found in FFUL887 

CgMSH2, a DNA repair protein whose mutations had been linked to the development of azole resistance 

in C. glabrata resistant clinical strains [47]. Concerning CgFKS1 and CgFKS2, the two enzymes targeted 

by echinocandins, the FFUL887 alleles harbour one non-synonymous SNP each (Gly14Ser in CgFks1 and 

Thr926Pro in CgFks2), compared to CBS138 orthologues; however, these polymorphisms are outside of 

the hot-spots regions commonly found to be altered in echinocandin-resistant isolates [285]. It thus remains 

to be examined whether the higher tolerance of the FFUL887 strain to caspofungin comes from these 

polymorphisms or if it results from other genetic traits.   
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Figure III. 2. Number of non-synonymous single nucleotide polymorphisms present in FFUL887 predicted 

proteins, when compared with their CBS138 counter-partners. The reads obtained after whole-genome 

sequencing of the FFUL887 strain were mapped against the genome of the reference strain CBS138, as 

detailed in materials and methods. Those genes exhibiting a higher number of non-synonymous SNPs in 

the FFUL887 strain are highlighted in the figure. Adhesin-encoding genes are evidenced in light blue.  

 

4.3. Comparative genomic analysis between FFUL887 and CBS138 focused on azole-

resistance genes: emphasis on CgPDR1  

 To gather insights into the differential levels of resistance to fluconazole and voriconazole of the 

CBS138 and FFUL887 strains, the set of proteins found to harbour non-synonymous SNPs in the resistant 

strain were compared with a comprehensive list of genes previously implicated in C. glabrata resistance to 

fluconazole and voriconazole. 214 genes (listed in Annex Table III. 2) associated with resistance to these 

two azoles differed in FFUL887 and in CBS138, a subset of these being shown in Table III 3.  

 One of the proteins that differed between FFUL887 and CBS138 is CgPdr1, which exhibited 4 

non-synonymous SNPs (G271A, T293C, G727A and A820C, resulting in the aminoacid changes V91I, 

L98S, D243N and K274Q, respectably), when compared with the corresponding CBS138 orthologue. Three 

of these modifications (V91I, L98S and D243N) were found to be present simultaneously in the CgPdr1 

variants encoded by isolates resistant and susceptible to azoles (Annex Table II. 1), while the K274Q was 

not previously described. Based on this observation, it was hypothesized that the substitution K274Q could 

represent a gain-of-function substitution of C. glabrata CgPdr1. To test this hypothesis, the transcriptomes 

of the FFUL887 and CBS138 strains were compared in drug-free RPMI medium using species-specific 

DNA microarrays. Out of the 409 genes found to be over-expressed in the FFUL887 strain (above 1.5-fold, 

p-value below 0.001; listed in Annex Table III. 3) 92 genes are documented targets of CgPdr1, according 

to the information available in the PathoYeastract database [141] (highlighted in grey in the Annex Table 

III. 3). Among these were the well-characterized CgPdr1 targets CgPDH1 and CgCDR1, as well as 

CgPDR1 itself (Annex Table III. 3). Deletion of CgPDR1 from the FFUL887 genome abrogated the increase 

in transcription of CgPDH1, CgCDR1, CgPDR1 and CgQDR2 genes registered ( 

Figure III.  3 panel A). As expected, elimination of the production of the CgPdr1K274Q  variant also resulted 

in sensitization of the FFUL887 strain to fluconazole and voriconazole ( 

Figure III.  3 panel B). On the overall, the results of the transcriptomic profiling of the CBS138 and 

FFUL887 strains strongly support the idea that FFUL887 encodes a CgPdr1 gain-of-function allele, 

resulting from the K274Q modification. 
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Table III 3. Subset of proteins previously described to be involved in fluconazole and/or voriconazole resistance in Candida glabrata that were found to harbour non-

synonymous SNPs in the FFUL887 strain, when compared with their CBS138 counter-partners. Functions were derived from CGD database [140]. 

 ORF/Standard Name Function  FFUL887 amino acid modification  

PDR1 and 

regulators 

CAGL0A00451g/CgPDR1 Zinc finger transcription factor activator of drug resistance genes Val91Ile; Leu98Ser; Asp243Asn; Lys274Gln 

CAGL0J07370g/CgJJJ1 Co-chaperone that negatively regulates fluconazole resistance; deletion causes 

elevated expression of CgCDR1 and CgPDR1 

Thr77Ala; Tyr479Phe 

Mediator 

Complex 

CAGL0H06215g/CgGAL11A Component of the transcriptional Mediator complex that provides interfaces between 

RNA polymerase II and upstream activator proteins; essential for CgPdr1-dependent 

activation of azole-resistance genes 

Ser134Asn; Ser965Gly; Ser1084Asn 

CAGL0E00627g/CgSRB8 Subunit of the RNA polymerase II mediator complex Tyr399Cys; His1051Asn; Gln1322His 

MDR-

transporters 

CAGL0F02717g/CgPDH1 Multidrug transporter of the ABC Superfamily Lys438Gln; Glu839Asp 

CAGL0G08624g/CgQDR2 Drug:H+ antiporter of the Major Facilitator Superfamily that confers imidazole drug 

resistance  

Asn417Asp; Leu309Ile; Leu307Ile; Arg304His; 

Ile255Phe; Ser212Ala; Ala69Thr; Asn38Ile 

Transcription 

Factors 

CAGL0C01199g/CgUPC2A Zinc finger transcription factor required for transcriptional regulation of genes 

involved in uptake and biosynthesis of ergosterol 

Arg92Lys; Asn304Ser; Glu822Val 

CAGL0L04400g Zinc finger transcription factor involved in the transcriptional regulation of MDR 

genes. Orthologue of S. cerevisiae ScYRR1 

Cys24Gly; Ala58Val; Ile137Leu; Asp229Glu;  

Ile346Val; Glu574Lys; Ile593Leu; Glu710Asp; 

Ala933Val 

CAGL0B03421g/CgMAR1 Predicted zinc-finger transcription factor, regulator of genes involved in plasma 

membrane lipid biosynthesis  
Asn321Asp; Ala306Thr; Ala274Thr; 

Met139Val 
CAGL0K05841g/CgHAP1 Predicted zinc finger transcription factor that regulates genes involved in the 

transcriptional response to levels of heme and oxygen  

Ala364Val; Asn378Thr; Ala676Gly; Ser743Ala; 

Ser894Ala; Gly1219Val 

CAGL0K01727g/CgRPN4 Tanscription factor that regulates proteasome genes  Asn335Thr; Asp334Glu; Val160Asp; 

Ala98delinsAlaGlnAla 

CAGL0I05170g/CgCST6 bZIP domain-containing protein involved in the regulation of biofilm formation Ser39Pro; Ser321Pro; Ser462Asn 

CAGL0L03377g Predicted zinc finger transcription factor, orthologue of S. cerevisiae ScSIP4 

involved in positive regulation of gluconeogenesis 

Gly134Asp; Gly172Ser; Lys252Arg; Ile347Met; 

Ala695Gly; Lys813Arg; Asp819Glu; 

Thr867Met 

CAGL0L09383g Predicted zinc finger transcription factor. Orthologue of S. cerevisiae ScSUT2 that 

positively regulates sterol uptake under anaeribic condiction 

Ser116Asn; Ile185Val; Met202Val 

Chromatin 

Regulators 

CAGL0C05357g/CgHST1 Histone deacetylase that regulates gene expression in niacin-limiting condition Met70Lys 

CAGL0E02475g/CgSIN3 Component of the Rpd3S and Rpd3L histone deacetylase complexes Asn50Lys; Lys288Thr 
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Figure III. 3. Deletion of the CgPDR1A820C allele from FFUL887 genome abrogated azole resistance and 

reduced expression of CgPdr1 target genes. (A) MIC for fluconazole and voriconazole was obtained for 

the CBS138, FFUL887 and the FFUL887_ȹCgpdr1 strains, as determined by the microdilution method 

recommended by EUCAST. For the statistical analysis, the results obtained for the mutant strain devoid of 

CgPDR1 gene were compared with those gathered for the wild-type FFUL887 strain using one-way 

ANOVA. (B) Comparison of the transcript levels of CgPDR1, CgCDR1, CgPDH1 and CgQDR2 genes in 

CBS138, FFUL887 and the FFUL887_ȹCgpdr1 strains. Cells of the different strains were cultivated in 

RPMI growth medium until mid-exponential phase after which the expression of CgPDR1, CgCDR1, 

CgPDH1 and CgQDR2 genes was compared by RT-qPCR. The values represented for the FFUL887 and 

FFUL887_ ȹCgpdr1 strains are relative to the value obtained for the CBS138 strain, which was considered 

to be equal to 1. For the statistical analysis, the results obtained for the FFUL887 strain were compared 

with those gathered for CBS138 (black), while the results obtained for the FFUL887_ȹCgpdr1 mutant were 

compared with those obtained for FFUL887 (grey) using one-way ANOVA. * p-value below 0.05, ****  p-

value below 0.0001. 

 

4.4. The deletion of CgPDR1A820C allele affects tolerance to environmental stress of 

the FFUL887 isolate. 

 Previous studies have shown that deletion of gain-of-function CgPdr1 alleles results in altered 

stress resilience of azole-resistant C. glabrata strains [56]. We, therefore, compared the growth of CBS138, 

FFUL887 and FFUL887_ ȹCgpdr1 in the presence of various environmental stressors including H2O2, 

acetic acid, propionic acid, butyric acid and at different temperatures (30ºC, 37ºC, 40ºC or 42ºC). Under 

the experimental conditions used the deletion of CgPDR1 in the FFUL887 background led to a mild 

decrease in growth of the strains when cultivated at all the temperatures tested (Figure III. 4). No significant 

differences were observed upon CgPDR1 deletion in the FFUL887 background concerning tolerance to 

H2O2 but, surprisingly, during cultivation in the presence of inhibitory concentrations of the organic acids 

acetic, propionic and butyric acids (at pH 4.5) the deletion of CgPDR1A820C was beneficial (Figure III. 4). 

These experiments were also performed in the genetic background of the laboratory strain KUE100 that 

encodes a wild-type CgPdr1 allele. The results obtained confirmed a slight protective effect exerted by 

CgPDR1 expression against high temperatures, while in the presence of acetic, propionic or butyric acids 

there were no significant differences in growth of the wild-type or of the ȹCgpdr1 mutant (Figure III. 4). 
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Figure III. 4. Comparison of the susceptibility of CBS138, FFUL887 and the FFUL887ȹCgpdr1, 

KUE_chr606 and KUE100ȹCgpdr1 strains to environmental stressors based on spot assays. Mid-

exponential phase cells of the different strains were cultivated in solid MM growth medium or in this same 

medium supplemented with inhibitory concentrations of H2O2 or of acetic acid, propionic acid and butyric 

acid. Final cell suspension was prepared with an OD600nm of 0.05 ± 0.005 and dilutions of the cell suspension 

are spotted. Growth was compared after two to three days of incubation at 30ºC, depending on the severity 

of growth inhibition. The same experimental setup was used to compare the tolerance of the strains to 

different temperatures. 

 

4.5. Comparative transcriptomic analysis between FFUL887 and CBS138 show 

dramatic alterations in the expression of genes involved in carbohydrate, nitrogen 

and sulphur metabolism. 

 We have further explored our results concerning the comparison of the transcriptome of the 

FFUL887 and CBS138 strains during growth in RPMI medium aiming to gain further insights into the 

responses evolved by C. glabrata during colonization of the human urinary tract considering that this was 

the niche where FFUL887 isolate was retrieved from. The CBS138 strain has an intestinal origin, however, 

its extensive utilization in the laboratory has likely resulted in its domestication leading to large phenotypic 

differences compared to those observed in C. glabrata clinical isolates including those of intestinal origin  

[249, 286]. The genes over-expressed (above 1.5-fold and having a p-value below 0.001) in the FFUL887 

isolate were clustered according to their biological function using the MIPS functional catalogue (Annex 

Figure III. 5). Results revealed a significant enrichment (p-value below 0.001) of genes involved in 

ñmetabolism of amino acidsò, ñmetabolism of carbohydratesò, ñnitrogen, sulphur, and selenium 

metabolismò, ñlipid, fatty acid and isoprenoid metabolismò, ñgeneration of energyò, ñvacuolar protein 

degradationò, ñtransportò and ñoxidative stress responseò (Annex Figure III. 5). Similarly, the set of genes 
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up-regulated in CBS138 (and consequently down-regulated in FFUL887) was enriched (p-value below 

0.001) in genes related to ñprotein synthesisò (Annex Figure III. 5 and Annex Table III. 3).  

 The genes up-regulated in the FFUL887 strain related with carbohydrate and lipid metabolism 

included enzymes involved in fatty acid ɓ-oxidation, in the catabolism of acetate, of propionate and of 

glycogen, as well as genes encoding neoglucogenic and Krebs cycle enzymes (Figure III. 5). This 

observation was surprising considering that at the time point where FFUL887 and CBS138 cells were 

harvested for the microarray analysis (after 6 hours of cultivation in the rich RPMI medium supplemented 

with 20 g/L glucose) there was still a considerable amount of glucose present in the culture supernatant of 

the two cultures (~18.5 g/L, based on high-pressure liquid chromatography (HPLC) analysis of the 

supernatants). The genes up-regulated in the FFUL887 strain related with amino acid and sulphur 

metabolism classes were essentially those involved in the metabolism of various amino acids and genes of 

the trans-sulfuration pathway that allows transport and incorporation of sulphate in methionine and cysteine 

(Figure III. 6). Consistently, several transporters involved in the uptake of amino acids, small peptides and 

of inorganic sulphur were also found to be up-regulated in the FFUL887 strain (Figure III. 5). 
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 Figure III. 5. Schematic representation of the metabolic pathways related with carbon and nitrogen metabolism including genes up-regulated in the FFUL887 strain, when 

compared to CBS138. The reactions allocated to metabolism and transport of carbohydrates are shown in green while those associated with nitrogen metabolism are shown in 

blue. 
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Figure III. 6. Schematic representation of the genes involved in trans-sulfurylation pathway in Candida 

glabrata, those being up-regulated in the FFUL887 strain being highlighted in blue. Association between 

genes and metabolic pathways was performed using the KEGG database. 
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5. Discussion 

 

 In this work we have disclosed the genome sequence of a C. glabrata clinical isolate, FFUL887, 

resistant to voriconazole and fluconazole and also exhibiting enhanced tolerance to caspofungin. The higher 

resistance of the FFUL887 strain to these two types of antifungals is striking considering that they have 

different modes of action. Resistance to voriconazole and fluconazole in FFUL887 was largely dependent 

on the expression of CgPdr1; however, this is not likely to underlie the higher tolerance of this strain to 

caspofungin since CgPdr1 expression is dispensable for C. glabrata tolerance to echinocandins [57].  

 A very high number of SNPs was obtained when comparing the genomic sequences of CBS138 

and FFUL887, probably reflecting the different genetic background of these two strains. Nevertheless, the 

vast majority of the proteins encoded by the two strains were still very similar with >90% of these proteins 

sharing a degree of homology above 90%. Recent comparative genomic analysis between C. glabrata 

clinical isolates and the CBS138 strain also revealed very prominent differences, within the range of those 

reported in our study [283, 284], while a strain used for carboxylic acids production was much more similar 

to CBS138 [286].  Interestingly, even the comparison of cohorts of related clinical isolates shows very 

prominent differences, similar to those that are observed when the isolates are compared with the CBS138 

strain [283, 287]. These observations reflect the described genomic plasticity of C. glabrata species which 

gives rise to a large genetic and phenotypic diversity among isolated strains [288]. While in our study we 

have focused on the comparison between the transcriptome and genome of an azole-resistant strain with 

the susceptible CBS138 strain, others have performed similar analyses but using related isolates (for 

example, strains retrieved from patients obtained before and after application of azole-therapy (e.g.[46, 56, 

283])). In our case, a similar approach was not possible since we could not identify among the sensitive 

strains tested one that could be related with FFUL887. Necessarily, the option of comparing the genomes 

of CBS138 vs FFUL887 difficults the establishment of genotype-phenotype associations; however, it has 

the advantage of allowing the identification of new SNPs that could be relevant for azole resistance and 

that wouldnôt be detected when comparing two already adapted clinical strains such as modifications 

occurring early during the process of colonization of the human host. Besides CgPdr1, several other well-

characterized determinants of C. glabrata resistance to azoles were found to harbour SNPs in the resistant 

strain FFUL887 including the multidrug resistance transporters CgPDH1 and CgQDR2,  the transcriptional 

regulators CgUPC2A, CgYRR1, CgSTB5 or CgRPN4 and the CgGAL111A of the mediator complex and 

CgJJJ1 both regulators of CgPdr1 activity (Annex Table III. 2). It is difficult to understand whether these 

polymorphisms contribute to the higher resistance exhibited by FFUL887 cells towards fluconazole and 

voriconazole because the biochemical activity of these proteins is not well studied, and therefore it is hard 

to predict the consequences for protein activity of the identified SNPs. Nevertheless, these indicatives 

deserve further exploration since azole-resistance genes are surely under selective pressure, as occurs with 

CgPdr1.  

