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1.0 INTRODUCTION 

 

1.1 CANDIDA: AN OVERVIEW 

1.1.1 Candida albicans 

Around 8.7 million eukaryotic species has been 

estimated on Earth till date and approximately 

7% (611,000 species) belongs to the fungal 

kingdom(Mora et al., 2011) amongst which 

only around 600 species are pathogenic to 

humans (Brown et al., 2012). On the basis of 

severity of infections pathogenic fungal group 

is further divided into three subgroups. 

Dermatophytes and Malassezia species cause 

relatively mild infections of the skin, while 

Sporotrix schenkii is known for severe 

cutaneous infections.  Fungi such as Cryptococcus neoformans, Aspergillus fumigatus, Candida 

albicans and Histoplasma capsulatum can cause life-threatening systemic infections.   

Incidence of invasive candidiasis varies from 1 to 12 per thousand admissions in different 

hospitals across India. As inferred from studies carried in a tertiary care hospital in northern 

India, an eleven fold increase in cases of candidemia is observed in second half of the 1980‘s, 

which further increased to eighteen fold rise during late 1990‘s (Chakrabarti et al., 1996; 2002). 

SCIENTIFIC CLASSIFICATION 

 

Kingdom:      Fungi 

Phylum:        Ascomycota 

Subphylum:  Saccharomycotina 

Class:            Saccharomycetes 

Order:           Saccharomycetales 

Family:           Saccharomycetaceae 

Genus:          Candida 

Species:         albicans 
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In the United States Candida species are accountable for hospital-acquired systemic infections 

with crude mortality rate up to 50% (Pfaller and Diekema; 2007, 2010).  

C. albicans, is one of the most prevalent fungal species of human microbiota significantly 

contributing to candidiasis. It colonizes asymptomatically in many areas of healthy individuals, 

particularly in the genitourinary and gastrointestinal tracts. However, any alterations in host 

immunity, resident microbiota, and other factors may lead to its overgrowth which can cause 

superficial mucosal infections to hematogenously disseminated candidiasis. The C. albicans 

strain SC5314 is used for molecular and genetic analysis worldwide and its complete genome is 

sequenced (Fonzi., 1993). Its genome size is 14.3 Mb containing about 6107 protein-coding 

genes. It is interesting that out of these protein coding genes, 774 are specific to C. albicans and 

homologues of these genes are not available in Saccharomyces cerevisiae or 

Schizosaccharomyces pombe (Inglis et al., 2012). According to the gene annotation data of CGD, 

only 22.97% of genes have been characterized  experimentally, whereas 77.03% of the genes 

remain uncharacterized in C. albicans (Inglis et al., 2012).   

1.1.2 Virulence factors of C. albicans   

1.1.2.1 Morphogenesis   

 C. albicans have the ability to grow in a variety of morphological forms thus, termed as a 

polymorphic fungus. Different growth forms include (i) elongated ellipsoid cells with 

constrictions at the septa called as pseudohyphae, (ii) ovoid-shaped budding yeast and (iii) 

parallel-walled true hyphae (Berman and Sudbery, 2002) (Figure 1.1). Moreover, other 

morphological forms include white and opaque cells (formed during switching), and thick-walled 

spore-like structures, chlamydospores (Sudbery et al., 2004). Interestingly, during infection yeast 

and true hyphae are the two form observed frequently while chlamydospores are not been 

reported in patient samples. (Staib and Morschhäuser 2007; Soll, 2009). Both, yeast and hyphal 
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growth forms are important for causing infection in human host and transition between these two 

morphological forms is termed as dimorphism (Jacobsen et al., 2012). Yeast form is involved in 

dissemination whereas hyphal form is important for invasion. Mutants defective in hyphae 

formation displayed diminished virulence under in vitro conditions (Lo et al., 1997).  

 

Figure 1.1. Polymorphic forms of Candida albicans. 

Candida morphology is affected by a wide variety of environmental factors ranging from pH to 

nutritional diversity. Hyphal growth is induced at high pH (> 7) while  low pH (< 6) induce yeast 

form (Odds, 1988). In addition, hyphal formation is promoted by a number of conditions namely, 

presence of serum or N-acetylglucosamine, starvation, CO2 and physiological temperature                   

(Sudbery, 2011). A series of molecular cascades transmit signals from the media to the 

transcriptional machinery thereby affecting the expression of a large number of genes, 

consequently changing the cell morphology. Morphogenesis is regulated via various signaling 

pathways for instance the cAMP-dependent pathway, matrix sensing pathway, pH-sensing 

pathway and MAP kinase signaling pathway (Kabir et al., 2012). Transcription factor Efg1, 

regulated via cAMP pathway is crucial for morphological regulation in C. albicans (Stoldt et al., 

1997). Morphogenetic processes like yeast-hyphae transition, chlamydospore generation and cell 

shape determination during white-opaque switching is regulated by Efg1 and mutations in this 
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pathway severely affects the hyphal development in this pathogenic fungus (Doedt et al., 2004; 

Sonneborn et al., 1999; Srikantha et al. 2000).   

1.1.2.2 Adhesins  

Adherence is a crucial feature of C. albicans for its colonization and attachment to human host, 

other microorganisms and abiotic sources (Figure 1.2). This adherence process is induced and 

controlled by several cell signaling cascades. Some non-specific factors like hydrophobicity and 

electrostatic forces mediates initial attachment while further specific adhesins present on the 

surface of fungal cells are responsible for recognition of ligands such as proteins, fibronectin and 

fibrinogen (Li et al., 2003). In C. albicans a group of adhesin proteins known as agglutinin like 

sequence (ALS) protein family are well studied. This ALS family consists of eight members 

(Als1–7 and Als9), out of which hypha associated adhesion, Als3 is particularly important for 

adhesion (Zordan and Cormack 2012; Phan et al., 2007; Murciano et al., 2012). Expression of 

Als3 gets upregulated during in vivo vaginal infection and infection of oral epithelial in vitro 

(Wächtler et al., 2011; Zakikhany et al., 2007; Cheng et al., 2005). These ALS genes encode 

glycosylphosphatidylinositol (GPI)-linked cell surface glycoproteins. These proteins are 

predicted to have three major components:  N-terminal domain similar to immunoglobulin-like 

fold (Ig), a central domain consisting of a variable number of tandem repeats (TR) of a 36-

residue threonine-rich sequence, and C-terminal serine/threonine-rich stalk region, of variable 

length which is highly glycosylated. N-terminal domain contain motifs responsible for mediating 

substrate specific adherence (Gaur and Klotz 1997; Sheppard et al., 2004). 

Hwp1 a hypha-associated GPI-linked protein is another important adhesin serving as a substrate 

for mammalian transglutaminases (Staab et al., 1999; Sundstrom et al., 2002).This reaction may 

facilitate the covalent attachment of  C. albicans hyphae to the host cells. Deletion of HWP1 
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leads to diminished virulence in a mouse model of systemic candidiasis and reduced adherence 

to buccal epithelial cells (Staab et al., 1999; Sundstrom et al., 2002). Another group of proteins 

important for adhesion are GPI-linked proteins (Eap1, Ecm33 and Iff4), non-covalent wall-

associated proteins ( Phr1, a β-1,3 glucanosyl transferase and Mp65, a putative β-glucanase), 

integrin-like surface protein Int1 and cell-surface associated proteases (Sap9 and Sap10) (Zhu 

and Filler 2010; Naglik et al., 2011). 

1.1.2.3 Invasion  

C. albicans can deploy  two different mechanism to enter into host cells i.e., active penetration 

and induced endocytosis (Zakikhany et al., 2007; Naglik et al., 2011; Zhu and Filler 2010; Dalle 

et al., 2010). Invasins are specialized set of proteins found on the fungal cell surface, mediating 

binding to the host ligands which promotes engulfment of the fungal cell into the host cell. E-

cadherin present on epithelial cells (Phan et al., 2007) and N-cadherin on endothelial cells (Phan 

et al., 2005) are best examples of ligand proteins. Induced endocytosis is a passive process that 

does not require activity of viable fungal This is supported by the observation that even killed 

hyphae are also endocytosed (Dalle et al., 2010; Park et al., 2005). Als3 a known adhesin and 

Ssa1, a member of the heat shock protein 70 (Hsp70) family are the two invasins present in this 

pathogen that induce endocytosis by a clathrin-dependent mechanism in the host. Besides these, 

macropinocytosis is also been reported to be involved in induced endocytosis in C. albicans 

(Phan et al., 2007; Dalle et al., 2010). Deletion studies on ALS3 and SSA1 have shown a reduce 

epithelial adherence and invasion to host with a compromised virulence in a murine model of 

oropharyngeal candidiasis (Naglik et al., 2011; Sun et al., 2010). 

In contrast to induced endocytosis, active penetration requires viable C. albicans hyphae 

(Wächtler et al., 2011; Dalle et al., 2010). Factors that mediate this second route of invasion into 
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host cells is still not much clear, however physical forces and fungal adhesion are likely to be 

critical for this process. Secreted aspartic proteases (Saps) are another group of protein, that 

contribute to active penetration (Naglik et al., 2011; Dalle et al., 2010).  

   

 

Figure 1.2. Pathogenicity mechanism of Candida albicans. 

1.1.2.4 Biofilm formation 

Another crucial virulence factor of this pathogenic fungus is to form biofilms on abiotic 

(catheters, dentures) as well as biotic (mucosal cell surfaces) surfaces (Figure 1.2) (Fanning and 

Mitchell, 2012). Biofilm formation is a series of events occurring in sequential manner as (i) 

adherence of yeast cells to the substrate, (ii) proliferation of yeast cells, (iii) hyphal cells 

formation, (iv) formation of extracellular matrix material and (v) dispersion of yeast cells (Finkel 
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and Mitchell, 2011). Biofilms maintain pathogenicity of C. albicans by an increased resistance to 

antifungal treatment, evading host immune mechanisms and withstanding competitive pressure 

from other organisms (Ozkan et al., 2005). Various factors are responsible for increased 

resistance of biofilm matrix including complex architecture, metabolic plasticity and increased 

expression of drug efflux pumps in biofilm cells (Fanning and Mitchell, 2012). Several proteins 

have significant role in biofilm formation. Hsp90, a heat shock protein is a key regulator of 

dispersion in C. albicans biofilms which is also required for antifungal drug resistance of 

biofilms (Robbins et al., 2011). In addition, many transcription factors Bcr1, Efg1 and Tec1 are 

also known to regulate biofilm formation (Fanning and Mitchell, 2012). Some novel factors 

regulating biofilm include Brg, Rob1 and Ndt80. Deletion of any of these regulators (BCR1, 

EFG1, TEC1, BRG1, ROB1 and NDT80) are known to lead a defect in biofilm formation in in 

vivo rat infection models (Nobile et al., 2012). It is also known that biofilm shows resistance to 

killing by neutrophils and compromised in producing reactive oxygen species (ROS) (Xie et al. 

2012). β-glucans of extracellular matrix are suggested to play a role in protecting the pathogenic 

fungus from the attack of neutrophils (Xie et al. 2012). Production of extracellular matrix is 

further controlled by various factors such as Zap1 (zinc-responsive transcription factor) 

negatively regulates the expression of β-1,3 glucan, a major component of matrix, while Gca1 

and Gca2 (Glucoamylases), Bgl2 and Phr1 (glucan transferases) and the Xog1 (exo-glucanase) 

are positive the regulators of β-1,3 glucan production (Nobile et al., 2009; Taff et al., 2012). 

Zap1 also regulate expression of GCA1 and GCA2 but the enzymes Bgl2, Phr1 and Xog1 

function independently of this key negative regulator (Taff et al., 2012). Upon deletion of BGL2, 

PHR1 or XOG1 biofilms show increased susceptibility to antifungals like fluconazole (Taff et 

al., 2012).  
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1.1.3 Diseases caused by C. albicans 

1.1.3.1 Mucosal infections   

Under favorable circumstances it can cause infections of mucosal membranes, referred as thrush 

which is characterized as white spots that can be taken off to reveal the inflammation area in the 

underlying membrane (Odds, 1988). This infection is also known as pseudomembranous 

candidiasis, which usually affect gastrointestinal, oral-pharangeal, vaginal, esophageal mucosae. 

Once in their life time up to 75% of women suffered by Vulvo Vaginal Candidiasis (VVC) 

(Sobel 1997). In some women, repeated infection has been reported a condition known as 

Recurrent Vulvo Vaginal Candidiasis (RVVC). Diabetes, use of oral contraceptives and 

reproductive hormones, antibiotic treatment are some factors that can lead to VVC. The innate 

immunity plays a crucial role in the defense mechanism against mucosal infections and 

overaggressive inflammatory response triggers VVC symptoms (Fidel Jr, 2007). Signs and 

symptoms of candidiasis alter according to infected area (Figure 1.3). 

 

 

Figure 1.3. Sign and symptoms of candidiasis. 
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First line of defense is cell mediated immunity for this kind of mucosal infections but apparently 

azole antifungals like fluconazole, albaconazole also used for the treatment of VVC. Oral-

pharangeal candidiasis (OPC) is another type of infection that normally occurs in AIDS patients 

and further its appearance is considered to be marker of the development of AIDS in HIV-

positive individuals (Klein et al. 1984). Cell-mediated mechanisms are crucial to defense against 

C. albicans in oropharyngeal and esophagus mucosa, in contrast to the vaginal mucosa.  

1.1.3.2 Candidemia and disseminated/invasive candidiasis   

C. albicans blood stream infections are termed as candidemia. In normal healthy individuals 

action of neutrophils provides protection against such type of infections. Neutrophils number 

declines in patients who suffered with certain blood cancers or following immunosuppressant 

therapy and this condition provide chance to this opportunistic pathogen to cause candidemia. 

Other risk factors are breaching of gastrointestinal (GI) tract after surgery that allow C. albicans 

spreading and biofilm formation on catheters in intensive care units. Condition in which C. 

albicans further colonizes the internal organs is known as disseminated candidiasis. Both these 

types of candidiasis are extremely serious medical conditions. Candidemia symptoms are quite 

similar to bacterial septicemia. Generally, candidemia does not get diagnosed at an early stage of 

infection and antifungals treatment fails to control the infection. Therefore after bone marrow 

transplants or abdominal surgery, often antifungal treatments are administered prophylactically.  

Mortality rate of about 40% have been noted from different surveys (Michael A Pfaller et al., 

1998; Kibbler et al., 2003).  
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1.1.4 Treatment of candidiasis   

1.1.4.1 Classification of antifungal drugs and mechanism    

Both fungal cells and human cells are eukaryotic, therefore use of antifungal compounds may 

result in considerable side effects in patients (Sardi et al., 2013; Paramythiotou et al., 2014). 

Antifungal drugs include azoles (fluconazole,  ketoconazole, itraconazole  clotrimazole and 

,miconazole) that inhibit ergosterol biosynthesis; echinocandins (caspofungins) and polyenes 

(nystatin and amphotericin B); allylamines; thiocarbamates; morpholines; 5- fluorocytosine, a 

deoxyribonucleic acid (DNA) analog; (Pappas et al., 2009; Spampinato and Leonardi, 2013). 

Azoles target the cells by inhibiting ergosterol biosynthesis, consequently membrane 

composition is perturbed. It inhibits the conversion of lanosterol into ergosterol by targeting   the 

enzyme lanosterol 14-α-demethylase (Sanguinetti et al., 2015). Amphotericin B and other 

polyenes disrupts the membrane structure by binding to ergosterol and, promotes extravasation 

of intracellular constituents and, consequently, cell death (Peman et al., 2009; Mesa-Arango et 

al., 2012).  Flucytosine (5-FC) inhibits the thymidylate-synthetase enzyme interfering with DNA.  

Classification of antifungal agents utilized for the candidiasis treatment is given in schematic 

below (Figure 1.4).  

Echinocandins is a class of drug that targets fungal cell wall, so it has comparativelyless side 

effects as animal cells lacks cell wall. Echinocandins inhibit glucan synthesis by preventing β-D 

glucan synthase. Such kind of antifungals include caspofungin, micafungin and anidulafungin 

(Grossman et al., 2014; Koehler et al., 2014; Paramythiotou et al. 2014). Echinocandins have an 

advantage as it can be used in cases of azole-antifungal resistance (Spampinato and Leonardi 

2013; Grossman et al., 2014; Maubon et al., 2014; Paramythiotou et al., 2014). Allylamines 

(naftifine and terbinafine) and thiocarbamates targets ergosterol synthesis by inhibiting the 

enzyme squalene-epoxidase. Mode of action of antifungal drugs shown below (Figure 1.5). 
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Figure 1.4. Classification of antifungal agents (Hani et al. 2015). 

 

Figure 1.5. Mode of action of antifungal drugs. 
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1.1.5 Challenges in candidiasis treatment 

 Antifungal drugs are used to treat dangerous fungal infections, but these pathogenic fungi 

sometimes can evade from the effect of the drugs by developing resistance against them. The 

major challenge in treating these pathogenic species of Candida is the emergence of drug 

resistance in them. This resistance is alarming particularly for patients with invasive fungal 

infections affecting heart, eyes, brain, blood or some other parts of the body. Bloodstream 

infections caused by resistant Candida species causes critical health problems, including 

disability and even death. More information is needed about the risk antifungal resistance poses 

to human health and how many people are sickened by drug-resistant fungal infections each 

year.  

About 7% of all Candida bloodstream isolates showed resistant against fluconazole. Although C. 

albicans is the major contributor of   Candida infections but development of drug resistance is a 

more common phenomenon in other species of Candida such as C. glabrata and C. parapsilosis 

(Toda et al., 2019). Over the past 20 years the percentage of fluconazole resistant Candida 

isolates has remained moderately constant (Toda et al., 2019; Hajjeh et al., 2004; Kao et al., 

1999; Alexander et al., 2013). However, resistance towards echinocandin seems to be emerging, 

particularly in the isolates of C. glabrata. Infections caused by multidrug-resistant strains 

(resistant to both fluconazole and echinocandin) poses great challenge for its treatment, as 

Amphotericin B, a drug primarily used in such treatments can be toxic for patients who are 

already very sick. Growing evidence suggests that patients having drug-resistant candidemia 

have less survival chances than patients who have candidemia that can be treated by antifungal 

medications (Alexander et al., 2013; Baddley et al., 2008). 

Another challenge in the treatment of C. albicans infections is due to its ability to form biofilm 

as these structured communities are resistant to treatment by antifungals. C. albicans form 
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biofilm mostly on  joint prostheses, mechanical heart valves, contact lenses, pacemakers Urinary 

and central venous catheters, and dentures (Cauda, 2009; Donlan and Costerton, 2002; Kojic and 

Darouiche, 2004; Seddiki et al., 2013). Owing to the highly resistant nature of these biofilms 

high doses of antifungals are required along with the removal of the infected medical device to 

treat infections (Andes et al., 2012; Cornely et al., 2012; Lepak and Andes, 2011; Lortholary et 

al., 2012; Mermel et al., 2009). Removal of devices such as artificial heart valves and joints is 

highly expensiveas well as risky in some cases. Moreover, administration of high doses of 

antifungal agents can lead to complications involving liver and kidney damage. Most of the time 

these treatments are not feasible as in some cases critically ill patients are not able to tolerate 

them.  

We can control emergence of antifungal resistance by,  

i) Developing a better understanding as to why and how antifungal resistance emerges. 

ii) Increasing awareness among public health communities about these infections. 

iii) Uncovering novel drug targets  

 Recent researches have shown that membrane lipids asymmetry plays a crucial role in fungal 

virulence so a better understanding of lipid asymmetry and lipid transporters can pave way for 

the development of new lipid-mediated therapeutic strategies (Rella et al., 2016). 

1.2 Plasma membrane asymmetry: an important determinant for cell 

physiology 

 

Cell membranes are the complex structure of living cells composed of lipids and proteins 

separating the cell interior from the outside environment. Membranes are the simple bilayer 

structure.  Several lipidomics studies have confirmed a vast variety of lipid species found to be 

involved in its constitution (Van Meer et al., 2008; Sampaio et al., 2011; Klose et al., 2013). 
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These lipids asymmetrically distribute between the two leaflets of biological membrane 

(Engelman, 2005; Lingwood and Simons, 2010). Asymmetrical distribution of lipids is crucial 

for many cellular processes, e.g., signal transduction, membrane fusion, protein trafficking and 

aggregation. Any alteration in the expression levels of lipid species is related to and many 

diseases in human including: cancers, diabetes, Alzheimer‘s disease, HIV entry, and 

atherosclerosis (van Meer, 2005; Holthuis and Menon, 2014).  

1.2.1. Composition of plasma membrane 

Both monolayers of plasma membrane possess different kinds of lipids, carbohydrates and 

peripheral proteins in different proportion. Moreover, there is a precise orientation of each 

transmembrane proteins in the membrane. That is why; the unequal distribution of these 

molecules in both monolayers of plasma membrane is termed as membrane asymmetry which is 

very critical for the cell. The transbilayer distribution of lipids across biological membranes has 

been found to be asymmetric (Bretscher, 1972). Like, the outer leaflet of the plasma membrane 

or the topologically equivalent luminal leaflet of intracellular organelles is mainly enriched with 

the choline-containing lipids, phosphatidylcholine (PC) and sphingomyelin (SM). On the other 

hand, the inner leaflet or cytoplasmic leaflet primarily contains the amine-containing 

glycerophospholipids, phosphatidylethanolamine (PE) and phosphatidylserine (PS). Different 

type of membrane lipids and their distribution in lipid bilayer shown below (Figure 1.6).     
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Figure 1.6. (A) Schematic representations of three types of membrane lipid. (a)Phosphatidylcholine, a 

glycerophospholipid. (b) Glycolipid. (c) A sterol. 

(B) A membrane bilayer and liposome. Spontaneous formation of bilayers by membrane lipids. The hydrophilic 

heads will always face the aqueous environment in bilayers (a) and liposomes (b). The hydrophobic tails will face 

inward away from the water. 

