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1: Introduction and Review of literature 

1.1 An Introduction to human fungal pathogens and associated diseases 

1.1.1 Kingdom Fungi  

Fungi, the most evolutionarily and ecologically diverse organisms evidenced to have first 

appeared around 1 billion years ago (Berbee et al. 2017). They are ubiquitous to this 

planet, estimated to be approximately 2.2 to 3.8 million species, which constitutes about 

a quarter of earth’s biomass (Miller 1992; Webster and Weber 2007), but we know only 

about just 120,000 species (Hawksworth and Lücking 2017). Fig 1.1 represents the 

diversity of the fungal kingdom. These are non-photosynthetic, heterotrophic eukaryotic 

organisms and can reproduce both sexually and asexually (Moore-Landecker 1996; 

Taylor et al. 1999). The majority of fungi grow as filamentous fungi with multiple nuclei in 

contrast to that yeast-like fungi with uninucleus, which divide by budding or fission  

(Fincham 2001; Borkovich and Ebbole 2010). In the tree of life, the fungal kingdom is 

among the most diverse kingdoms which includes molds, yeasts, mushrooms, plant 

parasitic rusts, lichens, smuts and mildews (Blackwell 2011). 

 

 

Fig1.1: Fungal diversity (Adapted from Spatafora et al. 2017) 
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During evolution, fungi adapted to survive a.nd propagate in any habitat, which could be 

considered as extreme (Raspor and Zupan 2006). Fungi play an intriguing role to support 

life on this planet (Walker and White 2017). Fungi are also a source of nutritious food and 

food additives, lifesaving medicines and antibiotics and probiotics, pigments, biofuels, 

vitamins, fatty acids, beverages and enzymes for biotechnology (Willis 2018).  Table 1.1 

represents the list of fungi important to humankind. 

 

Table 1.1: Fungi important to man (compiled from May and Adams, 1997 and Kendrick, 2011) 

 

Human health and 
medicine  

Agriculture  Industrial 
biotechnology 

 Basic research 

Candida spp.  Ustilago spp.  Saccharomyces 
cerevisiae 

Saccharomyces 
cerevisiae 

Aspergillus spp.  Magneporthe 
grisea  

Pichia Pastoris Schizosaccharomyces 
pombe 

Cryptococcus spp Fusarium spp.  Aspergillus niger  Neurospora crassa 
Pneumocystis carnii  Erysipe spp.  Aspergillus oryzae  Aspergillus nidulans 
Coccidiodes immitis  Aspergillus 

flavus  
Aspergillus 
awamori  

Ustilago maydis 

Histoplasma 
capsulatum  

Phytophthora 
infestans 

Penicillium 
chrysogenum  

Schizophyllum 
commune 

Blastomyces 
dermatitidis 

Agaricus 
bisporus 

Trichoderma reesei  Coprinus cinereus 

 

1.1.2 Fungal pathogens and diseases: an underestimated problem 

Even though fungi has extensive influence on human, animal, plant, ecosystem health 

and economic well-being, the threats posed by fungal pathogens from last three decades 

are often poorly underestimated (Olsen et al. 2011; de Pauw 2011).  Fungi are the 

remarkable pathogen species in plants, animals as well as in humans. Out of 1,400 

recognized human pathogens, a little more than 20 % (~ 325) are fungal, and less than a 

dozen are allied with “life-threatening” diseases (Taylor et al. 2001; Di Mambro et al. 

2019). Primary fungal diseases (e.g., coccidioidomycosis, histoplasmosis) are very few 

that induce symptomatic disease in healthy people (Cutler et al. 2007; Casadevall 2007). 

Most pathogenic fungi infect susceptible individuals with already experiencing serious 
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illness, chemotherapy, autoimmune disease therapy, intensive care, and sophisticated 

surgery (Köhler et al. 2015). Nevertheless, once established, fungal diseases are often 

challenging to treat (Romani 2004; Casadevall 2007). Four essential conditions for 

infecting humans are high-temperature tolerance, capacity to enter the human body, 

human tissue lysis, and immunity to the human immune system (Gostinčar et al. 2018). 

While most of the fungal infections are subcutaneous and superficial infections affecting 

the skin, mucous membranes, and keratinous tissues, but some of the fungal infections 

can be fatal (Bajpai et al. 2019). Human pathogenic fungi belong to four major classes, 

namely zygomycetes, ascomycetes, deuteromycetes and basidiomycetes associated 

diseases (Al-Fakih 2014). The number of deaths attributed to fungal infections is equal to 

the mortality of the world's lethal illnesses, including malaria and tuberculosis, as stated 

by the CDC and WHO (Healey et al. 2016). The global burden of fungal infections is 

shown in Fig 1.2, which further explains why there is an urgency of combating these 

infections (Bongomin et al. 2017).  

 

Fig 1.2: Global burden of fungal infections estimated recently (Adapted from Bongomin et al. 2017) 

Overall, about one billion people develop fungal skin, nail or hair infections, millions from 

mucosal candidiasis, and over 150 million suffer from serious mycosal infections (Brown 

et al. 2012; Almeida et al. 2019; Bajpai et al. 2019). List of important pathogens and their 

etiologies are explained in Table 1.2. 
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Table 1.2: List of important human fungal pathogen and their distribution and etiological 

agents (Edited version of Almeida et al. 2019) 

Fungal diseases  Distribution and etiological agent  References 

Aspergillosis Worldwide mycosis, caused by 
Aspergillus spp. Wide spectrum of 
infections in humans, but mainly in 
immunocompromised individuals. 
Aspergillus fumigatus and Aspergillus 
flavus are the most common. 

Latge, 1999; Sugui et 
al., 2014 

Blastomycosis Endemic mycosis to the south central and 
north central United States, caused by 
Blastomyces dermatitidis and 
Blastomyces gilchristii in 
immunocompromised individuals. 

Castillo et al., 2016; 
McBride et al., 2017 

Candidiasis Worldwide mycosis, caused by Candida 
spp. A major cause of mortality 
worldwide, and the main causative agent 
in systemic fungal infections. Among the 
Candida spp., Candida albicans and 
Candida glabrata are most common. 

Pfaller and Diekema, 
2007; Yapar, 2014 

Coccidioidomycosis Endemic to Southwestern United States 
and Central and South America, caused 
by Coccidioides immitis and Coccidioides 
posadasii. 

Twarog and 
Thompson, 2015; 
Stockamp and 
Thompson, 2016 

Cryptococcosis  Worldwide distribution, caused by 
Cryptococcus neoformans. Affects 
immunocompromised hosts, and is a 
major cause of HIV-related deaths. One 
noticeable outbreak in Vancouver Islands 
of C. gattii in immunocompetent patients. 

Casadevall and 
Perfect, 1998; 
Heitman et al., 2011; 
Almeida et al., 2015 

Dermatophytosis Worldwide, Trichophyton rubrum and 
Trychophyton interdigitale have been 
described as the most common to cause 
dermatophytosis. The most frequent type 
of superficial mycosis in humans, 
attacking skin and nails. 

Weitzman and 
Summerbell, 1995; 
Bitencourt et al., 
2018; Persinoti et al., 
2018 

Histoplasmosis Worldwide, Histoplasma capsulatum is 
the etiologic agent, mostly 
immunocompromised individuals, it is one 
of the most common invasive fungal 
pulmonary diseases. 

Cano and Hajjeh, 
2001; Guimaraes et 
al., 2006 
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Paracoccidiodomycosis Endemic to Latin America, caused by 
thermodimorphic fungi of the 
Paracoccidioides spp. 

Colombo et al., 2011; 
Theodoro et al., 2012 

Pneumocystis Worldwide, caused by Pneumocystis 
jiroveci, affects patients that are 
immunosuppressed, such as cancer 
patients receiving chemotherapy or HIV 
patients. 

Thomas and Limper, 
2004; Morris and 
Norris, 2012 

Sporotrichosis  Worldwide, subcutaneous and 
subacute/chronic disease caused by 
dimorphic fungus of the genus Sporothrix.  

Chakrabarti et al., 
2015; Conceicao-
Silva and Morgado, 
2018 

 

1.1.3 Candidiasis: fungal infection by genus Candida 

Candidiasis is a broad term given to fungal infections due to species of Candida genus. 

Its scope covers a wide range of diseases from more superficial and milder clinical 

manifestations such as oral thrush, oropharyngeal candidiasis to serious infections such 

as bloodstream infections (BSI) and disseminated candidiasis (Hani et al. 2015). Invasive 

candidiasis includes severe diseases such as candidemia, endocarditis, central nervous 

system infections, endophthalmitis, and osteomyelitis (Fig 1.3) (Kullberg and Arendrup 

2015). There have also been reports showing that older age people, diabetes mellitus 

patients and chronic renal failure patients are identified as risk factors for patients with 

invasive candidiasis (Wang et al. 2014). Genitourinary candidiasis is a widespread clinical 

complication from which ~ 75% of women suffer at least once during their child-bearing 

years (Achkar and Fries 2010). Pathogenesis and sites of infection due to Candida spp. 

are represented in Fig 3. According to the Centers for Diseases Control and Prevention 

(CDC) and the National Healthcare Safety Network data, Candida species ranked fifth 

among hospital-acquired pathogens and fourth among BSI patients. Surveillance studies 

based on population show incidence of Candida infections as 8 per 100,000 populations 

per year (Yapar 2014a), and 2500 cases of candidemia occur nationwide each year, 

according to CDC reports. Present challenges in the treatment of candidiasis include 

diagnostic delays, low sensitivity, difficulty in the discrimination of colonization from 

invasive candidiasis, limitations in current diagnostic techniques. Sometimes, the 

causative infection is only confirmed after autopsy (Pappas et al. 2018).  
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Fig 1.3: Pathogenesis of Invasive Candidiasis (Adapted from Kulberg et al. 2015) 

 

About 200 Candida species have been described so far, but only a few have the 

pathogenic effect (Yapar 2014a; Zeng et al. 2019). These are Candida albicans, Candida 

glabrata, Candida krusei, Candida tropicalis, Candida parapsilosis, Candida lusitaniae, 

Candida guilliermondii, Candida pelliculosa, Candida dubliniensis, Candida kefyr, 

Candida famata, Candida lipolytica, Candida rugosa, Candida inconspicua, and Candida 

norvegensis. Candida spp can survive on inanimate surfaces, healthcare instruments and 

also in the hands of healthcare personnel, which increases the risk of outbreak and cross 

dissemination among susceptible hosts such as neonates, immunocompromised, 

intensive care, and surgical patients (Orozco et al. 2009; van Schalkwyk et al. 2018). In 

95% cases of infections in both ICU and non-ICU settings, the pathogens involved are C. 

albicans, C. parapsilosis, C. glabrata,  C. tropicalis, and C. krusei (Cortés and Corrales 

2018). Rest of the 5% infections are due to twelve to fourteen other Candida species, 

including C. krusei (2 to 3%), C. lusitaniae (0.5 to 0.6%), C. guilliermondii (0.5 to 1%), C. 
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famata (0.08 to 0.5%), C. rugosa (0.03 to 0.7%), C. dubliniensis (0.01 to 0.1%) (Pfaller et 

al. 2010). Recently Candida auris have emerged as global threat to cause invasive 

candidiasis (Cortegiani et al. 2018).   

1.1.4 Epidemiology of Candida infections 

The third most common pathogen, Candida species, confer 20-34% bloodstream deaths 

(Fu et al. 2017). Globally, the majority of the isolate to cause candidiasis is C. albicans, 

but this varies from 35%-75% depending on the geographical locations (Doi et al. 2016; 

Pfaller et al. 2019; Zeng et al. 2019). The global surveillance programs SYNTRY 

surveillance program and ARTEMIS have reported geographical trends of Candida spp 

isolation and their distribution patterns. Global increase in non-albicans Candida (NAC) 

species are alarming and distribution of major NAC species are represented in Fig 1.14.  

 

Fig 1.4: Scenario of NAC species globally (Adapted from Pappas et al. 2018) 

The rise in candidemia due to NAC spp. has partly been associated with the use of 

fluconazole (FLC) prophylaxis and treatment of invasive fungal infections in susceptible 

and immunocompromised patients (Lamoth et al. 2018; Hassan et al. 2019). However, 

linking of FLC prophylaxis with changing epidemiological pattern of Candida infections 
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remain controversial as several reports claim no correlation between them (Lin et al. 

2005). 30% of candidemia cases among newborns are due to C. parapsilosis, whereas 

the rate is 10%–15% among adults (Kothalawala et al. 2019). C. parapsilosis can colonize 

the skin and is a common isolate from catheter-related infections (Wang et al. 2016). C. 

tropicalis infections are frequently seen among leukaemia and neutropenic patients 

(Guarana and Nucci 2018). C. krusei infections are common among neutropenic 

leukaemia or hematopoietic stem cell recipients or receiving FLC prophylaxis (Yapar 

2014b). C. glabrata is a more common infectious agent among older and neoplastic 

patients (Kothalawala et al. 2019; Kim et al. 2019b). 

Candida species distribution varies with geographical location. A study conducted from 

1999 to 2008 at Sri Ganga Ram Hospital, New Delhi, revealed a significant change in 

Candida's epidemiology that is marked by infection shifts caused by non-albicans 

Candida spp. (Oberoi et al. 2012). In Northern India, a study from Haryana hospital 

including 228 isolates collected between Dec 2015 to June 2018 showed C. albicans 

(67.0%) comprised the major part, followed by C. tropicalis, C. auris, C. glabrata and C. 

parapsilosis (Kumar et al. 2020). Another study from North India with a total of 136 

isolates showed 80% prevalence of non-albicans Candida spp. with C. tropicalis at the 

top (39%) accompanied by C. parapsilosis (22.1%), C. albicans (14.7%) and C. glabrata 

(5.9%) (Singh et al. 2014). In a laboratory analysis performed at the Department of 

Microbiology, Manipal Hospital, C. tropicalis was causal for 39,7% of the patients in 

southern parts of India (Adhikary and Joshi 2011).  

To summarize, globally changing epidemiological pattern of candidemia highlights the 

importance of close monitoring of the distribution of Candida spp. to optimize the 

therapies for Candida infections. Importantly, the emergence of a rare species, C. rugosa, 

both in India and in a tertiary care hospital in Sao Paulo, Brazil (Colombo et al. 2007), is 

alarming for the clinicians. 

1.2 Current treatment landscape 

Since 1960, after the introduction and development of antibiotics, a drastic rise in fungal 

infections was observed. At the present scenario, they represent a global health threat, 

also recognized by World Health Organization (WHO) (Vandeputte et al. 2012). The 
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increasing incidence of superficial and deep-seated Candida infections is not only due to 

chemotherapy or organ transplantation but also the use of broad-spectrum antibiotics, 

aggressive surgery and prosthetic devices (Di Mambro et al. 2019). These incidences 

aroused to the development of different therapies for the treatments. Currently, therapy 

includes anti-fungal agents, monoclonal antibodies and radioimmunotherapy. 

1.2.1 Anti-fungal agents  

There is a limited number of the armamentarium of antifungal drugs available despite 

extensive researches are going on in the development of new therapies. Indeed, only four 

molecular classes of antifungal are currently used that target three distinct fungal 

metabolic pathways to treat systemic fungal infections. These are polyenes, azoles, 

echinocandins, and fluoropyrimidine analog 5-flurocytosine (5-FC) (Canuto and Rodero 

2002). Morpholines and allylamines class antifungals are only used as topical agents due 

to either their poor efficacy or adverse effects when administered systemically 

(Vandeputte et al. 2012). The currently available antifungals and their mechanism of 

action are demonstrated in Fig 1.5. 

 

Fig 1.5: Antifungal agents and their mechanism of action (Adapted from Sanglard, 2019) 
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1.2.1.1 Polyenes 

Structurally polyenes are cyclic amphiphilic organic molecules, also known as macrolides 

with 20-40 carbons macrolactone rings conjugated with a d-mycosamine group. More 

than 200 molecules from polyenes class have antifungal activity, but only three of them, 

namely, amphotericin B (AmB), nystatin (NYS) and natamycin are being used in clinical 

practices (Vandeputte et al. 2012). Most of the polyenes are being produced 

by Streptomyces bacteria; however, these can be commercially produced. AmB is 

administered intravenously and the clinically approved dosage for AmB for all Candida 

spp. is 0.7 mg/kg/day except for C. glabrata and C. krusei, where approved dosage are 

≥0.7 mg/kg/day and 1 mg/kg/day, respectively (Spellberg et al. 2006) 

Polyenes target ergosterol, through binding the lipid bilayer and forming pores. Pore 

formation promotes destabilization of the plasma membrane (PM), leads to leakage of 

channels for intracellular components such as K+ ions and cell lysis. However, AmB is 

also able to induce oxidative and nitrosative bursts in Candida and Cryptococcus to 

enhance its fungicidal property (Mesa-Arango et al. 2014, p.). AmB acquired or innate 

resistance occurrence among fungal pathogens is infrequent, and it has very severe 

effects on the kidney of the host (Adler-Moore and Proffitt 2008). Lipid-based formulations 

of AmB are less toxic, an effective treatment invasive candidiasis and are also less 

expansive (de Oliveira Santos et al. 2018). Polyenes also have a lower affinity for the 

human counterpart of ergosterol, cholesterol. This slight cholesterol affinity explains the 

high toxicity associated with antifungals and is responsible for several side effects. That 

is the reason why AmB is only given systemically, while NYS and natamycin are either 

used locally or orally (Vandeputte et al. 2012). 

1.2.1.2 Azoles 

Azoles are the most frequently used antifungal. Azoles inhibit ERG11 gene, which codes 

for an enzyme of the cytochrome demethylase system of the fungal cells resulted in 

toxic sterol formation (14-α methylated sterol) and disrupt the membrane oxidative 

enzymes, retention of intracellular phospholipids, and ultimately fungal cell death (Nami 

et al. 2019). Since these compounds also react with the cytochrome P450 of the 

mammalian enzyme system, their oral and/or parenteral intake causes multiple 

disruptions and leads to multiple side effects. Azoles are cyclic organic molecules divided 
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into two groups the imidazoles [ketoconazole (KTC), clotrimazole (CTZ), miconazole 

(MCZ)] with two nitrogen atoms, and the triazoles [FLC, voriconazole (VRC), itraconazole 

(ITZ)] with three nitrogen atoms. The first azole was synthesized in 1944, but it was in the 

late 1960s when CTZ, econazole, and MCZ became available for treatment. KTC was 

permitted by the food and drug administration (FDA) in 1981, and FLC became available 

for use by clinicians only in 1990. ITZ was approved and made available by the FDA in 

1992 (Di Mambro et al. 2019). 

FLC is the most recommended for most Candida infections due to the low cost in patients 

(Paramythiotou et al. 2014). At present, there are a number of licensed azole antifungals; 

however, only four of them (FLC, ITZ, posaconazole, and VRC) are employed in clinical 

prophylaxis or treatment of fungal BSI (Van Daele et al. 2019). Oral formulations are 

available for all azoles; however, intravenous administrations are limited to FLC and VRC. 

FLC and VRC can be absorbed rapidly, but ITZ and MCZ are slow to be absorbed 

(Brüggemann et al. 2009). KTC was the first broad-spectrum oral antifungal agent 

available to treat systemic and superficial mycoses, but due to its hepatotoxic side effects, 

oral KTC was withdrawn in 2013 (Gupta and Lyons 2015). VT-1598, VT-1129 and VT-

1161, some new azole antifungal under preclinical, phase1 and phase 3 clinical trials 

respectively with a longer half-life (Van Daele et al. 2019). NT-a9, a new triazoles and an 

analogue of isavuconazole is effective against several fungi including C. albicans, C. 

glabrata and C. neoformans (Lu et al. 2019) 

Doses used for various azoles in clinical practice for FLC is 400-800 mg/day, for VRC is 

600 mg/day for initial two days and then 400 mg/day, for ITZ is 400 mg/day and for 

posaconazole is 400-800 mg/day (Spellberg et al. 2006; Goldman and Green 2015). 

Although azoles are generally well tolerated, azole antifungals have limitations to their 

use. Limitations to use azole antifungal include adverse effects such as hepatotoxicity 

and the emergence of resistance (Patil et al. 2015). Azoles can be toxic, as they serve as 

substrates or inhibitors of the number of enzymes, such as cytochrome P450 enzymes 

(de Oliveira Santos et al. 2018). 
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1.2.1.3 Echinocandins 

Echinocandins introduction in clinical practice was a ray of hope for candidiasis patients 

with a history of exposure to azoles, or intolerance to AmB (Rivero-Menendez et al. 2019; 

Nami et al. 2019). Echinocandins are synthetic derivatives of lipopeptides and are 

naturally produced by several fungal species viz., Aspergillus rugulovalvus synthesizes 

caspofungin (CSF). Three echinocandins CSF, micafungin (MCF), and anidulafungin 

(ANF) are currently approved for clinical use by the FDA, in 2001, 2005 and 2006 

respectively (Vandeputte et al. 2012). These molecules are fungicidal in Candida but only 

fungistatic in Aspergillus (Minnebruggen et al. 2010). 

Echinocandins inhibits β(1-3)-glucan synthase, an enzyme that catalyzes the 

polymerization of β(1-3)-glucan from uridine diphosphate-glucose which is a structural 

component for maintaining the fungal cell-wall integrity and rigidity (Van Daele et al. 

2019). Two FKS genes are present within the genome of most of the fungi with 

overlapping functions (Riquelme et al. 2018). Echinocandins can inhibit both the FKS1 

and FKS2 gene in S. cerevisiae and C. glabrata (Johnson et al. 2011; Pham et al. 2014). 

Inhibition of β(1-3)-glucan synthase leads to cell wall destabilization, leakage of 

intracellular components, which results in fungal cell lysis (Parente-Rocha et al. 2017). 

All three echinocandins are available only in the form of intravenous formulations, which 

limits their use (Perlin 2011). For CSF and MCF, clinically approved doses are 

administered at 70 mg/day and 75 mg/day, respectively, while ANF is given as a dose of 

150 mg for the first day, followed by 75 mg/day (Denning 2003). As echinocandins target 

β(1-3)-glucan synthase, which is absent in mammalian cells, so these have a favourable 

safety profile (Perlin 2011). 

1.2.1.4- 5- Fluorocytosine 

5-FC was synthesized in 1957 as an antitumor therapy, and in 1963 its antifungal potential 

was discovered (Scorzoni et al. 2017). It has a broad range of activity and is active against 

Candida and Cryptococcus genera. It diffuses rapidly throughout the body when taken 

orally due to its high hydrosolubility and small size (Vandeputte et al. 2012). 5-FC 

interferes DNA replication, but it has no antifungal activity. Through specific transporters 
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(cytosine permeases or pyrimidine transporters), 5-FC enters the cell; it is then converted 

into 5-fluorouridine (5-FU) by the cytosine deaminase. Then, another enzyme, uridine 

phosphoribosyltransferase (UPRT), converts 5-FU into 5-fluorouracil monophosphate (5-

FUMP). 5-FUMP can then either be converted into 5-fluorouracil triphosphate 

incorporating in RNA instead of UTP and inhibiting protein synthesis or converted into 5-

fluorodeoxyuridine monophosphate (5-FUM). 5-FUM further inhibits DNA synthesis 

enzyme, thymidylate synthase, thereby inhibiting cell replication (de Oliveira Santos et al. 

2018). 

5-FC is not routinely used in monotherapy due to its limited activity spectrum and 

emergence of drug resistance, and it is usually used in combination with azoles and AmB. 

(Van Daele et al. 2019). Generally, it has negligible side effects, despite some severe 

adverse effects, such as hepatotoxicity or bone marrow suppression occurring in rare 

cases (Vandeputte et al. 2012).  

1.2.1.5 Other antifungals 

Three minor groups of antifungal, which inhibit ergosterol biosynthesis, are also used as 

a topical antifungal. The allylamines, such as terbinafine (TER), inhibit the squalene 

epoxidase encoded by ERG1 (Ruckenstuhl et al. 2007). The morpholines such as 

amorolfine act as an inhibitor of two enzymes of ergosterol pathway: the ERG24 encoded 

Δ7,8-isomerase and the ERG2 encoded C14-reductase (Gebre et al. 2015). These are 

used to treat dermatophyte infections despite their wide spectrum effect. Griseofulvin, 

interfere with microtubule dynamics, ultimately inhibits mitosis (Rathinasamy et al. 2010). 

Phenylamides antifungals such as metalaxyl, cyprofuram, benalaxyl and oxadixyl target 

RNA polymerase I (Park et al. 2014). Benzimidazoles antifungals such as carbendazim 

bind to b-tubulin, which affect DNA synthesis (Zhou et al. 2016). Inhibitors of both 

strobilurins and succinate dehydrogenase inhibit both the electron transfer chain (ETC) 

of mitochondrial respiration by inhibiting complex III and complex II, respectively 

(Sanglard 2019; Zuccolo et al. 2019). Antnilinopyrimidines antifungals target 

mitochondrial signaling pathways (Fisher et al. 2018).  
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1.2.1.6 Potential targets for the new antifungal discovery 

Ergosterol biosynthesis is targeted by most antifungal class; however, other possible 

targets could also be explored for further drug development. 

1.2.1.6.1 Heat Shock protein 90 (HSP90)  

A promising new strategy to improve the efficiency of antifungals and to block the 

evolution of drug resistance can be achieved by targeting molecular chaperone Hsp90 

(Veri and Cowen 2014). Hsp90 is a conserved molecular chaperone with various 

physiological functions but is also associated with the rapid development of antifungal 

resistance in Candida spp. and Aspergillus spp. (Lamoth et al. 2015). Hsp90 is a part of 

a complex network that involves calcineurin, lysine deacetylases (KDAC), and other 

proteins, which organize compensatory repair mechanisms of the cell wall in response to 

the stress induced by antifungals (Veri and Cowen 2014). Disrupting Hsp90 circuitry by 

several agents (Hsp90 inhibitors and KDAC inhibitors) potentiates the antifungal activity 

of CSF and azoles, thus representing a promising novel antifungal approach (Cowen et 

al. 2009). Inhibitors of Hsp90 include geldanamycin, which is a benzoquinone ansamycin, 

its derivatives, and radicicol, a resorcyclic acid lactone produced by certain fungal species 

show the synergistic effect with known antifungal agents (Jacob et al. 2015).  

1.2.1.6.2 Calcineurin signaling 

Calcineurin signaling is a conserved signaling pathway, plays diverse roles in fungi such 

as morphogenesis, regulation of stress responses, and pathogenesis. Fungal pathogens 

are also shown to exploit this pathway to successfully survive in the host environment 

and to cause life-threatening infections (Liu et al. 2015). Calcineurin signaling also 

regulates growth at alkaline pH, increased temperature, membrane stress conditions, and 

virulence C. albicans and C. neoformans (Kozubowski and Heitman 2012; Yu et al. 2015). 

Calcineurin plays an important role in maintaining colony morphology and dimorphic 

switching and also regulates several downstream target genes, such as vacuolar calcium 

P-type ATPase CaPmc1p and β-(1,3)-glucan synthase subunit CaFks1p in C. albicans 

(Sanglard et al. 2003). In Neurospora crassa, calcineurin impacts the tip high calcium 

gradient important for the development of hyphal tip and normal vegetative growth 
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(Silverman-Gavrila and Lew 2000). In A. fumigatus, calcineurin is required for virulence 

in the host (Juvvadi et al. 2014). 

In a genome-wide microarray analysis of the global response of iron deprivation in C. 

albicans displayed upregulation of several HSPs (HSP90, HSP70, HSP60, and HSP30) 

and calcineurin mediated drug resistance (Hameed et al. 2011). Although calcineurin is 

a non-essential gene in C. albicans, mutation in CaCNB1, a regulatory subunit of 

calcineurin, leads to hypersensitivity to FLC (Jia et al. 2012). The mechanism of 

calcineurin signing in stress is regulated through the dephosphorylation of the Zn-finger 

transcription factor CaCrz1p, which after activation, translocates into the nucleus to 

activate downstream genes expression (Karababa et al. 2006). The potential targets in 

the Ca2+-calcineurin pathway are represented in Fig 1.6. 

Known immunosuppressive calcineurin inhibitors include FK506 and cyclosporine A 

which are active against several fungi, pointing to targeting the calcineurin can be a 

promising antifungal drug development strategy (Liu et al. 2015). Several azoles viz., 

VRC and posaconazole, in combination with FK506 and cyclosporine A show a clear 

synergism against fungi (Borba-Santos et al. 2017).  

However, the currently available calcineurin inhibitors are not ideal for treating fungal 

infections due to their immunosuppressive effects (Steinbach et al. 2007). It is unlikely in 

recent times that the current calcineurin inhibitors will gain clinical approval as antifungal 

agents, so new and more potent inhibitors are required that do not cross-react with the 

host and do not induce immunosuppression (Juvvadi et al. 2014). 
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Fig 1.6: Antifungal targets in Ca2+- calcineurin pathway (Adapted from Liu et al. 2015) 

1.2.1.6.3 TOR kinase 

Two TOR paralogs exist and form distinct complexes in yeast belonging to 

Saccharomyces clade, namely TOR complex 1 (TORC1) and TOR complex 2 (TORC2). 

The TORC1 controls protein synthesis, inhibition of translation by regulating mRNA 

synthesis, repression of ribosomal gene expression, nitrogen catabolite response, stress 

response, and degradation, ribosome biogenesis, and induction of autophagy in S. 

cerevisiae (Loewith and Hall 2011). TORC2 is involved in the control of actin polarization 

and cell wall integrity (Shertz et al. 2010). S. cerevisiae ScTOR2 can complement the 

Sctor1 loss generated function, but ScTOR1 cannot complement the Sctor2 loss 

generated functions (Shertz et al. 2010; Roelants et al. 2011). The TOR signaling 

activation is different in humans and yeasts (Inoue and Nomura 2017) (Fig 1.7), so it could 

be a good target for future drug designing.  

In C. albicans, the deletion of a PM localized ABC transporter Cdr6/Roa1, hyperactivates 

CaTor1 kinase, which affects multiple cellular functions. CaTor1 activation in the mutant 

resulted in the activation of Hsp90 and ribosome biogenesis and suppression of complex 

Calcium channel blockers 

Fluphenzine, Calmidazolium, tamoxifen, toremifene 

Cyclosporine, Tacrolimus 

Crz1 targeting compounds 

Amiodarone, Human lactoferrin, plakortide F acid 

Compounds Potential target 
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sphingolipid biosynthesis. The activation of CaTor1 kinase in the mutant and change in 

membrane permeability leads to increased resistance to azoles in the mutant 

(Khandelwal et al. 2018). 

Tor kinases can be inhibited pharmacologically by the use of the immunosuppressant 

drug rapamycin, a natural secondary metabolite produced by Streptomyces 

hygroscopicus (Loewith and Hall 2011). Recently studies indicate that rapamycin 

decreases erg3-mediated azole resistance (Shapiro et al. 2011). Recently, small-

molecule inhibitor of Pho84A is approved, which affects TORC1 signaling and enhances 

the activity of the antifungals AmB and MCZ (Liu et al. 2017). The molecular mechanism 

through which the TOR signaling cascade regulates responses to azoles remains an 

exciting area for future studies. 

1.2.1.6.4 Casein kinase 2. 

The casein kinase 2 (CK2) is a serine/threonine-protein kinase that controls cellular 

growth and proliferation of yeast (Litchfield 2003). In most of the fungi, CK2 kinase is 

composed of two catalytic subunits Cka1 and Cka2 and two regulatory subunits Ckb1 

and Ckb2 (Ong et al. 2019). Insertion mutations in CaCKA2 were found to be FLC 

resistant in C. albicans, and the molecular basis was due to the overexpression of the 

drug efflux pumps CaCDR1 and CaCDR2 (Bruno and Mitchell 2005). Although insertion 

mutation in CaCKA1 had a slight effect on FLC resistance, but its overexpression in 

CaCka2 mutant resulted in suppression of FLC resistance, indicating there might have 

some role of CaCka1p in azole resistance. Inhibition of calcineurin or Cacrz1 deletion also 

reversed the phenotype of CaCKA2 mutant (Onyewu et al. 2004). Genetic interaction 

between HSP90 and CK2 complex was observed in genome-wide chemical-genetic 

screening in S. cerevisiae  (Diezmann et al. 2012). It will be a matter of great interest to 

further dissect the role of CK2 in the development of azole resistance. 
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Fig 1.7: Circuitry of signing cascades in yeasts and humans (Adapted from Inoue et al. 2017) 

1.2.1.6.5 Sphingolipids  

Sphingolipids are major components of fungal cell membranes, playing a variety of roles 

such as heat stress response, signal transduction, endocytosis, apoptosis, fluidity, and 

domain organization (Heung et al. 2006). Both ergosterol and sphingolipids interact with 

each other in the membrane, and most of the antifungal target ergosterol synthesis, which 

suggests that sphingolipid can also interfere with the inhibition (Mukhopadhyay et al. 

2004). Some sphingolipids attenuate the fungal pathogenesis by inhibiting or deleting 

enzymes involved in the biosynthetic pathways, for example, by inositolphosphoryl 

ceramide (IPC) and GlcCer (Rollin-Pinheiro et al. 2016). 

Although the pathway of sphingolipid biosynthesis is conserved, still the structural 

complex lipids are different in fungal and mammalian cells and can be a potential target 

Yeast Human 
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for drug development. Several natural inhibitors of fungal GlcCer synthesis are known to 

attribute antifungal properties (Mor et al. 2015). Caipt1 deletion in C. albicans which 

ultimately lead to depletion of M(IP)2C, significantly increased susceptibility to azoles 

(Prasad et al. 2005). FEN1 and FEN12, encode enzymes for the synthesis of very-long-

chain fatty acids, null mutants of these also shown to be hypersensitive on AmB in both 

S. cerevisiae and C. albicans (Sharma et al. 2014). Upregulation of sphingolipid 

biosynthesis genes is also observed in FLC resistant C. albicans isolates. (Gao et al. 

2018). 

1.2.2 Immunotherapy 

With increasing susceptible group, mortality and morbidity associated with invasive 

antifungals, prevention from fungal infection is a need. Advances in our knowledge to host 

defense system against fungal infection has provided a good platform for the 

development of effective vaccines. Several antifungal vaccines are in pre-clinical studies, 

although few trials have been performed on humans (Scorzoni et al. 2017). For invasive 

candidiasis treatment, two vaccines are promising and are in the clinical trial. The first is 

in phase IIa, containing the rAls3p-N antigen and prevents fungal adhesion and invasion 

in immunized hosts (Shahid 2016). The second vaccine in the clinical trial phase is a 

virosome-based vaccine containing a recombinant Sap2 antigen (Scorzoni et al. 2017). 

A monoclonal antibody was also tested pre-clinically, which binds to the immunodominant 

epitope of C. albicans Hsp90p. Mice vaccinated with Hsp90-CA DNA exhibited prolonged 

survival by 64% compared with the untreated control (Raska et al. 2005). Recently use 

of a live attenuated mutant strain of C. neoformans lacking sterol glucosidase enzyme 

(Cnsgl1Δ) shows a potential vaccine formulation (Rella et al. 2015). Only a few vaccines 

have been entered in the clinical trial phase; however, with ever-increasing infection and 

devastating results indicates an urgent need for new and improved vaccine production. 

1.2.3 Combination therapy 

Combination therapy is generally described for fungal infection difficult to treat, such as 

in aspergillosis and mucormycosis (Belanger et al. 2015). Numerous antifungal 

combinations are being studied in vitro by combining triazoles with echinocandins or  AmB 

(Elefanti et al. 2013; Katragkou et al. 2014).  A combination of CSF and VRC shows the 

in-vitro synergistic effect against Aspergillus spp. (Walsh et al. 2008). VRC and ANF 
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combination has improved effects against aspergillosis than their single counterparts 

(Marr et al. 2015). 5-FC in combination  with azole or with AmB did not show synergistic 

activity for Candida spp. but was efficient for cryptococcal meningitis (Scheid et al. 2012).  

Non-antifungal agent interactions have also been described as potentiating antifungal 

activity. Triclosan, a compound that displayed synergistic activity with FLC against in vitro 

in C. albicans and C. neoformans by switching on apoptotic pathways (Yu et al. 2011; 

Movahed et al. 2016). Recently, calcium channel blockers amlodipine, nifedipine, 

benidipine, and flunarizine showed synergistic activity with FLC in C. albicans (Liu et al. 

2016). 

Natural source molecules are also now gaining importance to enhance antifungal activity 

of available drugs. Use of the natural chemical beauvericin with conventional antifungals 

can be able to potentiate the action of FLC, inhibits efflux pumps, and morphogenesis in 

C. albicans (Shekhar-Guturja et al. 2016a). 

1.3 Candida glabrata: overview and pathogenesis  

1.3.1 History and evolutionary classification 

C. glabrata was historically a nonpathogenic yeast, was first isolated from human stool 

and named as Cryptococcus glabrata by Anderson in 1917, later Lodder and deVries in 

1938 called it Torulopsis glabrata (Anderson 1917). Meyer and Yarrow in 1978 introduced 

its present name when the Torulopis genus was merged with Candida due to the fact that 

pseudohyphae formation was not enough to factor for the genus determination. 

(Kurtzman et al. 2011; Tam et al. 2015).  However, later C. glabrata was placed under 

the Nakaseomyces clade, with two other pathogenic Candida species; Candida 

nivarensis and Candida bracarensis, and three environmental species (Kurtzman and 

Robnett 2003). Nakaseomyces is the only group that has evolved the ability to infect 

humans among the post-WGD clade (Gabaldón and Carreté 2016). 

From an evolutionary perspective, C. glabrata is more closely related to the baker's 

yeast S. cerevisiae than to C. albicans (Dujon et al. 2004a). The evolutionary status of C. 

glabrata is resented in Fig 1.8. Several genetically distinct clades of C. glabrata population 

have been shown based on few loci, reported to be enriched in same clade and are 

dependent on geographical origin (Gabaldón and Fairhead 2019). 
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Fig 1.8: Phylogeny of C. glabrata (Adapted from Gabaldón et al. 2015) 

 

1.3.2 General feature and Genomic Architecture 

C. glabrata is a nondimorphic yeast that exists as small blastoconidia as a pathogen 

under every environmental condition (Almshawit 2015). C. glabrata blastoconidia (1 to 4 

μm) are substantially smaller in size than C. albicans blastoconidia (4 to 6 μm) (Silva et 

al. 2012). General biology of C. glabrata and its distinctions with C. albicans are illustrated 

in table 3. C. glabrata is a petite positive yeast and crabtree positive yeast (Rodrigues et 

al. 2014). C. glabrata forms glistening, smooth, cream-colored colonies on sabouraud 

dextrose agar (SDA), and Chromagar, it appears as pink to purple color  (Fig 1.9) (Gupta 

et al. 2019).  
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Fig 1.9: C. glabrata images a) Microscopic images b) on CHROMagar c) on SDA (Adapted from Rodrigues 

et al. 2017) 

 

Clinically, C. glabrata can be identified via biochemical assay of carbon source utilization 

as it can’t assimilate carbon sources other than glucose and trehalose or via culture-

based assays and microscopic examination (Byadarahally Raju and Rajappa 2011; 

Dellière et al. 2016). There is no pseudohypha generation reported in C. glabrata at 37°C. 

Features of C. glabrata is represented in Table 1.3. 

 

Table 1.3: Features of C. glabrata (Adapted from Kumar et al, 2019) 

 

Features Candida glabrata 
Ploidy Haploid 

Cellular morphology Yeast 
Cell size 1–4 µm 

Phylogeny Non-CTG clade 
Phenotypic switching Present 
Carbon assimilation Glucose and trehalose 

Auxotrophy Niacin, thiamine, pyridoxine 
Crab tree Positive 

Mitochondrial function Petite positive 
Mating genes Present 

Haem receptor Absent 
Haemoglobin and transferrin utilization Absent 

Innate azole resistance Present 
Secretory aspartyl proteases Absent 

Life style Probably commensal, and pathogenic 
Major sites of infection Vaginal, oral, disseminated 

Major adhesins Lectins (Epa) 
Biofilm Present 
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Invasion Not known 
Damage to host cells No significant damage 

 

C. glabrata lost more genes than S. cerevisiae after WGD event, although its pathogenic 

lifestyle is considered to be due to the reductive genome evolution. Lost genes included 

genes for galactose, phosphate, nitrogen, sulfur metabolism, and pyridoxine biosynthesis 

(Dujon et al. 2004a). C. glabrata have natural auxotrophy to synthesize nicotinic acid, 

pyridoxine, and thiamine, and the inability to use galactose (Rodrigues et al. 2014). 

Most typical Candida pathogens belong to the CTG clade, share a rare particularity in 

their codon usage such that the CUG codon encodes for serine instead of leucine 

(Gabaldón and Carreté 2016). In contrast, C. glabrata uses the standard genetic code. 

C. glabrata is a haploid yeast with a genome size of 12.3 Mb in size divided into 13 

chromosomes, named from Chromosome A to M (Kumari et al. 2018). Only 238 (4.5%) 

ORFs are verified out of a total of 5293 open reading frames (ORFs) in the genome 

(http://www.candidagenome.org/). Only 446 genes representing 8.6% of the genome 

have no orthology with S. cerevisiae gene (Gabaldón and Carreté 2016).  

C. glabrata possesses 20 kb circular mitochondrial genome coding for eleven ORFs. 

These include the three subunits of the cytochrome C oxidase, the apocytochrome b, and 

three subunits of the ATP synthase. The mitochondrial genome also codes for 23 tRNAs, 

2 rRNAs, and a non-coding RNA (Kumar et al. 2019).   

1.3.3 Case reports of C. glabrata epidemiology 

Although C. glabrata is considered as human commensal but it has been isolated from 

various environmental sources such as from coffee beans, ragi, or oak tree (Gabaldón 

and Fairhead 2019).C. glabrata has inherent FLC resistant and in the last two decades, 

it emerged as an important nosocomial pathogen associated with high mortality among 

susceptible individuals (Fidel et al. 1999). Specific risk factors of infection include 

prolonged hospitalization, prior antibiotic use, prior FLC prophylaxis and hand carriage by 

hospital patients (Perlroth et al. 2007). The global distribution of C. glabrata infection is 

now 2nd to 4th according to the geographical location. C. glabrata increased from 16% to 

27% of all isolates in Australia (Chapman et al. 2017). A similar rise has been observed 

in European countries also. By 2009, 26% of isolates from Denmark and 27% of infection 

in Belgium were due to C. glabrata (Arendrup et al. 2013).  C. glabrata accounts for 21%, 

http://www.candidagenome.org/
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13% and 15% of isolates in Scotland, Spain and Norway, respectively (Lamoth et al. 

2018). In Asia, Taiwan reported 21.6% infection due to C. glabrata in 2012. In India and 

Pakistan C. tropicalis is the most prevalent species and C. glabrata ranks 4th with 7.1% 

and 16% infection (Chakrabarti et al. 2015; Lamoth et al. 2018).  

C. glabrata is very notorious for causing infection in persons with diabetes mellitus 

(Chouhan et al. 2019). An 83-year old patient with diabetes mellitus was diagnosed with 

epidymo-orchitis due to C. glabrata (Jenks et al. 1995). A case of necrotizing urethritis 

caused by C. glabrata in a 56-year-old man with a past medical history of type 2 diabetes 

mellitus (Ibilibor and Cammack 2018). C. glabrata is very rare to cause fungal pneumonia 

and it was reported in 4 out of 140 patients (Yazici et al. 2016). Vulvovaginal candidiasis 

is very common among females and C. glabrata is the most prevalent organism to cause 

it (Bitew and Abebaw 2018; Makanjuola et al. 2018). A case of knee fungal arthritis by C. 

glabrata was observed in a patient who had undergone minimally invasive arthroscopic 

surgery (Chen et al. 2019). A rare case spondylodiscitis, an infection of the vertebral 

column, due to C. glabrata in a non-neutropenic diabetic patient, was reported (Gagliano 

et al. 2018).  

1.3.4 Phenotypic and mating-type switching in C. glabrata 

Phenotypic switching based on the graded different colored colony in the presence of 

1mM CuSO4 or phloxine B has been observed in C. glabrata (Lachke et al. 2000). The 

switching in colony color with 1mM CuSO4 is spontaneous and reversible and referred to 

as ‘core switching’ from white (Wh) to light brown (LB) to dark brown (DB) and to very 

dark brown (vDB) (Lachke et al. 2002). These phenotypes switching has also been 

observed to occur at the sites of colonization in vaginitis patients (Brockert et al. 2003).  

In the presence of phloxine B, core switching has been shown to change from dark pink, 

medium pink, light pink, and white (Fig 1.10) (Lachke et al. 2002).  
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Fig 1.10: Phenotypic switching in C. glabrata in the presence of CuSO4 and phloxine B.  CuSO4 and 

phloxine B treatment lead to switching from white (Wh) to light brown (LB) to dark brown (DB) and to very 

dark brown (vDB) (Adapted from Lachke et al. 2002) 

 

Another spontaneous phenotypic switch from the core phenotype to an irregular wrinkle 

phenotype referred as ‘irregular wrinkle switching’ has been also reported (Srikantha et 

al. 2005). However, true hyphe formation is not observed in C. glabrata, but some stimuli 

such as nitrogen (N2) starvation and carbon dioxide (CO2) exposure induced 

pseudohypha formation has been reported (Csank and Haynes 2000; Sasani et al. 2016). 

Human fungal pathogen usually lacks an efficient sexual cycle. C. glabrata has never 

been shown to mate naturally, but haploid cells of both mating-types have regularly been 

isolated (Brisse et al. 2009). Evidence of recombination in mating genes has been 

detected, albeit very limited (Brisse et al. 2009). Moreover, genomic recombination 

between different clades and evidence for an active sexual cycle has recently been 

reported in C. glabrata (Carreté et al. 2018). 

The genome of C. glabrata encodes two mating types at three different loci CgMTL1 

(MAT), CgMTL2 (HMR), and CgMTL3 (HML) and HO gene homolog encoding an 

endonuclease for mating-type switching (Boisnard et al. 2015). Fig 1.11 illustrates the 

organization of mating type locus in the genome. CgMTL2 encodes for a-factor and 

CgMTL3 encodes for α-factor, but these genes are close to telomeres. The CgMTL1 locus 

encodes for either a or α, and this information determines the mating-type identity of the 

cell. Both CgMTL1 and CgMTL2 are transcriptionally active, but CgMTL3 is 

subtelomerically silenced. Mating type switching has been reported to occur at the site of 

colonization in patients with vaginitis (Brockert et al. 2003). 
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Fig 1.11: Organization of mating-type loci in C. glabrata. (Adapted from Carrete et al. 2018) 

1.3.5 Virulence mechanism 

C. glabrata can opportunistically become pathogenic in immunocompromised and elderly 

patients. The following are the known mechanisms of virulence listed below. 

1.3.5.1 Adhesion  

Adhesion allows yeast cells to colonize the mucosal surfaces to establish successful 

infections. The genome of C. glabrata encodes a large group of 

glycosylphosphatidylinositol (GPI)-anchored cell wall proteins, such as the adhesins from 

the EPA gene family, aspartic proteases (yapsins) family (Galocha et al. 2019). Adhesin 

genes have been classified into seven subfamilies based on their putative ligand-binding 

regions. C. glabrata reference strain CBS138 has 17 EPA genes, but a significant 

increase in the number of adhesin-encoding genes (101 and 107) have been observed in 

different clinical isolates (Timmermans et al. 2018). For example, C. glabrata BG2 strain 

has 23 putative CgEPA adhesins. CgEpa1p adhesin has been strongly related to 

adhesion of C. glabrata cells to mammalian epithelial cells and macrophages both in vitro 

and in vivo (Mendes-Giannini et al. 2005). CgEpa1p, a calcium-dependent lectin, has 

known to be regulated by transcription factor CgPdr1p (Vale-Silva et al. 2016). Two more 

adhesins, CgEpa6p and CgEpa7p, are known to be involved in adhesion to the epithelial 

and endothelial cells of the host (Valotteau et al. 2019).  
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1.3.5.2 Biofilm 

Biofilm formation is an important determinant of virulence in C. glabrata (Kaur et al. 2014). 

Biofilms are complex multi-layered extracellular matrix formed at microbe-surface 

interactions. Clinical isolates of C. glabrata have the ability to form a biofilm with proteins, 

carbohydrates (e.g., β-1,3 glucans), and ergosterol in their matrixes (Rodrigues et al. 

2017). The first step of C. glabrata biofilm development is adhesion on both biotic or 

abiotic surfaces (Timmermans et al. 2018). C. glabrata biofilms display antifungal 

resistance (Cavalheiro and Teixeira 2018). Differential expression of adhesin-encoding 

genes has been shown in biofilms under in vitro and in vivo conditions indicating adhesins 

are essential to forming biofilms (Kraneveld et al. 2011). Under high iron conditions, C. 

glabrata biofilms formation is also shown to be enhanced (d’Enfert and Janbon 2016). In 

addition, the capacity to form biofilms and to colonize murine organs in the systemic 

candidiasis model has been closely linked (Rasheed et al. 2018). 

1.3.5.3 Aspartyl Proteases 

Secreted aspartyl proteases are a vital factor contributing to C. glabrata virulence 

(Rasheed et al. 2018). Eleven putative GPI-anchored cell surface-associated aspartyl 

proteases are coded by its genome (Bairwa et al. 2014). These proteases are encoded 

by yapsins (CgYPS1–11) genes. A unique cluster on chromosome E encodes for 

eight CgYPS genes (CgYPS3–6 and CgYPS8–11). With five S. cerevisiae ScYPS genes 

(ScYPS1–3, ScYPS6, and ScYPS7), CgYPS shows structural similarity (Rasheed et al. 

2018). Unlike most aspartyl proteases, which have specificity for hydrophobic residues, 

yapsins cleave at basic amino acid residues (Bairwa and Kaur 2011). 

Seven CgYPS genes (CgYPS2, CgYPS4–5, and CgYPS8–11) are observed to be up-

regulated in response to internalization by macrophages. Accordingly, CgYPS have been 

associated with the survival of C. glabrata in macrophages, cell wall remodeling, 

activation of macrophages through nitric oxide generation, and virulence in both a 

systemic model of candidiasis (Rasheed et al. 2018). CgYPS are also shown to be 

involved in pH homeostasis, cell wall remodeling, and proper functioning of the vacuole 

(Bairwa and Kaur 2011). 
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1.3.6 C. glabrata interactions with host cells 

C. glabrata live commensally in the mouth, esophagus, intestines, and vaginal mucosal 

surfaces, but less is explored about how it interacts with the host and its defense 

mechanisms (Rodrigues et al. 2014)? C. glabrata interacts with host cells during its 

commensal and pathogenic life (Brunke and Hube 2013). Host cells suppress the 

expression of pathogenic properties in C. glabrata and prevent its infection (Mendes-

Giannini et al. 2005). Innate host immune system includes phagocytic cells (neutrophils, 

dendritic cells, and macrophages) against Candida infections (Drummond et al. 2015).  

After the internalization of Candida cells, macrophages come as a primary defense 

mechanism that not only engulfs and kills the pathogen but also facilitates the recruitment 

of other immune cells through cytokine and chemokine production at the site of infection 

(Hernández-Chávez et al. 2017). Phagosome interacts with lysosomes to become 

phagolysosome for the clearance of infection (Pauwels et al. 2017). Phagocytic cells have 

various mechanisms to deal with the infection by means of low pH, hydrolytic enzymes, 

reactive oxygen species (ROS), and reactive nitrogen species (Uribe-Querol and Rosales 

2017). C. glabrata genome has a single catalase gene (CTA1) to disrupt the oxidative 

burst of macrophage (Cuéllar-Cruz et al. 2008). C. glabrata seems to disrupt normal 

phagosomal maturation, ultimately inhibit the phagolysosome formation and phagosome 

acidification from reducing the radical oxidative species (Kasper et al. 2014). The 

macrophage environment has low availability of carbon source C. glabrata survive by 

activating autophagy of the self-cells to metabolize intracellular nutrients (Roetzer et al. 

2010). The transcription of the C. glabrata copper-zinc superoxide dismutase (SOD) 

genes, CgSOD1 and CgSOD2, are also induced during carbon source depletion (Kumar 

et al. 2019). 

After engulfment by macrophages, there is no MAPK pathway activation has been 

observed (Galocha et al. 2019). Although GM-CSF production has been observed, there 

was no change in TNF-α, IL-6, IL-8, IL-12, and IFN- pro-inflammatory cytokines have 

observed (Seider et al. 2011; Kasper et al. 2015a). In human THP-1 macrophages upon 

C. glabrata infection Syk, a spleen tyrosine kinase become phosphorylated, which 

resulted in the production of inflammasome-dependent IL-1β (Rasheed et al. 2018). 

Macrophage internalization leads to the upregulation of genes belonging to the glyoxylate 

cycle, oxidation of fatty acids, gluconeogenesis, methyl citrate cycle, and proteolysis, but 
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genes encoding glycolytic enzymes and ribosomal translational machinery components 

were downregulated. Microevolution due to macrophage contact led to a change in the 

morphology of C. glabrata cells from yeast to pseudohyphae by mutating chitin synthase-

encoding gene CgCHS2. Macrophages are considered to be Trojan horses for C. glabrata 

due to the ability of the organism to subvert the immune response and replicate in 

macrophages in vitro. 

C. glabrata adherence to the host epithelial tissue is mediated by a number of GPI-linked 

adhesin genes. 67 genes encoding putative adhesin-like GPI-modified cell wall proteins 

are present in C. glabrata.  In-vitro adherence to epithelial cells is primarily mediated by 

the CgEpa1p adhesin, although CgEpa6p and CgEpa7p have also been shown to be 

pivotal to adherence under specific environmental conditions. C. glabrata strains carrying 

hyperactive transcription factor CgPDR1, which leads to the upregulation of Epa1 

attributed to elevated adherence to Chinese Hamster Ovary derived-Lec2 cells (Fig 1.12). 