 The extensive up-regulation of about 90 documented targets of CgPdr1 that was observed in the 

FFUL887 strain during cultivation in drug-free growth medium strongly supports the idea that the K274Q 

substitution is, indeed, a new gain-of-function mutation of this protein. Interestingly, a K274N substitution 

has been previously reported, however, while this results in mild increase in fluconazole tolerance (MIC of 
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16 mg/L)[50], the herein reported K274Q substitution results in a much higher resistance (MIC of 64 mg/L). 

The K274 residue lies within a region of CgPdr1 where several other mutations have been described (as 

detailed in Figure II. 7) and is located near a predicted inhibitory regulatory domain of CgPdr1 (residues 

322-465)(Figure II. 7). In Saccharomyces cerevisiae this regulatory domain inhibits the activity of ScPdr1 

[225], for which it can be hypothesized that the K274Q modification could compromise the function of the 

inhibitory domain resulting in a hyper-activation of CgPdr1. Further studies are required to better 

understand how the K274Q and other GOF mutations modulate the activity of CgPdr1.  

 The genes that are under the regulation of different CgPdr1 gain-of-function mutants have a 

modest overlap [27, 50, 51, 117]. In order to determine the effect of the CgPdr1 K274Q substitution in C. 

glabrata genomic expression, the 92 genes up-regulated in the FFUL887 strain that were found to be 

dependently regulated by CgPdr1 according to PathoYeastrack[141], were compared with the set of genes 

regulated by three other gain-of-function variants, P927L and L946S and K274N (Figure III. 7). Only 5 

genes were in common in the three datasets: CgCDR1, CgYOR1, CgPDR1, CgPUP1 and CAGL0M09713g 

(Figure III. 7). Consistently, CgCDR1 and CgPUP1 genes were recently shown to be up-regulated among 

a cohort of CgPdr1 gain-of-function mutants different from those used to build Figure III. 7 [117]. The 

pattern of expression of other drug-efflux pumps varied according to the gain-of-function mutation: while 

K274Q, L946S, P927L led to the up-regulation of CgQDR2 and CgPHD1, K274N was the only mutation 

causing up-regulation of CgTPO1_1 (Figure III. 7). The expression of adhesin-encoding genes was also 

found to vary according to the CgPdr1 gain-of-function mutation (Figure III. 7).  This observation is 

particularly interesting in light of the described effect of CgPdr1 in contributing for C. glabrata adhesion 

to epithelial cells [289]. Surprisingly, the overlap between the genes regulated by the CgPdr1 GOF mutants 

K274N and K274Q was very limited (Figure III. 7) demonstrating that even polymorphisms in the same 

CgPdr1 residue have a very different impact on the control of gene expression. One of the mechanisms that 

have been hypothesized to explain this divergence in the set of genes regulated by different CgPdr1 mutants 

is that they might be differently activated thereby resulting in a different interaction with the transcriptional 

machinery [62]. The different genetic backgrounds of the strains used in the different transcriptomic 

profilings may also contribute for some of the observed divergences.  

 As well as contributing to maximal resistance to voriconazole and fluconazole, we also showed 

that the CgPdr1K274Q variant is detrimental for growth of FFUL887 cells when cultivated in the presence of 

organic acids at a low pH. Similarly, cells producing the CgPdr1P927L gain-of-function variant was also 

found to be susceptible to organic acids at a low pH [56]. On the background of the KUE100 strain (derived 

from CBS138) which encodes a wild-type CgPdr1 allele, this phenotype towards organic acids was not 

observed indicating that it could be a feature of CgPdr1 gain-of-function mutants, or at least of a sub-set of 

them. It is not possible with the data available until so far to clarify the reasons why the presence of organic 

acids seems to sensitize FFUL887 cells, although this is certainly a feature that deserves further exploration 

as it could be used to improve the treatment of infections caused by isolates harboring CgPdr1 gain-of-

function alleles. In line with this idea, our group has demonstrated that acetic acid at low pH has a synergic 

effect with azoles even against the azole resistant isolates identified in the current study, including 

FFUL887 [237]. 
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Figure III. 7. Schematic representation highlights the modest overlap existing between genes that are 

under the regulation of different CgPdr1 gain-of-function mutants. Venn diagram comparing the set of 

genes regulated by the CgPdr1 gain-of-function mutants K274Q, K274N, P927L and L946S, as revealed 

by transcriptomic analyses. The set of genes herein identified as being up-regulated in the FFUL887 isolate 

that were previously described to be CgPdr1 dependently transcribed was compared with the set of genes 

previously described to be under the regulation of K274N, P927L and L946S CgPdr1 gain-of-function 

mutations [27, 56]. 

 

 Besides contributing to a better understanding of the acquisition of azole resistance, the 

comparative analyses of the genome and transcriptome of the CBS138 and FFUL887 strains also had the 

potential to elucidate some aspects underlying C. glabrata colonization of the human urinary tract (the site 

where FFUL887 was retrieved from). In this sense, one of the observations that emerged from the 

comparative genomic analysis performed was the identification of several genes encoding adhesins as 

among those that had the higher number of non-synonymous SNPs in the FFUL887 strain. Adhesion is a 

fundamental step for C. glabrata ability to successfully colonize infection sites and as such adhesin-

encoding genes are subjected to a tight selective pressure demonstrated to occur both at the transcriptional 

and genomic level [283, 287, 290, 291]. The microarray analysis performed revealed only two adhesin-

encoding genes, CAGL0K10164g and CAGL0H08844g, as being up-regulated in the FFUL887 strain; 

however, this analysis was performed using planktonic cells and thereby adhesion was not being favored. 

The herein observed prominent differences in the primary sequence of the adhesins encoded by FFUL887 

and CBS138, with emphasis for CgPwp4 which was the protein that differed the most in the two strains 

(Figure III. 2), shows that these genes are also subjected to a strong selective pressure probably to select 

those variants contributing more to improve adherence to the available surfaces. Another observation that 

emerged from the comparative transcriptomic analysis performed was the significant up-regulation in the 

FFUL887 strain of genes involved in the metabolism of amino acids and of sulphur as well as a large 

number of genes involved in metabolization of fatty acids, glycogen and other carbon sources. Since the 
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RPMI growth medium where the strains were cultivated for the transcriptomic analysis contains glucose 

(20 g/L) and sulphate (50 mg/L), the higher expression of these genes in the FFUL887 strain is more likely 

to reflect a higher basal level of expression, compared to the one observed in the CBS138 strain. In C. 

glabrata the presence of glucose in the medium does not appear to repress metabolization of other carbon 

sources nor of the genes involved in those processes, as observed in S. cerevisiae [249, 262]. A similar 

alleviation of glucose repression over metabolism of alternative carbon sources was observed in C. albicans 

[251]. We have searched the genome sequence of the CBS138 and of the FFUL887 strains for genes 

homologous to those that mediate glucose repression in S. cerevisiae (Annex Table III. 4). With the 

exception of the ScMTH1 gene, all the other genes mediating glucose repression in S. cerevisiae have robust 

homologues in CBS138 and in FFUL887; however, in some cases, there were marked differences between 

the S. cerevisiae and the C. glabrata proteins those more prominent being the Mig1, Mig2 and Mig3 

transcriptional regulators (Annex Table III. 4). Further studies are required to understand the molecular 

players underlying the alleviation of glucose repression in C. glabrata and how their activity is modified 

by selective pressure during colonization. 

The increased resilience of C. glabrata to antifungal therapy and the persistent emergence of 

resistant strains is highly problematic considering the high rates of morbidity and mortality associated with 

infections caused by this pathogenic yeast. The results presented in this study provide a further contribution 

for a better understanding of the key players contributing for the acquisition of resistance in the host, with 

special emphasis on CgPdr1 transcription factor; a knowledge that can be used to guide the development 

of more efficient therapeutical strategies. In specific, it was shown for the first time that the K274Q 

substitution results in a gain-of-function CgPdr1 mutant and, consequently, in enhanced azole resistance. 

An observation of remark from our study and others was that the expression of the K274Q and of P927L 

CgPdr1 variants increases susceptibility to organic acids at a low pH, suggesting that these molecules could 

be used to sensitize azole-resistant strains dependent on CgPdr1 gain-of-function alleles. The herein 

reported whole-genome analysis of the FFUL887 strain and subsequent comparison with CBS138 strain 

reinforced the extreme genetic diversity among C. glabrata strains providing clues into the adaptive 

responses evolved during colonization of the human host and advancing current knowledge on the biology 

and physiology of this yeast species. 
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IV. Disclosing azole resistance mechanisms in resistant 

Candida glabrata strains encoding wild-type or gain-of-

function CgPDR1 alleles through comparative genomics 

and transcriptomics  
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1. Abstract 

 

The relevance of C. glabrata as a human pathogen is linked with its poor susceptibility to azoles as well as 

its extreme genomic plasticity that allows the rapid acquisition of resistance. Extensive characterization of 

azole-resistant C. glabrata strains unveiled the central role of the transcriptional regulator CgPdr1 in the 

resistance phenotype, with many strains encoding hyperactive (or gain-of-function; GOF) CgPDR1 alleles. 

Large-scale profiling of a collection of clinical C. glabrata isolates recovered in hospitals of the Lisbon 

area, in Portugal, led to the identification of eleven strains exhibiting resistance to fluconazole and/or 

voriconazole. Among these strains, ten were found to encode alleles of the CgPDR1 gene harbouring 

multiple non-synonymous SNPs that were not found in the alleles encoded by susceptible strains, including 

those resulting in the amino acid changes K274Q, I392M and I803T not previously described as GOF 

mutations. The isolates encoding these alleles were found to over-express several CgPdr1 target genes 

including the azole efflux pump CgCDR1 sustaining the idea that these represent new gain-of-function 

CgPdr1 alleles. Only one of the identified azole-resistant strains was found to encode a CgPDR1 allele fully 

identical to the one encoded by susceptible strains. To better understand the resistance phenotype of this 

strain, its transcriptome was compared with the one of a susceptible strain and of strains encoding CgPdr1 

GOF alleles. The results of this comparative transcriptomic analysis will be discussed shedding light into 

the different azole-resistance mechanisms evolved by C. glabrata, including those independent of CgPdr1 

GOF strains. 
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2. Introduction 

 

 Compared to C. albicans, non-albicans Candida species (NCAS) are generally more tolerant to 

antifungals [7] and can acquire resistance at a higher rate, specially C. glabrata [2, 3]. The increase in azole 

resistance among Candida strains threatens the successful therapeutic utilization of azoles, as confirmed by 

the prolonged hospital stays and poorer outcomes of patients colonized with azole-resistant strains [4]. The 

low susceptibility of C. glabrata to azoles is attributed to its capability of bypassing the accumulation of 

toxic sterols in the plasma membrane caused by the azole-induced inhibition of Erg11, an essential enzyme 

for ergosterol biosynthesis [16, 18, 19, 292, 293]. While in C. albicans azole resistance is largely 

determined by the occurrence of point modifications in Erg11 coding sequence, in C. glabrata this 

mechanism is very rare [16, 27-29]. The formation of mini-chromosomes harboring multiple copies of 

essential azole-resistance genes or the inactivation of the DNA repair enzyme CgMSH2 as a mean to 

increase genetic diversity are mechanisms described to mediate azole resistance in C. glabrata clinical 

isolates [48, 49, 294]. Although these mechanisms reflect the highly plastic nature of the C. glabrata 

genome, which favors the rapid acquisition of resistance to azoles in vivo and in vitro, they are not observed 

to underlie the azole resistance-phenotype of many clinical strains [as reviewed in 7]. In fact, a recent 

overview of the genes described to influence azole resistance in laboratory strains and those confirmed to 

underlie azole resistance in clinical strains shows a very modest overlap reflecting the lower amount of 

work that has been undertaken in clinical strains, compared to laboratory strains [as reviewed in 7]. Also, 

the occurrence of factors conditioning azole resistance in vivo that may not be mimicked to the studies 

conducted in vitro also contributes for some dissimilarities in the findings obtained in laboratory and in 

clinical strains. In most cases, azole resistance in C. glabrata clinical strains derives from them acquiring 

GOF mutations in the transcription regulator CgPdr1, a central player in control of response and tolerance 

to xenobiotics in yeasts [as reviewed in 62]. GOF mutations render CgPdr1 constitutively active resulting 

in a potent up-regulation of target genes even when drugs are not present. The more prominent CgPdr1 

target that is up-regulated upon CgPdr1 activation are the drug-efflux pumps CgCdr1 and CgPdh1 [7, 62] 

that are believed to play an essential role in promoting the active efflux of azoles thereby alleviating the 

deleterious effects prompted by their internal accumulation. Notably, although the outcome of the 

occurrence of CgPdr1 GOF mutations appears to be the same (constitutive activation of CgPdr1 and azole 

resistance) the molecular mechanisms underneath are apparently different since it has been observed that 

GOFs have a very different impact in C. glabrata genomic expression, probably due to different interactions 

with the transcriptional machinery [55, 117, 181]. 

 Despite the prevalence of CgPdr1 gain-of-function mutants among azole-resistant C. glabrata 

strains, resistant strains encoding wild-type CgPDR1 alleles have also been isolated [46, 47, 51, 205, 206, 

295, 296], however, these were not further investigated and therefore the underlying resistance mechanisms 

remain unknown. In the present work, we scrutinized the azole-resistance phenotype of eleven C. glabrata 

resistant strains that we have identified in the course of epidemiological surveys undertaken in Portugal. 

Ten of these strains were found to encode CgPdr1 variants, with two of them, I392M and I803T, being 

herein characterized for the first time. One strain (ISTB218) was found to encode a wild-type CgPDR1 

allele and was therefore subjected to comparative transcriptomic and genomic analyses (using two 
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susceptible strains as references) to shed light into genes and pathways that could mediate azole resistance 

in vivo, beyond CgPdr1. 
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3. Methods 

 

3.1. Strains, clinical isolate collections and growth media used 

The different clinical isolates and laboratorial strains (CBS138, SKY107 and LYS2) are detailed in 

Annex Table IV. 1. This work resorted to 1269 clinical isolates identified as belonging to the Candida 

genus by MALDI-TOF and retrieved from samples obtained from patients attending hospitals of the Lisbon 

area during the period of 2015-2017. Besides these, another cohort of resistant clinical isolates gathered 

during the previous epidemiological survey presented in Chapter III  were also used (FFUL412, FFUL443, 

FFUL674, FFUL830, FFUL866, FFUL878 and FFUL887)[55]. The full list of isolates is presented in 

Annex Table IV. 1. Strains were cultivated in YPD [20g/L of glucose (Merck), 20 g/L bactopeptone (Difco) 

and 10 g/L yeast extract (Difco)], in RPMI media [20.8 g/L RPMI-1640 synthetic medium (Sigma), 36 g/L 

glucose (Merck Millipore), 0.3 g/L of L-glutamine (Sigma) and 0.165 mol/L of MOPS (Sigma)] or in MM 

media [20 g/L of glucose or N-acetylglucosamine (Sigma), 1.7 g/L yeast nitrogen base without amino acids 

and ammonium (Difco) and 2.65 g/L ammonium sulphate (Merck)].  