 

A. 

B. 
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Some minor phospholipids, for example phosphatidic acid (PA), phosphatidylinositol (PI), 

phosphatidylinositol-4-monophosphate (PIP), and phosphatidylinositol-4,5-bisphosphate (PIP2), 

are also found on the inner leaflet of the membrane. In erythrocyte membrane lipid asymmetry is 

well-characterized, the external leaflet of which has 75–80% of the PC and SM, 20% of the PE, 

PA, PI, and PIP2, and no or very less PS or PIP (Bütikofer et al., 1990; Gascard et al., 1991; 

Bretscher, 1972). While the external leaflet of the plasma membrane is also enriched with 

glycosylsphingolipids and some other significant membrane component (Kolter et al., 2002).   

1.2.2. Generation of transmembrane lipid asymmetry 

The biosynthesis of lipid is asymmetric. The enzymes for the synthesis of lipid are mainly 

present on the one side of the membrane wherein biosynthesis takes place. The synthesis of 

major glycerophospholipids for example PS, PE, PC, and PI occurs via de novo process towards 

the inner or cytoplasmic side of the endoplasmic reticulum (ER) (Bell et al., 1981). All newly 

synthesized lipids except PC is formed towards the side of the membrane where they have to 

finally enrich in the plasma membrane. These newly synthesized lipids should remain majorly 

towards cytoplasmic leaflet of the membrane because of the thermodynamic barrier to 

spontaneous transbilayer movements, so that there should be no perturbation in the membrane 

dynamics. Since, newly synthesized phospholipids are asymmetrically placed on to the one 

leaflet of the plasma membrane which is responsible for the instability of membrane which 

results into membrane bending and consequently membrane shape changes (Daleke and Huestis, 

1985; Farge and Devaux, 1992). While, there are some evidence which suggests that membranes 

of ER and Golgi are less asymmetric than the plasma membrane (Zachowski, 1993). Various 

lipid transporters are involved in the redistribution of ER phospholipids across the membrane 

(Hrafnsdóttir and Menon, 2000; Gummadi and Menon, 2002).   
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Figure 1.7. Diagrammatic representation of precise trafficking and proper regulation of lipid transporter crucial for   

                   asymmetric distribution of phospholipids. 
Sphingolipids are predominantly found towards the outer leaflet of the plasma membrane. Unlike 

the synthesis of PC, sphingolipid biosynthesis takes place on the side of the membrane where 

these lipids finally have to reside. Exceptionally, the synthesis of glucosylceramide (Glc-Cer) 

occurs on the cytoplasmic side of the Golgi, while sphingolipids are synthesized on the lumenal 

surface of the ER or Golgi, including SM, galactosylceramide, and complex sugar-linked 

sphingolipids (Kolter et al., 2002; Holthuis et al. 2001).    

The phenomenon of accumulation of particular glycerophospholipids on specific side of the 

plasma membrane is the result of membrane trafficking from the ER to the plasma membrane 

that the transbilayer randomizing process be inhibited or that an asymmetry-generating process 

be activated. To maintain membrane asymmetry for the proper function or to avoid membrane 

perturbation, it requires an input of energy which helps to generate, or to establish a transbilayer 

lipid gradient. Both ATP-dependent lipid transporters have been found which is responsible for 

the selective inward and outward movement of lipids across the plasma membrane. Thus, the 
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precise trafficking and proper regulation of lipid transporter is found to be important for the 

asymmetric distribution of phospholipids (Figure 1.7). But the presence of ATP-independent 

nonselective lipid transporters in the ER in combination with the trafficking of substrate-specific 

ATP-dependent transporters to the plasma membrane may be responsible for a highly 

asymmetric plasma membrane in comparison to the more symmetric membranes of ER and 

Golgi. Although, these lipid randomizing and asymmetry generating lipid transporters found in 

multiple membranes, but be differentially regulated.  

1.2.3 Maintenance of plasma membrane lipid asymmetry by lipid transporters 

Lipid asymmetry across lipid bilayer is maintained by diffusion across transbilayer, membrane 

protein mediated transport and lipid-protein interactions. The rapid diffusion of phospholipids 

across plasma membrane is prevented by thermodynamic barrier across membrane. Half time for 

lipid flip flop could vary from several hours to days (McConnell and Kornberg, 1971) depending 

upon the lipid or membrane nature. It has been shown that flip flop rate in human erythrocyte are 

described by length of acyl chain and unsaturation of the lipids (Fujii and Tamura, 1983; 

Middelkoop et al., 1986). As flip time is comparatively shorter than the cell lifespan it is very 

unlikely that these phenomena could solely account for asymmetry across plasma membrane.  It 

is likely that maintenance and dissipation of transbilayer lipid asymmetry is contributed by 

different protein catalyzing the lipid transport across plasma membrane. The activity across 

transbilayer is different type depending upon specificity to substrate, energy requirement and 

transport direction . The two main transport activities that have been described for ATP-

dependent transport of lipids are (Figure 1.8):  

(i) First is well characterized ―flippase‖ or aminophospholipid translocase transporting PS from 

outer monolayer to inner cytoplasmic surface of plasma membrane.  
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(ii) Second class of ATP-dependent activity is catalyzed by different class of protein called as 

―floppases,‖ transporting lipids into opposite direction from inner leaflet to outer leaflet.   Most 

characterized floppase activity catalyse transport of short-chain fluorescent lipids and selective 

efflux of PC or cholesterol from inner-to-outer monolayer.  

(iii) Third type of ATP-independent and relatively nonspecific transport activity includes activity 

of scramblase. This scramblase is a Ca2+ activated transporter on plasma membrane which also 

works as an ER glycerophospholipid-specific transporter, and an ER monohexosyl-lipid 

transporter.   

It is clear that all of the described transport activities have specificities for lipid transporters 

located on the plasma membrane. In addition, these transporters have a unique specificity or 

nonspecificity defining determination of lipid organization (Boon and Smith, 2002, 20; Pomorski 

et al., 2001). In the coming section the literature available on the transporters is summarized.  

1.2.3.1. Active inward translocation: the aminophospholipid translocase (Flippases) 

Devaux and coworkers were first to report aminophospholipid flippase activity. They measured 

ATP-dependent uptake of spin-labeled lipid analogs in human erythrocytes (Seigneuret and 

Devaux, 1984). The activity of this transporter is also studied by using fluorescent fatty acids 

labeled phospholipids, particularly 7-nitrobenz-2-oxa-1,3-diazol-4-yl (NBD) derivatives (Connor 

and Schroit, 1987; Sleight and Pagano, 1985; Colleau et al., 1991). These bulky fatty acid 

substituents may even alter transporter-lipid interactions, thus raising a question whether these 

measured movement with these fatty acids will exactly refer the endogenous lipids behavior.  

Though, these fluorescent probes are powerful tools their use require a conscious interpretation 

(Devaux et al., 2002; Maier et al., 2002) and verification that their final movement reflect the 

exact movement of the endogenous lipids. Besides spin-labelled and fluorescent lipids other 
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species used for measuring flippase activity are native and radiolabeled short (Daleke and 

Huestis, 1985; 1989; Anzai et al., 1993) and long (Tilley et al., 1986) chain fatty acid-containing 

species.  Perhaps, use of these lipids is quite difficult and more restricted, though their behavior 

might reflect the behavior of endogenous lipids more accurately. 

 

Figure 1.8. Lipid transporters and membrane lipid asymmetry. A) ATP-dependent transporters of the P4 ATPase 

and ABC transporter families can maintain an asymmetric phospholipid distribution by moving specific lipids 

towards (flippase) or away from the cytosolic leaflet (floppase) 

B) ATP-independent scramblases, which can translocate lipids bidirectionally across the membrane.  

 

1.2.3.2. Active outward translocation: involvement of ABC transporters  

 Another class of ATP-dependent lipid transporters are floppases which are localized exofacially. 

Early studies in red blood cells revealed a nonspecific outward flux pathway for NBD- and spin-

labeled lipids (Connor et al., 1992; Bitbol and Devaux, 1988). Members of the ABC transporter 

superfamily are also capable of transporting lipids (Borst et al., 2000; Borst and Elferink, 2002). 

These transporters export amphipathic compounds in an ATP dependent manner. This group 

include the multidrug resistance proteins, initially discovered in drug-resilient tumor cells, 

transporting the cytotoxic xenobiotics outside. In yeast and C. albicans these multidrug 
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resistance proteins (CDR1, CDR2, CDR3) are known to function as lipid transporters (Prasad and 

Panwar, 2002; Krishnamurthy and Prasad, 1999). ABC transporters are also present in 

prokaryotic organisms. One such example of these proteins is MsbA which transports lipids to 

the outer membrane (Zhou et al., 1998). ABC proteins being common xenobiotic transporters are 

generally nonspecific in nature. However, some members of this class display specificity for 

their respective substrate.  ABCA1, ABCB1, ABCB4, and ABCC1are some of the most well 

characterized lipid floppases. It is noteworthy to mention that ABCR, an ABC protein is a 

flippase rather than a floppase. ABCR is present in retinal rod cell outer segment disc 

membranes and transports N-retinylidene-PE from the disc lumen to the cytofacial side of the 

membrane (Weng et al., 1999).  

1.2.3.3. Bi-directional movement: the scramblase 

Phospholipid asymmetry of the plasma membrane sometimes loses due to Calcium-influx. The 

bidirectional scrambling process involves almost all classes of phospholipid, which moves at 

comparable rates (t1/2 = 10 to 20 minutes), while SM moves at a slower rate (Williamson et al. 

1995; Smeets et al. 1994). One study indicates that, at least in platelets, PS and PE are 

externalized at a priority basis (Basse et al. 1993). Inhibition of the aminophospholipid 

translocase alone does not directly responsible for the exposure of PS. Protein-modifying 

reagents sometimes inhibit phospholipid scrambling (Williamson et al., 1995) which is ATP-

independent and a calcium-dependent flippase, called scramblase, has been found involved. Scott 

syndrome, a rare and very severe bleeding disorder occur due to lack of the scramblase; this 

disorder is associated with an impairment of calcium triggered lipid redistribution in platelets 

(Bevers et al. 1992). 
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P-type ATPases are flippase that comprise a well-studied family of proteins involved in the 

active transport of charged substrates across biological membranes. So, upcoming section is 

focused on P-type ATPases. 

1.3 P-type ATPase superfamily 

This family consist of evolutionarily conserved membrane located pumps. These described as P 

type because during their catalytic cycle they form a phosphorylated intermediate (Palmgren and 

Nissen, 2011). Further this group divide into five subgroup on the bases of sequence similarity 

and their distinct transport specificities (Palmgren and Axelsen, 1998): 

(i) P1-ATPases perform the transportation of heavy metals and in this manner purifying the 

cytoplasm, further they also accomplished transport of heavy metals in distinctive cellular 

compartments. 

 (ii) Another subgroup P2-ATPases perform the function of sustaining the electrochemical 

gradients across the membrane. In case of animal cells these pump regulate K
+
 and Na

+ 
while in 

human H
+
/K-ATPase mainly responsible for regulation of acidification of stomach contents and 

also regulate level of Ca
2+

 in the sarcoplasmic reticulum.  

(iii) P3-ATPases which is localized in plasma membrane works by expelling the H
+
 from the cell 

in order to maintain pH gradient across the biological membrane. 

(iv) Apart from above mentioned all three P-type ATPases which are present in all the branches 

of life, P4-ATPases which represents the largest subfamily of P-type ATPase, are only found in 

eukaryotic organisms.  

(v) P5-ATPases (pumps with no assigned function) 

In humans, P4-ATPases are encoded by 14 genes, while Drs2, Dnf1, Dnf2, Dnf3, and Neo1 

present in yeast. ATP8B1 an example of human P4 ATPase expressed in various epithelial 

tissues (Eppens et al., 2001). Alteration in this gene lead to Byler disease and benign recurrent 
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intrahepatic cholestasis (Bull et al., 1998). Further recent findings have been shown the 

importance of P4-ATPase and alteration in it resulting in various immunological and 

neurological disorders,  diet induced obesity, liver disease,  and type 2 diabetes (Coleman et al., 

2013; van der Mark et al., 2013). How these different phenotypes are linked to a altered flippase 

activity is remains to be decoded. P4-ATPases modulates there activity in heterodimeric form, by 

working in complex with beta subunits LEM3 (ligand-effect modulator)/CDC50 (cell division 

cycle) family to transport  phospholipids between outer and inner cellular membranes. This ATP 

driven, unidirectional transport of phospholipids play a crucial role to maintain membrane 

asymmetry, inducing membrane curvature and scavenging of exogenous lipids. 

1.3.1 Physiological significance of P4-ATPase 

1.3.1.1 P4-ATPases in phospholipid asymmetry 

Research in different life form like parasites, yeast and higher eukaryotes unravel the location of 

these P4-ATPases i.e. plasma membrane and intracellular compartments of the endocytic 

pathways and late secretory pathways. This suggests that P4-ATPases operates at diverse cellular 

regions to determine and conserve phospholipid asymmetry (Figure 1.9a). The mechanism by 

which these P4-ATPases relate their PC translocase activity to asymmetry of membrane is still 

unexplored. The irregular transbilayer lipids distribution specifies the two membrane leaflets of 

organelles that have distinctive properties that is essential for biological functions. Besides this 

membrane asymmetry is also crucial for protein sorting (Hachiro et al., 2013). For example loss 

of Dnf1 and Dnf2 lead to exposure of cytosolic aminophospholipids at the outer membrane of 

cell in yeast (Chen et al., 2006; Pomorski et al., 2003). Similarly, alteration in Drs2 and Dnf3 is 

responsible for the disrupted asymmetry in post-Golgi secretory vesicles (Alder-Baerens et al., 

2006; Natarajan et al., 2004). In this manner P4 ATPases regulate phospholipid asymmetrical 

distribution in late golgi compartments as well as in plasma membrane.   
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1.3.1.2 P4-ATPases as lipid scavengers 

Among all the known P4-ATPases some are identified as the flippases of plasma membrane with 

comparably broad specificity towards phospholipid. It is, therefore, intriguing to figure out the 

functions of these P4-ATPases apart from their role in managing the lipid asymmetry in the 

membrane. For example in S. cerevisiae cells takes up extracellular lysophospholipids and used 

them as a substrates for regeneration of phospholipids (Riekhof et al., 2007). After being 

transported into the cells ALE1-encoded lysophospholipid acyltransferase, acylate 

lysophosphatidylethanolamine (lyso-PE) and lysophosphatidylcholine (lyso-PC) by utilizing 

lysophosphatidic acid as a substrate to PE and PC, respectively (Jain et al., 2007; Tamaki et al., 

2007). Absence of both Dnf1 and Dnf2 and their subunit Lem3 curb the uptake of radiolabeled 

lyso-PC or lyso-PE and hinder lyso-PC or lyso-PE-dependent growth, respectively, these further 

supported the role of these pumps as nutrient scavenger (Figure 1.9b) (Riekhof and Voelker 

2006; Riekhof et al. 2007). 

1.3.1.3 Role of P4-ATPases in vesicle formation 

Studies in different life forms like mammals, yeast and plants have discovered the role of P4-

ATPases in vesicular trafficking. Two models have been proposed to explain contribution of P4-

ATPases in vesicle formation (Figure 1.9c).  

(i) One model is that P4-ATPases creates a phospholipid imbalance between the two leaflets by 

directly catalyzing an inward-directed phospholipid translocation across the lipid transbilayer. In 

turn, this causes bulging of the membrane leading to budding and vesicle formation, which is 

later stabilized by assembly of coat proteins (e.g., clathrin or COPII proteins). Further this has 

been found, there is striking change in the shape of red blood cells caused by insertion of 

exogenous phospholipids to the cytosolic leaflet by a lipid flippase (Daleke and Huestis, 1985; 
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Seigneuret and Devaux, 1984). Likewise, flipping of lipid can accelerates endocytosis (Farge et 

al., 1999) and influence the formation of endocytic-like vesicles (Muller et al., 1994). 

(ii) According to second model in order to create permissive environment for vesicle budding 

ATP-driven lipid translocation by P4-ATPases is required. An increase in concentration of 

aminophospholipids in the inner leaflet promote the activity of peripherally associated proteins 

which play a crucial role in vesicle budding, such as small ADP ribosylation factor (Arf) GTP-

binding proteins, clathrin, coat protein complex II, amphiphysin, and endophilins. 
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Figure 1.9. Cellular functions involving P4-ATPases.  (a) Active transport of lipids from the exoplasmic to the 

cytosolic membrane leaflet can maintain lipid asymmetry, (b) scavenge lipids, and (c) drive membrane budding by 

generating a lipid imbalance across the bilayer and/or a membrane environment permissive for vesicle budding. 

(d)Enzyme-independent functions of P4-ATPases include recruitment of proteins involved in coat assembly, 

(e)cellular signaling, and cytoskeleton regulation.   

The substrate specificity of various members of P4-ATPase family differ with each other which 

is discussed in more detail in next section. Likewise, loss of MgATP2, P4-ATPase in the rice 

plant pathogenic fungus Magnaporthe grisea results in abnormal Golgi-like cisternae (Gilbert et 

al., 2006). In higher eukaryotes defects in trafficking are often associated with irregular P4-

ATPase function. P4-ATPases are crucial during vesicle formation in several parts of the 

intracellular trafficking pathways.  

1.3.1.4 P4-ATPases as membrane scaffolds 

 P4-ATPases also plays role in some transport-independent functions (Figure 1.9d).  During 

membrane budding some cytosolic proteins like guanine nucleotide exchange factors and small 

GTPases are required and yeast P4-ATPases, Drs2 and Neo1, interacts with these cytosolic 

proteins,  (Barbosa et al., 2010; Chantalat et al., 2004; S. Chen et al., 2006; Furuta et al., 2007; 

Tsai et al., 2013; Wicky et al., 2004). Furthermore, proteomic based strategy identified proteins 
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associated with Drs2 to be involved in phosphoinositide metabolism (Puts et al., 2009). 

Phosphoinositides are crucial signaling molecules in membrane that play an important role in 

establishing organelle identity by effector proteins.   

 Function of both Drs2 and Dnf1 depends on their interaction with Sla1 (Liu et al., 2007), that is 

part of adaptor complex/ endocytic coat with clathrin. Linking the cytoskeleton to specialized 

areas of the plasma membrane may thus be a feature shared among several members of the P-

type ATPase superfamily. Thus, intracellular P4-ATPases that seem to act without a beta 

subunit, e.g., Neo1 in yeast or ATP9B in mammals (Takatsu et al., 2011), could serve a lipid 

transport-independent function as scaffold switches to recruit structural components or effectors. 

1.3.1.5 P4-ATPases exhibit different substrate specificities 

Initial knowledge on P4-ATPases point their involvement in flipping of aminophospholipids 

only. Studies on different life form like fungi, animals, and plants discovered that the substrate 

specificities of P4-ATPase differ with each other and besides di-acyl aminophospholipids they 

also transport lipid substrates (Figure 1.9e). For example in S. cerevisiae, loss of Dnf1 and Dnf2 

the P4-ATPases abrogate internalization of fluorescent labelled PC, PS and PE, across the 

plasma membrane (Pomorski et al., 2003). Furthermore, Dnf1 and Dnf2 also govern the 

translocation of the lyso-PC and lyso-PE across the biological membrane (Riekhof and Voelker, 

2006; Riekhof et al., 2007).   

1.3.2 Significance of P4-ATPases beta subunit  

 Association of the beta subunit from the Cdc50 family with the catalytic subunit of P4-ATPases 

is requisite for the proper function and localization of the enzyme. It consists of large heavily 

glycosylated exoplasmic loop with a two transmembrane domains (Figure 1.10) (Poulsen et al., 

2008; Puts et al., 2009). It also act as a chaperons and this association is crucial for exit of P4-
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ATPase from endoplasmic reticulum, these also control catalytic properties of flippase complex 

as it‘s essential for translocation of lipid (Bryde et al., 2010; Furuta et al., 2007; Lopez-Marqués 

et al., 2010). Instead of this some P4 ATPases for example, yeast Neo1 and mammalian ATPA9 

and ATP9B have no requirement of CDC50 proteins for exit from ER. 

P4-ATPases beta subunit are significant for accurate localization of this complex to the 

membrane, for example Dnf1 and Dnf2 and their common beta subunit, Lem3 localize at plasma 

membrane, Drs2 and subunit Cdc50 are localized to the trans Golgi network. But in contrast in 

multicellular organisms this specific association is not mandatory for localization. For example 

in plant three different beta subunits found which can associate any of P4 ATPase  ALA1, ALA2, 

and ALA3 for their exit from ER , as well as association with different subunit lead to different 

final subcellular localization (Lopez-Marqués et al., 2010; López-Marqués et al., 2012).  

Similarly in human also different P4- ATPases can interact any of three identified human Cdc50 

homologs (Bryde et al., 2010). 

 

Figure 1.10. Membrane topology of P4-ATPases and their subunits. Ptype ATPases consist of an actuator (A), a 

phosphorylation (P), a nucleotide-binding domain (N), The CDC50 subunits of P4-ATPases consist of two 

membrane-spanning domains with a large extracellular loop. 
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Cdc50 family interactions with P4 ATPases may be different in multicellular organisms than 

yeast.  

 As in yeast expression of P4 ATPases and their respective beta subunits occur at the same time 

in the same cell and may be this will be essential for their appropriate function. However in 

multicellular organisms to avoid undesired interactions, expression of each protein can be 

controlled by temporal and spatial expression. In this manner, it will be more applicable for cell 

to regulate a number of interchangeable beta subunits interaction with various P4-ATPases and 

their individual physiological functions. 