C. glabrata are shown to enhance the production of the granulocyte monocyte colony-

stimulating factor (GM-CSF) in oral epithelial cells. Tryptophan-based pigment-producing 

C. glabrata strain has been reported to induce increased damage to human oral epithelial 

TR146 cells.  

 

Fig 1.12: Transcription factor CgPDR1 hyperactivity modulates host pathogen interaction (Adapted 

from Vale-Silva and Sanglard et al. 2015) 

 

Dissemination and tissue invasion are prerequisites for systemic candidiasis. C. glabrata 

has been observed to cross the endothelial barrier in in vitro model of the human umbilical 

vein endothelial cells (HUVEC). CgPwp7p and CgAed1p are two GPI-anchored cell wall 
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proteins that are required for adherence to HUVEC (Desai et al. 2011). C. glabrata mutant 

lacking two enzymes of the N-linked glycosylation system has shown to be hyperadherent 

to the human microvascular endothelial cells HMEC-1 (West et al. 2013).  

Neutrophils' roles are not well explored in Candida infection; however, these play a 

significant role. After engulfing C. glabrata cells, human neutrophils release neutrophil 

extracellular traps (Johnson et al. 2017). Monocytes preferentially engulf C. glabrata cells 

in the whole blood infection model. A recent study has shown the role of Natural Killer 

cells in combating C. glabrata infections (Vitenshtein et al. 2016). Besides, the murine 

dendritic cells have also been reported to modulate the host response to C. glabrata 

infection (Bourgeois et al. 2011). Further studies are required to dissect the proper host 

C. glabrata infection to combat the systemic candidiasis. 

1.4 Drug resistance in C. glabrata 

C. glabrata has inherent resistance to azole antifungal FLC. Continuous monitoring of 

antifungal susceptibility patterns and resistance mechanisms is important for clinically 

used antifungal agents to combat any outbreak. 

1.4.1 Epidemiology of drug resistance C. glabrata 

With the increasing use of FLC prophylaxis, C. glabrata resistant isolates have been 

increasing. C. glabrata cells are also shows cross- resistant to relatively newer azoles. In 

a study of 610 clinical isolates of C. glabrata from different parts of the world with invasive 

infections, 85.4%, 90.7%, and 92.8% percentages of strains were susceptible to 

posaconazole, ravuconazole, and VRC, respectively. Another study with 46 FLC-resistant 

isolates of C. glabrata, only 13% were susceptible to VRC, 4% were susceptible to 

posaconazole, and 8.7% were susceptible to ravuconazole (Nucci and Marr 2005).  

SENTRY Antimicrobial Surveillance report that while none of the FLC-resistant C. 

glabrata isolates from 2001 to 2004 demonstrated echinocandins resistance but 11% of 

FLC-resistant isolates from 2006 to 2010 were also resistant to an echinocandin (Pfaller 

and Diekema 2012). Studies showed 1.5% resistance in a unit of 64 bloodstream isolates 

in two of the university hospitals in Austria and Germany (Klotz et al. 2016); none of the 

hospital in Itlay and Spain from 79 bloodstream isolates (Bassetti et al. 2013). From urine 

samples, about 2.1% of 94 invasive isolates obtained from Italy (Tortorano et al. 2013), 
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and about 1% of 193 isolates from France (Bourgeois et al. 2014) showed resistance. In 

USA, the prevalence was found between 2 to 4% to echinocandins from 1997 to 2000 

(Castanheira et al. 2016). 

Resistance may vary with region in the same country also. In a study of 1380 isolates 

of C. glabrata collected between 2008 and 2013 from four USA cities displayed 3.1%, to 

3.6% resistance to ANF. Importantly, echinocandin resistance in C. glabrata is often 

associated with cross-resistance to azole antifungals yielding multidrug-resistant strains. 

In a recent study, nearly 36% of echinocandin-resistant isolates were also resistant to 

FLC. In many healthcare centers, the widespread use of echinocandin and azole 

prophylaxis has prompted an epidemiologic shift, with C. glabrata presenting as the 

dominant fungal bloodstream pathogen. With increasing use of azole antifungals for 

prophylaxis and therapy, the global azole resistance among C. glabrata isolates stands 

around 8%, while at some centers have rates exceed to about 20% of the isolates. 

1.4.2 Clinical breakpoints of antifungal in C. glabrata 

Failure to eliminate a fungal infection from a patient after administering antifungal drug in 

the same concentration in with in vitro activity against the fungus was known is called 

clinical resistance. In-vitro testing of the activity of an antifungal drug against a fungus is 

performed by microdilution methods. The CLSI has defined the standard breakpoints for 

the MIC to several antifungals. The CLSI breakpoints for Candida species is illustrated in 

table 1.4. 

Table 1.4: CLSI breakpoints (Adapted from Pristov and Ghannoun, 2019) 

Antifungal Candida spp. 
MIC breakpoints (mg/L) 

S R 

Anidulafungin 

C. albicans 0.3 1 

C. glabrata 0.1 0.5 

C. parapsilosis 2 8 

C. tropicalis 0.3 1 

Caspofungin 

C. albicans 0.3 1 

C. glabrata 0.1 0.5 

C. parapsilosis 2 8 
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C. tropicalis 0.3 1 

Micafungin 

C. albicans 0.3 1 

C. glabrata 0.1 0.3 

C. parapsilosis 2 8 

C. tropicalis 0.3 1 

Voriconazole 

C. albicans 0.1 1 

C. glabrata - - 

C. parapsilosis 0.1 1 

C. tropicalis 0.1 1 

Fluconazole 

C. albicans 2 8 

C. glabrata - 64 

C. parapsilosis 2 8 

C. tropicalis 2 8 

 

1.4.3 Drug resistance mechanism 

C. glabrata have C. glabrata acquires resistance more rapidly to different antifungal 

classes than other Candida. The ability of C. glabrata to survive antifungal pressure at 

high rates within individual patients highlights its astounding adaptive flexibility. This 

flexibility is likely due to a myriad of factors, including strong general cell stress responses 

(e.g., cell wall integrity pathway and regulation of associated genes) and multiple 

mechanisms of drug adaptation (e.g., HSP90/calcineurin, chitin synthesis, adhesion, 

genetic diversity). The combination of these cellular mechanisms (and other factors such 

as host immune status and drug penetration and pharmacokinetics) ultimately permit or 

enhance genetic escape (CgPDR1 and CgFKS mutations) and stable resistance, which 

can result in clinical failure. 

1.4.3.1 Azole resistance mechanism 

Ever-increasing drug resistance in C. glabrata clinical isolates to various azoles, which 

makes it essential to monitor their resistant mechanism. C. albicans gain azole resistance 

by several mechanisms viz., upregulation, and mutation in target erg11 and 

overexpression of efflux pumps.  Although, C. glabrata genome is haploid and point 

mutation can have a greater impact but studies suggested that mutations in CgERG11 
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have no effect in clinical azole resistance in this pathogen. Although recent reports have 

found a few mutations in CgERG11 such as G944A, I166S, which links it to azole as well 

as cross-resistance to polyenes (Hull et al. 2012b; Teo et al. 2019). TF CgPDR1 is a 

central player in the azole resistance acquired during antifungal therapy. Notable reports 

have shown that C. glabrata CgPdr1p directly binds to FLC, which resulted in the 

activation of drug efflux pumps, a mechanism similar to the regulation of multidrug 

resistance (MDR) by the pregnane X receptor (PXR), a nuclear receptor, in vertebrates 

(Thakur et al. 2008; Caudle et al. 2011). Moreover, single point mutations in the putative 

functional domains of CgPDR1 (gain of function, GOF mutants) result in increased 

resistance to azoles and upregulated transcription of ABC transporters CgCDR1, 

CgPDH1, and CgSNQ2 (Ferrari et al., 2009; Tsai, Krol, Sarti, & Bennett, 2006; Whaley et 

al., 2018). Also, TF CgPDR1 controls major facilitator superfamily transporter CgQDR2, 

upregulation of which is involved in acquired azole resistance and enhanced virulence of 

this pathogen. Fig 1.13 represents the known mechanism of azole resistance in C. 

glabrata. 

C. glabrata resistant clinical match paired isolates initially showed CgCDR1 transcript 

increment, deletion of which made cell susceptible to azoles and reintroduction restored 

susceptibility (Sanglard et al. 1999a). CgPDH1 was also first gained attention when its 

expression was found to be overexpressed in azole-resistant clinical isolates of C. 

glabrata (Miyazaki et al. 1998b). Further study showed that the deletion of CgPDH1 in the 

background of CgCDR1 resulted in increased susceptibility to FLC (Sanglard et al. 

2001a). Recently CgSnq2p was shown to contribute to azole resistance. Increased 

expression of CgSNQ2 was found in two azole-resistant clinical isolates with normal 

expression of CgCDR1 or CgPDH1 (Sanguinetti et al. 2005a). Subsequently, it was 

shown to be required for the azole-resistant phenotype in one of the same isolates (Torelli 

et al. 2008a). An ABC transporter CgAUS1 protects cells against azole antifungals in the 

presence of serum (Nagi et al., 2013; Nakayama H, et al., 2007). CgYOR1 and CgYBT1 

were also found to be upregulated in azole-resistant lab mutant as well as in azole-

resistant clinical isolates (Vermitsky et al. 2006a; Tsai et al. 2010a). A previous report 

also suggested the upregulation of CgYCF1, CgYBT1, and CgYOR1 in the azole resistant 

petite isolates (Ferrari et al. 2011a). Acquired azole resistance in C. glabrata populations 
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has also been associated with loss of mitochondrial function, thereby the upregulation of 

ABC transporter genes. It was also proposed that the calcium signaling be used as an 

important factor in azole resistance as loss of Ca2 + transforms the activity of FLC from 

fungistatic to fungicidal. 

 

Fig 1.13: Drug resistance (Azole, echinocandins and polyene) mechanism in C. glabrata. 

Other studies have reported that C. glabrata subpopulations originating from a clonal 

population can develop heteroresistance to FLC through transient upregulation of efflux 

pumps. Active efflux of azoles is accomplished by membrane transporters, which belong 

to one of the two superfamilies in fungi: the ATP-binding-cassette superfamily (ABC) and 

the major facilitator superfamily (MFS). Several ABC transporters have been linked to 

drug resistance in C. glabrata, of which CgCdr1p and CgPdh1p have been extensively 

investigated. Previously published transcriptome data comparing young and 14-

generation-old C. glabrata cells of the FLC-sensitive BG2 strain demonstrated increased 

expression of the genes CgCDR1 (2-fold), CgPDR16 (8-fold), and CgYBT1 (10-fold). 

Enhanced efflux pump activity in old C. glabrata cells has also been observed mediated 

through enhanced efflux activity (Bhattacharya and Fries 2018). 
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1.4.3.2 Echinocandins resistance mechanism 

Echinocandin therapy is highly efficacious, but emerging echinocandin drug resistance is 

a growing threat to successful clinical management. The primary factor of resistance 

developing towards echinocandin is its prior and prolonged exposure. C. 

glabrata develops echinocandin resistance through target mutation of the 1,3-beta-D-

glucan synthase gene encoded by CgFKS1 and CgFKS2 genes (Alexander et al., 

2013; Perlin, 2015). Drug adaptation is also a Key intermediate in leading to echinocandin 

resistance in C. glabrata. Drug adaptation has been illustrated in Fig. 1.4. 

Another known factor responsible for emerging echinocandin resistance is amino acid 

substitution. The amino acid substitutions can decrease the sensitivity of glucan synthase 

by several log orders, resulting in elevated minimum inhibitory concentration (MIC) 

values. For C. albicans, amino acid changes at Ser641 and Ser645 are the most frequent 

and cause the most pronounced resistance phenotype, whereas in C. glabrata, amino 

acid modifications at Ser663 and Phe659 in CgFks2p andSer629 in CgFks1p, are the 

most prominent amino acid substitutions. CgFKS mutant strains of C. albicans and C. 

glabrata show poor drug response in pharmacodynamics studies of murine infection 

models. 

 

 

 

 

 

 

 

 

 

 

 

Fig 1.14: Evolution of echinocandins resistance in C. glabrata (Adapted from Healey et al. 2018) 
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1.4.3.3 Polyene antifungal resistance 

Polyene antifungal is active against C. glabrata in such a way clinical isolate on polyenes 

is rarely identified (Ksiezopolska and Gabaldón 2018). AmB resistance in clinical isolates 

is caused by mutations in sterol biosynthetic pathway genes (Vale-Silva and Sanglard 

2015). CgERG2 and CgERG6 mutations are associated with the polyene resistance in 

this organism (Hull et al. 2012a; Vale-Silva and Sanglard 2015). Mutation in these genes 

leads to loss of function mutations with the consequence of eliminating ergosterol from 

the mutant cells(Vandeputte et al. 2008). 

1.5 ABC Transporters 

ABC transporters are a family of membrane proteins that utilize cellular ATP hydrolysis 

to drive their transport of substrate across the biological membrane in all phyla (wilkins et 

al., 2015). These efflux pumps catalyze the transport of various substrates, such as the 

high-affinity uptake of micronutrients into prokaryotic cells and the export of cytotoxic 

compounds from eukaryotic cells (Kaspar P Locher, 2016). Eukaryotic ABC transporters 

are exporters whereas, in prokaryotes these are both importers and exporters (Wilkens 

2015a). Fig 1.15 demonstrates the timeline of the ABC transporter work in yeast. ABC 

transporter was emerged from the nutrient uptake studies in prokaryotic cells (in E. coli) 

where ATP was required to translocate the nutrient (Theodoulou and Kerr 2015). In 

eukaryotes P-glycoprotein (Pgp) was one of the first members of the ABC superfamily to 

be studied comprehensively and is among proteins whose structure and function is well 

perceived (El-Awady et al. 2017). Both in prokaryotes and eukaryotes there is an 

additional large group of ABC proteins called soluble ABC proteins, are located in the 

cytosol and are employed mostly for maintenance and repair of DNA and for gene 

regulation (Jones et al., 2004). In eukaryotes ABC transporters are involved in the 

translocation of lipid molecule, antigen presentation, mitochondrial iron homeostasis, ATP 

dependent ion channel regulation and multi-drug resistance (Rees et al., 2009).  
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Fig 1.15: Timeline of ABC transporter work in yeast 

1.5.1 Architecture of ABC transporter 

ABC transporters typically share four architectural core domains: two hydrophobic 

transmembrane (TMD) and two hydrophilic nucleotide-binding domains (NBD) (Biemans-

Oldehinkel et al. 2006). TMDs are membrane-embedded, and NBDs are cytosolic (ter 

Beek et al. 2014a). In eukaryotes, these domains are mostly encoded as a single peptide 

rather than as different peptide units in prokaryotes (Saurin et al. 1999; Jones and George 

2002). To become a functional ABC transporter, all four core domains are required 

(Wilkens 2015a). Half-transporters have only one of each NBD and TMD and are 

assumed to function by forming either homo- or hetero-dimers (Rea 1999; Davidson and 

Chen 2004; Tarling et al. 2013). Some ABC proteins even possess accessory subunits 

that are either connected to TMD or NBD, such as additional TM helixes or elongated 

NBDs that can regulate transporter activity or can enhance substrate-binding affinity 

(Higgins 2001; Biemans-Oldehinkel et al. 2006). Both full and half transporters are 

arranged in either of two topologies: forward or reverse topology (Rutledge et al. 2011).  
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1.5.1.1 ABC subunits.  

ABC subunit is the most important characteristic subunit for a protein to become an ABC 

protein (Jones and George 1999). NBDs are located at the cytoplasmic periphery and 

couple energy of ATP hydrolysis to power substrate export across the membrane in ABC 

transporters (Prasad et al. 2006; Wilkens 2015a). NBD is comprised of two subdomains, 

a large catalytic subdomain and a small α -helical subdomain (signaling subdomain). The 

catalytic subdomain has α/β structure that contains well-conserved sequence stretches 

such as P-loop or Walker A motif (GXXGXGK(S/T)), Walker B motif (ϕϕϕϕD, of which ϕ 

is a hydrophobic residue), the D-loop, and the H-motif (the switch region) (Walker et al. 

1982; Schmitt and Tampé 2002; Rutledge et al. 2011). The second α-helical subdomain 

(signaling subdomain) is composed of α-helices and contains characteristic ABC 

signature sequence (C-loop, LSGGQ) and the Q-loop (Wilkens, 2015). Signature 

sequence is placed in between the two conserved motifs walker A and Walker B (Falcón-

Pérez et al. 2001; Gaur et al. 2005a).  

Structural elements of NBDs are arranged in a head-to-tail fashion in such a way that the 

Walker A of first NBD is orientated towards the signature sequence motif of the second 

NBD (Jones and George 1999; Rees et al. 2009). The first ATP binding site is made up 

of Walker A and B from the first and the signature and D-loop from the second NBD. 

Similarly, the second ATP binding site is comprised of Walker A and B from the second 

NBD and the signature and D-loop from the first NBD (Jones and George 1999; Higgins 

2001; Davidson and Chen 2004; Rees et al. 2009) (Fig 1.16). Signature sequence 

functions as a link to communicate hydrolysis of ATP to the TMDs by interacting with 

cytoplasmic extensions of the transmembrane helices (TMHs) (Prasad et al., 2015; Rai 

et al., 2006)  
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Fig1.16: NBD domain structure and formation of ATP binding sites (a) Conserved motifs present in 

NBD domain of ABC transporters includes Walker A, Walker B, signature sequences Q, D and H- loops (b) 

Formation of ATP binding subunits by these conserved motifs. 

1.5.1.2 TM domains.  

TMDs are hydrophobic substrate binding sites and form a substrate pathway for 

translocation across the membrane (Jones and George 1999; Wilkens 2015a). Each TMD 

is composed of six or more transmembrane-spanning α-helices depending on the ABC 

transporter class (Higgins, 2001). Two TMDs are organized in such a way that it forms a 

transmembrane pore accessible from the cytoplasm in ABC exporters or outside the cells 

in the ABC importers (Wilkens 2015a). In contrast to NBDs, TMHs of the TMDs display 

no significant sequence conservation which imparts poly-specificity to these transporters 

(Prasad Dr & Rawal, 2014); however, they share a similar topology within the same 

subfamily of transporters and high similarity between two TMDs of the same polypeptide 

(Wilkens 2015a). The diverse substrate profile of each transporter can be one of the 

reasons for this non-conservancy in the primary structure of TMDs. 
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1.5.2 Molecular Mechanism of action 

Non availability of crystal structure of any of the yeast ABC transporters makes the study 

of structure and mechanism difficult, but the similarity in the ABC structures supports a 

common mechanism by which ABC transporters works. Based on the available structural 

and biochemical data from human and other ABC transporters and extensive studies of 

P-gp drug affinity, an ‘ATP-switch model’ has been proposed to explain the mechanism 

of transport (Linton & Higgins, 2007; Szöllősi et al., 2018). The model proposed to switch 

between low and high-affinity states of substrate binding coupled with the ATP catalysis 

in order to explain the transport mechanism. There are four steps required for the 

completion of the transport cycle, and these include substrate binding, ATP binding and 

substrate translocation, ATP hydrolysis, and return to the substrate-binding conformation 

(Linton & Higgins, 2007). In the ATP unbound state, the transporter possesses an open 

conformation with a high affinity for the substrate. In this inward-facing configuration, both 

the two TMDs are opened towards the cytosol with a hydrophilic binding pocket for 

substrates (Linton & Higgins, 2007; Zoghbi et al., 2017). Binding of the substrate at the 

TMD domain generates an induction for change in the conformation at the NBD domain, 

leading to a higher affinity for ATP binding (Arai et al., 2017). Binding of ATP resulted in 

the formation of a closed dimer, sufficient to generate a conformational change at TMDs 

to reverse their arrangement from inward to outward-facing. This change in arrangement 

causes a decrease in substrate affinity at TMD, which resulted in the translocation of the 

substrate outside the cell (Locher, 2016). This closed conformation is a transient state 

and destabilized by hydrolysis of ATP into ADP and Pi, which releases sufficient energy 

to again generate a conformational change in the TMDs to make them return to an open 

confirmation state (Wilkens, 2015) (Fig 1.17).  
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Fig1.17: Architecture and mechanism of action of ABC transporter (Adapted from Dermauw et al. 

2014). 

1.5.3 Subfamilies of ABC transporters  

According to the adopted nomenclature by HUGO ( Human Genome Organization)  

scheme the eukaryotic ABC protein superfamily is classified into nine subfamilies (ABCA 

to ABCI) (Dean et al., 2001). ABCA subfamily is absent in from yeast genome but 

presents in plants and several protists (Kovalchuk and Driessen 2010a). ABCB or 

multidrug resistance (MDR) subfamily proteins share a forward topology (TMD-NBD-

TMD-NBD or TMD-NBD). The first characterized MDR member was ABCB1 for its ability 

to confer MDR in mammalian cells (Glavinas et al. 2004a). The further subdivision is 

proposed in this transporter with full transporters (involved in MDR), half transporters 

(involved in the peptide transport) and mitochondrial half membrane transporters (Anjard 

and Loomis 2002). 

ABCC or multidrug resistance associated protein (MRP) subfamily members of 

eukaryotes are known to extrude a diverse array of toxic substrates, including xenobiotics 

outside the cell or sequestration into the vacuole (Klein et al. 2006). The distinctive feature 

of this subfamily is to recognize glutathione (GSH)-, glucuronate- and sulfate- conjugated 

organic anions (Jeong et al. 2017). MRPs also act synergistically with numerous enzymes 

such as GSH-S-transferase, UDP- glycosyltransferase to translocate substrates 
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(Dermauw and Van Leeuwen 2014). All members of this subfamily are full transporters 

with topology TMD0TMD-NBD-TMD-NBD for long MRPs and TMD-NBD-TMD-NBD as 

short MRPs (Borst et al. 2000). 

ABCD/ Adrenoleukodystrophy protein (ALDp) subfamily proteins found in all eukaryotes 

as half transporter with topology TMD-NBD with few exceptions to some plants where 

members exist as full transporter (Theodoulou et al. 2006). Half ALDp members function 

by homogenous or heterogeneous dimerization (Morita and Imanaka 2012).  

The ABCE/ RNase L Inhibitor (RL1) subfamily proteins comprised of a characteristic pair 

of linked NBDs without TMDs. These soluble proteins are involved in several biological 

processes rather than in membrane transport (Dong et al. 2004; Tian et al. 2017). The 

members of ABCF/ Elongation Factor 3 (EF3) subfamily are topologically similar to RLI 

subfamily proteins with paired NBDs without TMDs. These soluble proteins perform many 

functions in human and yeast species, for example, ribosomal biogenesis, translational 

gene expression control, the export of mRNA to a cytoplasm, as well as translation 

elongation (Kovalchuk and Driessen 2010b). 

ABCG/Pleiotropic drug resistance (PDR) subfamily is ubiquitous in all eukaryotes but 

absent in prokaryotes. PDR subfamily members in humans are found only as half 

transporters with reverse topology NBD-TMD, however, in yeast these represent both full 

and half transporters (NBD-TMD-NBD-TMD or NBD-TMD). Two possible reasons for the 

reverse orientation of domains can be first by fusion of independent NBD and TMD, or 

second by origination from the central portion of a member of the other ABC transporter 

(ABCA, ABCB, or ABCC) subfamilies (Anjard and Loomis 2002). Notably, this subfamily 

members perform important roles in extruding a variety of unrelated compounds, 

including agricultural fungicides, mycotoxins, herbicides, and antifungal drugs 

(Kolaczkowski et al. 1996a; Prasad and Goffeau 2012) 

The genomes of arthropods and zebrafish contain ABCH subfamily transporters but not 

in most of the plants, animals and fungal genomes (Dermauw and Van Leeuwen 2014). 

The newly added ABC subfamily ABCI (the prokaryotic type ABC protein subfamily) 

contains ABC proteins without NBD and is confined to plant taxa (Kovalchuk and Driessen 

2010b). Topology of the ABC transporter subfamilies is illustrated in Fig 1.18. 
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Fig 1.18: ABC proteins subfamilies and their topology. (a) PDR/ABCG subfamily, (b) MDR/ABCB 

subfamily (c) MRP/ABCC subfamily (d) ALDp/ABCD subfamily (e) RLI/ABCE and EF3/ABCE subfamily (f)  

others 

1.5.4 Functions of ABC transporters  

ABC transporters are generally considered as drug efflux pumps and their overexpression 

is commonly associated with multidrug resistance in yeasts. ABCG/PDR efflux pumps, 

for example, ScPdr5p and ScSnq2p in S. cerevisiae CaCdr1p in C. albicans, CgCDR1p, 

and CgPdh1p in C. glabrata are the most common cause of azole resistance. 

Transporters such as ScSnq2p in S. cerevisiae and CgSnq2p in C. glabrata have a role 

in the transport of mutagen 4-NQO, azoles (Decottignies et al. 1995; Torelli et al. 2008a). 

Not only the PDR transporters, members of MRP subfamily transporters also contribute 

to drug resistance. ScVmr1p, a vacuolar membrane-localized transporter in S. cerevisiae 

is drug transporters, deletion of which is associated with sensitivity to at least 11 

amphiphilic drugs (Wawrzycka et al. 2010).  The transporters belonging to ALDp, MDR 
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and some of MRP and PDR transporters functional relevance and their role in drug 

resistance are not yet established.  

ABC transporters, apart from drug transport, perform several physiological functions, 

including metabolite export, peptide secretion and transport, ion transport, lipid transport 

and translocations. Few examples include ScPdr12p of S. cerevisiae in protection against 

weak organic acid toxicity (Casal et al. 2008; Gregori et al. 2008). Overexpression of this 

transporter enhances tolerance to longer chain length acids and obliteration improves 

tolerance to the shorter acetic and formic acid (Nygård et al. 2014). ScPdr5p functions as 

a detoxification determinant during exponential growth conditions and its level decreases 

rapidly when cells exit the log phase, growth on non‐fermentable carbon sources, or by 

limitation of nutrients such as glucose or nitrogen (Mamnun et al. 2004). 

Vacuolar sequestration of metal ions is one of the common mechanisms to cope up with 

the metal toxicity. In S. cerevisiae five vacuolar transporters is present at the vacuolar 

membrane (VM) out of which four are involved in vacuolar sequestration. Most studied 

transporter is ScYcf1p, which sequester GSH-conjugated metals and xenobiotics, 

bilirubin and free GSH for degradation within the vacuole deletion of which results in high 

sensitivity to Cd(II), Hg(II), Pb(II) and Sb(III). (Nagy et al. 2006; Lazard et al. 2011; Sousa 

et al. 2015). Its homologs ScYbt1p, ScBpt1p and Scvmr1p also mediate metal 

detoxification, the transport of glutathione conjugates, as well as free glutathione (Klein 

et al. 2002, 2006). 

The peptide secretory systems are involved in various signaling processes in 

microorganisms, including sporulation, gene regulation in the proteolytic system, and 

virulence (Detmers et al. 2001). Unlike the typical secretory pathway, few peptides adopt 

an alternate mechanism of secretion. A well-studied example is a- pheromone transporter 

ScSte6p. It exports 12 residues long hydrophilic a-factor to the extracellular medium 

(21,131, 132). Scste6 deletion makes cells unable to mate, which confirms its dedicated 

role in the yeast cells. SpMam1p and CaHst6p perform similar functions in S. pombe and 

C. albicans (Raymond et al. 1998). Unlike S. cerevisiae cells, different morphological 

forms of diploid C. albicans show constitutive expression of CaHST6, pointing to its basic 

biological function. CaHST6, when expressed in S. cerevisiae strain lacking Scste6, 

complemented the a- factor transport, suggesting a possibility of secretary function 
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performed by this transporter in C. albicans (Raymond et al. 1998; Hull and Johnson 

1999). 

Lipids are important biomolecule for cellular structure and function. The asymmetric 

distribution of membrane lipids, which is very typical to a membrane type, is functionally 

critical. Loss of membrane lipid asymmetry results in abrogated membrane protein 

functions leading to various pathological consequences in microorganisms. In this aspect, 

explored ABC transporters include S. cerevisiae ScPdr5p and ScYor1p and C. albicans 

CaCdr1p, CaCdr2p and CaCdr3p control the asymmetric distribution of phospholipids 

across the PM (Khakhina et al. 2015). 

These are also implicated in biofilm formation and pathogenesis in pathogenic yeast 

strains. In a study of C. glabrata infection with neutropenic mice sterol scavenger 

transporter, CgAUS1 expression was three times higher in cells recovered from kidneys 

than that in cells grown in vitro. The deletion of CgAUS1 results in attenuated virulence 

in a mouse model of disseminated infection (Nagi et al. 2013b). Similarly, mitochondria 

dynamically regulate fungal virulence by affecting the transport of Fe/S cluster as one of 

the mechanisms (Verma et al. 2018). Mitochondrial ABC transporter Atm1p functions as 

a transporter of Fe/S cluster is conserved in yeast that has an impact on virulence. A 

report from highly pathogenic encapsulated yeast C. neoformans displayed the role of 

CnAtm1p in the virulence, which after deletion makes cell avirulent in a murine model of 

cryptococcosis (Do et al. 2018).  

ABC transporters have a profound role in industries. For instance, overexpression of 

ScPDR12p enhances the production of short branched-chain fatty acids (Yu et al. 2016). 

Overexpression of the ScSnq2p, ScPdr5p and ScPdr15p transporters enhance tolerance 

against alkanes (Ling et al. 2013). In the presence of fermentation inhibitors, several ABC 

genes are upregulated, including ABCG/PDR members. Overexpression of these 

transporters can be performed for the construction of strain with high resistance to 

fermentation inhibitors and high product yields. Fig 1.18 depicts the divergent roles 

performed by ABC transporters. 
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Fig 1.18: Diverse roles of ABC transporters in yeast. 
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1.6 Objectives and scope of this study  

C. glabrata is a 2nd most common opportunistic human fungal pathogen with intrinsic 

resistance to azoles and can easily acquire resistance to echinocandins. The role of ABC 

transporters in clinical drug resistance in C. glabrata is well documented. The drug-

resistant clinical match paired isolates of C. glabrata show CgCDR1 transcript increment, 

deletion of which sensitizes cells to azoles and its reintroduction restores susceptibility 

(Sanglard et al. 1999a). CgPDH1 another important ABC transporter that is recognized 

as an important determinant of azole resistance in clinical isolates of C. glabrata (Miyazaki 

et al. 1998b). Another transporter CgSNQ2  encoding gene transcript was also raised in 

azole-resistant clinical isolates, where prominent transporters CgCDR1 or CgPDH1  

expression remained unchanged (Sanguinetti et al. 2005a; Torelli et al. 2008a). A sterol 

scavenger ABC transporter CgAus1p protects cells against azole antifungals in the 

presence of serum and can also modulate virulence in this organism (Nagi et al., 2013; 

Nakayama H, et al., 2007). Likewise, the role of other members of ABC superfamily such 

as CgYCF1, CgYOR1 and CgYBT1  in azole resistance is also recognized and confirmed 

by several studies (Vermitsky et al. 2006a; Tsai et al. 2010a; Ferrari et al. 2011a).  

Realizing the importance of ABC transporters in clinical drug resistance in C. glabrata 

cells and the existence of a number of ABC members in this yeast, my study is focused 

on having a closer look to this superfamily. For this, my thesis work is divided into three 

chapters under the following major headings: 

 

1. In- silico analysis of ABC proteins in C. glabrata. 

2. Deletion library construction of ABC transporter. 

3. Functional analysis of ABC transporter. 

 

The first chapter of my thesis addresses the ABC protein superfamily inventorization by 

employing bioinformatics tools followed by clustering into respective subfamilies. Further 

confirmation of these putative proteins coding genes in the genome and their 

transcriptional response to transient drug treatment conditions in C. glabrata has been 

performed. This q-PCR analysis provided evidence for their possible role in drug 

resistance, which I have explored by creating a deletion library of all ABC transporters 

coding genes, covered in the second chapter of my thesis. The course of work led to not 
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only in the construction of a single knock out of each gene encoding ABC proteins but 

also in engineering a homologous expression system in C. glabrata in a background strain 

MSY8 with 7 key ABC transporter deletion and a gain of function mutation in transcription 

factor (TF) CgPDR1.  While the role of some of the ABC members in drug resistance was 

apparent in this study, the lack of correlation with the resistance of many members also 

signified their other physiological roles in C. glabrata. In the third chapter, a detailed 

account of CgYor1p is presented, which is hitherto known for oligomycin resistance. 

However, in this organism, CgYor1p instead governs azole resistance while ignores 

oligomycin as a substrate.  
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2. Materials and methods 

2.1 Materials 

2.1.1 Culture media, chemicals, antifungal drugs  

All media components and chemicals were of molecular biology grade and were 

purchased from commercial sources. Growth media yeast extract peptone dextrose 

(YEPD) media, luria bertani (LB) broth, LB agar, yeast nitrogen base (YNB) media without 

amino acid and YNB media without ammonium sulfate and amino acids were purchased 

from Becton, Dickinson and Company (BD, USA) and Difco, Switzerland. 2',7'-

dichlorofluorescein diacetate (DCFDA), Tris, dimethyl sulphoxide (DMSO) were 

purchased from Sigma, India. Agar, phenol, Sodium acetate, MOPS buffer sodium 

chloride, sodium hydroxide, sodium carbonate, sodium dodecyl sulphate (SDS), 

ethylenediaminetetraacetic acid (EDTA), glycerol, diethylpyrocarbonate (DEPC), lithium 

acetate, polyethylene glycol (PEG), isopropanol, tween-20, hydrochloric acid (HCl), acetic 

acid, di-thiothreitol (DTT), ethanol and hydrogen peroxide were procured form Sigma, 

India, TCI chemicals and Himedia chemicals. Antibiotics ampicillin (AMP), hygromycin B 

(HphB), nourseothricin (NTC) were purchased from Amresco, USA, TCI-chemicals, India 

and Clon Nat, Germany respectively. Fluconazole (FLC), ketoconazole (KTC), 

itraconazole (ITZ), rhodamine 6G (R6G), amphotericin B (AmB), nystatin (NYS), 

ketoconazole (KTC), voriconazole (VRC), miconazole (MCZ), myriocin (MYR), 4-

Nitroquinoline 1-oxide (4-NQO), caspofungin (CSF), FK520, cyclohexenamide (CHX), 

beauvericin (BEA), oligomycin (OMY) and Rapamycin (RAPA) were procured from Sigma 

Chemical, India. All amino acids, adenine, and Uracil were purchased from Sigma. 

2.1.2 Kits and enzymes 

Gibson assembly kit was purchased from New England Biolabs (NEB), UK. RNA isolation 

kit, PCR product purification kit, and DNA gel extraction kit were procured from QIAGEN. 

Kits used for first strand c-DNA synthesis, quantitative real time-PCR were purchased 

from Invitrogen and Bio-Rad, India respectively. Enzymes used for PCR amplifications 

viz., Phusion polymerase and Taq polymerase were purchased from thermos scientific, 

Lithuania and G-biosciences, India respectively. Molecular cloning enzymes eg. 
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Restriction endonucleases, T4 –DNA ligase were purchased from NEB, UK and thermo 

scientific, Lithuania. DNase1 was purchased from thermos scientific, India. 

2.1.3 Yeast strains and Plasmids 

C. glabrata and S. cerevisiae based yeast strains were used and modified as per the need 

in the following studies. Both cloning plasmids and expression plasmid were employed 

according to their need. List of yeast strains and plasmids are listed in Table 7.2 and 

Table 7.3, respectively.   

2.1.4 Growth media, buffers and solutions  

All the media components and chemicals were sterilized by autoclaving at 121 °C at 15 

psi for 15 min. Agar was added before autoclaving in the media for solid plate formation. 

The component that can’t be autoclaved or was heat-labile were sterilized by filtration 

with filters having pore size 0.22 µM.  

2.1.4.1 Culture media for Bacteria  

Luria Bertani (LB) media 

0.5% Yeast Extract  

1% Tryptone  

1% NaCl  

Super Optimal Broth (SOB)  

0.5% Yeast Extract  

2% Tryptone 

0.5% NaCl  

2.5 mM KCl  

10 mM MgCl2  

10 mM MgSO4  

Super Optimal broth with Catabolite repression (SOC) media  

0.5% Yeast Extract  
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2% Tryptone 

0.5% NaCl  

2.5 mM KCl  

10 mM MgCl2  

10 mM MgSO4  

20Mm Dextrose 

2.1.4.2 Culture media for Yeast  

Yeast Extract Peptone Dextrose (YPD) Media 

1% Yeast Extract  

2% Peptone  

2% Dextrose  

Synthetically defined (SD) media 

0.67% Yeast Nitrogen Base (YNB)  

2% Dextrose  

For making nitrogen deprive and limiting conditions YNB without ammonium sulfate and 

the amino acid was used. For glucose limiting condition, glucose was used as low as 0.1-

0.01%.  For alternate carbon source utilization experiments, dextrose was replaced with 

other carbon sources viz., ethanol, glycerol and sodium acetate. Ethanol and sodium 

acetate were used at a final concentration of 2% and glycerol was used at a final 

concentration of 3%.  

Synthetically complete media (SC) 

0.67% Yeast Nitrogen Base  

2% Dextrose  

0.6% Casamino acid  
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2.1.4.3 Buffers and solutions  

Phosphate Buffered Saline (PBS)  

PBS was prepared as a 10X stock solution and diluted to 1X concentration before 

autoclaving.  

10 mM Na2HPO4  

2 mM KH2PO4  

137 mM NaCl  

2.7 mM KCl  

Final pH was adjusted to 7.0 with 11.6 N HCl and autoclaved for sterilization.  

Tris-HCl buffer  

1 M Tris-base  

Final pH of buffer was adjusted to 7.5 needed using 11.6 N HCl.  

EDTA  

0.5 M EDTA 

Final pH of buffer was adjusted to 8 by using 10 N NaOH.  

Tris-EDTA buffer (TE) 

Buffer was prepared as 10X concentrate and diluted to 1X concentration before use. 

10 mM Tris-HCl (pH 8.0)  

1 mM EDTA  

Tris Acetic acid EDTA (TAE) buffer  

Buffer was prepared as 50 X concentrate and diluted to 1X before use. 

 40 mM Tris Base 

0.5 M EDTA  

TAE buffer pH was adjusted to 8.5 with glacial acetic acid.  
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2.1.4.4 Bacterial transformation reagents 

INOUE buffer  

10 mM PIPES  

15 mM CaCl2.2H2O  

250 mM KCl  

55 mM MnCl2.4H2O  

These solutes were dissolved in 800 ml of H2O, then 20 ml of 0.5 M PIPES (piperazine-

1,2-bis[2-ethanesulphonic acid]) with pH 6.7 was added, final volume was adjusted to 1 

liter with H2O and filter sterilized by using a 0.22 μM membrane filtration unit and stored 

at -20°C.  

PIPES Stock solution was prepared separately by dissolving 15.1 gm of PIPES in 80 ml 

of water. pH was then adjusted to 6.7 using 5 M KOH and final volume was adjusted to 

100 ml.  

2.1.4.5 Yeast transformation reagents  

Lithium acetate 

Lithium acetate was prepared at 1 M concentration and sterilized by either autoclaving or 

filter sterilizing.   

Polyethylene glycol (PEG)  

50 % PEG was prepared in milli Q water.  

Single stranded carrier DNA 

5ul of 10 mg/ml concentration of single stranded DNA was used for each yeast 

transformation 

2.1.4.6 Yeast colony PCR buffer 

Zymolyase buffer 

2.5 mg/ml Zymolyase (MP Biomedicals)  
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1.2 M Sorbitol  

The solution was prepared in1X PBS.  

2.1.4.7 Yeast DNA extraction buffers 

Buffer A  

50 mM Tris-HCl  

10 mM EDTA  

150 mM NaCl  

1% Triton-X  

1% SDS  

Buffer B  

50 mM Tris-HCl (pH 7.5)  

10 mM EDTA  

1.1 M Sorbitol  

50 mM β-mercaptoethanol (Added fresh before use)  

Buffer C  

100 mM Tris-HCl (pH 7.5)  

10 mM EDTA  

10% SDS  

Phenol:Chloroform:Isoamyl alcohol (PCI, 25:24:1) solution  

25 ml Phenol (pH 8.0)  

24 ml Chloroform  

1 ml Isoamyl alcohol  

DNA sample loading buffer  
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0.25% Bromophenol blue  

0.25% Xylene cyanol  

15% glycerol 

6X stock solution of the loading buffer was prepared in water was used at the final 

concentration of 1X.  

2.1.4.8 RNA isolation buffer  

RNA isolation buffer was either prepared in RNase free water or DEPC- treated water 

Diethyl pyrocarbonate (DEPC)- treated Water 

1 ml DEPC was added to 1L of water and kept overnight on a magnetic stirrer. The 

solution was then autoclaved. 

AE buffer  

3 M sodium acetate  

0.5 M EDTA (pH 8.0)  

Acid phenol solution 

RNase-free water was added until phenol saturated. Briefly phenol (500g) was heated to 

65oC, then 100 ml of RNase-free water was added, mixed and cooled.  After cooling about 

100 ml water was added until a layer of water developed on top of phenol which made it 

water saturated. Solution was aliquoted into 50 ml tubes and frozen at -20. 

TES Buffer                                                      

10 mM Tris pH 7.5 

10 mM EDTA 

0.5% SDS 

2.1.4.9 Bacterial Plasmid isolation buffer  

Solution I 

50 mM glucose 
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 25 mM Tris-Cl (pH 8.0) 

10 mM EDTA (pH 8.0) 

Solution II 

0.2 N NaOH 

1% (w/v) SDS 

Solution III 

 5 M potassium acetate, glacial acetic acid 

2.2 Methods 

2.2.1 Microbiological methods 

2.2.1.1 Culture conditions 

Yeasts C. glabrata and S. cerevisiae strains were usually grown in YPD media or SD 

media, or SC media, unless specified. Yeast strains used were grown at 30°C with 200 

rpm shaking. For selection of transformants was performed on YPD media containing 

NTC (200µg/ml) or HphB (500µg/ml) or SD without uracil media wherever needed. Yeast 

stocks for storage were prepared in 15% glycerol and stored at -80° C. frozen stocks were 

revived on YPD media or SD media with appropriate antibiotic or without uracil by 

streaking tipfull of frozen culture.  Streaked culture were allowed to grow for 24-48 h and 

were stored at 4°C for a maximum period of two weeks.  

For nitrogen starvation and limiting condition generation, cells were grown in media 

containing YNB (0.67%) without ammonium sulfate and amino acid. Proline was added 

at 30 µg/ml and 0.1 µg/ml as the sole nitrogen source for nitrogen limiting and starved 

conditions, respectively. 

Plasmids were maintained for construction and propagation in Escherichia coli DH5α 

strain. E. coli strains were maintained in LB media with AMP (100µg/ml). Bacterial 

culturing was done at 37°C for 14-16 h with a continuous shaking of 150 rpm. 15% 

glycerol was used for long term storage of bacterial culture. 
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2.2.1.2 Ultra-competent E. coli cell preparation 

Escherichia coli DH5α strain was revived from -80°C on LB-agar plate for 16-20 h. Single 

colony from plate was inoculated in 25 ml of SOB medium in a 250 ml flask and incubated 

for 6-8 h at 37°C with vigorous shaking at 250 rpm. 2-10 ml of starter culture was 

inoculated in 1 L flask each containing 250 ml of SOB media. Culture was then incubated 

overnight at 18°C with moderate shaking at 150 rpm. After overnight incubation, OD600 of 

the cultures was monitored till it reached 0.55. Then cells were kept on ice for 10 min. 

After incubation cells were then harvested by centrifugation at 2,500g for 10 min at 4°C. 

Supernatant was discarded completely by inverting on paper towel and pelleted cells 

were gently resuspended in 80 ml of ice-cold Inoue transformation buffer. Cells were then 

harvested by centrifugation at 2,500g for 10 min at 4°C and the decanted. The cell pellet 

was then resuspended in 20 ml of ice-cold Inoue transformation buffer gently. 1.5 ml of 

DMSO was added to the cells and incubated on ice for 10 min. Aliquots of cell suspension 

were made in pre-chilled 1.5 ml microfuge tubes. Cells were then snap-frozen in liquid 

nitrogen and stored in -80°C freezer till further use. 

2.2.1.3 Bacterial transformation  

Ultra-competent cells of E. coli DH5α were used for all bacterial transformations. Frozen 

competent cells were taken out from -80 °C freezer and thawed on ice for 15 min. Plasmid 

or ligation product (5-10 µl and 100-500 ng of DNA) to be transformed was added and 

incubated on ice for 30 min. Heat shock was given for 60- 90 sec at 42°C and was 

immediately kept on ice for 2 min. 1 ml of sterile SOC media was then added into it and 

incubated at 37°C with 150 rpm for 45 min. Then cells were spun down and resuspended 

in 50 µl of LB/ SOC medium. Resuspended cells were then plated on SOB/LB-agar 

medium containing appropriate antibiotics and incubated for 12-16 h at 37°C. 

Transformants were verified by PCR and restriction digestion. 

2.2.1.4 Transformation in yeast 

Both chemical transformation (for plasmid transformation) and electroporation method 

(for linear DNA fragment transformation) of transformation were employed. 
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 2.2.1.4.1 Chemical method  

Transformation was performed as previously described method (Gietz et al. 1992) with 

few modifications. Briefly, C. glabrata primary culture was prepared by growing a single 

colony in YPD media overnight at 30°Cwith 200 rpm. Secondary culture was prepared by 

inoculating overnight grown culture in 10 ml YPD broth at an initial OD600o of 0.1. Culture 

was then allowed to grow for 4-5 h in a shaker set at 30°C with 200 rpm. Culture was 

immediately kept on ice when OD600 reached 0.6-0.8. Cells from the cultre were then 

harvested by centrifugation at 4000 rpm and washed twice with 10 ml of sterile water. 

Cells obtained were then resuspended in 1 ml of sterile water and were transferred to a 

1.7 ml microfuge tube. Cells were harvested at 4,000 rpm for 5 min, resuspended in 50 

µl of100 mM lithium acetate solution. A mixture of 240 µl PEG (50%), 36 µl of lithium 

acetate (1 M), 5 µl of heat denatured single stranded DNA (10 mg/ml) was added, mixed 

gently and incubated for 5 min at room temperature. 500 ng-1 µg of transforming DNA 

was added and final volume was maintained to 360 µl with sterile water. The tube was 

then incubated at 30°C for 45 min. 43 µl of sterile DMSO was added into this and heat 

shock was given at 42°C for 15 min. After 15 min tube was immediately kept on ice for 1 

min and then centrifuged at 4,000 rpm. Supernatant was completely removed by pipetting 

and resuspended in 50 µl sterile water. Cells were then spread-plated on appropriate 

selection media and were incubated at 30°C for 24-48 h. 

2.2.1.4.2 Electroporation method 

Transformation by electroporation in yeast cells was performed by previously described 

method (Istel et al. 2015) with slight variation. Briefly, C. glabrata strains were grown 

overnight in YPD media at 30 °C with shaking at 200 rpm for primary culture. Secondary 

culture was prepared by diluting the culture in fresh YPD media to an OD600 of about 0.1, 

and continued to culture until an OD600 of 1.0 was reached. Cells were then harvested in 

50 ml tubes by centrifugation at 400 rpm for 5 min and washed with sterile water at room 

temperature twice. Cell pellets were then gently resuspended in 8 ml sterile water, 1 ml 

10X TE buffer and 1 ml 1 M lithium acetate by slow pipetting. Incubate the cell 

suspension(s) for 30 min at 30 °C and 130 rpm. 250 μl of 1 M DTT was added and 

suspensions were incubated for 60 min at 30 °C and 130 rpm. After incubation 40 ml of 

sterile pre-cooled water was added and centrifuged at 400 rpm for 5 min and 4°C. Pellets 
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were carefully resuspended by slow pipetting in 25 ml of sterile pre-cooled water and 

repeated the centrifugation step. Pellets were then gently resuspended in 5 ml pre-cooled 

1 M sorbitol and centrifugation step was repeated. Finally, pellets of electro-competent 

cells were resuspended in 550 μl of pre-cooled 1 M sorbitol. 40 μl aliquots of electro-

competent cell suspensions were taken into sterile precooled tubes, 5 to 10 μl of purified 

transforming DNA (0.5-1 μg) was added and 100ul volume maintained by 1M sorbitol. 

Suspension was then incubated on ice for 10 min and then poured into electro-cuvette. 

Electro pulses (200 Ω, 1.5 kV, 25 μF), was applied with the time constant at about 4.6 mS 

and then immediately put on ice. 950 μl of YPD media was added and transferred in a 

tube and allowed to grow for 3-5 h at 30 °C with shaking at 200 rpm for revival. Cells were 

then centrifuged and spread plated on appropriate media. 

2.2.1.5 Serial dilution spot assay 

C. glabrata mutants were phenotypically characterized by serial dilution spot assay. 

Briefly, the overnight grown cells were normalized to OD600of 0.1 and were further serially 

diluted 10-fold in 0.9% NaCl five times. 3 µl of serially diluted culture were then spotted 

on the required plates. Plates were then allowed to incubate at 30°C (unless mentioned 

otherwise) for 24-48 h and growth was recorded by capturing their images. For checking 

the ability of mutants to utilize non-fermentable carbon sources, growth was recorded 

after 6-7 days of incubation. 

2.2.1.6 Minimum inhibitory concentration detection assay 

Overnight grown cells were resuspended in 0.9% saline to an OD600 of 0.1. Then, 100 μl 

the cells were added in 10ml YEPD media with final OD600 of cell is 0.01 or 104 cell/ ml. 

Dilutions of drugs/chemicals were prepared by serial dilution in 96 well plate and after 

that 100 μl of 0.01 OD600 cells were inoculated in each well. Growth differences were 

recorded following incubation of the plates for 48 h at 30°C. 

2.2.1.7 Time course growth analysis  

Time course growth curve analysis of C. glabrata mutant cells were performed in 96 well 

plate format by employing a liquid handling system (Tecon, Austria). For growth curve 

generation, cells were first grown in appropriate media overnight, followed by sub-

culturing cells in test medium with an initial OD600 of 0.2 and growth was monitored by 
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recording the absorbance at 600 nm at regular time-intervals of 30 min till 24 h. 

Absorbance values obtained were then plotted with respect to time. The generation time 

of yeast strains were then calculated from the time when cells were in logarithmic phase 

of growth using the following equation. 

Generation time(G)=T2−T1 Xlog2logNf/Ni  

Where G = Generation time (h) 

T1 = Initial time point taken for analysis 

T2 = Final time point taken for analysis 

Nf= Number of cells at time T2  

Ni = Number of cells at time T1  

1 OD600 of C. glabrata corresponds to 2 X 107cells 

2.2.2 Methods used in molecular biology techniques 

2.2.2.1 Cloning   

2.2.2.1.1 PCR reaction 

Taq polymerase and Phusion polymerase were used in the PCR reaction according to 

their need.  

2.2.2.1.2 Gel extraction, PCR purification 

QIAquick® gel extraction kit (QIAGEN, 28706), QIAquick® PCR purification kit (QIAGEN, 

28106) were used for gel extraction and PCR purification of DNA fragments respectively. 

All the extractions and purifications were performed as per manufacturer’s instructions. 

2.2.2.1.3 Restriction digestion and ligation 

Restriction enzymes were procured from NEB and Thermo scientific. Restriction digestion 

of plasmid DNA (5-10µg) and PCR-amplified DNA (1-5µg) products were set in 50 µl 

reaction volume with appropriate buffer. Digested fragments were the gel extracted and 

concentrations were measured by NanoDrop™ 2000/2000c spectrophotometer, Thermo 

scientific. T4 DNA Ligase enzyme (NEB, M0202M) was used for ligation of digested 
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fragments. All ligation reactions were set in 20 µl reaction volume containing 1X ligase 

buffer, 3-10 units of DNA ligase enzyme and vector to insert molar ratio of 1:3. The ligation 

mixture was either incubated at 16°C for 16h or at room temperature for 2-3 h. Post 

incubation, ligation reaction was inhibited by heat in tubes at 65°C for 15-20 min. 5-10µl 

of ligation mixture was used to transform ultra-competent E. coli DH5α cells. 

2.2.2.1.4 Gibson assembly  

Gibson assembly was procured from NEB (E5510S) and used for cloning purpose. 

Procedure was followed as per the manufacturer’s protocol. 

2.2.2.1.5 Complementation plasmid construction 

For complementation studies, modified plasmid pGRB2.3_hph was used with HphB as 

selection marker. Parent plasmid was procured from Addgene pGRB2.3 (Addgene 

#45343). Ura3 selection marker of the plasmid pGRB2.3 was replaced with HphMX gene 

that codes for hygromycin B phosphotransferase to make it pGRB2.3_hph by using 

gibson assembly. HphMX gene sequence was amplified from plasmid pSH69 (Euroscarf, 

P30675). This plasmid was then used as parent plasmid for further cloning of ABC 

transporters orf for complementation by us in Gibson assembly. 

All 20 C. glabrata ABC ORFs, were PCR amplified from wild-type genomic DNA with 1kb 

promoter region using Phusion high-fidelity DNA polymerase. pGRB2.3_hph was also 

PCR amplified to linearize it.  PCR fragments were then gibson assembled upstream of 

YeGFP. Final plasmids were confirmed by PCR and restriction digestion. 

2.2.2.1.6 Transcription factor CgPDR1 gain of function mutated plasmid 

construction 

Initial plasmid was pBluescript II KS (+) from the lab stock. Yeast dominant selection 

marker NAT1 with FRT sites was PCR amplified from plasmid pRK625 (From lab of fungal 

pathogenesis, CDFD), cloned in pBluescript II KS (+) at EcoRV blunt end site and the 

plasmid was named as pMS1. PDR1terminator (755bp) was amplified and cloned at 

ClaI/KpnI site to facilitate homologous recombination (plasmid pMS2).  Also, PDR1 orf 

with its 741bp promoter and 587bp terminator region was amplified from strain DSY565, 

which contains GOF mutation in the PDR1 gene (G840C) and then cloned into the 
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plasmid pMS2 at SacI/SacII site (plasmid pMS3). Plasmid pMS3 was linearized with 

SacI/KpnI digestion for transformation in yeast. 