 

3.2. Plasmids 

 Plasmid pYR29-MycHis_CgPDR1, which expresses CgPDR1 from its natural promoter and 

terminator, was used to complement the deletion of CgPDR1 in SKY107 (ȹpdr1) and LSY2 

(ȹpdr1ȹgal11a) backgrounds (detailed in Table IV. 1).  To obtain the pYR29-MycHis_CgPDR1 plasmid 

the coding sequence of the CgPDR1 gene, along with promoter and terminator, were amplified from 

plasmid pSP76 and inserted in the NotI/BamHI sites of the pYR29-MycHis_CgAFT1 plasmid [297]. Using 

pYR29-MycHis_CgPDR1 as a template, three derivative plasmids were generated to allow expression of 

the CgPDR1 mutants A820C (yielding the K274Q substitution), T1176G (yielding the I392M substitution) 

and T2408C (yielding the I803T substitution). Codon substitution was obtained by amplification of the 

plasmid pYR29-MycHis_CgPDR1 plasmid with PfuUltra High-Fidelity DNA polymerase (Agilent) using 

the mutagenic primers detailed in Table IV. 1. The PCR product was treated with 2U DpnI (New England 

BioLabs) for 1h at 37ºC, followed by self-ligation overnight, at 16ºC, using 10U T4 polynucleotide kinase 

and 400U T4 ligase (both enzymes from New England BioLabs). The resulting product was transformed in 

E. coli DH5Ŭ competent cells by classical transformation and constructs verified by Sanger sequencing. 

  

3.3. Azole susceptibility testing of the clinical isolates collected in this study 

 A total of 479 C. albicans and C. glabrata isolates were profiled for their resistance to fluconazole 

and voriconazole. In an initial step, the isolates were cultivated for 17h in YPD in 96-microwell plates (at 

30°C and with an orbital agitation of 200 rpm) after which cell suspensions were prepared (in water) and 

inoculated (at an initial OD530 nm of approximately 0.0125) in 96-microwell plates containing RPMI either 

or not supplemented with: 4 mg/L of fluconazole or 0.25 mg/L of voriconazole for C. albicans strains, and 
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32 mg/L of fluconazole or 2 mg/L of voriconazole for C. glabrata strains. After 24h, the optical density of 

the cultures was determined and isolates whose growth in the presence of the azoles was, at least, 25% 

lower than the one observed in drug-free medium, were considered candidates as being resistant strains and 

were selected for downstream analysis. For these strains, it was determined the MIC (minimum inhibitory 

concentration) for fluconazole or voriconazole using the highly standardized microdilution method 

recommended by EUCAST [298]. To classify the strains as resistant or susceptible to these azoles we 

compared the MICs with the breakpoint values established for fluconazole (32 mg/L for C. glabrata and 4 

mg/L for C. albicans) and with the ECOFF value established for voriconazole (1 mg/L for C. glabrata and 

0.25 mg/L for C. albicans). 

 

3.4. Sequencing of CgPDR1 allele encoded by the azole-resistant Candida glabrata 

isolates. 

 To sequence the CgPDR1 gene encoded by the azole-resistant C. glabrata isolates, genomic DNA 

was obtained and used as a template to amplify, by PCR, the CgPDR1 gene. To obtain DNA from the 

isolates two loops of biomass were added to approximately 100 µL of glass beads (0.5 mm) and 200 µL 

lysis buffer (Tris 50 mM, EDTA 50 mM, NaCl 250 mM, SDS 0.3 %). The tubes were vortexed for 2 min 

at maximum speed, incubated at 65ºC for 1h and put on ice for 2 min. The disrupted cell suspension was 

afterwards vortexed, centrifuged at 13000 rpm for 15 min at 4ºC and DNA precipitation was promoted by 

adding 20 µL of NaAc 3M (pH 4.8) plus 400 µL of cold ethanol to the recovered supernatant. The samples 

were left at -20ºC for at least 30 min and then centrifuged at 13000 rpm, during 20 min at 4ºC. The pellet 

obtained was washed with 500 µL of ethanol 70%, and then centrifuged at 13000 rpm during 8 min at 4ºC. 

The supernatant was discarded, and the pellet dried in speed vacuum. The obtained DNA was resuspended 

in 30 µL deionized water. The extracted DNA was used as a template to amplify CgPDR1 by PCR and the 

corresponding PCR was sequenced (at least twice and using independent PCR products) at STAB Vida 

(Portugal) as a paid service.  

 

3.5. Assessment of CgCDR1 and CgPUP1 expression in azole-resistant strains. 

 The transcript levels of CgCDR1 and CgPUP1 genes were compared in seven azole-resistant 

strains and in CBS138 during exponential growth by RT-PCR.  For this, cells were grown in YPD at 30ºC 

with orbital agitation (250 rpm) overnight and then inoculated in 150 mL of RPMI with an initial OD of 

0.1 and grown at 30ºC and 250 rpm orbital shake. When the OD600 nm of the cultures were achieved 

approximately an OD of 2 cells were harvested by centrifugation (8000xg, 7 min, 4°C ï Beckman J2.21 

Centrifuge, rotor JA.10) and immediately frozen at -80ºC until further use. RNA extraction was performed 

using the hot-phenol method. Conversion of the recovered RNA from the different cultures into cDNA was 

performed using 1 ɛg of RNA in the C1000 Thermal Cycler (Bio-Rad, Hercules, USA). The subsequent 

quantitative PCR step was performed using 2.5 ɛL of the cDNA and SYBRÈ Green super mix (BioRad) 
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in the 7500 Real-Time PCR System (Applied Biosystems). Primer sequences used are available in Table 

IV. 1.  

 

3.6. Comparative transcriptomics of azole resistant isolates FFUL443, FFUL674 and 

ISTB218 with laboratory strain CBS138 

 Transcriptomic profile of isolates FFUL443, FFUL674 and ISTB2018 was compared during 

exponential growth in RPMI medium using a species-specific DNA microarray for C. glabrata [281]. For 

this, an individual colony of the FFUL443, FFUL674 and ISTB218 isolates was inoculated in YPD at 30ºC 

with orbital agitation (250 rpm) overnight and then re-inoculated (at an initial OD600nm of 0.1) in 150 mL 

of RPMI and left to grow at 30ºC and 250 rpm orbital shake. When the OD600nm of the cultures achieved 2 

(corresponding to mid-exponential phase) cells were harvested by centrifugation and immediately frozen 

at -80ºC until further use. RNA extraction was performed using RiboPureTM RNA Isolation Kit (Ambion, 

Life Technologies, CA). The quality and integrity of the purified RNA was confirmed in a Bioanalyzer. 

cDNA synthesis, hybridization, and scanning were performed using the Agilent protocol for two-color 

Microarray-Based Gene Expression Analysis Low Input Quick Amp Labeling v6.9 (Agilent Technologies), 

according to the manufacturerôs instructions. One hundred nanograms of total RNA were used to synthesize 

labeled cDNA (with Cyanine 3-CTP), using Agilent T7 Promoter Primer and T7 RNA polymerase Blend 

(Agilent Technologies, Cat.5190ï2305). Six hundred nanograms of labelled cDNA were hybridized in the 

microarray. Hybridizations were carried out using Agilent gasket slides in a rotating oven for 17 h at 65°C. 

Slides were then washed following manufacturerôs instructions and scanned in an Agilent G2565AA 

microarrays scanner. Probes signal values were extracted using Agilent Feature Extraction Software. Data 

were normalized using median centering of signal distribution with Biometric Research Branch BRB-Array 

tools v3.4.0 software [299]. Final statistical analysis was carried out using LIMMA package in MeV 

software (MultiExperiment Viewer 4.8.0) [300] with a cut-off p-value of 0.1. Data was deposited at GEO 

with reference number GSE166841. 

 

3.7. Genomic profiling of isolates ISTB218 (azole-resistant) and ISTA29 (azole-

susceptible) 

 ISTB218 and ISTA29 cells were cultivated in YPD growth medium (up to an OD600nm of Ḑ3.0) 

and then centrifuged at 5000 rpm for 5 min at 4°C. The pellet was resuspended in 1 ml solution A (1 M 

Sorbitol (Sigma); 0.1 M EDTA (tetrasodium salt dehydrate) at pH 7.5). Afterwards, 10 mg/mL zymolyase 

(Zymo research) was added to the cellular suspension and the solution was incubated at 37°C until 

protoplast formation. The suspension was centrifuged at 5000 rpm for 5 min and the pellet resuspended in 

1 mL solution B (50 mM Tris-HCL at pH 7.4 (Sigma-Aldrich), 20 Mm EDTA). After this step, 30ɛL of 

SDS (10%) was added to the mixture and this was left for 30 min at 65°C. Potassium acetate (250vɛL, 5 

M; Merck) was subsequently added and the mixture was left for 1 h on ice. The suspension was clarified 

by centrifugation (10000 rpm for 10 min), and the supernatant was transferred to two fresh microfuge tubes. 

One volume of cold isopropanol was used to precipitate the pellet followed by centrifugation at 5000 rpm 
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for 15 min. Supernatant was discarded, and the resulting pellet was incubated in 1 mL ethanol 70% during 

5 min and washed with ethanol 70% twice. The pellet was then dried in speed vacuum and resuspended in 

200 ɛL TE (pH7.4). Whole-genome sequencing was performed using Illumina HiSeq at CD Genomics, as 

a paid-service. Two rounds of paired-end sequencing were performed resulting in approximately 16 million 

reads for ISTB218 and 7 million reads for ISTA29, with an average size of 150 bp. The obtained reads for 

the two isolates were trimmed based on quality and then mapped against the genome of CBS138 for calling 

of SNPs and Indels using the tools available on CLC Genomics Workbench V21.0.1. Data concerning this 

whole-genome sequencing project was deposited at NCBI under the tag of Bioproject PRJNA699880. 

 

3.7. Susceptibility assays to fluconazole of ȹCgpdr1 and ȹCgpdr1ȹCggal11a Candida 

glabrata cells expressing different CgPDR1 alleles.  

 SKY107 (ȹCgpdr1) cells or LYS2 (ȹCgpdr1ȹCggal11a) cells were transformed with the pYR29-

MycHis_CgPDR1 plasmid to drive the expression of the wild-type CgPDR1 allele; or with the engineered 

plasmids pYR29_Myc-HIS_CgPDR1A820C, pYR29-Myc-HIS_CgPDR1T1176G and pYR29-Myc-

His_CgPDR1T2408C to drive the production of the GOF variants K274Q, I392M or I803T, respectively. The 

transformants were cultivated overnight, at 30ºC and with an orbital agitation of 250 rpm, in minimal 

medium without uracil and on the next day the cells were re-inoculated in fresh MM medium at an OD600nm 

of 0.1. The cells were left to grow (at 30ºC and with an orbital agitation of 250 rpm) until mid-exponential 

phase (DO600nm~0.8) and used to prepare a cell suspension (in PBS) with an OD600nm of 0.05. 4 µL of this 

cell suspension and of corresponding 1:4 and 1:16 of it were applied as spots onto the surface of solid MM 

or YPD either or not supplemented with the indicated concentrations of fluconazole. For the determination 

of MICs for fluconazole in these transformants the same procedure detailed above for the clinical isolates 

was used. 
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Table IV. 1. List plasmids and primers used in this study. In the case of the plasmids it is also provided 

their origin while in the case of the primers it is indicated for which their application was used for. 

Plasmid Plasmid Description Reference 

pSP76 Plasmid that drives expression of CgPDR1 from 

its natural promoter and terminator 

Khakhina, S, et al. 2018 

pYR29_Myc-

HIS_CgPDR1WT 

Plasmid that drives expression of CgPDR1 from 

its natural promoter and terminator 

This study 

pYR29_Myc-

HIS_CgPDR1A820C 

Plasmid that drives the gene expression and 

consequent production of the K274Q CgPdr1 

mutant from its natural promoter and terminator 

This study 

pYR29-Myc-

HIS_CgPDR1T1176G 

Plasmid that drives gene expression and 

consequent production of the I392M CgPdr1 

mutant from its natural promoter and terminator 

This study 

pYR29-Myc-

His_CgPDR1T2408C 

Plasmid that drives gene expression and 

consequent production of the I803T CgPdr1 

mutant from its natural promoter and terminator 

This study 

Primer ID  Sequence (5ô- 3ô) Used for 

CgPDR1_FW1 CTTCCATTACTTCGTACCC CgPDR1 amplification 

and sequencing 

CgPDR1_FW2 GCCTAGTACAAGAAGAACAAAAGTTG CgPDR1 sequencing 

CgPDR1_FW3 TCCATTGACGCCATTGAGTTACAAC CgPDR1 sequencing 

CgPDR1_FW4 TTACGACCGCAATTTGGACTCAGAGG CgPDR1 sequencing 

CgPDR1_REV4 CACACTAAGATCCATTGGCTTTTGAAT CgPDR1 sequencing 

CgPDR1_REV3 CAGAGTGCCAAAGTATGCAGCCTT CgPDR1 sequencing 

CgPDR1_REV2 CGGCGAGGGTAAATTCAACTGATAC CgPDR1 sequencing 

CgPDR1_REV1 GACAGTGTGCATAGCCTG CgPDR1 amplification 

and sequencing 

K274Q_FW AAGATTAATGAAAGTGCCACCACTCAGTC

ACTTGAAACAAACTTG 

Site directed mutagenesis 

K274Q_RV CAAGTTTGTTTCAAGTGACTGAGTGGTGG

CACTTTCATTAATCTT 

Site directed mutagenesis 

I392M_FW GATATCGATGGCCAACCCGTTAG Site directed mutagenesis 

I392M_RV GACTCTTCATTGATATGGTGAACAC Site directed mutagenesis 

I803T_FW ATGAATGAAACTATCCTAAGTATGG Site directed mutagenesis 

I803T_RV TACTTTCCAGTGCTCATATAGTC Site directed mutagenesis 

CgPDR1_FW_RT GCTTGCCCGCACATTGA qPCR 

CgPDR1_REV_RT CCTCAGGCAGAGTGTGTTCTTTC qPCR 

CgPUP1_FW_RT CACTGGTGCGCTGAAAGGTG qPCR 

CgPUP1_REV_RT TGTCCCAGGCTATCTTTGCC qPCR 

CgRDN25_FW_RT AACAACTCACCGGCCGAAT qPCR 

CgRDN25_REV_RT CAAGCGTGTTACCTATACTCCGCCGTCA qPCR 

 



 

 

70 

 

4. Results  

 

4.1. Distribution of Candida species among a cohort of isolates recovered across 

epidemiological surveys undertaken in Portugal 

 For the present study, we made use of 1270 Candida clinical isolates collected from patients 

attending hospitals in the Lisbon area, in Portugal, between 2015 and 2017. C. albicans was, by far, the 

species more frequently isolated comprising 922 isolates, followed by C. glabrata (154 isolates), C. 

tropicalis (62 isolates), C. parapsilosis (61 isolates), C. krusei (40 isolates), C. lusitanae (12 isolates), C. 

kefyr (10 isolates) and the rare C. guilliermondii (2 isolates), C. dubliniensis, C. sake and C. inconspicua 

(1 isolate each) (Figure IV. 1 and Annex Table IV. 1). Around 92% of the isolates examined were retrieved 

from non-sterile sites including vaginal exudates, urine, skin, or feces, the remaining being retrieved from 

sterile products like hemocultures (Annex Table IV. 1). C. albicans was the more frequent species isolated 

from all types of products, in line with the described versatility of this species as a human colonizer [301]. 

C. glabrata was, in almost all cases, the second more frequently isolated species (Figure IV. 1). It was of 

note the isolation of C. tropicalis, C. parapsilosis, C. krusei and C. kefyr in hemocultures, consistent with 

their reported ability to cause invasive candidiasis, including C. kefyr whose relevance in candidemia is 

poorly studied but increasing [302, 303]. Since MALDI-TOF cannot clearly distinguish C. albicans from 

its closely related variant C. albicans var africana [304, 305] and in Portugal this biovariant has not been 

described, we profiled our cohort of C. albicans strains for growth in minimal media having N-

acetylglucosamine as the sole source of carbon as C. albicans var africana cells are unable to use this 

carbon source [304]. Eight C. albicans var africana strains could be identified, seven being recovered from 

vaginal exudates, consistent with the human genitourinary tract being its primary colonization niche [304, 

305](Annex Table IV. 1). 

 

4.2. Profile of resistance to fluconazole and voriconazole among the Candida albicans 

and Candida glabrata strains 

 We randomly selected 401 C. albicans and 78 C. glabrata strains (details in Annex Table IV. 1) 

for a profile of resistance to fluconazole and voriconazole. The strains were first phenotyped for their ability 

to grow in the presence of concentrations of fluconazole and voriconazole equal to the resistance 

breakpoints defined by EUCAST (32 mg/L of fluconazole and 1 mg/L of voriconazole for C. glabrata and 

4 mg/L of fluconazole and 0.25 mg/L of voriconazole for C. albicans). Isolates exhibiting a growth 

reduction in the presence of the azoles of, at least, 25% of the growth registered in drug-free medium were 

selected for individual determination of the MIC of the two azoles (Annex Table IV. 1). This analysis led 

to the identification of 13 C. albicans and 4 C. glabrata isolates with MICs for fluconazole and voriconazole 

above the resistance breakpoint, while two C. albicans isolates (ISTB16 and ISTB284) could only be 

considered resistant to fluconazole (further details in Annex Table IV. 1).  
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Figure IV. 1. Species distribution of the collection of Candida isolates examined in this work according to 

the product they were retrieved from. Species of the Candida genus were identified on MALDI-TOF 

profiling. 

 

4.3. Sequencing of the CgPDR1 allele encoded by the azole-resistant Candida 

glabrata isolates. 