Further interaction of Cdc50 proteins with P4-ATPase also contribute to transport specificity 

(Coleman et al., 2009; Puts et al., 2009; Zhou and Graham, 2009). It has been  found in yeast 

trans golgi P4-ATPases translocating different phospholipids, interact with different Cdc50 

homologs (Alder-Baerens et al., 2006), as Dnf1 and Dnf2, plasma membrane P4-ATPases both 

interact with Lem3 (Furuta et al., 2007; Saito et al., 2004) and show same substrate specificity 

(Pomorski et al., 2003), Dnf3 interacts with Crf1 (Furuta et al. 2007), Drs2 with Cdc50 (Saito et 

al., 2004). 

1.4 P4-ATPases and their beta subunits in yeast 

Role of P4 ATPases in lipid asymmetry is an unexplored area in eukaryotes, still there is some 

research has been done in different organisms. The following section highlight the major 

components of P4 ATPases and their role in pathogenic and non-pathogenic fungi. 

 1.4.1 Saccharomyces cerevisiae  

S. cerevisiae is often used as a model system for better understanding of different cellular 

pathways in eukaryotes. P4-ATPases are well characterized in this nonpathogenic fungus. This 

yeast expresses five P4-ATPases, Dnf1 and Dnf2 at the plasma membrane, Neo1 in the 

endosomal membranes, Drs2 and Dnf3 mostly in the trans-Golgi network (Chen et al., 1999; 
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Hua et al., 2002; Wicky et al., 2004; Pomorski et al., 2003). These P4-ATPases except Neo1 

required beta subunit for their function as well localization for example Drs2 and Dnf3 interact 

with Cdc50 and Crf1 respectively, while Dnf1 and Dnf2 both interact with Lem3 (Saito et al., 

2004; Noji et al., 2006; Furuta et al., 2007). Neo1 transport PE and PS across plasma membrane 

but lipid substrate for this P4 ATPase is still not known (Takar et al., 2016). Dnf1, Dnf2, and 

Dnf3 act as PE and PC flippases (Pomorski et al., 2003; Alder-Baerens et al., 2006), while Drs2 

transport PS and PE across biological membrane (Alder-Baerens et al., 2006; Zhou and Graham, 

2009; Natarajan et al., 2004). On association with Lem3, Dnf1 and Dnf2 also transport 

lysophosphatidylcholine, alkylphospholipids, monohexosyl glycosphingolipids and 

lysophosphatidylethanolamine (Riekhof and Voelker, 2006; Riekhof et al., 2007; Roland et al., 

2019). Alterations in Dnf1, Dnf2 and Drs2 lead to cold-sensitive defect in endocytosis (Gall et 

al., 2002; Pomorski et al., 2003). ATP-driven phospholipid translocation is required for 

membrane budding and endocytosis. It has been also reported that loss of Drs2 results in a 

decrease in clathrin-coated vesicle budding from the trans Golgi network (Natarajan et al., 2004; 

Gall et al., 2002). The Golgi-localized P4-ATPase Dnf3 and the endosome associated P4-

ATPase Neo1p are required for plasma membrane and endosomal / vacuolar system and protein 

trafficking between the Golgi complex (Hua et al., 2002; Wicky, Schwarz, and Singer-Krüger, 

2004; Hua and Graham, 2003). Further shown digramatic representation of intracellular location 

and function of lipid transporters in S. cerevisiae (Figure 1.11). 
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Figure 1.11. Digramatic representation of intracellular location and function of lipid transporters in S. cerevisiae. 

―Flippases‖ (red) catalyze the transport of lipids toward the cytoplasm and require ATP, ―floppases‖ (green) 

catalyze the ATP-dependent transport of lipids away from the cytoplasm. PAF, platelet-activating factor; SM, 

sphingomyelin; PL, phospholipid 

 

 

1.4.2 Aspergillus nidulans  

Over the last few decades, invasive infections caused by filamentous fungus have increased and 

affecting mainly immunocompromised patients (Debourgogne et al., 2016). Invasive 

aspergillosis is mainly caused by Aspergillus fumigatus in individuals with initial 

immunodeficiency, further by A. nidulans, due to its ability to cause infection in patients with 

chronic granulomatous disease (Seyedmousavi et al., 2018). Similar to S. cerevisiae P4 ATPase 

family also expresses in A. nidulans, including DnfA (Dnf1/2), DnfB (Drs2), DnfC (Dnf3) and 

DnfD (Neo1) (Schultzhaus et al., 2015).  In A. nidulans spitzenkörper is primarily composed of 

secretory vesicles that regulate fungal secretion and growth in the growing cell tip. DnfA and 

DnfB are localize to this organelle (Schultzhaus et al. 2017; Schultzhaus et al., 2015). In this 
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fungus DnfB promotes sexual reproduction and has no regulatory role in conidiation, while 

DnfA regulate asexual sporulation, polarized growth and pigmentation. Deletion of both DNFA 

and DNFB cause lethality in A. nidulans (Schultzhaus et al., 2015). DnfA and DnfB regulate the 

PS asymmetry of membrane and localize at different sets of vesicles. As DnfA is presented in the 

peripheral region, DnfB is distributed within the Spitzenkörper core (Schultzhaus et al., 2017; 

Schultzhaus et al., 2015). Similar to S. cerevisiae, deletion of beta subunit Cdc50 lead to defect 

in hyphal tip organization and morphology, secretion (Schultzhaus et al., 2017). Further 

Schultzhaus and collaborators analyzed mutants carrying single and pairwise deletions of P4 

ATPases. It has been found that alteration of DNFD (ortholog of the essential S. cerevisiae 

NEO1) also resulted in a strong conidiation deficiency. Lethal phenotype displayed by cells on 

deletion of both DNFB and DNFD (Schultzhaus et al. 2019). Recently role of DnfD in cellular 

growth and development also demonstrated (Schultzhaus et al. 2019). DnfDp is required for 

morphological changes during conidiation and also important in trafficking processes 

(Schultzhaus et al. 2019). It localizes to the late Golgi and is also regulated early stages of 

conidiophore development (Schultzhaus et al. 2019).    

1.4.3 Cryptococcus neoformans 

C. neoformans major causative agent of meningoencephalitis also have APT1, APT2, APT3 and 

APT4 act as  P4 ATPases, (Hu and Kronstad, 2010).  Apt1 is similar to Drs2 from S. cerevisiae 

revealed by phylogenetic analysis and interestingly, in S. cerevisiae drs2Δ/Δ mutant strain 

partially restored the growth on expression of C. neoformans APT1. In C. neoformans, 

modification in Apt1 and its potential subunit, Cdc50, affect various fungal physiology and 

virulence related traits.  

Deletion of APT1 effected vesicle trafficking, endocytosis, and actin distribution, as well as 

fungal survival inside macrophages (Hu and Kronstad, 2010). apt1 mutant have no significant 
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role in release of extracellular vesicles, but these vesicles show reduced concentration of 

glucuronoxylomannan (GXM) (Rizzo et al., 2014). Its deletion also lead to intra-vacuolar 

accumulation and pigment-containing vesicles as well as abnormalities in vacuolar membranes 

(Rizzo et al., 2018). Apt1 also regulated some virulence related trait as modification in this gene 

resulted in attenuated virulence in a mice model of infection, and altered synthesis of virulence 

associated lipids (Rizzo et al., 2014; 2018).      

C. neoformans Cdc50 shows similarity to both S. erevisiae Cdc50 and Lem3 (Hu et al., 2017). In 

C. neoforans Cdc50 is localized at the plasma membrane, ER and endosome-like structures (Hu 

et al., 2017; Huang et al., 2016). Deletion of Cdc50 lead to increase sensitivity for trafficking 

inhibitors and echinocandin caspofungin (Huang et al., 2016). Cdc50p also play important role in 

activation of the Rim signaling pathway. By this pathway C. neoformans distinguish and 

responds to alterations in the extracellular pH, as well as in its evasion of the host immune 

response (O‘Meara et al., 2013).   

Individually deletion of APT1, APT2, APT3 or APT4 genes shared same phenotypical features 

with C. neoformans mutant cells lacking CDC50. Interestingly, cdc50Δ and apt1Δ cells share 

several phenotypic traits, reduced GXM secretion,  attenuated survival in macrophages, and 

increased sensitivity to antifungal drugs, including azoles, cinnamycin and amphotericin B, iron-

chelating drug curcumin, to trafficking inhibitors (brefeldin A and monensin) and growth defect 

in alkaline pH, (Hu and Kronstad, 2010; Rizzo et al., 2014; Hu et al., 2017; Huang et al., 2016). 

Additionally, both cdc50Δ and apt1Δ strains were hypovirulent in a murine model of infection, 

and unable to reach the brain, which is the fatal outcome of cryptococcosis (Hu and Kronstad, 

2010; Rizzo et al., 2014; Hu et al., 2017; Huang et al., 2016). These findings introduced Cdc50 
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as a beta subunit of Apt1, which form a functional flippase complex that may use as a novel 

target for development of antifungals.   

APT paralog genes APT2, APT3, and APT4 is not well characterized. Contrasting to Apt1 and 

Cdc50, Apt2, Apt3, and Apt4 do not important for growth at alkaline pH, iron acquisition, and 

resistance to curcumin (Hu et al., 2017). cdc50Δ mutant showed increased susceptibility to  

brefeldin A than apt1Δ and apt3Δ mutants. Additionally double mutant (apt1Δapt3Δ) was more 

sensitive to brefeldin A than each single mutant (Hu et al., 2017).   

1.4.4 Candida albicans 

Role of P4 ATPases in different cellular mechanism is studied in others pathogenic and 

nonpathogenic fungus but information in this aspect are limited in opportunistic human 

pathogenic fungus, C. albicans. This fungus by virtue of its plasma membrane asymmetry can 

evade toxicity of copper, generally used by immune system to attack pathogenic microbes (Festa 

et al., 2014). Deletion of DRS2 in C. albicans leads to increase sensitivity to fluconazole and also 

effect bud to hyphal transition (Labbaoui et al., 2017).  Cdc50 beta subunit of P4 ATPase also 

regulates susceptibility for different drugs in C. albicans. Alteration in CDC50 results in 

increased susceptibility for sodium dodecyl sulfate a membrane perturbing agent, as well as to 

the azoles, caspofungin, and terbinafine. Besides this cdc50 mutant also exhibit diminished 

virulence in mouse model of systemic infection and defective hyphal development (Xu et al., 

2019).  
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1.5 AIM OF PRESENT WORK 

Fungal pathogens are eukaryotes that share biological processes with the human host they infect, 

thus exhibiting a challenge to human health. Candida albicans is one such human opportunistic 

pathogen that resides as a natural component of the human flora and is major cause of life-

threatening infections in immunosuppressed patients. Candidiasis is treated by different 

antifungal drugs like azoles, polyenes, fluoropyrimidines, and echinocandins. However, among 

several Candida species, the presence of intrinsic and developed resistance against these 

antifungals has been reported. In this way acquisition of drug resistance and prevalence of fungal 

infections is increasing, emphasizing on the need for identifying novel targets for developing 

antifungals. Fungal cell membrane is used as a drug development target for many years because 

of their effectiveness. Till date major success for treatment of this disease has been achieved by 

drugs that affect cell membrane integrity (for example antifungals such as polyenes and azoles) 

(Muller et al., 2013).  

Biological membrane is made up of lipid bilayers, in which lipids are distributed in an 

asymmetrical manner between the two leaflets. This asymmetric distribution of phospholipids on 

the membrane is maintained by balance inward (flip) and outward (flop) translocation of 

phospholipids across the membrane. Between the two leaflets asymmetric pattern maintained 

with presence of aminophospholipids phosphatidylethanolamine (PE) and phosphatidylserine 

(PS) restricted to the cytosolic leaflet while sphingolipids and phosphatidylcholine (PC) enriched 

in the outer leaflet (Panatala et al., 2015; Kobayashi and Menon, 2018). Asymmetric 

arrangement of lipids provides different characteristics to outer and inner membrane and govern 

multiple cellular processes, like cell division, lipid metabolism, regulation of membrane traffic, 

and lipid signaling    (Panatala et al., 2015; Hankins et al., 2015; Lopez-Marques et al., 2014). 
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Any perturbations in the asymmetric distribution of phospholipids on the plasma membrane 

serves as a trigger for activating multiple cellular events (Nichols, 2002).  

Lipid transporters are the proteins that guide asymmetric distribution of lipids across the cellular 

membrane. These transporters are divided into two groups on the basis of requirement of ATP 

hydrolysis for transportation (i) ATP-driven transporters (ATP-binding cassette transporters and 

P-type ATPases) that actively translocate specific lipids between two leaflet and (ii) ATP-

independent transporters, known as   scramblases (Pomorski and Menon, 2016; López-Marqués 

et al., 2015). P4 ATPases are not found in eubacteria and archaea and are thus unique to 

eukaryotes. Interestingly P4 ATPases have been found in every eukaryotic genome that has been 

sequenced so far (Andersen et al., 2016). An interesting fact known about these P4 ATPases is 

their association with beta subunit known as Cdc50 proteins, resulting in a heterodimeric 

complex. This association of P4 ATPases with Cdc50 family proteins is essential for activity of 

the pump and their proper localization but seems not to affect their substrate specificity (Puts et 

al., 2012; Lopez-Marqués et al., 2010; Saito et al., 2004; Bryde et al., 2010; Lenoir et al., 2009).  

In S. cerevisiae Dnf1, Dnf2, and Dnf3 are well identified as PE and PC flippases while Drs2p 

transports PS and PE across the lipid bilayer of plasma membrane (Pomorski et al., 2003; Zhou 

and Graham, 2009). It has been reported that Dnf1 and Dnf2 complex with their beta subunit 

Lem3 for transportation of phosphatidylethanolamine, phosphatidylcholine and monohexosyl 

glycosphingolipids (Riekhof et al., 2007; Kato et al., 2002; Hanson et al., 2003). It has been 

reported that cellular events like membrane budding and endocytosis are governed by 

phospholipid translocation. Yeast cells lacking P4 ATPases Dnf1, Dnf2 and Drs2 display a cold-

sensitive defect in endocytosis (Pomorski et al., 2003; Gall et al., 2002). Loss of Drs2 is also 

known to decrease the clathrin-coated vesicle budding from the trans-Golgi network (Natarajan 
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et al., 2004; Gall et al., 2002). Furthermore, in A. nidulans DnfA is important for polarized 

growth and pigmentation, asexual sporulation, while DnfB play crucial role in sexual 

reproduction and has no importance in conidiation; a double deletion mutant of DNFA and 

DNFB is lethal in this pathogenic fungus. Deletion of DnfA flippase beta-subunit Cdc50 leads to 

defect in morphology and secretion, hyphal tip organization (Schultzhaus et al., 2015; 2017). In 

another fugal pathogen C. neoformans deletion of P4 ATPases Apt1 and its beta subunit Cdc50 

affects the actin distribution, endocytosis, vesicle trafficking and virulence related traits and 

fungal survival inside macrophages (Hu et al., 2017; Huang et al., 2016). Recently, the role of C. 

albicans P4 ATPase subunit Cdc50, which in S. cerevisiae is shown to associate with Drs2, is 

essential for antifungal drug resistance and some pathogenic traits (Xu et al., 2019).  

Considering the lesser known role of lipid asymmetry and lipid transporters in C. albicans, the 

goal of current study was to identify and characterize the putative membrane lipid transporter 

Lem3 in this pathogenic fungus. It is evident that better understanding of these biological 

membranes, metabolic pathways and membrane-associated biosynthetic pathways can play an 

important role in identifying new treatment alternatives for fungal infections. In addition, these 

advanced antifungal targets may also form the basis of new combination therapy to enhance the 

efficacy of currently used antifungal drugs. 

Previous report from our laboratory has shown Rta3, a 7-transmembrane receptor protein, as the 

determinant of biofilm development in C. albicans. Furthermore, loss of Rta3 perturbs the 

dynamic equilibrium of PC by increasing its inwardly-directed (flip) movement across the 

plasma membrane. We later in this study hypothesized that Rta3 regulates the activity of an 

unknown PC-specific flippase in order to maintain the asymmetric distribution of PC across the 

plasma membrane, which we predicted could be Lem3 (Srivastava et al., 2017). Lem3 has been 



38 
 

identified as a member of Cdc50 family in the PFAM database (protein families database 

accession number P42838). Considering the significance of flippases and its beta subunit in 

regulating biological membrane asymmetry and other morphological, virulence related traits, an 

unexplored area, the goal of the current work was to focus on elucidating the role of P4 ATPase 

beta subunit, Lem3 in C. albicans. The immediate goal of this study therefore is 

 (1) To establish the role of Lem3 in regulating the transbilayer movement of 

phosphatidylcholine across the plasma membrane in C. albicans.  

 (2) If aim one is proven, then we hypothesized that changes in the asymmetric distribution of PC 

may have an impact on drug susceptibility and pathogenicity related traits. To this end, we would 

analyze the role of LEM3 in the aforesaid cellular processes. 

(3) To determine if Lem3 is regulated by the 7-transmembrane receptor protein Rta3.  
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    2.0 MATERIALS AND METHODS 

2.1. Materials 

2.1.1 Strains, chemicals and growth conditions 

The C. albicans strains used in the present study are listed in Table 1.  

Table 1: Strains used in this study 

Strain Parent Genotype Source of 

reference 

SC5314  Wild type  (Gillum et 

al., 1984) 

PA10 SC5314 LEM3/lem3∆::SAT1-FLIP This study 

PA11 PA10 LEM3/lem3∆::FRT This study 

PA12 PA11 lem3∆::SAT1-FLIP/lem3∆::FRT This study 

PA13 PA12 lem3∆::FRT /lem3∆::FRT This study 

PA14 PA13 lem3∆::FRT/LEM3-SAT1-FLIP This study 

PA15 PA14 lem3∆::FRT/LEM3::FRT This study 

PA16 SC5314 LEM3-Myc-FRT-SAT1-FLIP This study 

PA17 PA16 LEM3-Myc-FRT This study 

  GU5 

 

 

Clinical 

isolate 

(fluconazole 

resistant) 

   Wild type 

 

(Franz et al., 

1998) 

  PA18 GU5 LEM3/lem3∆::SAT1-FLIP This study 

PA19 PA18 LEM3/lem3∆::FRT This study 

PA20 PA19 lem3∆::SAT1-FLIP/lem3∆::FRT This study 

PA21 PA20 lem3∆::FRT/lem3∆::FRT This study 

PA22 PA21 lem3∆::FRT/LEM3-SAT1-FLIP This study 
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PA24 PA13 RTA3/rta3∆::SAT1-FLIP This study 

PA25 PA24 RTA3/rta3∆::FRT This study 

PA26 PA25 rta3∆::SAT1-FLIP/rta3∆::FRT This study 

PA27 PA26 rta3∆::FRT/rta3∆::FRT This study 

PA28 PA27 rta3∆::FRT/LEM3-SAT1-FLIP This study 

AS13 AS12 rta3∆::FRT/rta3∆::FRT (Srivastava 

et al., 2017) 

AS18 SC5314 SC5314-TDH3-RTA3::NAT1 (Srivastava 

et al., 2017) 

PA29 SC5314 SC5314-TDH3-LEM3::NAT1  This study 

PA30 PA13 lem3∆/∆-TDH3-RTA3::NAT1 This study 

PA31 AS13 rta3∆/∆-TDH3-LEM3::NAT1 This study 

 

The strains were maintained as frozen stocks and propagated at 30 °C in the liquid media and/or 

agar plates mentioned in Table 2. YEPD plates containing 200 µg/ml nourseothricin (Werner 

Bioreagants) were used for the selection of deletion mutants. To obtain nourseothricin sensitive 

derivatives of transformants strains were grown in YPM (Table 2) for 8 hours and plated on 25 

µg/ml nourseothricin. 

Table 2: Culture media compositions. 

S.No. Culture media name Component Composition         

(%-wt/vol) 

1. YEPD/YPM 

(Yeast extract peptone 

dextrose/ maltose) 

Yeast extract 1 g 

Bactopeptone 2 g 

D-glucose/Maltose 2 g 

Bacto-agar 2.5 g 
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2.  SDC media Yeast nitrogen base 

(w/o amino acids) 

0.67 g 

Glucose 2 g 

Bactoagar 2.5 g 

Drop out mix 0.2 g 

3.  SC media Yeast nitrogen base (w/o 

amino acids) 

0.67 g 

Sorbitol 2 g 

Drop out mix 0.2 g 

4. Spider Medium (pH set to 7.0) Nutrient broth 1 g 

Mannitol 1 g 

  K2HPO4 0.2 g 

  Bacto agar 2.5 g 

5. RoswellPark Memorial Institute 

medium (RPMI) preparation 

RPMI powder 13.48 g 

Sodium bicarbonate 2.8 g 

 

RPMI-1640 (containing L-glutamine, without bicarbonate) was prepared at 10.4 g/L, buffered 

with 0.165 mol/L MOPS (3-[N-morpholino] propanesulfonic acid), and pH adjusted to 7.0 using 

1 mol/L sodium hydroxide. RPMI and sodium bicarbonate was mixed in autoclaved MQ, filtered 

through 0.22 μ nitrocellulose membrane filter and stored at 4 °C. 