2.2.2.1.7 Expression plasmid construction for integration in MSY8 strain 

To study the role of particular transporter we have constructed an integration plasmid 

which can be used to integrate GOI at CgCDR1 locus. For constructing this plasmid, 

CgCDR1 terminator (791bp) and promoter (719bp) were amplified from the genome of C. 

glabrata and cloned at KpnI/ClaI and SacI/SacII site respectively in plasmid pMS1 

(plasmid pMS4 and pMS5 respectively).  YeGFP-HISt (1135bp) was amplified from 

plasmid pGRB2.3 (Addgene #45343) and cloned at XmaI/ SpeI site (plasmid pMS6). The 

resulted plasmid pMS6 contained four unique restriction site (NotI/SpeI/SacII/PacI) for 

cloning the GOI to study the role.  

2.2.2.1.8 Cloning in plasmid pMS6 

C. glabrata CgYor1, CgCDR1, CgPDH1, CgFLR1, S. cerevisiae YOR1 and C. albicans 

YOR1 were PCR amplified from their respective genomes and cloned at SacI/SacII or 

NotI/PacI site. Positive plasmids were confirmed by PCR and restriction digestion. Final 

plasmids were linearized by SacI/ KpnI or the whole cassettes were amplified by using 

primers 5’CACTATAGGGCGAATTGGAGCTC3’ and 

5’CTAAAGGGAACAAAAGCTGGGTACC3’ for integration in MSY8 strain.  

2.2.2.1.9 CgYOR1 complementation Plasmid construction for S. cerevisiae 

CgYOR1 ORF was amplified from C. glabrata genome and was gel eluted for purification. 

Purified fragment were then blunt end ligated at SmaI site in a yeast expression plasmid 

pGPD2. Constructed plasmid was then transformed in S. cerevisiae for complementation 

study. 

2.2.2.2 Plasmid and Nucleic acid isolation    

2.2.2.2.1 Plasmid isolation 

Bacterial plasmid DNA was isolated by employing alkaline lysis method. Briefly, 10 ml of 

LB medium supplemented with appropriate antibiotics was inoculated with a single 

bacterial colony and then incubated at 37°C for 16 h. Cultures were spun down at 8,000 

rpm for 5 min, supernatant was discarded. In 150 μl solution I the cell pellet was 
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resuspended by vortexing allowed to rest for 2 minutes. Then 200 μl of solution II was 

added in the suspension to lyse the cells and gently mixed by inverting the tube 4-6 times 

til the mixture becomes viscous. 300 µl of solution III was added to neutralize and contents 

were mixed by inverting the tube 4-6 times. Suspension was spun down at 14,000 rpm 

for 5 min and supernatant was transferred to a new 1.7 ml microfuge tube. 500 µL of 

chloroform was added, mixed and centrifuged at 14,000 rpm for 5 min. Upper aqueous 

layer was taken, 2-2.5 volume of ethanol was added into it and incubated at -80°C for 30 

min. After incubation, tube was centrifuge at 4°C with 14,000 rpm for 5 min and 

supernatant was removed. Pellet was then washed with 600 µL of 70% ethanol and 

centrifuged at 14,000 for 5 min. Thereafter, Pellet was air dried and dissolved in 50 µl 

RNase-water. 

2.2.2.2.2 Yeast genomic DNA isolation 

Glass bead lysis method 

Yeast genomic DNA was isolated by mechanically lysing the yeast cells. Briefly, 10 ml of 

overnight grown yeast cultures were spun down at 4,000 rpm for 5 min. Media was 

decanted and pellet were washed with 10 ml sterile water. Washed cells were 

resuspended in 500 µl of Buffer A and transferred to a 1.7 ml microfuge tube. Tubes were 

allowed to incubat at 65°C for 15 min. Post incubation, 500 µl of PCI (25:24:1) solution 

was added along with 0.5 g of 0.5 mm glass beads. Cells were then lysed mechanically 

in a bead-beating homogenizer (MP Biomedicals, FastPrep®-24) thrice, 45 secs each, 

with intermittent cooling on ice. Tubes were then spun at 12,000 rpm for 5 min and the 

aqueous layer was transferred to a new 1.7 ml microfuge tube. 500 µl of PCI solution was 

then added and mixed gently by inverting the tubes. Tubes were centrifuged again at 

12,000 rpm for 5 min and aqueous layer was transferred to another 1.7 ml microfuge tube. 

2.5 volume of absolute ethanol was added to the aqueous layer, mixed well and incubated 

at -80°C for 30 min. Supernatant was decanted and the DNA pellet obtained was washed 

with 70% ethanol and centrifuged at 13,000 rpm for 10min. Washed DNA pellet was air-

dried and dissolved in 100 µl sterile water by gently tapping the tubes. 

Spheroplast lysis method  
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10 ml overnight grown C. glabrata cultures were harvested and washed with 10 ml sterile 

water twice. Cell pellet were resuspended in 500 µl of buffer A and incubated at 42°C for 

a period of 10 min. Post incubation, cells were centrifuged at 4,000 rpm for 5 min and 

resuspended in freshly prepared buffer B and one tip-full of lyticase (Sigma, L4025) was 

then added and incubated at 37°C for 1 h. After incubation, spheroplasts were collected 

by centrifuging tubes at 6,000 rpm for 5 min. Cell pelletw were then resuspended in 500 

µl of buffer C and 500 µl of PCI (25:24:1) solution was added and centrifuged. The 

aqueous layer was transferred to a new1.7 ml microfuge tube and 2.5 volume of absolute 

ethanol (100%) and 1/10th volume of 3 M sodium acetate (pH 5.3) were added to it. 

Microfuge tubes were centrifuged at 13,000 rpm for a period of 10 min. Supernatant was 

then discarded and DNA pellet was washed once with 70% ethanol, centrifuged at 13,000 

rpm for 10 min, air-dried at room temperature and was resuspended in 100-200 µl of 1X 

TE buffer or sterile water by gently tapping the tube. DNA was stored at -20°C till further 

use. 

2.2.2.2.3 Total RNA isolation 

Both manual method and kit were used to isolate RNA. Appropriate conditions for cultures 

were provided wherever it was necessary. 

RNA isolation by kit 

Total RNA isolation from yeast cells was performed by using RNeasy Mini Kit (QIAGEN, 

Germany). Briefly, overnight grown cultures of yeast C. glabrata were diluted to 0.1 OD600 

and grown at 30 ºC for 4 h in YPD media. Cells were washed with PBS and then total 

RNA was extracted as per the manufacturer’s protocol. 

Hot phenol method 

Yeast cells were grown under appropriate conditions and at suitable time points, cells 

were spun down at 4,000 rpm for 5 min. Yeast cell pellet was washed twice with ice-cold 

DEPC-treated water. Pellet was resuspended in 400 µl of TES buffer, then 400 

µl acid phenol was added, vortexed and incubated for ~60min at 65o with occasional 

vortexing. Suspension was then spun down for 5 min at 4oC. Transfer aqueous layer to 

new 1.7 ml tube, then 400ml acid phenol was added, vortexed and centrifuged for 5 min 

at 4oC. Upper aqueous layer was taken, 400 µl chloroform was added into it, vortexed 
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and spun down for 5 min at 4oC twice. Upper layer was taken out, 10% volume of 3M 

NaOAc, pH5.2, 2-2.5 volume of 100% ethanol to final aqueous layer and incubated on 

ice for at least 1 h.  Suspension was centrifuged for 15min at 4oC, supernatant decanted 

and washed with 500 µl 70% ethanol. Pellet obtained was then air dried and resuspended 

in 50ml of RNase-free water. RNA was quantitated by taking reading from nanodrop at 

RNA was stored at -80 oC till further use.  

2.2.2.3 cDNA synthesis 

2.2.2.3.1 DNase1 treatment 

Deoxy ribonuclease I (DNase I) enzyme (Thermo scientific) was used to remove the DNA 

contamination from RNA samples, if any. Briefly, 5 µg of RNA was subjected to DNase I 

digestion by using 1 U of DNase I in a 10 µl reaction mixture which contained 1X DNase 

I buffer and appropriate volume of water. This reaction mixture was incubated at 37oC for 

60 min. To inhibit DNase I enzyme activity, 0.5 µl of 25 mM EDTA was added to the 

reaction mixture and tubes were heated at 65°C for 10 min. DNase I-digested RNA 

samples were used as template to perform PCR for the amplification of CgPGK1gene 

and absence of amplification product was used as criterion to confirm proper DNase I 

digestion and lack of DNA contamination in the RNA sample. 

2.2.2.3.2 Complementary DNA (cDNA) synthesis 

cDNA synthesis was performed by using RevertAid H minus first strand cDNA synthesis 

kit (Thermo Scientific, Lithuania). Briefly, 1 µg of DNase I digested RNA was incubated 

with 50 µM oligo(dT) and 50 µM of random primers at 65°C for 5 min in a 12 µl reaction 

mixture. 8 µl of cDNA synthesis mixture was added which contained 4 µl of 5X RT buffer, 

2 µl of 10 mM dNTPs, 1 µl of Riboloc enzyme and 1 µl of RT enzyme. Mixture were  

incubated for 5 min at 25 °C, 42 °C for 60 min and was terminated at 75°C for 5 min. The 

quality check of synthesized cDNA was performed by using it as a template in a PCR 

reaction to amplify the housekeeping gene CgPGK1 or CgTEF3. Amplification of 

CgPGK1was indicative of proper cDNA synthesis. 
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2.2.2.3.3 Semi-quantitative PCR 

To confirm the deletions and absence of genes inside the genome, semi quantitative RT-

PCR was performed. PCR reaction mixture contained in a total of 50 µl, 1 µl cDNA, 5 µl 

10X PCR buffer, 1 µl dNTPs, 0.2 µl Taq DNA polymerase, 1 µl of each primer of (30 

pM/ml). Each cycle involved denaturation for 30 sec at 95 °C, annealing for 30 sec at 55 

°C and extension was given for 1 min at 72 °C, with an additional 2 min pre-denaturation 

before the cycles and a further 10 min extension after the cycles. 

After the PCR amplification, 10 µl aliquot of each PCR reaction sample together with 2 µl 

of loading dye was subjected to gel electrophoresis on a 2% agarose gel. The PCR 

products were visualized by ethidium bromide staining, and then scanned using a 

Chemidoc XRS plus gel documentation system (Bio-Rad, USA), The band intensities of 

the target gene and the internal control gene were quantified using densitometry as 

described earlier (ref). The mRNA expression levels were determined as the ratio of 

intensity of the target gene to the internal control gene (CgPGK1). 

2.2.2.3.4 Quantitative real-time PCR 

Primers for real-time qPCR experiments were designed by using the Primer quest 

software to obtain 120-200 bps amplification products. DyNAmo Flash SYBR Green 

qPCR kit (Thermo Scientific, Lithuania) or Bio-Rad SYBR Green were used to quantify 

the gene expression profile. CgPGK1 was used for normalization and were analyzed in 

CFX96TM real time PCR system (Bio-Rad, USA). The expression level of tested genes 

was measured by comparing the Ct-value of the gene with CgPGK1. qRT-PCR analysis 

was performed in biological duplicate with technical triplicate. 

Comparative expression profiles were analyzed by 2-∆∆Ct method.  

Fold change upon treatment=2-∆∆CT 

∆∆CT=∆CT Treated- ∆CT Untreated 

∆CT Treated= CT value for gene of interest upon treatment- CT value of internal control 

(CgACT1) upon treatment 

∆CT Untreated= CT value for gene of interest without treatment- CT value of internal 

control (CgPGK1 or CgTDH3) without treatment 
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The reaction cycling conditions were as follows 

1) 95°C for 10 min (initial activation) 

2) 95°C for 15 sec (denaturation) 

3) 60°C for 1 min (annealing and extension) 

4) Go to step 2 (40 cycles) 

6) 72°C for 10 min (final extension) 

2.2.2.4 C. glabrata mutants construction 

2.2.2.4.1 Construction of C. glabrata knockout 

A fusion PCR mediated homologous recombination based strategy was used to disrupt 

C. glabrata ORFs with a cassette containing dominant selection marker NAT1gene, which 

codes for nourseothricin acetyltransferase and confer resistance to nourseothricin. 

Briefly, Briefly, 5’ and 3’UTR flanking region of the gene were PCR amplified from wild 

type genomic DNA. Selection marker NAT1 gene with FRT sites was also PCR amplified 

in two halves from plasmid pRK625.  Both the UTRs were fused to one half of the NAT1 

gene and these fused PCR products were co-transformed into the wild type strain. The 

two NAT1 half amplified fragments share about 300-350 bp complimentary region. The 

fused PCR products were co-transformed in to the WT strain by electroporation and 

allowed to grow for 4-6 h in YPD broth for homologous recombination. Cells were then 

harvested and plated on YPD agar containing 200 μg/ml nourseothricin. Plates were then 

incubated at 30°C for 24-48 h. Nourseothricin-resistant colonies were purified and verified 

for gene disruption via homologous recombination by PCR using appropriate set of 

primers.  

2.2.2.4.2 Construction of C. glabrata multiple knockout 

For more than one gene knockout generation starting strain was C. glabrata BG14, which 

lacked ura3 gene. Sequentially multiple deletions were done by using drug based 

recyclable (FRT-NAT1-FRT) cassette, described above, followed by selection of mutants 

on the selection plate containing nourseothricin. Dominant selection marker NAT1 gene 

was recycled by using plasmid pRK70, which contain ura3 selection marker and codes 
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for Flipase gene under constitutive EPA1 promoter. Then after removing selection marker 

and flipase plasmid the strain was ready for next round of deletion. Next deletion was 

done by using same strategy stated above. 

2.2.2.4.3 Introduction of GOF mutation in TF PDR1 (MSY8 strain) 

pMS3 plasmid that from contained GOF mutation in the TF PDR1 gene (G840C) taken 

from strain C. glabrata DSY565. Plasmid was then linearized with SacI/KpnI digestion, 

the obtained fragment was transformed in the C. glabrata MSY7 strain and selected on 

the YPD agar plate containing 200µg/ml nourseothricin. Final strain made was named as 

MSY8. 

2.2.2.4.4 Yeast colony PCR for K/O confirmation 

For Yeast colony PCR, yeast cells were digested with zymolyase (MP Biomedicals, 

0832092) to obtain the spheroplast. A digestion cocktail in 1XPBS consisting of 

zymolyase (2.5mg/ml) and sorbitol (1.2 M) was prepared. The cocktail was dispensed in 

0.2 ml PCR tubes in 10 µl aliquots and a tip-full of yeast cells were added into it. Tubes 

were then incubated for 3 h at 37 °C and post incubation 1 µl of digested mixture taken 

out and was used as a template in a PCR reaction. 

2.2.3 Biochemical techniques 

2.2.3.1 Assessment of efflux activity 

To know the R6G/ Nile Red (NR) efflux assay was energy-dependent, spectrofluorimeter 

based R6G and NR efflux assays were performed (Keniya et al. 2015; Gbelska et al. 

2017). Briefly, yeast strains were cultivated in YEPD liquid medium at 200 rpm (30 °C) for 

16 hours. The obtained cells were washed thrice with ice-cold glucose-free PBS. Cells 

were suspended in ice-cold glucose-free phosphate-buffered saline (PBS) and incubated 

at 200 rpm (30 °C) for 4 hours under starvation conditions to reduce ABC pump activity. 

Cells were then washed twice and diluted to 108 cells/ml in ice-cold glucose-free PBS. All 

samples were incubated for another 2 hours at 200 rpm (30 °C). Then, 10 µM (final 

concentration) R6G or 7mM NR was added, and cells were incubated for further 2 hours 

at 200 rpm (30 °C). The external R6G or NR was then removed by washing with glucose-

free PBS. Glucose at final concentration of 2 mM was then added to the samples to 
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reactivate the ABC efflux pumps, with PBS as the negative control. Cell samples (1 ml) 

were taken at designated time points, centrifuged and 100 ml of supernatant from each 

sample were then transferred into a 96-well microtiter plate with clear bottoms. For R6G 

efflux 527 nm excitation and 555 nm emission and for NR 552 nm excitation and 636 nm 

emission were used. A straight line for the relation between fluorescence and 

concentration was plotted for both the substrates and the concentration in the supernatant 

was determine by plotting the fluorescence to this graph. 

2.2.3.2 Substrate competition assay 

Two substrates will compete with each other if both are the substrate of that particular 

transporter. To study substrate competition of a substrate for ABC transporters, R6G 

efflux assay was employed. Briefly, log phase growing cells were harvested washed with 

1X PBS. Pellet were then dissolved in 1X PBS, 10 µM R6G was added, then 2X MIC of 

desired competitor (FLC, BEA or OMY) was added and allowed to grow for 2 h. Cells only 

with PBS was taken as the negative control.  

2.2.3.3 Measurement of ROS level 

The oxidant-sensitive probe DCFDA was used to measure endogenous ROS. Cells were 

set to a OD600 of 0.1 in YEPD medium and incubated for 4 h at 30 °C with shaking at 

200 rev./min. Then, a 4 mM final concentration of H2O2 was added, and the culture was 

grown for 2 h. Cells were wahed thrice with PBS and then a final volume of 3µM DCFDA 

was added to the sample followed by incubation at 30 °C for 30 min. After three wash the 

cells were dissolved in PBC and then analyzed with a FACSCalibur flow cytometer at 495 

nm excitation and 529 nm emission (filter FL1). A total of 10000 events were considered. 

The remaining cells were used to prepare slides and were observed under confocal 

microscopy with a FITC filter  

2.2.4 Bioinformatical analysis 

NCBI genome database were employed to download C. glabrata genome sequences with 

assembly no. ASM254v2. Identification of ABC proteins were performed by using the 

model ABC-tran (accession PF00005) of the Pfam database (http://pfam.sanger.ac.uk/) 

and the HMM search program from the HMMER package (http://hmmer.org/) using the 

default settings. Amino acid sequences were downloaded from UniProt 

http://pfam.sanger.ac.uk/
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(www.uniprot.org/). ITS sequences of yeast species were taken from free online database 

SILVA (https://www.arb-silva.de/). Alignment of sequences were performed by ClustalW 

with default parameters. The phylogenetic trees of proteins were generated by MEGA6.06 

using maximum likelihood (ML) method using the poisson amino acid substitution model 

and 1000 bootstrap replications. The sequence identities of ABC proteins with ABC 

proteins of same or different species were recorded by employing BLASTp 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins) with default parameters. The 

topology of C. glabrata ABC proteins were predicted by online available softwares 

Topocons (http://topcons.cbr.su.se/) and Scan Prosite 

(http://prosite.expasy.org/scanprosite/). The size of ABC proteins and their chromosomal 

location were retrieved from Candida Genome Database 

(http://www.candidagenome.org/). The circular ideogram was constructed by using a 

software Circos (http://circos.ca/software/). The sofwares WoLF PSORT 

(https://www.genscript.com/wolf-psort.html) and LocTree3 

(https://rostlab.org/services/loctree2/) software were employed for the subcellular 

localization prediction. 

2.2.5 Animal model experiments 

2.2.5.1 Mice wound infection  

To test virulence of the mutants, wound infection experiment was performed in mice 

model. K/O were constructed in C. glabrata ATCC 2001 strain constitutively expressing 

luciferase. Briefly, Balb/c mice were given two doses of cyclophosphamide on day -4 (150 

mg/kg) and -1 (100 mg/kg) to make them neutropenic followed by wound infection on day 

0. Infected mice were segregated into three groups (n = 3/group) where group 1 mice 

were treated with WT cells, group 2 mice were treated with K/O (Cgyor1∆) cells and group 

3 with complemented strain (CgYOR1 complemented strain). CFU was quantified from 

the wound after 4th day post infection in YPD media. 

2.2.6 Other methods  

2.2.6.1 Ethics statement  

Experiments involving mice were performed at the RCB-THSTI animal facility, Gurugram, 

India strictly in accordance with the Committee for the Purpose of Control and Supervision 

http://www.uniprot.org/
https://www.arb-silva.de/
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins
http://topcons.cbr.su.se/
http://prosite.expasy.org/scanprosite/
http://www.candidagenome.org/
http://circos.ca/software/
https://www.genscript.com/wolf-psort.html
https://rostlab.org/services/loctree2/


    Materials and methods 

71 
 

of Experiments on Animals (CPCSEA), committee guidelines. The procedures used in 

the studies were designed to minimize animal suffering.  
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3.  Inventory of ABC proteins in human pathogenic yeast Candida glabrata 

3.1 Background  

ABC superfamily also known as ‘Traffic ATPases’ is very diverse and well-studied family 

of proteins known to exist from prokaryotes to higher eukaryotes (Glavinas et al. 2004b). 

These proteins are well known for their role as high affinity nutrient importers in bacterial 

cells and rose to prominence as exporters in higher eukaryotes. These proteins are 

known to perform diverse functions and their ability to confer MDR brought them to 

eminence. Typically, a full ABC transporter consists of four distinct domains: two TMDs 

consisting of six TMHs and two nucleotide binding domains (NBD), located on the 

cytosolic side of the membrane (Wilkens 2015b). The NBDs, which couple energy of ATP 

hydrolysis to power drug and transport export are highly conserved structure (Linton and 

Higgins 2007). Each NBD contains three characteristic motifs: Walker A and Walker B 

motifs, which form the nucleotide-binding site, and an ABC signature sequence, or C 

motif, for which several functions have been proposed, including communication between 

the TMDs and NBDs during the transport cycle (Rai et al. 2006; Prasad et al. 2015). TMDs 

on the other hand with its homo- or heteromeric repeats of unrelated TMHs provide three 

dimensional structures for substrate binding and help in transport process (ter Beek et al. 

2014b). In contrast to NBDs which consist of conserved sub-domains, TMHs of two TMDs 

are of variable structure which imparts poly specificity to these transporters (Prasad Dr 

and Rawal 2014). While two NBDs and two TMDs are required to become a full functional 

ABC transporter, half ABC transporters also known to exist with one each of NBD and 

TMD and presumably function as homo-dimers (Wilkens 2015c).  

C. glabrata is a human fungal pathogen notorious to cause infection in 

immunocompromised and immunocompetent individuals. C. glabrata genome is 12.3 Kb 

in size which is divided into 13 chromosomes. It also contains a 20 kb circular 

mitochondrial genome. The genome of the organism consists of 5054 open reading 

frames (ORFs) out of which only about 4.52% (239 ORFs) of the genome is characterized 

leaving a scope for a good study in the organism (Fig 3.1).  
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Fig 3.1: Genome snapshot of yeast C. glabrata. (a) Division of genomes on chromosome (b) snapshot 

of verified portion of genome in C. glabrata. 

S. cerevisiae and C. albicans possess a battery of ABC proteins, which are reasonably 

well characterized for their role in MDR (Decottignies and Goffeau 1997; Gaur et al. 

2005b). However, such information is lacking for an emerging pathogenic haploid yeast 

C. glabrata. Recent epidemiological data revealed that C. glabrata is the second most 

frequently isolated nosocomial species among fungal infections (Pfaller and Diekema 

2007a), and exist as a commensal of normal microbiota of oral cavity, gastrointestinal 

and genital tract in humans (Kaur et al. 2005). Notably, C. glabrata is phylogenetically 

distant from pathogenic C. albicans and closer to nonpathogenic yeast S. cerevisiae 

(Dujon et al. 2004b). The clinical isolates of C. glabrata show high level of resistance 

towards commonly used antifungal such as azoles (Oxman et al. 2010). The acquisition 

of MDR towards various classes of antifungals is a serious clinical challenge for 

candidiasis treatment. Recently, high attention was derived by ABC proteins of C. 

glabrata due to the fact that some of the efflux pumps encoding genes such as 

CAGL0M01760g (CgCDR1), CAGL0F02717g (CgPDH1) and CAGL0I04862g (CgSNQ2) 

are highly expressed in clinical isolates of C. glabrata and contribute to the development 

of azole resistance (Sanglard et al. 1999b, 2001b; Sanguinetti et al. 2005b; Torelli et al. 

2008b; Whaley et al. 2017). Earlier, CAGL0M01760g (CgCDR1) and CAGL0F02717g 
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(CgPDH1) upregulation independent of CgPDR1 mutation in FLC heteroresistant C. 

glabrata clinical isolates has been also reported (Ben-Ami et al. 2016). Therefore, an in 

depth analysis of large members of ABC superfamily of C. glabrata is required to dissect 

their physiological relevance in MDR and other cellular processes.  

3.2 Identification of C. glabrata ABC protein and their sequence retrieval  

C. glabrata genome sequences with protein coding ORFs were downloaded from the 

NCBI genome database (ftp.ncbi.nlm.nih.gov/genomes) with assembly no. ASM254v2. 

ABC proteins were identified by using the model ABC-tran (accession PF00005) of the 

Pfam database (https://pfam.xfam.org/) and the HMM search program from the HMMER 

package (http://hmmer.org/) using the default settings. Positive hits above the default 

threshold were further filtered by a cutoff, defined from the plot of scores and e-values. 

Hits with domain scores greater than 56.4 and e-value less than 1.2e-20 were considered 

true positives containing the NBD domain and extracted as potential ABC sequences for 

further analysis. To investigate putative ABC proteins, the HMM profile of the ABC 

transporter domain (accession PF00005) was utilized as the queries to search against 

5054 protein coding ORFs in C. glabrata genome. Initially, a total of 54 proteins consisting 

of NBD domain in the range of 150±20 amino acids were found. Since NBD is a member 

of the Rossman fold superfamily of nucleotide binding proteins, and to ensure that only 

NBD containing proteins are detected, a threshold was determined from the plot of 

domain scores and e-values, and a large inflection at a score of 56.4 and e-value of 1.2 

e-20 was observed. Further, examination of sequences below this score and with a higher 

e-value showed that canonical motifs associated with NBD were absent in 29, out of these 

54 proteins. Hence, only 25 proteins with higher score and lower e-value than the set 

threshold were considered for further study (Fig 3.2).  

 

 

 

https://pfam.xfam.org/
http://hmmer.org/
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Fig 3.2: Methodology of identification of ABC proteins used in C. glabrata 
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Identified putative ABC proteins and their amino acid length is listed in Table 3.1.  

Table 3.1: Predicted ABC proteins in C. glabrata 

RefSeq ID ORF Name Gene names* Length# UniProt Entry 

XP_448240.1 CAGL0K00363g 
 

1227 Q6FNF4 

XP_444820.1 CAGL0A01133g 
 

801 Q6FXW2 

XP_449941.1 CAGL0M13739g ATM1 727 Q6FIK3 

XP_445704.1 CAGL0E00385g 
 

608 Q6FVP0 

XP_445860.1 CAGL0E03982g 
 

1659 Q6FV84 

XP_445319.1 CAGL0C03289g YBT1 1648 Q6FWS5 

XP_445834.1 CAGL0E03355g 
 

1535 Q6FVB0 

XP_449053.1 CAGL0L06402g YCF1 1535 Q6FL41 

XP_446375.1 CAGL0G00242g YOR1 1477 Q6FTR9 

XP_445428.1 CAGL0D00352g 
 

861 Q6FWG6 

XP_449450.1 CAGL0M02387g 
 

856 Q6FJZ4 

XP_446712.1 CAGL0G08041g 
 

607 Q6FST2 

XP_445278.2 CAGL0C02343g ARB1 720 Q6FWW6 

XP_445575.1 CAGL0D03674g 
 

1186 Q6FW19 

XP_448674.1 CAGL0K10472g 
 

752 Q6FM70 

XP_445123.1 CAGL0B03487g TEF3 1045 O93796 

XP_447598.1 CAGL0I08019g 
 

1285 Q6FQ96 

XP_449421.1 CAGL0M01760g CDR1 1499 Q6FK23 

XP_447461.1 CAGL0I04862g SNQ2 1507 Q6FQN3 

XP_446088.1 CAGL0F02717g PDH1/CGR1 1542 O74208 

XP_449665.1 CAGL0M07293g 
 

1515 Q6FJC9 

XP_446033.1 CAGL0F01419g AUS1 1398 Q6FUR1 

XP_449114.1 CAGL0L07744g 
 

1055 Q6FKY0 

XP_446582.1 CAGL0G05093g 
 

544 Q6FT62 

XP_448758.1 CAGL0K12474g 
 

294 Q6FLY6 

* Name of genes given in the NCBI database   # Length of proteins in amino acids 
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3.3 Phylogenetic analysis, domain organization and subfamily prediction  

The complete genome sequence and phylogenetic analysis of S. cerevisiae and C. 

albicans identified 30 and 26 distinct ABC protein encoding genes, respectively (Prasad 

et al. 2016a). Considering close phylogenetic similarity of C. glabrata with S. cerevisiae 

and to predict subfamilies, an unrooted phylogenetic tree was constructed by aligning 

NBDs of C. glabrata and S. cerevisiae ABC proteins as described in methods. Based on 

resemblance in domain organization with S. cerevisiae, putative ABC proteins of C. 

glabrata were segregated into six major clusters and were assigned to MDR/ABCB, 

MRP/ABCC, ALDp/ABCD, RLI/ABCE, EF3/ABCF and PDR/ABCG subfamilies (Fig. 3.3). 

The domain organization of C. glabrata ABC proteins was consistent with that of S. 

cerevisiae in ML tree, wherein N- and C- terminal NBDs are segregated separately; 

indicating that full transporters could be the outcome of duplication of half transporters. 

Amino acid sequences of C. glabrata NBDs (accession PF00005) were extracted as per 

their locations in the ABC proteins and S. cerevisiae NBD sequences of ABC proteins 

were retrieved by UniProt (www.uniprot.org/). The complete amino acid sequences of 

ABC proteins of S. cerevisiae, C. albicans, Cryptococcus neoformans, Kleyvuromyces 

lactis and Schizosaccharomyces pombe were taken from previously published report 

(Kovalchuk and Driessen 2010b). ITS sequences were taken from online database SILVA 

(https://www.arb-silva.de/). Sequences were aligned by ClustalW with default parameters 

and phylogenetic trees were generated by MEGA6.06 using maximum likelihood (ML) 

method and poisson amino acid substitution model with 1000 bootstrap replications. 

Sequence identities of ABC proteins among different species were analyzed by using 

BLASTp (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins) with default 

parameters. 

 

 

 

 

 

http://www.uniprot.org/
https://www.arb-silva.de/
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins
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Fig 3.3: A schematic tree depicting the phylogenetic relationship among ABC subfamilies: NBDs of 

C. glabrata and S. cerevisiae ABC proteins were used in ML analysis. Clustering of C. glabrata NBDs is 

consistent with NBDs of S. cerevisiae ABC proteins. C-terminal NBDs of ABCC/MRP subfamily members 

clustered with ABCB/MDR subfamily NBDs. Phylogenetic tree is represented in radial form. 

To attain a better understanding of evolutionary relationship in ABC proteins among yeast 

species another phylogenetic tree was constructed by using complete ABC proteins of 

six representative yeast species (S. cerevisiae, C. albicans, C. neoformans, K. lactis and 

S. pombe) including C. glabrata (Fig 3.4a). Among them, S. pombe possess the least 

member of ABC proteins (19 ABC proteins) while C. neoformans has maximum (33 ABC 

proteins) ABC protein members (Fig. 3.4b). Notably, S. pombe was distinct with regard 
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to a number of subfamilies since it does not have any member protein belonging to 

ABCD/ALDp subfamily. Our analysis further revealed that phylogenetically C. glabrata 

ABC subfamily proteins are closer to S. cerevisiae and K. lactis ABC proteins.  

Interestingly, in addition to the NBD, members of each family also have conserved amino 

acid sequences, which could help in providing a comparative evolutionary orthologous 

relationship among various yeast species. Considering almost similar size of C. glabrata 

(12.3Mb) and S. cerevisiae (12.1Mb) genome, it is notable that the former possess lesser 

number of ABC proteins, which could suggest loss of some of the genes during whole 

genome duplication (WGD) event (Birchler and Veitia 2010). In S. cerevisiae and C. 

glabrata ABCG/PDR family forms the largest subfamily, although it has significantly lower 

number in C. glabrata.  Among subfamilies, preferentially MDR/ABCB, ALDp/ABCD and 

RLI/ABCE family members were retained during duplication event, indicating their 

significance in cell physiology. 
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Fig. 3.4: Comparison of ABC proteins in different yeast species. (a) Phylogenetic tree of the ABC 

proteins of six yeast species: The analysis was performed with putative C. glabrata ABC protein sequences 

with S. cerevisiae, C. albicans, C. neoformans, K. lactis and S. pombe. The numbers on the branches 

indicate the percentage of bootstrap support from 1000 replicates. The ABC subfamilies are identified 

based on known subfamilies in fungal species. (b) Distribution of ABC proteins among fungal species: C. 

glabrata harbors less number of ABC proteins as compared to S. cerevisiae, C. neoformans and C. albicans 

but more in number as compared to K. lactis and S. pombe. Organism phylogeny presented based on their 

ITS sequences. 

3.3.1 Multi Drug Resistance (MDR)/ABCB Subfamily 

The ABCB/MDR subfamily members comprise of both full and half transporters with 

forward topology, (TMD-NBD)2 or (TMD-NBD). ABCB1 was the first characterized 

member of MDR subfamily for its ability to confer MDR in mammalian cells (Glavinas et 

al. 2004b). This subfamily is further divided into three subtypes: full transporters (involved 

in MDR), half transporters (involved in the transportation of peptides) and mitochondrial 

half membrane transporters (Anjard et al. 2002). Four ABC proteins of C. glabrata 

CAGL0K00363g, CAGL0E00385g, CAGL0M13739g (CgATM1), and CAGL0A01133g 

belong to MDR subfamily but are remain to be characterized. Among these 

CAGL0K00363g, the only member of MDR/ABCB full transporter in C. glabrata, was 

clustered with similar full transporters in other yeasts. It showed 42% sequence identity 

with S. cerevisiae haploid-specific ABC transporter ScSTE6, the a-factor pheromone 

transporter (Kuchler et al. 1989a). The three half transporters CAGL0M13739g 

(CgATM1), CAGL0A01133g, and CAGL0E00385g showed an orthologous relationship 

with S. cerevisiae mitochondrial half transporters. CAGL0M13739g (CgATM1) is ortholog 

of an inner mitochondrial membrane-localized transporters of S. cerevisiae (ScATM1), 

which translocate iron-sulfur (Fe/S) clusters into the cytosol (Kispal et al. 1997) and has 

a well-defined mitochondrial targeting signal sequence. Biogenesis of Fe/S clusters as a 

function of ATM1 is highly conserved among various fungal species (Kovalchuk and 

Driessen 2010b). In C. glabrata, CAGL0M13739g (CgATM1) is involved in 

osmosensitivity and echinocandin sensitivity (Schwarzmuller et al. 2014). 

CAGL0E00385g and CAGL0A01133g are orthologs of peptide transporter coding genes 

ScMDL1 and ScMDL2, respectively, of S. cerevisiae localized in the mitochondrial inner 

membrane (Dean et al. 1994). 
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3.3.2 Multi drug resistance associated proteins (MRP)/ABCC subfamily 

None of the ABC proteins of this subfamily are characterized in C. glabrata. ABCC/MRP 

subfamily members belonging to mammalian cells and other major groups of eukaryotes 

are known to efflux diverse array of toxic substrates including drugs and xenobiotics 

compounds outside the cell or sequester into the vacuole (Klein et al. 2006). The unique 

feature of this family is to recognize glutathione (GSH)-, glucuronate- and sulfate- 

conjugated organic anions and are involved in detoxification processes (Jeong et al. 

2017). It has also been observed that MRPs synergistically act with a large number of 

enzymes viz, GSH-S-transferase, UDP- glycosyltransferase to contribute resistance 

towards various substrates (Dermauw and Van Leeuwen 2014). Notably, unlike 

ABCB/MDR or ABCG/PDR subfamilies, all the MRP members exist as full transporters. 

Five putative ABC proteins of C. glabrata were clustered into this group, among them 

CAGL0E03982g, CAGL0C03289g (CgYBT1), CAGL0E03355g, and CAGL0L06402g 

(CgYCF1) have an extra transmembrane region TMD0(TMD- NBD)2 and were considered 

as long MRPs, and CAGL0G00242g (CgYOR1) has topology of (TMD- NBD)2, considered 

to be short MRP. C. glabrata MRP members showed phylogenetic similarity with K. lactis 

and S. cerevisiae ABC proteins. However, CAGL0G00242g (CgYOR1) have 71% 

sequence identity with S. cerevisiae ScYOR1, a well-studied PM localized transporter 

involved in transport of various organic anions including oligomycin and phospholipids 

(Cui et al. 1996). CAGL0G00242g (CgYOR1) also exhibited 31% sequence identity with 

the only known channel human CFTR/ABCC7 in the ABC transporter superfamily protein, 

where mutations in its encoding gene sequence were linked to cystic fibrosis (Vernon et 

al. 2017). CAGL0C03289g (CgYBT1) has a sequence identity of 53% with S. cerevisiae 

ScYBT1. CAGL0G00242g (CgYOR1) and CAGL0C03289g (CgYBT1), both were found 

to be upregulated in azole resistant lab mutant as well as in azole resistant clinical isolates 

(Vermitsky et al. 2006b; Tsai et al. 2010b). 42% sequence identity of CAGL0L06402g 

(CgYCF1) was observed with human MRP1 which is involved in endobiotics and 

xenobiotics extrusion (Johnson and Chen 2017). Previous report also suggested the 

upregulation of CAGL0L06402g (CgYCF1), CAGL0C03289g (CgYBT1) and 

CAGL0G00242g (CgYOR1) in the petite strain isolates (Ferrari et al. 2011b).  
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3.3.3 Adrenoleukodystrophy protein (ALDp)/ABCD) 

ABCD/ALDp subfamily proteins found in all eukaryotic organisms with an exception to 

some plants predominantly exist as half transporters (Theodoulou et al. 2006). Half 

ABCD/ALDp members homogenously or heterogeneously dimerize to become functional 

(Morita and Imanaka 2012). In C. glabrata CAGL0M02387g and CAGL0D00352g belong 

to this subfamily which showed orthology with S. cerevisiae ScPXA1 and ScPXA2, 

respectively. ALDps are peroxisomal membrane localized proteins in S. cerevisiae,  

involved in long and branched chain fatty acids import or their conjugate fatty acyl-CoA 

derivatives transport to peroxisome (van Roermund et al. 2011). Interestingly, mutations 

in either ScPXA1 or ScPXA2 make cells incompetent to grow on oleic acid, suggesting 

that probably they function as a heterodimer (Shani and Valle 1996). Moreover, both 

ABCD/ALDps of C. glabrata such as CAGL0M02387g and CAGL0D00352g, showed 32% 

and 33% sequence identity with human ABCD2 and 31% and 32% identity with ABCD1. 

The human ABCD1 and ABCD2 are involved in translocation of polyunsaturated VLCFA-

CoA and mutation in these genes result in a human disease, X-linked 

Adrenoleukodystrophy (X-ALD) (Pujol et al. 2004). The clear evolutionary orthologous 

relationship between this family members in various species strongly point to their 

conserved functions. 

3.3.4 RNase L Inhibitor (RLI)/ABCE Subfamily 

The ABCE/RLI subfamily proteins have a characteristic pair of linked NBDs with no TMDs. 

These soluble proteins are predicted to have a role in biological processes rather than in 

membrane transport (Tian et al. 2017). In human ABCE1, an ABCE/RLI protein is 

associated with polyribosomes and functions to inhibit RNase L to initiate translation 

(Dong et al. 2004). CAGL0G08041g, the only member of this family in C. glabrata, 

displayed NBD-NBD topology and has a characteristic ferredoxin iron-sulfur type binding 

domain (4Fe-4S) with the consensus sequence of C-X-{P}-C-X(2)-C-{CP}-X(2)-C-[PEG], 

(pfam00037, where four C’s are the 4Fe-4S center) which is a typical motif found in 

nucleic acid binding proteins. CAGL0G08041g showed high sequence identity with S. 

cerevisiae ScRLI1 (89%) and K. lactis KLLA0C17556p (88%). ScRLI1 of S. cerevisiae, 

an iron-sulfur (4Fe-4S) protein, is involved in maturation of ribosomal subunit, translation 

initiation through interaction with eIF3 complex and also have a role in translational 
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termination (Khoshnevis et al. 2010), however, this protein remains uncharacterized in C. 

glabrata.  

3.3.5 Elongation Factor 3 (EF3)/ABCF subfamilies 

The members of this subfamily are topologically similar to ABCE/RLI subfamily proteins 

with paired NBDs without TMDs. In human and yeast species, EF3 is involved in several 

aspects of translation such as ribosome biogenesis, translational control of gene 

expression, exporting mRNA into cytoplasm, or act as a translational elongation factor 

(Kovalchuk and Driessen 2010b). A total of four members namely, CAGL0K10472g, 

CAGL0C02343g, CAGL0D03674g, and CAGL0B03487g (CgTEF3) of ABC proteins in C. 

glabrata belonged to this subfamily. CAGL0B03487g (CgTEF3) and CAGL0C02343g 

showed 88% and 90% sequence identity with S. cerevisiae ScTEF3 and ScARB1, 

respectively. In C. glabrata, CAGL0B03487g (CgTEF3) is an essential gene for growth 

and at protein level, it has been reported to be down regulated at alkaline pH (Nakayama 

et al. 1998; Schmidt et al. 2008). The best characterized member of this subfamily in S. 

cerevisiae is ScGCN20, which mediates the activation of eIF-2α kinase (Vazquez de 

Aldana et al. 1995) and showed 89% sequence identity with CAGL0K10472g. All 

members of this family are remain uncharacterized in C. glabrata. 

3.3.6 Pleiotropic Drug Resistance (PDR)/ABCG subfamily 

ABCG/PDR subfamily is ubiquitous throughout the plants, fungi and animal kingdom but 

absent in bacteria. In animals, ABCG/PDR subfamily members exist as half transporters 

and are homologous to the white-brown-complex (WBC) family transporter of Drosophila. 

In previous report, it is suggested that there could be two possibilities of generation of 

PDR/ABCG subfamily, 1)  by fusion of independent NBD and TMD, because it is the only 

subfamily in which NBD precedes the TMD (reverse topology) or 2) by direct origin from 

the central portion of a member of the ABCA, ABCB, or ABCC subfamilies (Anjard and 

Loomis 2002). Notably, ABCG/PDR subfamily members play important roles in extruding 

a variety of xenobiotics including agricultural fungicides, azoles, mycotoxins, herbicides, 

and antifungal drugs (Kolaczkowski et al. 1996b). Similar to S. cerevisiae and C. albicans, 

PDR/ABCG subfamily with 7 members; CAGL0F02717g (CgPDH1), CAGL0F01419g 

(CgAUS1), CAGL0M01760g (CgCDR1), CAGL0I04862g (CgSNQ2), CAGL0I08019g, 

CAGL0M07293g, and CAGL0L07744g represents the largest group in C. glabrata 
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wherein, all the members except CAGL0L07744g are full transporters. Importantly, 

CAGL0M01760g (CgCDR1), CAGL0I04862g (CgSNQ2) and CAGL0F02717g (CgPDH1) 

have been shown to play major role in the development of MDR phenotypes in clinical 

isolates and petite mutants of C. glabrata (Miyazaki et al. 1998a; Izumikawa et al. 2003a; 

Brun et al. 2004; Whaley and Rogers 2016). These three transporters are regulated by 

transcription factor PDR1 and their upregulation is linked to the azole resistance (Torelli 

et al. 2008b).  CAGL0F01419g (CgAUS1) is a sterol transporter and protects cells against 

azole antifungals in the presence of serum (Nakayama et al. 2007; Nagi et al. 2013a). 

These C. glabrata genes showed sequence similarity with human ABCG members 

involved in exporting anti-cancerous drugs and cholesterol transport. Other members of 

ABCG/PDR subfamily are poorly characterized in C. glabrata. However, their functions 

can be predicted based on sequence identity with PDR/ABCG members of other yeast 

species. For instance, CAGL0M07293g is an ortholog of S. cerevisiae ScPDR12 with 

85% sequence identity, which is involved in organic acid transport (Piper et al. 1998), 

while CAGL0I08019g with 36% sequence identity to CaCDR6/CaROA1 of C. albicans 

governs resistance to azoles (Khandelwal et al. 2017). The half transporter 

CAGL0L07744g shows 67% sequence identity with S. cerevisiae ScADP1, the first 

identified half transporter belongs to the WBC family of Drosophila (Rogers et al. 2001).  

3.3.7 Others 

Soluble ABC proteins that do not cluster into any specified subfamily has been kept under 

the category of others. In C. glabrata two proteins, CAGL0G05093g and CAGL0K12474g 

come into this category with two NBD and one NBD, respectively. CAGL0G05093g 

showed an orthologous relationship with uncharacterized protein in S. cerevisiae 

(YDR061W) and have 32% sequence identity with C. albicans MODF. CAGL0K12474g 

gene has orthologous relationship with ScCAF16 of S. cerevisiae which is known to be a 

part of CCR4-NOT regulatory complex involved in transcriptional control of gene 

regulation (Liu et al. 2001). 

3.4 Topology Prediction of ABC transporters 

The topology of C. glabrata ABC proteins was predicted by online softwares Scan Prosite 

(http://prosite.expasy.org/scanprosite/) and Topocons (http://topcons.cbr.su.se/). Scan 

Prosite was used to recognize the NBD location and Topocons was utilized for TMH 

http://prosite.expasy.org/scanprosite/
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identification. Size and chromosomal location of the ABC proteins were retrieved from the 

Candida Genome Database (http://www.candidagenome.org/) and a circular ideogram 

was generated by using Circos software (http://circos.ca/software/). To predict subcellular 

localization of ABC proteins, LocTree3 (https://rostlab.org/services/loctree2/) and WoLF 

PSORT (https://www.genscript.com/wolf-psort.html) were employed with input of putative 

ABC proteins amino acid sequences. 

ABC proteins have two characteristic topological structures: TMD and NBD. The 

presence of hydrophobic TMD in the protein makes it an eligible candidate of membrane-

localized proteins, while presence of only NBD makes it a putative soluble protein. To 

investigate whether C. glabrata ABC proteins follow the same domain organization as 

reported in other organisms, the position of NBDs and TMDs were determined in each of 

the ABC protein sequences by using Topocons and Scan Prosite (Fig 3.5). Based on the 

order of NBDs and TMDs, the ABC proteins belonging to the subfamilies ABCB/MDR, 

ABCC/MRP, ABCD/ALDp were predicted to possess forward topology, wherein TMD 

precedes the NBD (TMD-NBD), while the members of ABCG/PDR subfamily have 

reverse orientation, where TMD follows NBD (NBD-TMD) (Xiong et al. 2015). 

 

http://www.candidagenome.org/
http://circos.ca/software/
https://rostlab.org/services/loctree2/
https://www.genscript.com/wolf-psort.html
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Fig 3.5: Pictorial depiction of ABC protein topology in C. glabrata. Topology prediction was performed 

by online softwares Scan Prosite and Topocons:  All the subfamily members of ABC proteins harbor either 

one or two NBD. The ABCB/MDR subfamily displayed forward topology and consist of both full and half 

transporters, while members of the ABCG/PDR subfamily displayed reverse topology. One of the 

MRP/ABCC family members CAGL0G00242g (CgYOR1) does not contain extra set of transmembrane 

domains. ABCD/ALDp member proteins are half transporter with same topology as ABCB/MDR half 

transporters. Members of the ABCE/RLI, ABCF/EF3 and other soluble ABC proteins do not contain 

transmembrane domains. The scale indicates the number of amino acids. 

 

A typical TMD is comprised of 6 to 10 TMHs (Khunweeraphong et al. 2017), however the 

prediction with different topology predicting softwares indicated the presence of a variable 

number of TMH in ABC proteins containing TMDs in Table 3.2. All the proteins with only 

NBDs in primary structure belong to ABCE/RLI and ABCF/EF3 subfamilies and were 

predicted as soluble proteins.  
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Table 3.2: Number of transmembrane domain prediction in all ABC proteins using different 

online tools. 

ABC genes TOPOCONS OCTOPUS PHILIUS SCAMPI TMHMM UNIPROT 

CAGL0K00363g 12 12 12 12 12 12 

CAGL0A01133g 6 6 3 6 3 3 

CAGL0M13739g 6 6 5 5 5 5 

CAGL0E00385g 6 6 6 6 5 4 

CAGL0E03982g 17 19 17 17 16 16 

CAGL0C03289g 17 20 17 17 14 13 

CAGL0E03355g 18 18 17 16 17 17 

CAGL0L06402g 17 17 14 16 14 13 

CAGL0G00242g 14 14 11 14 10 10 

CAGL0D00352g 6 6 2 5 4 4 

CAGL0M02387g 5 6 3 5 1 1 

CAGL0G08041g 0 0 0 0 0 0 

CAGL0C02343g 0 0 0 0 0 0 

CAGL0D03674g 0 0 0 0 0 0 

CAGL0K10472g 0 0 0 0 0 0 

CAGL0B03487g 0 0 0 0 0 0 

CAGL0I08019g 12 12 13 12 12 11 

CAGL0M01760g 14 13 12 12 12 12 

CAGL0I04862g 12 12 13 12 11 11 

CAGL0F02717g 13 13 12 12 10 12 

CAGL0M07293g 13 13 12 12 10 10 

CAGL0F01419g 13 13 12 12 12 12 

CAGL0L07744g 7 7 8 8 8 8 

CAGL0G05093g 0 0 0 0 0 0 

CAGL0K12474g 0 0 0 0 0 0 

 

3.5 Chromosomal location, and localization prediction of ABC proteins 

C. glabrata have a haploid genome consists of 13 chromosomes (Chr A to Chr M) (Dujon 

et al. 2004b). Chr M harbors maximum number of ABC protein encoding genes (4 genes) 

followed by Chr E, Chr G and Chr K, each possess 3 genes. Each of Chr C, Chr D, Chr 
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F, Chr I and Chr L accommodate 2 genes. Each Chr A and Chr B reside only 1 gene, 

however, Chr H and Chr J do not contain any ABC protein coding gene (Fig 3.6). 

 

Fig. 3.6: Chromosomal location and subcellular localization of ABC proteins in C. glabrata. (a) C. 

glabrata chromosomes (chrA - chrM) are displayed in circular ideogram. Black color indicates location of 

ABC transporter and dark maroon indicates soluble ABC proteins location. Chromosome M harbors 

maximum number of ABC genes and Chromosome H and J do not contain ABC genes. (b) Subcellular 

localization of the ABC transporters were predicted by LocTree3 and WoLF PSORT: Only membrane 

proteins are depicted.     

Subcellular localization (SCL) of a protein is important to elucidate the potential function 

in various cellular processes. It is anticipated that proteins localized in the same cellular 

compartment of different organisms could perform similar type of function. SCLs of ABC 

proteins of C. glabrata were analysed by using online software LocTree3. The results 

obtained suggested that most of the C. glabrata MDR/ABCB members are localized at 

MM and ABCC/MRP members are localized in VM. As expected, ABCD/ALDp members 

were predicted to be localized on peroxisomal membrane. ABC proteins of ABCG/ PDR 

subfamily were predicted in PM except CAGL0L07744g, which was found to be localized 

on endoplasmic reticulum (ER). Previous reports supported our localization prediction as 

two of the known ABCG/PDR members, CAGL0M01760g (CgCDR1) and 

CAGL0F02717g (CgPDH1) were shown to be PM localized (Lamping et al. 2007a). 

Notably, localization prediction varies by the use of different softwares. ABC proteins, 

CAGL0I08019g and CAGL0K00363g belonging to PDR/ABCG and MDR/ABCB 

subfamilies, respectively, were predicted to be localized at the nucleus by LocTree3 
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software, however, WoLF PSORT predicted these proteins localization at PM. WoLF 

PSORT predicted CAGL0G00242g (CgYOR1) and CAGL0L07744g localization to PM, 

while LocTree3 predicted in VM and ER membranes, respectively. The predicted 

localizations of 18 ABC membrane proteins are depicted in Fig 3.6b, while soluble ABC 

proteins are predicted to be confined to the cytosol or nucleus are listed in Table 3.3. 

Table 3.3: Subcellular localization prediction of all ABC proteins of C. glabrata 

ABC protein coding 

genes 

LocTree3 WoLF PSORT 

CAGL0K00363g Nucleus Plasma membrane 

CAGL0A01133g Mitochondrial membrane Mitochondrial membrane 

CAGL0M13739g Mitochondrial membrane Plasma membrane 

CAGL0E00385g Mitochondrial membrane Mitochondrial membrane 

CAGL0E03982g Vacuolar membrane Plasma membrane 

CAGL0C03289g Vacuolar membrane Plasma membrane 

CAGL0E03355g Vacuolar membrane Plasma membrane 

CAGL0L06402g Vacuolar membrane Plasma membrane 

CAGL0G00242g Vacuolar membrane Plasma membrane 

CAGL0D00352g Peroxisomal membrane Mitochondrial membrane 

CAGL0M02387g Peroxisomal membrane Nucleus 

CAGL0G08041g Nucleus Plasma membrane 

CAGL0C02343g Cytoplasm Mitochondria 

CAGL0D03674g Cytoplasm Nucleus 

CAGL0K10472g Cytoplasm Nucleus 

CAGL0B03487g Cytoplasm Cytoplasm 

CAGL0I08019g Nucleus Plasma membrane 

CAGL0M01760g Plasma membrane Plasma membrane 

CAGL0I04862g Plasma membrane Plasma membrane 

CAGL0F02717g Plasma membrane Plasma membrane 

CAGL0M07293g Plasma membrane Plasma membrane 

CAGL0F01419g Plasma membrane Plasma membrane 

CAGL0L07744g ER membrane Plasma membrane 

CAGL0G05093g Mitochondria Mitochondria 
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CAGL0K12474g Cytoplasm Cytoplasm 

 

3.6 Confirmation of the presence of ABC transporter coding gene in the genome 

The goal of the work was to unravel the role of membrane localized efflux pumps in 

development of MDR. Hence for expression analysis, only 18 potential membrane 

localized members of the ABC superfamily were selected. It is expected that expression 

level of genes may vary among strains with different genetic background and source of 

isolation. Therefore, in this study we evaluated the expression level of ABC transporter 

genes between the two strains of C. glabrata: a reference strain CBS138/ATCC2001 and 

a widely used clinical isolate BG2. 