 We focused then on the four identified C. glabrata azole-resistant strains identified in our cohort: 

ISTB218, ISTA56, ISTB607, ISTB556. We started by examining the sequence of the CgPDR1 allele 

encoded by these strains with the results being shown in Table IV. 2. (Annex Table IV. 2 provides further 

details). We also included in this analysis six C. glabrata azole-resistant strains (FFUL412, FFUL443, 

FFUL674, FFUL830, FFUL866 and FFUL878) recovered from previous epidemiological surveys and that 

were also identified by our laboratory as azole resistance but whose underlying resistance mechanism was 

not further characterized [55](Chapter III). The CgPDR1 gene encoded by all the examined strains 

exhibited the non-synonymous substitutions S76P, V91I, L98S, T143P and/or D243N, previously described 

to occur both in azole susceptible and resistant C. glabrata strains (Table IV. 2 and Annex Table II. 1). Two 

of the azole-resistant isolates encode the demonstrated R376W (ISTB556, ISTB607) GOF CgPdr1 variant 

[51], while isolates FFUL866/FFUL830, FFUL412/FFUL443, ISTA56 and FFUL674 encode CgPDR1 

alleles with the E555K, I392M, G558C and I803T substitutions. All these substitutions were previously 

identified in azole-resistant strains but not in susceptible ones for which they were considered to represent 

CgPdr1 GOF variants and to mediate the azole-resistance phenotype of the strains [6, 47, 51, 208, 296]. In 

line with this idea, isolates expressing these CgPDR1 alleles (FFUL830, ISTA56 and ISTB607) over-

express (comparing to the susceptible reference CBS138 strain) the CgPdr1-targets CgCDR1 and CgPUP1 

during growth in unsupplemented RPMI medium, a phenotype observed in strains expressing CgPDR1 

GOF alleles [51] (Figure IV. 2 panel A). Isolate ISTB218 was found to encode a CgPDR1 allele with no 

other modification besides those also observed in the susceptible strains (Table IV. 2). 
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Table IV. 2. Results obtained upon sequencing of the CgPDR1 gene from the seven azole-resistant Candida 

glabrata strains examined in this study. The non-synonymous modifications found in the coding sequencing 

of the CgPDR1 gene encoded by the strains are compared with the one of the azole-susceptible reference 

strain CBS138. Those modifications demonstrated before as CgPdr1 GOF variants are marked in black 

boxes, while those previously reported in azole-resistant strains but not in susceptible ones are indicated in 

grey boxes. SNPs described in azole susceptible and resistant strains are underlined. The herein described 

I392M and I803T substitution is indicated in the orange box. 

Strain/Position 76 91 98 143 173 243 274 376 392 555 558 803 

CBS138 S V L T D D K R I E G I 

FFUL412/FFUL443 P I S P     M    

FFUL674  I S   N      T 

FFUL830/FFUL866  I S   N    K   

FFUL878/FFUL887  I S   N Q      

ISTA56  I S   N     C  

ISTB556/ISTB607  I S   N  W     

ISTB218  I S   N       

 

4.4. The I803T and I392M substitutions are new gain-of-function CgPdr1 variants. 

 The azole-resistant C. glabrata isolates FFUL443 and FFUL674 encode CgPDR1 alleles, resulting 

in the aminoacid substitutions I392M and I803T respectively, that were observed in azole-resistant strains 

but not further studied [6, 51]. To test whether these two substitutions indeed represent new CgPdr1 GOF 

variants, the expression of the CgPdr1-target genes CgCDR1 and CgPUP1 was compared in isolates 

FFUL443 and FFUL674 and in the azole susceptible strain CBS138 during growth in drug-free RPMI 

medium (Figure IV. 2 panel A). These two genes were selected among those comprising the CgPdr1 regulon 

because they are the sole CgPdr1 targets consistently up-regulated by strains encoding CgPDR1 GOF 

alleles [51]. The two isolates clearly over-expressed (comparing with the transcript levels produced in the 

azole-susceptible CBS138 strain) CgCDR1, while CgPUP1 was only over-expressed in FFUL443 (Figure 

IV. 2 panel A). Global transcriptomic profiling of FFUL443, FFUL674 and CBS138 strains during growth 

in RPMI medium further revealed that, compared to the transcript levels of the CBS138 strain, the isolates 

over-express 87 (for the FFUL443 strain) and 44 (for the FFUL674 strain) genes described to be activated 

by CgPdr1, including 6 (CAGL0K09702g, CgCDR1, CgPDH1, CgPUP1, CgQDR2, CAGL0A01650g, 

CgNCE103) directly regulated by this transcription factor (Figure IV. 2 panel B and Annex Table IV. 3 and 

Annex Table IV. 4) - according with the information available in the PathoYeastract database [141]. This 

observation supports the idea that the herein described I803T and I392M CgPdr1 variants are GOF mutants. 

To clearly demonstrate this, we ectopically expressed CgPDR1 gene individually expressing these 

substitutions in a ȹCgpdr1 background (Figure IV. 2 panel C). The results obtained confirmed that both 

substitutions significantly enhance tolerance to fluconazole, compared with the tolerance provided by a 

wild-type CgPDR1 allele (Figure IV. 2 panel C). The K274Q mutation described in the previous Chapter 

II I [55] was confirmed to have the same protective effect as the other two GOFs. 
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Figure IV. 2. Comparative gene and genomic expression between the azole-susceptible strain Candida 

glabrata CBS138 and the azole-resistant isolates FFUL443 and FFUL674, encoding a CgPDR1 allele that 

harbors the not previously described non-synonymous substitution I392M and I803T. (A) The expression 

of CgCDR1 and of CgPUP1 was compared in CBS138, FFUL443 and FFUL674 cells during cultivation 

in drug-free RPMI medium until mid-exponential phase. The level of expression registered in the CBS138 

was set at 1 and the other values compared with that. The transcript levels of CgRDN25 were used as an 

internal control. The expression level of these two described CgPdr1-target genes was also monitored in 

isolates, FFUL830 and ISTA56 encoding, respectively, E555K and G558C, also found in azole-resistant 

isolates. As a positive control, the expression of CgPUP1 and CgCDR1 genes in ISTB607 strain was also 

monitored, encoding the demonstrated CgPdr1 GOF variant R376W. (B) Venn diagram showing the 

number of CgPdr1 documented activated genes (according to the information available in the 

PathoYeastract database) found to be over-expressed in the transcriptome of isolates FFUL443 and 

FFUL674 cultivated in the same growth conditions (compared with transcript levels registered in the azole-

susceptible strain CBS138). (C) MIC for fluconazole assessed by the recommended EUCAST 

microdilution method obtained for SKY107 cells transformed with plasmid pYR29-MycHis which drives 

expression of CgPDR1 from its natural promoter and terminator and in the derived plasmids that encode 

the CgPDR1 allele with the individual substitutions I392M and I803T. As a control, the described CgPdr1 

GOF variant K274Q was also used.  
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4.5. The I392M and K274Q CgPdr1 gain-of-function variants rely on the mediator 

subunit CgGal11A to enhance tolerance to fluconazole in Candida glabrata, while 

only a partial dependence for  CgGal11A is observed for cells encoding the I803T 

variant.   

 The role of the CgGal11A mediator complex in activating CgPdr1 upon exposure of C. glabrata 

cells to azoles has been demonstrated [105, 181] but different CgPdr1 GOF variants have been found to 

depend on different degrees of this transcriptional regulatory complex component [181].  Therefore, we 

examined the effect of deleting this subunit in the ability of the CgPdr1I392M and CgPdr1I803T variants to 

increase resistance to azoles (Figure IV. 3). For the sake of comparison, we have also included in this 

experiment the previously characterized CgPdr1K274Q GOF allele (Chapter III)[55]. As expected, the ability 

of a wild-type CgPDR1 allele to restore tolerance to fluconazole in a ȹCgpdr1 mutant was fully dependent 

on CgGAL11A (Figure IV. 3 and Annex Figure IV. 1). A similar dependence was also observed in cells 

producing the K274Q and I392M variants, although cells devoid of CgPDR1 and CgGAL11A were more 

tolerant to fluconazole in YPD when expressing the gene encoding the CgPdr1I392M GOF variant than when 

expressing the wild-type (Figure IV. 3). In ȹCgpdr1 cells expressing the gene encoding the CgPdr1I803T 

allele we could not detect a significant effect in tolerance to fluconazole upon the deletion of CgGAL11A, 

nor in YPD nor in minimal medium (Figure IV. 3). The results of these susceptibility assays undertaken in 

solid medium supplemented with fluconazole were consistent with the MICs for fluconazole obtained with 

the same ȹCgpdr1 and ȹCgpdr1ȹCggal11a strains expressing the different CgPDR1 alleles (shown in 

Annex Figure IV. 1).  
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Figure IV. 3. Influence of the CgGal11A mediator subunit in tolerance to fluconazole of Candida glabrata 

cells producing the wild-type or the gain-of-function K274Q, I392M and I803T CgPdr1 variants. ȹCgpdr1 

(SKY107) or ȹCgpdr1ȹCggal11a (LYS2) cells were transformed with the pYR29-MycHis_CgPDR1 

plasmid (which drives expression of CgPDR1 from its natural terminator and promoter) or with the derived 

plasmids pYR29-MycHis_CgPDR1A820C, pYR29-MycHis_CgPDR1T1176G or pYR29-

MycHis_CgPDR1T2408C, encode the corresponding K274Q, I392M and I803T variants, and were used to 

compare susceptibility to fluconazole by spot assay in MM or in YPD rich medium. Final cell suspension 

of mid-exponential phase cells was prepared with an OD600nm of 0.05 and dilutions of the cell suspension 

are spotted. Growth was compared after two to three days of incubation at 30ºC, depending on the severity 

of growth inhibition. 

 

4.6. OMICS profiling of the azole-resistant isolate Candida glabrata ISTB218, 

encoding a ñwild-typeò CgPDR1 allele 

 The azole-resistant isolate C. glabrata ISTB218 encodes a CgPDR1 allele not having non-

synonymous substitutions that could be linked with azole-resistance and was therefore subjected to a 

genomic and transcriptomic profiling to elucidate the underlying resistance mechanism exhibited by this 

strain. During cultivation in RPMI growth medium 490 genes could be considered differently expressed 

(above a threshold level of 2-fold) in the ISTB218 isolate and in CBS138, 250 genes being more transcribed 

in the isolate and 240 genes more expressed in the lab strain (Annex Table IV. 5). Only 1 gene documented 

to be directly regulated by CgPdr1 was found among the genes up-regulated in ISTB218 (the ORF 

CAGL0A01650g, with unknown function) (Annex Table IV. 5). These observations are consistent with 

ISTB218 encoding a ñwild-typeò CgPdr1, inactive when cells are growing in the absence of a xenobiotic 

[62]. Three genes documented to confer protection against azoles in C. glabrata were found to be over-

expressed in the ISTB218 isolate including the transcriptional regulator CgMIG1; CAGL0I10923g, 

predicted to be involved in the biosynthesis of lipoic acid; and CgRCN1, encoding a positive regulator of 
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the calcineurin pathway (Table IV. 3). CgRCN2 and the two calmodulin-dependent protein kinases, 

described inhibitors of the C. glabrata calcineurin pathway [306], were down-regulated in the ISTB218 

strain (Table IV. 3). Altogether these observations are consistent with the idea that calcineurin signaling 

can be more active in ISTB218 cells. The transcriptomic profiling also revealed the up-regulation in the 

ISTB218 strain of CAGL0L03828g, predicted to encode a cytochrome b5/NADH cytochrome b5 reductase 

electron transport system that in S. cerevisiae was shown to mediate sterol 14alpha-demethylation (the 

reaction catalyzed by Erg11 [307]); and of CAGL0F05137g, encoding a predicted transporter of sterols 

between the ER and the plasma membrane (Table IV. 3). Sixteen genes whose deletion improves tolerance 

to azoles in C. glabrata were found to be down-regulated in ISTB218 out of which the more prominent was 

CAGL0M08624g, encoding a protein of unknown function (down-regulated around 15-fold), and the 

mitochondrial genes CAGL0K01419g and CAGL0L12320g (Table IV. 3 and Annex Table IV. 5). 

 Previous comparative genomic analyses involving C. glabrata clinical isolates and the CBS138 

strain revealed a massive number of SNPs, making very difficult the establishment of relevant genotype to 

phenotype associations [55, 67, 283]. Thus, besides performing the whole-genome sequencing of ISTB218 

we have also sequenced a randomly selected azole susceptible strain, ISTA29. The genomic structural 

alterations registered in these two strains, using CBS138 as a comparative platform, led to 700 non-

synonymous SNPs that were only found in the azole-resistant strain ISTB218 (Annex Table IV. 6). It was 

evident that the genes involved in adhesion were those more divergent between ISTB218, ISTA29 and 

CBS138 strains (Figure IV. 4), this being in line with the results obtained in previous genomic comparisons 

involving CBS138 and clinical strains [55, 283]. Seventeen documented azole-resistance genes were found 

to harbor specific SNPs in the azole-resistant ISTB218 strain the adhesins CAGL0L00157g and 

CAGL0C00231g, the protein kinase CgSLT2, the ABC transporters CgSNQ2 and CgPDR12, the CgJJJ1 

negative regulator of CgPdr1 activity, the transcriptional regulator CgRPN4 or the sterol transporters 

CgTIR3 and CAGL0F03267g (Table IV. 4 and Annex Table IV. 6). We could not detect SNPs in the coding 

sequences of CgMSH2 or CgERG11, in line with previous genomic analyses undertaken with other azole-

resistant isolates that also failed to identify modifications in these genes [55, 283]. We could also identify 

20 genes exhibiting frame-shifts leading to premature truncations in ISTB218 isolate (Annex Table IV. 6). 

Of these, only the inactivation of CAGL0J00847g, a subunit of the succinate dehydrogenase complex, 

results in improved tolerance to azoles [40]( Table IV. 4 and Annex Table IV. 6). The observed truncation 

in the ISTB218 strain of the aquoporine CAGL0D00154g (similar to ScAqy1) (reported previously in 

another clinical strain [283] was also interesting considering that transcript levels of its homologue 

CAGL0A01221g were also strongly down-regulated in these cells (Annex Table IV. 5 and Annex Table IV. 

6). 



 

 

77 

 

 

Figure IV. 4. Number of non-synonymous single-nucleotide polymorphisms found upon the comparison of 

gene sequences encoded by the azole-resistant strain ISTB218 and the azole-susceptible strains CBS138 

and ISTA29. The names of adhesin-encoding genes are depicted in the figure to denote the high number of 

SNPs found in these sequences encoded by the azole-resistant strain ISTB218. Those adhesins that are 

described to provide protection against azoles in C. glabrata are highlighted in blue. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table IV. 3. Results from the comparative transcriptomic analysis between the azole-resistant Candida 

glabrata strain ISTB218 and the azole-susceptible strain CBS138 during growth in RPMI medium until 

mid-exponential phase, as suggested by DNA microarray analyses. A selected set of genes found to be 

differently transcribed (above or below 2-fold) in the two strains (the full list is available in Annex Table 

IV. 5) is shown in this table, along with the description of their function and the reported outcome of gene 

deletion in tolerance to azoles in C. glabrata (green denotes a gene whose deletion results in improved 

tolerance to azoles; in red denotes a gene whose deletion results in decreased susceptibility to azoles). 
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C. glabrata ORF/ 

Standard Name 

S. cerevisiae 

ortholog 

mRNA ISTB218/ 

mRNA CBS138 

Function 

Metabolism and transport of sterols 

CAGL0L03828g CYB5 2,92 Ortholog(s) have electron transfer activity and possible role in ergosterol biosynthetic process 

CAGL0I10923g LIP5 2,49 Ortholog(s) have role in protein lipoylation 

CAGL0F05137g PRY2 4,66 Ortholog(s) have a role in transport of sterols  

Cell signalling 

CAGL0J04158g/CgRCN2 RCN2 -2,50 Negative regulator of the calcineurin-Crz1p pathway 

CAGL0F04741g CMK2 -2,40 Predicted calmodulin-dependent protein kinase  

CAGL0K10604g CMK1 -2,36 Predicted calmodulin-dependent protein kinase  

CAGL0E06248g/CgRCN1 RCN1 2,10 Positive regulator of the calcineurin pathway  

Other functions 

CAGL0A01221g AQY1 -9,05 Predicted acquaporine 

CAGL0F00957g/CgTPD3 TPD3 -2,83 Putative serine/threonine protein phosphatase 

CAGL0H00847g HUT1 -2,28 Ortholog(s) are involved in UDP-glucose transmembrane transport 

CAGL0K01243g MRPL25  -2,02 Predicted mitochondrial large ribosomal subunit 

CAGL0C01331g   HPM1 -2,18 Ortholog(s) have a role in positive regulation of translational fidelity and ribosomal large subunit assembly 

CAGL0C02541g BDF1 -2,22 Ortholog(s) have TFIID-class transcription factor complex binding 

CAGL0K12056g RSM10 -2,25 Predicted role in translation in the mitochondria 

Unknown function 

CAGL0A02299g no ortholog -14,59 Unknown  

CAGL0G01628g YNL035c -2,24 Unknown 

Transcription 

CAGL0A01628g/CgMIG1 MIG1 2,31 Transcriptional activator  

CAGL0K01419g MTF2 -3,02 Ortholog(s) are involved in mitochondrial translation  

CAGL0L12320g GEP5 -2,90 Ortholog(s) are involved in mitochondrial translation  

CAGL0F05577g MSS116 -2,60 Ortholog(s) have ATP-dependent RNA helicase activity 

CAGL0I06380g/CgRPM2 RPM2 -2,27 Mitochondrial RNase P precursor 

CAGL0M08624g MSW1 -2,24 Ortholog(s) have tryptophan-tRNA ligase activity 

CAGL0C02541g BDF1 -2,22 Ortholog(s) have TFIID-class transcription factor complex binding 
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Table IV. 4. SNPs identified in the gene sequences encoded by the azole-resistant ISTB218 strain but not by the azole susceptible strains ISTA29, as suggested upon whole-

genome sequencing of the clinical strains and subsequent comparison with the available genomic sequence of CBS138. It is indicated the alteration found in the coding sequence 

of the gene encoded by the ISTB218 strain and the effect that deletion of genes have on azole tolerance. In green denotes a gene whose deletion results in improved tolerance 

to azoles; in red denotes a gene whose deletion results in decreased susceptibility to azoles. Fs, denote changes exhibiting frame-shifts resulting in premature truncation. 