The drugs/supplements used in the study are listed in Table 3. These were added to the 

media/buffer at concentrations mentioned. 
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Table 3: Drugs/dyes used in the study 

Drug/Dye/Standard Solvent  

Miltefosine Methanol Sigma 

Fluconazole Methanol Sigma 

Ketoconazole Methanol Sigma 

Voriconazole DMSO Sigma 

Tunicamycin DMSO Sigma 

DTT Water SRL 

Caspofungin Water Biobasic 

Congo red Water Sigma 

Calcofluor white Water Biobasic 

Norseothricin Water Werner bioreagents 

Amphotericin B Ethanol Sigma 

Ampicillin 50% Ethanol Sigma 

Chloramphenicol Ethanol Sigma 

β-mecaptoethanol - Sigma 

Sodium dithionite   Water Sigma 

Sodium azide   Water Sigma 
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2.2 Methods 

2.2.1 PCR Amplification 

Polymerase chain reaction was used to amplify the desired gene sequences. (i)Standard PCR 

conditions were the following: the initial duration given was 94 °C for 5 minutes, which 

continued at 95 °C for 1 minute, followed by reannealing temperature of 55 °C for 1 minute and 

an extension temperature of 72 °C for 2 minutes each for 30 cycles. Final extension was given for 

7 minutes and the final hold was carried out at 4 °C. Reaction Constituents: DNA (100 ng/μl) 

=2.0 μl, Forward Primer (5 picomoles/μl) =1.0 μl Reverse Primer (5 picomoles /μl) =1.0 μl, 

dNTPs (10 mM) = 1.0 μl, 10X Reaction Buffer =5.0 μl, Taq Polymerase (2.5 U/μl) =0.5 μl, MQ 

=39.5 μl. The total volume for a PCR reaction was set at 50 μl. Reaction conditions were altered 

for amplicons greater than 1 kb. PCR products were checked by agarose gel electrophoresis and 

purified by Qaigen MiniElute PCR Purification Kit before downstream applications. 

Amplification was done by high fidelity DNA polymerase in experiments where gene expression 

was required. Final clones in all vectors were sequenced before proceeding. (ii) PCR conditions 

with long primers - PCR conditions (for long primers) were as follows: Initial denaturation is at 

98 °C for 5 minutes. Next, for cycle 1-5, denaturation is at 98 °C for 10 seconds, annealing is at 

58 °C for 30 seconds and extension is at 72 °C for 5 minutes. Further for cycle 6-30, denaturation 

is at 98 °C for 10 seconds, extension is at 72 °C for 5 minutes and final extension is at 72 °C for 

10 minutes. Final hold is at 4 °C. The oligonucleotides used for cloning and quantitative real time 

PCR are listed in Table 4. 
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Table 4. Oligonucleotide used in this study 

Oligonucleotide      Description   Sequence (5’- 3’) 

     LEM3P1 Forward primer for 

amplifying           5′ 

LEM3
ORF

 bearing KpnI 

site  

5'-GGTACCATACAAACTCTGAGCTGA-3' 

     LEM3P2 Reverse primer for 

amplifying     5′ 

LEM3
ORF

 bearing XhoI 

site 

5'-CTCGAGCACAAGGATAAATTCTTT-3' 

     LEM3P3 Forward primer for 

amplifying           3′ 

LEM3
ORF

 bearing SacII 

site 

 5'-CCGCGGAACGTGGTATATACCAAATA-3' 

     LEM3P4 Reverse primer for 

amplifying     3′ 

LEM3
ORF

 bearing SacI 

site 

 5'-GAGCTCACAATCTTTAATATAGACTTCAA-3' 

     LEM3P5 Forward primer for 

amplifying           5′ 

LEM3
NCR

 +LEM3
ORF

 

bearing ApaI site 

 5‘-GGGCCCATAGGACAGATACCAGGACA- 3‘ 

     LEM3P6 Reverse primer for 

amplifying           5′ 

LEM3
ORF

 bearing XhoI 

site 

 5‘-CTCGAGTCATTTTTCAAATCCAGTG- 3‘ 

   LEM3 mycF  

       Nostop 

To amplify 65 bp 

LEM3 ORF myc tag 

region 

5'AGAAGACAAAGAGAGATGAACAAAGTGCTGC

AGCTGCTGAGGGTGTCACCACTGGATTTGAAAA

ACGGATCCCCGGGTTAATTAACGG-3' 

   

   LEM3 mycR   

        UTR 

To amplify 65 bp 

LEM3 UTR myc tag 

region 

5'CCAACATTTATTACAACACAATCTTTAATAT

AGACTTCAAAGAGAATTCATACTCAAAATAA

ACTGGCGGCCGCTCTAGAACTAGTGGATC-3' 

   

  DET LEM3F To detect LEM3myc 

construct integration 

5'-ACAAAAATAGATTTAAGAAA-3' 
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  DET LEM3 R To detect LEM3 myc 

construct integration 

5'-ATTGTACCTTGAAAGAACGG-3' 

      AHO300 To detect LEM3 myc 

construct integration 

5'-CCGTTAATTAACCCGGGGATC-3' 

      AHO301 To detect LEM3 myc 

construct integration 

5'GGAACTTCAGATCCACTAGTTCTAGAGC-3' 

      AHO302 To detect LEM3 myc 

construct integration 

5'-TCACTAGTGAATTCGCGCTCGAG-3' 

     AHO283 To detect LEM3myc 

construct 

integration/amplicon 

sequencing 

5'GGCGGCCGCTCTAGAACTAGTGGATC-3' 

LEM3myc(150b

p upstream of 

stop codon) 

To detect LEM3myc 

construct 

integration/amplicon 

sequencing 

5'-TTTATATTAGGATTAGCCTT-3' 

LEM3-F-OE-

Ag- NAT-

Ag-TEF1p 

Forward primer for 

LEM3
OE

 
 

5'GACAAAAGTTCTTATACTAAGGGGACGATC

GGATATATTTTTTCCAACCAATAGGACAGAT

ACCAGGACACATAGCCCCTGTTTCATTATCCC

CATAATCATCAAGCTTGCCTCGTCCCC 3' 

    

   

   

LEM3-R-OE-

Ag- NAT-

Ag-TDH3p 

Reverse primer for 

LEM3
OE

 

5'ATGATTCATATTCTCCCTCCTGTGCATACTC

ATCTAATACACCTTCTCGCTGTTGATCTCCAT

TATCAATTTGTTGTGCATCATCTGCTGTTCGT

GACATATTTGAATTCAATTGTGATG 3' 

   

LEM3-OE-F-det Detection primer for 

Overexpression 

5'-AGCTTAACACGACTGAACAG-3' 

RTA3-F-OE-Ag-

NAT-Ag-TEF1p 

Forward primer for 

RTA3
OE 

 

5'-ATAAGTTATTCCTAATCTGCTAAAAAA 

AAGAAACATGGTTACTCTTAGAATAGTTATAGA

TCCACACGGAACTCGGAAATTATGCACTGAATG

TAAATCAAGCTTGCCTCGTCCCC-3' 

RTA3-R-OE-Ag-

NAT-Ag-TDH3p 

Reverse primer for 

RTA3
OE

 

5'AAGCTGGGGCATAAGTTGCAGCAATGGTGGAT

AGAGTTGTTGAAGTTGCAGTTGAGGTAGGAGTC

CTTCTGTAATTACCGCAAGATCCATAGTATTCAT

ATTTGAATTCAATTG TGATG-3' 

RTA3-OE-F-det Detection primer for OE
 

 

5‘-CATGGTTACTCTTAGAATAGTTAT -3' 
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Nat-OE-R-det2-

CJN 

Detection primer for 

OE 

5‘-GAAACAACAACGAAACCAGC-3‘ 

ACT1/RT/F       Primer for qPCR 5‘-GAAGCCCAATCCAAAAGAGG-3‘ 

ACT1/RT/R Primer for qPCR 5‘-CTTCTGGAGCAACTCTCAAT-3‘ 

LEM3/RT/F Primer for qPCR 5‘-ATGTCACGAACAGCAG-3‘ 

LEM3/RT/R Primer for qPCR 5‘-CTCGTCATCGTAATCTG-3‘ 

RTA3/RT/F Primer for qPCR     5‘-TACAGAATGGACTCCTACCT-3‘   

 

RTA3/RT/R Primer for qPCR 5‘-CCCGTACCATTTAATCGA-3‘ 

ERF1/RT/F Primer for qPCR 5'-AAAAGCATGGTAGAGGTGGTCAA-3' 

ERF1/RT/R Primer for qPCR 5'-ATTGTGTCTCTTTTCCTCTCTTAAACG-3' 

 

2.2.2 DNA purification by gel extraction  

Thermo Scientific
TM

 DNA extraction kit was used for DNA purification by following the 

manufacturer protocol. DNA fragment from agarose gel was excised by cutting the fragment of 

interest with a clean, sharp scalpel. The gel slice was weighed in an Eppendorf tube and 

corresponding volume (1:1) of binding buffer was added to the same. The tube was then 

incubated at 55 °C to let the gel dissolve completely (light vortexing in between was suggested to 

enhance the mixing). Once mixed, the solution was transferred into a column, followed with 

centrifugation for 1 minute at 11,000 rpm. Flow through was discarded and wash buffer (600 μl) 

containing ethanol was added to the tube and recentrifuged for 1 minute. DNA was eluted in 20-

30 µl of MQ or elution buffer (depending upon the further applications) after centrifugation. 

2.2.3 Preparation of competent cells  

For preparation of competent cells, single colony of E. coli DH5-α from a freshly streaked plate 

was inoculated into 10 ml of LB broth in a sterile 50 ml falcon (primary culture) and allowed to 
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grow at 37 °C combined with vigorous shaking at 220 rpm (in a rotary shaker) overnight, for 

bacterial growth. Secondary culture was obtained by inoculating 2 ml primary culture into 200 

ml of fresh LB broth (1%) and was incubated for 37 °C, at 220 rpm shaking, till optical density 

of the culture reached between 0.4 and 0.6 (approximately 2.5 hours). Culture was taken out and 

let to cool down on ice for 20 minutes and transferred to 50 ml falcon, following the 

centrifugation at 6500 rpm for 5 minutes. Supernatant was discarded and cell pellet was washed 

twice with ice-cold sterile water. 12 ml of 0.1M CaCl2 and 4 ml of 0.1M MgCl2 was added to the 

washed pellet and mixed well by gentle pipetting. Cells were incubated on ice for 30 minutes and 

centrifuged at 6500 rpm for 5 minutes. Supernatant was removed and the cells were suspended in 

480 μl of 0.1M CaCl2 and 144 μl of 30% glycerol and incubated another time on ice for 30 

minutes in order to improves competent efficiency. 200 μl of these competent cells were 

transferred into chilled microfuge tubes and were stored in -80 °C till required. 

2.2.4 Transformation of competent E. coli  

Bacterial transformation was carried out in pre-prepared competent cells. Competent cells were 

allowed to defrost on ice. Once defrosted, DNA to be transformed (100 ng approx.) was added to 

the cells followed by the heat shock at 42 °C for 90 seconds in a temperature regulated water 

bath. Tubes were quickly transferred to ice bucket and allowed to incubate there for 2 minutes. 

900 μl of LB broth was added to each tubes and culture was incubated at 37 °C for 1 hour to 

allow the bacteria to recover from shock and to allow the bacteria to express the antibiotic 

resistance marker encoded by the plasmid. The culture was pelleted down by centrifugation at 

6000 rpm for 3 minutes and spare media was removed. The pellet was resuspended in the 

residual media (100 μl) and transformed cells were gently and uniformly plated on the surface of 

ampicillin agar plate, using a sterile L rod. Plates were incubated overnight at 37 °C and were 

examined for AmpR transformants on the following day. 
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2.2.5 Gel electrophoresis  

2.2.5.1 Agarose gel electrophoresis  

1% agarose gel was routinely used in the experiments. 1% agarose gel was casted by dissolving 

0.5 g of agarose in 50 ml of 1X TAE buffer. The buffer was then boiled in the microwave oven 

to completely dissolve agarose. Meanwhile the gel apparatus was set up for 50 ml gel. After 

cooling the agarose by continuous swirling or stirring under the tap water, 2 μl of EtBr (10 

mg/ml) was added and the buffer was then mixed and poured into gel rack fitted with appropriate 

comb. After solidification of gel, combs were carefully removed. The holes that remained after 

removing out the combs were the wells or slots. The gel tank was filled with 1X TAE buffer and 

gel was also immersed in 1X TAE. 2 μl of the respective samples along with 2 μl of loading dye 

was loaded into each well. After setting up the tank completely, the power pack was switched on, 

and the gel was run at 80-90 V. The colored dye in the DNA ladder and DNA samples act as 

―front wave‖ that runs faster than DNA itself. When the ―front wave‖ approached the end of the 

gel, the current was stopped. The gel was then viewed under UV light, observed on Gel 

Documentation, from Bio-Rad. 

2.2.5.2 RNA gel electrophoresis 

To prepare 1.2 % formaldehyde agarose gel, 1.2 g of agarose was dissolved in 100 ml 1X 

formaldehyde gel buffer and heated till gel gets dissolved. After gel cools down, 1.8 ml of 37% 

formaldehyde and 1 μl of 10 mg/ml EtBr were added to the gel. After through mixing gel was 

poured onto a gel support. Before running the gel, it was equilibrated in 1X formaldehyde 

agarose gel running buffer for at least 30 minutes. Meanwhile samples were prepared by mixing 

1 volume of 5X loading buffer with 4 volumes of RNA sample (for example 10 μl of loading 

buffer and 40 μl of RNA) and mixed well, followed with incubation for 3–5 minutes at 65 °C 
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followed by cooling and finally loaded on the equilibrated formaldehyde agarose gel buffer. Gel 

was observed under UV light or photographed under Gel Documentation system from Biorad. 

2.2.6 Yeast transformation by Electroporation  

Single colony of desired background strain of C. albicans was taken and grown in 10 ml of 

YEPD media over night at 30 
°
C, serving as a primary culture. 2 μl of primary culture was 

inoculated in 50 ml of YEPD media and allowed to grow for 14 hours (OD600 of 1.6-1.8) to 

obtain a secondary culture of actively growing cells. Cells were harvested by centrifugation at 

3000 rpm for 5 minutes and the pellet was suspended in 8 ml of ice-cold sterile MQ water, 1 ml 

of 10X TE (10 mM Tris and 1mM EDTA; pH 8.0) and 1 ml of 1 M lithium acetate (LiAc). The 

cells were incubated at 30 °C for 30-45 minutes on a shaking incubator. Cells were taken out and 

washed with ice-cold MQ water twice. Washed cell pellet was resuspended in 25 ml of 1 M 

sorbitol. Centrifuged at 3000 rpm for 5 minutes and the supernatant was discarded, following 

dissolving the pellet in minimum volume of sorbitol left in the falcon. 40 μl of the 

electrocompetent cells and 5 μl (approximately 1μg) linearized gel eluted DNA was mixed well 

and transferred to a electroporation cuvette; 0.2 mm (Bio-Rad) and electroporated using Bio-

Rad Genepulser at electric pulse of 1.5 kV (Reuß et al. 2004). Electroporated cells were 

resuspended in YEPD, followed with revival on 30 
°
C for 4-5 hours/overnight. In the end culture 

was plated on selection plates (YEPD + 200 μg/ml nourseothricin). Plates were incubated at 30 

°
C for 48 hours to allow transformants to grow. Nourseothricin resistant (NouR) transformants 

were picked and streaked on YEPD plates containing 100 μg/ml of nourseothricin and also 

inoculated for genomic DNA isolation in YEPD media. Single copy integration of each construct 

at the desired locus was confirmed by Southern hybridization (with gene-specific probes) or PCR 

(using gene-specific primer) for the transformants. 
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2.2.7 Yeast genomic DNA isolation  

Yeast cultures (wild type/transformants) were grown overnight to saturation in 10 ml of YEPD 

media at 30 °C at 220 rpm in shaker. The cells were centrifuged at 4,000 rpm for 5 minutes and 

the supernatant was decanted. The pellet was resuspended in 500 μl of sterile distilled water and 

briefly vortexed to resuspend the pellet and then transferred to 2 ml eppendorf tube. 2 ml tube 

was centrifuged at 4,000 rpm for 1 minute then a pellet was resuspended in residual volume of 

water. 200 μg of acid washed glass beads (Sigma), 200μl of yeast lysis buffer (TENTS) and 200 

μl of PCI (Phenol: Chloroform: Isoamyl alcohol [25:24:1]) were added. Cells were lysed using a 

cell disruptor for 5 to 6 minutes and centrifuged in a microfuge for 5 minutes at 13,000 rpm at 4 

°C. Upper aqueous phase was transferred to a fresh 1.5 ml tube and filled up with 100% chilled 

ethanol, and mixed by inverting few times. Tube was centrifuged for 3 minutes in centrifuged at 

13,000 rpm. Supernatant was discarded and the pellet was washed with 600 μl of 70% ethanol. 

The pellet was dried at heat block for 5 minutes at 60 °C and resuspended in 50 μl of TE (10 mM 

Tris-Cl, 1 mM EDTA; pH 8.0) plus 3 μl of 10 mg/ml RNase A (Sigma). Tubes were incubated at 

55 °C for at least 30 minutes for proper RNase treatment. The yield of genomic DNA isolated 

ranges from 1-3 μg/μl of sample. Approximately 10 to 16 μl of this DNA was used for Southern 

analysis. 

2.2.8 Bacterial plasmid DNA isolation (Mini-preparation) 

Isolation of plasmid DNA was done by Alkaline Lysis Method (Sambrook and Russell, 2006). 

DH5α cells containing the desired plasmid construct was streaked on ampicillin (100 μg/ml) 

added LB plate and incubated overnight at 37 °C. Single colony of each was inoculated in 10 ml 

of LB + Ampicillin (100 μg/ml) liquid medium and grown overnight at 37 °C with shaking at 

220 rpm. On the following day, 3 ml of the bacterial culture was transferred into 1.5 ml 

Eppendorf tubes and cells were recovered by centrifugation at 12000 rpm for 2 minutes at 4 °C. 
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Supernatant was discarded and cell pellets were resuspended in 100 μl of solution Ι (25mM Tris 

HCl, pH 8.0, 10 mM EDTA, pH 8.0, 50 mM Glucose) with vigorous vortexing. Freshly prepared 

solution ΙΙ (0.2 N NaOH, 1% SDS), 200 μl  was added to the tubes, mixed gently by inverting 

the tubes (5 times) and were kept at room temperature for few minutes. To this, ice cold solution 

ΙΙΙ (5M Potassium Acetate, pH5.2 and Glacial Acetic Acid) was added. Contents were mixed 

thoroughly by gently inverting the tube 5-6 times and incubated on ice for 5 minutes. Tubes were 

centrifuged at 12,000 for 15 minutes at 4 °C and cell debris was removed by centrifugation. 

Supernatant was separated to fresh tubes and equal volume of PCI (Phenol, Chloroform, 

Isoamylalcohol in the ration 25:24:1) was added and mixed vigorously by vortexing. The tubes 

were then centrifuged at 12,000 rpm for 5 minutes. The aqueous phase obtained after 

centrifugation was precipitated by adding 0.7 volume of isopropanol and was gently mixed by 

inverting. Precipitated DNA was collected by centrifugation carried at 12,000 rpm for 15 

minutes at 4 °C and supernatant was discarded. The DNA pellet was rinsed with 70% ethanol 

allowed to air dry for 10 minutes. The pellet was finally resuspended in 20 μl of MQ containing 

RNase and quality was assessed on agarose gel. Plasmids were stored at -20 °C till further use. 

Plasmids used in the study are listed in Table 5. 

Table 5: Plasmids used in this study 

Plasmid 

 

Description Source or 

reference 

 

pSFS2B SAT1 flipper carrying nourseothricin resistance 

gene  

 

(Reuß et al., 2004) 

 

pPA1 pSFS2B flanked 5‘ and 3‘ LEM3
ORF

 for 

disruption of first allele of LEM3 

This study 

pPA2 LEM3reconstitution construct This study 

pADH34 C-terminal Myc tagging plasmid (Nobile et al., 2009) 

pCJN542 NAT1-TDH3 promoter plasmid  (Nobile et al., 2008) 
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2.2.9 Strain construction 

2.2.9.1. Deletion cassette construction 

The first and second allele of the LEM3 gene was disrupted using the SAT1 flipper in the plasmid 

pSFS2B. For the LEM3 disruption construct, a 300 bp 5′ ORF region of LEM3 (5′ LEM3
ORF

) was 

amplified from SC5314 genomic DNA with primers LEM3P1 and LEM3P2 (Table 4), with 

introduced KpnI and XhoI restriction sites. A 350 bp ORF region of 3′ LEM3 was amplified with 

primers LEM3P3 and LEM3P4, with introduced SacII and SacI sites. All amplicons (5′ LEM3
ORF

 

and 3′LEM3
ORF

) were docked in pGEMT easy vector from which they were digested and cloned 

into the 5‘ and 3‘ ends of the CaSAT1-FLIP cassette respectively using the mentioned enzymes. 

This procedure created the LEM3 knockout construct plasmid pPA1 (Table 5), which was 

digested with KpnI and SacI to release the 4.8 kb disruption construct. The wild type SC5314 

strain was electroporated with the disruption construct. The CaSAT1 construct was flipped out 

from LEM3/lem3∆::SAT1-FLIP strain before disruption of the second allele. For the disruption 

of second allele we used the same deletion cassette. Second round of electroporation and 

integration generated the null mutant. 

2.2.9.2. C-Myc tagging of LEM3 

The C-terminal Myc-tagging plasmid, pADH34, containing a 13X Myc epitope tag preceding the 

SAT1-flipper cassette was used for epitope tagging as previously described (Nobile et al., 2009). 

The PCR amplicon obtained with primers LEM3mycFnostop and LEM3mycRUTR constitutes a 

13X Myc epitope tag, SAT1 flipper cassette, 65 bp region homologous to LEM3 ORF minus its 

stop codon on the 5‘ end of the Myc tag and a 65 bp region homologous to LEM3 UTR 

downstream of the stop codon on the 3‘end of the SAT flipper cassette. This PCR product was 

transformed into SC5314 (wild type) to obtain strains PA16. Correct integration of the C-
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terminal 13X Myc epitope tag and SAT1 flipper was verified by colony PCR using detection 

primers LEM3upstreamcheckF, AHO300, LEM3downstreamR and AHO301. The primer pairs 

LEM3downstreamR and AHO302 were used in colony PCR to confirm the flipping out of the 

SAT1-flipper cassette. To obtain PA17 CaSAT was flipped out from PA16. The 13X Myc epitope 

tag and the region of homology to the 3‘end of LEM3 used for integration of the SAT1-flipper 

cassette was confirmed by sequencing the PCR product generated using primers 

LEM3upstreamcheckF and AHO283. 