Initially, basal expression level of these ABC gene were performed under laboratory 

growth conditions. qRT-PCR analysis of the mid-log phage grown cells in YPD media at 

30°C confirmed that all selected ABC transporter were transcribed under normal growth 

condition in both the strains. However, the degree of basal expression showed 

considerable variation in these strains. Since strain BG2 was an isolate from a patient 

with initial exposure to FLC treatment, expectedly, in comparison to CBS138/ATCC2001, 

its encoding transporter genes were upregulated at basal level (Fig. 3.7).  
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Fig 3.7 Comparative basal expression of ABC transporters in CBS138/ATCC2001 and BG2 strains. 

The basal level expressions of ABC transporters were tested by qRT-PCR in log phase grown cell under 

laboratory conditions (YPD, 30ºC) and data was measured in 2-∆CT by normalizing with housekeeping gene 

CgTDH3. Among all ABC transporters CAGL0K00363g exhibited minimum expression level in both the 

strains. 

3.7 Membrane localized ABC subfamily genes displayed variable response to drug 

exposure  

Our long term goal is to unravel the role of membrane localized efflux pumps in 

development of MDR. Hence, for expression analysis, we selected 18 potential 

membrane localized members of the ABC superfamily. It is expected that expression level 

of genes may vary among strains with different genetic background and source of 

isolation. Therefore, after transient drug exposure, the ABC transporter genes of BG2 

show lesser changes in their expression. But in CBS138/ATCC2001 strain, the transient 

drug induction yielded stronger response and comparatively showed higher changes in 

expression pattern of ABC genes in all tested condition (Fig 3.8). 
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Fig 3.8. Comparative expression of ABC transporters encoding genes after transient drug exposure 

of CBS138/ATCC2001 and BG2 strains. The expression level was tested by qRT-PCR and data was 

measured by 2-∆∆CT method in the presence of AmB (a), FLC (b), CSF (c), and KTC (d). Transporters 

behaved differently in these four conditions. Expression data were assessed by two-way ANOVA and 

statistical significant differences relative to untreated condition (YPD) were determined by Sidak's multiple 

comparisons test and are indicated as stars with p value <0.0001. 

Frequently, enhanced expression of several ABC superfamily genes was directly linked 

to the acquisition of drug resistance among different yeast species. Earlier, several 

reports demonstrated that in clinical MDR isolates of C. glabrata, ABC transporters such 

as CAGL0M01760g (CgCDR1), CAGL0I04862g (CgSNQ2) and CAGL0F02717g 

(CgPDH1) were highly expressed and their expression varied in laboratory strains during 

transient drug induction and environmental conditions (Samaranayake et al. 2013; Vale-

Silva et al. 2013a). For evaluating the role of ABC membrane proteins coding genes, we 

further tested expression of all selected ABC transporters followed by 60 min exposure 

to azoles (FLC and KTC), echinocandin (CSF) and polyene (AmB) drugs. The data 

obtained by qRT-PCR provided an interesting insight on to the expression pattern of ABC 

transporters under stress conditions. For instance, all the tested drugs exhibited 

differential expression pattern of membrane ABC superfamily genes, implying their role 

in the development of drug resistance phenotypes.  

Among ABCB/MDR members, basal expression of CAGL0K00363g was lowest, in both 

the strains. Notably, CAGL0K00363g ortholog in S. cerevisiae (ScSTE6) is a dedicated 

pheromone transporter and its human homolog (ABCB1) mediated MDR in various 

chemotherapy resistant tumors by effluxing toxic compounds (Wu et al. 2008). Although 

CAGL0K00363g was 1.7 fold upregulated in presence of both CSF and KTC in BG2 

strain, but in CBS138/ATCC2001 strain it was down regulated to 14.6 and 22.1 fold in 

presence these drugs. Most of the MDR genes in CBS138/ATCC2001 strain displayed 

down regulation following AmB, CSF, and KTC treatment but were up regulated in FLC 

exposed cells. Interestingly, in BG2 strain the expression level of other MDR members 

remained unchanged during FLC, AmB and CSF inductions except for CAGL0E00385g 

and CAGL0M13739g (CgATM1), wherein expression level was significantly higher 

followed by KTC exposure. 



    Chapter I 

93 
 

Among ABCC/MRP subfamily members, basal expression level of CAGL0E03355g was 

low in both the strains. CAGL0G00242g (CgYOR1) was upregulated by azoles in 

CBS138//ATCC2001, while, in BG2 strain the expression level was down regulated by 

1.5 fold following AmB treatment. However, in case of KTC exposed cells, it was 1.8 fold 

upregulated. CAGL0G00242g (CgYOR1) ortholog in S. cerevisiae (ScYOR1) has a well 

demonstrated role in pleiotropic drug resistance (Klein et al. 2011). CAGL0C03289g 

(CgYBT1) displayed higher expression following drug treatment in both strains. While, 

CAGL0E03982g transcript level was significantly upregulated only in FLC treated BG2 

cells, whereas in CBS138/ATCC2001 strain, it was upregulated by AmB treatment only. 

CAGL0E03355g transcript level was significantly down regulated in both tested strains, 

followed by most of the inducing conditions. Notably, human MRP family member ABCC1 

is involved in multidrug resistance, especially during cancer and leukemia chemotherapy 

treatments (Slomka et al. 2015). However, its ortholog CAGL0L06402g (CgYCF1) in C. 

glabrata does not respond to the tested drug in BG2 strain but were significantly 

upregulated in the case of AmB and CSF exposed CBS138/ATCC2001 strain. Together, 

qRT-PCR analysis of MRP subfamily genes in C. glabrata similar to other yeast species 

do point to their involvement in drug detoxification. 

Both ABCD/ALDp members exhibited significantly higher expression at the basal level in 

BG2 than in CBS138/ATCC2001. The expression level of ALDp members remained 

unresponsive to drug treatment in BG2. However, in CBS138/ATCC2001 strain, 

CAGL0M02387g was significantly down regulated in KTC and upregulated with other 

tested inducing conditions while CAGL0D00352g showed significant down regulation in 

FLC treatment.  

Together, ABBCG/PDR subfamily member genes revealed constitutive expression, and 

they are the best responders to transient drug treatments. CAGL0M01760g (CgCDR1) 

and CAGL0F02717g (CgPDH1) have similar behavior with KTC treatment in both the 

strains. The expression of CAGL0M07293g, an ortholog of S. cerevisiae PDR12 (weak 

acid transporter) was higher following KTC treatment in both the strains. The low level of 

expression of CAGL0M07293g in FLC resistant isolates of C. glabrata was earlier 

recorded by Vermitsky et. al. (Vermitsky et al. 2006b), which could be consistent with the 

low expression in BG2 strain. In BG2 strain CAGL0M07293g gene behaved differently in 
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different azoles, where an imidazole and a triazole yielded opposite response. 

CAGL0F02717g (CgPDH1) was down regulated in most of the treatment condition in both 

the strain. Based on homology with CaCDR1 and CaCDR2, it is reasonable to expect that 

CAGL0F02717g (CgPDH1) could be involved in phospholipid translocation and 

membrane lipid asymmetry maintenance (Smriti et al. 2002). As expected, FLC treatment 

induced CAGL0F01419g (CgAUS1) expression in both the strains. ABCG/PDR members 

displayed varying degree of changes in expression, which strongly indicate their role in 

multi drug resistance.    

3.8 Discussion and Conclusion  

The presented study is the first comprehensive transportome analysis of ABC proteins in 

C. glabrata, which led to the identification of 25 ABC proteins, representing 0.479% of 

protein coding genes, distributed on 11 out of 13 chromosomes. The phylogenetic 

comparison with other fungal species clustered these ABC members into six major 

subfamilies: MDR/ABCB, MRP/ABCC, ALD/ABCD, RLI/ABCE, EF3/ABCF and 

PDR/ABCG. The constitutive expression of all the genes encoding putative membrane 

localized ABC members not only confirmed their genomic presence but also reflected 

their biological relevance. The exposure to drugs presented variable transcriptional 

response among ABC membrane proteins, nonetheless, it provided sufficient clue for 

their potential contribution in emerging clinical drug resistance in C. glabrata isolates. Of 

note, majority of members of subfamilies remain unexplored. The sequence identity of C. 

glabrata ABC proteins with other organism could provide a basis for functional 

characterization of these unexplored important proteins; however, our analysis could only 

predict their localization and expression profile. On the basis of their similarities with ABC 

proteins of S. cerevisiae and C. glabrata the predicted function of the ABC transporter is 

listed in (Table 3.4).  
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Table 3.4: Predicted function of ABC transporters in C. glabrata 

ABC transporter 

genes 

ABC transporter 

common names 
Description Function/Putative Function 

CAGL0K00363g CgSte6p Uncharacterized Role in oligopeptide transport. 

CAGL0A01133g CgMdl2p Uncharacterized 
role in cellular response to 

hydrogen peroxide . 

CAGL0M13739g CgAtm1p Uncharacterized 

Role in cellular iron ion 

homeostasis and 

osmoregulation 

CAGL0E00385g CgMdl1p Uncharacterized 
Role in oligopeptide export 

from mitochondria. 

CAGL0E03982g CgVmr1p Uncharacterized 
Role in drug transport and 

response to metal ion. 

CAGL0C03289g CgYbt1p Uncharacterized 

Role in bile acid transport. 

Gene is upregulated in azole-

resistant strain. 

CAGL0E03355g CgBpt1p Uncharacterized 

Role in bilirubin and 

glutathione S- conjugate 

transport. 

CAGL0L06402g CgYcf1p Uncharacterized 

Role cadmium, bilirubin and 

glutathione S-conjugate 

transport. 

CAGL0G00242g CgYor1p Uncharacterized 

Involved in multidrug 

resistance, gene is 

upregulated in azole-resistant 

strain. 

CAGL0D00352g CgPxa2p Uncharacterized Role in fatty acid transport. 

CAGL0M02387g CgPxa1p Uncharacterized Role in fatty acid transport 

CAGL0I08019g CgRoa1p Uncharacterized Role in drug transport 
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CAGL0M01760g CgCdr1p Characterized 

Involved in resistance to 

azoles regulated by TF 

CgPdr1p. Overexpressed in 

azole resistant strains and 

petite strains. 

CAGL0I04862g CgSnq2p Characterized 

Role in multidrug resistance 

and TF CgPdr1pmediated 

azole resistance. 

CAGL0F02717g CgPdh1p Characterized 

Role in azole resistance, 

regulated by TF CgPdr1p. 

Overexpressed in azole 

resistant clinical isolate. 

  CAGL0M07293g CgPdr12 Uncharacterized 

Putative ABC transporter of 

weak organic acids; gene is 

downregulated in azole-

resistant strain 

CAGL0F01419g CgAus1p Characterized 
Role in exogenous sterol 

uptake and virulence 

CAGL0L07744g Cgadp1p Uncharacterized unknown 

 

Based on the information available in S. cerevisiae and other yeasts, most of the ABC 

transporter genes are non-essential and hence construction of  homozygous knockouts 

(KOs)  should be realtively easy. The analysis of KOs of each member is a way forward 

in dissecting their role in MDR, pathogenicity and virulence. The studies so far do suggest 

that some of the ABC members, particularly those belonging to PDR family (CgCDR1, 

CgPDH1 and CgSNQ2) have demonstrable role in developing drug resistance but 

considering the vast information about the role of ABC members in C. albicans and in 

other organisms, it is a long way before their physiological relevance of these ABC 

proteins could be unraveled.   
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4. Construction of ABC transporter disruptome  

4.1 Deletent library and their phenotypic characterization  

4.1.1 Background 

Clinical isolates of C. glabrata have high innate resistance towards azoles and can 

acquire cross-resistance to various subgroups of antimycotic drugs. Overexpression of 

ABC transporters is one of the most frequent known mechanisms for the acquisition of 

multiple drug resistance (MDR). There are 25 ABC proteins in the genome of C. glabrata, 

and based on the topology, only 18 proteins are ABC transporters, and the remaining 

seven are soluble ABC proteins.  As discussed in the previous chapter, their transcription 

responses with transient exposure with different antifungals prompted to explore the 

contribution of these ABC transporters in the development of drug resistance and for any 

physiological relevance. 

The functional characterization of a gene in yeast can be performed either by gene 

knockout, gene silencing, or by gene overexpression. Gene silencing is only present in 

some yeast, including fission yeast S. pombe and in some budding yeast. These 

transcription silencing related genes have lost from S. cerevisiae genome during the 

course of evolution (Drinnenberg et al. 2009). Since C. glabrata is phylogenetically closer 

to S. cerevisiae than other pathogenic yeast of Candida genus, there might be a possibility 

of the absence of this pathway in its genome. With this background, the present ABC 

gene characterization in C. glabrata is explored by two methods: gene deletion and gene 

overexpression. 

4.1.2 Construction of Knockout library 

Two strains BG2 and BG14 strain were used to as wild type (WT) strain for the 

construction of ABC transporter K/O. Strain BG14 is the ura3 auxotroph of BG2, so 

wherever more than single deletion was required, BG14 strain was used as WT. Fusion 

PCR based method utilizing intrinsic homologous recombination capacity of the C. 

glabrata cells was used to delete the ABC transporter genes. Dominant selection marker 

NAT1 with FRT sites was used to delete each of the coding sequences of the gene. The 
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method of cassette construction, their integration in the genome to replace the open 

reading frame (ORF) is represented in Fig 4.1. 

 

 

 

Fig 4.1: Strategy for gene deletion in C. glabrata: Knockout generation in C. glabrata includes three 

step. In the first step, PCR amplification of UTRs and NAT- half and their fusion takes place. Second 

step include the transformation of these fusion product in the WT cells and require three homologous 

recombination to occur for proper integration of the cassette. The final step involves the confirmation of 

the gene deletion by genomic DNA PCR.  
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Replacement of the ORF with deletion cassette was confirmed by PCR. Four sets of 

primers were used in the confirmation illustrated in Fig 4.2. The first set of primers (P1 

and P2) is to confirm the proper integration of 5’ NAT half with 5’ UTR. The second set of 

primers used to check proper integration of 3’ UTR-3’ NAT half. The third set of primers 

was from the internal region of the deleted ORF. The fourth set of primers was to assess 

full cassette amplification.  

By utilizing the mentioned startegy, viable single deletions of each of 18 transporters were  

performed. The deletion confirmations of all ABC transporters are demonstrated in Table 

4.1. 

 

 

 

 

 

 

 

 

PCR type Primers Purpose WT K/O 

5’- check P1 and P2 Integration of 5’UTR +5’ NAT half - + 

3’- Check P3 and P4 Integration of 3’UTR + 3’NAT half - + 

Full gene - check P1 and P4 Full cassette integration at the 

same site 

- + 

Internal – check P13 and P14 Absence of ORF + - 
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Fig 4.2: Gene deletion confirmation: Confirmation of the gene knockout was performed at four levels by 

using genomic DNA PCR 

 

Table 4.1: Deletion and confirmation of C. glabrata ABC transporters genes 

 

S. N. Deletions Deletion confirmation Band Size (Bp)* 

1 Cgcdr1∆  A – 767  E-  N/A    
B – 779  F-  N/A 
C - N/A   G- 697      
-2575   H- 5775 

2 Cgsnq2∆  A – 684 E-  N/A  
B – 783 F-  N/A 

  C-  N/a  G- 321 
  D-2460  H- 5684 

 

3 Cgpdh1∆  A – 734 E-  N/A  
B – 617 F-  N/A 

  C-  N/a  G- 534 
  D-2380 H- 5709 
         

4 Cgaus1∆  A – 826 E-  N/A 
B – 779 F-  N/A 

  C-  N/A  G- 391   
  D-2734  H- 5684  
   
 

5 Cgroa1∆  A – 867  E-  N/A 
B – 676 F-  N/A   

  C-  N/a  G- 598 
D-3067  H- 6063 

 

A       B       C       D      L      E       F       G      H 

A       B      C       D     L       E       F       G      H 

A        B       C      D      L       E       F      G       H 

A       B       C      D       L      E       F      G       H 

A       B      C      D       L       E      F      G      H 
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6 Cgpdr12∆  A – 770  E-  N/A 
  B – 679 F-  N/A 
  C-  N/A G- 397   

D-2564 H- 5069 
 

7 Cgadp1∆   A – 1021 E-  N/A 
  B – 899  F-  N/A 
  C-  N/A  G- 521   
D-3046  H- 3284 

         

8 Cgyor1∆  A – 730 E-  N/A 
B – 738 F-  N/A 

  C-  N/A  G- 477  
D-2507 H- 5641 

9 Cgycf1∆  A – 904 E-  N/A  
B – 773 F-  N/A 

  C-  N/A G- 359 
 D-2607 H- 5987 

 

10 Cgybt1∆  A – 865 E-  N/A 
B – 773 F-  N/A 

  C-  N/A G- 452   
 D-2444   H- 6091 
 

11 Cgvmr1∆  A – 768 E – N/A 
B – 763 F – N/A 

  C – N/A G – 321 
D–2660 H–5984 

12 Cgbpt1∆  A – 899 E –  N/A 
B – 873 F –  N/A 

 C –  N/A  G – 608   
 D–2678  H–6064 

A       B     C      D       L       E      F       G      H 

A       B      C      D       L       E       F      G      H 

A     B       C       D      L       E       F       G       H 

A      B      C             L       E      F     G     D       H 

A       B      C     D       L       E       F      G      H 

A       B      C       D       L       E       F      G      H 

A       B      C      D       L       E      F     G      H 



    Chapter II 

102 
 

13 Cgatm1∆  A – 1031 E-  N/A 
  B – 893 F-  N/A 
  C -  N/A  G- 658 
  D-2697 H- 3151 

14 Cgmdl1∆  A – 997 E-  N/A 
B – 898 F-  N/A 

  C -  N/A G- 569 
 D-2903  H- 3709 

15 Cgmdl2∆  A – 984 E-  N/A 
B – 643 F-  N/A 

  C -  N/A G- 321   
 D -2760 H- 3275 

16 Cgste6∆  A – 989 E-  N/A  
B – 873 F-  N/A 

  C-  N/A  G- 321 
 D-2677  H- 5061 

17 Cgpxa1∆  A – 787 E-  N/A   
B – 700 F-  N/A 

  C-  N/A  G- 345      
D-3019  H- 3268 

18 Cgpxa2∆   A – 1004 E-  N/A      
  B – 680   F-  N/A 
  C-  N/A   G- 301          
D-3060   H- 3284 

 

* A: 5’ integration check in K/O, B: 3’ integration check in K/O, C: Internal check in K/O, D: Full gene Check 

in K/O, L: 1 Kb Ladder, E: 5’ integration check in WT, G: 3’ integration check in WT, G: Internal check in 

WT and H: Full gene check in WT. 

A       B       C     D       L       E      F     G      H 

A       B      C      D      L       E      F     G      H 

A        B       C      D      L       E       F      G      H 

A      B      C       D       L       E       F       G      H 

D      A      B        C       L       E        F       G      H 

A       B       C      D      L       E       F      G      H 



    Chapter II 

103 
 

4.1.3 Construction of complemented strains 

Working with C. glabrata has a benefit that it can retain plasmid. So for complementation 

studies we have taken advantage of C. glabrata CEN/ARS based expression plasmid 

pPGRB2.3. This plasmid contains Ura3 selection maker as yeast selection maker. Our 

ABC mutants are both in the BG2 and BG14 strains. BG2 is WT strain that contain no 

Ura3 auxotrophy so it this plasmid cannot be used with the strain. We have modified this 

plasmid by replacing its Ura3 maker with HphB marker that cause resistance to 

hygromycin B resistance (pGRB2.3_HphB). The replacement of the marker is performed 

by utilizing gibson assembly, represented in Fig 4.3. 

 

 

Fig 4.3: Construction of pGRB2.3_HphB. The plasmid was then used as the parent plasmid for further 

cloning and expression. 

For complementation studies C. glabrata ORFs were PCR amplified along with their 

promoter sequences from wild-type genomic DNA using Phusion high-fidelity DNA 

polymerase. These amplified products were then cloned up-stream of the GFP by 

employing gibson assembly. The confirmation of the plasmids after gene cloning was 

performed by restriction digestion and PCR. The method of construction is illustrated in 

Fig 4.4. By employing this all complementation constructs were constructed (plasmids 

listed in supplementary File 3) and the strains constructed are listed as supplementary 

File 2. The complemented strains are employed with the mutants showing altered 

phenotype than WT.  
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Fig 4.4: Construction of plasmids by gibson assembly for C. glabrata complementation studies. 

4.1.4 Growth phenotypes of K/O mutants 

The impact of gene deletions on C. glabrata  was assessed to rule out any impact on its 

growth that could influence the efficiency to replicate within the host cell or against drug-

treated conditions.  For this, the growth curve assay of each deletant was monitored at 

30°C in YPD by a micro-cultivation method using a 96-well plate in a  liquid handling 

system (Tecan, Austria). Briefly, overnight grown cells were inoculated at a dilution of 0.1 

OD600 in a 96-well plate and then allowed to grow at 30 °C. OD600 was measured every 

30 min for an interval to up to 24 h. Doubling times of strain were calculated by measuring 

the time taken in doubling of logarithms values of the OD600 of the exponential phase. The 

doubling time of the mutants is listed in Table 4.2.  

ABCG/PDR subfamily transporters, ABCC/MRP subfamily transporters, ABCD/ALDp 

subfamily transporters show similar growth as of WT with doubling time (~60 min). 
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However, an ABCB/MDR subfamily transporters Cgatm1∆ showed reduced growth in 

YPD with doubling time 80 min. Growth profiles of the mutants are illustrated in Fig 4.5. 

Table 4.2: Doubling time of all ABC transporter mutants 

S. N. Strains Subfamily Doubling Time ± SD (in min) 

1 WT (BG2)   60.23 ± 0.45 

2 Cgcdr1∆ 

PDR 

60.35 ± 0.96 

3 Cgsnq2∆ 60.54 ± 0.67 

4 Cgpdh1∆ 60.29 ± 0.19 

5 Cgaus1∆ 60.69 ± 0.64 

6 Cgroa1∆ 61.45 ± 1.09 

7 Cgpdr12∆ 61.09 ± 0.99 

8 Cgadp1∆ 60.34 ± 0.76 

9 Cgatm1∆ 

MDR 

80.02 ± 0.28 

10 Cgmdl1∆ 60.98 ± 0.94 

11 Cgmdl2∆ 60.45 ± 0.67 

12 Cgste6∆ 61.98 ± 0.97 

13 Cgyor1∆ 

MRP 

60.45 ± 0.70 

14 Cgycf1∆ 61.34 ± 0.87 

15 Cgybt1∆ 60.37 ± 0.82 

16 Cgvmr1∆ 60.56 ± 0.19 

17 Cgbpt1∆ 61.98 ± 0.54 

18 Cgpxa1∆ 
ALDp 

60.50 ± 0.85 

19 Cgpxa2∆ 61.06 ± 0.93 
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Fig 4.5: Growth curves of all 18 ABC transporter mutants: (a) ABCB/MDR transporters (b) ABCC/MRP 

transporters (c) ABCD/ALDp transporters (d) ABCG/PDR transporters growth curves. Only Cgatm1∆, 

ABCB/MDR subfamily transporter, showed reduced growth in laboratory growth condition. 

4.1.5 Drug susceptibility of knockouts  

ABC transporters are generally considered as drug efflux pumps. In chapter 1, Fig 3.8, 

the observed  upregulation of almost every transporter  encoding gene following brief 

exposure  of C. glabrata  cells to different drugs also  supported  the notion.  The 

availability of 18 single deletion of each transporter provided an opportunity to explore 

their role as drug transporters. For this, all the transporter mutants were subjected for 

susceptibility tests by exposing mutant cells to numerous drugs and antifungals that 

included  azoles (FLC, KTC, VCR, ITZ and MCZ), echinocandins (CSF), polyene (AmB), 

allylamine (TER), protein synthesis inhibitors (ANY and CHX), and mutagen (4-NQO). 

The drug susceptibility was measured by broth micro-dilution assays, as described earlier 

(Shah et al. 2017). The MIC80 was defined at the lowest concentration inhibiting growth 

by at least 80% relative to the drug-free YPD control after incubation (Table 4.3). The 
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growth curves analysis of these mutants was also performed by using micro-cultivation 

method in 96- well plates. The following are the results described in subfamily wise. 

Table 4.3: MIC80 of all ABC transporter mutant strains.  

Deletion 

MIC80 

FLC  KTC  ITZ MCZ VRC 
4-

NQO 
AmB ANY CSF TER CHX  

WT (BG2) 16 0.5 8 0.062 4 4 1 0.6 0.075 16 2 

ABCG/PDR Subfamily mutants 

Cgcdr1∆ 1 0.015 0.125 0.003 0.125 4 1 0.018 0.075 0.5 0.062 

Cgsnq2∆ 16 0.5 8 0.062 4 0.5 1 0.6 0.075 16 2 

Cgpdh1∆ 16 0.5 8 0.062 4 4 1 0.6 0.075 16 2 

Cgaus1∆ 16 0.5 8 0.062 4 4 1 0.6 0.075 16 2 

Cgroa1∆ 16 0.5 8 0.062 4 4 1 0.6 0.075 16 2 

Cgpdr12∆ 16 0.5 8 0.062 4 4 1 0.6 0.075 16 2 

Cgadp1∆ 16 0.5 8 0.062 4 4 1 0.6 0.075 16 2 

ABCB/MDR Subfamily mutants 

Cgatm1∆ 4 0.125 1 0.015 2 4 1 0.3 0.018 16 2 

Cgmdl1∆ 16 0.5 8 0.062 4 4 1 0.6 0.075 16 2 

Cgmdl2∆ 16 0.5 8 0.062 4 4 1 0.6 0.075 16 2 

Cgste6∆  16 0.5 8 0.062 4 4 1 0.6 0.075 16 2 

ABCC/MRP Subfamily mutants 

Cgyor1∆ 16 0.5 8 0.062 4 4 1 0.6 0.075 16 2 

Cgycf1∆ 16 0.5 8 0.062 4 4 1 0.6 0.075 16 2 

Cgybt1∆ 16 0.5 8 0.062 4 4 1 0.6 0.075 16 2 

Cgvmr1∆ 16 0.5 8 0.062 4 4 1 0.6 0.075 16 2 

Cgbpt1∆ 16 0.5 8 0.062 4 4 1 0.6 0.075 16 2 

ABCD/ALDp Subfamily mutants 

Cgpxa1∆ 16 0.5 8 0.062 4 4 1 0.6 0.075 16 2 

Cgpxa2∆ 16 0.5 8 0.062 4 4 1 0.6 0.075 16 2 
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4.1.5.1 PDR transporter mutants 

Sufficient studies with ABCG/PDR transporters have implicated their role in drug resistance such 

as ScPdr5p in S. cerevisiae, CaCdr1p and CaCdr2p in C. albicans and CauCdr1p in C. auris 

(Miyazaki et al. 1998b; Sanglard et al. 1999a; Shukla et al. 2003; Torelli et al. 2008a; Rybak et al. 

2019; Kim et al. 2019a). PDR subfamily transporters are considered as first line of defense against 

antifungals. In C. glabrata four of the members of these families have  been implicated in  drug 

transport. The transcription  of these transporter genes  is usually high in azole resistant clinical 

and petite isolates. Apart from conventional antifungals, ABCG/PDR  members also efflux various 

unrelated xenobiotic compounds for example, CgSnq2p in S. cerevisiae and C. glabrata 

transports mutagen 4-NQO, and ScPdr15p confers resistance to chloramphenicol (Decottignies 

et al. 1995; Wolfger et al. 2004; Torelli et al. 2008a).  Besides  MIC80 determination,  the 

susceptibility  of all the deletents was also confirmed by performing spot  and growth 

curve assays (Fig 4.6 and 4.7).  

 

 

Fig 4.6: Spot assay of ABCG/PDR mutants in the presence of antifungal agents: Cgcdr1∆ mutant is 

sensitive to all tested azoles, protein synthesis inhibitors and allylamine. Cgsnq2∆ mutant shows sensitivity 

to mutagen 4-NQO. 
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The drug profiling of this subfamily mutant display susceptible phenotype of Cgcdr1∆ and 

Cgsnq2∆ towards tested  antifungals. While Cgcdr1∆ mutant was susceptible to azoles, 

allylamine, protein synthesis inhibitors, Cgsnq2∆ mutant was only susceptible on its 

known substrate 4-NQO. Rest of the transpters’ mutants were unresponsive to all the 

used antifungals. Additioanlly,  the  susceptibility of the transporters of this subfamily 

towards polyene and echinocandin remained unchanged upon their deletion. Although 

the role of CgPdh1p, CgAus1p and CgSnq2p is established in  clinical azole resistance, 

however, the deletion of Cgpdh1, Cgsnq2 and Cgaus1 did not give any phenotype in the 

presence of azole antifungal agents. In the liquid growth curve analysis, the result 

obtained with spot assay and MIC80 are replicated (Fig 4.7).  

 

 

 

 

 

Fig 4.7: Growth curve of ABCG/PDR mutants in the presence of antifungal agents. 

4.1.5.2 ABCB/MDR transporters  

ABCB/MDR subfamily typically include both half and full transporters perform several 

functions. In human (Mdr1p) is a major transporter in extruding anti-cancerous drugs 

(Flanagan and Huber 2007). In yeast, these perform a-pheromone transport to peptide 

transports and also involved in the maintenance of iron homeostasis (Kuchler et al. 
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1989b; Berkower and Michaelis 1991, p. 6; Chloupková et al. 2004; Srinivasan et al. 2014, 

p. 1).  The four mutants of ABCB/MDR subfamily transporters were screened  for 

antifungals in both liquid media and solid plates with antifungal agents. MIC80 of the 

strains are listed in Table 4.3. The spot assay of these mutants also matched  the MIC80 

data as illustrated in Fig 4.8.   

 

Fig 4.8: Susceptibility testing of ABCB/ MDR subfamily transporters in the presence of antifungals. 

Cgatm1∆ mutant was susceptible on azoles and echinocandin CSF.  

In the presence of azoles, one of the ABCB/MDR mutant, Cgatm1∆, an inner-

mitochondrial localized transporter showed increased susceptiblity to azoles. Interestingly 

the mutant is also susceptible to echinocandin CSF. However,  the other three mutant 

members of the subfamily showed no  change in susceptibility towards tested drugs. 

Further analysis of mutants with growth curve corroborated the spot tests observations. 

(Fig 4.9). 
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Fig 4.9: Growth curve analysis of all MDR subfamily mutants in the presence of antifungal agents. 

4.1.5.3 ABCC/MRP transporters  

ABCC/MRP subfamily transporters are known to efflux various kinds of xenobiotics, 

heavy metals, and metalloids. There are five members of this family transporter present 

in C. glabrata,however,  the deletion of none  of these  members   showed any change in 

either the MIC80  values or  displayed  in spot or  growth assays (Table 4.3, Fig 4.10 and 

4.11).  

 

Fig 4.10: Spot assay of ABCC/MRP family transporters of C. glabrata on antifungals. None of the 

transporters displayed sensitivity to any tested conditions.  
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 Fig 4.11: Growth curve of ABCC/MRP subfamily transporter mutant in the presence of antifungals. 

4.1.5.4 ALDP transporters  

The members of ALDP subfamily  are peroxisomal membrane-localized transporters and 

are implicated in fatty acid transport  and none so far in drug transport (Shani et al. 1995, 

p. 1; Chuang et al. 2014, p. 1). To better understand if ALDP members of C. glabrata 

have any role in drug resistance, drug susceptibility of these mutants on both liquid media 

and solid plate was performed. No change in  MIC80, or in spot or growth assays was 

recorded (Fig 4.12). Notably, the transient drug exposure of antifungal did  induce the 

expression of these transporters as discussed in previous chapter (Fig 3.8).  

 

Fig 4.12: Spot assay of ABCD/ALDp mutants with antifungal agents: Spot assay performed in YPD 

supplemented with particular concentration of antifungal agents. 
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The growth curve analysis of these mutants also reflected the same effect. The growth 

curves of the ABCD/ALDp mutants on antifungal agents are represented in Fig 4.13. 

 

 

 

Fig: 4.13: Growth curves of ABCD/ALDp transporter mutants in the presence of antimycotics. 

4.1.6 Reversal of phenotype by introducing WT copy of the gene 

Only three mutants of ABC transporters displayed susceptible phenotypes on antifungal 

drugs. To know whether the deletion is responsible for the obtained phenotype, WT copy 

of the genes were introduced as described in Fig 4.3. After getting the correct 

transformants screening on antifungals were tested by using spot assay. The reversal of 

sensitivity on azoles was observed in case of CgCDR1 revertant and CgATM1 revertant 

and similarly, reversal of 4-NQO and OP sensitivity was observed with CgSNQ2 revertant  

(Fig 4.14). 
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Fig 4.14: Phenotypes reversal after introducing WT copy of genes of the deletions: Introduction of 

WT copy of CgCDR1, CgSNQ2 and CgATM1 in their respective deletions reversed their deletion 

phenotypes.  

4.1.7  Discussion and Summary 

The genome of C. glabrata harbours 18 membrane localized ABC transporters. The 

deletion of each of the gene in haploid C. glabrata resulted in viable strains. All the 

mutants except Cgatm1, the growth was similar to the WT. In  contrast,  the mitochondrial 

membrane localized Cgatm1 mutant growth was severely hampered which can be due to 

mitochondrial genome loss or unregulated iron homeostasis. Notwithstanding the 

transcriptional response of these ABC transporter genes in response to drug treatment, 

the deletion of most members did not impact drug susceptibility of these mutants. In the 

presence of antifungals, only a few transporters such as Cgcdr1, Cgsnq2, and Cgatm1 

mutants  displayed influence on their growth. These results are summarized and depicted 

in Fig 4.15. 
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Fig 4.15: A summary figure of antifungal susceptibility testing of all the mutants. Highlighted mutants 

show sensitivity to different antifungals. 

In the presence of azoles,  the deletion of only two transporters  Cgcdr1∆ and Cgatm1∆ 

from PDR and MDR, respectively, resulted in increase susceptibility towards tested drugs. 

Intrestingly, other transporters such as Cgpdh1∆ and Cgsnq2∆ mutants also show 

susceptible phenotype on azoles if deleted in some clinical isolates. The genetic 

background of the strains might be a reason for the different behavior of these 

transporters. For example, in a hospital survey, out of 20 resistant C. glabrata clinical 

isolates, 18 showed overexpression of CgCDR1, CgPDH1, or of both. The remaining two 

resistant isolates showed overexpression of only CgSNQ2 (Sanguinetti et al. 2005a). 

However, only one of the strains displayed susceptible phenotypes to azoles after the 

deletion of Cgsnq2 (Torelli et al. 2008a). This explains that the phenotype varies from 

strain to strain and the presence of other major transporters could impact their responses. 

Notably, a mitochondrial transporter Cgatm1∆ mutant displayed sensitivity to 

echinocandin CSF, which is a unique feature of this superfamily transporter, as 
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echinocandins are not known substrate for this transporter. The echinocandin drugs 

target the cell wall (CW) of yeast cells, so, deletion of Cgatm1  could impact CW integrity.. 

Other transporters’ transcript (CgYOR1, CgYCF1, CgYBT1, CgSNQ2, CgPDH1), 

displayed upregulation upon drug exposure (Fig 3.8, chapter 1) , but the deletion of these 

transporter genes did not affect drug susceptibility. The possibility of the masking effect 

of major transporters that would shield the functional relevance of other transporters 

cannot be ruled out.  The deletion of an ABC transporter and its effect can be 

compensated by the overexpression of related ABC transporters of the same subfamily 

or other subfamilies. Single deletion of Scsnq2∆ and Scyor1∆  in S. cerevisiae led to the 

increased tolerance to KTC and the effect was found even more pronounced in their 

double deletion. The increased tolerance to the azoles was proposed to be due to the 

increased transcript of ScPDR5, possibly through shifting of the transcriptional pool of TF 

ScPdr1p (Kolaczkowska et al. 2008). In another report with CaMlt1p, a VM transporter, 

when deleted in a background of PM-localized major transporter devoid strain, highlighted 

its role in governing azoles susceptibility by way of sequestration of the drug into the 

vacuole  (Khandelwal et al. 2019). Similarly, in C. glabrata CgPDH1 and CgSNQ2 

mutants show susceptibility to azoles only in the absence of dominant transporter 

CgCDR1 (Whaley et al. 2018, p. 2). Suffice to speculate that if the impact of shielding of 

these transporters is removed, the effect of other transporters could be higlighted. While 

discovering the role of CgYOR1 in the present work, the shielding effect of major 

transporters became  very visible (Chapter III).  

4.2 A homologous overexpression system to study roles of drug transporters in 

Candida glabrata 

4.2.1 Background 

The continuous use of antimycotic drugs, especially azoles, has led to an emergence of 

drug-resistant clinical strains (Ksiezopolska and Gabaldón 2018). C. glabrata exhibits 

intrinsically low susceptibility to azoles (Whaley et al. 2016). This clinically rising drug 

resistance in C. glabrata is a culmination of several mechanisms which also includes 

overexpression of drug efflux pumps belonging to ATP Binding Cassette (ABC) 

superfamily and Major Facilitator Superfamily (MFS) of transporters, which help cells to 

rapidly extrude antimycotic drugs to circumvent their lethality (Holmes et al. 2016). The 
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existence of a large number of ABC transporters in C. glabrata genome makes it difficult 

to dissect the functional relevance of individual transporters (Kumari et al. 2018). 

Presently, a widely used Saccharomyces cerevisiae based heterologous expression 

system that lacks several ABC transporters has been extensively used to study 

membrane proteins from different yeasts (Lamping et al. 2007b). These studies helped in 

unraveling details of drug efflux, protein localization, and directed mutagenesis to dissect 

the molecular basis of the promiscuity towards substrate recognition (Redhu et al. 2018). 

Notwithstanding the immense importance of S. cerevisiae that has contributed immensely 

to the study of ABC transporters, questions are always raised concerning the differences 

among different species and non-pathogenic host strain’s cellular environment, the lipid 

content of membrane and protein sorting behavior.  

To circumvent these issues, we have developed a system in C. glabrata devoid of any 

masking effects by dominant drug transporters and an integrative plasmid for the 

expression of the gene of interest (GOI). For this, a strain of C. glabrata MSY8 was 

constructed by disrupting seven clinically relevant membrane-localized ABC drug 

transporter genes that included CgSNQ2, CgAUS1, CgCDR1, CgPDH1, CgYCF1, 

CgYBT1, and CgYOR1 and introduced a gain of function (GOF) mutation in the CgPDR1 

transcription factor (TF) resulting in a hyper-activation of CgCDR1 locus. The integration 

of GOI by employing an engineered expression plasmid allowed overexpression of fully 

functional ABC and MFS transporters. 

4.2.2 Construction of multiple ABC transporters deleted strain of C. glabrata 

ABC transporters extrude a wide variety of physiological compounds. Among ABC 

subfamilies, there is a greater similarity in the sequence and structure, which could make 

them share partial overlapping substrate profiles (Kolaczkowski et al. 1998). Due to the 

similarity in the substrate profile, some transporters may function as dominant 

transporters by masking the function of other transporters. The dominance of ABC 

transporters such as CaCdr1p and CgCdr1p, and CgPdh1p in C. albicans and C. 

glabrata, respectively, or ScPdr5p in S. cerevisiae, are few examples which are well 

reported. Therefore, functional analysis of a transporter in the absence of dominant 

transporters is very important to evaluate its true potential for drug efflux and the 

development of multiple drug resistance. To generate such a host strain, we selected 
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seven transporters genes (CgSNQ2, CgAUS1, CgCDR1, CgPDH1, CgYCF1, CgYBT1, 

and CgYOR1) which were earlier shown to be upregulated in azole-resistant clinical 

isolates of C. glabrata or involved in drug resistance (Sanguinetti et al. 2005a; Vermitsky 

et al. 2006a; Torelli et al. 2008a; Ferrari et al. 2011a). For these deletions, a recyclable 

FRT based dominant selection marker NAT1 was used by employing fusion PCR based 

homologous recombination (Borah et al. 2011; Srivastava et al. 2015). Thus, we 

sequentially deleted these transporters coding sequences, and resulting strains were 

designated as MSY1 - MSY7. These deletions were not in a particular order. Each 

deletant was designated as MSY1 (Cgsnq2∆), MSY2 (MSY1 + Cgaus1∆), MSY3 (MSY2 

+ Cgcdr1∆), MSY4 (MSY3 + Cgpdh1∆), MSY5 (MSY4 + Cgycf1∆), MSY6 (MSY5 + 

Cgybt1∆), MSY7 (MSY6 + Cgyor1∆).  

4.2.3 Growth kinetics of MSY1 - MSY7 strains 

To determine the effect of each transporter deletion on growth, we performed growth 

kinetics by micro-cultivation method. The cells were grown in YPD broth at 30°C and 

OD600 was recorded for 24 h and the growth curves of WT and deletion mutants MSY1 -

MSY7 are depicted in Fig 4.15. Notably, the doubling time of MSY1 to MSY6 was similar 

to WT strain (60 min), however, deletion of Cgyor1∆ (MSY7) resulted in a slightly slower 

growth rate with a doubling time of 68.04 min. To further confirm if the slow growth 

phenotype of the MSY7 is due to Cgyor1 deletion and not due to any other changes, we 

complemented the CgYOR1 gene by episomal expression in plasmid pGRB2.2. While 

the episomal complementation reversed the drug sensitivity phenotype in MSY7 to a level 

up to MSY6, it could not restore the growth defect of MSY7. This growth defect is probably 

due to the cumulative effect of deletions. The growth curve of the mutant is given in Fig 

4.16. 

4.2.4 Drug susceptibility profiling of MSY1 - MSY7 mutants  

The drug susceptibility profile of each deletion mutant was determined by spot assays, 

MIC80 determination by micro-dilution method and growth kinetics using FLC, KTC, VRC, 

MCZ and ITZ, CSF, echinocandins AmB and NYS, allylamine TER, protein synthesis 

inhibitors cycloheximide CHX and ANY, DNA damaging agents 4-NQO and metal 

chelator OP at indicated concentrations. The initial two deletions, MSY1 (Cgsnq2∆) and 

MSY2 (Cgsnq2∆, Cgaus1∆), did not show any alteration in MIC80 with respect to WT on 
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all the tested drugs except for 4-NQO and OP, which was supported by spot assays as 

well. However, when Cgcdr1∆ was deleted, in MSY3 strain, as expected, the mutant 

MIC80 were dropped dramatically for tested azoles, including FLC MIC80 drop from 64 

µg/ml to 4 µg/ml. The MIC80 was two doubling dilution lower (1 µg/ml) for FLC when 

Cgpdh1∆ was deleted to make MSY4 strain. The subsequent deletion of Cgycf1∆, in 

MSY5, and Cgybt1∆ in MSY6, did not yield any further change in MIC80 of FLC as well as 

of other tested drugs (except for KTC). The subsequent last deletion of Cgyor1∆, MSY7, 

led to another 4-fold drop in MIC of FLC (0.25 µg/ml) in comparison to MSY6 strain. A 

similar reduction of MIC80 of MSY7 was also observed with other azoles, protein synthesis 

inhibitors and allylamine. As expected, the deletion of Cgsnq2∆, MSY1 displayed 

dramatic susceptibility towards 4-NQO and OP, which are the known substrates of 

ScSnq2p; however, no further change in susceptibility towards 4-NQO and OP was 

noticed in subsequent deletions MSY2 - MSY7. This indicated that changes in drug 

susceptibility are transporter dependent.  

Table 4.4: MIC80 of constructed strains MSY1-MSY7 

Drugs 
MIC80 (µg/ml) 

WT MSY1 MSY2 MSY3 MSY4 MSY5 MSY6 MSY7 

FLC 64 64 64 4 1 1 1 0.25 

ITZ 16 16 16 0.125 0.031 0.031 0.031 <0.031  

VRC 8 8 8 0.125 0.062 >0.031  0.062 0.015 

KTC 1 1 1 0.5 0.12 0.031 0.031 0.002 

MCZ 0.25 0.25 0.25 0.002 <0.002 <0.002 <0.002 <0.002 

CSF 0.075 0.075 0.075 0.075 0.075 0.075 0.075 0.075 

AmB 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 

NYS 1 1 1 1 1 1 1 1 

CHX 2 2 2 0.0625 0.0312 0.0312 0.0312 0.007 

ANS 0.6 0.6 0.6 0.018 0.009 0.009 0.009 0.002 

4-NQO 4 0.5 0.5 0.5 0.5 0.5 0.5 0.5 

TER 16 16 16 0.5 0.25 0.25 0.25 0.031 
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OP 32 16 16 16 16 16 16 16 

We further confirmed the drug susceptibility profile of each deletion mutant by growth 

curve analysis in the presence of tested drugs (Fig 4.16). The MIC80 to tested 

echinocandin and polyenes remained unchanged in all the deletion strains even after the 

deletion of all the seven transporters. Together, these results suggested that the deletion 

of seven ABC transporters, which generated the MSY7 strain, displayed supersensitive 

phenotype to a wide range of tested drugs. 

 

 

 

 

 

 

 

Fig 4.16: Growth curve analysis of strains MSY1-MSY7 in the presence of antifungals. 
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4.2.5 Assessment of efflux capacity of MSY1 - MSY7 mutants 

Fluorescent compounds R6G and NR are the known substrates of some of the ABC 

transporters and have been commonly used to evaluate the efflux activity. Therefore, we 

tested the R6G and NR efflux by MSY1 - MSY7 deletion mutants to confirm the transport 

defect in these mutants. Indicated cells were pre-incubated with R6G or NR for 4 h in the 

absence of energy source to accumulate the dyes inside the cells. The energy-starved 

cells were then supplemented with 2% glucose to initiate the efflux of fluorescent 

substrates. After 45 min, the fluorescence was recorded in the supernatant and 

quantified. As expected, there was no reduction in R6G efflux in MSY1 - MSY2 mutant 

strains. Surprisingly, MSY3 strain (Cgcdr1∆) showed only ~10% reduction in R6G efflux 

and an almost 48% reduction in NR efflux as compared to WT cells. The subsequent 

Cgpdh1∆ in MSY4 resulted in 33 and 44 % reduction of R6G and NR efflux, respectively, 

which coincided well with a recorded drop in MIC80 of FLC. Subsequent deletions (MSY5 

- MSY6) did not show any significant changes in R6G and NR efflux. However, the 

deletion of Cgyor1∆ (MSY7 strain) further decreased R6G efflux by ~93% and NR efflux 

by ~23% as compared to MSY4 (Fig 4.17).  
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Fig 4.17: Phenotypic characterization of strains MSY1 - MSY7. (a) Growth kinetics study of MSY1 - 

MSY7 strains was performed by a micro-cultivation method in a 96-well plate using Liquid Handling System 

(Tecan, Austria) in YPD broth at 30 °C. Doubling time for the strains was calculated by quantifying the time 

taken in doubling of logarithms values of the log phase. Experiments were conducted in triplicates (n=3), 

and values are expressed in mean ± standard deviation. (b) Spot assays were performed by serial dilution 

spot assay to check the effect of deletion on the antifungals tested. (c) R6G and NR efflux in MSY1 - MSY7 

cells. The experiment was performed in biological triplicates with technical replicates. Significance was 

determined by calculating the p-value for all the strains with respect to WT by employing the student’s t-

test. p-values ≤0.05 = *, ≤0.0005 = *** and ns = not significant. 

4.2.6 GOF mutation in WT enhances azole resistance by <100 fold  

In C. glabrata, the upregulation of ABC transporters is linked to alterations in zinc-

clustered TF CgPDR1. This TF recognizes PDRE present at promoters of several ABC 

transporters genes including CgCDR1, CgPDH1, CgSNQ2, CgYOR1, CgYCF1 and 

CgYBT1. Several GOF mutations in CgPDR1 coding region have been linked to increase 

in the expression of transporters and resistance towards azoles (Ferrari et al. 2009a). A 

CgPDR1 GOF mutation (CgPDR1G840C) in C. glabrata DSY565 strain showed MIC80 of 

FLC 128 µg/ml along with approximately 64-fold upregulation of CgCDR1 transcript 

(Ferrari et al. 2009a). We introduced this mutation (CgPDR1G840C) in WT, and the 
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resulting mutant was designated as WTGOF (Cgpdr1::CgPDR1G840C). For this, pMS3 

plasmid was linearized with SacI/ KpnI and transformed by electroporation, which 

replaced the native CgPDR1 coding sequence. The drug susceptibility of WTGOF was 

tested for azoles and expectedly we observed increased resistance to FLC along with 

~114-fold upregulated transcript of CgCDR1 gene (Fig 4.18).  

Fig 4.18: Introduction of GOF mutation (CgPDR1G840C) in MSY7 and phenotypes tested with of MSY8 

strain: (a) Integration plasmid for GOF TF CgPDR1 was constructed by cloning mutated CgPDR1 ORF 

(CgPDR1G840C) from C. glabrata strain DSY565 (Ferrari et al. 2009a). The resulting plasmid pMS3 was then 

digested with KpnI/ SacI and transformed in WT and MSY7 strain to introduce the GOF in the genome to 

construct WTGOF and MSY8, respectively. (b) Serial dilution spot assay to depicts drug susceptibility of 

WTGOF cells. (c) Expression analysis of CgCDR1 in WTGOF cells as compared with WT cells. (d) Substrate 

transport assay (R6G and NR) with MSY7 and MSY8 strains. 

4.2.7 GOF mutation in MSY8 does not impact growth, susceptibility to antifungals 

and substrate transport 

To construct a supersensitive C. glabrata strain where GOI could be overexpressed 

without the interference of dominant transporters for functional analysis, we constructed 

MSY8 strain, with seven transporter deletions and hyperactive CgCDR1 locus in its 

genome. For this, the above-constructed cassette from digested pMS3 plasmid was 

transformed in the above-constructed MSY7 strain to generate MSY8 strain. The 

constructed MSY8 strain has a GOF CgPDR1 (CgPDR1G840C) and a hyperactive CgCDR1 

promoter (Fig 4.19). Since TF CgPDR1 regulon includes several other genes apart from 

ABC transporters, we checked the possibility of altered growth and azole susceptibility in 

MSY8 strain. Interestingly MSY8 did not show further change in susceptibility towards 

antifungals and efflux of substrates to MSY7 strain.  
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Fig 4.19: MSY8 graphical representation. 

4.2.8 Overexpression of ABC transporters validated the appropriateness of MSY8 

as an expression system 

To validate the expression system, we expressed well known ABC transporters of C. 

glabrata (CgCDR1 and CgPDH1), C. albicans (CaCDR1) and S. cerevisiae (ScPDR5) in 

MSY8 strain. These transporters were cloned in pMS6 plasmid upstream of the YeGFP 

at either SacI/ SacII or NotI/ PacI sites. The whole cassette containing GOI-GFP chimeric 
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construct was then digested with SacI/ KpnI and integrated into MSY8 strain at CgCDR1 

locus. The constructed strains MSY9 (MSY8/CgCDR1), MSY10 (MSY8/CgPDH1), 

MSY11 (MSY8/CaCDR1), and MSY12 (MSY8/ScPDR5) were tested for the expression 

and localization. As evident from confocal images, all the GFP-chimeric transporters 

CgCdr1-GFP, CgPdh1-GFP, CaCdr1-GFP and ScPdr5-GFP showed clear plasma 

membrane localization. The transcripts levels of each transporter CgCDR1, CgPDH1, 

CaCDR1 and ScPDR5 in MSY9, MSY10, MSY11, and MSY12 cells were confirmed by 

RT-PCR, which also displayed the overexpression of these transporters at the locus (Fig 

4.20). 

Fig 4.20: Overexpression of ABC transporters and their characterization: (a) Integration of ABC 

transporters CgCDR1, CgPDH1, CaCDR1, and ScPDR5 was performed as described in Methods and 

resulting strains designated as MSY9 - MSY12. Confocal images of MSY9 - MSY12 show the localization 

at the plasma membrane. Confocal images were taken by using the FITC filter. (b) Drug susceptibility tests 

were performed by spot assays at indicated concentrations. (c) Transcript levels of integrated transporters 

into MSY8 was determined by RT-PCR. (d) R6G substrate transport assay with the overexpressed 

transporters. p-value was determined by the student’s t-test and p-value ≤0.0005 represented as (***). 

4.2.9 Functional analysis of CgCdr1-GFP, CgPdh1-GFP, CaCdr1-GFP, and ScPdr5-

GFP  

The functionality of the recombinantly expressed ABC transporters in MSY9 - MSY12 

strains was analyzed by testing their susceptibility towards azoles, allylamines, and 

protein synthesis inhibitors in comparison to parental strain MSY8. We rationalized that 

the overexpressing transporter proteins should be able to reverse the higher susceptibility 

of MSY8 cells. Expectedly, the expression of all four transporters drastically decreased 

the susceptibility of MSY8 cells, albeit to variable levels (Table 4.5). R6G is a known 

substrate of ABC transporters, and these four transporters are known to efflux R6G 

(Lamping et al. 2007b). Spectrophotometric based efflux assay showed a 25 to 32-fold 

increased efflux of R6G as compared to MSY8 cells (Fig 4.19). Results indicated that 

ABC transporters from different fungal species could be expressed and functional in 

MSY8 strain. 