C. glabrata ORF/ Standard 

Name 

S. cerevisiae ortholog 

Function 
ISTB218 amino acid modification  

(comparing with CBS138) 

CAGL0F03267g LAM4 
Orthologs bind and perform inter-membrane transfer of 

sterols 

Insertion of LysSerAspAlaHisSer between Ser231 

and His232  

CAGL0C03872g/CgTIR3 TIR3 
Putative GPI-linked cell wall protein involved in sterol 

uptake 
Deletion between Val152 and Ser166 

Cell signaling  

CAGL0J01892g/ 

CgPAN1 
PAN1 Ortholog(s) have a role in actin cortical patch assembly,  Gln104fs 

CAGL0I06512g/ 

CgBEM2 
BEM2 Ortholog(s) have a role in actin cytoskeleton organization Val1095Ile 

CAGL0B02211g/CgCCH1  CCH1 
Putative calcium transporter; required for viability upon 

prolonged fluconazole stress 
Tyr1585Ser 

CAGL0J09702g/ 

CgACK1 
ACK1 

Ortholog(s) have a role in the regulation of the cell wall 

integrity pathway 
Gly627fs 

CAGL0J00539g/ 

CgSLT2 
SLT2 Protein kinase mediates the cell wall integrity pathway Lys275Gln 

Transcription  

CAGL0K01727g/CgRPN4 RPN4 
Transcription factor required for regulation of proteasome-

encoding genes 
Insertion of AlaGln between Gln99 and Met100  

CAGL0L00583g USV1 
Ortholog(s) have a role in carbon catabolite activation of 

transcription from RNA polymerase II promoter 
Lys175fs 

CAGL0J07370g/ 

CgJJJ1 
JJJ1 

Negative regulator of fluconazole resistance; mutation causes 

elevated expression of multidrug transporters CDR1 and 

CgPDR1 

Ala270Thr 

Transport  

CAGL0I04862g/ 

CgSNQ2 
SNQ2 Plasma membrane ABC transporter Pro1104His 

CAGL0M07293g PDR12 Plasma membrane ABC transporter Tyr25His 

CAGL0D00154g/CgAQY1 AQY1 Has domain(s) with predicted channel activity Phe49fs 

CAGL0J00847g YJL045W Ortholog(s) have succinate dehydrogenase activity Ala41fs 
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5. Discussion 

 

 In this study we shed light into the mechanisms of resistance to azoles in C. glabrata clinical 

strains, essential knowledge to understand how this pathogenic species acquires resistance in vivo, 

especially considering that many observations concerning azole resistance in laboratory strains often differ 

in clinical strains [reviewed e.g. in 4, 7]. Azole resistance of ten of the eleven C. glabrata resistant isolates 

that we characterized in this work was linked with the possible expression of CgPdr1 gain-of-function 

variants including the already confirmed GOF R376W, and the suggested G558C, E555K, I392M and 

I803T. Like many gain-of-function mutations described in CgPdr1, I392M, G558C, E555K and I803T 

substitutions map in the CRD of CgPdr1, with I803T being already close to the transactivation domain - 

located approximately in the fifty C-terminal amino acids [62]. While mutations embedded in the central 

regions of the CRD are believed to relief its inhibitory effect over the transactivation domain, the effect of 

those located more closely to the transactivation domain is less clear, as recently shown [62, 181]. 

Comparative analysis of the transcriptomes of FFUL674, FFUL443 and FFUL887 isolates, encoding, 

respectively, the I803T, I392M and K274Q CgPdr1 variants, reveals an overlap of only 16 documented 

targets of CgPdr1 (Figure IV. 2 and Annex Table IV. 3 and Annex Table IV. 4). This reflects well the 

differential effect displayed by different GOF mutations over C. glabrata genomic expression, as observed 

before [46, 55, 117]. With the exception of CgCDR1 and CAGL0M08426g genes, all the 14 other presumed 

CgPdr1-targets over-expressed in the clinical isolates donôt have a PDRE motif (the binding site for 

CgPdr1) in their promoter, as detailed in Annex Table IV. 3 and Annex Table IV. 4. This suggests that the 

effect of the GOF mutations in the CgPdr1-mediated alterations of the transcriptome is mostly indirect. 

Furthermore, it is particularly interesting the herein reported observation that cells expressing the 

CgPdr1I803T variant have little dependence of the mediator complex subunit CgGal11A to induce azole 

tolerance, contrasting with the strong dependence exhibited by cells expressing the K274Q or I392M 

variants. These observations support the idea that GOFs modify the CgPdr1 interactome, this being an 

interesting issue to address in more dedicated studies.  

 The sole azole-resistant C. glabrata isolate identified in our study encoding a CgPDR1 allele not 

having substitutions linked with azole resistance was subjected to comparative transcriptomic and genomic 

analyses with two azole susceptible strains, this being the first exhaustive analysis of a clinical strain with 

these characteristics. The fact that in a cohort of eleven azole-resistant strains only one does not encode a 

gain-of-function CgPdr1 allele demonstrates the preponderance of this mechanism in driving resistance in 

C. glabrata, as also observed in in vitro evolution studies [63]. Two genes previously documented to confer 

protection against azoles were over-expressed in the ISTB218 strain including CgMIG1, poorly 

characterized in C. glabrata but known in S. cerevisiae for its role in glucose repression; and CgRCN1, a 

positive regulator of calcineurin. On the other hand, the two calmoduline kinases and CgRCN2, described 

inhibitors of calcineurin signaling [306], were down-regulated in ISTB218. Altogether these observations 

suggest that the calcineurine pathway can be more active in ISTB218 cells, a trait that favors azole tolerance 

in C. glabrata [306] and in other Candida species [308]. The over-expression in the ISTB218 strain of 

CAGL0L03828g, orthologous to the S. cerevisiae Cyb5 cytochrome, was another interesting response, 



 

 

81 

 

considering that ScCyb5 restores ergosterols biosynthesis in compensation of Erg11 inhibition [307, 309] 

and that Cyb5 protects C. albicans [310] against azoles. In this line, it was also noticeable the up-regulation 

of CAGL0F05137g, similar to the exporter of toxic sterols ScPry2 [311], and the prominent insertions 

detected in the coding sequences of CAGL0F03267g, involved in the inter-membrane transport of sterols 

from the ER to the plasma membrane [312](Table IV. 4). The inhibition of Erg11p by azoles induces the 

accumulation of toxic sterol intermediates in the plasma membrane and it is possible that modulation of the 

activity of sterols transporters can contribute for detoxification, either by promoting the export of toxic 

sterols (preventing their accumulation in the plasma membrane) or by enhancing the compensatory uptake 

of exogenous sterols. Interestingly, inactivation of the CAGL0F03267g that orthologue ScYps2 improves 

tolerance to azoles in S. cerevisiae [313] and the observed insertion detected in the coding sequence of 

CgAQY1 of ISTB218 was also observed in another azole-resistant strain [55].  

 High-throughput phenotypic analyses undertaken in C. glabrata have been showing that the 

inactivation of multiple genes can result in improved azole tolerance, albeit the underlying mechanisms 

remain elusive [57, 314]. Sixteen genes described to enhance azole sensitivity were down-regulated in the 

ISTB218 strain, including proteins with a described role in mitochondrial function, in RNA metabolism, 

among others of unknown function. One of these genes, CAGL0J00847g, encoding a subunit of the 

mitochondrial succinate dehydrogenase complex was also truncated in the ISTB218 strain (Table IV. 4). 

Although it is long known that loss of mitochondrial chromosome enhances azole resistance by activating 

CgPdr1 [4, 7, 55], inactivation of specific mitochondrial functions are also suggested to result in increased 

azole tolerance in a CgPdr1-independent manner [40]. Consistently, ISTB218 cells were found to be non-

petite since they grow well on various non-fermentable carbon sources (results not shown). Altogether the 

transcriptomic profiling of the ISTB218 strain, in comparison with the lab strain CBS138, reveals a number 

of adjustments in the expression of genes that can modulate tolerance in C. glabrata, including the increase 

in expression of genes favoring protection and down-regulation of those that can augment azole toxicity.  

 Concerning the comparative genomic analysis, two of the genes found to differ more in ISTB218 

and in the azole susceptible strains CBS138 and ISTA29, were CAGL0L00157g and CAGL0E00231g, 

encoding adhesins with a described positive role in tolerance to fluconazole [315]. Recently, it has also 

been described the beneficial effect of the adhesin Epa3 in azole tolerance contributed, among other aspects, 

to reduce the internal concentration of the azole [63]. Adhesion is under strong selective pressure in C. 

glabrata cells in vivo [55, 283, 287, 316] and although this has been attributed to the need of facilitating 

attachment and colonization of epithelial tissues, it is possible that such re-organization of proteins 

protruding from the cell envelope may positively influence resistance to azoles, for example, by restricting 

their entry inside the cells. Within this line of thinking it was also interesting the observed strong down-

regulation and early truncation of two aquoglyceroporines, CAGL0A01221g and CAGL0D00154g as 

mounting evidence pointing to a mechanism of facilitated diffusion underlying entry of azoles to the inside 

of Candida cells [317]. 

 On the overall, this study contributes to improve current understanding of acquired azole resistance 

in C. glabrata clinical isolates either by identifying two novel gain-of-function CgPdr1 variants that were 

not previously demonstrated, I803T and I392M, and by disclosing insights into possible CgPdr1-

independent responses. These responses may include the up-regulation of genes maximizing protection to 
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azoles, the down-regulation of genes favoring susceptibility to azoles and/or the alteration of multiple genes 

connected with the metabolism of sterols that can compensate the azole-induced inhibition of Erg11. 

Necessarily a subsequent detailed genetic analysis should be performed to understand how these different 

mechanisms contribute, alone or in combination, for the azole-tolerance phenotype of the ISTB218 strain, 

however, such study is only possible upon the release of what can be the more promising candidates, 

information that is uncovered for the first time in this work and that is expected to pave the way for a deeper 

understanding of the acquisition to azoles in vivo in C. glabrata. 
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IV. Impact of gain-of-function mutations in different 

biochemical aspects of the activity of the transcription factor 

Pdr1 from Candida glabrata 
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1. Abstract 

 

Increased activity of CgPdr1 gain-of-function variants is the main mechanism underlying 

resistance to azoles in clinical strains of C. glabrata. To date, the mechanisms by which these GOF 

mutations affect the biochemical activity of CgPdr1 remain elusive and in this chapter these were further 

investigated with emphasis on modifications described along the development of this thesis, K274Q, I392M 

and I803T. Starting from a reliable prediction of what can be the tri-dimensional structure of CgPdr1 an in 

silico analysis on the impact of GOF modifications was performed, with the results suggesting that these 

modifications happen in relevant structural features including the predicted fluconazole docking site, the 

transactivation domain and core structural regions involved in the control of the activity of the 

transactivation domain (specifically in restraining its activity). Two further exposed regions of the protein 

were identified to be enriched in CgPdr1 GOF variants, that may interfere with other regulatory mechanisms 

of CgPdr1 activity. Using ChIP-seq, it was examined whether the set of CgPdr1 promoter directly 

recognized in vivo was changed when the same C. glabrata cells express the wild-type or the CgPdr1K274Q 

GOF variant. The results obtained showed that the set of genes recognized by the two CgPdr1 is essentially 

the same showing that the changes that prompt the expression of target genes are not determined by a 

different occupancy of the transcription factor in the promoters. Despite this, a different effect in expression 

of target gene of the two CgPdr1 variants was observed. To examine the impact of K274Q in CgPdr1 

interactome, ChIP-SICAP accoupled with MS analysis was performed. The preliminary results did not 

allowed a clear set of proteins that could be considered as specifically interacting with one of the two 

CgPdr1 variants (for example, proteins that could only specifically interact with the K274Q variant), 

however, identifying several interactors of CgPdr1 were unveiled, including proteins involved in histone 

methylation, recently described to have a role in azole response in C. glabrata. 
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2. Introduction 

 

 The current shortage of antifungals in the market increases the need to understand, in a 

comprehensive manner, the molecular mechanisms that govern resistance of fungal cells to conventional 

molecules. Until thus far, in C. glabrata the emergence of gain-of-function mutations in the transcriptional 

regulator CgPdr1 remains the most predominant mechanism underlying resistance to azoles in clinical 

strains [7](Chapter IV). Further knowledge of the structural and regulatory effect of GOFs in the CgPdr1 

protein could prove essential in the design of new potential antifungals that could complement azole 

antifungal therapy or even improve azole therapeutic molecules design. In this line, Nishikawa, J. L. et al. 

2016 [212] have identified and subsequently characterized a new antifungal molecule, named iKIX1, that 

acts by destabilizing the interaction of CgPdr1 with the mediator complex (by binding to the KIX domain 

of CgGal11A which was found to bind CgPdr1) and consequently sensitizing C. glabrata azole-resistant 

strains. A second study, authored by Usher, J. and Haynes, K. 2019 [159], reported the ability of Ὓ-

butyrolactone (a molecule with medical uses for the treatment of sleeping disorders and alcohol withdrawal 

treatment [318]) to sensitize azole-resistant strains expressing CgPDR1 GOF alleles by inhibiting the 

histone acetyltransferase CgGcn5, identified as a strong genetic interactor of CgPdr1 hyperactive form (the 

deletion of CgGcn5 in a strain expressing different CgPDR1 GOF alleles was proven to be lethal or highly 

inhibiting of growth of the cells) albeit for unknown reasons [159]. These two studies represent clear 

examples of how the dissection of azole tolerance mechanisms can contribute to the design of new 

antifungals. Nonetheless, both molecules were found to have different degrees of inhibitory effects against 

the same strain of C. glabrata depending on the CgPdr1 GOF variant they encode [159, 212], which is in 

agreement with the idea that distinct GOF mutations act through independent mechanisms in mediating 

activation of CgPdr1 [62].  

As discussed in Chapter III and IV of this thesis, the idea that different GOF mutations affect the 

biochemical activity of CgPdr1 distinctly has come from the differential effect these modifications exert in 

the genomic expression of C. glabrata, even if these modifications are found in the same predicted 

regulatory domain of the transcription factor  [50, 54, 117, 194]. Despite this, the different genetic 

backgrounds of the strains examined are an important confounding factor that can difficult a more accurate 

interpretation of the results and detail what is the individual contribution of each CgPdr1 GOF modification. 