2.2.9.3. Overexpression strain construction 

The TDH3-LEM3 and TDH3-RTA3 overexpression C. albicans strains (Table 1) were 

constructed using plasmid pCJN542 (Nobile et al. 2008) (Primers listed in Table 4). These 

primers amplify the AshbyagossypiiTEF1 promoter, the C. albicans NAT1 ORF, the A. gossypii 

TEF1 terminator and the C. albicans TDH3 promoter with 100 bp of hanging homology to 

promoter region of LEM3 and RTA3. The transformation into C. albicans strains was done as 

described earlier and nourseothricin positive transformants were screened using detection 

primers listed in Table 4. 

2.2.10 Southern Blot Analysis  

C. albicans cells were grown in 10 ml YEPD at 30 °C overnight with shaking at 220 rpm. 

Genomic DNA was isolated by harvesting the cells after centrifugation. 10 μg of genomic DNA 

was digested with HindIII, separated on a 1% agarose gel, transferred onto a nylon membrane 

and fixed by ultraviolet crosslinking. The gel purified 350 bp 3′ LEM3
ORF

 fragment obtained by 

digesting pPA1 with SacII and SacI, used as a probe. The probe was labeled with [
32

P] dATP. 

All blots were hybridized at 65 °C in a solution containing 0.5 M NaH2PO4 (pH 7.2), 7% sodium 

dodecyl sulfate, and 1 mM EDTA. After hybridization, the membranes were washed thrice with 
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2X SSC and 0.1% SDS and expose the membrane in a PhosphorImager cassette for visualization 

and finally quantified on Fujifilmphosphorimager (Amersham Biosciences).  

2.2.11 Microscopy  

For confocal microscopy, an Olympus FluoViewTMFV1000 microscope (100X oil immersion 

objective) was used and photographs were processed with the Olympus FV110A SW 1.7 viewer 

software. For visualizing nucleus and GFP tagged protein, cells were grown to mid-log phase, 

and stained with 4, 6-diamidino-2-phenylindole (DAPI). DAPI was added to a concentration of 

20 nM and 1 µg/ml respectively and incubated for 20 minutes for staining. After staining, cells 

were washed thrice and re-suspended in 1X PBS (phosphate buffered saline). The fluorescence 

excitation/emission for DAPI was 358/461 nm. 

2.2.12 Antifungal susceptibility tests 

2.2.12.1 Spot analysis  

Strains were streaked on YEPD overnight and on the following day single colonies grown in 

YEPD overnight and OD600 was set to 0.1 in 0.9% saline solution and serially diluted in saline 

four dilutions (5×10
3
 to 5×10

5
 cells). Five microliters of the corresponding dilutions were finally 

spotted onto YEPD plates containing the indicated drugs. Plates were incubated at 30 °C for 48 

hours and then photographed. 

2.2.12.2 Minimum inhibitory concentration (MIC) assay 

Minimum inhibitory concentration (MIC) was determined by broth microdilution methods 

described in CSLI guidelines. Round-bottomed 96-well microtitre plates were prepared for MIC 

estimation by equal volumes of RPMI-1640 (buffered with 0.165 mol/l
 
MOPS) and serially 

diluted concentrations of drugs. Then, diluted cell suspensions (10
4
 cells/ml) were added to the 

wells. The prepared plates with cell dilutions were incubated at 37 °C for 48 hours. The growth 
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was evaluated by reading the OD600 in a microplate reader and MIC80 is defined as the lowest 

drug concentration that gave 80% inhibition of growth compared with the growth of the drug-

free controls. 

2.2.13. Internalization of phospholipids into yeast cells  

For labeling experiments strains were grown to early-log phase in SDC media at 30 °C, and 

labeled with 5 µM NBD-PC (DMSO solubilized) at OD600 1.0 for 45 minutes as described in 

(Hanson et al., 2002). Cells were washed three times with SDC and kept at 30 °C for additional 

30 minutes. The cells were finally washed with ice-cold SC-azide three times and kept on ice 

until further analysis by microscopy or flow cytometry.  

2.2.13.1Flippase activity 

Flow cytometric analysis of the flippase activity on wild type, lem3Δ/Δ and lem3Δ/Δ+LEM3 

cells was done by using NBD-PC and sodium dithionite, an impermeant reducing agent used to 

quench the NBD-PC exposed on the cell surface (Popescu et al., 2010). Early log phase cells of 

wild type and lem3Δ/Δ were labeled with 2 µM NBD-PC. At the indicated times, an aliquot of 

cells was transferred to tubes with and without 25 mM sodium dithionite in SDC and washed 

with cold SC-azide. Residual MFI (mean fluorescence intensity) of NBD-PC in the presence (FD) 

or absence (FTotal) of dithionite was measured by flow cytometer. Percentage of internalized 

NBD-PC was represented as the normalized FD/FTotal ratio. Triton X-100 (0.1%) was added to the 

dithionite group to allow quenching of internalized NBD-PC in control experiments. Residual 

FD/FTotal ratio in permeabilized samples was less than 5%. Data are mean ± of more than or equal 

to 10000 gated events. 

2.2.14 Flow cytometry assays 

Flow cytometry was performed using a FACS Calibur flow cytometer (Becton Dickinson 

Immunocytometry Systems, San Jose, CA) equipped with an argon laser emitting at 488 nm. 
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Cells were grown to early-log phase (OD600 1.0) in YEPD at 30 °C, labelled with desired 

flourophore and analyzed. Fluorescence was measured on the FL1 fluorescence channel 

equipped with a 530 nm band-pass filter for NBD-PC staining. A total of 10,000 events were 

counted. The data was analyzed using CellQuest V software.  

2.2.15 Efflux of rhodamine 6G 

Approximately 10
7
 yeast cells from each overnight culture were inoculated into 50 ml YEPD 

medium and allowed to grow for 5 hours. Cells were pelleted, washed twice with phosphate 

buffered saline (PBS) buffer (pH 7.0) and resuspended in 1X PBS to 2% cell suspension. 

Rhodamine 6G (R6G) was added at a final concentration of 10 μM. Cell suspensions were 

incubated at 30 °C with shaking (200 rpm) for 3 hours under glucose starvation conditions. The 

de-energized cells were then washed and resuspended again in PBS at 2% cell suspension. At 10 

minute intervals, 1 ml volume of cells were removed, centrifuged and absorption of supernatants 

were measured at 527 nm. Energy dependent efflux was measured after the addition of 2% 

glucose. Glucose-free controls were included in all experiments. Effluxed rhodamine 6G was 

calculated from a standard concentration curve of R6G.   

2.2.16 Gene expression analysis  

2.2.16.1 RNA isolation and cDNA synthesis  

C. albicans strains were grown overnight in YEPD, subcultured from a starting OD600 of 0.3 in 

fresh YEPD and incubated at 30 
°
C till OD600 reached 1.0. Cells were harvested by centrifugation 

at 4000 rpm for 5 minutes at 4 
°
C from samples. Total RNA was isolated using the RNeasymini 

kit (Qiagen) followed by the treatment with DNase I (Thermo Scientific) to remove 

contaminating DNA. cDNA was synthesized with a RevertAid
TM

 H MinusFirst Strand cDNA 

synthesis kit (Thermo Scientific) following the manufacturer‘s protocol. 
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2.2.16.2 Real-time PCR (qRT-PCR)  

Real-time PCR reactions were performed in a volume of 25 μl using Thermo Scientific Maxima 

SYBR Green mix in a 96-well plate. For relative quantification of gene expression, the 

comparative CT method was used, where the fold change was determined as 2
−ΔΔCT

 (Schmittgen 

and Livak, 2008). ACT1 was used as the internal control and transcript level of the gene of 

interest was normalized to ACT1 levels. Fold changes are means ± SD and are derived from three 

or four independent RNA preparations. The qRT- PCR primers used in this study were designed 

by Primer Express 3.0 and are listed in Table 4.  

2.2.17 Steady state phospholipid analysis  

Phospholipids were extracted from crude cell fractions and separated by TLC as described. 

Briefly, starter cultures were diluted to an OD600 of 0.2 in YNB-glucose supplemented with 10 

μCi/ml 
32

Pi and grown at 30 °C for 24 hours. After a wash with H2O2, the yeast pellets were 

resuspended in breaking buffer, and disintegrated by vortexing with glass beads for 30 minutes at 

4 °C. Phospholipids from equal amounts of labelled crude cell, as determined by liquid 

scintillation, were extracted with 2:1 chloroform/methanol by vortexing at room temperature for 

1 hour. After phase separation, the lower organic phase was transferred to a new borosilicate 

tube and dried down under a stream of liquid nitrogen. Chloroform-resuspended samples were 

loaded onto silica gel thin-layer chromatography (TLC) plates and resolved. Statistical 

comparisons were performed using Sigma Plot 11 software (Systat Software, Inc.).  

2.2.18 Protein extracts and immunoblot analysis 

C. albicans was grown at 30 °C with starting OD600 of 0.4 and cells were harvested when OD600 

reached 2.0. Culture was pelleted down (10,000 rpm; 4 °C), washed with 1X PBS once and 

resuspended in 200 µl ice cold lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM 

EDTA, 1% Triton 100X), 5 µl protease inhibitor cocktail, 10 µl phenylmethylsulfonyl fluoride 
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(PMSF, 0.1 M stock) and 200 µl glass beads. Breaking was done for 1 minute on cell breaker 

with intermittent chilling on ice three times, followed by centrifuging at 13,000 rpm to obtain a 

clear lysate, which was transferred into fresh tube. To equalize the amount of protein loaded, 

samples were analyzed by measuring the absorbance at 280 nm and then by coomassie staining. 

Total protein was determined using Bio-Basic BCA assay kit according to manufacturer's 

instructions, and 100 μg of total protein was fractionated by SDS-PAGE using 10% Mini-

Protean TGX gels (Bio-Rad). Fractionated proteins were transferred to nitrocellulose/PVDF 

membranes and blocked with 50 mg/ml BSA (in 1X PBS) for 2 hours at room temperature. 

Membrane was incubated with 9B11 anti-Myc primary antibody for overnight (Cell Signalling 

Technology) and then horseradish peroxidase (HRP)-conjugated secondary antibody for 2 hours 

(Bio-Rad). Blots were visualized with the ECL plus Western blotting detection system (Bio-

Rad). Ponseau S staining was used as loading control, to show the equal loading of total amount 

of protein in each well. 

2.2.19 Virulence testing assays  

2.2.19.1 Morphogenesis assays 

These experiments were done in liquid as well as solid media. Cells from an overnight culture 

grown in YEPD were used to subculture from a starting OD600 of 0.3, in fresh spider media and 

incubated for 4-5 hours at 37 
°
C with continuous shaking. Aliquots of the cells well taken out at 

1 hour interval for 4 hours, washed with 1X PBS and observed under light microscope for 

changes in filamentation patterns. 

For filamentation on solid media, cells from an overnight culture grown in YEPD were washed, 

and approximately 50-100 cells of each strain were plated on YEPD, 10% serum, and spider agar 

media and incubated at 37 °C for 5 days. Colonies were observed after 5 days for filamentation 
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changes. Cells and colonies were photographed by using a Zeiss microscope equipped with a 

digital camera for displayed filamentation pattern in different strains. 

2.2.19.2 In vitro biofilm formation 

In vitro biofilm assays were carried out in Spider medium by growing the biofilm directly on the 

bottom on the 96 well polystyrene plates, as described previously (Fox et al., 2015; Lohse et al., 

2017). Briefly, strains were grown overnight in YEPD at 30 
°
C for 12-14 hours and diluted to an 

optical density at OD600 of 0.5 in Spider medium. The inoculated plate was covered with a 

breathable film and incubated at 37 
°
C for 90 minutes at 250 rpm agitation on an ELMI incubator 

(ELMI, Ltd. Riga, Latvia) for initial adhesion of cells. Post adhesion, the cells were washed with 

200 µl of 1X PBS, and 200 µl of fresh Spider medium was added. The plate was covered with a 

fresh breathable film and incubated at 37 
°
C for an additional 24 hours at 250 rpm agitation to 

allow for biofilm formation. Following incubation, the film and medium were removed and the 

OD600 was measured using a standard plate reader to determine the extent of biofilm formation. 

A well containing medium alone was included as a contamination control. Statistical significance 

(P values) was calculated using a Student's one-tailed paired t-test. P values are as follows: n.s is 

not significant, ** < 0.005 and *** < 0.0005. 

2.2.19.3 In vivo virulence testing in mice model   

C. albicans strains SC5314, lem3Δ/Δ and LEM3 revertant were cultivated overnight in YEPD. 

Each strain (3 –5×10
5
cfu/ml) was injected by the tail vein in four groups of 10 OF1   (Oncins 

France 1) mice (6–8 weeks old) (IFFA CREDO/now Charles River Laboratories, L'Arbresle, 

France). Mice survival was monitored for 10 days.   
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3.0 RESULTS 

 

3.1 Evolutionary relationship of CaLem3 to other fungal orthologs 

The mechanism of phosphatidylcholine synthesis is well established in eukaryotic cells while its 

transport and metabolism remain unresolved. In S. cerevisiae, a membrane localized protein 

Lem3/Ros3 comprising of two transmembrane domains is a key player that directs the 

transbilayer movement of phosphatidylcholine and phosphatidylethanolamine (PE) by virtue of 

its flippase activity (Ono et al., 2009). C. albicans Lem3 is designated as a putative membrane 

protein in Candida Genome Database (CGD).  

 

Figure 3.1: Predicted topology of Lem3. A prediction for the organization of Lem3 made by the Protter program. 

N-linked glycosylation sites in the sequence are represented by the green square.  

 



61 
 

Topological analysis of this protein by THHMM revealed the presence of two membrane-

spanning segments, an extended extracellular region and C-terminal cytoplasmic tail, suggesting 

that CaLem3 may be an integral membrane protein (Figure 3.1).  

 

Figure 3.2: A prediction for the transmembrane domain organization of Lem3 as deduced from Transmembrane 

Helices Hidden Markov Models (THHMM) 

We further evaluated the sequence similarity of Lem3 with other fungal orthologs by using 

Clustal Omega (a multiple sequence alignment program). For this C. albicans Lem3 (Gene ID: 

3643456) protein sequence was aligned with the protein sequence of ScLem3 (Gene ID: 855393) 

and its human ortholog, TMEM30A (Gene ID: 55754). While CaLem3 shared 45.80% similarity 

and 40.80% identity (Figure 3.3) with ScLem3, it shared 36.0% similarity and 29.0% identity 

(Figure 3.3) with TMEM30A. Additionally, CaLem3 was 44% and 96% similar and 40.7% and 

95.8% identical to C. glabrata (CGD Gene ID: CAGL0D02442g) and C. dubliniensis Lem3 

(CGD Gene ID: Cd36_19620). Percent similarity index to other fungal orthologs is presented in 

Table 6. The phylogenetic tree based on fungal Lem3 protein sequence were constructed by 

Neighbour Joining (NJ) method by using clustal omega (Figure 3.4). The phylogenetic analysis 
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of Lem3 demonstrates that CaLem3 protein is most closely related to C. dubliniensis.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: Sequence alignment of C. albicans Lem3 with its orthologs by CLUSTAL OMEGA. 
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Figure 3.4: Phylogenetic analysis. C. albicans, C. dubliniensis, C. parapsilosis, C. auris, S. cerevisiae, C. glabrata, 

A. nidulans, S. pombe, H. sapiens Lem3 orthologs constitute a mutually distinct subfamily. 

 

TABLE 6: Similarity of CaLem3 with others fungal and human orthologs  

 

           

 

 

 

 

 

 

 

 

 

Based on the conservation in the amino acid residues and membrane topology with other 

orthologs, we propose that the defining feature of Lem3 in S. cerevisiae remain conserved in C. 

albicans Lem3.  

S. 

No. 

Orthologues CGD Gene Id Similarity 

(%) 

Identity         

(%) 

1 C. dubliniensis  Cd36_19620     96.0 95.8 

2 C. parapsilosis CPAR2_206640     69.0 65.3 

3 C. auris B9J08_002485     54.0 50.7 

4 S. cerevisiae SGD:S000005267     45.8 40.8 

5 C. glabrata CAGL0D02442g     44.0 40.7 

6 A. nidulans AN5100     43.0 37.3 

7 S. pombe SPBC1773.11c     43.0 38.8 

8 H. sapiens Gene ID: 55754     36.0 29.0 
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3.2. LEM3 influences miltefosine susceptibility in C. albicans 

Phospholipids are distributed asymmetrically among two bilayers of the biological membrane. In 

eukaryotic plasma membrane, aminophospholipids such as phosphatidylcholine (PC) and 

sphingolipids reside predominantly in the outer leaflet, whereas phosphatidylethanolamine (PE) 

and phosphatidylserine (PS) are present in the cytoplasmic leaflet (Balasubramanian and Schroit, 

2003). The asymmetric distribution of these phospholipids is maintained by their inward and 

outward translocation across the biological membrane facilitated by P4-ATPases in an energy 

dependent manner. In S. cerevisiae, five P4-ATPases i.e. Drs2, Dnf1, Dnf2, Dnf3 and Neo1 are 

recognized as flippases, and with the exception of Neo1, all of these require Cdc50 family 

proteins as non-catalytic subunits for their localization and flippase activity. For Drs2, interaction 

with Cdc50 is required for exit of the complex from the endoplasmic reticulum (ER). 

Consistently, Cdc50 is retained in the ER of drs2Δ/Δ cells and so these two proteins are 

codependent for their exit from the ER. Lem3 chaperones both Dnf1 and Dnf2 out of the ER 

while Crf1 chaperones Dnf3 (Saito et al., 2004; Furuta et al., 2007).    

To functionally characterize Lem3 in C. albicans, we constructed lem3Δ/Δ in wild type 

(SC5314) strain by using SAT1 flipper strategy (Reuß et al., 2004). SAT1 flipper strategy is a 

highly efficient, convenient and widespread technique for targeted gene disruption in C. 

albicans. Disruption cassettes constructed as described in materials and methods contained gene-

specific regions to facilitate homologous recombination on LEM3 genomic locus. This cassette 

also contains an antibiotic selection marker, SAT (nourseothricin resistance gene) to facilitate 

selection of transformants. As C. albicans is a diploid fungus, two rounds of deletion was 

performed to generate homozygous null mutants (lem3Δ::FRT/lem3Δ::FRT). Wild type LEM3 

was reconstituted into its native locus in lem3Δ/Δ background by transforming the reconstituted 

cassette to obtain a revertant strain lem3Δ::FRT/LEM3-SAT1-FLIP. Each step of gene deletion 
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and reconstitution was confirmed by Southern blot analysis (figure 3.5). 

 

Figure 3.5: Disruption of LEM3. (A) Schematic representation of disruption strategy (B) Southern hybridization 

showing genomic configuration of LEM3 in the wild type locus and its deletion derivatives. Genomic DNA from 

strains were digested with HindIII. 
Lane 1, wild type (SC5314); Lane 2, LEM3/lem3Δ::SAT1-FLIP; Lane 3, LEM3/lem3Δ::FRT; Lane 4, lem3Δ::SAT1-

FLIP /lem3Δ::FRT; Lane 5, lem3Δ::FRT/ lem3Δ::FRT; Lane 6, lem3Δ/Δ+LEM3:: SAT1-FLIP; Lane 7, 

lem3Δ/Δ+LEM3::FRT. 

Earlier reports demonstrate that deleting LEM3/ROS3 in S. cerevisiae renders this yeast resistant 

to miltefosine (Stevens et al., 2008), an alkylphosphocholine class of drug with promising 

antifungal activity. It inhibits C. albicans biofilm formation and displays activity against 

preformed biofilm (Vila et al., 2015). Beside antifungal activity these alkylphospholipids have 

anticancer activity and are widely used as anti-leishmaniasis drugs (Hanson et al., 2003; Seifert 

et al., 2001). Additionally, Lem3 also functions as the transporter of miltefosine in S. cerevisiae 

(Hanson et al., 2003; Kato et al., 2002). Considering these reports we tested the C. albicans 
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lem3Δ/Δ for any alteration in susceptibility to miltefosine. To our observation lem3Δ/Δ cells 

displayed decreased susceptibility to miltefosine when compared to wild type and reconstituted 

strains (Figure 3.6), pointing that impact Lem3 may have in modulating susceptibility to the 

alkylphosphocholine class of drugs in C. albicans. 

 

Figure 3.6: Spot assay of lem3Δ/Δ for miltefosine susceptibility. Fivefold serial dilutions of cell suspensions were 

spotted onto YEPD plates supplemented with miltefosine and incubatedat 30 °C for 48 hours. 

Deletion of LEM3 also resulted in increased susceptibility to the azole antifungals, which is 

discussed below. 

3.2.1. Absence of LEM3 impacts intracellular accumulation of M-C6-NBD-PC while 

cellular phospholipid levels remain unchanged 

In S. cerevisiae resistance to miltefosine is associated with defects in internalization of NBD‐

labelled PC (its fluorescent structural analogue) (Hanson et al., 2002). NBD‐PC is the fluorescent 

lipid analogue of miltefosine that shares similar glycerophosphocholine structure and degree of 

hydrophobicity with miltefosine. In mammalian and yeast cells NBD‐labelled lipids are regularly 

used as reporters to study transport and intracellular trafficking of phospholipids (Haldar and 

Chattopadhyay, 2012). Studies in S. cerevisiae also suggest an involvement of Lem3 in 

internalization of NBD-PC through plasma membrane (Hanson et al., 2003). Taking into 

consideration the previous studies we also measured alteration in NBD-phospholipid 
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internalization in lem3Δ/Δ. Change in internalization of NBD-PC was monitored by confocal 

microscopy and flow cytometry. 