Table 4.5: MIC80 of overexpressed strains MSY9-13 as compared to MSY8 

Drugs MIC80 (µg/ml) 



    Chapter II 

126 
 

MSY8 MSY9 MSY10 MSY11 MSY12 MSY13 

FLC 0.25 256 128 256 256 8 

ITZ <0.031 >64 64 64 64 2 

VRC 0.015 64 64 64 64 4 

KTC 0.002 8 4 8 8 1 

MCZ <0.002  2 1 1 1 0.25 

CSF 0.075 0.075 0.075 0.075 0.075 0.075 

AmB 0.5 0.5 0.5 0.5 0.5 0.5 

NYS 1 1 1 1 1 1 

CHX 0.007 4 4 4 4 0.0312 

ANS 0.002 >2.4 2.4 2.4 2.4 0.009 

4-NQO 0.5 0.5 0.5 0.5 0.5 0.5 

TER 0.031 64 >32 >32 >32 0.031 

OP 16 16 16 16 16 16 

4.2.10 MSY8 expression system is suitable to study non-ABC transporters 

We explored the suitability of our expression system for functional analysis of non-ABC 

membrane transporters. For this, we transformed and integrated a GFP-chimeric-

CgFLR1 transporter belonging to MFS superfamily in MSY8 strain to generate MSY13 
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strain. Drug: H+ antiporter CgFlr1p is a well-known drug transporter that confers 5-

flucytosine (5-FC) antifungal resistance in C. glabrata (Pais et al. 2016). While the 

homolog CgFlr2p confers resistance to both azoles and 5-FC, the Cgflr1∆ deletant 

imparts susceptibility to 5-FC, but not to azoles (Chen et al. 2007). As expected, MSY13 

strain became resistant to 5-FC and, interestingly, also demonstrated increased 

resistance to azoles (Table 4.5, Fig 4.20). The increased azole resistance could be 

attributed to the masking effect of CgFLR2 on azole resistance phenotype of CgFLR1. 

MSY13 overexpressing CgFlr1-GFP showed proper localization at the plasma 

membrane, as was evident from confocal images, and 2-fold increased efflux of NR, a 

well-known MFS transporters substrate (Fig 4.21).  

Fig 4.21: Expression of MFS transporter and its phenotypic characterization. (a) Drug spot assays of 

MSY13 by serial dilution at indicated concentrations. (b) Confocal images of localization of CgFlr-GFP taken 

from the FITC filter of the confocal microscope. (c) NR efflux in MSY13 cells. Each experiment was 

performed in biological triplicates with three technical replicates. p-value was determined by paired student 

t-test, and p-value ≤0.0005 was represented as (***). 

4.2.11 Discussion and conclusion: 

Several independent studies have called attention to the relevance of drug transporters 

belonging to ABC and MFS superfamilies in drug resistance and their posing of a serious 

hindrance to successful antifungal therapy. Such a situation demands an in-depth 

structure and function analysis of clinically relevant drug transporters. For this, there is 

always an unmet need for an overexpression system that can act as a platform to facilitate 

the functional characterization of these transporters to analyse the basis of their substrate 

poly-specificity, structural analysis and to develop inhibitors/modulators. Over the years, 

this requirement has been successfully met by the S. cerevisiae overexpression system 

established by Goffeau’s and Cannon’s groups (Decottignies et al. 1998; Lamping et al. 

2007b). Using this approach, efflux pumps not only from S. cerevisiae but from different 

fungal pathogens as well could be structurally and functionally analyzed (Shukla et al. 

2003; Lamping et al. 2007b; Panapruksachat et al. 2016). Notwithstanding, the extensive 

use of the S. cerevisiae system by several laboratories for nearly two decades, concerns 

have been raised pertaining to its artefactual environment posed by heterologous system, 

particularly applicable to the functionality of drug transporters of pathogenic Candida 

species. The differences in regulatory circuitry governing drug resistance and subtle 



    Chapter II 

128 
 

differences in membrane lipid environment influencing the functionality of drug transporter 

proteins are some of the concerns faced by such studies. In this context, it is worth 

mentioning that membrane lipids do impact drug transporter protein insertion, integrity, 

and overall functioning (Opekarová and Tanner 2003; Pasrija et al. 2008). 

Our present study focused to resolve challenges imposed by the heterologous system for 

the overexpression of drug transporter proteins of C. glabrata. We took advantage of a 

GOF mutation of TF CgPDR1 azole-resistant clinical isolate of C. glabrata and introduced 

it into an engineered hyper-susceptible MSY7 mutant strain, which was deleted for seven 

dominant ABC transporters. Thus the resulting strain MSY8 apart from major transporters 

deleted background also possessed hyper-activated CgCDR1 locus. This followed by the 

construction of an integration-based plasmid for cloning GOI at the activated CgCDR1 

locus. The suitability of the expression system was well demonstrated by overexpressing 

fully functional clinically relevant ABC drug transporters of C. glabrata (CgCDR1 and 

CgPDH1), C. albicans (CaCDR1), S. cerevisiae (ScPDR5) and C. glabrata MFS 

transporter CgFLR1. This MSY8 system thus presents a good platform for detailed 

substrate profiling and functional analysis of transporter proteins with minimum 

interference by major drug transporters of C. glabrata. 
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5. Characterization of MRP subfamily ABC transporter CgYOR1 

5.1 Background 

The most remarkable human fungal pathogen belongs to genus Candida. Candida 

glabrata, being a commensal in the human microbiota, are also known for superficial to 

serious life-threatening bloodstream infections  (Kasper et al. 2015b). Azoles are the first-

line antifungal to prevent superficial to bloodstream fungal growth by interfering with the 

ergosterol biosynthesis ( Sheehan, Hitchcock, & Sibley, 1999). Fluconazole (FLC), the 

most common azole, targets active site of 14-α-sterol-demethylase (ERG11), a 

cytochrome P-450 enzyme by inhibiting lanosterol conversion to ergosterol (Cowen et al. 

2015). The efficacy of the azoles in the treatment of invasive candidiasis is severely 

hampered by azole resistance in C. glabrata (Fidel, Vazquez, & Sobel, 1999). In order to 

overcome azole resistance in C. glabrata, it is first important to comprehensively 

understand the mechanisms by which it exhibits resistance to the azoles. There are a 

multitude of mechanism to cope up with incoming azole drug in C. glabrata vis., mutations 

in target genes, gain of function (GOF) mutation in transcription factor (TF) CgPDR1, 

efflux pumps overexpression, and mutation in DNA repair pathway genes (Healey et al. 

2016; Whaley et al. 2018).  

Recently a mutation in ERG11 such as G944A, I166S causing the alteration in target has 

been reported, henceforth contributed cross-resistance for both azole and polyenes (Hull 

et al., 2012; Teo et al., 2019). TF CgPDR1 is a central player in the azole resistance 

acquired during antifungal therapy. Notable reports have shown that C. glabrata Pdr1 

directly binds to fluconazole, which resulted in the activation of drug efflux pumps, a 

mechanism similar to the regulation of multidrug resistance (MDR) by the pregnane X 

receptor (PXR), a nuclear receptor, in vertebrates (Thakur et al. 2008; Caudle et al. 2011). 

Moreover, single point mutations in the putative functional domains of CgPDR1 result in 

increased resistance to azoles and upregulated transcription of ABC transporters 

CgCDR1, CgPDH1, and CgSNQ2 (Ferrari et al., 2009; Tsai, Krol, Sarti, & Bennett, 2006; 

Whaley et al., 2018).  

C. glabrata resistant clinical match paired isolates originally showed CgCDR1 transcript 

increment, deletion of which made cell susceptible to azoles and reintroduction restored 
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susceptibility (Sanglard et al. 1999a). CgPDH1 was also first gained attention when its 

expression was found to be overexpressed in azole-resistant clinical isolates of C. 

glabrata (Miyazaki et al. 1998b). Further study showed that the deletion of CgPDH1 in the 

background of CgCDR1 resulted in increased susceptibility to fluconazole (Sanglard et 

al. 2001a). Recently CgSnq2p was shown to contribute to azole resistance. Increased 

expression of CgSNQ2 was found in two azole-resistant clinical isolates with normal 

expression of CgCDR1 or CgPDH1 (Sanguinetti et al. 2005a). Subsequently, it was 

shown to be required for the azole-resistant phenotype in one of the same isolates (Torelli 

et al. 2008a). An ABC transporter CgAUS1 protects cells against azole antifungals in the 

presence of serum (Nagi et al., 2013; Nakayama H, et al., 2007). CgYOR1 and CgYBT1 

were also found to be upregulated in azole-resistant lab mutant as well as in azole-

resistant clinical isolates (Vermitsky et al. 2006a). A previous report also suggested the 

upregulation of CgYCF1, CgYBT1 and CgYOR1 in the azole resistant petite isolates 

(Ferrari et al. 2011a).  

ABC transporters impart drug resistance by effluxing out drug outside and rendering cells 

to survive. A recent study indicated hyper-activation of TOR signaling could be a major 

contributor to azole resistance in the absence of ABC transporter CaCDR6 (Khandelwal 

et al. 2018). Noteworthy reports also revealed the elegant role of TOR cascade, molecular 

chaperone Hsp90, its downstream target and calcineurin stabilization in enabling cellular 

stress responses crucial for the emergence and maintenance of drug resistance in 

Aspergillus and Candida species (Robbins et al. 2010; Singh-Babak et al. 2012). 

Suppression of TOR1 causes suppression of HSP90, which destabilizes the protein 

phosphatase calcineurin, allowing for its deactivation (Cowen 2005; Cowen et al. 2006). 

In S. cerevisiae and C. albicans YOR1 are employed in the extrusion of oligomycin (OMY) 

and natural product beauvericin (BEA) (Katzmann et al. 1995a; Ramírez-Zavala et al. 

2018). Knockout of Cgyor1∆ in C. glabrata has no effect on common antifungals but also 

ineffective on OMY, which made it an interesting candidate for the present study. Further, 

Yor1p transports BEA, which was recently known to potentiate azole activity against 

diverse fungal pathogens and renders antifungal resistant pathogens responsive to 

treatment in mammalian infection models (Shekhar-Guturja et al. 2016a). BEA has been 

shown to act in part through inhibition of TOR signaling in both S. cerevisiae and C. 

albicans (Shekhar-Guturja et al. 2016c).  
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5.2 The dominant CgCDR1 transporter shields function of other transporters. 

ABC transporters share quite a high sequence homology, domain organizations and have 

overlapping substrates profile. For example, CgCDR1 shares a sequence identity of 

72.49% with CgPDH1 and 48.19% with CgSNQ2. This close similarity among ABC 

members’ demands more intense analysis to determine the contribution of each 

transporter towards the export of a substrate. The substrates specificity of S. cerevisiae 

PDR5, SNQ2, YOR1 are mostly overlapping (Kolaczkowski et al. 1998; Kolaczkowska et 

al. 2008), which strongly suggest a possibility of masking the effect of their transport 

function. Notwithstanding the reported dominant impact of CgCDR1 on CgPDH1 and 

CgSNQ2 in C. glabrata (Sanglard et al. 2001a; Whaley et al. 2018), the fact remains that 

there are studies pointing role of many other ABC transporters (CgYOR1, CgYCF1 and 

CgYBT1) in clinical azole resistance (Ferrari et al., 2011; Nagi et al., 2013; Nakayama H, 

et al. (2007); Vermitsky et al., 2006). In this study, we addressed this issue and explored 

the dominance of CgCDR1, by constructing double deletant of those transporters whose 

transcripts have been earlier reported to be upregulated in drug resistant clinical isolates 

of C. glabrata. Thus, each of the such transporter encoding genes was deleted in the 

Cgcdr1Δ background. These, double deletents; CgCdr1Δ/Cgpdh1Δ, CgCdr1Δ/Cgsnq2Δ, 

CgCdr1Δ/Cgaus1Δ, CgCdr1Δ/Cgyor1Δ, CgCdr1Δ/Cgycf1Δ and CgCdr1Δ/Cgybt1Δ were 

then subjected to drug susceptibility profiling. The mutants CgCdr1Δ/Cgsnq2Δ, 

CgCdr1Δ/Cgaus1Δ, CgCdr1Δ/Cgycf1Δ, and CgCdr1Δ/Cgybt1Δ even in the absence of 

CgCdr1Δ exhibited no change in susceptibility to azoles, implying their other cellular roles. 

Interestingly, CgCdr1Δ/Cgyor1Δ and CgCdr1Δ/Cgpdh1Δ showed increased susceptibility 

to azoles which was noticeably absent when these were deleted individually. The growth 

defect of CgCdr1Δ/Cgpdh1Δ, CgCdr1Δ/Cgyor1Δ cells in presence of azoles was evident 

on spot as well as in liquid growth assays (Fig. 5.1). While CgPDH1 role in azole 

resistance is fairly well established, we focused this study to uncover the role of CgYOR1 

in azole susceptibility which otherwise remained masked by CgCDR1.  
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Fig 5.1: Susceptibility of ABC protein mutants in the background of Cgcdr1∆: (a) Drug susceptibility 

of all the mutants were tested by spot assays on solid agar media and (b) growth curves were made by 

micro-cultivation method in 96-well plate in YPD media. 

5.3 Only CgCDR1 masks CgYOR1 transporter function  

Although CgCDR1 is a major contributor to azole resistance in C. glabrata, CgPDH1 has 

also been implicated in azole resistance (Izumikawa et al. 2003b, p. 1; Vermitsky and 

Edlind 2004). CgPDH1 overexpression in Cgcdr1∆ strain could restore resistance to 

azoles. An overexpression of CgPDH1 in pdr5∆ strain of S. cerevisiae also reverted its 

susceptibility to azoles (Izumikawa et al., 2003). However, none of the other transporters 

(CgSNQ2, CgPDH1, CgYCF1, CgYBT1 and CgAUS1) whose transcript is reported to be 

overexpressed in azole resistant clinical isolates, their single deletion did not change 

azole sensitivity. The noticeable manifestation of azole resistance in CgCdr1Δ/Cgyor1Δ 

prompted us to explore if any other transporter could also conceal CgYOR1 influence on 

azole susceptibility. To address this issue, we constructed double KOs in the background 
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of Cgyor1Δ such as Cgyor1Δ/Cgpdh1Δ, Cgyor1Δ/Cgsnq2Δ, Cgyor1Δ/Cgaus1Δ, 

Cgyor1Δ/Cgycf1Δ, Cgyor1Δ/Cgybt1Δ. We subjected each of these double KOs to drug 

susceptibility tests which also included Cgyor1Δ/Cgcdr1Δ mutant. Importantly, none of 

the double KO mutants except Cgcdr1Δ/Cgyor1Δ could impact azole susceptibility. The 

data points that either these transporters do not contribute in shielding of CgYOR1 

function. The efflux of R6G confirmed drug susceptibility data.  In all the double KO 

mutants R6G efflux remained unchanged except in Cgcdr1Δ/Cgyor1Δ where it was 

reduced. Notwithstanding, increase efflux of R6G reported in earlier studies in CgCDR1 

overexpressing cells (Lamping et al. 2007b), its deletion (Cgcdr1Δ) resulted in only 

marginal reduction in R6G efflux (Fig 5.2). This led us to conclude that azoles could be 

the preferred efflux substrate of CgYor1p. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 5.2: Growth kinetics and R6G efflux in Cgyor1Δ/Cgpdh1Δ, Cgyor1Δ/Cgsnq2Δ, 

Cgyor1Δ/Cgaus1Δ, Cgyor1Δ/Cgycf1Δ, Cgyor1Δ/Cgybt1Δ and Cgyor1Δ/cdr1Δ.  (a) MIC80 of only 
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Cgyor1∆/Cgcdr1∆ indicates sensitivity on azoles but rest of double KO were non-sensitive to tested azoles 

(b) R6G efflux assay of double KO mutants. Only Cgyor1∆/Cgcdr1∆ showed reduction in R6G efflux. 

5.4 CgYOR1 deletion does not impart susceptibility to oligomycin  

S. cerevisiae ScYOR1 is well known to transport organic anions especially, OMY, a 

macrolide that is influenced by gain of function (GOF) mutations in transcription factor 

pdr1/pdr3 (Katzmann et al. 1995b). OMY is also a substrate of C. albicans CaYOR1 

(Ramírez-Zavala et al. 2018). A cyclic hexadepsipeptide natural product BEA is another 

reported substrate of ScYOR1. Although BEA is not an antifungal but by blocking efflux 

pumps and inhibiting TOR kinase and  protein kinase CK2,  acts as a potent enhancer of 

FLC efficiency and turned it into a  fungicidal (Shekhar-Guturja et al. 2016b, c). 

Surprisingly, while Cgyor1Δ cells showed susceptibility to BEA, the susceptibility to OMY 

remained unchanged (Fig 5.4a). We also tested the probability of enhanced combined 

efficacy of FLC and BEA after Cgyor1 deletion by employing dose-response matrix. The 

FLC susceptible Cgyor1∆ cells showed enhanced synergy in presence of BEA but the 

same was not evident in Cgcdr1∆ cells, which further supported that BEA is a substrate 

of CgYor1p (Fig 5.3). However, none of the mutants Cgyor1∆ and Cgcdr1∆ showed any 

synergy with OMY and FLC. 
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Strains 

 

W/O BEA With 0.5 µg/ml BEA W/O FLC 

FLC MIC80 FLC MIC80 BEA MIC80 

WT 16 4 32 

Cgyor1∆ 16 2 8 

Cgcdr1∆ 4 4 32 

Cgcdr1∆/Cgyor1∆ 2 1 8 

 

Fig 5.3: Synergism of FLC and BEA with the mutants: indicates enhanced synergism after Cgyor1∆. 

To order to further confirm that OMY is not a substrate, we have overexpressed CgYOR1 

in the MSY8 strain, which lacks 7 ABC transporters and possesses GOF in TF Pdr1, 

rendering hyperactive CgCDR1 locus. However, MSY8/CgYOR1 didn’t revert the OMY 

sensitivity but reverted the BEA sensitivity.  

Notably, the complementation of CgYOR1 in Scyor1Δ strain also did not change 

sensitivity to OMY but could reverse the susceptibility of BEA, which again supported our 

results that OMY may not be a substrate of CgYOR1 (Fig 5.4b). In order to further confirm 

it, we overexpressed CgYOR1 in a well-recognized heterologous expression system in 

S. cerevisiae which was used earlier by us and others for overexpressing ABC proteins 

(Khandelwal et al., 2016; Lamping et al., 2007; Shukla et al., 2003). Multideletent S. 

cerevisiae strain (AD1-8U-) lacks 7 ABC transporters with hyperactive PDR5 locus. The 

overexpression of desired ABC protein is achieved in AD1-8U- strain where the possibility 

of interference of major ABC transporters is largely excluded. We  integrated CgYOR1 at 

hyperactive PDR5 locus. Notably the strain AD1-8U-/CgYOR1 overexpressing CgYOR1 

could not revert OMY susceptibility while it could fully reverse sensitivity of BEA (Fig 5.4). 

Moreover, substrate competition efflux assays of R6G in presence of 10x concentration 

of both OMY and BEA in the CgYOR1 overexpressed strain (MSY8/CgYOR1) further 

provided credence to our observation. The efflux of R6G was reduced by half in the 

presence of BEA but remained unchanged in presence of OMY (Fig 5.4). Together, OMY 

does not appear to be the substrate of CgYor1p.   
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Fig 5.4: Substrate specificity of CgYOR1: Drug susceptibility of all the mutants were tested by spot 

assays on solid agar media in presence of OMY or BEA; (a) Cgyor1∆ strain was susceptible to BEA but not 

to OMY (b) overexpression of CgYOR1 in MSY8 could not reverse OMY susceptibility but were reversed 

by CaYOR1 and ScYOR1, however all the overexpressed strains reversed BEA susceptibility at a similar 

extant (c) Complementation of CgYOR1 in S. cerevisiae (Scyor1∆) background experienced no reversal of 

OMY sensitivity. (d) An overexpression of CgYOR1 in heterologous expression system AD1-8U- did not 

restore OMY sensitivity (e) Substrate competition of BEA and OMY with the efflux of R6G in MSY8/CgYOR1 

overexpressing strain in presence of 10x concentration of BEA or OMY indicated efflux reduction by BEA 

but no change was recorded with OMY.  

5.5 Azoles are substrates of CgYor1p 

ABC transporters belonging to subfamily PDR are the major transporters known to 

transport azoles from yeast cells. Notably, vacuolar ABC transporter CaMLT1 belonging 

to MRP subfamily in shown to sequester  azoles into vacuoles only in the absence of 

dominant PDR transporters (Khandelwal et al. 2019). Based on the fact that 

Cgcdr1Δ/Cgyor1Δ cells become susceptible to azoles, we posit that azoles are substrates 

of CgYor1p. Also, while screening the phenotypes of MSY1- MSY7 strains, we observed 

a drastic increment in susceptibility to azoles after the last deletion Cgyor1Δ (Fig 4.17). 

To explore the CgYOR1 role in azole resistance, we overexpressed MSY8/CgYOR1 on 

azoles and observed resistant phenotype. Substrate competition with FLC and R6G in 

MSY8/CgYOR1 demonstrated a reduction in R6G efflux by more than half which was in 

agreement with the above results. We noticed the reversal of sensitivity to all the tested 
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azoles. To further explore, we tested azoles susceptibility by hetrologously 

overexpressing CgYOR1 in AD1-8U- strain (AD1-8U-/CgYOR1), which also dislayed 

azole resistance phenotype (Fig 5.5). All of these results gave a confirmation of azoles 

as a substrate og CgYor1p in C. glabrata.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig 5.5 : Azoles as substrate of CgYOR1: (a) Overexpressing strain MSY8-/CgYOR1 showed reversal of  

FLC susceptibility (b)  Efflux of R6G was determined in overexpressing strain  in presence of 10x 

concentration of FLC  reduced the export of R6G (c) Heterologous overexpression of CgYOR1 further 

confirmed azole resistance.  

5.6 CgYOR1∆ leads to ER stress and enhanced ROS generation  

Azoles targets ER localized ERG11p by blocking the production of ergosterol that leads 

to its depletion from the membrane and increment in the accumulation of toxic sterol 

intermediate in the cell (Li et al. 2018). Recent independent studies in several pathogenic 

fungi do point a role of ER stress in influencing the antifungal resistance and pathogenesis 

(Miyazaki and Kohno 2014). ER stressors are shown to enhance the effect of azoles and 

show synergy with the antifungals that lead to defect in protein folding, Ca2+ homeostasis 
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and ROS generation (Chaillot et al. 2015) T. Miyazaki & Kohno, 2014). Azoles do increase 

ROS generation in Candida cells, albeit to different magnitudes. (Delattin et al. 2013). 

In the following experiments, we explored these possibilities towards involvement in FLC 

sensitivity in Cgyor1∆ cells. We tested whether the target of azoles is being affected in 

Cgyor1∆ cells.  In this context, the transcript levels of ERG11, ERG3, ERG6, ERG4 and 

ERG2 in Cgyor1∆ cells were assessed by qPCR. As evident from Supplementary Fig 3, 

there was no change in the expression levels of tested ERG genes, thus ruling out the 

possibility of any major change in the target or accumulation of toxic ergosterol in the 

membrane. The impact of CgYOR1 deletion on ER stress was examined by exposing 

Cgyor1∆ cells to a well-known ER stress inducer, tunicamycin (TM). Cgyor1Δ mutant 

displayed enhanced susceptibility on TM, which was rescued in Cgyor1∆/CgYOR1 

revertant cells (Fig 6a).  This pointed to an increased ER stress  in Cgyor1∆ cells as was 

also observed in Scyor1∆ cells (Hernández-Elvira et al. 2019).  The deletion of Cgyor1Δ 

also resulted in an increased sensitivity to H2O2, indicating defective oxidative stress 

management (Fig 5.6a).  We checked the status of endogenous ROS production in the 

mutant Cgyor1Δ cells. ROS was quantitated by employing an oxidant sensitive 

fluorescent probe 2',7' –dichlorofluorescin diacetate (DCFDA) wherein its fluorescence 

intensity is directly proportional to ROS levels (Rastogi et al. 2010).  By employing FACS 

analysis, we observed 30% raised fluorescence intensity of DCFDA dye in Cgyor1∆ cells 

as compared to WT cells and Cgyor1∆/CgYOR1 revertant cells (Fig 5.6b). The confocal 

images well supported the FACS data (Fig 6c). Together, observed ER stress and ROS 

generation in the Cgyor1∆ cells prompted us to explore if these multiple effects can 

influence the target of rapamycin (TOR) and calcineurin signaling that can affect azole 

susceptibility.  
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Fig 5.6: Cgyor1∆ leads to enhanced ER stress and ROS generation: The susceptibility of Cgyor1∆ and 

its revertant Cgyor1∆/CgYOR1 towards TM and H2O2 was tested by spot assays on solid agar media  (a) 

Cgyor1∆ susceptibility to TM and H2O2 displayed increased ER stress and endogenous ROS generation 

(b) ROS measurement by DCFDA in WT, Cgyor1∆, CgYOR1 complemented strains (c) The confocal 

images of Cgyor1∆  and its revertant  Cgyor1∆/CgYOR1  cells in presence of DCFDA. 

5.7 Lack of CgYOR1 suppresses TOR signaling   

The target of rapamycin (TOR) is a highly conserved serine/threonine kinases that control 

cell growth in response to nutrients (Wedaman et al., 2003; Wullschleger et al., 2006).  C. 

glabrata harbors two paralogs of TOR kinase (TOR1 and TOR2), which form two 

structurally and functionally distinct complexes: TOR complex 1 (TORC1) and TOR 

complex 2 (TORC2)  (Jandric et al. 2013). TOR1 is rapamycin sensitive kinase that 

controls cell growth in response to nutrients by promoting anabolic processes such as 

translation and ribosome biogenesis while  TOR2  is mainly controlled in response to 

changes in sphingolipid metabolism (Shertz et al. 2010; Shimobayashi et al. 2013). In C. 

albicans and S. cerevisiae, suppression of TOR kinases potentiate the activity of 

antifungal agents (Shekhar-Guturja et al. 2016b). 

In the following, the involvement of TOR pathway was checked by comparing the growth 

of WT, Cgyor1∆ and Cgyor1∆/CgYOR1 cells in the presence of rapamycin (RAPA) using 

spot assays. The Cgyor1∆ mutant displayed increased susceptibility on RAPA, which 
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could be rescued by the revertant (Cgyor1∆/ CgYOR1) cells (Fig 5.7a).  Noticeably, the 

transcript levels of CgYOR1 was 4-fold downregulated when WT cells were exposed to 

RAPA (Fig 5.7b) while no change was observed in transcripts levels of other ABC 

transporters encoding genes. To exclude the possibility if CgYor1p could transport RAPA, 

we performed a substrate competition efflux assay with R6G in the presence of 10X 

concentration of RAPA in MSY8/CgYOR1 strain. The R6G efflux activity remained 

unchanged in the presence of RAPA in MSY8/CgYOR1 cells, thus ruling out the 

possibility of RAPA being a substrate of CgYor1p (Fig 5.7c).  

The involvement of TOR kinase in suppressing the growth of Cgyor1∆ mutant was 

validated by, monitoring transcript levels of some of the downstream genes (KNS1, YPK1, 

LCB1 and LCB2) involved in the signaling cascade.  KNS1 is negatively regulated by 

TOR1 kinase and interestingly, the transcript of KNS1 was upregulated in Cgyor1∆ cells, 

further confirming the suppression of TOR1 in Cgyor1∆ mutant cells (Fig 5.7d). Moreover, 

downregulation of both serine palmitoyltransferase (SPT) enzymes coding genes LCB1 

and LCB2 was observed in Cgyor1∆ deletion which also suggest interference of TOR2 

kinase. Both the TOR1 and TOR2 functions by their several downstream effector kinases 

such as ORM1/2, YPK1 and NPR1. TOR1 suppression further deactivate the NPR1 

kinase and TOR2 inactivation activates YPK1 which can also be seen through the 

transcript expression. The upregulation of YPK1 and 2-fold down regulation of NPR1 in 

Cgyor1∆ well supported TOR kinases involvement (Fig 5.7d).    
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Fig 5.7: Cgyor1∆ deletion leads to TOR1 suppression: (a) The susceptibility of Cgyor1∆ and its revertant 

Cgyor1∆/ CgYOR1 towards RAPA was tested by spot assays on solid agar media.  Cgyor1∆ mutant was 

susceptible on RAPA. The left panel of spot assays   show an expression of CgYOR1 transcript in the 

presence of RAPA (b) MSY8/CgYOR1 shows a synergy between FLC and RARA (c) No reduction in R6G 

efflux was observed in substrate competition with RAPA (d) Transcriptional level expression of downstream 

TOR pathway genes KNS1, YPK1, NPR1 LCB1 and LCB2. 

5.8 Nitrogen depletion mimics TOR suppression and display enhanced 

susceptibility to azoles   

Nitrogen (N2) is an essential nutrient for yeast growth, and its availability or scarcity has 

numerous consequences on gene expression, signaling, and metabolism (Otsubo et al. 

2017). N2 source deficiency could have an impact on SNF1/AMP-activated protein kinase 

(AMPK), cAMP-dependent protein kinase (PKA), and target of rapamycin (TOR) signaling 

pathways that lead to substantial transcriptomic changes (Murai et al. 2009). It is 

established that N2 starvation suppresses  TOR kinases in several yeasts (Tesnière et al. 

2017). To assess the impact of N2 source, we grew Cgyor1∆ cells and its revertant 

Cgyor1∆/ CgYOR1 in N2 replete (SD media with ammonium sulfate as a rich N2 source) 

and N2 deplete (SD media with 0.3µg/ml proline as a poor N2 source) conditions as 

detailed in Methods. The drug susceptibility assays that followed after 5 h of growth in N2 
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deplete conditions, revealed enhanced susceptibility of Cgyor1∆ cells to FLC that could 

be rescued partially in Cgyor1∆/CgYOR1 cells. In contrast, no change towards FLC 

susceptibility was noticed in mutant cells when grown under N2 replete conditions (Fig 

5.8a).  Noticeably, no change in the FLC susceptibility in Cgcdr1∆ cells was observed in 

both N2 deplete or replete conditions. In Cgyor1∆ cells grown under N2 replete conditions, 

the transcript of CgCDR1 was raised by 2.5 fold which might be a reason for no visible 

phenotype of the KO on azoles (Fig 5.8b). But in N2 deplete condition, the transcripts of 

CgCDR1 was downregulated by 4-fold in the Cgyor1∆ cells (Fig b). This data implies that 

CgCDR1 is unable to mask the azole susceptibility phenotype of the Cgyor1∆ cells. Under 

N2 depletion condition R6G efflux was reduced as compared to WT cells where it 

remained unchanged in N2 replete condition again supporting the enhanced FLC 

susceptibility of Cgyor1∆ cells under N2 depletion (Fig 5.8c). Together, data confirms the 

masking of CgYor1p by CgCdr1p and that azole susceptibility shown by CgYor1p is 

influenced by TOR kinases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 5.8: Nitrogen depletion condition reveal the function of Cgyor1p. To assess the impact of nitrogen 

source, Cgyor1∆ cells and its revertant Cgyor1∆/ CgYOR1 were in nitrogen replete condition (SD media 

with ammonium sulfate, rich nitrogen source) and nitrogen deplete condition (SD media with 0.3µg/ml 
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proline as a poor nitrogen source) as detailed in Methods.: (a) The susceptibility of Cgyor1∆ and its revertant 

Cgyor1∆/ CgYOR1 in N2 deplete condition as indicated was tested by spot assays on solid agar media. (b) 

Transcript level of CgCDR1 and CgPDH1 in Cgyor1∆ under N2 deplete and replete conditions (c) R6G 

efflux in N2 deplete and replete conditions. 

5.9 Absence of Cgyor1 suppresses calcineurin pathway  

Calcineurin is a key downstream effector of TOR1 signaling is a mediator of various stress 

responses and plays a critical role in mediating drug resistance and virulence in various 

fungi including in C. glabrata (Steinbach et al., 2007; Miyazaki et al., 2010a). Calcineurin, 

a serine-threonine-specific protein phosphatase, is stabilized by molecular chaperon 

HSP90. A phosphorylated HSP90 by protein kinase CK2 destabilizes calcineurin. The 

KNS1 kinase phosphorylates regulatory subunit CKb2 of CK2, resulting in its activation. 

The active phosphorylated CKb2 in turn, phosphorylates HSP90 and suppresses the 

calcineurin which makes cells unable to combat various stresses. Previous independent 

reports have indicated that both of the regulatory and activation domain of protein kinase 

CK2 mutants are involved in azole resistance wherein the deletion of CKa1/2 and CKb1/2 

make cells resistant to azoles implying higher activity of CK2 enhances azoles 

susceptibility. To check whether observed CK2 is activated in Cgcdr1∆/Cgyor1∆ mutant 

has any effect on azole resistance, we constructed the regulatory subunit K/O strain in 

the background of Cgcdr1∆/Cgyor1∆ (Cgcdr1∆/Cgyor1∆/Cgckb1∆ and 

Cgcdr1∆/Cgyor1∆/Cgckb2∆). We observed that Cgcdr1∆/Cgyor1∆ harboring any of the 

regulatory subunit mutation display reversal of azole susceptibility, implying the impact of 

protein kinase CK2 on CgYOR1 mediated azole susceptibility (Fig 5.9a). The suppression 

of HSP90 by CK2 activation was also evident with its 2 fold down regulated transcript 

level in Cgyor1∆ cells along with downregulated calcineurin regulatory subunit transcript 

(cnb1) (Fig 5.9b). The suppressed calcineurin signaling cascade in Cgyor1∆ mutant was 

further confirmed when we tested calcineurin inhibitor FK520 susceptibility. We observed 

that Cgyor1∆ mutant cells showed increased susceptibility to FK520 (Fig 5.9c). The zinc-

finger transcription factor Crz1, which regulates calcineurin function, its transcript was 6-

fold downregulated in Cgyor1∆ mutant cells, which again implied a link between 

suppressed calcineurin and azole sensitivity.  
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Fig 5.9: Calcineurin was suppressed in Cgyor1∆: (a) Regulatory subunit (CKb1 and CKb2) of protein 

kinase CK2 deletion reverse the azole susceptible phenotype of Cgcdr1∆/Cgyor1∆ (b) Cgyor1∆ was 

sensitive on calcineurin inhibitor FK520 (c) Transcript level expression indicates downregulation of HSP90 

and transcription factor CRZ1, which regulates downstream calcineurin effectors. 

5.10 Inhibition of sphingolipid biosynthesis in Cgyor1 K/O mutant 

Sphingolipids (SLs) which are important membrane biomolecules regulate various stress 

related singling pathways. Interestingly, Cgyor1∆ mutant cells were susceptible on 

myriocin (MYR) which blocks serine palmitoyltransferase (SPT), the initial step of 

sphingolipid formation and aureobasidin A (AbA) which inhibits inositol 

phosphorylceramide synthase (IPC), the key enzyme for complex sphingolipid formation 

(Fig 5.10a). Transcriptional level expression of most of sphingolipid pathway genes in 

Cgyor1∆ mutant was downregulated (Fig 5.10b). Together, the data suggest that TOR2 

cascade is critical for CgYOR1 mediated azole susceptibility. 
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Fig 5.10: Cgyor1 deletion affects sphingolipid homeostasis: (a) Cgyor1∆ mutant was susceptible on 

sphingolipid inhibitors MYR and AbA (b) RNA level expression indicated downregulation of sphingolipid 

synthesis pathway genes.  

5.11 Cgyor1∆ deletion attenuates virulence in topical infection in neutropenic mice 

model. 

ABC transporters are not only the mediators of azole resistance but also are involved in 

various physiological functions. For instance, upregulation of ABC transporters has been 

observed when cells are inside the macrophages in several fungi (Rosinha et al. 2002; 

Sanguinetti et al. 2006; Song et al. 2013).  C. neoformans  yor1 mutant show attenuated 

nonlytic exocytosis during murine macrophage infection (Jung 2017).  A report from C. 

glabrata Cgyor1∆ mutant also demonstrated reduced biofilm formation (Schwarzmüller et 

al. 2014). We explored the role of Cgyor1∆ impact on virulence in mouse model. For this, 

we employed a bioluminescent ATCC 2001 lucOPT 7/2/4 (strain WT BL) strain of C. 

glabrata strain, which has optimized the firefly luciferase gene under enolase promoter 

(pENO1). (Persyn et al. 2019). This strain was earlier used in determining biofilms of C. 

glabrata on catheter implanted inside mice. We deleted Cgyor1 in this bioluminescent 

strain by using fusion PCR based method and designated it as Cgyor1∆ BL. For 

complementation studies, a WT copy of CgYOR1 was introduced as described in material 

and methods. These strains WT BL, Cgyor1∆ BL and Cgyor1∆/CgYOR1 BL were used 
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to perform wound infection in mice model to assess the impact of Cgyor1∆ deletion. Balb/c 

mice were given two doses of cyclophosphamide on day -4 (150 mg/kg) and -1 (100 

mg/kg) to make them neutropenic followed by wound infection on day 0. Infected mice 

were segregated into three groups (n = 5/group) where group 1 mice were treated with 

WT BL cells, group 2 mice were treated with Cgyor1∆ BL cells and group 3 with 

Cgyor1∆/CgYOR1 BL strain. The fungal load in the infections was quantified by CFU 

counts and by in vivo bioluminescence imaging. CFU quantification on day 4 with 

Cgyor1∆ BL cells recovered from the wound witnessed a significant reduction in fungal 

growth as compared to WT BL and Cgyor1∆ BL cells indicating attenuation of virulence 

by the Cgyor1∆ cells (Fig 11 a). Reduced bioluminescent signal in Cgyor1∆ infected 

wound confirmed CgYOR1 contribution in the virulence (Fig 11b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 5.11: Attenuated virulence was observed in Cgyor1∆: (a) CFU from skin tissue revealed reduced 

growth in mice infected with Cgyor1∆ mutant than WT and CgYOR1 complemented strain (B) Luciferase 

expression after the infection by using luciferin as substrate. Increased luciferase displays higher infection. 
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5.12 Discussion and conclusion: 

The redundancy of ABC transporters in Candida strongly hints at their multiple roles. This 

assertion is well supported by several independent reports. Thus ABC transporters, apart 

from being drug transporters, are also shown to govern membrane lipid translocation, 

endocytosis, maintenance of mitochondrial integrity and many virulence traits etc. 

(Prasad et al. 2016b; Rizzo et al. 2019). ABC transporters such as ScPDR5 CaCDR1, 

CaCDR2 and CaCDR3 are phospholipid translocators that maintain membrane 

asymmetry. MRP subfamily transporters (YOR1, YBT1, YCF1, MLT1 and BPT1) in 

diverse fungi are involved in transport of phosphatidylcholine (PC), 

phosphatidylethanolamine (PE), ions, bile salts and vacuolar detoxification (Decottignies 

et al. 1998; Jungwirth and Kuchler 2006; Paumi et al. 2009; Khandelwal et al. 2016). 

CnAFR1 of C. neoformans and AbcB of Aspergillus fumigatus are required for 

pathogenesis (Orsi et al. 2009; Paul et al. 2013). Biofilms of genus Candida demonstrate 

an upregulation of ABC transporters indicating their potential role in biofilm formation and 

its resistance to antifungals (Chaturvedi et al. 2010; Fonseca et al. 2014; Jiang et al. 2016; 

Kean et al. 2018). 

The abundance of ABC transporters also shown to mask functions of fellow member 

proteins. We attempted to look into the entire family of ABC membrane proteins of C. 

glabrata, wherein we created single null mutants of all 18 ABC proteins to assess their 

role as drug transporters. While our deletion library phenotypes confirmed the role of 

CgCDR1 as major drug transporters of C. glabrata, we also discovered that CgYOR1 

contributes to azole resistance. However, this role of CgYOR1 was only manifested in 

Cgcdr1∆ background. In order to examine masking affect by other member proteins, we 

created various combinations of single and double deletions of ABC proteins, but none 

could hide the function of CgYOR1. Interestingly, CgYOR1 does not impact susceptibility 

to OMY and does not transport it; however, Cgyor1∆ cells turned susceptible to cyclic 

hexadepsipeptide natural product BEA which is also a well-known substrate of YOR1p. 

The functional complementation in Scyor1∆ with CgYOR1 also could not restore OMY 

susceptibility while it could do so in the case of BEA. That OMY is not a substrate of 

CgYOR1 was well supported by dose response matrix, which demonstrated that BEA and 

OMY could potentiate FLC activity but the same was not evident in Cgcdr1∆ cells.  The 
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efflux studies wherein efflux of a test substrate R6G could be competed out by BEA and 

by OMY further supported our observation that CgYOR1 unlike in other yeasts does not 

transport OMY. CgYOR1, however, does transport FLC as was evident by its ability to 

restore FLC and other tested azoles resistance in overexpressed MSY8/CgYOR1 and 

AD1-8U-/CgYOR1 cells. This was further reinforced by the fact FLC could also compete 

with R6G efflux in the MSY8/CgYOR1 cells. 

The azole resistance imparted by major transporters CgCDR1 and CgPDH1 are well 

regulated by TF CgPDR1 (Caudle et al. 2011). CgPDR1 acts through binding to the PDRE 

site at the promoter region of genes and controls several genes. Some of the common 

drug transporters that have PDRE site includes PDR subfamily ABC transporters 

CgCDR1, CgPDH1 and CgSNQ2, MRP subfamily ABC transporters CgYBT1and 

CgYOR1, and Major Facilitator Superfamily transporter CgQDR2 etc. in C. glabrata 

(Vermitsky and Edlind 2004; Tsai et al. 2010a; Caudle et al. 2011). TF PDR1 regulon also 

indicated the upregulation of five ABC transporters (Tsai et al. 2010a).  Multiple gain of 

function (GOF) mutations in TF CgPDR1 have been reported in different clinical isolates 

of C. glabrata which increases MICs of antifungals (Ferrari et al. 2009b; Vale-Silva et al. 

2013b). Notably, a report in azole-resistant clinical isolate of C. glabrata demonstrated a 

drastic decrease in FLC MIC to as low as 2 µg/ml from 256 µg/ml after CgPDR1 deletion, 

however,  single deletion of Cgcdr1∆ in the same strain could lower FLC MIC  only to 16 

µg/ml and triple deletions of Cgcdr1∆, Cgpdh1∆ and Cgsnq2∆  resulted FLC MIC80 to 

decrease to 8 µg/ml  (Whaley et al. 2018). These observations strongly points that to 

additional undiscovered regulators influencing drug resistance in C. glabrata.  A summary 

of the chapter’s work is represented in Fig 5.12. 
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Fig 5.12: Model to explain the functional characterization of CgYOR1.  

Similar to other yeasts, CgPDR1 appear to regulate both ABC and MFS transporter genes 

in C. glabrata, however, there are several reports which hints to alternate strategies which 

yeasts adopt in bestowing drug resistance. Recently TOR kinases, Calcineurin and their 

downstream signaling is shown to influence azole resistance in C. albicans and S. 

cerevisiae (Shekhar-Guturja et al. 2016b, c). Our observations do show that both TOR1 

and TOR2 kinases and its downstream signaling have important roles in manifesting 

CgYOR1 mediated azole resistance.   A direct link with TOR kinases was evident from 

the fact that while the deletion of CgYOR1 and N2 starvation independently suppresses 

TOR signaling resulting in increased susceptibility towards azoles, CgCDR1 under similar 

conditions had no impact on azole susceptibility. Together, we show that CgYOR1 

function which remains masked by the presence of dominant transporters like CgCDR1, 

does not transport OMY but contributes to azole resistance via ROS generation, 

suppressed TOR and calcineurin signaling culminating in attenuated virulence. 
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6. Summary 

A large number of population has been identified to be affected by fungal infections 

worldwide. Most of the fungal infection remains superficial but some develop into invasive 

mycoses (Pfaller and Diekema 2007b). Leading cause of invasive mycoses include 

various species of Candida, Aspergillus and Cryptococcus infections among people 

showing any type of immunosuppression such as post-surgery and neutropenic patients 

(Badiee and Hashemizadeh 2014). The use of broad spectrum antifungal agents, use of 

chemotherapy, radiotherapy, immunosuppressive agents and disruption of the mucosal 

layer are the prevalent factor for invasive mycoses (Ramage et al. 2012). Candida is the 

fourth most common human pathogen (more than 90% of invasive infections) recovered 

from blood cultures in patients (Delaloye and Calandra 2014). Historically among Candida 

species isolated from human, C. albicans is the most prevalent species (Megri et al. 

2020). Apart from C. albicans, recent epidemiological data reveals the emergence of 

other non-albicans Candida isolates such as C. glabrata in fungal Infection (Richardson 

and Lass-Flörl 2008). C. glabrata is an innoxious commensal of normal microbiota 

present in the oral cavity, gastrointestinal and genital tract in humans. C. glabrata can be 

responsible for various clinical manifestations like mucosal and bloodstream infections 

(Fidel et al. 1999). C. glabrata infection is higher in adults as compared to children 

(Steinbach 2016).  

The genome of C. glabrata consists of 13 chromosomes (12.3Mb) (Dujon et al., 2004). 

Despite of having similarity in pathogenesis with C. albicans, it is phylogenetically distant 

from C. albicans and closer to S. cerevisiae (Barns et al. 1991, Dujon et al., 2004).  C. 

glabrata is haploid despite showing similarities in mating genes with S. cerevisiae 

(Boisnard et al. 2015). During the course of evolution C. glabrata also lost some metabolic 

pathways completely (Dujon et al., 2004, Butler et al., 2009). Regardless of the fact that 

C. glabrata lacks various virulence factors, it shows a high resistance towards azoles 

among clinical isolates (Pfaller et al. 2014). In comparison to other Candida species, C. 

glabrata acquires resistance rather at a faster rate to echinocandins, which were 

introduced only recently (Dellière et al. 2016, p. 1). The acquisition of MDR towards 

various classes of antifungals poses a serious clinical threat to the treatment of 

candidiasis. There are two superfamilies of efflux proteins: Major facilitator family proteins 
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(MFS proteins) and ATP binding cassette proteins (ABC proteins). ABC proteins 

substrate range is broad, ranging from antifungal drugs to several unrelated chemicals 

(Lefèvre and Boutry 2018). 

ABC superfamily is a well-studied family of transporter protein from prokaryotes to higher 

eukaryotes. ABC transporters are known to translocate a variety of substrates through 

biological membrane energizing by ATP hydrolysis (Wilkens 2015). Basic structure of 

ABC transporter consists of TMD and NBD. The NBD has some conserved idiotypic 

sequence motif, which are ABC signature sequence, walker A motif and walker B motif 

(Schmees et al., 1999, Rajendra et al., 2015). These two motifs are separated by about 

120 amino acids residues (Walker et al., 1982; Manisha et al., 2005). NBDs, which are 

the source of energy of ABC transporter, are localized in the cytoplasmic face and utilized 

energy by hydrolyzing ATP for substrate translocation. Two NBDs and two TMDs are 

most prerequisite requirements to become a functional ABC transporter (Wilkens 2015). 

Half transporters with one NBD and one TMD need to form homodimers or heterodimers 

to become functional.  (Hyde et al. 1990). These ABC genes can be divided into various 

subfamilies on the basis of the topology of TMD and NBD. There are 6 subfamilies of 

ABC proteins in yeast: ABCB (MDR), ABCC (MRP), ABCD (ALDp), ABCF (YEF3), ABCE 

(RL1) and ABCG (PDR). The proteins belonging to YEF3 and RL1 do not contain TMD, 

and are soluble ABC proteins other proteins belonging to PDR, MDR, MRP and ALDp 

subfamilies contain both TMD and NBD and are membrane transporters (Rajendra, et al., 

2015).  

Our inventory identified 25 putative ABC proteins in the genome of C. glabrata. Out of 

these 25 ABC proteins, only 18 contain TMD in their topological structure, making them 

candidates for membrane transporter. All the 18 ABC transporters encoding genes 

showed constitutive expression, which confirmed their genomic presence and also 

reflected their biological relevance. The exposure to antifungal drugs presented variable 

transcriptional response among ABC membrane proteins and also provided sufficient 

information for their potential contribution in emerging clinical drug resistance in C. 

glabrata isolates. Noteworthy is that majority of members of ABC subfamilies transporters 

in C. glabrata are unexplored for their function.  
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In order to study their potential role, we created a mini-library of knockouts of all 

membrane ABC transporters. The deletion of each of the genes in C. glabrata resulted in 

viable strains; however, Cgatm1∆ represented slow growth as compared to WT. The 

deletion of most of the ABC transporters displayed no visible change in drug susceptibility. 

Only CgCDR1, CgSNQ2, and CgATM1 knockout mutants  displayed influence on their 

growth in the presence of antifungals. The results indicated the masking effect of one 

transporter towards others. 

Being its haploid nature, ABC transporter studies in C. glabrata offers some advantages. 

Also plasmid based study in this organism makes this system a good model organism for 

research. In order to study the ABC transporters in a homologous overexpression 

background, we developed a system an endogenous expression system in C. glabrata 

without the masking effect of major transporter MSY8. MSY8 was constructed by 

disrupting seven ABC transporters from the genome, which are localized either in the 

plasma membrane or in the vacuolar membrane and introduction of a GOF mutation in 

the TF CgPDR1 factor in the genome, which ultimately causes overexpression of 

CgCDR1 locus. This followed the construction of an integration-based plasmid for cloning 

GOI at the activated CgCDR1 locus. The utilization of the expression system was well 

demonstrated by overexpressing fully functional clinically relevant ABC drug transporters 

of C. glabrata (CgCDR1 and CgPDH1), C. albicans (CaCDR1), S. cerevisiae (ScPDR5) 

and C. glabrata MFS transporter CgFLR1. This MSY8 system thus presents a good 

platform for detailed substrate profiling and functional analysis of membrane transporters 

with minimum interference by other drug transporters of C. glabrata. 

CgYOR1 transcript has been earlier reported to be upregulated in various azole-resistant 

clinical isolates of C. glabrata, however, its single deletion did not change susceptibility 

to any of the tested azoles. While screening MSY1-MSY7 strains, the sudden drop in 

azoles MIC80 of the strains after Cgyor1 deletion prompted us to study its role.  

Importantly, Cgyor1∆ showed no change in susceptibility towards oligomycin, which is 

otherwise a well-known substrate of YOR1 in other yeasts. However, CgYOR1 role in 

azole susceptibility only became evident when major transporter CgCDR1 was deleted. 

Thus Cgyor1∆/Cgcdr1∆ cells turned highly susceptible to azoles while still displaying no 

change in susceptibility towards oligomycin. Notably, Cgyor1∆ cells also showed 
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increased susceptibility to rapamycin and FK520, proposing involvement of TOR 

signaling and calcineurin pathways in impacting azole susceptibility. Additionally, in 

nitrogen depleted condition which suppresses TOR kinase, Cgyor1∆ demonstrated azole 

sensitive phenotype independent of CgCdr1p. The deletion of Cgyor1 also displayed 

attenuated virulence in an immunosuppressed mouse model. Collectively, our findings 

showed that the TOR and calcineurin signaling govern CgYOR1 mediated azole 

susceptibility and virulence in C. glabrata. 

In conclusion, we inventoried putative ABC transporters in C. glabrata and showed their 

presence in the genome. Transcriptional responses by ABC transporters encoding genes 

displayed by transient induction of drugs indicated towards their involvement in drug 

transport, however, majority of single deletion mutants did not show any phenotype on 

antifungal. It suggested the interference of other transporter in the development of single 

deletion phenotype. The construction of MSY8 strain and its hyper-expression system 

relieved this constrain, where there is no making effect by major transporters in 

homologous background. We have also found an ABC transporter CgYor1p that actually, 

works after major transporter CgCdr1p and also it has functions independent of CgCdr1p. 

The study also opened a window to further characterization of lesser explored ABC 

transporters. 
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7. Supplementary files 

7.1: Primers used in the study 

Table 7.1: List of primers used in the study for gene deletion, plamid construction and 
RT-PCR. 