More recently, other evidence contributing to the idea that GOF mutations differently affect the biochemical 

activity of CgPdr1 were obtained, with the demonstration that different GOF variants exhibited different 

levels of dependence of the mediator subunit CgGal11A [54, 181, 212]. Specifically, a strain expressing a 

CgPDR1 allele that encodes the D1082G mutation (occurring in the trans-activation domain of the protein) 

was much less dependent on CgGal11A for inducing expression of target genes than when expressing 

alleles encoding CgPdr1 variants with GOF mutations occurring in the central regulatory domain (CRD) 

[181]. Furthermore, different levels of dependence of CgGal11A were also observed for strains expressing 

CgPDR1 GOF variants that occur inside the CRD domain, including P822L or the herein studied I803T 

[181](Chapter III).  Different modifications occurring in the TAD of CgPdr1 were also found to affect the 

activity of CgPdr1 differently [181]. For example, while cells producing the D1082G CgPdr1 GOF variant 

dispensed Gal11A for activity, cells producing a CgPdr1 LWG1097AAA variant are highly dependent of 
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it [181]. Interestingly, the D1082G and LWG1097AAA modifications when individually combined with 

GOFs in the CDR domain reduce the hyperactivation of CgPdr1, the same being observed when combined 

with the deletion of the CRD [181]. All combined, these results appear to suggest that different CgPdr1 

GOF variants can distinctively impact the interactome of this transcription factor.  

In line with these observations obtained at a more molecular level, C. glabrata strains expressing 

different GOF mutations exhibit considerable differences in phenotypes attributable to CgPdr1 activity. For 

instance, while the CgPdr1L280F variant was found to promote the up-regulation of CgEPA1 gene expression 

in various genetic backgrounds, the CgPdr1G346D variant has a repressive effect in the transcription of this 

gene, with a corresponding lower ability of cells expressing this variant to adhere to epithelial cells [54, 

229].  Interestingly, both of these variants were found to up-regulate CgEPA12, independently of the genetic 

background [54, 229]. Among adhesin encoding genes, the transcriptional regulation of CgEPA1 has been 

the more thoroughly studied showing a complex and intertwined network of different mechanisms. Two 

independent CgEPA1 silencing mechanisms have been described. The first depends on the sirtuin protein 

complex Sir involved in the silencing of genes located at the sub-telomeres [319-321], which is alleviated 

during NAD+ limitation [173]. The second mechanism is telomere-independent and involves the 

recognition of a cis-negative element by the Ku complex of DNA repair [322], that represses the 

transcription of CgEPA1 during cell division. This repression is alleviated after inoculation in a fresh 

medium and is rapidly silenced after one cell division [322]. The observation that some CgPdr1 GOFs 

constitutively up-regulate the expression of CgEPA1  suggests a cross-talk between this regulator and these 

mechanisms. Interestingly, both CgPdr1L280F and CgPdr1G346D mentioned contrary effects on 

CgEPA1 expression were dependent on the increased binding of CgPdr1 to PDRE [54, 229](although this 

interaction was found to have a low signal in ChIP-qPCR experiments possibly by being transient [54, 

229]). These results might suggest that CgPdr1 can less efficiently bind to the promoters of some of its 

direct targets or that is only recruited to target promoters in certain conditions that depend on the chromatin 

state. Interestingly, repression of CgEPA1 transcription by Pdr1G346D  depends on enhanced recruitment of 

CgGal11A, while deletion of CgGAL11A has no effect in the ability of a wild-type CgPdr1 variant to induce 

CgEPA1 transcription [54].  

This thesis chapter aims to shed some light on what can be the effect in the biochemical activity 

of CgPdr1 of the occurrence of different GOF modifications, with emphasis on the K274Q, I392M and 

I803T modifications herein characterized and in the GOFs G346D, P822L, D1082G, LWG1097AAA 

previously identified as resulting in different effects in CgPdr1 activity [54, 181, 229](Chapter III, IV). The 

limited knowledge of the structural organization of CgPdr1 reduces the characterization of domains based 

on the sequence homology to the conserved domains of the class of zinc transcription factors masking 

possible structural features that may have independent roles in the regulation of the activity of the protein. 

Therefore, in a first approach, it is presented an in silico look into what can be the effect of the different 

GOF modifications in the 3D structure of the protein, using the recently simulated CgPdr1 protein by the 

AlphaFold Protein Structure Database [323]. At the experimental level, it was assessed, by ChIP-seq 

coupled with transcriptomic analyses, how the occurrence of the GOF modification K274Q, identified in 

Chapter III, affected C. glabrata genomic expression including the set of promoters bound in vivo by 

CgPdr1, this being the first time that a study is performed to address in detail the effect of a GOF 
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modification has in CgPdr1 DNA binding in the same genetic background. Results of a preliminary analysis 

of how the interactome of CgPdr1 could be affected by the occurrence of the K274Q modification was 

explored using a ChIP-SICAP approach.  
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3. Material and methods. 

 

3.1. Modelling of CgPdr1 tridimensional structure and visualization 

  To model how the different GOF modifications might affect the 3D structure of CgPdr1 predicted 

by the AlphaFold Protein Structure [323] the UCSF Chimera program [324] was used for better 

visualization and manipulation of the 3D CgPdr1 structure. Prediction of fluconazole docking in CgPdr1 

was obtained using the Chimera integrated AutoDock Vina tool [325]. Protein structural changes that might 

result from gain-of-function mutations were further analysed using the Chimera integrated Rotamer tool to 

change the residues of the GOFs in study in the CgPdr1 structure backbone. To further explore if the non-

synonymous mutation alters the interaction of the residue with the surrounding amino acids the Find 

Clashes/Contacts tool was used  [324, 326]. In all cases the default settings of the bioinformatic tools were 

used. Chimera software was also used to calculate the CgPdr1 surface hydrophobicity potential according 

to the scale of Kyte and Doolittle and the electrostatic charged surface was calculated according to 

Coulomb's law. CgPdr1 protein sequence secondary structures were predicted in the PSIPRED workbench 

[327], and residue propensity for protein and DNA binding were predicted using the DisoRDPbind server 

[328]. 

 

3.2. Growth media, strains and plasmids used 

SKY107 (ȹCgpdr1) C. glabrata strain was used in this work, as further detailed in Table IV. 1. These cells 

were transformed, whenever needed, with plasmids pYR29_Myc-HIS_CgPDR1 and pSP76 (both allowing 

the expression of wildtype CgPDR1 from its natural promoter and terminator) and with the derived 

plasmids pYR29_Myc-HIS_CgPDR1A820C and pSP76_PDR1A820C that allow production of the K274Q 

variant, obtained by site-directed mutagenesis (described in Chapter III and further detailed in Table IV. 1 

and Table V. 1). Cells were cultivated in RPMI medium (2 g/L glucose, 2.08 g/L RPMI, 6.9 g/L MOPS, 

0.03 g/L L-glutamine) at pH 7 with 250 rpm agitation at 30°C. 
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Table V. 1. Primers and plasmids used in this study. In the case of the plasmids, it is also provided their 

origin while in the case of the primers it is indicated for which their application was used for. 

Primers Sequence Use 

BamHI_EndPDR1 

_FW1 

CAGTCACTGCGGCCGCAACAAGTA

AACATCAGAAAATAGGTC  

Cloning of promoter and CgPDR1 

sequence of pSP76ôs in pYR29ôs 

NotI_EndPDR1 

_ REV1 

CAGTCACTGCGGCCGCAACAAGTA

AACATCAGAAAATAGGTC  

Cloning of promoter and CgPDR1 

sequence of pSP76ôs in pYR29ôs 

PrCgYHB1-F GGGGGTTTTCTCGAAGAG 
Used for ChIP results control by 

qPCR in CgYHB1 promoter 

PrCgYHB1-R GGTTGGTCTAGGAAAAAGCA 
Used for ChIP results control by 

qPCR in CgYHB1 promoter 

PromPDR1_REV CTTTCCACGGAATAGGAGGCTC 
Used for ChIP results control by 

qPCR in CgPDR1 promoter 

PromPDR1_FW GTAGACTCATTCCACGGAGC 
Used for ChIP results control by 

qPCR in CgPDR1 promoter 

PromCDR1_FW GCAAGTCCACGGAATATTTCC 
Used for ChIP results control by 

qPCR in CgCDR1 promoter 

PromCDR1_REV CATCGTTGCTCCTCGCTCC 
Used for ChIP results control by 

qPCR in CgCDR1 promoter 

Plasmid Plasmid Description Reference 

pSP76 

Plasmid that drives the expression of 

CgPDR1 from its natural promoter and 

terminator 

Khakhina, S, et al. 2018 

pSP76_CgPDR1A820C 

Plasmid that drives the expression of the 

CgPDR1A820C allele from its natural 

promoter and terminator and consequent 

production of the CgPdr1K274Q mutant  

This study 

 

3.3. Fluconazole susceptibility testing of ȹCgpdr1 Candida glabrata cells expressing 

different CgPDR1 alleles.  

 SKY107 (ȹCgpdr1) cells were transformed with plasmids pYR29_MycHIS_CgPDR1 and pSP76 

and with the derived plasmids pYR29_MycHIS_CgPDR1A820C and pSP76_PDR1A820C that allow the 

production of the K274Q variant. The MIC obtained for fluconazole in the different transformants was 

determined using the highly standardized microdilution method recommended by EUCAST [298]. To 

classify the strains as resistant or susceptible to fluconazole the MICs obtained were compared with the 32 

mg/L breakpoint resistance values defined for C. glabrata. 

 

3.4 Transcriptomic analysis of C. glabrata cells expressing the CgPdr1WT and the 

CgPdr1K274Q 

 The comparative transcriptomic analysis of SKY107 cells transformed with pYR29_Myc-

HIS_CgPDR1WT or with the variant pYR29_Myc-HIS_CgPDR1A820C was based on the use of species-

specific DNA microarrays. For this, each strain was cultivated, at 30 ºC, in 15 mL of RPMI (at pH7) until 

mid-exponential phase (OD 1), flash frozen in two volumes of cold ethanol, harvested by centrifugation 

and kept at -80ºC until further use. RNA extraction, conversion to cDNA, and subsequent labelling were 
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performed as described previously [297]. Briefly, cells lysis was performed mechanically, resorting to glass 

beads and a Fastprep®24 bead beater (MP Biomedicals). Total RNA extraction was carried out using the 

RNeasy extraction kit (Qiagen) following the manufacturer's instructions. The concentration of RNA in 

each sample was quantified in a NanoPhotometer® spectrometer (IMPLEN), and RNA integrity was 

confirmed in an agarose gel. 1 µg of total RNA was used for fluorescent cDNA synthesis according to the 

amino-allyl protocol [297]. The cDNAs of each condition were labelled with Cy3 or Cy5 and hybridized 

in a custom C. glabrata Agilent array (in an 8 Ĭ 60 k format, array express accession number: A-MEXP-

2402) as previously described at Merhej, J. et al. 2015 [297]. A second biological replicate was performed 

with switched cyanine dyed samples. After overnight hybridization and washing, the slides were scanned 

using a 2-micron Agilent microarray scanner. The images were analyzed using the feature extraction 

software (Agilent Technologies) and normalized using global LOWESS. The mean expression of every 

gene in the cells producing the wild-type CgPdr1 or the CgPdr1K274Q variant was based on the average 

obtained for the two biological replicates performed. A gene was considered differentially expressed if its 

mean absolute Log2 fold change value was higher than 0.5 and if its expression variation was considered 

statistically significant using the LIMMA package with a cut-off p-value of 0.05 [329].  

 

3.4. Chromatin immunoprecipitation sequencing assay 

 SKY107 cells transformed with pYR29_MycHIS_CgPDR1WT or with 

pYR29_MycHIS_CgPDR1A820C were cultivated in RPMI medium until mid-exponential phase (OD600 

between 0.8-1), the same conditions used for the comparative transcriptomic analysis. Cross-linking was 

performed by adding 1 % of formaldehyde to the medium. After 15 min, 340 mM glycine was added, and 

the incubation proceeded for another 10 min. Both steps were performed at room temperature with casual 

agitation. After this, cells were centrifuged, the pellet washed two times with Tris-buffered saline solution 

(TBS) and kept at -80°C until further use. Cell lysis was performed by resuspending the pellet in lysis buffer 

(containing 50 mM Hepes-KOH pH 7.5, 140 mM NaCl, 1 mM EDTA, 1 % Triton X100, 0.1 % Na-

Deoxycholate, 1 mM phenylmethanesulfonyl fluoride (Fluka), and O-complete Protease Inhibitor (Roche 

Diagnostics)) containing 500 mL of glass beads and using the FastPreP®-24 instrument shaker (MP 

Biomedical). Cellular debris was centrifuged and the supernatant containing the DNA was recovered.  The 

chromatin was then sonicated to yield ~300 bp DNA fragments using a Bioruptor® standard sonication 

device (Diagenode). The cell debris was centrifuged, and the soluble fraction was further used in the 

immunoprecipitation steps. Myc-tagged CgPdr1 was immunoprecipitated overnight with gentle shaking at 

4°C using an anti-c-Myc antibody (Roche Applied Science) bound to Dynabeads® magnetic beads 

(Invitrogen) plus O-complete Protease Inhibitor (Roche Applied Science). Before immunoprecipitation, the 

anti-c-Myc-magnetic beads were prepared. For such, Dynabeads® magnetic beads were washed two times 

with phosphate-buffered saline with bovine serum albumin (PBS-BSA), followed by incubation with 

minimal agitation for at least 4 h at 4°C with 0.4 mg/mL anti-c-Myc antibody. On the next day, the 

immunoprecipitated DNA complexes (IP sample) were washed two times with lysis buffer, two times with 

lysis buffer supplemented with 360 mM NaCl, two times with wash buffer (10 mM Tris HCl at pH 8, 250 

mM LiCl, 0.5 % NonidetP40, 0.5 % Na-Deoxycholate and 1 mM EDTA) and a final wash with TE at pH 
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8. Reversion of the cross-linked in the IP DNA was done by heating the samples for 4 h at 65°C with 

shaking at 600 rpm in a TE elution buffer containing 0.5 % SDS. After incubation, the samples were 

centrifuged, and the supernatant was conserved. DNA was extracted using the wash iDeal ChIP-seq kit 

(Diagenode). ChIP-seq of untagged C. glabrata cells grown in glycerol as a carbon source was used as 

control sample (mock) [330]. To confirm a correct CgPdr1 immunoprecipitation a qPCR was performed 

aiming to amplify the promoter region of CgPDR1 and CgCDR1 from the IP DNA. The CgYBH1 promoter 

sequence was used as a negative control since this is not a described CgPdr1 target (primer sequences are 

detailed Table V. 1). MicroPlex v2 kit from Diagenode (using the supplier recommendations) was used to 

construct single-read libraries from the IP samples. Sequencing was performed using NextSeq 500 device 

(Illumina technology available at the transcriptome platform at Ecole Normale Supérieure: 

Http://www.transcriptoe.ens.fr/sgdl/, Paris France). Each sample was sequenced in duplicate. After quality 

controls and filtering of low-quality bases, between 15 and 20 million sequences (IP sample) and 10 and 

20 million sequences (control sample) were obtained. Three biological IP replicates were obtained for each 

analysis. 

 

3.5. Peak calling and network construction 

The reads obtained by sequencing were mapped in the C. glabrata genome, using the Bowtie algorithm 

[331]. SAMTOOLS suite [332] was used to convert the output SAM files to BAM files. BAM files of the 

sequence replicates were merged to increase the sequence coverage and then converted to BED files, using 

the ógenomeCoverageBedô tool, available from BEDTOOLS suite [333]. Peak calling was performed using 

the software bPeaks [334] using the mock IP as reference. The final threshold parameters used were the 

following: T1=2, T2=4, T3=0.7, T4=0.9. The final list of peaks detected was then manually curated using 

the IGV genome browser [335] removing artificial peaks such as peaks overlapping ORF regions, without 

a gene sequence in the vicinity, or found in the vicinity of a tRNA locus. Whenever a peak was found in 

between two coding sequences, if only one of the genes encoded was found overexpressed in the ChIP-seq 

results of the CgPdr1K274Q variant it was considered that the transcription factor regulated only that gene. 

In case of equal expression of both genes was observed then both encoded genes were considered potential 

direct targets of CgPdr1.  

 

3.6. Chromatin immunoprecipitation selective isolation of chromatin-associated 

proteins (ChIP-SICAP) 

 For ChIP-SICAP, SKY107 cells transformed with pYR29_MycHIS_CgPDR1WT or with 

pYR29_MycHIS_CgPDR1K274Q were cultivated under the same conditions as those used for the ChIP-seq 

and the comparative transcriptomic analysis. A mock sample, obtained using SKY107 cells transformed 

with an empty plasmid, was used as control. Two samples of each transformant strain were analyzed. The 

same protocol used for ChIP-seq was followed until the overnight immunoprecipitation and beads washing 

step. The remaining experimental steps used for the ChIP-SICAP are described in Rafiee, M.R. et al. 2016 

[336] and further optimized by Wijick, V. et al. 2021 (in press)[337]. Briefly, after two steps of washing 

http://www.transcriptoe.ens.fr/sgdl/
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with the wash buffer (10 mM Tris HCl at pH 8, 250 mM LiCl, 0.5 % NonidetP40, 0.5 % Na-Deoxycholate, 

and 1 mM EDTA), the beads were further washed four times with 100mM tris pH 8.0 to remove EDTA. 