For analyzing time‐dependent distribution of NBD‐PC by confocal microscopy, strains were 

grown in SDC media till OD 1.0, incubated with NBD-PC for 45 min followed by subsequent 

washing with ice cold SC-azide (Synthetic Complete). Microscopy results revealed that while 

wild type cells displayed successful accumulation of NBD-PC, lem3Δ/Δ strain displayed a 

compromised NBD-PC accumulation. The phenotype was restored back to wild type levels by 

LEM3 reconstitution (Figure 3.7). Flow cytometry results were consistent with the microscopy 

results, wherein there was a 12-fold reduced in the mean intracellular fluorescence intensity 

(MFI) of NBD‐PC in lem3Δ/Δ strain, compared to the mean MFI of the wild type and 

reconstituted strain (Figure 3.7). 

As low MFI in lem3∆/∆ cells is reflective of decreased intracellular NBD-PC accumulation, we 

hypothesize that this could be due to a decrease in inward directed transbilayer movement (flip) 

of NBD-PC across the plasma membrane, thus justifying the decreased susceptibility of lem3∆/∆ 

cells to miltefosine.We further analyzed whether a decrease in accumulation of NBD-PC would 

have any effect on the total cellular phospholipid levels. For this we checked the steady state 

levels of phospholipids. Wild type, mutant and reconstituted strain were grown in 
32

Pi containing 

media. Total phospholipids were extracted from the whole cell extract and separated by thin layer 

chromatography (TLC). To our observation cellular phospholipid levels were not altered in the 

mutant (Figure 3.8). 
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Figure 3.7: Internalization of NBD-PC in lem3Δ/Δ cells. SC5314, lem3∆/∆ cells and lem3Δ/Δ+LEM3 cells were 

labeled with 5 µM of NBD-labeled PC. Strains were grown till O.D600 of 1, incubated with NBD-PC for 45 min at 

30 °C in SDC media, and washed with ice cold SC-azide. Samples were then incubated in SC media at 30 °C for 30 

min and visualized under confocal microscope. Values on the left indicate mean±S.D (n=3) fluorescence 

measurements by flow cytometry. Data represent the mean ± S.D of three independent experiments. Approximately 

200 cells were visualized using confocal microscopy. 

 

Figure 3.8: Steady state phospholipid analysis. Indicated yeast cells were cultivated in YNB-glucose in the 

presence of 
32

Pi. Phospholipids were extracted from crude cellular fractions and separated by TLC. Steady state 

phospholipid species were determined. CL: Cardiolipin, PA: Phosphatidic acid, PE: Phosphatidylethanolamine, PS: 

Phosphatidylserine, PI: phosphatidylinositol, PC: phosphatidylcholine, PG: Phosphatidylglycerol, CDP-DAG: 

cytidinediphosphate diacylglycerol, LPC: Lysophosphatidylcholine, LPI: Lysophosphatidylinositol. Amounts of 

each lipid relative to total phospholipids were determined and represented in percentage. Values are mean±SD 

(n=6). P value <0.01 (students t-test). 
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 Taken together, our results demonstrate a role for Lem3 in influencing the asymmetric 

distribution of PC across the plasma membrane, probably by its direct involvement in 

regulating the transbilayer movement of this phospholipid in C. albicans.  

3.2.2. Reduced internalization of NBD-PC is attributed to decreased PC-specific flippase 

activity 

Lem3 facilitates the localization and flippase activity of Dnf1 and Dnf2 in S. cerevisiae (Kato et 

al., 2002; Saito et al., 2004). Therefore, we hypothesized that compromising Lem3 function 

results in decreased intracellular accumulation of PC because of its effect on PC-specific flippase 

activity in C. albicans. To assess if the reduced flip of NBD-PC in lem3Δ/Δ cells was due to a 

decrease in the flippase activity that affects the transbilayer movement of PC, we 

measured NBD‐PC fluorescence by flow cytometry in presence or absence of sodium dithionite 

(an impermeant reducing agent and quencher of NBD). This is a routinely used method to 

measure flippase activity in S. cerevisiae (McIntyre and Sleight, 1991; Popescu et al., 2010).  

Dithionite produces nonfluorescent derivatives when it binds with the fluorescent lipid present in 

the outer leaflet. As, the total lipid upload is dependent on the adsorption of NBD‐ PC in outer 

leaflet of the plasma membrane and the flippase activity that transports it across the bilayers. 

This method provides information about the proportion of the fluorescent lipid incorporated in 

the outer leaflet and that which has migrated to locations within the cell. Accordingly, the lower 

the movement of the fluorescent lipid into the inner leaflet (decreased flip), the more be the 

dithionite quenching thereby keeping the lipid would be quenched by dithionite, and the 

intracellular MFI would continue to remain low with time. Flippase activity, therefore, can be 

assessed by measuring the intracellular MFI of NBD‐PC in the presence (FD) or absence (FTotal) 

of dithionite as measured by flow cytometery as described in the experimental procedure. We 

observed that percent flippase activity was comparably low in lem3Δ/Δ cells at T0 (43.17 ± 1.58 
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vs. 53 ± 0.98) with respect to wild type, while there was a significant difference in MFI at T30 (55 

± 3.09 vs. 71 ± 2.24) (Figure 3.9). The flippase activity in reconstituted strain remained to be 

similar to the wild type. These results shows that loss of LEM3 is the basis of the decrease in 

PC-specific flippase activity 

 

Figure 3.9: Flippase Activity. Flippase activity was measured in indicated strains by using 2‐μM NBD‐PC and the 

impermeant quencher sodium dithionite (25 mM). At indicated times, MFI of NBD‐PC in the presence or absence of 

dithionite was measured by flow cytometry. Percentage of internalised NBD‐PC (or PC flipped in %) was 

represented as the normalised FD/Ftotal ratio. For 20 and 30 min time points, % PC flipped in lem3Δ/Δ were found to 

be significant compared to wild type. NBD=nitrobenz‐2‐oxa‐1,3‐diazol‐4‐yl; PC= phosphatidylcholine. 

3.3 Increased azole susceptibility of lem3Δ/Δ cells is due to decreased activity 

of CDR1 efflux pump  

Loss of lipid flippase component Cdc50 function leads to enhanced fluconazole sensitivity and 

several types of stress in C. neoformans (Huang et al. 2016). Similar studies in S. cerevisiae have 

shown that Cdc50-mediated lipid flippase regulates ergosterol distribution and trafficking in the 

Golgi network (Hankins et al., 2015). When treated with fluconazole, disruption of Cdc50 

function could lead to altered ergosterol distribution on the membrane to cause lethality. 

Furthermore, disruption of both CDC50 and genes acting at late steps of the ergosterol 
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biosynthesis pathway (ERG2 and ERG6) results in synthetic lethality (Kishimoto et al., 2005). 

As Lem3 is a member of Cdc50 family of proteins (a subunit of P4 ATPases lipid flippases), we 

next sought to elucidate the role of LEM3 in antifungal susceptibility. We show that lem3Δ/Δ 

mutant exhibited increased susceptibility to various azole antifungals (Figure 3.10). 

 

Figure 3.10: Spot assay of lem3Δ/Δ for fluconazole susceptibility. Fivefold serial dilution of cell suspensions 

were spotted onto YEPD plates supplemented with azoles and incubated at 30 °C for 48 hours. 

Tolerance to azole antifungals is directly linked to the efflux activity of drug efflux pumps, 

CDR1 and CDR2 (ABC transporters) and MDR1 (MFS transporter) in C. albicans (Prasad and 

Goffeau, 2012). We therefore hypothesized that increased susceptibility of the mutant to azole 

antifungals could be attributed to reduced activity of drug efflux pumps. To this end, we further 

compared the activity of CDR1 between lem3Δ/Δ and wild type cells by rhodamine 6G (R6G; a 

substrate of CDR pumps) efflux assay (Nakamura et al., 2001).  

R6G is a highly fluorescent dye often used to determine the transport activity of yeast membrane 

efflux pumps. Accumulation of R6G in growing C. albicans cells inversely correlates with the 

level of the ABC transporter Candida drug resistance 1 (CDR1) mRNA expression and its 

activity. Measuring intracellular R6G levels can be used for successful identification of azole-
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resistant strains. In both azole resistant and sensitive strains R6G migrates from extracellular into 

the intracellular compartment when incubated in glucose free condition. On addition of glucose, 

efflux of R6G from azole resistant strains is significantly enhanced, compared to its low efflux 

from azole sensitive strains (Maesaki et al., 1999). No significant R6G efflux is observed without 

the addition of glucose in any type of strain.  

In our experiment, on glucose addition, an increase in extracellular concentration of R6G was 

observed from 2.7 nanomoles/ml
 
to 4.2 nanomoles/ml

 
in 30 min (1.5 fold increase) in the wild 

type. Similarly, 1.3 fold increase in extracellular concentration of R6G was observed in the 

reconstituted strain. We used cdr1∆/∆ as a positive control as deletion of CDR1 should not allow 

extracellular accumulation of R6G. Interestingly, similar to cdr1∆/∆ (0.9 fold increase), 

lem3∆/∆ mutant did not exhibit any significant change (0.9-fold) in extracellular R6G.  

These observations indicate that a deficiency in R6G transport is probably due to reduced 

activity of CDR1 in lem3∆/∆ cells (figure 3.11); underlying basis for the increased 

susceptibility of lem3∆/∆ to azole antifungals.  

 

Figure 3.11. Reduced CDR1 pump activity in lem3∆/∆. Efflux of fluorescent rhodamine 6G, a substrate of CDR1 

pumps. All strains were grown overnight in YEPD, starved for 2 hours in PBS buffer, incubated with rhodamine 6G 

(10 µM), and then transferred to Phosphate buffered saline (PBS) buffer, pH 7. At 10 min, glucose was added to 

cultures and efflux of fluorescent rhodamine was measured subsequently for a total of 40 min. 
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Considering the aforesaid background, we were prompted to investigate the contribution of 

LEM3 to the development of azole resistance in clinical isolates. To this end, we deleted this 

gene by SAT-flipper strategy in azole-resistant clinical isolate GU5 (Franz et al., 1998). Deletions 

were confirmed by Southern hybridization (Figure 3.12). This C. albicans isolate was derived 

from different episodes of oropharyngeal candidiasis (OPC) in AIDS patients who, after 

successful treatment (with 100 µg fluconazole) of the initial episodes, failed to respond to 

fluconazole therapy (Franz et al., 1998). The GU5/lem3∆/∆ cells exhibited increased 

susceptibility to fluconazole as reflected by spot assay (Figure 3.14) and in MIC80 values (Table 

7). The MIC80 value for GU5/lem3∆/∆ was reduced by 32-fold for fluconazole, compared to 

GU5. This demonstrates that susceptibility of azole-resistant clinical isolates to azole 

antifungals can be significantly increased by deleting LEM3. 

 

Figure 3.12: Disruption of LEM3 in azole-resistant clinical isolate GU5. Southern hybridization showing 

genomic configuration of LEM3 in the GU5 wild type locus and its deletion derivatives. Genomic DNA from strains 

were digested with HindIII. 

Lane 1, wild type (GU5); Lane 2, GU5/LEM3/lem3Δ::SAT1-FLIP; Lane 3, GU5/LEM3/lem3Δ::FRT; Lane 4, 

GU5/lem3Δ::SAT1-FLIP /lem3Δ::FRT; Lane 5, GU5/lem3Δ::FRT/ lem3Δ::FRT. 



74 
 

Table 7. Minimum inhibitory concentration (MIC80) of lem3Δ/Δ in GU5 background with 

fluconazole. 

                                                     MIC80 (µg/ml) 

Drug GU5 lem3Δ/Δ Fold change 

Fluconazole 128 4 32 

 

 

 Figure 3.13:  Minimum inhibitory concentration (MIC) assay.  

 
Figure 3.14: Spot assay of lem3Δ/Δ in clinical isolate for fluconazole susceptibility. Fivefold serial dilutions of 

cell suspensions were spotted onto YEPD plates supplemented with fluconazole and incubated at 30 °C for 48 hours.                                   

3.4 LEM3 influences pathogenicity in C. albicans  

Previous studies suggest that flippase and floppase activity lead to the asymmetric distribution of 

phospholipids on plasma membrane in eukaryotic cells, and alteration in flippase activity of P4-

ATPases leads to defects in cellular morphology in erythrocytes (Devaux, 1991; Murate et al., 
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2015). Modification of ATP10A P4-ATPases of HeLa cells result in the imbalance of lipid levels 

between the two leaflets of biological membrane bilayer because of which membrane curvature 

is perturbed causing plasma membrane to bend inwards, leading to adhesion defects (Takada et 

al., 2018). As perturbations in the membrane asymmetry results in adhesion defect and biofilm 

formation, we expected that any change in PC asymmetry across the plasma membrane may also 

impact hyphal morphogenesis, an important virulence parameter. As the role of Lem3 in 

regulating the transbilayer movement of PC has been established above (Figure 3.7), we 

hypothesized compromising Lem3 function may contribute to pathogenicity-related traits in C. 

albicans. 

The ability to switch between yeast and filamentous forms is thought to be tightly linked with 

virulence in Candida (Kornitzer, 2019). Filamentous cells are more invasive and easily undergo 

tissue penetration, while yeast cells are delivered and disseminated in the bloodstream. In 

infected tissues, both yeast-form and filamentous cells are found. Considering Lem3 as a lipid 

flippase subunit of Cdc50 family, we explored the ability of lem3Δ/Δ to filament in various 

filamentation-inducing medium as well as its ability to form biofilms. Considering this, we 

assessed lem3Δ/Δ for its ability to (i) filament (ii) form biofilms and (iii) cause infection in a 

mice model of systemic infection. For morphogenesis we evaluated the growth of all strains on 

YEPD (nutrient rich) and solid and liquid spider (nitrogen limiting media) medium. To our 

observation, lem3∆/∆ cells produced compromised filaments in liquid media at 37 °C at different 

time intervals in contrast to wild type cells that were able to form normal filaments (Figure 3.15). 

A similar defect in filamentation was observed in solid spider medium at 37 °C, grown upto 6 

days (Figure 3.16). The defect in both liquid as well as solid medium was successfully 

complemented back to wild type levels in the reconstituted strain.    
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Figure 3.15: Bud-to-hyphae switch is compromised in absence of LEM3 in liquid Spider medium. (A) SC5314, 

lem3∆/∆ cells and lem3Δ/Δ+LEM3 were incubated in spider medium (pH 7.4) at 37 °C and images were captured at 

0 min, 60 min, 120 min, 240 min. 

 

 

Figure 3.16: Bud-to-hyphae switch is compromised in absence of LEM3 on solid spider media. SC5314, 

lem3∆/∆ cells and lem3Δ/Δ+LEM3 were spotted on spider agar plates and incubated at 37 °C for 6 days. 

The influence of lipid flippase subunit Cdc50 on virulence has been demonstrated in C. 

neoformans (Huang et al., 2016). Considering that Lem3 is a member of Cdc50 family and 
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affects hyphal morphogenesis in vitro, we wanted to investigate if in vitro filamentation defects 

could be associated with virulence defects in a mice model of systemic infection. There was no 

significant difference in the survival between the lem3Δ/Δ mutant, wild type and the 

reconstituted strain indicating that Lem3 is dispensable for establishing an infection in the mouse 

systemic model of infection (Figure 3.17).      

 

Figure 3.17: In vivo virulence analysis of lem3Δ/Δ strain in mice model of systemic infection. Mice were 

infected with the C. albicans strains via the tail vein, and disease progression was monitored. 

In C. albicans dynamic modification in lipid profiles also have detrimental effects on cellular 

shape and cell physiology (Rizzo et al., 2019). Considering the altered PC flippase activity in   

lem3Δ/Δ cells, we used scanning electron microscopy (SEM) to analyze changes on the cell 

surface of the mutant. No significant alterations on the cell surface were observed in lem3Δ/Δ 

mutant with respect to wild type cells (Figure 3.18). 
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Figure 3.18: Cellular morphology is not affected in lem3Δ/Δ. Scanning electron micrographs of WT, lem3Δ/Δ, 

lem3Δ/Δ+LEM3. 

Furthermore, any change in the PC: PE ratio may also influence cell adhesion properties 

resulting in biofilm defects in C. albicans (Nobile and Johnson, 2015). Cells in the biofilm mode 

of growth display a larger increase in the PC:PE ratio (2-fold) as opposed to a small increase 

(0.2-fold) in the planktonic cells, in both early and late phases of biofilm development (Alim et 

al., 2018). 

 

Figure 3.19: in vitro biofilm formation in lem3Δ/Δ: In vitro biofilm assay was carried out in Spider medium by 

growing the biofilm directly on the bottom on the 96 well polystyrene plates. Strains were grown and diluted to an 

optical density at OD600 of 0.5 in 200 µl Spider medium. After incubation, the film and medium were removed and 

the OD600 was measured using a standard plate reader to determine the extent of biofilm formation.          
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As deletion of LEM3 may alter the lipid distribution across the plasma membrane, we next 

analyzed the mutant for its ability to form biofilm in vitro. We performed in vitro biofilm 

formation assay by growing the biofilm directly in spider medium in 96 well plate. After 

incubation for 24 hours no significant biofilm defects was observed in the lem3Δ/Δ mutant, 

compared to wild type (Figure 3.19). Taken together, our results suggest that although 

deletion of LEM3 impacts filamentation in vitro, it is not required for virulence in vivo. 

Additionally, compromising Lem3 function did not affect either cell surface morphology or 

the ability to form biofilm in vitro. Thus, we conclude that Lem3 may not be a contributor 

of pathogenicity-associated traits in C. albicans. 

3.5 Lem3 activity is regulated by Rta3, a 7-transmembrane receptor protein of 

C. albcians 

Targeting membrane proteins especially those that affect membrane asymmetry could be 

beneficial as this would lead to the modulation of protein-protein, protein-lipid and protein-

nucleic acid interactions, thus sensitizing cells to existing antifungals. Preliminary data from our 

laboratory has implicated Rta3, a 7-transmembrane receptor protein, unique to the fungal 

kingdom, as the determinant of biofilm development in C. albicans. Additionally, it was reported 

that rta3∆/∆ cells exhibit increased susceptibility to miltefosine, an alkylphosphocholine drug 

(Srivastava et al., 2017). By using short chain fluorescent labelled phosphatidylcholine reporter; 

nitrobenz-2-oxa-1,3-diazol-4-yl (NBD)-phosphatidylcholine (PC), a link was established 

between Rta3 and maintenance of asymmetric distribution of phosphatidylcholine (PC) across 

the plasma membrane. We demonstrated that compromising Rta3 function results in enhanced 

PC-specific flippase activity (Srivastava et al., 2017). As Lem3 is one of the well-established PC-

specific flippase in S. cerevisiae (Saito et al., 2004), we hypothesized that Rta3 may be 
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regulating the activity of C. albicans Lem3 to maintain PC asymmetry in the plasma membrane.  

Thus, to evaluate this hypothesis and also to further ascertain the role of Lem3 as a PC-specific 

flippase, we deleted LEM3 in rta3Δ/Δ background by using SAT-flipper strategy. We posit that if 

Lem3 is the flippase that is regulated by Rta3, then deleting LEM3 in the rta3Δ/Δ strain will lead 

to the abrogation of the increase in flippase activity in rta3Δ/Δ mutant. We found that 

lem3∆/∆rta3∆/∆ cells exhibit decreased susceptibility to miltefosine similar to lem3Δ/Δ (Figure 

3.20). Concordontly, the double mutant also was compromised in the internalization of NBD-PC, 

confirming that Rta3 negatively regulates Lem3 and thus contributes to the maintenance of PC 

asymmetry in the plasma membrane in C. albicans (Figure 3.21).       

 

Figure 3.20: Spot assay for miltefosine susceptibility. Fivefold serial dilutions of cell suspensions were spotted 

onto YEPD plates supplemented with miltefosine and incubated at 30 °C for 48 hours. 
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Figure 3.21: Intracellular accumulation of M-C6-NBD-PC in lem3Δ/Δrta3Δ/Δ cells. Cells were labeled with 5 

µM of NBD-labeled PC. Strains were grown till O.D600 of 1, incubated with NBD-PC for 45 min at 30 °C in SDC 

media, and washed with ice cold SC-azide. Samples were then incubated in SC media at 30 °C for 30 min and 

fluorescence measurements done by flow cytometry. 

Next, to determine if LEM3 and RTA3 function in a common or parallel pathway to regulate the 

transbilayer movement of PC across the plasma membrane, we constructed and analyzed a 

mutant that lacked both LEM3 and RTA3. We then sought to analyze the susceptibility of 

lem3Δ/Δrta3Δ/Δ mutant also on fluconazole, followed by testing its ability to undergo hyphal 

morphogenesis on soild Spider meidum. While deletion of RTA3 in wild type exhibited no 

alteration in azole susceptibility, lem3Δ/Δrta3Δ/Δ showed increased suspetibility to azoles, 

similar to lem3Δ/Δ (Figure 3.22). Similarly, rta3∆/∆ cells showed no defect in hyphal growth 

while lem3Δ/Δrta3Δ/Δ showed abrogated hyphal growth, similar to lem3∆/∆ (Figure 3.23). 

Considering that the lem3Δ/Δrta3Δ/Δ mutant had the same phenotype (decresed susceptibility to 

miltefosine, increased susceptibility to fluconazole and inhibtion in hyphal morphohenesis) as 

the lem3Δ/Δ single mutant, it is likely that Lem3 and Rta3 function in the same pathway. 
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Figure 3.22: Spot assay for fluconazole susceptibility. Fivefold serial dilution of cell suspensions were spotted 

onto YEPD plates supplemented with fluconazole and incubated at 30 °C for 48 hours. 