Primers used in gene deletions 
  

Primer 
name 

Sequences (5'-3') Description 

5'NAT 
HALF_F 

CGTACGCTGCAGGTCGACGCCTTCC
GCTGCTAGGCGCGCCGTG 

5' NAT Half amplification forward primer 

5'NAT 
HALF_R 

TCTGTTCCAACCAGAATAAG 5' NAT Half amplification reverse primer 

3'NAT 
HALF_F 

GTCTACTACTTTGGATGATAC 3' NAT Half amplification forward primer 

3'NAT 
HALF_R 

CTACGAGACCGACACCGTCGGGCCG
CTGACGAAGT 

3' NAT Half amplification reverse primer 

SNQ2_5'
UTR_F 

CTTCCAAGAAAATTGTCAGG 5' UTR amplification forward primer for 
CgSNQ2 gene 

SNQ2_5'
UTR_R 

GCGTCGACCTGCAGCGTACGTGTTTC
ACTCGTTATTGCAG   

5' UTR amplification reverse primer for 
CgSNQ2 gene 

SNQ2_3'
UTR_F 

CGACGGTGTCGGTCTCGTAGATGCA
CTGTACTGCATTTTTACAAC  

3' UTR amplification forward primer for 
CgSNQ2 gene 

SNQ2_3'
UTR_R 

GGTTATATTGGGTCTACCTGGTG 3' UTR amplification reverse primer for 
CgSNQ2 gene 

AUS1_5'
UTR_F 

CTCGTACTGGTGCTTATACCATTC 5' UTR amplification forward primer for 
CgAUS1 gene 

AUS1_5'
UTR_R 

GCGTCGACCTGCAGCGTACGGCCAA
AGACATCTTATATTTCCC 

5' UTR amplification reverse primer for 
CgAUS1 gene 

AUS1_3'
UTR_F 

CGACGGTGTCGGTCTCGTAGGACTA
AGAGTGACTCCTACAAGC 

3' UTR amplification forward primer for 
CgAUS1 gene 

AUS1_3'
UTR_R 

TTTGTGTAAGAACTGCGTAACGTC 3' UTR amplification reverse primer for 
CgAUS1 gene 

CDR1_5'
UTR_F 

GTACGTGCTGTCCTCTCAGATC 5' UTR amplification forward primer for 
CgCDR1 gene 

CDR1_5'
UTR_R 

GCGTCGACCTGCAGCGTACGTGTTA
CTTTTCTTTACTTTG 

5' UTR amplification reverse primer for 
CgCDR1 gene 

CDR1_3'
UTR_F 

CGACGGTGTCGGTCTCGTAGTTTATT
TAGCCTGCGCTCAT  

3' UTR amplification forward primer for 
CgCDR1 gene 

CDR1_3'
UTR_R 

CAAGACTATTACTGAATTCCTGC 3' UTR amplification reverse primer for 
CgCDR1 gene 

PDH1_5'
UTR_F 

CACTCTGCACTTTGCACTCTG  5' UTR amplification forward primer for 
CgPDH1 gene 

PDH1_5'
UTR_R 

GCGTCGACCTGCAGCGTACGGTCAT
CGGGTGTGTTCATCAC 

5' UTR amplification reverse primer for 
CgPDH1 gene 

PDH1_3'
UTR_F 

CGACGGTGTCGGTCTCGTAGACATCA
GAATTCAGTGACG 

3' UTR amplification forward primer for 
CgPDH1 gene 

PDH1_3'
UTR_R 

CTATAGAACCGGGATGTTATG 3' UTR amplification reverse primer for 
CgPDH1 gene 

YCF1_5'
UTR_F 

TCGAATGGGTGCGTAGTAGTTACC 5' UTR amplification forward primer for 
CgYCF1 gene 
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YCF1_5'
UTR_R 

GCGTCGACCTGCAGCGTACGATTGTT
AAAACCCAATAGGAATAT 

5' UTR amplification reverse primer for 
CgYCF1 gene 

YCF1_3'
UTR_F 

CGACGGTGTCGGTCTCGTAGGAAAT
GTGTATAATACCGCAAATG 

3' UTR amplification forward primer for 
CgYCF1 gene 

YCF1_3'
UTR_R 

GCATTAGCCACGCAAAGGTACTAG 3' UTR amplification reverse primer for 
CgYCF1 gene 

YBT1_5'
UTR_F 

CCCCTTCCACGGGATCTATTATG 5' UTR amplification forward primer for 
CgYBT1 gene 

YBT1_5'
UTR_R 

GCGTCGACCTGCAGCGTACGACTGA
ATTGTTTTATTGGTAGTG 

5' UTR amplification reverse primer for 
CgYBT1 gene 

YBT1_3'
UTR_F 

CGACGGTGTCGGTCTCGTAGAAGAT
CATTATCCTATTTCATTTG 

3' UTR amplification forward primer for 
CgYBT1 gene 

YBT1_3'
UTR_R 

CAGATCGCTCATACAACTAGAGACTC 3' UTR amplification reverse primer for 
CgYBT1 gene 

YOR1_5'
UTR_F 

CGACGAAGCTACAGAATCC  5' UTR amplification forward primer for 
CgYOR1 gene 

YOR1_5'
UTR_R 

GCGTCGACCTGCAGCGTACGGGCTG
AGTCTTTCCTGAGC 

5' UTR amplification reverse primer for 
CgYOR1 gene 

YOR1_3'
UTR_F 

CGACGGTGTCGGTCTCGTAGGCATA
ACTGTAGATGACTTTC  

3' UTR amplification forward primer for 
CgYOR1 gene 

YOR1_3'
UTR_R 

ATTGATACTCCAGTTAGAG 3' UTR amplification reverse primer for 
CgYOR1 gene 

STE6_5'
UTR_F 

ATTCGTGTACTTTCTTAGTCAACTG 5' UTR amplification forward primer for 
CgSTE6 gene 

STE6_5'
UTR_R 

GCGTCGACCTGCAGCGTACGTTGTTT
TGGTTGTCGAATAGTACG 

5' UTR amplification reverse primer for 
CgSTE6 gene 

STE6_3'
UTR_F 

CGACGGTGTCGGTCTCGTAGAACATC
GATAACTATTTTACG 

3' UTR amplification forward primer for 
CgSTE6 gene 

STE6_3'
UTR_R 

CTGAAGAACCCCTCACACAACTTG 3' UTR amplification reverse primer for 
CgSTE6 gene 

PDR12_
5'UTR_F 

GTGGATCAGAAAGTGCCTACTC 5' UTR amplification forward primer for 
CgPDR12 gene 

PDR12_
5'UTR_R 

GCGTCGACCTGCAGCGTACGAGGCA
TTCTAAGTCAGATTCTTTAC 

5' UTR amplification reverse primer for 
CgPDR12 gene 

PDR12_
3'UTR_F 

CGACGGTGTCGGTCTCGTAGCTCTTT
CTTTCACCTAACTAATGAC 

3' UTR amplification forward primer for 
CgPDR12 gene 

PDR12_
3'UTR_R 

GAATAATACGTCCCAAAGTCACATG 3' UTR amplification reverse primer for 
CgPDR12 gene 

MDL2_5'
UTR_F 

GAAGGAGTTGCAGACGCCAGCTG 5' UTR amplification forward primer for 
CgMDL2 gene 

MDL2_5'
UTR_R 

GCGTCGACCTGCAGCGTACGGTCCT
ATTCAGCAGCGGTTGTC 

5' UTR amplification reverse primer for 
CgMDL2 gene 

MDL2_3'
UTR_F 

cgacggtgtcggtctcgtagCTAGAAGGAGTT
CACATAATTAGTAC 

3' UTR amplification forward primer for 
CgMDL2 gene 

MDL2_3'
UTR_R 

CACTCCAACACATCACAGAGGTC 3' UTR amplification reverse primer for 
CgMDL2 gene 

ATM1_5'
UTR_F 

TCAGATAGTTGCGAATAGTGGGAC 5' UTR amplification forward primer for 
CgATM1 gene 

ATM1_5'
UTR_R 

GCGTCGACCTGCAGCGTACGGCACC
ACCTATAAGCATTGTTTG 

5' UTR amplification reverse primer for 
CgATM1gene 

ATM1_3'
UTR_F 

CGACGGTGTCGGTCTCGTAGGTCTAT
CTAAAAATCTCAAATTCCC 

3' UTR amplification forward primer for 
CgATM1 gene 

ATM1_3'
UTR_R 

GTCTTGGGTGATATCTTACGCAAC 3' UTR amplification reverse primer for 
CgATM1 gene 

MDL1_5'
UTR_F 

CCTATAGTCACGAACTCATTTGTAGT
G 

5' UTR amplification forward primer for 
CgMDL1 gene 
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MDL1_5'
UTR_R 

GCGTCGACCTGCAGCGTACGCTTATA
TCCAATCAAGTCCCATGTAAAC 

5' UTR amplification reverse primer for 
CgMDL1 gene 

MDL1_3'
UTR_F 

CGACGGTGTCGGTCTCGTAGGTCTG
GAACATCATAAATAGGATCC 

3' UTR amplification forward primer for 
CgMDL1 gene 

MDL1_3'
UTR_R 

CCCCCAATATCTAGTTACCTCTC 3' UTR amplification reverse primer for 
CgMDL1 gene 

PXA2_5'
UTR_F 

CAGTAGAAGCCTTACAAATCCAC 5' UTR amplification forward primer for 
CgPXA2 gene 

PXA2_5'
UTR_R 

GCGTCGACCTGCAGCGTACGCTTGG
TAGTAAGTATTGTACAGA 

5' UTR amplification reverse primer for 
CgPXA2 gene 

PXA2_3'
UTR_F 

CGACGGTGTCGGTCTCGTAGCATAAC
ATGATCTGCATCTG 

3' UTR amplification forward primer for 
CgPXA2 gene 

PXA2_3'
UTR_R 

CAAAAGGTTTATTACATTCGGATC 3' UTR amplification reverse primer for 
CgPXA2 gene 

PXA1_5'
UTR_F 

GAATTTCCCAAAGAGGGACCAG 5' UTR amplification forward primer for 
CgPXA1 gene 

PXA1_5'
UTR_R 

GCGTCGACCTGCAGCGTACGCGTAT
ACCATCCATCGTTTTGG 

5' UTR amplification reverse primer for 
CgPXA1 gene 

PXA1_3'
UTR_F 

CGACGGTGTCGGTCTCGTAGGTTTAA
GGAATAAGTCGACATGAG 

3' UTR amplification forward primer for 
CgPXA1 gene 

PXA1_3'
UTR_R 

GAA AAG AGA CAT GAA GAG AAG 
GAC 

3' UTR amplification reverse primer for 
CgPXA1 gene 

VMR1_5'
UTR_F 

GATACAGTAAGAATTCTCTTCAATACC 5' UTR amplification forward primer for 
CgVMR1 gene 

VMR1_5'
UTR_R 

GCGTCGACCTGCAGCGTACGGTTTC
CTGATATTCCCTCTTTGTTC 

5' UTR amplification reverse primer for 
CgVMR1 gene 

VMR1_3'
UTR_F 

CGACGGTGTCGGTCTCGTAGAATTGC
TCACAGATTGAGGTCAG 

3' UTR amplification forward primer for 
CgVMR1 gene 

VMR1_3'
UTR_R 

ATATGAGAGTATCTACTATGTATGATC
C 

3' UTR amplification reverse primer for 
CgVMR1 gene 

BPT1_5'
UTR_F 

GACTCCGGTAGTTCTTAAGGATAC 5' UTR amplification forward primer for 
CgBPT1 gene 

BPT1_5'
UTR_R 

GCGTCGACCTGCAGCGTACGGGTTG
AAGCTTAGGAATTGTCAG 

5' UTR amplification reverse primer for 
CgBPT1 gene 

BPT1_3'
UTR_F 

CGACGGTGTCGGTCTCGTAGAGACA
GGACTATTTTGACAATTGC 

3' UTR amplification forward primer for 
CgBPT1 gene 

BPT1_3'
UTR_R 

GGGTCGAACCCATAATCTTCTG 3' UTR amplification reverse primer for 
CgBPT1 gene 

ROA1_5'
UTR_F 

CATACTGGTGAATGCCAACGAAG 5' UTR amplification forward primer for 
CgROA1 gene 

ROA1_5'
UTR_R 

GCGTCGACCTGCAGCGTACGTATGTT
CTGTCGAAATGGTCATC 

5' UTR amplification reverse primer for 
CgROA1 gene 

ROA1_3'
UTR_F 

CGACGGTGTCGGTCTCGTAGCATAAC
TGTCTAAATAAGTAATCAC 

3' UTR amplification forward primer for 
CgROA1 gene 

ROA1_3'
UTR_R 

AGCGCTAGTGAAACCATGACTGTC 3' UTR amplification reverse primer for 
CgROA1 gene 

ADP1_5'
UTR_F 

CAATACGTGGTAGTCACATGTGTAC 5' UTR amplification forward primer for 
CgADP1 gene 

ADP1_5'
UTR_R 

GCGTCGACCTGCAGCGTACGGTATC
GTCTTGTATCGTAGTATCGTC 

5' UTR amplification reverse primer for 
CgADP1 gene 

ADP1_3'
UTR_F 

CGACGGTGTCGGTCTCGTAGCAGGA
CTCTGCTCACAATAGAATTAC 

3' UTR amplification forward primer for 
CgADP1 gene 

ADP1_3'
UTR_R 

TACGACCATAAGATACGAACCATACC 3' UTR amplification reverse primer for 
CgADP1 gene 

CKB1_5'
UTR_F 

CAACTCATTTTCTTCCTTGTTG 5' UTR amplification forward primer for 
CgCKB1 gene 
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CKB1_5'
UTR_R 

GCGTCGACCTGCAGCGTACGCTAAG
ATAGGGATATTAGAAC 

5' UTR amplification reverse primer for 
CgCKB1 gene 

CKB1_3'
UTR_F 

CGACGGTGTCGGTCTCGTAGTAGTA
GATGGTATGACAACTAG 

3' UTR amplification forward primer for 
CgCKB1 gene 

CKB1_3'
UTR_R 

AGC CGG GAT GAA GTA AGA GAG 3' UTR amplification reverse primer for 
CgCKB1 gene 

CKB2_5'
UTR_F 

CGAAGCGTTGAATCCGTTAC 5' UTR amplification forward primer for 
CgCKB1 gene 

CKB2_5'
UTR_R 

GCGTCGACCTGCAGCGTACGGTCAT
GGTATCACTTAATATC 

5' UTR amplification reverse primer for 
CgCKB2 gene 

CKB2_3'
UTR_F 

CGACGGTGTCGGTCTCGTAGCTCCG
TTAATAATATTTGCCG 

3' UTR amplification forward primer for 
CgCKB2 gene 

CKB2_3'
UTR_R 

CAATTTAGGGCTGCTCTAGCTC 3' UTR amplification reverse primer for 
CgCKB2 gene 

Primers used in confirmation of gene deletion 

NAT_INT
_F 

TGCGCACGTCAAGACTGTCAAGG 5' integration confirmation common reverse 
primer 

NAT_INT
_R 

TGTGAATGCTGGTCGCTATACTGC 3' intergation confirmation common forward 
primer 

SNQ2_U
PS_F 

CTCTTCTAGGTAATAACTTC 5' integration confirmation forward primer for 
CgSNQ2 gene 

SNQ2_U
PS_R 

ACCTTTCGCTATACTAAGCAC 3' integration confirmation reverse primer for 
CgSNQ2 gene 

SNQ2_IN
T_F 

CTGGTGGTGTTGAAGGTGAAATC Gene internal confirmation forward primer for 
CgSNQ2 gene 

SNQ2_IN
T_R 

CAGCAATGGAGACACGCTTACG Gene internal confirmation reverse primer for 
CgSNQ2 gene 

AUS1_U
PS_F 

CCGTACAAGTGTCCTGCCATTCG 5' integration confirmation forward primer for 
CgAUS1 gene 

AUS1_U
PS_R 

CTGTTGTACGTAATGGGTCATGTG 3' integration confirmation reverse primer for 
CgAUS1 gene 

AUS1_IN
T_F 

TGGTAATCACATCAACCCAGAG Gene internal confirmation forward primer for 
CgAUS1 gene 

AUS1_IN
T_R 

GACCACTAAGCAGAACTTGAAAC Gene internal confirmation reverse primer for 
CgAUS1 gene 

CDR1_U
PS_F 

GATTAGCCTTCGTTTACATGTTGGC  5' integration confirmation forward primer for 
CgCDR1 gene 

CDR1_U
PS_R 

AACATTGCTCATGTCTGGTGGGC 3' integration confirmation reverse primer for 
CgCDR1 gene 

CDR1_IN
T_F 

CGATGACTACAACCCAAGATTG  Gene internal confirmation forward primer for 
CgCDR1 gene 

CDR1_IN
T_R 

GACACGCTTACGTTCACCAC Gene internal confirmation reverse primer for 
CgCDR1 gene 

PDH1_U
PS_F 

TGCACAGCAGCAACGGAGTATCCC 5' integration confirmation forward primer for 
CgPDH1 gene 

PDH1_U
PS_R 

CAACCAATAGTGAGAGTACAGTGTG 3' integration confirmation reverse primer for 
CgPDH1 gene 

PDH1_IN
T_F 

CAACAGCGATGAGTTCTCCAG  Gene internal confirmation  forward primer for 
CgPDH1 gene 

PDH1_IN
T_R 

CGACCTTTGTGTCCCTTGTG Gene internal confirmation reverse primer for 
CgPDH1 gene 

YCF1_U
PS_F 

TGACTAAGCAGCGTGAGAGGTGC 5' integration confirmation forward primer for 
CgYCF1 gene 

YCF1_U
PS_R 

GGTGCAGAGAGAGAGTCACAACC 3' integration confirmation reverse primer for 
CgYCF1 gene 
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YCF1_IN
T_F 

GGTACCAGAGATCTGTGGAGAC Gene internal confirmation forward primer for 
CgYCF1 gene 

YCF1_IN
T_R 

TTGTGGCCTAGTTCCCAACCTCC Gene internal confirmation reverse primer for 
CgYCF1 gene 

YBT1_U
PS_F 

GCTAGACCCATCCCAAATTTACTGC 5' integration confirmation forward primer for 
CgYBT1 gene 

YBT1_U
PS_R 

GATCAATACCGCGACCGTGGAGTC 3' integration confirmation reverse primer for 
CgYBT1 gene 

YBT1_IN
T_F 

GCAATGGCCTGACAGTGGTAAG Gene internal confirmation  forward primer for 
CgYBT1 gene 

YBT1_IN
T_R 

CAGTACTAACCAAATTGACACGC Gene internal confirmation reverse primer for 
CgYBT1 gene 

YOR1_U
PS_F 

GGAATCAGTGGAGTCGCGCGGAAC  5' integration confirmation forward primer for 
CgYOR1 gene 

YOR1_U
PS_R 

CTCTACGGATTACTGTCGAATTCGG 3' integration confirmation reverse primer for 
CgYOR1 gene 

YOR1_IN
T_F 

GTGAAGATAGGTTACAAGAGAAC  Gene internal confirmation forward primer for 
CgYOR1 gene 

YOR1_IN
T_R 

GATCAGCACTGATCTCGCCTG Gene internal confirmation reverse primer for 
CgYOR1 gene 

STE6_U
PS_F 

TCATGGAAGTCCTCATCTGTGATC 5' integration confirmation forward primer for 
CgSTE6 gene 

STE6_U
PS_R 

TACTGGGGACACACCAGCCATGG 3' integration confirmation reverse primer for 
CgSTE6 gene 

STE6_IN
T_F 

CTATGGATTTAAACTCGTGCTGAC Gene internal confirmation forward primer for 
CgSTE6 gene 

STE6_IN
T_R 

TAGACCACTTGTTAATATCGCAGG Gene internal confirmation reverse primer for 
CgSTE6 gene 

PDR12_
UPS_F 

TTCAATCTCGGCTGGTACCTTTTG 5' integration confirmation forward primer for 
CgSTE6 gene 

PDR12_
UPS_R 

CAAGATAGCTGTAACTCAACCTCAAC 3' integration confirmation reverse primer for 
CgSTE6 gene 

PDR12_I
NT_F 

CAAGGTATCGAACCAGGTGACTC Gene internal confirmation forward primer for 
CgPDR12 gene 

PDR12_I
NT_R 

GTTCTGGACAGTAAATGACATAGCC Gene internal confirmation reverse primer for 
CgPDR12 gene 

MDL2_U
PS_F 

GACTTCCTGCGAAAAGCTGGTGC 5' integration confirmation forward primer for 
CgMDL2 gene 

MDL2_U
PS_R 

GACTGGATACCTCGATCCCCGTAG 3' integration confirmation reverse primer for 
CgMDL2 gene 

MDL2_IN
T_F 

GGTGATACTGAGTGCATCTGTC Gene internal confirmation forward primer for 
CgMDL2 gene 

MDL2_IN
T_R 

CAGTAAGGTCACCAATAGTCAGG Gene internal confirmation reverse primer for 
CgMDL2 gene 

ATM1_U
PS_F 

CTTAGCACCGAAGAGCAATTTGCG 5' integration confirmation forward primer for 
CgATM1 gene 

ATM1_U
PS_R 

GCGATGGAGTCACCTTTGTGATTTC 3' integration confirmation reverse primer for 
CgATM1 gene 

ATM1_IN
T_F 

GATGAAACTTGACTTAGGCTGGC Gene internal confirmation forward primer for 
CgATM1 gene 

ATM1_IN
T_R 

CAACCCATATACATCATTCCGG Gene internal confirmation reverse primer for 
CgATM1 gene 

MDL1_U
PS_F 

ATGTAACTATTGGATGCGAAATGCCC 5' integration confirmation forward primer for 
CgMDL1 gene 

MDL1_U
PS_R 

GCCCTCTTCGGCAATACCAAAGC 3' integration confirmation reverse primer for 
CgMDL1 gene 
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MDL1_IN
T_F 

GAACTCCCTAAAAACTGTGCAAGCG Gene internal confirmation forward primer for 
CgMDL1 gene 

MDL1_IN
T_R 

GTTGAATGTGATAGGTAACCC Gene internal confirmation reverse primer for 
CgMDL1 gene 

PXA2_U
PS_F 

TGGCCCTACAAAAGTAGCTTCC 5' integration confirmation forward primer for 
CgPXA2 gene 

PXA2_U
PS_R 

GCAAAGAAGTTCAAGACTCAACCT 3' integration confirmation reverse primer for 
CgPXA2 gene 

PXA2_IN
T_F 

GGTCAATGGATGGTATTAGGTATACC Gene internal confirmation forward primer for 
CgPXA2 gene 

PXA2_IN
T_R 

GGATCGGAACCAACTTTCAAGAG Gene internal confirmation reverse primer for 
CgPXA2 gene 

PXA1_U
PS_F 

CGACGTCGCACCCTACTCCAAGAAC 5' integration confirmation forward primer for 
CgPXA1 gene 

PXA1_U
PS_R 

CTACAGAGTCCACAGATGTTAC 3' integration confirmation reverse primer for 
CgPXA1 gene 

PXA1_IN
T_F 

CCTACATCCTCTAAGAAGAATAAGAA
G 

Gene internal confirmation forward primer for 
CgPXA1 gene 

PXA1_IN
T_R 

GCAAGAACCTCCTGCCACGGCCG Gene internal confirmation reverse primer for 
CgPXA1 gene 

VMR1_U
PS_F 

TCAACTGTCCCCCCTTCCTGATCC 5' integration confirmation forward primer for 
CgVMR1 gene 

VMR1_U
PS_R 

GTTTTCCTATTGTTGGTTGCTGTCGG 3' integration confirmation reverse primer for 
CgVMR1 gene 

VMR1_I
NT_F 

CCTGGTAACCTATGGTCTGTATCGTT
C 

Gene internal confirmation forward primer for 
CgVMR1 gene 

VMR1_I
NT_R 

CAGCCATCAAATTGATAATAGCCCC Gene internal confirmation reverse primer for 
CgVMR1 gene 

BPT1_U
PS_F 

GCAGGAACACATCAAGTTGTAAAAC 5' integration confirmation forward primer for 
CgBPT1 gene 

BPT1_U
PS_R 

GGCTAATTCAACCACAGATGCAG 3' integration confirmation reverse primer for 
CgBPT1 gene 

BPT1_IN
T_F 

CCTCTTTCATTATCGAGTCCTTTAC Gene internal confirmation forward primer for 
CgBPT1 gene 

BPT1_IN
T_R 

AAGCTTCTAAGTAATAGTGGTTGC Gene internal confirmation reverse primer for 
CgBPT1 gene 

ROA1_U
PS_F 

ATTCAGAAGTTACTCCTCAACC 5' integration confirmation forward primer for 
CgROA1 gene 

ROA1_U
PS_R 

GATCGAAGCAGTTTCATCTAGG 3' integration confirmation reverse primer for 
CgROA1 gene 

ROA1_IN
T_F 

CGCATAGAGGACTTTCAGGAGGTG Gene internal confirmation forward primer for 
CgROA1 gene 

ROA1_IN
T_R 

CAACTATTGCACCCATCACCACG Gene internal confirmation reverse primer for 
CgROA1 gene 

ADP1_U
PS_F 

TACTGTAGTGGCCTGCGCTTGTC 5' integration confirmation forward primer for 
CgADP1 gene 

ADP1_U
PS_R 

GTCCCTTTACATAGCAGGCTGGTG 3' integration confirmation reverse primer for 
CgADP1 gene 

ADP1_IN
T_F 

GTGCTACCGCGGAGGTGCCC Gene internal confirmation forward primer for 
CgADP1 gene 

ADP1_IN
T_R 

CTTGAGGGTCATATCGGGACTCCTG Gene internal confirmation reverse primer for 
CgADP1 gene 

CKB1_U
PS_F 

TGCGTAGTTATCCTGCGCAG 5' integration confirmation forward primer for 
CgCKB1 gene 

CKB1_U
PS_R 

CTAGGTCTCAACATATGATTCAG 3' integration confirmation reverse primer for 
CgCKB1 gene 
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CKB1_IN
T_F 

CGCAGGAAGTGCCACACTAC Gene internal confirmation forward primer for 
CgCKB1 gene 

CKB1_IN
T_R 

GTATCTCGGACAAGTACCG Gene internal confirmation reverse primer for 
CgCKB1 gene 

CKB2_U
PS_F 

CTGTATATCTCCGCGACTCC 5' integration confirmation forward primer for 
CgCKB2 gene 

CKB2_U
PS_R 

CAGAATCGGTTACTGGATCTAGTC 3' integration confirmation reverse primer for 
CgCKB2 gene 

CKB2_IN
T_F 

CTGTGACGTCGATCCAGAATAC Gene internal confirmation forward primer for 
CgCKB2 gene 

CKB2_IN
T_R 

CTGTGTCTAGATGACTTAGG Gene internal confirmation reverse primer for 
CgCKB2 gene 

Primers used in revertants construction 

REV1 TTAGTTTTGCTGGCCGCATCTTCTTAT
TCCTTTGCCCTCGGACGAGTGC 

HphB amplication forward primer  

REV2 GGAAACGAAGATAAATCATGGGTAAA
AAGCCTGAACTC 

HphB amplication reverse primer  

REV3 GTTCAGGCTTTTTACCCATGATTTATC
TTCGTTTCC 

pGRB2.3 vector amplification forward primer 
for marker replacement 

REV4 GCACTCGTCCGAGGGCAAAGGAATA
AGAAGATGCGGCCAGCAAAAC 

pGRB2.3 vector amplification reverse primer 
for marker replacement 

REV5 ATGGAGCTCCAGCTTTTGTTC pGRB2.3_HphB vector amplification forward 
primer for revertant construction 

REV6 ATGTCTAAAGGTGAAGAATTATTCAC pGRB2.3_HphB vector amplification reverse 
primer for revertant construction 

REV7 GAACAAAAGCTGGAGCTCCATCAAGA
ACCAGTAGTGGGTAGTG 

YCF1 Forward primer 

REV8 TAATTCTTCACCTTTAGACATATGCTG
CAAACCAGCTTCTTTACTC 

YCF1 Reverse primer 

REV9 GAACAAAAGCTGGAGCTCCATGTGTC
CCCAGAACCACCCGTAG 

YOR1 Forward primer 

REV10 TAATTCTTCACCTTTAGACATTGGAAA
GTCATCTACAGTTATG 

YOR1 Reverse primer 

REV11 GAACAAAAGCTGGAGCTCCATGCGC
ATCAGAAAGACATTTCC 

AUS1 Forward primer 

REV12 TAATTCTTCACCTTTAGACATGTCCTT
GGATGCTCTAGACTTG 

AUS1 Reverse primer 

REV13 GAACAAAAGCTGGAGCTCCATGTAGC
CGCCTTTCCCGATAG 

YBT1 Forward primer 

REV14 TAATTCTTCACCTTTAGACATTTTCTT
GGAATCAGAGTTC 

YBT1 Reverse primer 

REV15 GAACAAAAGCTGGAGCTCCATACAGA
AAACAGTCTATGGGACCAC 

PDH1 Forward primer 

REV16 TAATTCTTCACCTTTAGACATGAAGG
GAATTAACCTTCTAAT 

PDH1 Reverse primer 

REV17 GAACAAAAGCTGGAGCTCCATCAAAG
TAGCGCATGGAAATCC 

CDR1 Forward primer 

REV18 TAATTCTTCACCTTTAGACATTTTCTT
GGCAAGTTTACCAG 

CDR1 Reverse primer 

REV19 GAACAAAAGCTGGAGCTCCATGAACG
GAGATTCTGTACGCCAG 

SNQ2 Forward primer 

REV20 TAATTCTTCACCTTTAGACATGTTGGA
CTTCTTCCCCCTC 

SNQ2 Reverse primer 

REV21 GAACAAAAGCTGGAGCTCCATGAACA
ATGGCTTAATCACTG 

ATM1 Forward primer 
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REV22 TAATTCTTCACCTTTAGACATGATAGA
CTTGTTTAGCTTTTCTAG 

ATM1 Reverse primer 

REV23 GAACAAAAGCTGGAGCTCCATACCAC
TGACGATCCAAGTAGC 

PDR12 Forward primer 

REV24 TAATTCTTCACCTTTAGACATAAATTT
TTGCTTCACTTTTTCTTC 

PDR12 Reverse primer 

REV27 GAACAAAAGCTGGAGCTCCATCTTAA
CGAATAGTGAATTGGTTC 

STE6 Forward primer 

REV28 TAATTCTTCACCTTTAGACATTAAGTT
AAGAAGTTTTCGAAATTC 

STE6 Reverse primer 

REV29 GAACAAAAGCTGGAGCTCCATAGATG
TTCCTGTCATGTACAG 

MDL1 Forward primer 

REV30 TAATTCTTCACCTTTAGACATTTTATG
ATGTTCCAGACCCTC 

MDL1 Reverse primer 

REV31 GAACAAAAGCTGGAGCTCCATTCTAC
CAAGACGCAGTCTCG 

PXA2 Forward primer 

REV32 TAATTCTTCACCTTTAGACATTGTTTT
CTTTTTCTGCTTC 

PXA2 Reverse primer 

REV33 GAACAAAAGCTGGAGCTCCATCATGT
AGAAGTTCAAAGGTC 

MDL2 Forward primer 

REV34 TAATTCTTCACCTTTAGACATGAGGTT
TTCATCTTTTTGTAGC 

MDL2 Reverse primer 

REV35 GAACAAAAGCTGGAGCTCCATAGTCG
CAAGGCCTCGTTATC 

PXA1 Forward primer 

REV36 TAATTCTTCACCTTTAGACATAACAAC
GGATAATTTTCTAATC 

PXA1 Reverse primer 

REV37 GAACAAAAGCTGGAGCTCCATAGGTT
AATTACTGATCCCAGTTC 

VMR1 Forward primer 

REV38 TAATTCTTCACCTTTAGACATCTCCGC
ATTCATTTTTTTAAC 

VMR1 Reverse primer 

REV39 GAACAAAAGCTGGAGCTCCATAGAAC
TATTGCCTGCAGAAGAC 

BPT1 Forward primer 

REV40 TAATTCTTCACCTTTAGACATTGTTCT
GTTCTTTAAATAGCCTCC 

BPT1 Reverse primer 

REV41 GAACAAAAGCTGGAGCTCCATACACA
ATGCCCTTGAAACTTAC 

ROA1 Forward primer 

REV42 TAATTCTTCACCTTTAGACATCCATTT
CAGCCATTCAAGTTTTG 

ROA1 Reverse primer 

REV43 GAACAAAAGCTGGAGCTCCATACTCT
GATGAAGACACGCTTGTC 

ADP1 Forward primer 

REV44 TAATTCTTCACCTTTAGACATTTGTTC
TACTACTATTAATTTC 

ADP1 Reverse primer 

Primers used in overexpression plasmids construction 

OE 1 CGCGAATCGATCTGCGCTCATAATCT
GGCTCTG 

CgCDR1 terminator forward primer with ClaI 
site 

OE 2 CGCGAGGTACCTGAATGCCTTGTTGT
GAATAC 

CgCDR1 terminator reverse primer with KpnI 
site 

OE 3 CGCGAGAGCTCCACCGTGGGAGAAA
GGGAC 

CgCDR1 promoter forward primer with SacI 
site 

OE 4 CGCGACCGCGGGCTTAATTAAGCTTT
TCTTTACTTTGTATATATC 

CgCDR1 promoter reverse primer with SacII 
site 

OE 5 CGCGAACTAGTATGTCTAAAGGTGAA
GAATTATTC 

YeGFP forward primer with SpeI site 

OE 6 CGCGACCCGGGCCTTTACCTCTATAT
CGTGTTCG 

YeGFP reverse primer with XmaI site 
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OE 7 CGCGAATCGATAGACAGTGTGCATAG
CCTG 

CgPDR1 terminator forward primer with ClaI 
site 

OE 8 CGCGAGGTACCCACTCATAGACATG
GGTGCTG 

CgPDR1 terminator reverse primer with KpnI 
site 

OE 9 CGCGAGAGCTCTCCCGCAACCAGAC
AAAGAC 

CgPDR1 ORF with promoter and terminator 
amplification forward primer with SacI site 

OE 10 CGCGACCGCGGCACTTACAAGATAG
TCAATC 

CgPDR1 ORF with promoter and terminator 
amplification reverse primer with SacII site 

OE 11 CGCGATTAATTAAATGCCCGAGGCCA
AGCTTAAC 

Forward primer for cloning ScPDR5 with PacI 
site 

OE 12 CGCGAGCGGCCGCTTTCTTGGAGAG
TTTACCGTTC 

Reverse primer for cloning ScPDR5 with NotI 
site 

OE 13 CGCGATTAATTAAATGTCAGATTCTAA
GATGTCGTC 

Forward primer for cloning CaCDR1 with PacI 
site 

OE 14 CGCGAGCGGCCGCTTTCTTATTTTTT
TTCTCTCTGTTAC 

Reverse primer for cloning CaCDR1 with NotI 
site 

OE 15 CGCGATTAATTAAATGTCTCTTGCAA
GTGACAAG 

Forward primer for cloning CgCDR1 with PacI 
site 

OE 16 CGCGAGCGGCCGCTTTCTTGGCAAG
TTTACCAGATTTC 

Reverse primer for cloning CgCDR1 with NotI 
site 

OE 17 CGCGATTAATTAAATGAACACACCCG
ATGACTC 

Forward primer for cloning CgPDH1 with PacI 
site 

OE 18 CGCGAGCGGCCGCGAAGGGAATTAA
CCTTCTAAT 

Reverse primer for cloning CgPDH1 with NotI 
site 

OE 19 CGCGATTAATTAAATGAATTATCTTCA
TAATTTTAAAG 

Forward primer for cloning CgFLR1 with PacI 
site 

OE 20 CGCGAGCGGCCGCCCTGTTGTATTTA
GACATGGAAC 

Reverse primer for cloning CgFLR1 with NotI 
site 

OE 21 CGCGATTAATTAAATGACGATTACCG
TGGGGGATG 

Forward primer for cloning ScYOR1 with PacI 
site 

OE 22 CGCGAGCGGCCGCAACTTCTGTTCT
CGAAATCATTTTC 

Reverse primer for cloning ScYOR1 with NotI 
site 

OE 23 CGCGATTAATTAAATGCTCAGGAAAG
ACTCAGC  

Forward primer for cloning CgYOR1 with PacI 
site 

OE 24 CGCGAGCGGCCGCTTGGAAAGTCAT
CTACAGTTATG  

Reverse primer for cloning CgYOR1 with NotI 
site 

OE 25 CGCGATTAATTAAATGACACCCCCAC
CTAATTCAG 

Forward primer for cloning CaYOR1 with PacI 
site 

OE 26 CGCGAGCGGCCGCAAAACCCAGTAG
CTTCTTGGAAAT 

Reverse primer for cloning CaYOR1 with NotI 
site 

OE 27 CACTATAGGGCGAATTGGAGCTC Forward primer to amplifying whole cassette  

OE 28 CTAAAGGGAACAAAAGCTGGGTACC Reverse primer to amplifying whole cassette  

Real time Primers 

RT1 CTTTATATGAGGCAAGACC PDH1 Forward primer 

RT2 GAAGTTCACCAGGAAATAG PDH1 Reverse primer 

RT3 GTCACCATACACTTACTTC AUS1 Forward primer 

RT4 CAACCATCCACCATATTC  AUS1 Reverse primer 

RT5 CTGTACCTCTGAACTTCT ATM1 Forward primer 

RT6 CCATCACTCTTGCTTATAC ATM1 Reverse primer 

RT7 TCTTACGTGCTCTTACTC YOR1 Forward primer 

RT8 CCATTAGTAGGCCAATTATC YOR1 Reverse primer 

RT9 TGATGGCTGTAAGACTATG CDR1 Forward primer 
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RT10 TCCATACTTCGTGGTAATC CDR1 Reverse primer 

RT11 GATCCAGGTGACTCTTATAC SNQ2 Forward primer 

RT12 GATCCAGGTGACTCTTATAC SNQ2 Reverse primer 

RT13 CCTCTTCTACTGGTGATATTG YCF1 Forward primer 

RT14 CCCACATAGAATGACCTAAA  YCF1 Reverse primer 

RT15 GTCGACTATGACAAGATTC  YBT1 Forward primer 

RT16 ATCCAACTCTCCACTATC  YBT1 Reverse primer 

RT17 CTCTCACGTATGCTATTTC VMR1 Forward primer 

RT18 AGTAGTGATAGTACCTTCG VMR1 Reverse primer 

RT19 CTAAGAGTCCTAAGTGAAAG MDL2 Forward primer 

RT20 GAACGAGATACCACATAAG MDL2 Reverse primer 

RT21 CCAACACTATTCAACGATAC STE6 Forward primer 

RT22 TTCCACCAGAACCTATTC STE6 Reverse primer 

RT23 CTTTAATGGATCACCAGAG ROA1 Forward primer 

RT24 CTGGTCTTAGAGTGTATTTC ROA1 Reverse primer 

RT25 CACAGGAAGGAAACTATG BPT1 Forward primer 

RT26 GAGAGAGCATCTTCTAGT BPT1 Reverse primer 

RT27 CACGATAAGAAGGTTGTATG  PDR12 Forward primer 

RT28 CACTATATGGGCAGTAGTT PDR12 Reverse primer 
RT29 GGGTTACCTATCACATTC MDL1 Forward primer 

RT30 GACCCAGTCCTATAATAAC MDL1 Reverse primer 

RT31 CCTCCCAGCTATTCTATTC PXA1 Forward primer 

RT32 CTAGTCTTGCGACAAATAAG PXA1 Reverse primer 

RT33 CGAAATTCCTGGGTATAAG ADP1 Forward primer 

RT34 GGTGATTGAGACACATAC  ADP1 Reverse primer 

RT35 GGTGTTCAGCAAAGATTAG PXA2 Forward primer 

RT36 CAGACAGATATAACCGAGAT PXA2 Reverse primer 

RT37 TAACTTCGTCTTCCCTAAC  ERG11 Forward primer 

RT38 GTGGAGTTCTTCATCAATTC ERG11 Reverse primer 

RT39 CCACGGTAGATACGCTGGTG TDH3 Forward primer 

RT40 CAG AAC CCC ATG GCA AGT TAG C TDH3 Reverse primer 

RT41 GAACTATCTTCAACCATCC ERG3 Forward primer 

RT42 AGTACAGCTTAGAGTATCC ERG3 Reverse primer 

RT43 GCTTTGCCAACCATCAAGTATG PGK1 Forward primer 

RT44 CAACTGGAGCCAAGGAGTATTT PGK1 Reverse primer 

RT45 GAACAGTACTTGGCATACAT ERG6 Forward primer 

RT46 TGGTAGTCGTTGTTGTTTAG ERG6 Reverse primer 

RT47 CAATGGTGTACTTGCCAAAC ERG2 Forward primer 

RT48 CATCTCTGGTGTACTCGTTAAT ERG2 Reverse primer 

RT49 ACTTGAAACCTGAGGAAATC ERG4 Forward primer 

RT50 CGCAATTCTACCACCATAAA ERG4 Reverse primer 

RT51 GAAGGTGGTGCTCAAGATAAG HSP90 Forward primer 
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RT52 CTGGAAGCGAAAGAAGATGG HSP90 Reverse primer 

RT53 TACAAGGTAAGACACAAAC KNS1 Forward primer 

RT54 CTATCACAAGACTCCATTAC KNS1 Reverse primer 

RT55 TGGTAAAGTGATGCAGGTAAG YPK1 Forward primer 

RT56 AGGATTGTTCTCTCTGCTAATG YPK1 Reverse primer 

RT57 TCGAACAACGGTTCGAATAA CRZ1 Forward primer 

RT58 TTCCCACAAACTTCACATACA CRZ1 Reverse primer 

RT59 TTTGGATGCTGAGAGGTAATC CNA1 Forward primer 

RT60 TCAACGCAGCTAATGGTAAA CNA1 Reverse primer 

RT61 ATTCAGTGGAAGAGGTTCAAA CNB1 Forward primer 

RT62 GTTGCAATTGCTTGTCATCA CNB1 Reverse primer 

RT63 CCCGAAGAATCTCAGCATATAA NPR1 Forward primer 

RT64 TCGGTCCCACCTACATATT NPR1 Reverse primer 

RT65 AGCTAGCAAGCCAAACTTAT LCB1 Forward primer 

RT66 ACGAGTTTCAACACCAGAAT LCB1 Reverse primer 

RT67 TGCTGCTGTAAGAACATTCA LCB2 Forward primer 

RT68 AGGCAATCAGTTCAGGTAAAT LCB2 Reverse primer 

 

7.2: Strains used in the study 

Table 7.2: List of strains used in the study 

Strains Genotype Source/Reference 

WT (BG14) ura3Δ::Tn903 NeoR Lab strain 

BY4741 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0  Lab stock 

Scyor1∆ BY4741/Scyor1∆::KanMX Lab stock 

WT BL ATCC 2001/ lucOPT 7/2/4 (WT in mice 
experiments) 

Persyn et al., 2019 

Cgsnq2∆ ∆Cgsnq2::NAT1 This study 

Cgaus1∆ ∆Cgaus1::NAT1 This study 

Cgcdr1∆ ∆Cgcdr1::NAT1 This study 

Cgpdh1∆ ∆Cgpdh1::NAT1 This study 

Cgroa1∆ ∆Cgroa1::NAT1 This study 

Cgpdr12∆ ∆Cgpdr12::NAT1 This study 

Cgadp1∆ ∆Cgadp1::NAT1 This study 

Cgste6∆ ∆Cgste6::NAT1 This study 

Cgmdl1∆ ∆Cgmdl1::NAT1 This study 

Cgmdl2∆ ∆Cgmdl2::NAT1 This study 

Cgatm1∆ ∆Cgatm1::NAT1 This study 

Cgyor1∆ ∆Cgyor1::NAT1 This study 

Cgycf1∆ ∆Cgycf1::NAT1 This study 

Cgybt1∆ ∆Cgybt1::NAT1 This study 
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Cgvmr1∆ ∆Cgvmr1::NAT1 This study 

Cgbpt1∆ ∆Cgbpt1::NAT1 This study 

Cgpxa1∆ ∆Cgpxa1::NAT1 This study 

Cgpxa2∆ ∆Cgpxa2::NAT1 This study 

Cgcdr1∆/Cgaus1∆ ∆Cgcdr1::FRT, ∆Cgaus1::NAT1 This study 

Cgcdr1∆/Cgsnq2∆ ∆Cgcdr1::FRT, ∆Cgsnq2::NAT1 This study 

Cgcdr1∆/Cgybt1∆ ∆Cgcdr1::FRT, ∆Cgybt1::NAT1 This study 

Cgcdr1∆/Cgycf1∆ ∆Cgcdr1::FRT, ∆Cgycf1::NAT1 This study 

Cgcdr1∆/Cgpdh1∆ ∆Cgcdr1::FRT, ∆Cgpdh1::NAT1 This study 

Cgcdr1∆/Cgyor1∆ ∆Cgcdr1::FRT, ∆Cgyor1::NAT1 This study 

Cgyor1∆/Cgpdh1∆ ∆Cgyor1::FRT, ∆Cgpdh1::NAT1 This study 

Cgyor1∆/Cgsnq2∆ ∆Cgyor1::FRT, ∆Cgsnq2::NAT1 This study 

Cgyor1∆/Cgaus1∆ ∆Cgyor1::FRT, ∆Cgaus1::NAT1 This study 

Cgyor1∆/Cgycf1∆ ∆Cgyor1::FRT, ∆Cgycf1::NAT1 This study 

Cgyor1∆/Cgybt1∆ ∆Cgyor1::FRT, ∆Cgybt1::NAT1 This study 

Cgckb1∆ ∆Cgckb1::NAT1 This study 

Cgckb2∆ ∆Cgckb2::NAT1 This study 

Cgcdr1∆/Cgckb1∆ ∆Cgcdr1::FRT, ∆Cgckb1::NAT1 This study 

Cgcdr1∆/Cgckb2∆ ∆Cgcdr1::FRT, ∆Cgckb2::NAT1 This study 

Cgyor1∆/Cgckb1∆ ∆Cgyor1::FRT, ∆Cgckb1::NAT1 This study 

Cgyor1∆/Cgckb2∆ ∆Cgyor1::FRT, ∆Cgckb2::NAT1 This study 

Cgcdr1∆/Cgyor1∆/C
gckb1∆ 

∆Cgcdr1::FRT, ∆Cgyor1::FRT, ∆Cgckb1::NAT1 This study 

Cgcdr1∆/Cgyor1∆/C
gckb2∆ 

∆Cgcdr1::FRT, ∆Cgyor1::FRT, ∆Cgckb1::NAT1 This study 

Cgyor1∆/CgYOR1 ∆Cgyor1::FRT/CgYOR1 This study 

Cgcdr1∆/CgCDR1 ∆Cgcdr1::FRT/CgCDR1 This study 

Cgsnq2∆/CgSNQ2 ∆Cgsnq2::NAT1/CgSNQ2 This study 

Cgaus1∆/CgAUS1 ∆Cgaus1::NAT1/CgAUS1 This study 

Cgpdh1∆/CgPDH1 ∆Cgpdh1::NAT1/CgPDH1 This study 

Cgroa1∆/CgROA1 ∆Cgroa1::NAT1/CgROA1 This study 

Cgpdr12∆/CgPDR1
2 

∆Cgpdr12::NAT1/CgPDR12 This study 

Cgadp1∆/CgADP1 ∆Cgadp1::NAT1/CgADP1 This study 

Cgste6∆/CgSTE6 ∆Cgste6::NAT1/CgSTE6 This study 

Cgmdl1∆/CgMDL1 ∆Cgmdl1::NAT1/CgMDL1 This study 

Cgmdl2∆/CgMDL2 ∆Cgmdl2::NAT1/CgMDL2 This study 

Cgatm1∆/CgATM1 ∆Cgatm1::NAT1/CgATM1 This study 

Cgycf1∆/CgYCF1 ∆Cgycf1::NAT1/CgYCF1 This study 

Cgybt1∆/YBT1 ∆Cgybt1::NAT1/YBT1 This study 

Cgvmr1∆/VMR1 ∆Cgvmr1::NAT1/VMR1 This study 

Cgbpt1∆/BPT1 ∆Cgbpt1::NAT1/BPT1 This study 
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Cgpxa1∆/PXA1 ∆Cgpxa1::NAT1/PXA1 This study 

Cgpxa2∆/PXA2 ∆Cgpxa2::NAT1/PXA2 This study 

Scyor1∆/CgYOR1 BY4741/Scyor1∆::KanMX/CgYOR1 This study 

AD1-8U-/CgYOR1 AD1-8U-/CgYOR1 This study 

Cgyor1∆ BL lucOPT 7/2/4, ∆Cgyor1::NAT1 This study 

Cgyor1∆/CgYOR1 
BL 

lucOPT 7/2/4, ∆Cgyor1::NAT1/CgYOR1 This study 

WTGOF Cgpdr1::CgPDR1G840C FRT This study 

MSY1 ∆Cgsnq2::FRT This study 

MSY2 ∆Cgsnq2::FRT, ∆Cgaus1::FRT This study 

MSY3 ∆Cgsnq2::FRT, ∆Cgaus1::FRT, ∆Cgcdr1::FRT This study 

MSY4 ∆Cgsnq2::FRT, ∆Cgaus1::FRT, ∆Cgcdr1::FRT, 
∆Cgpdh1::FRT 

This study 

MSY5 ∆Cgsnq2::FRT, ∆Cgaus1::FRT, ∆Cgcdr1::FRT, 
∆Cgpdh1::FRT, ∆Cgycf1::FRT 

This study 

MSY6 ∆Cgsnq2::FRT, ∆Cgaus1::FRT, ∆Cgcdr1::FRT, 
∆Cgpdh1::FRT, ∆Cgycf1::FRT, ∆Cgybt1::FRT 

This study 

MSY7 ∆Cgsnq2::FRT, ∆Cgaus1::FRT, ∆Cgcdr1::FRT, 
∆Cgpdh1::FRT, ∆Cgycf1::FRT, ∆Cgybt1::FRT, 
∆Cgyor1::FRT 

This study 

MSY8 ∆Cgsnq2::FRT, ∆Cgaus1::FRT, ∆Cgcdr1::FRT, 
∆Cgpdh1::FRT, ∆Cgycf1::FRT, ∆Cgybt1::FRT, 
∆Cgyor1::FRT, Cgpdr1::CgPDR1G840C FRT 

This study (Strain 
accession no. 
MTCC25307) 

MSY9 ∆Cgsnq2::FRT, ∆Cgaus1::FRT, 
∆Cgcdr1::FRT::CgCDR1-GFP::NAT1, 
∆Cgpdh1::FRT, ∆Cgycf1::FRT, ∆Cgybt1:: FRT, 
∆Cgyor1::FRT, Cgpdr1::CgPDR1G840C FRT 

This study 

MSY10 ∆Cgsnq2::FRT, ∆Cgaus1::FRT, 
∆Cgcdr1::FRT::CgPDH1-GFP::NAT1, 
∆Cgpdh1::FRT, ∆Cgycf1::FRT, ∆Cgybt1:: FRT, 
∆Cgyor1::FRT, Cgpdr1::CgPDR1G840C FRT 

This study 

MSY11 ∆Cgsnq2::FRT, ∆Cgaus1::FRT, 
∆Cgcdr1::FRT::CaCDR1-GFP::NAT1, 
∆Cgpdh1::FRT, ∆Cgycf1::FRT, ∆Cgybt1::FRT, 
∆Cgyor1::FRT, Cgpdr1::CgPDR1G840C FRT 

This study 

MSY12 ∆Cgsnq2::FRT, ∆Cgaus1::FRT, 
∆Cgcdr1::FRT::ScPDR5-GFP::NAT1, 
∆Cgpdh1::FRT, ∆Cgycf1::FRT, ∆Cgybt1:: FRT, 
∆Cgyor1::FRT, Cgpdr1::CgPDR1G840C FRT 

This study 

MSY13 ∆Cgsnq2::FRT, ∆Cgaus1::FRT, 
∆Cgcdr1::FRT::CgFLR1-GFP::NAT1, 
∆Cgpdh1::FRT, ∆Cgycf1::FRT, ∆Cgybt1:: FRT, 
∆Cgyor1::FRT, Cgpdr1::CgPDR1G840C FRT 

This study 

MSY14 ∆Cgsnq2::FRT, ∆Cgaus1::FRT, 
∆Cgcdr1::FRT::CgYOR1-GFP::NAT1, 
∆Cgpdh1::FRT, ∆Cgycf1::FRT, ∆Cgybt1:: FRT, 
∆Cgyor1::FRT, Cgpdr1::CgPDR1G840C FRT 

This study 
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MSY15 ∆Cgsnq2::FRT, ∆Cgaus1::FRT, 
∆Cgcdr1::FRT::CaYORR1-GFP::NAT1, 
∆Cgpdh1::FRT, ∆Cgycf1::FRT, ∆Cgybt1:: FRT, 
∆Cgyor1::FRT, Cgpdr1::CgPDR1G840C FRT 

This study 

MSY16 ∆Cgsnq2::FRT, ∆Cgaus1::FRT, 
∆Cgcdr1::FRT::ScYOR1-GFP::NAT1, 
∆Cgpdh1::FRT, ∆Cgycf1::FRT, ∆Cgybt1:: FRT, 
∆Cgyor1::FRT, Cgpdr1::CgPDR1G840C FRT 

This study 

 

7.3: Plasmids used in the study 

Table 7.3: List of plasmids used in the study 

 

Plasmids Description Parent Plasmid Source 

pBluescript KS+ Cloning plasmid - Lab stock 

pRK70 FLP1 containing plasmid 
under EPA1 promoter 

- Lab of Fungal 
Pathogenesis, CDFD 

pRK625 NAT1 plasmid - Lab of Fungal 
Pathogenesis, CDFD 

pGRB2.3 C. glabrata expression 
plasmid 

- Addgene, #45343 

pSH69 HphB containing plasmid - Euroscarf #P30675 

pGPD2 Yeast expression plasmid - Addgene, #43972 

pGRB2.3_HphB C. glabrata expression 
plasmid with Hygromycin 
selection marker 

pGRB2.3 This study 

pGRB2.3_HphB_Rev1 CgCDR1 expressing 
plasmid 

pGRB2.3_HphB This study 

pGRB2.3_HphB_Rev2 CgSNQ2 expressing 
plasmid 

pGRB2.3_HphB This study 

pGRB2.3_HphB_Rev3 CgPDH1 expressing 
plasmid 

pGRB2.3_HphB This study 

pGRB2.3_HphB_Rev4 CgAUS1 expressing 
plasmid 

pGRB2.3_HphB This study 

pGRB2.3_HphB_Rev5 CgROA1 expressing 
plasmid 

pGRB2.3_HphB This study 

pGRB2.3_HphB_Rev6 CgPDR12 expressing 
plasmid 

pGRB2.3_HphB This study 

pGRB2.3_HphB_Rev7 CgADP1 expressing 
plasmid 

pGRB2.3_HphB This study 

pGRB2.3_HphB_Rev8 CgYOR1 expressing 
plasmid 

pGRB2.3_HphB This study 

pGRB2.3_HphB_Rev9 CgYCF1 expressing 
plasmid 

pGRB2.3_HphB This study 

pGRB2.3_HphB_Rev10 CgYBT1 expressing 
plasmid 

pGRB2.3_HphB This study 

pGRB2.3_HphB_Rev11 CgVMR1 expressing 
plasmid 

pGRB2.3_HphB This study 

pGRB2.3_HphB_Rev12 CgBPT1 expressing 
plasmid 

pGRB2.3_HphB This study 
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pGRB2.3_HphB_Rev13 CgATM1 expressing 
plasmid 

pGRB2.3_HphB This study 

pGRB2.3_HphB_Rev14 CgMDL1 expressing 
plasmid 

pGRB2.3_HphB This study 

pGRB2.3_HphB_Rev15 CgMDL2 expressing 
plasmid 

pGRB2.3_HphB This study 

pGRB2.3_HphB_Rev16 CgSTE6 expressing 
plasmid 

pGRB2.3_HphB This study 

pGRB2.3_HphB_Rev17 CgPXA1 expressing 
plasmid 

pGRB2.3_HphB This study 

pGRB2.3_HphB_Rev18 CgPXA2 expressing 
plasmid 

pGRB2.3_HphB This study 

pMS1 FRT-NAT1-FRT was 
cloned at EcoRV site 

pBluescript KS+ This study 

pMS2 CgPDR1_ter cloned at 
KpnI/ ClaI site 

pMS1 This study 

pMS3 Mutated CgPDR1G840C 
coding sequence with 741 
bp promoter and 587 bp 
terminator regions from 
DSY565 cloned at SacI/ 
SacII site 

pMS2 This study 

pMS4 CgCDR1_ter cloned at 
KpnI/ ClaI site 

pMS1 This study 

pMS5 CgCDR1_pro cloned at 
SacI/ SacII site 

pMS4 This study 

pMS6 YeGFP-HISt cloned at 
SpeI/ XmaI site 

pMS5 This study 

pMS7 CgCDR1 cloned at NotI/ 
PacI site  

pMS6 This study 

pMS8 CgPDH1 cloned at NotI/ 
PacI site 

pMS6 This study 

pMS9 CaCDR1 cloned at NotI/ 
PacI site  

pMS6 This study 

pMS10 ScPDR5 cloned at NotI/ 
PacI site 

pMS6 This study 

pMS11 CgFLR1 cloned at NotI/ 
PacI site  

pMS6 This study 

pMS12 CgYOR1 cloned at NotI/ 
PacI site  

pMS6 This study 

pMS13 CaYOR1 cloned at NotI/ 
PacI site  

pMS6 This study 

pMS14 ScYOR1 cloned at NotI/ 
PacI site  

pMS6 This study 

pGPD2_CgYOR1 CgYOR1 expressing 
plasmid 

pGPD2 This study 
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Abstract

ATP-binding cassette (ABC) is one of the two major superfamilies of transporters present

across the evolutionary scale. ABC superfamily members came to prominence due to their

ability to extrude broad spectrum of substrates and to confer multi drug resistance (MDR).