The DNA was then biotinylated by incubation of the beads with biotin using 60U TdT enzyme (Thermo 

Fisher Scientific) and 0.2 mM biotin-11-ddUTP (Jena Bioscience) for 45 min at 37ºC with 600 rpm 

agitation. Beads were then washed with ice-cold lysis buffer four times, resuspended in elution buffer 

containing 7.5 % SDS and 200 mM DTT (dithiothreitol), and incubated for 30 min at 37ºC with 600 rpm 

agitation. After incubation, the samples were centrifuged, and the supernatant was conserved. The protein-

DNA complex was then captured with streptavidin-coated beads previously equilibrated with lysis buffer 

by incubation with rotation for 1 h at room temperature. Beads were then washed three times with SDS 

wash buffer (10 mM Tris-HCL, 1 mM EDTA, 1% SDS, and 0.2 M NaCl2), once with BW2x buffer (10 

mM Tris-HCL, 1 mM EDTA, 0.1% Triton X100, 2 M NaCl2), twice with isopropanol 10% and twice with 

acetonitrile 20%. Reverse crosslinking was carried out by resuspending the mixture in 14 µl digestion buffer 

(ammonium bicarbonate 50 mM, 10 % SDS) supplemented with 1 µl of 100 mM DTT,  and incubated for 

30 min at 95 ºC. After cooling down, 1 µl of 0.2 M iodoacetamide was added and beads were incubated for 

10 min at room temperature. Beads were pelleted, and the proteins in the supernatant were digested 

overnight at 37 ºC with 300 ng trypsin (Promega, Madison, WI, USA) in a 25 mM NH4HCO3 buffer (0.2 

µg trypsin in 20 µL). The resulting peptides were desalted using ZipTip ɛ-C18 Pipette Tips (Pierce 

Biotechnology, Rockford, IL, USA). Peptides were obtained by adding 5 µl of water pre-washed 

hydrophobic and hydrophilic Sera-mag beads to the samples (Carboxyl Magnetic Beads) plus 195 µl 

acetonitrile (100%) followed by vortex and 10 min incubation at room temperature. 10 ɛl of 2% DMSO 

was then added, and the sample was vortexed followed by pelleting of the beads. After pelleting the beads 

again, the tubes were sonicated in a water bath for 5 min with a high output. Finally, the samples were 

spinned, and the supernatant was transferred to a clean tube and washed with 1ɛl of 1% formic acid 

 

3.7. High pH fractionation and mass spectrometry 

 Samples containing the peptides isolated in 3.6 were analyzed using an Orbitrap Q-Exactive Plus, 

coupled Nano-LC Proxeon 1000, equipped with an easy spray ion source (Thermo Scientific, Waltham, 

MA, USA). Peptides were loaded with an online preconcentration method and separated by 

chromatography using a Pepmap-RSLC C18 column (0.75 x 500 mm, 2 ɛm, 100 Å) from Thermo 

Scientific, equilibrated at 50°C and operated at a flow rate of 300 nl/min. Peptides were eluted by a gradient 

of solvent A (H2O, 0.1% FA) and solvent B (100% ACN, 0.1% FA). The column was first equilibrated for 

5 min with 95% of solvent A, then solvent B was raised to 35 % for 93 min, and finally, the column was 

washed with 80% solvent B during 10 min and re-equilibrated at 95% solvent A during 10 min. Peptides 

masses were analyzed in the Orbitrap cell in full ion scan mode at a resolution of 70,000 with a mass range 

of m/z 375-1500 and an AGC (automatic gain control) target of 3x106. MS/MS was performed in a Top 20 

DDA mode. Peptides were selected for fragmentation by Higher-energy C-trap Dissociation with a 

Normalized Collisional Energy of 27% and a dynamic exclusion of 30 seconds. Fragment masses were 

measured in the Orbitrap cell at a resolution of 17,500, with an AGC target of 2x105. Monocharged peptides 
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and unassigned charge states were excluded from the MS/MS acquisition. The maximum ion accumulation 

times were set to 50 ms for MS and 45 ms for MS/MS acquisitions, respectively. 

 

3.8. MS data analysis 

 Raw data was processed on Proteome Discoverer 2.2 with the mascot node (Mascot version 2.5.1) 

with a Candida glabrata Genome Database v2020 from http://www.candidagenome.org. Tryptic digestion 

was used with a maximum of 2 missed cleavage authorized. Precursor and fragment mass tolerances were 

set to 6 ppm and 0.02 Da. Spectra were filtered using a 1 % false discovery rate (FDR) with the percolator 

node. Proteins were identified and quantified by at least one unique peptide. Only proteins with at least two 

quantified intensity values in a condition and with a proportion of observed values superior to 0 % in each 

condition are kept. In each condition, the intensity values were normalized by centering on the mean of the 

medians of intensities in each sample. Proteins absent in one condition and present in another were directly 

assumed differentially abundant. Two biological replicates were used for each condition in the study. Only 

proteins identified in the ChIP-SICAP of CgPdr1WT or CgPdr1K274Q samples but not in the mock-IP sample 

were considered. Usual contaminant peptides of IP-MS, such as ribosomal proteins and core histones, were 

discarded from the analysis [338].  

http://www.candidagenome.org/
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4. Results and Discussion 

 

4.1 General overview of the predicted structure of the zinc finger transcription 

factor and nuclear receptor CgPdr1  

 Until recently, the reduced knowledge of the structural organization of CgPdr1 limited the 

characterization of regulatory domains based on sequence homology to the class of zinc transcription 

factors and partial gene disruption studies. This limitation can mask possible structural features that may 

have independent roles in the regulation of the activity of the protein and their better study could help in 

understanding different effects underlying regulation of CgPdr1 activity, for example in GOF variants. In 

order to shed some light into how the different gain-of-function mutations could impact the structure of 

CgPdr1, the recent structure predicted by this regulator by the AlphaFold project (an artificial intelligence 

system that makes state-of-the-art accurate protein structure predictions [323]), represented in Figure V. 1 

panel A, was studied.  It is clear that the prediction has a higher local quality in the core region and lower 

confidence of prediction in the predicted disorder sequences of the protein (Figure V. 1 panel A and  

Figure V. 2 panel A)[327]. These disordered structures in CgPdr1 correlate with the predicted C-terminal 

and N-terminal, that unstructured features are described to be essential for the ability to bind to DNA or 

other proteins ( 

Figure V. 2 panel B), that in the case of transcription factors can act as co-factors in transcriptional 

regulation [147, 328]. Conserved structural features found in fungal nuclear ligand-biding transcription 

factors are clearly identified in the predicted CgPdr1 structure [147](Figure V. 1  panel B and C in yellow), 

including the Zn2-Cys6 DNA binding domain (between D32 and I52 residues) and the disordered structure 

linker region, located between the DBD and the structured core of the protein (between residues T152 and 

S197) (Figure V. 1  panel B and C in light grey). Both regions precede the conserved extruding coiled-coil 

structure, in which is visible the exposed hydrophobic stretch characteristic of the dimerization domain 

(between residues Y212 and N255) (Figure V. 1 panel B and C in grey and in panel D) [147, 224]. The 

Central Regulatory Domain (CRD) (between positions W256 and M957) is visible as a globular structural 

domain, while the TAD domain structure is defined at the C-terminal, as expected (Figure V. 1  panel B 

and C in green). The main structural features conserved in TAD domains of zinc fingers transcription factors 

are a two-short alpha-helix structure enriched in hydrophobic and negatively charged residues, between 

residues Y1076 and D1104 (Figure V. 1 panel E). This structure is adjacent to a disordered region composed 

of residues with a high propensity to interact with proteins (from T1017 to F1064) and also DNA (from 

residue N998 to V1011)( 

Figure V. 2 panel B). Notably, both the two structural features of TAD are required for the maximum 

activity of ScPdr1 [225].  
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Figure V. 1. The modelling of the CgPDR1 protein structure allows the characterization of the conserved 

structural domains of zinc-finger nuclear receptor transcription factors. (A) Structural modelling of C. 

glabrata Pdr1 according to AlphaFold Protein Structure Database with confidence modelling 

representation. (B) The CgPdr1 protein structure is composed of four different structural features: the DNA-

binding domain (DBD, yellow), the linker sequence (light grey) the dimerization domain (DD, dark grey), 

the core structure central regulatory domain (CRD, beige), and the transactivation domain (TAD, green). 

(C) Representation of two sides of the CgPdr1 protein in surface view (a) and backbone view (b), 

respectably. (D) Representation of the CgPdr1 hydrophobic properties of the dimerization domain and (E) 

of the hydrophobic and electrostatic properties of the individualized CgPdr1 TAD domain. The 

hydrophobicity potential is represented from blue for the most hydrophilic residues, to white if neutral, and 

to yellow if hydrophobic, while the electrostatic charged surface is represented from red for the most 

negative potential, to white if neutral, and to blue if positive. 
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Figure V. 2. Prediction of the secondary structure of CgPdr1 and of the residueôs propensity for DNA and 

protein binding. (A) Secondary structure prediction along the CgPdr1 amino acid sequence was obtained 

in PSIPRED workbench. (B) DisoRDPbind was used to predict the propensity for the different residues of 

CgPdr1 to bind to DNA and Proteins. 
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 An interesting result that comes from this structural prediction is the close proximity of the 

transactivation domain and the CRD which is likely to facilitate their interaction, something that is essential 

to maintain CgPdr1 at a low activity in non-stressful conditions (Figure V. 1 panel C)[62]. In this context, 

it was noteworthy the observed positive electrostatic charges in the docking region for TAD domain 

predicted in CRD (Figure V. 3 panel Bc in blue) while TAD domain is predicted to be negatively charged 

(Figure V. 3 panel Cc in red), a trait that can contribute for the interaction of these two domains [62]. The 

interaction of the TAD with the CRD may also depend on its hydrophobic residues (Figure V. 3 panel Db) 

to be buried in the core domain, which also has hydrophobic patches (Figure V. 3 panel Bb). This 

hydrophobic stretch of TAD in ScPdr1 of S. cerevisiae was previously characterized to be essential for the 

interaction of the domain with ScGal11A [105], suggesting that Gal11 could directly compete for the 

interaction of this region with the core of the protein, which is in the agreement with the model that TAD 

needs to be released to interact with the mediator complex [62]. 

 

Figure V. 3. Analysis of the properties of the CgPdr1 structures involved in the interaction between the 

transactivation domain and the central regulatory domain. (A) The 3D structures of the TAD and CRD 

interacting were individualized from the rest of the CgPdr1 structure for further analysis. Further 

individualization of the TAD region (C and D) from the CRD domain (B) was obtained to characterize the 

hydrophobic (b) and electrostatic (b) properties of the interacting surfaces. The hydrophobicity potential is 

represented in blue for most hydrophilic surfaces, in white, for neutral residues, and in yellow for 

hydrophobic ones. The electrostatic charged surface interaction is represented in red for the most negative 

potential, in white if neutral, and in blue if positive. The backbone view is also represented in (a), marking 

in cyan the CDR structures predicted to interact with TAD, which is itself highlighted in green. The region 

of the TAD docking in the CRD structure is further marked in a black box. 
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 Inspection of the contacts made by the amino acids located in CgPdr1 TAD domain (Figure V. 4 

panel A and B, TAD represented in green and contacts represented in yellow lines) with the amino acids of 

the CRD (Figure V. 4 panel A and B, with residues interacting with TAD represented in dark blue and in 

green along the aminoacid sequence in panel C), revealed that the interaction is more likely to involve three 

distinct helix structures located in the core of the protein (L344 to Y357,  E361 to A393 and G943 to N975) 

that are represented in Figure V. 4 panel A and B in cyan. This in silico prediction is concordant with 

previous studies, that demonstrated that activation of ScPdr1 could be achieved by the deletion of a small 

sequence in the CDR that encodes the corresponding amino acid region in CgPdr1 that includes the L344 

to Y357 helix and part of the region of the E361 to A393 helix (amino acid region defined as the inhibitory 

domain (Figure II. 6 and Annex Figure II. 1) [225]. The adjacent C-terminal amino acid sequence of the 

L344 to Y357 helix and N975 to G943 helix also includes several small structural features that are predicted 

to interact with amino acids of the TAD, including a small two-beta sheet structure (H288 to I298), small 

Ŭ-helixes (Y300 to K305 and C930 to l936) and surrounding loops (Figure V. 4 panel A and B in cyan). 

Exposed short helixes structures are often associated with bioactive regions that can interact with proteins, 

DNA, or even RNA [339]; therefore, the sequestration of the TAD domain by the CgPdr1 core could affect, 

or be affected, by modification in these structures resulting from different interactions. Altogether these 

structural features allowed to identify what can be three main inhibitory domains in the CDR (ID)( Figure 

V. 4 panel D): i) domain IDI, comprised of 288 to 393 aminoacid sequences that includes two of the main 

large Ŭ-helix interacting with the TAD domain, a small helix and a small two-beta sheet structure (Figure 

V. 4 A, B and D in red); ii) domain IDII, comprised by a small loop of amino acids (M774 to S779) found 

to interact with the most C-terminal residues of the TAD domain and that could be important for its tight 

sequestration (Figure V. 4 panel A, B and D in green); iii) domain IDIII, comprised by the 926 to 975 

aminoacids sequence located at the N-terminal of the disordered region of TAD domain, that includes the 

third main large Ŭ-helix structure of the CRD interacting with the TAD domain and a short Ŭ-helix (Figure 

V. 4 panel A, B and D in black).  
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Figure V. 4. In silico prediction of CgPdr1 3D structure helps to detail the sequestration of the 

transactivation domain by the internal core of the protein. (A and B) Using the in silico prediction of the 

CgPdr1 structure by Alphafold it was possible to identify (using Chimera Integrated Find Contact tools) 

the core structural features (represented in cyan) of the protein such as Ŭ-helixes in the central regulatory 

domain (CRD) as well the residues of this domain (identified in dark blue) involved in contacts (represented 

as light yellow) with the transactivation domain (represented in green). (C) The amino acids that interact 

with the residues of the TAD domain are highlighted in green in the amino acid sequence of CgPdr1. (D) 

The undertaken prediction allowed an identification of three predicted inhibitory domains (ID) marked as 

three stretches along the central regulatory domain of CgPdr1 (grey). The tridimensional structures of ID I 

are highlighted in red, ID II in green, and ID III in black in panels A and B. 
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To predict the fluconazole docking site in the CgPdr1 protein structure the Chimera integrated 

AutoDock Vina tool was used. For this, the previously defined minimum xenobiotic binding domain 

(XBD)[105] was defined as the receptor (Figure V. 5, panel A), predicting only one probable region of 

docking (the same analysis using the entire CgPdr1 protein structure was used as the receptor returned the 

same best score results). Fluconazole is predicted to be docked in a channel that crosses the globular part 

of the protein of the CgPdr1 structure (Figure V. 5 panel B marked with a yellow arrow). This analysis 

allowed the prediction of the amino acids that interact with A552 and D554, with the residues from the 

aminoacid stretch Y811 to E818 and from the stretch D876 to S880, as those interacting directly with 

fluconazole during binding (Figure V. 5 panel C). In specific, it was found that fluconazole was predicted 

to contact the residues in the loop between the Ŭ-helixes composed by the aminoacid stretches I537 to A552 

and T573 to Y572, extending outwards of the protein core (Figure V. 6 panel A in dark blue). Both these 

two Ŭ-helixesô sequences are part of the XBD (Figure II. 6 and Annex Figure II. 1), and the exposed T573-

Y572 Ŭ-helix is also part of the Middle homology domain (Figure II. 6 and Annex Figure II. 1). Notably, 

the identified structures to contact to fluconazole contain only part of the structure previously identified as 

being the minimum XBD (Figure V. 5 panel B)[105]. Fluconazole was also predicted to interact with the 

D810-E830 and H872-I898 Ŭ-helixes buried in the core of the protein (Figure V. 6 panel A). Interestingly, 

from the residues defined to be relevant for the interaction with fluconazole (Figure V. 5 panel C) only the 

properties of the residues found in the H872-E897, not belonging to the XDB, appear to be conserved in 

CgPdr1, ScPdr1, and ScPdr3 (Annex Figure II. 1). From these identified structures, H872 to E897 amino 

acid stretch appears to be the main Ŭ-helix interacting with the previously predicted TAD docking structures 

(Figure V. 6, panels Ba in cyan). The Y572-T556 and D810-E830 Ŭ-helixes also form a few contacts with 

the predicted TAD docking structure, suggesting a smaller impact in this structure (Figure V. 6, panels Bb 

and c). Altogether, the H872-E897 Ŭ-helix structure may relay the xenobiotic docking to the structures that 

interact with the TAD domain. The remaining structures, including those encoded by the previously 

minimum defined XBD should be mostly involved in the structuring of the docking domain.  
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Figure V. 5. Modelling of fluconazole docking in the CgPdr1 nuclear receptor transcription factor 

structure.  The Chimera software integrated AutoDock Vina tool was used to simulate the most probable 

docking regions for fluconazole molecule in CgPdr1. (A) For the simulation, the minimum XBD was 

defined as the receptor (defined in Thakur, J. K. et al. 2008, represented in red), predicting only one 

probable region of docking. The different scores of qualities in prediction are summarized in the table. (B) 

The predicted fluconazole (represented in blue and signal by an orange arrow) docking site occurs in a 

channel that crosses the core structure of the CgPdr1. The DBD and linker domain were removed for better 

visualization. (C) The Chimera Find Contact tool was used to predict the residues capable of interacting 

with the best scored simulated fluconazole (-7.8) binding modes and are marked in green in the amino acid 

sequence.  
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Figure V. 6. Definition of the CgPdr1 protein structural features that interact with fluconazole antifungal 

molecule. (A) The predicted structural features of CgPdr1 that are predicted to be involved in the interaction 

and possibly modified by the binding of the fluconazole molecule (red) are marked in dark blue, with amino 

acid residue stretch circled in black, with the specific residues predicted to interact with fluconazole marked 

in yellow. The structures previously predicted to contact with the docked TAD domain are also represented 

in cyan and residues circled in red (B) The contacts formed by the different functional structures were 

further analyzed and are marked in green. D) The undertaken prediction allowed the identification of three 

predicted fluconazole binding domains (FBD, blue) marked as three stretches along the central regulatory 

domain of CgPdr1 (grey).  