 

Figure 3.23: Bud-to-hyphae switch is compromised in absence of LEM3.Strains were spotted on spider agar 

plates and incubated at 37 °C for 6 days. 

To determine whether Lem3 is upstream or downstream of Rta3, we overexpressed LEM3 in 

rta3Δ/Δ and RTA3 in lem3Δ/Δ cells by replacing the endogenous promoter of both the genes 

with the constitutively active TDH3 promoter (Table 1). The forced expression of LEM3 in 

rta3Δ/Δ did not restore sensitivity to miltefosine. On the other hand, overexpression of RTA3 in 

lem3Δ/Δ had no effect on resistance to miltefosine (Figure 3.20). Susceptibility to miltefosine in 
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the respective strains correlated well with the accumulation of NBD-PC such that 

LEM3
OE

rta3Δ/Δ exhibited decreased accumulation of NBD-PC as opposed to RTA3
OE

lem3Δ/Δ 

that displayed increased accumulation of NBD-PC (Figure 3.21). Coupled together, our results 

suggest that Lem3 governs the transbilayer transport of PC across the plasma membrane at least 

in part by functioning downstream to Rta3 in C. albicans.   
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4.0 DISCUSSION 

 
Plasma membrane of all eukaryotes has an asymmetrical distribution of phospholipids that is 

maintained by ATP-driven phospholipid translocases. P4-ATPases regulate this asymmetric 

distribution by translocating phospholipids from the outer leaflet to the inner/cytoplasmic leaflet 

of the plasma membrane. The P4-ATPase Drs2 of S. cerevisiae interacts with its non-catalytic 

subunit Cdc50 to maintain the asymmetrical distribution of phospholipids on the plasma 

membrane (Saito et al., 2004; Lenoir et al., 2009; Tanaka et al., 2010). Likewise, the P4-ATPase 

Dnf1 forms a complex with the non-catalytic subunit Lem3 and localizes to the plasma 

membrane (Noji et al., 2006). Lem3 is required for the exit of Dnf1 from the endoplasmic 

reticulum (ER) and together Dnf1-Lem3 regulate the flip of phosphatidylcholine, 

phosphatidylserine and phosphatidylethanolamine in S. cerevisiae (Pomorski et al., 2003). 

Parallel studies on P4-ATPases and their cognate non-catalytic partners are limited in the 

pathogenic fungus C. albicans. With the exception of a recent study where the role of Cdc50 in 

regulating antifungal resistance, virulence, endocytosis and hyphal morphogenesis has been 

demonstrated, characterization of other flippase complexes has not been initiated in C. albicans. 

Herein, we have identified the C. albicans LEM3 gene encoding a protein of 439 amino acids 

with two conserved transmembrane domains. Given the sequence homology of CaLem3 with 

ScLem3 (Figure 3.3), we presumed that the function of CaLem3 may also be conserved in this 

pathogenic fungus. Consistent with this, we demonstrate the role of Lem3 in regulating the 

transbilayer movement (flip) of PC across the plasma membrane. The proposal that Lem3 is 

involved in flipping PC across the lipid bilayer stems from the following observations. First that 

loss of Lem3 results in decreased susceptibility to the alkylphosphocholine drug miltefosine 
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(Figure 3.6), hinting towards the possibility of the involvement of Lem3 in regulating PC 

movement across the plasma membrane in C. albicans. Second, the internalization of NBD-PC 

decreases in the lem3Δ/Δ cells (Figure 3.7). Third, the PC-specific flippase activity was 

abrogated in the absence of Lem3 (Figure 3.9) and fourth, the increase internalization of NBD-

PC in rta3Δ/Δ also was abrogated upon deleting LEM3 in this strain (Figure 3.21). This data 

combined infer a significant role for Lem3 in the transbilayer translocation of PC across the 

plasma membrane in C. albicans.  

We observed that Lem3 plays a role in modulating the susceptibility of C. albicans to azole 

antifungals such that disruption of Lem3 function rendered C. albicans sensitive to azole 

antifungals (Figure 3.10 ). Previous studies in S. cerevisiae show that disruption of Lem3 

function does not affect azole susceptibility. On the contrary, Cdc50 of C. neoformans and S. 

cerevisiae plays role in azole sensitivity by regulating the distribution and trafficking of 

ergosterol in the Golgi network (Hankins et al., 2015). Herein, we propose that disruption of 

Lem3 will lead to altered distribution of PC thereby affecting membrane permeability. 

Additionally, although not tested in this study but Lem3 may also have a role in regulating 

ergosterol distribution on the membrane similar to Cdc50, which in turn may cause cell death 

upon treatment with fluconazole; a questions that needs to be addressed. Earlier studies in C. 

albicans also have revealed a correlation between changes in membrane lipid composition and 

the activity of the drug efflux pump Cdr1 (Mukherjee et al., 2003). Concordontly, Cdr1 activity 

was abrogated in the lem3Δ/Δ cells (Figure 3.11). Thus, it is possible that the overall outcome of 

altered PC asymmtery in lem3Δ/Δ cells is abrogated activity of the drug efflux pump resulting in 

azole sensitivity in C. albicans. Whether alterations in PC asymmetry affect localization of Cdr1 

or affects the functioning of this efflux pump via another mechanism will require further 
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investigation.  

Besides its role in modulating azole susceptibility, we also tested the requirement of C. albicans 

Lem3 for regulating pathogenicity traits. Despite the reduced hyphal growth of the lem3Δ/Δ 

mutant in vitro (Figure 3.15), virulence was not attenuated in vivo mice model of systemic 

infection (Figure 3.17). Furthermore, the biofilm forming ability of the mutant also was not 

affected (Figure 3.19) pointing to the dispensability of Lem3 in regulating C. albicans 

pathogenesis. This is in contrast to the well defined role of C. neoformans Cdc50 in virulence in 

vitro as well as in vivo. The cdc50Δ cells are phaogytosed at a higher rate by the macrophages 

and thus are more sensitive to killing in vitro by macrophages (Huang et al., 2016). Likewise the 

C. albicans Cdc50 is also shown to be pivotal for establishing an infection in the mouse model of 

sytemic infection (Xu et al., 2019). In S. cerevisiae the Lem3-Dnf1 and Cdc50-Drs2 complexes 

are functionally redundant as loss of function of both these complexes causes a synthetic lethal 

defect (Noji et al., 2006). Considering this background it is plausible that out of the two non-

catalytic subunits of flippases, Cdc50 is a major contributor while Lem3 does not have a role to 

play in C. albicans pathogenesis. 

In order to strengthen the role of Lem3 as a protein that may be associated with a PC-specific 

flippase in C. albicans, we made use of a mutant, rta3Δ/Δ generated in our laboratory 

(Srivastava et al., 2017). This mutant exhibits constitutively high PC-specific flippase activity 

that correlated well with an increased susceptibility to miltefosine and enhanced internalization 

of NBD-PC. Deleting LEM3 in rta3Δ/Δ cells rendered cells resistant to miltefosine and 

decreased the PC-specific flippase activity, similar to lem3Δ/Δ cells (Figure 3.20, 3.21), 

affirming the role of Lem3 in regulating the transbilayer movement of PC across the plasma 

membrane in C. albicans. Considering that Rta3 is a plasma membrane localized regulatory 



87 
 

protein, we  propose that Lem3 could be one of the downstream effectors of Rta3 on which this 

protein exerts its regulatory effect on to maintain the plasma membrane asymmetric distibution 

of PC in C. albicans. lem3Δ/Δrta3Δ/Δ cells exhibited a phenotype similar to lem3Δ/Δ cells 

confirming that both these genes function in a single pathway. Furthermore, lem3Δ/Δ cells 

continued to exhibit decreased susceptibility to miltefosine even upon overepressing RTA3 in the 

mutant (Figure 3.20) pointing to the role of Lem3 as one of the effectors of Rta3.   

Perturbations in the asymmetric distribution of phospholipids on the plasma membrane serves as 

a trigger for activating multiple cellular events (Nichols 2002). Molecular entities that can 

function as flippases and their regulators remain unidentified in C. albicans. Therefore, the 

identification of Rta3 as a protein that may be crucial for maintaining asymmetric distribution of 

phosphatidylcholine via regulating the activity of Lem3 may prove to be an ―emerging target‖ 

with therapeutic implication in the field of Candida biology. In S. cerevisiae the homologs of 

RTA3 are referred to as the Rta1-family of proteins or the lipid translocating exporters (LTEs) 

(Manente and Ghislain, 2009). In addition to RTA3, C. albicans has three additional genes, 

orf19.6224, RTA2 and RTA4, coding for the Rta1-family of proteins. Noteworthy is that these 

proteins lack an overall sequence conservation with the classical G-protein coupled-receptors 

(GPCRs) and are unique to the fungal kingdom. Considering that Rta3 is a regulatory protein and 

its deletion impacts multiple cellular processes (Figure 4.1), identification of proteins whose 

functions are regulated by Rta3 may provide additional molecular components that can be 

targeted in near future for antifungal therapies. We posit that one such interplay that can be 

exploited in order to disrupt events that are crucial for the pathogenesis of this fungus, is the 

cross-talk between Rta3 and its effector Lem3. The homologs of Rta3 and Lem3 are present 

across the fungal kingdom, indicating that this interaction, once it is demonstrated through this 
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study, may be conserved across the fungal kingdom and may be required for maintenance of PC 

asymmetry and biofilm formation. Interestingly, disrupting Lem3 function in a C. albicans 

azole-resistant clinical isolate rendered this strain azole-sensitive (Figure 3.14), pointing to the 

clinical impact of targeting Lem3. Thus, developing antifungals that target Rta3 and Lem3 may 

provide us with more effective broad spectrum antifungals that operate in a completely 

unexploited target space. 

 

 

 

 
Figure 4.1. A model depicting roles of LEM3 and its interaction with the membrane localized 7- transmembrane 

receptor protein Rta3 in C. albicans. Consistent with the presence of two transmembrane domains (by TMHMM 

Transmembrane Helices Hidden Markov Models ) Lem3 may also be a putative membrane localized protein. Red 

arrow signifies negative regulation exerted by Rta3 on Lem3. 
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                       6.0 APPENDICES

 
1. Phosphate-Buffer Saline (PBS) 

 

 

 

 

 

 

 

8 g of NaCl, 0.2 g of KCl, 1.44 g of Na2HPO4 and 0.24 g of KH2PO4 was dissolved in 800 ml of 

distilled water. pH was adjusted to 7.4 with the help of HCl. The resulting solution was 

autoclaved for 20 min. The buffer was stored at room temperature. 

2. Tris Acetic Acid Electrophoresis (TAE) buffer 

Components Amount of 50X stock 

Tris-base 242 g 

Glacial acetic acid 57.1 ml of glacial acetic acid 

EDTA 100 ml of 0.5 M EDTA (pH 8.0) 

The above components were mixed for a 50X stock solution and autoclaved for 20 min. The 

autoclaved stock was stored at room temperature. 

Components Amount 

NaCl 137 mM 

KCl 2.7 mM 

Na2HPO4 10 mM 

KH2PO4 2 mM 
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3. Ethidium Bromide stock (10 mg/ml) 

0.1g of ethidium bromide was dissolved in 10 ml of water. The falcon was wrapped in aluminum 

foil and stored at room temperature. 

 4. 0.5M EDTA (pH 8.0) 

Component Quantity 

Disodium 

ethylenediaminetetraacetate·2H2O 

186.1 g 

ddH2O 800 ml 

 

Adjusted the pH to 8.0 with NaOH (~20 g of NaOH pellets).Aliquot and sterilized by 

autoclaving. 

Comment - The disodium salt of EDTA would not go into solution until the pH of the solution 

was adjusted to approximately 8.0 by the addition of NaOH. 

5. 1% Agarose for DNA gel electrophoresis 

 

Components Volume for 50 ml 

1% Agarose 0.5 g 

1X TAE 50 ml 

 

6. FA (10X) for RNA gel electrophoresis buffer  

 

Components Volume for 1 litre 

200mM MOPS 200 ml 

50 mMNaAcetate l2.5 ml 

10 mm EDTA 20 ml 
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Make up volume to 1 litre with RNAase treated ddH2O. Dilution to 1X FA buffer: add 20 ml 

37% formaldehyde after cooling. 

7. Alkaline Lysis Solution I for mini preparation of plasmid DNA 

Component Quantity 

Glucose 50 mM 

Tris-Cl (pH 8.0) 5 mM 

EDTA (pH 8.0) 10 mM 

 

Prepared Solution I from standard stocks in batches of approx. 100 ml, autoclaved for 15 min at 

15 psi (1.05 kg/cm2) on liquid cycle, and stored at 4 °C. 

8. Alkaline Lysis Solution II 

Component Quantity 

NaOH 0.2 N NaOH (freshly diluted 

from a 5 N stock) 

SDS 1% (W/V) 

Prepared Solution II fresh and used at room temperature. 

9. Alkaline LysisSolution III 

Component Quantity 

Potassium acetate 5 M, 60.0 ml 

Glacial acetic acid 11.5 ml 

H2O 28.5 ml 

Stored the solution at 4°C and transferred it to an ice bucket just before use. 
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10. Yeast Lysis Buffer (TENTS Buffer) 

Components Volume for 100 ml 

1 M Tris (pH 7.5) 1 ml 

0.5 M EDTA (pH 8.0) 200 μl 

5 M NaCI 2 ml 

Triton X-100 2 ml 

10% SDS 10 ml 

M.Q. water Up to 100 ml 

 

11. Southern hybridizing solutions 

 

(1) 20 X SSC 

Components Amount 

NaCl 175.3 g 

Na Citrate 88.2 g 

 

 

(2) Solution A (300 ml) 

Components Volume 

0.25N HCl 6.25 ml HCl 

Depurination – If the fragments of interest are larger than 15 kb, the DNA should be nicked by 

depurination prior to transfer. To depurinate the DNA, the gel was soaked in several gel volumes 

of Depurination Solution (0.2 N HCl) for 10 minutes at room temperature. 
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(3) Solution B (200 ml) 

Components Volume 

1.5M NaCl 60 ml of 5M NaCl 

0.5M NaOH 20 ml of 5N NaOH 

Denaturation - The denaturation in an alkaline environment may improve binding of the 

negatively charged thymine residues of DNA to a positively charged amino groups of membrane, 

separating it into single DNA strands for later hybridization to the probe (see below), and 

destroys any residual RNA that may still be present in the DNA. 

(4) Solution C (200 ml) 

Components Volume 

1.5M NaCl 60 ml of 5M NaCl 

0.5M Tris-HCl pH 7.5 100 ml 1M of Tris-Cl, pH 7.5 

 

Neutralization – to neutralize residual alkaline solution. 

(5) Wash Buffer (100 ml) 

Components Volume 

2X SSC 10 ml of 20X SSC 

0.1% SDS 1 ml of 10% SDS 

 

(6) Pre-hybridization buffer (10 ml) 

Components Volume 

30 mM NaH2PO4 10 ml of 20X SSC 

7% SDS 7 ml of 10% SDS 
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Abstract

Hypoxic adaptation pathways, essential for Candida albicans pathogenesis, are tied to

its transition from a commensal to a pathogen. Herein, we identify a WW domain‐

containing protein, Ifu5, as a determinant of hypoxic adaptation that also impacts

normoxic responses in this fungus. Ifu5 activity supports glycosylation homeostasis

via the Cek1 mitogen‐activated protein kinase‐dependent up‐regulation of PMT1,

under normoxia. Transcriptome analysis of ifu5Δ/Δ under normoxia shows a signifi-

cant up‐regulation of the hypoxic regulator EFG1 and EFG1‐dependent genes. We

demonstrate physical interaction between Ifu5 by virtue of its WW domain and

Efg1 that represses EFG1 expression under normoxia. This interaction is lost under

hypoxic growth conditions, relieving EFG1 repression. Hypoxic adaptation processes

such as filamentation and biofilm formation are affected in ifu5Δ/Δ cells revealing

the role of Ifu5 in hypoxic signalling and modulating pathogenicity traits of C. albicans

under varied oxygen conditions. Additionally, the WW domain of Ifu5 facilitates its

role in hypoxic adaptation, revealing the importance of this domain in providing a

platform to integrate various cellular processes. These data forge a relationship

between Efg1 and Ifu5 that fosters the role of Ifu5 in hypoxic adaptation thus illumi-

nating novel strategies to undermine the growth of C. albicans.

KEYWORDS

Biofilm, cell wall integrity, hypoxia, Efg1, hyphal morphogenesis, WW domain

1 | INTRODUCTION

The ability of Candida albicans, a commensal pathogen, to adapt to

environmental challenges while it colonises and infects the human

host, is critical for its survival. One such challenge is to be able to

adapt to a variety of oxygen concentrations that this pathogen may

experience at various stages of establishing an infection in the

mammalian host. The response of C. albicans to hypoxic microenviron-

ment is crucial for various virulence traits, starting from infection

(commensal‐to‐pathogen transition) to biofilm formation (Ernst &

Tielker, 2009; Grahl, Shepardson, Chung, & Cramer, 2012). Hypoxic

responses are also critical for C. albicans to ensure its occupancy as a

commensal in hypoxic niches such as the lower gastrointestinal tract,

in its human host (Pierce & Kumamoto, 2012).

A body of studies has identified distinct transcription factors and

regulatory circuits that function to facilitate the adaptation of C.Sumit K. Rastogi and Lasse van Wijlick contributed equally to this work.
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albicans exclusively under hypoxia and differ from those required

under normoxia. In this fungus during hypoxia, genes involved in

ergosterol and fatty acid biosynthesis, iron metabolism, cell wall regu-

lation, glycolysis, and fermentation are up‐regulated, whereas respira-

tory genes are repressed (Chang, Bien, Lee, Espenshade, & Kwon‐

Chung, 2007; Desai, van Wijlick, Kurtz, Juchimiuk, & Ernst, 2015;

Setiadi, Doedt, Cottier, Noffz, & Ernst, 2006). Whereas, the transcrip-

tion factor Upc2 directs an increase in the ergosterol biosynthesis

transcripts (Synnott, Guida, Mulhern‐Haughey, Higgins, & Butler,

2010), the regulators Tye7 and Efg1 activate the glycolytic and fer-

mentation genes and unstaurated fatty acid metabolism, respectively

during hypoxia (Askew et al., 2009; Bonhomme et al., 2011; Setiadi

et al., 2006). The pleiotropic virulence regulator Efg1 is considered

central for hypoxic adaptation in this fungus as Efg1 not only contrib-

utes to the regulation of half of all hypoxia‐responsive genes but also

prevents the expression of normoxia associated genes (Setiadi et al.,

2006; Stichternoth & Ernst, 2009). Thus, compromising the function

of the key hypoxia‐regulated genes or regulators results in attenuated

virulence in murine models of fungal infection (Askew et al., 2009;

Desai et al., 2015).

The link between C. albicans ability to adapt to hypoxia with its

pathogenesis is reinforced by the observation that hypoxic conditions

enable C. albicans to establish a successful infection by inducing the

masking of cell wall β‐glucan. As a consequence, C. albicans is able

to impede its clearance by evading recognition by the polymorphonu-

clear leukocytes, pointing to the contribution of hypoxic niches in

enhancing virulence (Lopes et al., 2018; Pradhan et al., 2018). Addi-

tionally, the ability of this fungal pathogen to undergo the bud‐to‐

hyphae transition and form biofilms in response to hypoxia also per-

mits this pathogen to colonise hypoxic niches in the human host. Both

these processes are regulated by Efg1 wherein although Efg1 pro-

motes hypoxic filamentation and biofilm formation at 37°C, it inhibits

hypoxic hypha formation during growth on agar specifically at temper-

atures ≤35°C (Desai et al., 2015; Setiadi et al., 2006). The tempera-

ture‐dependent inhibition on hypoxic hypha formation requires the

concerted action of Efg1, Bcr1, Brg1, and Ace2 transcription factors

(Desai et al., 2015). Furthermore, transcriptional induction of genes

such as those involved in glucose metabolism, sulphur metabolism,

peroxisomal functions, and iron uptake that make possible biofilm for-

mation in hypoxic niches is also dependent on Efg1. Biofilm formation

allows C. albicans to generate foci for infections in oxygen‐limiting

microenvironments and is considered a major cause of persistent

infections (Nobile & Mitchell, 2006). Collectively, all these studies

emphasise the contribution of Efg1 in regulating hypoxic adaptation

in C. albicans. Despite this knowledge, molecular components influenc-

ing the hypoxic regulation of Efg1 remain unidentified.

Treating candida infections is not only impeded by the ability of C.

albicans to adapt to environmental changes by switching between the

planktonic and biofilm mode of growth in host microenvironments but

also due to the highly drug recalciterant nature of the biofilms. C.

albicans develops resistance to existing azole antifungals due to the

up‐regulation of drug efflux pumps in both the planktonic as well as

biofilm modes of growth. Induced expression of the drug efflux

pumps, Cdr1, and Cdr2 in drug resistant C. albicans isolates is often

accompanied by the simultaneous induction of a subset of genes

(RTA3, IFU5, and HSP12) regulated by the transcription factor Tac1

(Coste, Karababa, Ischer, Bille, & Sanglard, 2004). The significance of

these coregulated genes remains largely unexplored in C. albicans,

which prompted us to ask if these proteins contribute to the develop-

ment of azole resistance in C. albicans by affecting the function of

Cdr1 and Cdr2. A recent study from our laboratory demonstrates that

the 7‐TM receptor protein Rta3 does not contribute to azole tolerance

at least in a wild type C. albicans strain (SC5314) but is required for

biofilm development in vivo (Srivastava et al., 2017). Thus, in order

to investigate the relevance of other Tac1 coregulated genes, we

characterised Ifu5, a WW domain‐containing protein, in this patho-

genic fungus.