Overexpression of some ABC transporters in clinical isolates of Candida species was attrib-

uted to the development of MDR phenotypes. Among Candida species, Candida glabrata is

an emerging drug resistant species in human fungal infections. A comprehensive analysis

of such proteins in C. glabrata is required to untangle their role not only in MDR but also in

other biological processes. Bioinformatic analysis of proteins encoded by genome of human

pathogenic yeast C. glabrata identified 25 putative ABC protein coding genes. On the basis

of phylogenetic analysis, domain organization and nomenclature adopted by the Human

Genome Organization (HUGO) scheme, these proteins were categorized into six subfami-

lies such as Pleiotropic Drug Resistance (PDR)/ABCG, Multi Drug Resistance (MDR)/

ABCB, Multi Drug Resistance associated Protein (MRP)/ABCC, Adrenoleukodystrophy pro-

tein (ALDp)/ABCD, RNase L Inhibitor (RLI)/ABCE and Elongation Factor 3 (EF3)/ABCF.

Among these, only 18 ABC proteins contained transmembrane domains (TMDs) and were

grouped as membrane proteins, predominantly belonging to PDR, MDR, MRP, and ALDp

subfamilies. A comparative phylogenetic analysis of these ABC proteins with other yeast

species revealed their orthologous relationship and pointed towards their conserved func-

tions. Quantitative real time PCR (qRT-PCR) analysis of putative membrane localized ABC

protein encoding genes of C. glabrata confirmed their basal expression and showed variable

transcriptional response towards antimycotic drugs. This study presents first comprehen-

sive overview of ABC superfamily proteins of a human fungal pathogen C. glabrata, which is

expected to provide an important platform for in depth analysis of their physiological rele-

vance in cellular processes and drug resistance.
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Introduction
ABC superfamily also known as ‘Traffic ATPases’ is very diverse and well-studied family of

proteins known to exist from prokaryotes to higher eukaryotes [1]. These proteins are well

known for their role as high affinity nutrient importers in bacterial cells and rose to promi-

nence as exporters in higher eukaryotes. ABC proteins are promiscuous translocator of wide

range of substrates such as sugars, amino acids, ions, peptides, cholesterol, metabolites, and

toxins across the biological membranes, which are powered by ATP hydrolysis [2]. These pro-

teins are known to perform diverse functions and their ability to confer MDR brought them to

eminence. Typically, a full ABC transporter consists of four distinct domains: two TMDs con-

sisting of six transmembrane helices (TMHs) and two nucleotide binding domains (NBD),

located on the cytosolic side of the membrane [3]. The NBDs, which couple energy of ATP

hydrolysis to power drug export are highly conserved structure [4]. Each NBD contains three

characteristic motifs: Walker A and Walker B motifs, which form the nucleotide-binding site,

and an ABC signature sequence, or C motif, for which several functions have been proposed,

including communication between the TMDs and NBDs during the transport cycle [5,6]. The

conserved sequence motifs Walker A and Walker B are separated by approximately 120 amino

acids residues and the signature sequence is placed between these two motifs [7]. TMDs on the

other hand with its homo- or heteromeric repeats of unrelated TMHs provide three dimen-

sional structures for substrate binding and help in transport process [8]. In contrast to NBDs

which consist of conserved sub-domains, TMHs of two TMDs are of variable structure which

imparts poly specificity to these transporters [9]. While two NBDs and two TMDs are required

to become a full functional ABC transporter, half ABC transporters also known to exist with

one each of NBD and TMD and presumably function as homo-dimers [10]. The eukaryotic

ABC superfamily is classified into nine subfamilies (A to I), according to the HUGO nomen-

clature [11]. The newly added ABC subfamily ABCI (the prokaryotic type ABC protein sub-

family) contains ABC proteins without NBD, and is confined to plant taxa [12]. ABCH

subfamily is identified in the genomes of arthropods but is absent in most of the plants, ani-

mals and fungal genomes [13]. Subfamily ABCA is known to exist in animal, plant and various

protists but is absent in yeast genome [14].

Saccharomyces cerevisiae and Candida albicans possess a battery of ABC proteins, which are

reasonably well characterized for their role in MDR [7,15]. However, such information is lack-

ing for an emerging pathogenic haploid yeast C. glabrata. Recent epidemiological data revealed

that C. glabrata is the second most frequently isolated nosocomial species among fungal infec-

tions [16], and exist as a commensal of normal microbiota of oral cavity, gastrointestinal and

genital tract in humans [17]. Notably, C. glabrata is phylogenetically distant from pathogenic C.

albicans and closer to nonpathogenic yeast S. cerevisiae [18]. The clinical isolates of C. glabrata
show high level of resistance towards commonly used antifungal such as azoles [19]. MDR, the

acquisition of resistance towards various classes of antifungal drugs is a serious clinical chal-

lenge for candidiasis treatment. Recently, high attention was derived by ABC proteins of C. glab-
rata due to the fact that some of the efflux pumps encoding genes such as CAGL0M01760g
(CgCDR1), CAGL0F02717g (CgPDH1) and CAGL0I04862g (CgSNQ2) are highly expressed in

clinical isolates of C. glabrata and contribute to the development of azole resistance [20–24].

Earlier, CAGL0M01760g (CgCDR1) and CAGL0F02717g (CgPDH1) upregulation independent

of CgPDR1 mutation in fluconazole heteroresistant C. glabrata clinical isolates has been also

reported [25]. Therefore, an in depth analysis of large members of ABC superfamily of C. glab-
rata is required to dissect their physiological relevance in MDR and other cellular processes.

This study represents the identification and phylogenetic analysis of proteins belonging to

ABC superfamily of C. glabrata. Our analysis identified 25 putative ABC proteins, among

ABC proteins in Candida glabrata
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them 18 members possesses at least one each of NBD and TMD and categorized as ABC trans-

porters. The remaining 7 possess only NBDs, hence are grouped as soluble ABC proteins.

Basal expression analysis of all ABC transporters revealed that all coding sequences were tran-

scribed under normal laboratory conditions. Transient treatment with antimycotic drugs leads

to the differential expression of some ABC transporters, implying their potential role in devel-

opment of MDR. The phylogenetic analysis and expression profiles presented here will pave

the way for future investigations involving molecular and biological significance of ABC trans-

porters in pathogenic yeast C. glabrata.

Materials and methods

Identification and sequence retrieval

C. glabrata genome sequences were downloaded from the NCBI genome database (ftp.ncbi.

nlm.nih.gov/genomes) with assembly no. ASM254v2. ABC proteins were identified by using

the model ABC-tran (accession PF00005) of the Pfam database (https://pfam.xfam.org/) and

the HMM search program from the HMMER package (http://hmmer.org/) using the default

settings. Positive hits above the default threshold were further filtered by a cutoff, defined from

the plot of scores and e-values (S1 Fig). Hits with domain score greater than 56.4 and e-value

less than 1.2e-20 were considered true positives containing the NBD domain and extracted as

potential ABC sequences for further analysis (Table 1).

Multiple sequence alignment and phylogenetic analysis

Amino acid sequences of C. glabrata NBDs (accession PF00005) were extracted as per their

locations in the ABC proteins and S. cerevisiae NBD sequences of ABC proteins were retrieved

by UniProt (www.uniprot.org/). The complete amino acid sequences of ABC proteins of S. cer-
evisiae, C. albicans, Cryptococcus neoformans, Kleyvuromyces lactis and Schizosaccharomyces
pombe were taken from previously published report [14]. ITS sequences were taken from

online database SILVA (https://www.arb-silva.de/). Sequences were aligned by ClustalW with

default parameters and phylogenetic trees were generated by MEGA6.06 using maximum like-

lihood (ML) method and poisson amino acid substitution model with 1000 bootstrap replica-

tions. Sequence identities of ABC proteins among different species were analyzed by using

BLASTp (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins) with default parameters.

Topology, Chromosomal location, and localization prediction of ABC

proteins

The topology of C. glabrata ABC proteins was predicted by online softwares Scan Prosite (http://

prosite.expasy.org/scanprosite/) and Topocons (http://topcons.cbr.su.se/). Scan Prosite was used

to recognize the NBD location and Topocons was utilized for TMH identification. Size and chro-

mosomal location of the ABC proteins were retrieved from the Candida Genome Database

(http://www.candidagenome.org/) and a circular ideogram was generated by using Circos soft-

ware (http://circos.ca/software/). To predict subcellular localization of ABC proteins, LocTree3

(https://rostlab.org/services/loctree2/) and WoLF PSORT (https://www.genscript.com/wolf-psort.

html) were employed with input of putative ABC proteins amino acid sequences.

Strain and Chemicals

Two C. glabrata strains reference strain CBS138/ATCC2001 and BG2, gifted by New Jersey

Medical School–Rutgers, Newark, New Jersey and Lab of fungal pathogenesis, CDFD, Hydera-

bad, India respectively, were used in present study. Yeast cultures were maintained in YPD

ABC proteins in Candida glabrata
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broth (2% peptone, 1% yeast extract and 2% glucose) and YPD Agar (YPD broth with 2%

agar). Antifungal drugs (fluconazole, amphotericin B, caspofungin and ketoconazole) were of

analytical grade and purchased from Sigma Aldrich, India.

Total RNA isolation and cDNA synthesis

Total RNA was extracted by using RNeasy Mini Kit (QIAGEN, Germany) using prescribed

protocol. Briefly, overnight grown cultures of C. glabrata were diluted to 0.1 OD600 and grown

for 4 hrs. at 30˚C in YPD, followed by 60 minutes treatment with desired drugs (fluconazole,

16μg/ml; amphotericin B, 1μg/ml; caspofungin, 75ng/ml and ketoconazole, 0.5μg/ml) concen-

tration as per MIC50 values. Cells were washed with PBS and total RNA was extracted as per

the manufacturer’s protocol. RNA samples were quantified using nanodrop 2000 spectropho-

tometer (Thermo Scientific, USA) and 5μg of total RNA was used for cDNA synthesis by using

RevertAid H minus first strand cDNA synthesis kit (Thermo Scientific, Lithuania).

Quantitative real-time PCR

Quantitative gene expression profile was evaluated by using DyNAmo Flash SYBR Green

qPCR kit (Thermo Scientific, Lithuania) and gene-specific primers (Table 2) including

Table 1. Predicted ABC proteins in C. glabrata.

RefSeq ID ORF Name Gene names� Length# UniProt Entry

XP_448240.1 CAGL0K00363g 1227 Q6FNF4

XP_444820.1 CAGL0A01133g 801 Q6FXW2

XP_449941.1 CAGL0M13739g ATM1 727 Q6FIK3

XP_445704.1 CAGL0E00385g 608 Q6FVP0

XP_445860.1 CAGL0E03982g 1659 Q6FV84

XP_445319.1 CAGL0C03289g YBT1 1648 Q6FWS5

XP_445834.1 CAGL0E03355g 1535 Q6FVB0

XP_449053.1 CAGL0L06402g YCF1 1535 Q6FL41

XP_446375.1 CAGL0G00242g YOR1 1477 Q6FTR9

XP_445428.1 CAGL0D00352g 861 Q6FWG6

XP_449450.1 CAGL0M02387g 856 Q6FJZ4

XP_446712.1 CAGL0G08041g 607 Q6FST2

XP_445278.2 CAGL0C02343g ARB1 720 Q6FWW6

XP_445575.1 CAGL0D03674g 1186 Q6FW19

XP_448674.1 CAGL0K10472g 752 Q6FM70

XP_445123.1 CAGL0B03487g TEF3 1045 O93796

XP_447598.1 CAGL0I08019g 1285 Q6FQ96

XP_449421.1 CAGL0M01760g CDR1 1499 Q6FK23

XP_447461.1 CAGL0I04862g SNQ2 1507 Q6FQN3

XP_446088.1 CAGL0F02717g PDH1/CGR1 1542 O74208

XP_449665.1 CAGL0M07293g 1515 Q6FJC9

XP_446033.1 CAGL0F01419g AUS1 1398 Q6FUR1

XP_449114.1 CAGL0L07744g 1055 Q6FKY0

XP_446582.1 CAGL0G05093g 544 Q6FT62

XP_448758.1 CAGL0K12474g 294 Q6FLY6

� Name of genes given in the NCBI database

# Length of proteins in amino acids

https://doi.org/10.1371/journal.pone.0202993.t001
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CAGL0G09383g (CgTDH3) for normalization in CFX96TM real time PCR system (Bio-Rad,

USA). CgTDH3 gene was used as reference gene because its expression was constant in pres-

ence of all tested conditions (data not shown). The basal expression level of ABC transporters

was measured by comparing the Ct value of the gene with CgTDH3. Comparative expression

profiles of ABC transporters in drug-treated versus untreated conditions were analyzed by 2-

ΔΔCt method [26]. qRT-PCR was performed in biological duplicate with technical triplicate.

Statistical analysis

The statistical analysis was performed by GraphPad Prism 6. Data obtained were expressed as

means ± SDs. The significance of differences between control and experimental groups were

analyzed by using two-way ANOVA and statistical significant differences relative to untreated

condition (YPD) were determined by Sidak’s multiple comparisons test with p value<0.0001.

Results and discussion

Identification of ABC proteins in C. glabrata
To investigate putative ABC proteins, the HMM profile of the ABC transporter domain (acces-

sion PF00005) was utilized as the queries to search against 5213 protein coding ORFs in C.

glabrata genome. Initially, a total of 54 proteins consisting NBD domain in the range of 150

±20 amino acids were found. Since, NBD is a member of the Rossman fold superfamily of

nucleotide binding proteins, and to ensure that only NBD containing proteins are detected, a

threshold was determined from the plot of domain scores and e-values (S1 Fig), and a large

inflection at a score of 56.4 and e-value of 1.2 e-20 was observed. Further, examination of

sequences below this score and with a higher e-value showed that canonical motifs associated

with NBD were absent in 29, out of these 54 proteins. Hence, only 25 proteins with higher

score and lower e-value than the set threshold were considered for further study (Table 1).

Table 2. Primers used in this study.

ABC Gene ORF Forward primers (5’ - 3’) Reverse primers (5’ - 3’)

CAGL0G09383g CCACGGTAGATACGCTGGTG CAGAACCCCATGGCAAGTTAGC

CAGL0F02717g CTTTATATGAGGCAAGACC GAAGTTCACCAGGAAATAG

CAGL0F01419g GTCACCATACACTTACTTC CAACCATCCACCATATTC

CAGL0M01760g TGATGGCTGTAAGACTATG TCCATACTTCGTGGTAATC

CAGL0I04862g GATCCAGGTGACTCTTATAC GGATTCCCTTACCTCAAATA

CAGL0I08019g CTTTAATGGATCACCAGAG CTGGTCTTAGAGTGTATTTC

CAGL0M07293g CACGATAAGAAGGTTGTATG CACTATATGGGCAGTAGTT

CAGL0L07744g CGAAATTCCTGGGTATAAG GGTGATTGAGACACATAC

CAGL0G00242g TCTTACGTGCTCTTACTC CCATTAGTAGGCCAATTATC

CAGL0L06402g CCTCTTCTACTGGTGATATTG CCCACATAGAATGACCTAAA

CAGL0C03289g GTCGACTATGACAAGATTC ATCCAACTCTCCACTATC

CAGL0E03982g CTCTCACGTATGCTATTTC AGTAGTGATAGTACCTTCG

CAGL0E03355g CACAGGAAGGAAACTATG GAGAGAGCATCTTCTAGT

CAGL0D00352g GGTGTTCAGCAAAGATTAG CAGACAGATATAACCGAGAT

CAGL0M02387g CCTCCCAGCTATTCTATTC CTAGTCTTGCGACAAATAAG

CAGL0A01133g CTAAGAGTCCTAAGTGAAAG GAACGAGATACCACATAAG

CAGL0M13739g CTGTACCTCTGAACTTCT CCATCACTCTTGCTTATAC

CAGL0E00385g GGGTTACCTATCACATTC GACCCAGTCCTATAATAAC

CAGL0K00363g CCAACACTATTCAACGATAC TTCCACCAGAACCTATTC

https://doi.org/10.1371/journal.pone.0202993.t002
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Phylogenetic analysis, domain organization and subfamily prediction

The complete genome sequence and phylogenetic analysis of S. cerevisiae and C. albicans iden-

tified 30 and 26 distinct ABC protein encoding genes, respectively [27]. Considering close phy-

logenetic similarity of C. glabrata with S. cerevisiae and to predict subfamilies, an unrooted

phylogenetic tree was constructed by aligning NBDs of C. glabrata and S. cerevisiae ABC pro-

teins as described in methods. Based on resemblance in domain organization with S. cerevisiae,
putative ABC proteins of C. glabrata were segregated into six major clusters and were assigned

to MDR/ABCB, MRP/ABCC, ALDp/ABCD, RLI/ABCE, EF3/ABCF and PDR/ABCG subfami-

lies (Fig 1). The domain organization of C. glabrata ABC proteins was consistent with that of

S. cerevisiae in ML tree, wherein N- and C- terminal NBDs are segregated separately; indicat-

ing that full transporters could be the outcome of duplication of half transporters.

To attain a better understanding of evolutionary relationship in ABC proteins among yeast

species another phylogenetic tree was constructed by using complete ABC proteins of six rep-

resentative yeast species (S. cerevisiae, C. albicans, C. neoformans, K. lactis and S. pombe)
including C. glabrata (Fig 2A). Among them, S. pombe possess the least member of ABC pro-

teins (19 ABC proteins) while C. neoformans has maximum (33 ABC proteins) ABC protein

members (Fig 2B). Notably, S. pombe was distinct with regard to a number of subfamilies since

it does not have any member protein belonging to ALDp/ABCD subfamily. Our analysis fur-

ther revealed that phylogenetically C. glabrata ABC subfamily proteins are closer to S. cerevi-
siae and K. lactis ABC proteins. Interestingly, in addition to the NBD, members of each family

also have conserved amino acid sequences, which could help in providing a comparative evo-

lutionary orthologous relationship among various yeast species. Considering almost similar

size of C. glabrata (12.3Mb) and S. cerevisiae (12.1Mb) genome, it is notable that the former

possess lesser number of ABC proteins, which could suggest loss of some of the genes during

whole genome duplication (WGD) event [28]. In S. cerevisiae and C. glabrata ABCG/PDR

family forms the largest subfamily, although it has significantly lower number in C. glabrata.

Among subfamilies, preferentially MDR/ABCB, ALDp/ABCD and RLI/ABCE family members

were retained during duplication event, indicating their significance in cell physiology.

ABC proteins have two characteristic topological structures: TMD and NBD. The presence

of hydrophobic TMD in the protein makes it an eligible candidate of membrane-localized pro-

teins, while presence of only NBD makes it a putative soluble protein. To investigate whether

C. glabrata ABC proteins follow the same domain organization as reported in other organisms,

the position of NBDs and TMDs were determined in each of the ABC protein sequences by

using Topocons and Scan Prosite. Based on the order of NBDs and TMDs, the ABC proteins

belonging to the subfamilies ABCB/MDR, ABCC/MRP, ABCD/ALDp were predicted to pos-

sess forward topology, wherein TMD precedes the NBD (TMD-NBD), while the members of

ABCG/PDR subfamily have reverse orientation, where TMD follows NBD (NBD-TMD) [29]

(Fig 3). A typical TMD is comprised of 6 to 10 TMHs [30], however the prediction with differ-

ent topology predicting softwares indicated the presence of a variable number of TMH in ABC

proteins containing TMDs (S1 File). All the proteins with only NBDs in primary structure

belong to ABCE/RLI and ABCF/EF3 subfamilies and were predicted as soluble proteins.

Multi drug resistance (MDR)/ABCB subfamily

The MDR subfamily members comprise of both full and half transporters with forward topol-

ogy, (TMD-NBD)2 or (TMD-NBD). ABCB1 was the first characterized member of MDR sub-

family for its ability to confer MDR in mammalian cells [1]. This subfamily is further divided

into three subtypes: full transporters (involved in MDR), half transporters (involved in the

transportation of peptides) and mitochondrial half membrane transporters [31]. Four ABC
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proteins of C. glabrata CAGL0K00363g,CAGL0E00385g, CAGL0M13739g (CgATM1), and

CAGL0A01133g belong to MDR subfamily but are remain to be characterized (Fig 1). Among

these CAGL0K00363g, the only member of MDR/ABCB full transporter in C. glabrata, was

Fig 1. A schematic tree depicting the phylogenetic relationship among ABC subfamilies. NBDs of C. glabrata and S. cerevisiae ABC proteins were used in ML

analysis. Clustering of C. glabrata NBDs is consistent with NBDs of S. cerevisiae ABC proteins. C-terminal NBDs of ABCC/MRP subfamily members clustered with

ABCB/MDR subfamily NBDs. Phylogenetic tree is represented in radial form.

https://doi.org/10.1371/journal.pone.0202993.g001
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clustered with similar full transporters in other yeasts. It showed 42% sequence identity with S.

cerevisiae haploid-specific ABC transporter STE6, the a-factor pheromone transporter [32].

The three half transporters CAGL0M13739g (CgATM1), CAGL0A01133g, and CAGL0E00385g
showed an orthologous relationship with S. cerevisiae mitochondrial half transporters.

CAGL0M13739g (CgATM1) is ortholog of an inner mitochondrial membrane-localized trans-

porters of S. cerevisiae (ATM1), which translocate iron-sulfur (Fe/S) clusters into the cytosol

[33] and has a well-defined mitochondrial targeting signal sequence. Biogenesis of iron-sulfur

(Fe/S) clusters as a function of ATM1 is highly conserved among various fungal species [14].

In C. glabrata, CAGL0M13739g (CgATM1) is involved in osmosensitivity and echinocandin

Fig 2. Comparison of ABC proteins in different yeast species. (A) Phylogenetic tree of the ABC proteins of six yeast species: The analysis was performed with putative

C. glabrata ABC protein sequences with S. cerevisiae, C. albicans, C. neoformans, K. lactis and S. pombe. The numbers on the branches indicate the percentage of

bootstrap support from 1000 replicates. The ABC subfamilies are identified based on known subfamilies in fungal species. (B) Distribution of ABC proteins among

fungal species: C. glabrata harbors less number of ABC proteins as compared to S. cerevisiae, C. neoformans and C. albicans but more in number as compared to K. lactis
and S. pombe. Organism phylogeny presented based on their ITS sequences.

https://doi.org/10.1371/journal.pone.0202993.g002

ABC proteins in Candida glabrata

PLOS ONE | https://doi.org/10.1371/journal.pone.0202993 August 28, 2018 8 / 21

https://doi.org/10.1371/journal.pone.0202993.g002
https://doi.org/10.1371/journal.pone.0202993


sensitivity [34]. CAGL0E00385g and CAGL0A01133g are orthologs of peptide transporter

MDL1 and MDL2, respectively, of S. cerevisiae localized in the mitochondrial inner membrane

[35].

Multi drug resistance associated proteins (MRP)/ABCC subfamily. None of the ABC

proteins of this subfamily are characterized in C. glabrata. MRP subfamily members belonging

to mammalian cells and other major groups of eukaryotes are known to efflux diverse array of

toxic substrates including drugs and xenobiotics compounds outside the cell or sequester into

the vacuole [36]. The unique feature of this family is to recognize glutathione (GSH)-, glucuro-

nate- and sulfate- conjugated organic anions and are involved in detoxification processes [37].

It has also been observed that MRPs synergistically act with a large number of enzymes viz,

Fig 3. Pictorial depiction of ABC protein topology in C. glabrata. Topology prediction was performed by online softwares Scan Prosite and Topocons: All the

subfamily members of ABC proteins harbor either one or two NBD. The MDR/ABCB subfamily displayed forward topology and consist of both full and half

transporters, while members of the PDR/ABCG subfamily displayed reverse topology. One of the MRP/ABCC family members CAGL0G00242g (CgYOR1) does not

contain extra set of transmembrane domains. ALDP/ABCD member proteins are half transporter with same topology as MDR half transporters. Members of the RLI/

ABCE, EF3/ABCF and other soluble ABC proteins do not contain transmembrane domains. The scale indicates the number of amino acids.

https://doi.org/10.1371/journal.pone.0202993.g003
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GSH-S-transferase, UDP- glycosyltransferase to contribute resistance towards various sub-

strates [38]. Notably, unlike MDR or PDR subfamilies, all the MRP members exist as full trans-

porters. Five putative ABC proteins of C. glabrata were clustered into this group, among them

CAGL0E03982g,CAGL0C03289g (CgYBT1), CAGL0E03355g, and CAGL0L06402g (CgYCF1)

have an extra transmembrane region TMD0(TMD- NBD)2 and were considered as long MRPs,

and CAGL0G00242g (CgYOR1) has topology of (TMD- NBD)2, considered to be short MRP

(Fig 3). C. glabrata MRP members showed phylogenetic similarity with K. lactis and S. cerevisiae
ABC proteins. However, CAGL0G00242g (CgYOR1) have 71% sequence identity with S. cerevi-
siae YOR1, a well-studied plasma membrane localized transporter involved in transport of vari-

ous organic anions including oligomycin and phospholipids [39]. CAGL0G00242g (CgYOR1)

also exhibited 31% sequence identity with the only known channel human CFTR/ABCC7 in the

ABC transporter superfamily protein, where mutations in its encoding gene sequence were

linked to cystic fibrosis [40]. CAGL0C03289g (CgYBT1) has a sequence identity of 53% with S.

cerevisiae YBT1. CAGL0G00242g (CgYOR1) and CAGL0C03289g (CgYBT1), both were found to

be upregulated in azole resistant lab mutant as well as in azole resistant clinical isolates [41,42].

42% sequence identity of CAGL0L06402g (CgYCF1) was observed with human MRP1 which

is involved in endobiotics and xenobiotics extrusion [43]. Previous report also suggested the

upregulation of CAGL0L06402g (CgYCF1), CAGL0C03289g (CgYBT1) and CAGL0G00242g
(CgYOR1) in the petite strain isolates [44].

Adrenoleukodystrophy protein (ALDp)/ABCD). ALDp/ABCD subfamily proteins

found in all eukaryotic organisms with an exception to some plants predominantly exist as half

transporters [45]. Half ALDp members homogenously or heterogeneously dimerize to become

functional [46]. In C. glabrata CAGL0M02387g and CAGL0D00352g belong to this subfamily

which showed orthology with S. cerevisiae PXA1 and PXA2, respectively. ALDps are peroxisomal

membrane localized proteins in S. cerevisiae, involved in long and branched chain fatty acids

import or their conjugate fatty acyl-CoA derivatives transport to peroxisome [47]. Interestingly,

mutations in either PXA1 or PXA2make cells incompetent to grow on oleic acid, suggesting that

probably they function as a heterodimer [48]. Moreover, both ALDps of C. glabrata such as

CAGL0M02387g and CAGL0D00352g, showed 32% and 33% sequence identity with human

ABCD2 and 31% and 32% identity with ABCD1. The human ABCD1 and ABCD2 are involved in

translocation of polyunsaturated VLCFA-CoA and mutation in these genes result in a human dis-

ease, X-linked Adrenoleukodystrophy (X-ALD) [49]. The clear evolutionary orthologous relation-

ship between this family members in various species strongly point to their conserved functions.

RNase L Inhibitor (RLI)/ABCE subfamily. The RLI/ABCE subfamily proteins have a

characteristic pair of linked NBDs with no TMDs. These soluble proteins are predicted to have

a role in biological processes rather than in membrane transport [50]. In human ABCE1, an RLI

protein is associated with polyribosomes and functions to inhibit RNase L to initiate translation

[51]. CAGL0G08041g, the only member of this family in C. glabrata, displayed NBD-NBD topol-

ogy and has a characteristic ferredoxin iron-sulfur type binding domain (4Fe-4S) with the con-

sensus sequence of C-X-{P}-C-X(2)-C-{CP}-X(2)-C-[PEG], (pfam00037, where four C’s are the

4Fe-4S center) which is a typical motif found in nucleic acid binding proteins. CAGL0G08041g
showed high sequence identity with S. cerevisiae RLI1 (89%) and K. lactis KLLA0C17556p
(88%). RLI1 of S. cerevisiae, an iron-sulfur (4Fe-4S) protein, is involved in maturation of ribo-

somal subunit, translation initiation through interaction with eIF3 complex and also have a role

in translational termination [52], however, this protein remains uncharacterized in C. glabrata.

Elongation factor 3 (EF3)/ABCF subfamilies. The members of this subfamily are topo-

logically similar to RLI subfamily proteins with paired NBDs without TMDs. In human and

yeast species, EF3 is involved in several aspects of translation such as ribosome biogenesis,

translational control of gene expression, exporting mRNA into cytoplasm, or act as a
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translational elongation factor [14]. A total of four members namely, CAGL0K10472g,

CAGL0C02343g,CAGL0D03674g, and CAGL0B03487g (CgTEF3) of ABC proteins in C. glabrata
belonged to this subfamily. CAGL0B03487g (CgTEF3) and CAGL0C02343g showed 88% and

90% sequence identity with S. cerevisiae TEF3 and ARB1, respectively. In C. glabrata,

CAGL0B03487g (CgTEF3) is an essential gene for growth and at protein level, it has been

reported to be down regulated at alkaline pH [53,54]. The best characterized member of this

subfamily in S. cerevisiae is GCN20, which mediates the activation of eIF-2α kinase [55] and

showed 89% sequence identity with CAGL0K10472g. All members of this family are remain

uncharacterized in C. glabrata.

Pleiotropic Drug Resistance (PDR)/ABCG subfamily. PDR/ABCG subfamily is ubiqui-

tous throughout the plants, fungi and animal kingdom but absent in bacteria. In animals, PDR

subfamily members exist as half transporters and are homologous to the white-brown-com-

plex (WBC) family transporter of Drosophila. In previous report, it is suggested that there

could be two possibilities of generation of PDR/ABCG subfamily, 1) by fusion of independent

NBD and TMD, because it is the only subfamily in which NBD precedes the TMD (reverse

topology) or 2) by direct origin from the central portion of a member of the ABCA, ABCB, or

ABCC subfamilies [56]. Notably, PDR/ABCG subfamily members play important roles in

extruding a variety of xenobiotics including agricultural fungicides, azoles, mycotoxins, herbi-

cides, and antifungal drugs [57]. Similar to S. cerevisiae and C. albicans, PDR/ABCG subfamily

with 7 members; CAGL0F02717g (CgPDH1), CAGL0F01419g (CgAUS1), CAGL0M01760g
(CgCDR1), CAGL0I04862g (CgSNQ2), CAGL0I08019g, CAGL0M07293g, and CAGL0L07744g
represents the largest group in C. glabrata wherein, all the members except CAGL0L07744g are

full transporters. Importantly, CAGL0M01760g (CgCDR1), CAGL0I04862g (CgSNQ2) and

CAGL0F02717g (CgPDH1) have been shown to play major role in the development of MDR

phenotypes in clinical isolates and petite mutants of C. glabrata [58–61]. These three transport-

ers are regulated by transcription factor PDR1 and their upregulation is linked to the azole

resistance [24]. CAGL0F01419g (CgAUS1) is a sterol transporter and protects cells against

azole antifungals in the presence of serum [62,63]. These C. glabrata genes showed sequence

similarity with human ABCG members involved in exporting anti-cancerous drugs and cho-

lesterol transport. Other members of PDR subfamily are poorly characterized in C. glabrata.

However, their functions can be predicted based on sequence identity with PDR/ABCG

members of other yeast species. For instance, CAGL0M07293g is an ortholog of S. cerevisiae
PDR12 with 85% sequence identity, which is involved in organic acid transport [64], while

CAGL0I08019g with 36% sequence identity to CDR6/ROA1 of C. albicans governs resistance to

azoles [65]. The half transporter CAGL0L07744g shows 67% sequence identity with S. cerevisiae
ADP1, the first identified half transporter belongs to the WBC family of Drosophila [66].

Others. Soluble ABC proteins that do not cluster into any specified subfamily has been

kept under the category of others. In C. glabrata two proteins, CAGL0G05093g and

CAGL0K12474g come into this category with two NBD and one NBD, respectively.

CAGL0G05093g showed an orthologous relationship with uncharacterized protein in S. cerevi-
siae (YDR061W) and have 32% sequence identity with C. albicans MODF. CAGL0K12474g
gene has orthologous relationship with CAF16 of S. cerevisiae which is known to be a part of

CCR4-NOT regulatory complex involved in transcriptional control of gene regulation [67].

Chromosomal position and localization prediction

C. glabrata with haploid genome consists of 13 chromosomes (Chr A to Chr M) [18]. Chr M

harbors maximum number of ABC protein encoding genes (4 genes) followed by Chr E, Chr

G and Chr K, each possess 3 genes. Each of Chr C, Chr D, Chr F, Chr I and Chr L
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accommodate 2 genes. Each Chr A and Chr B reside only 1 gene, however, Chr H and Chr J

do not contain any ABC protein coding gene (Fig 4A).

Subcellular localization (SCL) of a protein is important to elucidate the potential function

in various cellular processes. It is anticipated that proteins localized in the same cellular com-

partment of different organisms could perform similar type of function. SCLs of ABC proteins

of C. glabrata were analysed by using online software LocTree3. The results obtained suggested

that most of the C. glabrata MDR/ABCB members are localized in mitochondrial membrane

and MRP/ABCC members are localized in vacuolar membrane (VM). As expected, ALDp/

ABCD members were predicted to be localized on peroxisomal membrane. ABC proteins of

PDR/ABCG subfamily were predicted in plasma membrane (PM) except CAGL0L07744g,

which was found to be localized on endoplasmic reticulum (ER) (Fig 4B). Previous reports

supported our localization prediction as two of the known PDR/ABCG members,

CAGL0M01760g (CgCDR1) and CAGL0F02717g (CgPDH1) were shown to be plasma mem-

brane localized [68]. Notably, localization prediction varies by the use of different softwares.

ABC proteins, CAGL0I08019g and CAGL0K00363g belonging to PDR/ABCG and MDR/ABCB

subfamilies, respectively, were predicted to be localized at the nucleus by LocTree3 software,

however, WoLF PSORT predicted these proteins localization at PM. WoLF PSORT predicted

CAGL0G00242g (CgYOR1) and CAGL0L07744g localization to PM, while LocTree3 predicted

in VM and ER membranes, respectively. The predicted localization of 18 ABC membrane pro-

teins are depicted in Fig 4B, while soluble ABC proteins are predicted to be confined to the

cytosol or nucleus are listed in S2 File.

Membrane localized ABC subfamily genes displayed variable response to

drug exposure

Our long term goal is to unravel the role of membrane localized efflux pumps in development

of MDR. Hence, for expression analysis, we selected 18 potential membrane localized

Fig 4. Chromosomal location and subcellular localization of ABC proteins in C. glabrata. (A) C. glabrata chromosomes (chrA—chrM) are displayed in circular

ideogram. Black color indicates location of ABC transporter and dark maroon indicates soluble ABC proteins location. Chromosome M harbors maximum number of

ABC genes and Chromosome H and J do not contain ABC genes. (B) Subcellular localization of the ABC transporters were predicted by LocTree3 and WoLF PSORT:

Only membrane proteins are depicted.

https://doi.org/10.1371/journal.pone.0202993.g004
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members of the ABC superfamily. It is expected that expression level of genes may vary among

strains with different genetic background and source of isolation. Therefore, in this study we

evaluated the expression level of ABC transporter genes between the two strains of C. glabrata:

a reference strain CBS138/ATCC2001 and a widely used clinical isolate BG2.

Initially, we tested the basal expression level of these gene under laboratory growth condi-

tions. qRT-PCR analysis of the mid-log phage grown cells in YPD media at 30˚C confirmed

that all selected ABC transporter were transcribed under normal growth condition in both the

strains. However, the degree of basal expression showed considerable variation in these strains.

Since strain BG2 was an isolate from a patient with initial exposure to fluconazole treatment,

expectedly, in comparison to CBS138/ATCC2001, its encoding transporter genes were upregu-

lated at basal level (Fig 5). Therefore, after transient drug exposure, the ABC transporter genes

of BG2 show lesser changes in their expression. But in CBS138/ATCC2001 strain, the transient

drug induction yielded stronger response and comparatively showed higher changes in expres-

sion pattern of ABC genes in all tested condition (Fig 6A–6D).

Frequently, enhanced expression of several ABC superfamily genes was directly linked to the

acquisition of drug resistance among different yeast species. Earlier, several reports demon-

strated that in clinical MDR isolates of C. glabrata, ABC transporters such as CAGL0M01760g
(CgCDR1), CAGL0I04862g (CgSNQ2) and CAGL0F02717g (CgPDH1) were highly expressed and

their expression varied in laboratory strains during transient drug induction and environmental

conditions [69,70]. For evaluating the role of ABC membrane proteins coding genes, we further

tested expression of all selected ABC transporters followed by 60 min exposure to azoles

Fig 5. Comparative basal expression of ABC transporters in CBS138/ATCC2001 and BG2 strains. The basal expression of ABC transporters were

tested by qRT-PCR in log phase grown cell under laboratory conditions (YPD, 30˚C) and data was measured in 2-ΔCT by normalizing with

housekeeping gene CgTDH3. Among all ABC transporters CAGL0K00363g exhibited minimum expression level in both the strains.

https://doi.org/10.1371/journal.pone.0202993.g005
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(fluconazole, ketoconazole), echinocandin (caspofungin) and polyene (amphotericin B) drugs.

The data obtained by qRT-PCR provided an interesting insight on to the expression pattern of

ABC transporters under stress conditions. For instance, all the tested drugs exhibited differen-

tial expression pattern of membrane ABC superfamily genes, implying their role in the develop-

ment of drug resistance phenotypes.

Among MDR members, basal expression of CAGL0K00363gwas lowest, in both the strains.

Notably, CAGL0K00363g ortholog in S. cerevisiae (STE6) is a dedicated pheromone transporter

and its human homolog (ABCB1) mediated MDR in various chemotherapy resistant tumors

by effluxing toxic compounds [71]. Although CAGL0K00363gwas 1.7 fold upregulated in pres-

ence of both caspofungin and ketoconazole in BG2 strain, but in CBS138/ATCC2001 strain it

was down regulated to 14.6 and 22.1 fold in presence these drugs. Most of the MDR genes in

CBS138/ATCC2001 strain displayed down regulation following amphotericin B, caspofungin,

and ketoconazole treatment but were up regulated in fluconazole exposed cells. Interestingly,

in BG2 strain the expression level of other MDR members remained unchanged during

Fig 6. Comparative expression of ABC transporters encoding genes after transient drug exposure of CBS138/ATCC2001 and BG2 strains. The expression level was

tested by qRT-PCR and data was measured by 2-ΔΔCT method in the presence of amphotericin B (A), fluconazole (B), caspofungin (C), and ketoconazole (D).

Transporters behaved differently in these four conditions. Expression data were assessed by two-way ANOVA and statistical significant differences relative to untreated

condition (YPD) were determined by Sidak’s multiple comparisons test and are indicated as stars with p value<0.0001.

https://doi.org/10.1371/journal.pone.0202993.g006
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fluconazole, amphotericin B and caspofungin inductions except CAGL0E00385g and

CAGL0M13739g (CgATM1), wherein expression level was significantly higher followed by

ketoconazole exposure (Fig 6D).

Among MRP subfamily members, basal expression level of CAGL0E03355gwas low in both

the strains. CAGL0G00242g (CgYOR1) was upregulated by azoles in CBS138//ATCC2001,

while, in BG2 strain the expression level was down regulated by 1.5 fold following amphotericin

B treatment. However, in case of ketoconazole exposed cells, it was 1.8 fold upregulated.

CAGL0G00242g (CgYOR1) ortholog in S. cerevisiae (YOR1) has a well demonstrated role in

pleiotropic drug resistance [72]. CAGL0C03289g (CgYBT1) displayed higher expression follow-

ing drug treatment in both strains. While, CAGL0E03982g transcript level was significantly

upregulated only in fluconazole treated BG2 cells, whereas in CBS138/ATCC2001 strain, it was

upregulated by amphotericin B treatment only. CAGL0E03355g transcript level was significantly

down regulated in both tested strains followed by most of the inducing conditions. Notably,

human MRP family member ABCC1 is involved in multidrug resistance, especially during can-

cer and leukemia chemotherapy treatments [73] However, its ortholog CAGL0L06402g
(CgYCF1) in C. glabrata does not respond to tested drug in BG2 strain but were significantly

upregulated in case of amphotericin B and caspofungin exposed CBS138/ATCC2001 strain.

Together, qRT-PCR analysis of MRP subfamily genes in C. glabrata similar to other yeast spe-

cies do point to their involvement in drug detoxification.

Both ALDp members exhibited significantly higher expression at basal level in BG2 than in

CBS138/ATCC2001. The expression level of ALDp members remained unresponsive to drug

treatment in BG2. However, in CBS138/ATCC2001 strain CAGL0M02387g was significantly

down regulated in ketoconazole and upregulated with other tested inducing conditions while

CAGL0D00352g showed significant down regulation in fluconazole treatment.

Together, PDR subfamily member genes revealed constitutive expression, and they are the

best responders to transient drug treatments. CAGL0M01760g (CgCDR1) and CAGL0F02717g
(CgPDH1) have similar behavior with ketoconazole treatment in both the strains. The expression

of CAGL0M07293g, an ortholog of S. cerevisiae PDR12 (weak acid transporter) was higher follow-

ing ketoconazole treatment in both the strains. The low level of expression of CAGL0M07293g in

fluconazole resistant isolates of C. glabrata was earlier recorded by Vermitsky et. al. [41], which

could be consistent with the low expression in BG2 strain. In BG2 strain CAGL0M07293g gene

behaved differently in different azoles, where an imidazole and a triazole yielded opposite

response. CAGL0F02717g (CgPDH1) was down regulated in most of the treatment condition in

both the strain. Based on homology with CaCDR1 and CaCDR2, it is reasonable to expect that

CAGL0F02717g (CgPDH1) could be involved in phospholipid translocation and membrane lipid

asymmetry maintenance [74]. As expected, fluconazole treatment induced CAGL0F01419g
(CgAUS1) expression in both the strains. PDR members displayed varying degree of changes in

expression, which strongly indicate their role in multi drug resistance.

Conclusion
The study presents a first comprehensive transportome analysis of ABC proteins in C. glabrata,

which led to the identification of 25 ABC proteins, representing 0.479% of protein coding

genes, distributed on 11 out of 13 chromosomes. The phylogenetic comparison with other fun-

gal species clustered these ABC members into six major subfamilies: MDR/ABCB, MRP/

ABCC, ALD/ABCD, RLI/ABCE, EF3/ABCF and PDR/ABCG. The constitutive expression of

all the genes encoding putative membrane localized ABC members not only confirmed their

genomic presence but also reflected their biological relevance. The exposure to drugs pre-

sented variable transcriptional response among ABC membrane proteins, nonetheless, it
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provided sufficient clue for their potential contribution in emerging clinical drug resistance in

C. glabrata isolates. Of note, majority of members of subfamilies remain unexplored. The

sequence identity of C. glabrata ABC proteins with other organism could provide a basis for

functional characterization of these unexplored important proteins; however, our analysis

could only predict their localization and putative function. Based on the information available

in S. cerevisiae and other yeasts, most of the ABC transporter genes are non-essential and

hence construction of homozygous knockouts (KOs) should be realtively easy. The analysis of

KOs of each member is a way forward in dissecting their role in MDR, pathogenicity and viru-

lence. The studies so far do suggest that some of the ABC members, particularly those belong-

ing to PDR family (CgCDR1, CgPDH1 and CgSNQ2) have demonstrable role in developing

drug resistance but considering the vast information about the role of ABC members in C.

albicans and in other organisms, it is a long way before their physiological relevance of these

ABC proteins could be unraveled.
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ABSTRACT

Considering the relevance of drug transporters belonging to ABC and MFS superfamilies in pathogenic Candida species,
there has always been a need to have an overexpression system where these membrane proteins for functional analysis
could be expressed in a homologous background. We could address this unmet need by constructing a highly
drug-susceptible Candida glabrata strain deleted in seven dominant ABC transporters genes such as CgSNQ2, CgAUS1,
CgCDR1, CgPDH1, CgYCF1, CgYBT1 and CgYOR1 and introduced a GOF mutation in transcription factor (TF) CgPDR1 leading to
a hyper-activation of CgCDR1 locus. The expression system was validated by overexpressing four GFP tagged ABC (CgCDR1,
CgPDH1, CaCDR1 and ScPDR5) and an MFS (CgFLR1) transporters genes facilitated by an engineered expression plasmid to
integrate at the CgCDR1 locus. The properly expressed and localized transporters were fully functional, as was revealed by
their several-fold increased drug resistance, growth kinetics, localization studies and efflux activities. The present
homologous system will facilitate in determining the role of an individual transporter for its substrate specificity, drug
efflux, pathogenicity and virulence traits without the interference of other major transporters.

Keywords: ABC transporters; multi-deletion; azoles; GOF mutation; expression plasmid; Candida glabrata

INTRODUCTION

Candida glabrata, present as a commensal in the human micro-
biota, is the only secondmost common infectious agent to cause
superficial skin infections to be severe and life-threatening
bloodstream infections among genus Candida (Kasper, Seider

and Hube 2015). The continuous use of antimycotic drugs, espe-
cially azoles, has led to an emergence of drug-resistant clinical
strains (Ksiezopolska and Gabaldón 2018). C. glabrata exhibits
intrinsically low susceptibility to azoles (Whaley et al. 2016).
This clinically rising drug resistance in C. glabrata is a culmina-
tion of several mechanisms which also includes overexpression
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of drug efflux pumps belonging to ATP Binding Cassette (ABC)
superfamily and Major Facilitator Superfamily (MFS) of trans-
porters which help cells to rapidly extrude antimycotic drugs
to circumvent their lethality (Holmes et al. 2016). The existence
of a large number of ABC transporters in C. glabrata genome
makes it difficult to dissect the functional relevance of individ-
ual transporters (Kumari et al. 2018). Presently, a widely used
Saccharomyces cerevisiae based heterologous expression system,
that lacks several ABC transporters has been extensively used
to study membrane proteins from different yeasts (Lamping
et al. 2007). These studies helped in unraveling details of drug
efflux, protein localization and directed mutagenesis to dissect
the molecular basis of the promiscuity towards substrate recog-
nition (Redhu et al. 2018). Notwithstanding, the immense impor-
tance of the S. cerevisiae system that has contributed immensely
to the study of ABC transporters, questions are always raised
concerning the differences among different species and non-
pathogenic host strain’s cellular environment, the lipid content
of membrane and protein sorting behavior.

To circumvent these issues, we have developed a system in C.
glabrata devoid of any masking effects by dominant drug trans-
porters and an integrative plasmid for the expression of the
gene of interest (GOI). For this, a strain of C. glabrata MSY8 was
constructed by disrupting seven clinically relevant membrane-
localized ABC drug transporter genes that included CgSNQ2,
CgAUS1, CgCDR1, CgPDH1, CgYCF1, CgYBT1 and CgYOR1 and
introduced a gain of function (GOF)mutation in the CgPDR1 tran-
scription factor (TF) resulting in a hyper-activation of CgCDR1
locus. The integration of GOI by employing an engineered
expression plasmid allowed overexpression of fully functional
ABC and MFS transporters.

MATERIAL AND METHODS

Chemicals and strains

Antifungal drugs were of analytical grade and were purchased
from Sigma-Aldrich, Bengaluru, India. Yeast strains were main-
tained in YPD media. Bacterial cultures were maintained in LB
media with a final concentration of ampicillin at 100 μg/mL.

Deletion construction

A homologous recombination-based strategy was used to make
deletion as described previously (Borah, Shivarathri and Kaur
2011). Sequential deletions were made by using a drug-based
recyclable (FRT-NAT1-FRT) cassette. Briefly, 5’ and 3’UTR flanking
regions (500–700 bp) of the transporter gene were PCR ampli-
fied from wild type genomic DNA. The selection marker NAT1
gene with FRT sites was also PCR amplified in two halves from
plasmid pRK625. Both the UTRs were fused to one half of the
NAT1 gene, and these fused PCR products were co-transformed
into the wild type strain. Positive transformants were selected
on YPD agar medium containing 200 μg/mL nourseothricin, and
deletions were confirmed by genomic DNA PCR. The primers
used in ABC transporter gene deletion and confirmation are
listed as File S1 (Supporting Information). The selection marker
was then recycled by using plasmid pRK70, which contains the
Ura3 selection marker and flippase (FLP1) gene under the con-
stitutive EPA1 promoter. Then after rescuing both the selection
marker and plasmid, the strain was used for the next round of
deletion. The constructed strains are listed in Table 1.

Plasmid constructions

The integration-based plasmid was constructed to integrate
mutated CgPDR1 ORF in place of native CgPDR1 locus. An
integration-based expression plasmid that can integrate GOI at
CgCDR1 locus was constructed that contained NAT1 selection
marker, CgCDR1 terminator and promoter regions, YeGFP and
four unique restriction sites for cloning the GOI. The details of
expression plasmid pMS6 construction and the list of the plas-
mids used are documented in File S2 (Supporting Information).

Growth analysis

Growth curve analysis was performed by a micro-cultivation
method in a 96-well plate using the liquid handling system
(Tecan, Grödig, Austria) in YPD broth at 30◦C. Briefly, overnight
grown cells were inoculated at a dilution of 0.1 OD600 in a 96-well
plate and allowed to grow at 30◦C. OD600 was measured every
30 min for an interval to up to 24 h. Doubling times of strains
were calculated by measuring the time taken in doubling of log-
arithms values of the OD600 of the exponential phase.

Drug susceptibility and efflux assays

Susceptibility to antifungal drugs was estimated either by broth
micro-dilution or serial dilution spot assays, as described earlier
(Shah, Shukla and Prasad 2017). The MIC80 was defined at the
lowest concentration inhibiting growth by at least 80% relative
to the drug-free YPD control after incubation. Both Rhodamine-
6-G (R6G) and Nile Red (NR) efflux assays were performed by
spectrofluorometer based assays as per protocols used earlier
(Keniya et al. 2015; Gbelska et al. 2017). For R6G efflux, 527 nm
excitation and 555 nm emission, and for NR, 552 nm excitation
and 636 nm emission were used. A straight line for the relation
between fluorescence and concentration was plotted for both
the substrates, and the concentration in the supernatant was
determined by plotting the fluorescence to this graph.

cDNA synthesis and real-time PCR

Total RNA was extracted by using the RNeasy Mini Kit by fol-
lowing manufacturer instructions (QIAGEN, Hilden, Germany).
5 μg of total RNA was used to synthesize cDNA by using Rever-
tAid H minus first-strand cDNA synthesis kit (Thermo Scien-
tific, Vilnius, Lithuania) as per the protocol. The quantitative
gene expression profile was evaluated by using iTaq univer-
sal SYBR green supermix (BioRad, Gurugram, India) and gene-
specific primers, including CgPGK1 as an internal control. Com-
parative expression profiles were analyzed by 2−��Ct method.
qRT-PCR experiments were performed in triplicates. P-values
were determined by students t-test with ≤ 0.05 were considered
as significant.

RESULTS

Construction of multiple ABC transporters deleted
strain of C. glabrata

ABC transporters extrude a wide variety of physiological com-
pounds. Among ABC subfamilies, there is a greater similarity
in the sequence and structure, which could make them share
partial overlapping substrate profiles (Kolaczkowski et al. 1998).
Due to the similarity in the substrate profile, some transporters
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Table 1. List of strains used in the study.