 

 4.2. Distribution of gain-of-function mutations across the different structural 

features predicted for CgPdr1  

   After the thorough in silico analysis performed over CgPdr1 3D structure, including the 

identification of some functionally relevant structural domains, it was possible to examine, in silico, the 

effect that might be caused by different mutations, including those that are GOF (Annex Table II. 1) (Figure 

V. 7 panel A). In particular, it was possible to examine the impact of GOF mutations K274Q, I392M and 

I803T, all confirmed to drive hyperactivation of CgPdr1 during the course of this thesis, as well as of GOFs 

previously describe to differently influence CgPdr1 activity. Careful examination of the places where the 

different confirmed GOF modifications in the literature appear revealed an enrichment in mutations 
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occurring in the central CRD globular structural domain (Figure V. 7, marked in red) affecting specially 

predominantly buried residues in the Ŭ-helix surrounding the structures that are predicted to interact with 

fluconazole (Figure V. 7 panel A, dark blue). These amino acid changes could alter the stability of the core 

structure and promote a distancing between the multiple alpha Ŭ-helixes, thus mimicking what appears to 

be the CgPdr1 restructuring happening after ligand (fluconazole) binding. Interestingly, modification to a 

tyrosine of the Asp876 residue, predicted to interact with fluconazole, was found to result in a gain-of-

function CgPdr1 mutation (Figure V. 5 panel C). Two particularly interesting GOFs located in the CDR 

globular structural domain are P822L and I803T (identified in Chapter IV), two non-synonymous mutations 

shown to result in CgPdr1 hyperactivation partially dependent of CgGal11A [181](Chapter IV). Both 

residues are found on the same side of the core structure of the protein (Figure V. 7, panel B) and are part 

of two close Ŭ-helix structures with multiple residue connections (Figure V. 7, panel Ba). Both residues are 

encoded in the homologous NLS sequence defined in ScPdr1 suggesting that this region could regulate 

CgPdr1 activity independently of CgGal11A (Annex Figure II. 1, Figure V. 7, panel B marked in dark 

grey). Since CgPdr1 is constitutively found in the nucleus interacting with the PDRE of target promoter 

genes, it is unlikely that changes in the homologous NLS sequence could affect CgPdr1 localization 

resulting in changes in CgPdr1 activity [71]. Although this sequence was found to be fundamental for the 

nuclear import, the ScPdr1 does not interact with the ScPse1 importer and is indirectly imported through 

the possible interaction of another uncharacterized factor [227]. Concordantly, the electrostatic surface of 

this region of the CgPdr1 structure reveals enrichment of exposed negative charges (Figure V. 7, panel Bb) 

that might interact with positively charged regions of other proteins, that may affect the CgPdr1 activity. 

Furthermore, the Ŭ-helix Q830-D810 interacts with both fluconazole and the Ŭ-helix L344-Y357 involved 

in the TAD sequestering domain, meaning that changes in this structural region could still simulate the 

CgPdr1 xenobiotic activation through a possible release of TAD, even if these GOF mutations in this region 

regulates the activation of CgPdr1 partially independently of CgGal11A.   

 Several residues of the Ŭ-helixes predicted to be involved in TAD sequestration (Figure V. 7 panel 

C in cyan) were also found to serve as points for the emergence of GOF mutations in CgPdr1, in agreement 

with the described critical role of this domain for regulation of CgPdr1 activity. One of such mutations is 

the GOF I392M (Chapter IV), a residue buried in the core structure of the protein. To explore what may be 

the impact that this modification may have on CgPdr1 structure, the Chimera software was used to modify 

the Ile392 residue to a methionine. This change originates clashes to surrounding amino acids and could 

therefore originate a shift of this structure that can result in destabilization of the TAD docking structure 

and, consequently, in its release and activation of the protein. 
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Figure V. 7. Gain-of-function mutations are distributed in the central regulatory domain of the CgPdr1 

transcription factor protein. The Chimera visualization software was used to inspect closely the distribution 

of residues affected by GOF mutations (red) along with the structure of CgPdr1. (A) The influence that the 

change of these residues of the core structure of CgPdr1 can have on the fluconazole docking structure 

(dark blue), with residues that interact with fluconazole (highlighted in yellow), the TAD domain (green) 

and the structural features that interact with the TAD (cyan) were carefully analyzed. (B) Analyses of the 

effect that the residues (red) changes P822L and I803T in the core of CgPdr1, reported resulting in 

CgGal11A partially independent CgPdr1 hyperactivation, might have on CgPdr1 protein structure. (a) 

Influence of the mentioned GOFs and the connected (represented with green lines) Ŭ-helix structures where 

they are located might have on the CgPdr1 structure and specifically the nuclear localization signal region 

(dark grey) (b) The surface region of this CgPdr1 structure region is specially enriched in negative charges 

(red). (C) The 392 residue (red) is buried in the CgPdr1 structure and located in an Ŭ-helix structure involved 

in TAD domain sequestration (cyan) that is also located near the fluconazole (yellow) predicted docking 

site. The modification to a Met amino acid generates clashes (red lines) to the near T520 residue (green). 

 

 Residues located within the TAD domain itself (Figure V. 8 panel A) are also found to serve as 

points for the emergence of GOF mutations. As described before, different modifications in the TAD 

domain can have different dependencies on CgGal11A in the hyperactivity of CgPdr1 [181]. Interestingly, 

analysis of these specific changes revealed that modifications in this region may affect relevant properties 

of this structural domain. Specifically, while D1082E GOF mutation (which relies partially on CgGal11A 

for CgPdr1 activation) appears to change the overall negative charge of the TAD, and LWG1097AAA 

modification (highly dependent of CgGal11A for activation of CgPdr1) significantly affects the 

hydrophobic nature of the domain (Figure V. 8 panel B) [181]. These results suggest that reduction of the 

hydrophobicity enrichment of the domain may increase the dependency of CgGal11A for CgPdr1 activity, 
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while the reduction of the overall negative electrostatic charge may reduce this dependency. Interestingly, 

it was previously described that the CgPdr1P822L affecting in the CRD, also as mentioned showing a 

decreased dependence in CgGal11A, and CgPdr1D1082E of the TAD variants have a similar transcriptional 

profile (~0.87) when expressed in the same isogenic strain while presenting transcription profiles with lower 

similarities when compared to other GOFs, even if in the same domain. Furthermore, both CgPdr1P822L and 

the CgPdr1D1082G variants originate higher transcript levels of various CgPdr1 target genes (e.g. CgCDR1, 

CgCDR2, CgSNQ2, or CgYBH1), compared to the transcript levels that are produced in strains expressing 

other CgPdr1 GOF variants [181]. This result suggests that the partially independent CgGal11A activity 

regulation exerted by both GOF mutations could involve the same players and correspondent structural 

regions affected. 

 
 

Figure V. 8. Gain-of-function mutations distributed in the transactivation domain of the CgPdr1 

transcription factor protein. The Chimera visualization software was used to inspect closely the distribution 

of residues affected by GOF mutations (red) along with the structure of CgPdr1. (A) The influence that the 

change of these residues in the TAD (green) was carefully analyzed. (B) Analysis of the distinct effect of 

the modifications LWG1097AAA and D1082G, different dependencies on CgGal11A for hyperactivation 

of CgPdr1, have on the TAD domain overall negative electrostatic charge (red) and hydrophobic surface 

(yellow). 

 

 The GOF modifications occurring in two exposed regions, between F575 to T588 residues (Figure 

V. 9) and the W256 to Y336 residues (Figure V. 10) are more elusive to understand. The first of these 

regions is composed of two Ŭ-helix structures protruding from the fluconazole docking site to the exterior 

of the protein (Figure V. 9 panel A). Most of the GOFs described to affect this structural region (e.g. F575L, 

H576Y, Y584C, T588A) occur in residues located in the surface of CgPdr1 and thus it is possible that a 

change of the protein surface in this region can underlie the hyper-activation of the protein. The GOFs in 

this region affect two Ŭ-helixes structures forming a channel leading to the predicted fluconazole docking 

site (Figure V. 9 panel B). The amino acid sequence of these helixes is part of the middle homology region 
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(Figure II. 6 and Annex Figure II. 1) present in most yeast zinc transcription factors and whose function is 

not clear, although in S. cerevisiae it was found dispensable for the activity of ScPdr1 [225]. Thus, changes 

in this MHR region may affect the activity of CgPdr1 in a mechanism that is independent of the TAD 

release.  MHR was suggested to assist target discrimination of zinc transcription factors by aiding the DBD 

and linker sequence interaction to DNA [224] and, interestingly, GOFs occurring in CgPdr1 occur 

predominantly in aromatic amino acids that may play a role in mediating protein contacts with DNA (Figure 

V. 9 panel A) [340]. Therefore, it would be interesting to study if GOF mutations in this domain could 

change CgPdr1 DNA binding specificity or even tighten the transcription factor interaction with the DNA, 

the mechanism suggested to explain the CgPdr1 hyperactivation in N-terminal tagging of CgPdr1 [207]. 

 

 
Figure V. 9. Gain-of-function mutations distributed in the exposed region of the middle homology domain 

of the CgPdr1 transcription factor protein. The Chimera visualization software was used to inspect closely 

the distribution of residues affected by GOF mutations (red) along with the structure of CgPdr1. (A) Several 

residues of the middle homology region (MHR) were also identified to be affected by GOF mutations; 

specifically, aromatic amino acids enriched in this region. (B) This zinc transcription factor conserved 

region is a structural part of the channel where fluconazole docks (highlighted in blue). The predicted 

fluconazole molecule (yellow) docking channel structure is signaled in surface representation with a red 

arrow. 

 The second mentioned exposed region comprising the W256 to Y336 residues, in which GOF 

CgPdr1 mutations appear to occur at high frequency, is located within the CRD and links the dimerization 

domain with the TAD docking region (inhibitory domain I) (Figure V. 10 panel A). Since small structural 

features in this region are also predicted to interact with the TAD domain (Figure V. 4), it is possible that 

these GOF mutations may affect TAD sequestration by the core structure. Interestingly, however, one of 

the GOF identified in this region is the L280P that when expressed in different genetic backgrounds 

wasdemonstrated to have a positive influence on the expression of CgEPA1 [229], which is normally 

repressed by chromatin silencing, raising the question of whether this structural region of CgPdr1 has an 

effect in gene expression resulting from changes in the activity of chromatin remodelling proteins. 

Contrarily, the G346D mutation, located in the first ID motif, has a negative effect or a null effect in the 

expression of the CgEPA1 gene depending on the genomic background [54]. Altogether, these results 

suggest that the region linking the dimerization domain to the globular structure of the protein might have 

a specific regulatory function in CgPdr1 protein. Concordantly this region has several small exposed 

secondary structures that are known to have a role in protein-protein interaction [339]. Interestingly, the 
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L280 residue is part of a short exposed Ŭ-helix structure and its change to a proline reduces the confidence 

in the Ŭ-helix prediction (Figure V. 10, panel B). The GOF K274Q identified in the course of this thesis 

(Chapter III)[55], also affects the loop between two short alpha-Ŭ-helix structures, including that with the 

L280 amino acid, that could have bioactive roles in CgPdr1 activity (Figure V. 10, panel C). The K274 

residue is predicted to interact with a nearby short Ŭ-helix involved in the interaction of the CRD with the 

TAD docking structure (Figure V. 10, panel C). Upon change of K274 to an asparagine or glutamine (both 

predicted GOFs (Annex Table II. 1))  it is possible that this connection between CRD and TAD gets 

affected, resulting in hyperactivation of CgPdr1. Another possibility is that the break of this connection 

could free this region to form interactions with distinct interacting proteins. 

 

 
Figure V. 10. Gain-of-function mutations distributed in exposed regions in CgPdr1 transcription factor 

protein. (A) The Chimera visualization software was used to inspect the disordered region that connects 

the dimerization domain (dark grey) and the predicted TAD docking domain (cyan) that is enriched with 

residues affected by GOF (red) (B) The localization of the residues affected by the G346D and L280F GOF 

mutations, with opposing effects in CgEPA1 expression, in the of CgPdr1 protein structure was 

analyzed.  The effect of the L280P GOF mutation in the destabilization of the Ŭ-helix secondary structure 

is also analyzed. (C) The K274 residue (red) interacts with the amino acids of a nearby loop structure 

(yellow), which in its turn has residues that have a connection with those of the TAD domain (green) or the 

TAD docking region (cyan). Change of the lysine by glutamate or asparagine reduces the number of 

interactions of the 274 residues. 
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4.2. Overview of the insights brought by the in silico structural analysis over CgPdr1 

activity   

 With the structural information obtained, it was possible to better detail the regulatory domains 

that might be involved in the regulation of CgPdr1 activity and also anticipate what can be the effect of the 

occurrence of distinct GOF mutations in CgPdr1 activity. A schematic representation of these identified 

regulatory domains, along with the description of CgPdr1 GOF mutants described, is presented in Figure 

V. 11. The regulatory domains identified across the central regulatory domain include three inhibitory 

domains that might be involved in maintaining TAD in its inactive form; and domains predicted to be 

involved in the direct interaction of CgPdr1 with fluconazole (indicated as FDB). Due to the promiscuous 

nature of CgPdr1 in binding xenobiotics [105] other regions of the protein may be involved in binding 

rather than only the herein identified FDB domain. Hyper-activating mutations found to occur in the MHR 

and the regulatory domain (indicated as RD) are localized in the surface of the protein and, according with 

the structural model herein presented, appear to be far from the FBD and ID domains, thus leading to the 

idea that they influence CgPdr1 activity by a mechanism that might not be related with the sequestration of 

TAD.  Regarding NLS,  two proven GOF mutations were found in this region to result in partially 

CgGal11A independent CgPdr1 hyperactivation [181](Chapter III). As observed in Figure V. 11 panel A, 

the distribution of the GOFs reported in the literature affects directly the described regions, strongly backing 

the in silico predictions of the relevance of these individual domains in the CgPdr1 protein activity. 
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Figure V. 11. Redefinition of the regulatory domains of CgPdr1 based on the predicted structure features, 

the effect of gain-of-function mutations in CgPdr1 activity, and literature information. (A) The different 

regulatory domains of CgPdr1 identified include the DNA-binding domain (DBD), the linker region, the 

dimerization domain (DD), the regulatory domain (RD), three inhibitory domains (ID), three domains 

involved in fluconazole binding signalling (FBD), the middle homology region (MHR) the nuclear 

localization signalling (NLS) and the transactivation domain (TAD). The distribution of the gain-of-

function mutations found in the literature in the amino acid sequence of CgPdr1 is also represented, 

including in green the GOFs characterized in this thesis. The structural representation of the different 

domains is represented with the same color in (B) backbone and (C) surface structural representation. 

 

 

 

 






























































































































































































