Mutant NameGenotype Source

WT (BG14) ura3�::Tn903 NeoR Lab strain
WTGOF Cgpdr1::CgPDR1G840C FRT This study
MSY1 �Cgsnq2::FRT This study
MSY2 �Cgsnq2::FRT, �Cgaus1::FRT This study
MSY3 �Cgsnq2::FRT, �Cgaus1::FRT, �Cgcdr1::FRT This study
MSY4 �Cgsnq2::FRT, �Cgaus1::FRT, �Cgcdr1::FRT, �Cgpdh1::FRT This study
MSY5 �Cgsnq2::FRT, �Cgaus1::FRT, �Cgcdr1::FRT, �Cgpdh1::FRT, �Cgycf1::FRT This study
MSY6 �Cgsnq2::FRT, �Cgaus1::FRT, �Cgcdr1::FRT, �Cgpdh1::FRT, �Cgycf1::FRT, �Cgybt1::FRT This study
MSY7 �Cgsnq2::FRT, �Cgaus1::FRT, �Cgcdr1::FRT, �Cgpdh1::FRT, �Cgycf1::FRT, �Cgybt1::FRT, �Cgyor1::FRT This study
MSY8 �Cgsnq2::FRT, �Cgaus1::FRT, �Cgcdr1::FRT, �Cgpdh1::FRT, �Cgycf1::FRT, �Cgybt1::FRT, �Cgyor1::FRT,

Cgpdr1::CgPDR1G840C FRT
This study
(Strain accession
no. MTCC25307)

MSY9 �Cgsnq2::FRT, �Cgaus1::FRT, �Cgcdr1::FRT::CgCDR1-GFP::NAT1, �Cgpdh1::FRT, �Cgycf1::FRT, �Cgybt1:: FRT,
�Cgyor1::FRT, Cgpdr1::CgPDR1G840C FRT

This study

MSY10 �Cgsnq2::FRT, �Cgaus1::FRT, �Cgcdr1::FRT::CgPDH1-GFP::NAT1, �Cgpdh1::FRT, �Cgycf1::FRT, �Cgybt1:: FRT,
�Cgyor1::FRT, Cgpdr1::CgPDR1G840C FRT

This study

MSY11 �Cgsnq2::FRT, �Cgaus1::FRT, �Cgcdr1::FRT::CaCDR1-GFP::NAT1, �Cgpdh1::FRT, �Cgycf1::FRT, �Cgybt1::FRT,
�Cgyor1::FRT, Cgpdr1::CgPDR1G840C FRT

This study

MSY12 �Cgsnq2::FRT, �Cgaus1::FRT, �Cgcdr1::FRT::ScPDR5-GFP::NAT1, �Cgpdh1::FRT, �Cgycf1::FRT, �Cgybt1:: FRT,
�Cgyor1::FRT, Cgpdr1::CgPDR1G840C FRT

This study

MSY13 �Cgsnq2::FRT, �Cgaus1::FRT, �Cgcdr1::FRT::CgFLR1-GFP::NAT1, �Cgpdh1::FRT, �Cgycf1::FRT, �Cgybt1:: FRT,
�Cgyor1::FRT, Cgpdr1::CgPDR1G840C FRT

This study

may function as dominant transporters by masking the func-
tion of other transporters. The dominance of ABC transporters
such as CaCdr1p and CgCdr1p and CgPdh1p in C. albicans and C.
glabrata, respectively, or ScPdr5p in S. cerevisiae, are few exam-
ples which are well reported. Therefore, functional analysis of
a transporter in the absence of dominant transporters is very
important to evaluate its true potential for drug efflux and
the development of multiple drug resistance. To generate such
a host strain, we selected seven transporters genes (CgSNQ2,
CgAUS1, CgCDR1, CgPDH1, CgYCF1, CgYBT1 and CgYOR1) which
were earlier shown to be upregulated in azole-resistant clinical
isolates of C. glabrata or involved in azole drug resistance (San-
guinetti et al. 2005; Vermitsky et al. 2006; Torelli et al. 2008; Ferrari
et al. 2011). For these deletions, a recyclable FRT based dominant
selectionmarker NAT1was used by employing fusion PCR based
homologous recombination (Borah, Shivarathri and Kaur 2011;
Srivastava, Suneetha and Kaur 2015). Thus, we sequentially
deleted these transporters’ coding sequences, and resulting
strains were designated as MSY1–MSY7. These deletions were
not in a particular order. Each deletant was designated as MSY1
(Cgsnq2�), MSY2 (MSY1 + Cgaus1�), MSY3 (MSY2 + Cgcdr1�),
MSY4 (MSY3 + Cgpdh1�), MSY5 (MSY4 + Cgycf1�), MSY6
(MSY5 + Cgybt1�), MSY7 (MSY6 + Cgyor1�).

Growth kinetics of MSY1–MSY7 strains

To determine the effect of each transporter deletion on growth,
we performed growth kinetics bymicro-cultivationmethod. The
cells were grown in YPD broth at 30◦C, and OD600 was recorded
for 24 h. The growth curves of WT and deletion mutants MSY1–
MSY7 are depicted in Fig. 1A. Notably, the doubling times of
MSY1 to MSY6 were similar to WT strain (60 min); however, the
deletion of Cgyor1� (MSY7) resulted in a slightly slower growth
rate with a doubling time of 68.04 min (Fig. 1A). To further con-
firm if the slow growth phenotype of the MSY7 is due to Cgyor1
deletion and not due to any other changes, we complemented
the CgYOR1 gene by episomal expression in plasmid pGRB2.2.

While the episomal complementation reversed the drug sensi-
tivity phenotype inMSY7 to a level up toMSY6 (data not shown),
it could not restore the growth defect of MSY7. This growth
defect is probably due to the cumulative effect of deletions.

Drug susceptibility profiling of MSY1–MSY7 mutants

The drug susceptibility profile of each deletion mutant was
determined by spot assays, MIC80 determination by micro-
dilution method and growth kinetics using fluconazole (FLC),
ketoconazole (KTC), voriconazole (VRC), miconazole (MCZ) and
itraconazole (ITZ), caspofungin (CSF), amphotericin B (AmB) and
nystatin (NYS), allylamine terbinafine (TER), protein synthesis
inhibitors cycloheximide (CHX) and anisomycin (ANY), DNA
damaging agents 4-nitroquinoline (4-NQO) and metal chelator
1,10-phenanthroline (OP) at indicated concentrations (Fig. 1B
and File S3, Supporting Information). The initial two deletions
MSY1 (Cgsnq2�) andMSY2 (Cgsnq2�, Cgaus1�) did not show any
alteration in MIC80 with respect to WT on all the tested drugs
except for 4-NQO and OP which was supported by spot assays
as well (Fig. 1B). However, when Cgcdr1� was deleted, in MSY3
strain, as expected, themutantMIC80 were dropped dramatically
for tested azoles, including FLC MIC80 drop from 64 μg/mL to
4 μg/mL. The MIC80 was two doubling dilution lower (1 μg/mL)
for FLC when Cgpdh1� was deleted to make MSY4 strain. The
subsequent deletion of Cgycf1�, in MSY5, and Cgybt1� in MSY6,
did not yield any further change in MIC80 of FLC as well as of
other tested drugs (except for KTC). The subsequent last dele-
tion of Cgyor1�, MSY7, led to another 4-fold drop in MIC of FLC
(0.25 μg/mL) in comparison to the MSY6 strain. A similar reduc-
tion of MIC80 of MSY7 was also observed with other azoles, pro-
tein synthesis inhibitors and allylamine. As expected, the dele-
tion of Cgsnq2�, MSY1 displayed dramatic susceptibility towards
4-NQOandOP,which are the known substrates of ScSnq2p; how-
ever, no further change in susceptibility towards 4-NQO and
OP was noticed in subsequent deletions MSY2–MSY7 (Fig. 1B,
File S3, Supporting Information). This indicated that changes in
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Figure 1. Phenotypic characterization of strains MSY1–MSY7. (A) Growth kinetics study of MSY1–MSY7 strains was performed by a micro-cultivation method in a 96-
well plate using Liquid Handling System (Tecan, Austria) in YPD broth at 30◦C. Doubling time for the strains was calculated by quantifying the time taken in doubling
of logarithms values of the log phase. Experiments were conducted in triplicates (n = 3), and values are expressed in mean ± standard deviation. (B) Spot assays

were performed by serial dilution spot assay to check the effect of deletion on the antifungals tested. (C) R6G and NR efflux in MSY1–MSY7 cells. The experiment was
performed in biological triplicates with three technical replicates. Significance was determined by calculating the P-value for all the strains with respect to WT by
employing the student’s t-test. P-values ≤ 0.05 = ∗ , ≤0.0005 = ∗∗∗ and ns = not significant.

drug susceptibility are transporter dependent. We further con-
firmed the drug susceptibility profile of each deletion mutant
by growth curve analysis in the presence of tested drugs (File
S4, Supporting Information). The MIC80 to tested echinocandin
and polyenes remained unchanged in all the deletion strains
even after the deletion of all the seven transporters (File S3, Sup-
porting Information). Together, these results suggested that the
deletion of seven ABC transporters, which generated the MSY7
strain, displayed supersensitive phenotype to a wide range of
tested drugs.

Assessment of efflux capacity of MSY1–MSY7 mutants

Fluorescent compounds R6G andNR are the known substrates of
some of the ABC transporters and have been commonly used to
evaluate the efflux activity. Therefore, we tested the R6G and NR
efflux by MSY1–MSY7 deletionmutants to confirm the transport
defect in thesemutants. Indicated cells were pre-incubatedwith
R6G or NR for 4 h in the absence of energy source to accumulate
the dyes inside the cells. The energy-starved cellswere then sup-
plemented with 2% glucose to initiate the efflux of fluorescent
substrates. After 45 min, the fluorescence was recorded in the
supernatant and quantified. As expected, there was no reduc-
tion in R6G efflux in MSY1–MSY2 mutant strains. Surprisingly,
MSY3 strain (Cgcdr1�) showed only∼10% reduction in R6G efflux
and an almost 48% reduction in NR efflux as compared to WT
cells. The subsequent Cgpdh1� in MSY4 resulted in 33 and 44%
reduction of R6G and NR efflux, respectively, which coincided

well with a recorded drop in MIC80 of FLC. Subsequent deletions
(MSY5–MSY6) did not show any significant changes in R6G and
NR efflux. However, the deletion of Cgyor1� (MSY7 strain) fur-
ther decreased R6G efflux by ∼93% and NR efflux by ∼23% as
compared to MSY4 (Fig. 1C).

GOF mutation in WT enhances azole resistance by
< 100 fold

In C. glabrata, the upregulation of ABC transporters is linked to
alterations in zinc-clustered TF CgPDR1. This TF recognizes PDRE
present at promoters of several ABC transporters genes, includ-
ing CgCDR1, CgPDH1, CgSNQ2, CgYOR1, CgYCF1 and CgYBT1. Sev-
eral GOF mutations in the CgPDR1 coding region have been
linked to an increase in the expression of transporters and
resistance towards azoles (Ferrari et al. 2009). A CgPDR1 GOF
mutation (CgPDR1G840C) in C. glabrata DSY565 strain showed
MIC80 of FLC 128μg/mL along with approximately 64-fold upreg-
ulation of CgCDR1 transcript (Ferrari et al. 2009). We intro-
duced this mutation (CgPDR1G840C) in WT, and the resulting
mutant was designated asWTGOF (Cgpdr1::CgPDR1G840C). For this,
pMS3 plasmid was linearized with SacI/KpnI and transformed
by electroporation, which replaced the native CgPDR1 coding
sequence (Fig. 2A). The drug susceptibility of WTGOF was tested
for azoles, and expectedly we observed increased resistance to
FLC along with ∼114-fold upregulated transcript of the CgCDR1
gene (Fig. 2B and C).
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Figure 2. Introduction of GOF mutation (CgPDR1G840C) in MSY7 and phenotypes tested with of MSY8 strain: (A) Integration plasmid for GOF TF CgPDR1 was constructed

by cloning mutated CgPDR1 ORF (CgPDR1G840C) from C. glabrata strain DSY565 (Ferrari et al. 2009). The resulting plasmid pMS3 was then digested with KpnI/SacI and
transformed in WT and MSY7 strain to introduce the GOF in the genome to construct WTGOF and MSY8, respectively. (B) Serial dilution spot assay to depicts drug
susceptibility of WTGOF cells. (C) Expression analysis of CgCDR1 in WTGOF cells as compared with WT cells. (D) Substrate transport assay (R6G and NR) with MSY7 and

MSY8 strains.

GOF mutation in MSY8 does not impact growth,
susceptibility to antifungals and substrate transport

To construct a supersensitive C. glabrata strain where GOI
could be overexpressed without the interference of domi-
nant transporters for functional analysis, we constructed MSY8
strain, with seven transporter deletions and hyperactive CgCDR1
locus in its genome. For this, the above-constructed cassette
from digested pMS3 plasmid was transformed in the above-
constructed MSY7 strain to generate the MSY8 strain. The con-
structed MSY8 strain has a GOF CgPDR1 (CgPDR1G840C) and a
hyperactive CgCDR1 promoter. Since TF CgPDR1 regulon includes
several other genes apart from ABC transporters, we checked
the possibility of altered growth and azole susceptibility inMSY8
strain. Interestingly MSY8 did not show a further change in sus-
ceptibility towards antifungals and efflux of substrates to MSY7
strain (Fig. 2C and D; File S3, Supporting Information).

Overexpression of ABC transporters validated the
appropriateness of MSY8 as an expression system

To validate the expression system, we expressed well known
ABC transporters of C. glabrata (CgCDR1 and CgPDH1), C. albi-
cans (CaCDR1) and S. cerevisiae (ScPDR5) in MSY8 strain. These
transporters were cloned in pMS6 plasmid upstream of the
YeGFP at either SacI/SacII or NotI/PacI sites, as described in
File S2 (Supporting Information). The whole cassette containing
GOI-GFP chimeric construct was then digested with SacI/KpnI

and integrated into the MSY8 strain at CgCDR1 locus. The con-
structed strains MSY9 (MSY8/CgCDR1), MSY10 (MSY8/CgPDH1),
MSY11 (MSY8/CaCDR1) and MSY12 (MSY8/ScPDR5) were tested
for the expression and localization. As evident from confocal
images, all the GFP-chimeric transporters CgCdr1-GFP, CgPdh1-
GFP, CaCdr1-GFP and ScPdr5-GFP showed precise plasma mem-
brane localization (Fig. 3A). The transcripts levels of each trans-
porter CgCDR1, CgPDH1, CaCDR1 and ScPDR5 in MSY9, MSY10,
MSY11 and MSY12 cells were confirmed by RT-PCR, which also
displayed the overexpression of these transporters at the locus
(Fig. 3C).

Functional analysis of CgCdr1-GFP, CgPdh1-GFP,
CaCdr1-GFP and ScPdr5-GFP

The functionality of the recombinantly expressed ABC trans-
porters in MSY9–MSY12 strains was analyzed by testing their
susceptibility towards azoles, allylamines and protein synthesis
inhibitors in comparison to parental strain MSY8. We rational-
ized that the overexpressing transporter proteins should be able
to reverse the higher susceptibility ofMSY8 cells. Expectedly, the
expression of all four transporters drastically decreased the sus-
ceptibility of MSY8 cells, albeit to variable levels (Fig. 3B). R6G
is a known substrate of ABC transporters, and these four trans-
porters are known to efflux R6G (Lamping et al. 2007). Spectroflu-
orometric based efflux assay showed a 25 to 32-fold increased
efflux of R6G as compared to MSY8 cells (Fig. 3D). Results
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Figure 3. Overexpression of ABC transporters and their characterization: (A) Integration of ABC transporters CgCDR1, CgPDH1, CaCDR1 and ScPDR5 was performed as

described in Methods and resulting strains designated as MSY9–MSY12. Confocal images of MSY9–MSY12 show the localization at the plasma membrane. Confocal
images were taken by using the FITC filter. (B) Drug susceptibility tests were performed by spot assays at indicated concentrations. (C) Transcript levels of integrated
transporters into MSY8 was determined by RT-PCR. (D) R6G substrate transport assay with the overexpressed transporters. P-value was determined by the student’s
t-test and P-value ≤ 0.0005 represented as (∗∗∗).

indicated that ABC transporters from different fungal species
could be expressed and functional in the MSY8 strain.

MSY8 expression system is suitable to study non-ABC
transporters

We explored the suitability of our expression system for func-
tional analysis of non-ABC membrane transporters. For this, we
transformed and integrated a GFP-chimeric-CgFLR1 transporter
belonging to MFS superfamily in MSY8 strain to generate the
MSY13 strain. Drug: H+ antiporter CgFlr1p is a well-known drug
transporter that confers 5-flucytosine (5-FC) antifungal resis-
tance in C. glabrata (Pais et al. 2016). While the homolog CgFlr2p
confers resistance to both azoles and 5-FC, the Cgflr1� dele-
tant imparts susceptibility to 5-FC, but not to azoles (Chen et al.
2007). As expected, MSY13 strain became resistant to 5-FC and
interestingly, also demonstrated increased resistance to azoles
(Fig. 4A). The increased azole resistance could be attributed to
the masking effect of CgFLR2 on azole resistance phenotype of
CgFLR1. MSY13 overexpressing CgFlr1-GFP showed proper local-
ization at the plasma membrane, as was evident from confocal
images (Fig. 4B), and 2-fold increased efflux of NR, a well-known
MFS transporters substrate (Fig. 4C).

DISCUSSION

Several independent studies have called attention to the rele-
vance of drug transporters belonging to ABC andMFS superfam-
ilies in drug resistance and their posing of a serious hindrance
to successful antifungal therapy. Such a situation demands an
in-depth structure and function analysis of clinically relevant
drug transporters. For this, there is always an unmet need for

an overexpression system that can act as a platform to facil-
itate the functional characterization of these transporters to
analyze the basis of their substrate poly-specificity, structural
analysis and to develop inhibitors/modulators. Over the years,
this requirement has been successfully met by the S. cerevisiae
overexpression system established by Goffeau’s and Cannon’s
groups (Decottignies et al. 1998; Lamping et al. 2007). Using this
approach, efflux pumps not only from S. cerevisiae but from
different fungal pathogens as well could be structurally and
functionally analyzed (Shukla et al. 2003; Lamping et al. 2007;
Panapruksachat et al. 2016). Notwithstanding, the extensive use
of the S. cerevisiae system by several laboratories for nearly two
decades, concerns have been raised pertaining to its artefactual
environment posed by heterologous system, particularly appli-
cable to the functionality of drug transporters of pathogenic Can-
dida species. The differences in regulatory circuitry governing
drug resistance and subtle differences in membrane lipid envi-
ronment influencing the functionality of drug transporter pro-
teins are some of the concerns faced by such studies. In this
context, it is worth mentioning that membrane lipids do impact
drug transporter protein insertion, integrity and overall func-
tioning (Opekarová and Tanner 2003; Pasrija, Panwar and Prasad
2008).

Our present study is focused to resolve challenges imposed
by the heterologous system for the overexpression of drug trans-
porter proteins of C. glabrata. We took advantage of a GOF
mutation of TF CgPDR1 azole-resistant clinical isolate of C.
glabrata and introduced it into an engineered hyper-susceptible
MSY7 mutant strain, which was deleted for seven dominant
ABC transporters. Thus the resulting strain MSY8 apart from
major transporters deleted background also possessed hyper-
activated CgCDR1 locus. This followed by the construction of
an integration-based plasmid for cloning GOI at the activated
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Figure 4. Expression of MFS transporter and its phenotypic characterization. (A) Drug spot assays of MSY13 by serial dilution at indicated concentrations. (B) Confocal
images of localization of CgFlr-GFP taken from the FITC filter of the confocal microscope. (C) NR efflux in MSY13 cells. Each experiment was performed in biological
triplicates with three technical replicates. P-value was determined by paired student t-test, and P-value ≤ 0.0005 was represented as (∗∗∗).

CgCDR1 locus. The suitability of the expression system was well
demonstrated by overexpressing fully functional clinically rele-
vant ABC drug transporters of C. glabrata (CgCDR1 and CgPDH1),
C. albicans (CaCDR1), S. cerevisiae (ScPDR5) and C. glabrata MFS
transporterCgFLR1. ThisMSY8 system thus presents a good plat-
form for detailed substrate profiling and functional analysis of
transporter proteins with minimum interference by major drug
transporters of C. glabrata.

SUPPLEMENTARY DATA

Supplementary data are available at FEMSYR online.
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ABSTRACT

The present study is an attempt to determine the lipid composition of Candida auris and to highlight if the changes in lipids
can be correlated to high drug resistance encountered in C. auris. For this, the comparative lipidomics landscape between
drug-susceptible (CBS10913T) and a resistant hospital isolate (NCCPF 470033) of C. auris was determined by employing high
throughput mass spectrometry. All major groups of phosphoglycerides (PGL), sphingolipids, sterols, diacylglycerols (DAG)
and triacylglycerols (TAG), were quantitated along with their molecular lipid species. Our analyses highlighted several key
changes where the NCCPF 470033 showed an increase in PGL content, specifically phosphatidylcholine,
phosphatidylglycerol, phosphatidylserine, phosphatidylinositol, and phosphatidylethanolamine; odd chain containing
lipids and accumulation of 16:1-DAG and 16:0-DAG; depletion of 18:1-TAG and 18:0-TAG. The landscape of molecular species
displayed a distinct imprint between isolates. For example, the levels of unsaturated PGLs, contributed by both odd and
even-chain fatty acyls were higher in resistant NCCPF 470033 isolate, resulting in a higher unsaturation index.
Notwithstanding, several commonalities of lipid compositional changes between resistant C. auris and other Candida spp.,
the study could also identify distinguishable changes in specific lipid species in C. auris. Together, the data highlights the
modulation of membrane lipid homeostasis associated with drug-resistant phenotype of C. auris.
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INTRODUCTION

The scope of diseases caused by human fungal pathogens
ranged fromsuperficial to chronic by a variety ofCandida species.
The prevalent human fungal infections are majorly caused by
Candida albicans and non-albicans Candida (NAC) species. Apart
from common fungal species, newer species of Candida are
emerging as belligerent pathogens that display a high level of
drug resistance (Brown et al. 2012; Fairlamb et al. 2017). In 2009
from Japan, a close relative of Candida haemulonii was identi-
fied and named as Candida auris, represents one such exam-
ple (Satoh et al. 2009; Kathuria et al. 2015). Fungemia, due to C.
auris,nowprevalentworldwide, is associatedwith a highmortal-
ity rate and treatment failure, in addition to being highly resis-
tant to commonly used antimycotics such as azoles, polyenes,
and echinocandins (Chowdhary, Sharma and Meis 2017; Lock-
hart et al. 2017; Lone and Ahmad 2019).

The most common contributors involved in reducing the
impact of antifungals used by other pathogenic fungi include
overexpression of multidrug transporters (Kumari et al. 2018;
Wasi et al. 2019) and drug target alterations also represent
another common strategy that excludes the antifungals from
reaching out to its target (Lupetti et al. 2002; Shor and Per-
lin 2015). Azoles target 14α-demethylase encoded by ERG11,
while echinocandins target 1,3-β-glucan synthase encoded by
FKS genes. Both the targets are widely reported to acquire muta-
tions in drug-resistant isolates in Candida isolates (Lupetti et al.
2002; Hou et al. 2019). Notwithstanding, the well understood
and widely documented features of drug resistance, microor-
ganisms are continually developing new and varied ways of ren-
dering generally used antifungal drugs. (Anderson 2005). Sev-
eral recent reports have shown new resistancemechanisms that
fungal cells resort to thwart drug effectiveness includes stress
responses that are crucial in assuring the survival of the cell
(Shor and Perlin 2015).

InCandida, the enzymes of lipid biosynthetic pathways repre-
sent a target of many known antifungal drugs (Prasad and Singh
2013). Previous independent studies on Candida by our group and
others demonstrated that membrane lipids composition could
influence the drug susceptibilities in Candida cells (Lattif et al.
2011; Singh, Yadav and Prasad 2012). Besides, the virulence of
many pathogens is also impacted by lipids, the phospholipid
synthesis genes, PSD1 and PDS2 play a crucial role in azole resis-
tance, cell wall integrity and virulence of C. albicans (Gonçalves
et al. 2017; Khandelwal et al. 2018). Moreover, any changes in
the lipid homeostasis and membrane lipid asymmetric distri-
butions between two monolayers of the plasma membrane also
shown to affect drug resistance and virulence (Gonçalves et al.
2017; Khandelwal et al. 2018). Together, the drug susceptibilities
depend on their diffusion rates, efflux by membrane pump pro-
teins, and the local membrane environment (Balzi and Goffeau
1995; Prasad and Singh 2013).

Recent advances in high throughput mass spectrometry-
based strategies for a complete analysis of cellular lipids
have been developed and employed in fungi (Singh and Del
Poeta 2016). By employing high throughput mass spectrometry
approach, we have earlier characterized the lipidome of vari-
ous Candida spp. to show that while all Candida species com-
prise similar levels of various phospholipid classes, they exhibit
distinct molecular lipid species imprint (Singh et al. 2010). The
comparative lipidomics study that followed between susceptible
and resistant clinical genetically matched isolates of C. albicans,
presented evidence that changes in lipid homeostasis can not
only influence drug resistance phenotypes but also impacts the
cell wall integrity andmitochondrial function (Singh and Prasad
2011; Singh, Yadav and Prasad 2012).

That the prevalence of highly drug-resistant clinical iso-
lates of C. auris, which cannot be explained based on the
contributions of established resistance mechanisms (Kim
et al. 2019; Rybak et al. 2019), makes it imperative to seek new
alternatives which could also be important in presenting such
level of drug resistance. For this, the present study, using the
ESI-MS/MS (electrospray ionization tandem mass spectrometry)
approach, has focused on analyzing comparative lipidome
between drug-resistant and susceptible C. auris isolates. Our
analyses quantified five major lipid groups of C. auris, namely
PGLs, sphingolipids (SL), sterols, diacylglycerols (DAG) and
triacylglycerols (TAG) along with the composition of their
molecular lipid species. The comparative lipid profiles of C.
auris strain CBS10913T (drug-susceptible) and NCCPF 470033
(drug-resistant) revealedmarked changes in their compositions,
suggesting a major remodeling of polar lipids in drug resistant
C. auris.

MATERIALS AND METHODS

Materials

Lipid standards were purchased from Sigma-Aldrich, USA and
Avanti polar lipids Inc., USA. All solvents and chemicals were
mass spectrometry grade and purchased from Sigma-Aldrich,
USA and Fisher Scientific, UK.

Strains and culture conditions

Candida auris strain CBS10913T was purchased from CBS
database, Westerdijk Fungal Biodiversity Institute, Utrecht, the
Netherlands. The drug-resistant C. auris NCCPF 470033 strain
(this study) is a hospital isolate from India and was obtained
from the National Culture Collection of Pathogenic Fungi, Post-
graduate Institute of Medical Education & Research, Chandi-
garh, India. Cultures were maintained on YEPD agar plates at
30◦C. For lipid extraction, 106 cells (1.0 O.D.) were inoculated in
50mL YEPDmedium and grown for 6 hrs, and approximately 5 ×
108 cells were harvested, washed with dH2O thrice before lipid
extraction (Singh, Yadav and Prasad 2012).

Drug susceptibility assessment

Minimum inhibitory concentrations (MIC) of fluconazole (FLC),
itraconazole (ITZ), ketoconazole (KTZ), miconazole (MCZ),
amphotericin B (AmB), nystatin (NYS), caspofungin (CSP) and
micafungin (MICA) against the C. auris strains were determined
as described in method M27-A3 by the Clinical and Labora-
tory Standards Institute (CLSI, formerly NCCLS, USA) (Pfaller
et al. 2008).

Lipid extraction

Harvested cells were broken in methanol using glass beads
(Glaperlon, 0.4–0.6 mm), and lipids were extracted by the Folch
extraction method using chloroform: methanol (2:1, v/v), as
described earlier (Folch, Lees and Sloane Stanley 1957). Lipid
extracts were dried in N2 and kept in −20◦C until analyzed. Lipid
dry weights were recorded at this step for the normalization of
mass spectral data.

Mass spectrometry analysis

Lipid extracts were dissolved in 1 mL chloroform. To the 2–3
μL aliquots of these dissolved lipids, internal standards were
added as described previously (Singh et al. 2010; Singh and
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Prasad 2011; Singh, Yadav and Prasad 2012), and volume made
up to 1.4 mL using chloroform: methanol: 300 mM ammonium
acetate (100:5:26, v/v/v). Lipid extracts were then analyzed
on Xevo TQ-XS triple quadrupole mass spectrometer (XEVO-
TQS#WAA627, Waters, UK, Milford, MA). Levels of various lipid
classes and individual molecular lipid species were determined
using the neutral loss, negative and positive multiple precursor
ion scans as described earlier (Singh et al. 2010; Singh and Prasad
2011; Singh, Yadav and Prasad 2012).Instrument parameters
settings are listed in supplementary sheet S1. Data processing
was performed using the TargetLynx XSTM software (Waters,
UK, Milford, MA) and data normalized to lipid dry weight and
represented as nmol/mg lipid dry weight. Lipid structures and
their nomenclature were annotated according to previously
published studies (Bowden et al. 2017) (www.lipidmaps.org,
www.k-state.edu/lipid).

Gas chromatography mass spectrometry (GC-MS)

For free sterol analysis, base hydrolyzed lipid extract were
derivatized with N,O-Bis (trimethylsilyl) trifluoroacetamide with
trimethyl-chlorosilane (BSTFA/TMCS, Sigma, USA) and analyzed
on DB5-MS column (30 m × 0.2 mm × 0.20 μm) as described
previously (Singh, Yadav and Prasad 2012). The retention time
and mass spectral patterns of external standards were used for
identification of sterol species. For fatty acid (FA) analyses, base
hydrolyzed lipid extractwere derivatizedwith BF3-Methanol and
analyzed on Omegawax column (30 m × 250 μm × 0.25 μm) as
described previously (Singh et al. 2017). The retention time and
mass spectral patterns of fatty acid methyl ester standard mix
(Sigma, USA) were used as a reference to identify respective FAs
(Sharma et al. 2012).

Statistical analysis

Experiments were performed in triplicates, and all the lipid data
sets are represented as mean ± standard error mean (SEM). Sta-
tistical significance was determined using student’s t-test and
P-values < 0.05 were considered significant. The principal com-
ponent analysis (PCA)was performed using the XLSTAT software
(Addinsoft, US) on Microsoft Excel platform. PCA between C.
auris strains CBS10913T andNCCPF 470033was performed using
the whole lipidome data sets (582 lipid species as nmol/mg lipid
dry weight, supplementary sheet S2) as well as the phospholipid
species data (144 lipid species as % of total PGL + SL). However,
for comparative PCA of C. auris with other Candida strains, we
have used the data for only phospholipid species (as % of total
PGL + SL, supplementary sheet S3), which are reported in the
previously published lipidomic studies by our group (Singh and
Prasad 2011; Singh,Mahto and Prasad 2013).We chose themole%
data of 144 phospholipid species for comparative purposes as
these were detectable in the current study as well as in the ear-
lier published lipidomes of Candida.

RESULTS AND DISCUSSION

NCCPF 470033 strain is highly resistant to azoles

For the lipidome analysis, we selected two strains of C.
auris; CBS10913T, which was highly susceptible to antifungals
and resistant hospital isolate NCCPF 470033. The CBS10913T
strain was susceptible to all the tested drugs that included
azoles, polyenes, and echinocandins. However, in comparison
with the susceptible CBS10913T strain, NCCPF 470033 isolate

showed high resistance towards FLC (MIC80 > 256.0 μg/mL), ITZ
(MIC80 > 0.25 μg/mL), KTZ (MIC80 > 0.125 μg/mL) and MCZ
(MIC80 > 2.0 μg/mL) and showed no change in susceptibility
towards AmB (MIC80 0.5 μg/mL), NYS (MIC80 > 2.0 μg/mL), CSP
(MIC80 75 ng/mL) and MICA (MIC80 62.5 ng/mL) (Fig. 1). The
differences in drug susceptibilities between CBS10913T and
NCCPF 470033 isolates allowed us to make comparisons of their
lipid profiles.

Azole resistant NCCPF 470033 show elevated levels of
polar lipids

A comparative lipidomics was performed to underscore the
importance of lipids in influencing drug resistance in C.
auris. For this, lipids were extracted as described earlier from
FLC susceptible CBS10913T and FLC resistant NCCPF 470033
strains. Lipid dry weights of extracts in triplicates obtained
from 5 × 108 CBS10913T and NCCPF 470033 cells were 1.86 ±
0.03 and 2.23 ± 0.08 mg, respectively. The extracted lipids
were subjected to mass spectrometry analysis on ESI-MS/MS
(Electrospray Ionization mass spectrometry) and GC-MS as
described earlier. In our analysis, 582 lipid species were
detected belonging to five different lipid groups namely, PGLs,
SLs, sterols, DAGs and TAGs. Moreover PGLs further divided
into eight different lipid subclasses, namely lysophosphatidyl-
choline (LPC, 1-acyl-sn-glycero-3-phosphocholine) phos-
phatidylcholine (PC, 1,2-diacyl-sn-glycero-3-phosphocholine),
lysophosphatidylethanolamine (LPE, 1acyl-sn-glycero-3-
phosphoethanolamine), phosphatidylethanolamine (PE,1,2-
diacyl-sn-glycero-3-phosphoethanolamine) phosphatidyli-
nositol (PI, 1,2-diacyl-sn-glycero-3-phospho-(1’-myo-inositol),
phosphatidylserine (PS, 1,2-diacyl-sn-glycero-3-phosphoserine),
phosphatidylglycerol (PG, 1,2-diacyl-sn-glycero-3-phospho-(1’-
sn-glycerol), phosphatidic acid (PA, 1,2-diacyl-sn-glycero-3-
phosphate).

The quantitation of lipids revealed that the azole-resistant
isolate NCCPF 470033 had 1.9 folds higher PGLs amounting to
467.6 ± 2.1 nmol/mg lipid dry weight when compared with the
CBS10913T strain (Fig. 2A). This data coincided well with the
increased levels of various PGL subclasses like PC, PE, LPE, PI, PS,
and PG were as much as 2.9-fold higher in NCCPF 470033, com-
pared to the CBS10913T strain. The contents of PA and LPC did
not show any change between these isolates (Fig. 2A). PC was
the most abundant PGL in the C. auris followed by PE. Interest-
ingly PC was 1.7-fold higher in azole-resistant isolates, but PE
showed the maximum change (2.9-fold) between the tested iso-
lates among PGLs.

Our analysis of SLs was limited, and only two classes of
SL were detected, which displayed no significant difference
between the CBS10913T and NCCPF 470033 strains (Fig. 2B). The
neutral lipids are the storage lipids and contain two major
subclasses DAG and TAG. The total neutral lipid content was
∼39% lower in NCCPF 470033 compared to the CBS10913T strain
(Fig. 2B). While we observed as much as 2.1 folds increase in
16:1-DAG and 16:0-DAG content of NCCPF 470033, there were as
much as 3.6 folds decrease in 18:1-TAG and 18:0-TAG content of
NCCPF 470033, compared to the CBS10913T strain (Fig. 2B). In
corroboration to these data, our GC-MS analysis showed that
the content of 16C FA was 8% higher, and the content of 18C
FA was 45% lower in NCCPF 470033 compared to the CBS10913T
strain (Supplementary Fig. S1). However, composition of ergos-
terol esters showed no significant difference between the two
strains (Fig. 2B). A recent multiomics study of Zamith-Miranda

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

syr/article/20/6/foaa045/5881305 by International C
entre for G

enetic E
ngineering and B

iotechnology user on 20 S
eptem

ber 2020



4 FEMS Yeast Research, 2020, Vol. 20, No. 6

Figure 1. Drug susceptibility profiling of CBS10913T and NCCPF 470033 strains. The panels show the drug susceptibility of C. auris strains on FLC, ITZ, KTZ, MCZ, AmB,
NYS, CSP and MICA using the spot assays. The MIC values, as determined by the broth dilution method (Pfaller et al. 2008), are also depicted.

Figure 2. The total content of different lipid classes between CBS10913T and NCCPF 470033 strains. (A), The total PGL content, along with the total class contents of
PC, LPC PE, LPE, PI, PS, PG and PA, in CBS10913T and NCCPF 470033 strains of C. auris is depicted. (B), The total SL and neutral lipid contents, along with the total

class contents of IPC, MIPC, DAG and TAG, in CBS10913T and NCCPF 470033 strains of C. auris is depicted. The DAG and TAG content were determined based on the
attached FA chain, as described earlier, For example, NL271, NL273, NL299 and NL301 scans were used to detect 16:1, 16:0, 18:1 and 18:0 -FA containing DAG or TAG
species, respectively. Data represents nmol per mg lipid dry weight and can be found in supplementary sheet S2. Mean ± SEM of 3 replicates are plotted. The P-values
of < 0.05, <0.01 and < 0.001 are represented by ∗ , ∗∗ and ∗∗∗ , respectively.

et al. also reported that PC and TAG were most diverse lipid
classes between resistant and sensitive C. auris isolates. How-
ever, lipids with unsaturation C16:1 FA was lower in resistant
isolate (Zamith-Miranda et al. 2019). This is in accordance to our
present data set of lipid profiles of resistant and susceptible C.
auris isolates.

Molecular lipid species of PGLs show distinct imprint
between susceptible and resistant strains

Alterations in membrane fluidity by changes in lipid home-
ostasis are known to affect drug resistance in Candida species
(Mukhopadhyay, Kohli and Prasad 2002; Prasad et al. 2005). These
alterations include changes in FA chain lengths, number of dou-
ble bonds, hydroxylations, methylations, and backbone struc-
ture. We monitored these changes by quantifying the variations
inmolecular lipid species compositions between the CBS10913T

and NCCPF 470033 strains. We identified and quantitated a
total of 582 molecular species of various classes of lipids in
C. auris.

Among 149 PGL species that were detected, lipid species with
34C and 36C containing 1 to 3 double bonds in their FA chains
weremost abundant in NCCPF 470033 isolate. For example, lipid
species 34:3, 34:2, 34:1, 36:3, 36:2, 36:1 were abundant in all PC,
PE, PI, PS, PG and PA classes (Figs. 3 and 4). Majority of mono-
and poly- unsaturated lipid species were present in high abun-
dance in NCCPF 470033 strain. For example, PC (30:1, 32:2, 32:1,
33:2, 33:1, 34:3, 34:2, 34:1, 36:3), PE (32:2, 32:1, 33:2, 33:1, 34:3,
34:2, 34:1, 35:1, 36:3, 36:2, 36:1), PI (32:2, 32:1, 34:3, 34:2, 34:1,
36:1), PS (32:1, 34:1), PG (34:2, 34:1) and PA (34:3, 34:1), were in
higher amounts in NCCPF 470033 as compared to CBS10913T
strain (Figs. 3 and 4). Among the lysophosphoglycerides (lyso-
PGL), LPC (16:1, 18:1) and LPE (16:1, 18:2, 18:1) were higher while
LPC (18:0) and LPE (16:0) were lower in NCCPF 470033. (Fig. 3).
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Figure 3. Comparison of LPC, PC, LPE and PE molecular lipid species compositions between CBS10913T and NCCPF 470033 strains. The PGL species are represented as
‘total number of carbons in the acyl chains: total number of carbon-carbon double bonds in the acyl chains’. Data represents nmol per mg lipid dry weight and can be

found in supplementary sheet S2. Mean ± SEM of 3 replicates is plotted. The P-values of < 0.05, <0.01 and < 0.001 are represented by ∗ , ∗∗ and ∗∗∗ , respectively.

Figure 4. Comparison of PI, PS, PG, and PA molecular lipid species compositions between CBS10913T and NCCPF 470033 strains. The PGL species are represented as
‘total number of carbons in the acyl chains: total number of carbon-carbon double bonds in the acyl chains’. Data represents nmol per mg lipid dry weight and can be

found in supplementary sheet S2. Mean ± SEM of 3 replicates is plotted. The P-values of < 0.05, <0.01 and < 0.001 are represented by ∗ , ∗∗ and ∗∗∗ , respectively.

Azole resistant C. auris present higher unsaturation
index

A closer look at the PGL species revealed several interesting
changes between NCCPF 470033 and CBS10913T strains. For
example, the presence of odd chain fatty acids that have pre-
viously been also detected in other Candida species and yeasts
(Singh and Prasad 2011; Kondo et al. 2014). Notably, the content
of odd chain FA containing PGLs was higher in NCCPF 470033
as compared to CBS10913T strain (Fig. 5A). Although the lev-
els of saturated PGL species did not change, the levels of
unsaturated PGLs were higher in NCCPF 470033 compared to
CBS10913T strain, resulting in a higher unsaturation index

in NCCPF 470033 (Fig. 5B–D). The lipid ratios of PC(36:3/36:1),
PE(32:2/32:1) and PE(36:3/36:1) were higher, while the ratios
PE(34:2/34:1) and PE(36:2/36:1) were lower in NCCPF 470033 com-
pared to CBS10913T strain (Fig. 5E). The changes in lipid ratios
and odd chain FAs are good predictors of alteration in the mem-
brane lipid environment (Singh and Prasad 2011).

Independent reports from others and us show that the
metabolic pathways, including lipid metabolism, involved in
the development of drug resistance, are often conserved in
pathogenic fungi (Mukhopadhyay, Kohli and Prasad 2002; Singh
and Prasad 2011; Singh, Mahto and Prasad 2013; Sharma et al.
2014; Gao et al. 2018). In this context, the available data provide
credible evidence to point that imbalance in lipid homeostasis
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6 FEMS Yeast Research, 2020, Vol. 20, No. 6

Figure 5. Alterations in PGL species levels of C. auris CBS10913T and NCCPF 470033 strains. (A), Total levels of odd-chain fatty acyl containing PGLs and saturated fatty

acyl containing PGLs. (B), The degree of unsaturation represented as unsaturation index. The unsaturation index was calculated using the following formula: UI = [(1 ×
% monoene-PGL) + (2 × % diene-PGL) + (3 × % triene-PGL) + (4 × % tetraene-PGL) + (5 × % pentaene-PGL) + (6 × % hexaene-PGL)]/100. (C), Ratio of unsaturated and
saturated PGLs. (D), Ratios of select PC and PE species levels. Mean ± SEM are shown (n = 3). The P-values of < 0.05, <0.01 and < 0.001 are represented by ∗ , ∗∗ and ∗∗∗ ,
respectively.

influence drug susceptibility of fungal cells (Supplementary
Table S1). Notable compositional changes were recorded in
earlier published comparative lipidomics between isogenic
matched pair of AS/AR (azole susceptible/azole-resistant) iso-
lates of C. albicans (Singh and Prasad 2011). In Gu4/Gu5, G2/G5,
YOI-16/YOI-64 isolates representing AS (azole sensitive/AR
(azole resistant) isogenic pairs of C. albicans hospital isolates
showed consistent increase in odd chain FA containing PGLs
and unsaturation index in AR G5, Gu5, and YOI-64 isolates
as compared to susceptible Gu4, G2 and YOI-16, respectively
(Singh and Prasad 2011; Singh, Mahto and Prasad 2013). The
odd chain FAs have a better advantage in influencing the
membrane fluidity as compared to the polyunsaturated FAs
(Jenkins, West and Koulman 2015), probably due to its low
melting temperature (Ibarguren, López and Escribá 2014;
Beppu et al. 2017). The compromised PGL biosynthesis with
resulting changes in membrane fluidity affects was shown to
affect the drug diffusion, accumulation and drug susceptibility
of C. albicans cells highlighting a strong link between PGL
homeostasis and azole resistance (Singh and Prasad 2011).
The raised unsaturated lipids content in the present study
is another common compositional change between resis-
tant C. auris (present study) and C. albicans cells (Singh and
Prasad 2011).

NCCPF 470033 shows variations in DAG and TAG
metabolism

Among the neutral lipids, of a majority of DAG species that
showed statistically significant changes, 16:1-DAG (32:2, 32:1,
34:3), 16:0-DAG (34:2, 34:1) and 18:1-DAG (34:2, 34:1) species
were abundant in NCCPF 470033 compared to CBS10913T strain
(Fig. 6). In contrast, of a majority of TAG species that showed
statistically significant changes, 16:1-TAG (52:3), 16:0-TAG (46:2,
52:2), 18:1-TAG (48:3, 52:4, 52:3, 52:2, 54:3, 52:2) and 18:0-TAG
(54:2) were present in much low in NCCPF 470033 compared to
CBS10913T strain (Fig. 6).

Resistant C. auris possess a higher level of free
ergosterol

Sterols and SLs are the other two essential components of the
membranes that directly influence membrane fluidity (Dufourc
2008; Guan et al. 2009). Azole resistance in C. auris is caused
by alteration in the ergosterol pathway and ergosterol con-
tent (Kean and Ramage 2019; Zamith-Miranda et al. 2019). We
examined ergosterol and its intermediates by employing GC-
MS and identified seven key intermediates of ergosterol biosyn-
thesis pathway. Upon analyzing the free ergosterol biosynthe-
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Figure 6. Comparison of DAG and TAG molecular lipid species compositions in CBS10913T and NCCPF 470033 strains. The DAG and TAG molecular species were
analyzed as described earlier (Singh and Prasad 2011), also see Figure 2). DAG and TAG species are represented ‘total number of carbons in the acyl chains: total
number of carbon-carbon double bonds in the acyl chains’. DAG and TAG species boxed in red represents statistically significant changes. Data represents nmol per
mg lipid dryweight and can be found in supplementary sheet S2. All the 3 replicates are plotted for each strain. The P-values of< 0.05,<0.01 and< 0.001 are represented

by ∗, ∗∗ and ∗∗∗ , respectively.

sis intermediates, we observed that, most were significantly
lower in NCCPF 470033 as compared to CBS10913T. Remark-
ably both fungisterol and squalene were below the detec-
tion limit and showed a drastic reduction in NCCPF 470033
(Fig. 7A). The end products ergostatetraenol and ergosterol
levels, however, were significantly higher in NCCPF 470033
as compared to CBS10913T strain. In contrast, the levels of
ergosteryl esters remained unchanged between the two iso-
lates (Fig. 7B). similarly, total ergosterol was found higher in
azole resistant C. auris isolate (Zamith-Miranda et al. 2019).
The higher ergosterol content in NCCPF 470033 well correlated
with observedhigher resistance towards azoles ofNCCPF 470033
isolate (Fig. 7A). The lowering of ergosterol under hypoxic
C. albicans cells reported recently corroborates earlier stud-
ies. It highlights its role in governing FLC resistance (Burgain
et al. 2020).

Few complex SL species show alteration in
NCCPF 470033

Although the detailed analysis of SLs requires different proto-
col of extraction, the method employed in the present study let
identification of some of the SL structures. Our analysis revealed
that the levels of IPC (44:0–2), IPC (46:0–3) and MIPC (44:0–2)
species were significantly lowered in NCCPF 47033 compared to
CBS10913T strain (Fig. 7C). Some of IPC structures detected did
show variation between CBS10913T and NCCPF 470033 strains,
and whether these changes are related to drug susceptibili-
ties will require further studies. A detailed and targeted sphin-
golipidomic study is required to understand the relevance of SLs
in drug resistance in C. auris.

PCA analysis reveals the distinctness of the susceptible
and resistant isolate

The comparative lipidome data described above hints towards
a massive remodeling of lipid species in NCCPF 470033 when
compared to the CBS10913T strain. We performed PCA analysis
to further examine the statistical significance of remodeling of
lipids associated with high azole resistance. PCA analysis allows
the extraction and visualization of statistically significant vari-
ations from larger data sets. The extracted data are described
by the principal components which account for the possible
variations within the data. PCA was performed, using the lipid
species data in nmol/mg lipid weight, between NCCPF 470033
andCBS10913T strains to highlight the statistically significant SL
variations amongst them. The PCA analysis allowed the extrac-
tion of 5 principal components, of which the principal compo-
nent 1, 2 and 3 accounted for ∼83% variance in the data sets
and were plotted (Fig. 8). Also, the associated loading values of
each lipid species are decisive in the allocation of each principal
component.

The plot of principal components 1 and 2 exhibited seg-
regation of CBS10913T and NCCPF 470033 strains from each
other (Fig. 8). An inspection of the loading values linked to
principal component 1 confirmed that the lipid species with
less abundance (like TAG(52:3)-16:1, TAG(54:2)-18:0, TAG(54:3)-
18:1) and those with high abundance (like DAG(32:1)-16:1 and
DAG(34:1)-18:1) in azole resistant NCCPF 470033 strain (com-
pared to CBS10913T), are key to the separation of CBS10913T
and NCCPF 470033 strains on principal component 1 axis. Anal-
ysis of loading values linked to principal component 2 reveals
that the lipid species with less abundance (like TAG(54:2)-
18:0, TAG(52:2)-16:0, TAG(52:3)-16:1) and those with high abun-

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

syr/article/20/6/foaa045/5881305 by International C
entre for G

enetic E
ngineering and B

iotechnology user on 20 S
eptem

ber 2020



8 FEMS Yeast Research, 2020, Vol. 20, No. 6

Figure 7. Comparison of sterols and sphingolipid compositions in CBS10913T and NCCPF 470033 strains. (A), Analysis of free sterol species. (B), Analysis of steryl esters.
(C), Analysis of IPC’s and MIPC’s. IPC and MIPC species are represented as ‘total number of carbons in the sphingoid base and acyl chains: total number of carbon-

carbon double bonds in the sphingoid base and acyl chains- number of hydroxyl groups present in the sphingoid base and acyl chains’. Data in (A) is represented as
the normalized mass spectral signal. Data in (B) and (C) are represented as nmol per mg lipid dry weight and can be found in supplementary sheet S2. Mean ± SEM of
3 replicates is plotted. The P-values of < 0.05, <0.01 and < 0.001 are represented by ∗ , ∗∗ and ∗∗∗ , respectively.

Figure 8. PCA analysis of lipid species compositions of CBS10913T and
NCCPF 470033 strains of C. auris. PCA analysis was performed using the XLSTAT
software described in methods. The scores of the top 3 principal components
(factors) are plotted, demonstrating more than 83% of the variance in the data

sets. The principal component 1 (factor 1), principal component 2 (factor 2) and
principal component 3 (factor 3) contribute 43.33%, 24.5% and 15.5% variances
respectively. A blind analysis was performed using 3 replicate data sets of each

strain (Supplementary sheet S2). A list of factors loading values associated with
each principal component is shown in supplementary sheet S4.

dance (like DAG(34:1)-18:1, DAG(34:3)-16:1, DAG(32:1)-16:1) in
NCCPF 470033 (compared to CBS10913T), are key to separation of
CBS10913T and NCCPF 470033 strains on principal component 2
axis. Similar variationswere also observed across principal com-
ponent 3 axis among the DAG and TAG species

However, the PCA analysis using the complete lipid species
data set could not highlight the significant changes in the phos-
pholipid group. To resolve this issue, we performed yet another
PCA analysis using the lipid species data as mole% (% of total
PGL + SL, supplementary sheet S3). In these analyses, five prin-
cipal components were extracted, where the principal compo-
nent 1 and 2 accounted for more than 95% variation in the data
sets (Fig. S2a, Supporting Information). The loading values of
principal component 1 show that PC (36:3, 36:2, 36:1, 38:3), PA
(36:2, 36:1), PI (36:3), IPC (44:0–3), LPE (16:0) are deficient, while
PE (32:1, 34:1, 34:2, 34:3, 36:3), PC (32:1, 32:2, 34:1, 34:2) are abun-
dant, in NCCPF 470033 strain and important for segregation of
CBS10913T and NCCPF 470033 strains on principal component 1
axis (Fig. S2a and b, Supporting Information). The loading values
of principal component 2 show that the mono-unsaturated lipid
species like PC (28:1, 36:1), PI (36:1), IPC (44:0–3), LPC (16:0) are
deficient. In contrast, poly-unsaturated lipid species like PE (34:2,
34:3, 36:3), PC (34:2, 34:3) are abundant, in NCCPF 470033 strain
and important for segregation of CBS10913T and NCCPF 470033
strains on principal component 2 axis (Fig. S2a and b, Supporting
Information). Together, these PCA analyses highlight the spe-
cific subset of lipid species associated specifically with the azole
resistant C. auris.

A comparative PCA analysis between the lipid profiles of C.
auris strains (this study) with those of other Candida species
(published previously, (Singh et al. 2010) shows a distinct lipid
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imprint of C. auris (Fig. S2c and d, Supporting Information). Fur-
ther, using the PCA analysis, we could also highlight similarities
and differences in lipid profiles of C. auris strains and the previ-
ously published lipidomes of clinical isolates of C. albicans (Singh
and Prasad 2011; Singh, Yadav and Prasad 2012; Singh, Mahto
and Prasad 2013) (Supplementary Fig. S2e and S2f).

Although the PCA analyses did highlight certain lipid species
that show significant changes between data sets, however, lipid
changes consistent with drug resistance are difficult to often
understand. For simplification, we have summarized the lipid
variations reported in earlier published studies involving AS/AR
isolates of C. albicans and C. auris and the present study (Table S1,
Supporting Information). A comparison of these data sets shows
that the lipid changes occurring between different AS/AR iso-
lates are quite divergent and could impact drug susceptibilities
in different ways, and demand further studies for better under-
standing.

CONCLUSION

Overall, in this study we were able to: (i) quantify major lipid
groups and determine molecular lipid species compositions; (ii)
highlight specific changes among the lipid species associated
with azole resistance in C. auris; (iii) underline the common-
alities of lipid compositional changes between AR C. auris and
other Candida spp.; (iv) identify that specific lipid species vari-
ations could be a feature to distinguish C. auris strains from
the other species of Candida. In future, we aim to expand our
spectrum of analysis by including several susceptible and resis-
tant isolates that are resistant to fluconazole and show collateral
resistance to other class of drugs to pave way for better insight
into the relevance of lipids in drug resistance in this important
pathogenic yeast.

SUPPLEMENTARY DATA

Supplementary data are available at FEMSYR online.
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