A large number of WW domain‐containing proteins have been

assigned relevance in Saccharomyces cerevisiae (Hesselberth et al.,

2006), whereas they remain uncharacterised in C. albicans. WW

domains are small modular domains that interact with peptide ligands

that contain a core proline‐rich sequence and are implicated in a pleth-

ora of cellular processes (Hesselberth et al., 2006). A typical WW

domain consists of 35–40 amino acid residues with two highly con-

served tryptophan residues separated by 20–23 amino acids followed

by a proline residue in the protein. Ifu5 is a homolog of the S. cerevisiae

WW domain‐containing protein Wwm1 (73% similarity and 66% iden-

tity with Wwm1) that is implicated in apoptosis by means of interac-

tion with a metacaspase(Figure S1; Szallies, Kubata, & Duszenko,

2002). Both Wwm1 and Ifu5 contain a single WW domain spanning

26 amino acid residues defined by two conserved tryptophan residues

and a single proline residue(Figure 1). The WW domains are

categorised into four groups based on the presence of signature resi-

dues within the domain and their ligand specificities(Figure 1;

Hesselberth et al., 2006). In this study, we describe the role of WW

domain‐containing protein Ifu5 in mediating normoxic and hypoxic

responses in C. albicans and demonstrate an alliance between Ifu5

and Efg1 that facilitates adaptation of this fungus to oxygen‐limiting

environments. Thus, our study uncovers a novel link between Ifu5

and Efg1 that is pivotal for modulating pathogenicity‐related traits in

C. albicans.

2 | RESULTS

2.1 | Tac1‐regulated Ifu5 is involved in maintaining
cell wall integrity

The up‐regulation of the drug efflux proteins Cdr1 andCdr2 by fluphen-

azine has been well documented (Coste et al., 2004). A genome wide

transcriptome study showed that fluphenazine triggers the simulta-

neous up‐regulation of IFU5 with CDR1 and CDR2 via the transcription

factor Tac1 (Coste et al., 2004). In order to confirmTac1‐dependent co‐

ordinate regulation ofCDR1 and IFU5, we first analysed their expression

in tac1Δ/Δ cells and in a strain carrying the TAC1HA (hyperactive Tac1)

allele. Although the expression of IFU5 and CDR1 in tac1Δ/Δ was two‐
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fold and four‐fold down‐regulated, their expression was three‐fold and

four‐fold up‐regulated in a TAC1HA strain background, respectively

(Figure 2a). Treatment of wild‐type cells with fluphenazine resulted in

an increase in expression of IFU5 andCDR1 by 2.5‐ and 2.6‐fold, respec-

tively(Figure 2b). On the contrary, tac1Δ/Δ cells failed to enhance the

expression of IFU5 and CDR1, upon fluphenazine treatment(Figure 2

b). This set of data suggest that functional Tac1 is requisite for transcrip-

tional regulation of IFU5 in both unstressed and stressed conditions,

affirming that IFU5 is a target of Tac1.

To determine the function of Ifu5 in C. albicans, ifu5Δ/Δ and IFU5

reconstituted strains were constructed using the SAT1 flipper strategy

and confirmed by Southern blot analysis(Figure S2). In an attempt to

understand the importance of the WW domain in the function of

Ifu5, we also mutagenised tryptophan and proline of this domain as

these amino acids in other proteins are important for ligand (PPXY

or PPLP motif) interactions(Figure 1; Hesselberth et al., 2006). We

first examined ifu5Δ/Δ cells and mutIfu5 for their ability to grow in

presence of various antifungal compounds. Both the mutant strains

displayed wild‐type susceptibility to azole antifungals, suggesting that

Ifu5 does not contribute to azole tolerance in the laboratory strain,

SC5314(Figure S3). These mutants were then tested for their ability

to grow in the presence of agents that target the membrane or the cell

wall assembly such as caspofungin, calcofluor white, sodium dodecyl

sulfate, and tunicamycin. Interestingly, ifu5Δ/Δ cells, but not mutIfu5,

exhibited a growth defect in the presence of these drugs(Figure 2c).

The IFU5‐reconstituted strain restored the growth defect of the

ifu5Δ/Δ cells to wild‐type levels (Figure 2c).

Previous studies have correlated increased susceptibility to cell

wall‐damaging agents with alterations in cell wall composition and

architecture (Lee et al., 2012). In order to assess for alterations in cell

wall integrity, ifu5Δ/Δ cells were subjected to transmission electron

microscopy and cell wall composition analysis. Transmission electron

microscopy revealed the presence of compromised fibrillar

mannoprotein layer in the ifu5Δ/Δ cells with no alteration in cell wall

thickness compared with wild type(Figure 2d). Cell wall composition

analysis showed significant changes in cell wall constituents in the

mutant compared with wild type. Glucan constituted 66% of the total

cell wall polysaccharide in ifu5Δ/Δ cells, compared with 53% in the

wild type. Consistent with the compromised fibrillar mannoprotein

layer, there was a significant reduction in the mannan content in the

ifu5Δ/Δ cells (28% of total cell wall polysaccharide in mutant vs. 43%

in wild type). This data also indicated a two‐fold increase in the chitin

content as determined by measuring the glucosamine content (6% vs.

3% in the wild type) in the ifu5Δ/Δ cells(Figure 2e). Cell wall damage

causes changes in cell surface hydrophobicity thus affecting cell–cell

and cell‐to‐surface adhesion properties (Masuoka & Hazen, 1997).

Hence, to investigate the effect of altered cell wall integrity on cell–

cell adhesion, we performed flocculation assay with the mutant. The

ifu5Δ/Δ cells flocculated extensively and aggregated at the bottom

of the tube as indicated by a sharp decline in OD600 (>50% decline)

within 15 min after the shaking was stopped in contrast to the wild

type and the reconstituted strain(Figure 2f).

The cell wall integrity (CWI) pathway involving the Cek1 and Mkc1

mitogen‐activated protein kinases (MAPKs) and the unfolded protein

response pathway are requisite for cellular adaptation to cell wall

stress (Román, Alonso‐Monge, Miranda, & Pla, 2015). Given the strong

cell wall phenotypes in ifu5Δ/Δ, we sought to analyse the impact of

Ifu5 on the aforesaid adaptation processes and show that ifu5Δ/Δ cells

exhibit constitutive phosphorylation of Mkc1 and Cek1 (1.4‐ and 1.5‐

fold induction for Mkc1 and Cek1, respectively in mutant vs. wild

type) under basal conditions (Figures 2g and S4). As activated Cek1

signalling pathway is equated to glycostress in C. albicans (van Wijlick,

Swidergall, Brandt, & Ernst, 2016), we propose that absence of Ifu5

results in glycostress. The increased sensitivity of ifu5Δ/Δ to

tunicamycin (N‐glycosylation inhibitor) and altered cell wall composi-

tion is consistent with this notion(Figure 2c,d). Cek1 pathway compen-

sates for glycostress‐induced cell wall damage by regulating the

activity of O‐mannosyltransferases (Pmt proteins), especially PMT1

(van Wijlick et al., 2016). PMT1 expression is repressed in cells with

intact N‐glycosylation, whereas the repression on PMT1 is relieved in

cells with defective N‐glycosylation via the Cek1 pathway (Cantero

& Ernst, 2011). The ifu5Δ/Δ mutant exhibited eightfold up‐regulation

in the transcript levels of PMT1(Figure 2h), concordont with

glycostress‐induced Cek1 phosphorylation. These findings suggest

FIGURE 1 Organisation of WW domain in
different proteins. WW domain organisation
of CaIfu5, ScWwm1 and members of different
class of WW domain‐containing proteins in
Candida albicans. These proteins are classified
into four groups based on their ligand specific
motifs. nd, ligand specific motif not
determined
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FIGURE 2 Tac1‐regulated Ifu5 is required for cell wall integrity. (a) Expression analysis of IFU5 and CDR1 in tac1Δ/Δ and TAC1HA cells. (b)
Expression analysis of IFU5 and CDR1 upon fluphenazine (20·μg·ml−1, 30 min) treatment in indicated strains. (c) Fivefold serial dilution of cell
suspensions was spotted onto YEPD plates supplemented with indicated concentrations of drugs and incubated at 30°C for 48 hr. (d)

Representative images of transmission electron microscopy analysis for the cell walls of wild type strain SC5314 and ifu5Δ/Δ. Arrow indicates the
mannofibril layer. (e) Analysis of carbohydrate content of cell wall. Cell walls of the wild type, ifu5Δ/Δ, and the reconstituted strain were acid
hydrolysed, and released monosaccharide was detected by HPAEC‐PAD using a CarboPac PA10 analytical column. Results are expressed as a
percentage of dried cell wall (μg°mg−1). Shown is the mole percentage average from four or five replicates analysed over two experiments and
two‐tailed, unpaired t test was used to determine the statistical relevance. **p < .01, ***p < .001. (f) Flocculation assay was done by measuring
optical density of the cultures directly after vortex mixing followed by a resting period of 15 min. Values shown represent the ratio of the ODfinal/
ODinitial. Values are means ± SD and are derived from three independent cultures. (g) Mitogen‐activated protein kinase activation in indicated
strains grown in YEPD medium at 37°C was performed. Anti‐phospho‐p44/p42 MAPK (Thr202/Tyr204) antibody was used to detect dually
phosphorylated Mkc1 and Cek1 MAPKs. (h) Expression of PMT1 in ifu5Δ/Δ. Fold change in (a), (b), and (h; mutant/wild type or treated/untreated)
is calculated by 2−ΔΔCT, normalised to ACT1 (endogenous control), with untreated strain as calibrator. Values are means ± SD and derived from
three independent RNA preparations. Two‐tailed, unpaired t test was used to determine the statistical relevance. **p < .01, ***p < .001
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that Ifu5 impacts cell wall regulation by influencing glycosylation

homeostasis in C. albicans.

2.2 | EFG1 and biofilm‐specific class of genes are
differentially regulated in the absence of IFU5

In order to obtain an insight into the genome‐wide role of IFU5 in C.

albicans, we compared the transcript profiles of wild‐type and ifu5Δ/

Δ cells. After filtering, the entire data set resulted in a total of 106 sta-

tistically significant differentially regulated genes (p < .05, >1.5‐fold

up‐regulated or down‐regulated; Table S5). A total of 75 genes that

were down‐regulated were enriched for the GO annotation filamen-

tous growth (FGR12, FGR18, NRG2, and HSP21), mitochondria

(NAD1, COX2, CRD1, and COQ10), cell surface (PGA13, PGA16, and

PGA46), and protein modification and transport(Figure 3a). The up‐

regulated genes (total of 30) were significantly enriched for the GO

annotation protein modification and transport (PEX14, BMT4, ARC18,

and RPT2), adhesion and filamentation (EFG1, ALS4, SSY1, and

MHP1), oxidation–reduction (SOD3 and orf19.225), and cell surface

(PGA39 and PGA22;Figure 2a). PEX14 (3.73‐fold) and BMT4 (3.24‐fold)

were the highest up‐regulated genes, whereas orf19.1557 (6.58‐fold)

was the highest down‐regulated gene(Table 1). Out of the 106 differ-

entially regulated genes, 24 genes were described as genes that are

induced or repressed during biofilm formation(Figure 3a).

Interestingly, our data set shows two‐fold transcriptional up‐regu-

lation of EFG1 in ifu5Δ/Δ cells(Table 1). Previous transcriptional analy-

sis shows that induced production of Efg1 under normoxia coinduces

the expression of a subset of genes such as genes coding for cell wall

proteins, superoxide dismutase, Fe3+ reductases, copper transport

protein, and an O‐mannosyltransferase (Stichternoth & Ernst, 2009).

In accord with this, absence of IFU5 also results in a significant

increase in expression of these aforesaid normoxia‐dependent genes

(Table 1). Genes such as ALS3, ALS4, PGA39, and PGA22 (cell wall pro-

teins), BMT4 (beta‐mannosyltransferase), FRE30, and SOD3 (redox

homeostasis) are coinduced with EFG1 in ifu5Δ/Δ cells. Furthermore,

induced production of Efg1 also represses genes involved in oxidative

metabolism (Doedt et al., 2004) in line with the reduced expression of

genes such as NAD1, COX2, CRD1, and COQ10 observed in ifu5Δ/Δ

cells(Table 1). The expression of EFG1 and coinduced genes was vali-

dated by quantitative polymerase chain reaction (qPCR) analysis

(Figure 3b). Coupled together, our data show that deletion of IFU5

results in altered expression of (a) biofilm associated genes and (b)

genes that are induced in an Efg1‐dependent manner under normoxia.

2.3 | Ifu5 affects normoxic and hypoxic expression
of EFG1

WW domains, present in structural and signalling proteins mediate

protein–protein interactions by binding to specific motifs within their

FIGURE 3 Transcriptional profiling of ifu5Δ/Δ cells. (a) Flow chart indicating differential expression of genes in ifu5Δ/Δ. Boxes indicate list of
functional categories according to GO annotation. Number of differentially expressed genes is indicated in brackets. (b) Quantitative
polymerase chain reaction‐based transcript analysis of Efg1 and its coregulated genes in ifu5Δ/Δ. Fold change (mutant/wild type) is calculated by
2−ΔΔCT, normalised to ACT1 (endogenous control) with untreated strain as calibrator. Values are means ± SD and are derived from three
independent RNA preparations. A two‐tailed, unpaired t test was used to determine the statistical relevance: ***p < .001
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partners to coordinate cellular processes such as transcription, differ-

entiation, and ubiquitination (Hesselberth et al., 2006). Considering

that Ifu5 contains a WW domain and given the up‐regulation of

EFG1 in ifu5Δ/Δ cells(Figure 3b), we predicted that Ifu5 could be neg-

atively influencing the expression of Efg1 under normoxia, which may

be due to direct interaction between these two proteins. Hypoxic con-

ditions may relieve this repression resulting in disrupting the interac-

tion between Ifu5 and Efg1; basis for the increased expression of

Efg1 under hypoxia (Stichternoth & Ernst, 2009). Therefore, to assess

for the interaction, strains producing hemagglutinin (HA)‐tagged Efg1,

tandem affinity purification (TAP)‐ tagged Ifu5 and mutIfu5 and a

strain expressing both Ifu5‐TAP and Efg1‐HA were grown in yeast

extract peptone dextrose (YEPD) at 30°C for 4 hr, under normoxia

and hypoxia followed by cross‐linking with formaldehyde to stabilise

protein complexes. Thereafter, the total protein extracts were incu-

bated with IgG‐coated beads for immunoprecipitation of the Ifu5‐

TAP protein in the corresponding strain backgrounds. The Ifu5‐TAP

signal in beads incubated with extract from the strains carrying Ifu5‐

TAP allele was confirmed by immunoblotting with anti‐TAP antibody,

under both normoxia and hypoxia(Figure 4a, Anti‐TAP panel). Interest-

ingly, immunoblotting of the bound fractions with an anti‐HA antibody

(Co‐IP, Anti‐HA panel) allowed to detect Efg1‐HA co‐immunoprecipi-

tation with Ifu5‐TAP exclusively in normoxic conditions(Figure 4a).

The Ifu5–Efg1 interaction was not detected with mutIfu5‐TAP (Co‐

IP, Anti‐HA panel), pointing to the essentiality of the WW domain in

interacting with Efg1(Figure 4a). Our result therefore shows that Ifu5

protein via its WW domain physically associates with Efg1 protein

solely during normoxia.

TABLE 1 Functional category of C. albicans genes whose transcript levels in the ifu5Δ/Δ strain are 1.5‐fold up‐ and down‐regulated (P≤ 0.05)

Category and System Name Gene Function Fold Change

Protein modification degradation and transport

orf19.1557 RKM5 S‐adenosylmethionine‐dependent methyltransferase activity ‐7.34

orf19.1805 PEX14 role in protein import into peroxisome matrix 3.73

orf19.5612 BMT4 a,b,c Beta‐mannosyltransferase 3.24

orf19.5440 RPT2b Putative ATPase of the 19S regulatory particle of the 26S proteasome 1.96

orf19.7106 VPS70 Ortholog(s) have role in protein targeting to vacuole 1.76

Cell Surface

orf19.3638 PGA46 GPI‐anchored cell wall protein involved in cell wall synthesis ‐2.62

orf19.6420 PGA13b GPI‐anchored cell wall protein involved in cell wall synthesis ‐1.88

orf19.848 PGA16 b Putative GPI‐anchored protein ‐1.86

orf19.6302 PGA39 GPI‐anchored protein 1.85

orf19.3738 PGA22 Putative GPI‐anchored protein 1.54

orf19.4555 ALS4b GPI‐anchored adhesion, Role in adhesion 1.64

orf19.1816 ALS3b,c Cell wall adhesion, Promotes biofilm formation 1.63

Hypha formation and Virulence

orf19.5454 FGR12b Filamentous growth ‐5.17

orf19.6339 NRG2 Transcription factor involved in biofilm ‐3.60

orf19.4067 FGR18 Filamentous growth ‐2.61

orf19.935 AGA1b Spider biofilm induced ‐2.47

orf19.610 EFG1a,b Transcription factor involved in biofilm 2.73

orf19.822 HSP21b Small heat shock protein ‐3.01

Iron assimilation

orf19.1673 PPT1 Induced in high iron ‐2.24

orf19.6140 FRE30c Protein with similarity to ferric reductases 3.19

Mitochondrial Function and Oxidation‐Reduction Processes

CaalfMp01 COX2a Subunit II of cytochrome c oxidase ‐2.05

orf19.6100 CRD1b Cardiolipin synthase ‐1.70

orf19.6662 COQ10 Putative coenzyme Q (ubiquinone) binding protein ‐1.50

CaalfMp03 NAD1c Subunit 6 of NADH:ubiquinone oxidoreductase (NADH:ubiquinone dehydrogenase) ‐2.59

orf19.7111.1 SOD3 a,b,c Cytosolic manganese‐containing superoxide dismutase 2.9

aGenes that were validated by qPCR, bGenes that are annotated as flow model/RPMI/Spider/rat catheter biofilm induced or repressed in CGD. cGenes that

are Efg1 regulated.
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Thereafter, based on the role of Efg1 in hypoxic adaptation in C.

albicans, we were prompted to analyse the relevance of Ifu5–Efg1

interaction under hypoxia. First, we show that absence of Ifu5 does

not affect growth under hypoxia suggesting that Ifu5 is not a

determinant of hypoxic growth in C. albicans (data not shown). Sec-

ond, we monitored transcript levels of EFG1 and IFU5 during the shift

from normoxia to hypoxia in wild‐type, efg1Δ/Δ, ifu5Δ/Δ, and mutIfu5

cells. We observed a decrease in the transcript levels of IFU5 after

FIGURE 4 Role of Ifu5 in hypoxic adaptation. (a) Strains expressing HA‐Efg1 (AVL12, lanes 2 and 8), Ifu5‐TAP (CLvW997, lanes 3 and 9), both
HA‐Efg1 and Ifu5‐TAP (CLvW998, lanes 4 and 10), mutIfu5‐TAP (CLvW990, lanes 5 and 11), HA‐Efg1 and mutIfu5‐TAP (CLvW989, lanes 6 and
12), and the control strain BWP17 (lanes 1 and 7) were grown in yeast extract peptone dextrose medium at 30°C in either hypoxic or normoxic
conditions for 4 hr. The samples were immunoblotted and developed using anti‐TAP (IP) or anti‐HA (CoIP) antibodies (±). To verify presence of
Efg1‐HA, 1% of the total protein extracts was blotted and investigated with anti‐HA. (b) Relative transcript levels of IFU5 and EFG1 were
determined by quantitative polymerase chain reaction (qPCR). The indicated strains grown under normoxic conditions in yeast extract peptone
dextrose medium for 4 hr at 30°C, were shifted under hypoxia (0.2% O2) and grown for additional 4 hr at 30°C, and 0.2% O2. RNA was isolated
from cells at indicated time points. Time point 0 corresponds to 4‐hr growth under normoxic conditions before shifting cells to hypoxic conditions.
At each time point, two biological replicates and three technical replicates were assayed by qPCR. The ACT1 transcript was used as a calibrator to
normalise IFU5 and EFG1 transcript levels. A two‐tailed, unpaired t test was used to determine the statistical relevance: *p < .05, **p < .01. Relative
transcript levels of (c) IFU5 transcript in wild type and efg1Δ/Δ and (d) EFG1 transcript in wild type, ifu5Δ/Δ, and mutifu5 was analysed upon
shifting normoxia grown cells to hypoxic conditions. At each time point, two biological replicates and three technical replicates were assayed by
qPCR. The ACT1 transcript was used as a calibrator to normalise IFU5 and EFG1 transcript levels, respectively. A two‐tailed, unpaired t test was
used to determine the statistical relevance:: *p < .05; **p < .01
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FIGURE 5 Ifu5 influences filamentation and biofilm formation. (a) Indicated strains were grown under hypoxia (0.2% O2) and normoxia (21% O2)
on the surface of spider agar at 37°C for 3 days and photographed. (b) Biofilm mass (dry weight) after growth at 37°C under normoxia (21% O2,
6% CO2) and hypoxia (0.2% O2, 6% CO2) was estimated. Polystyrene wells were inoculated with 105 cells·ml−1 of the indicated strains and
supplemented with Roswell Park Memorial Institute 1640 medium and incubated for 48 hr at 37°C under normoxia and hypoxia. Biofilms were

washed twice with phosphate‐buffered saline (PBS), and dry biomass of the biofilms were quantified and expressed as ratio of the indicated strain
versus control strain (wild type). Means and standard deviations were determined from the results of three independent experiments. A t test was
used to calculate the statistical relevance: ***p < .001. The dashed line indicates the relative mass of the control strain which was set to 100%. (c)
Candida albicans wild type, ifu5Δ/Δ, IFU5 reconstituted, and mutifu5 strains were allowed to form biofilm under earlier performed gaseous
conditions. Indicated strains were allowed to adhere to the surface of a polystyrene plate for 90 min in PBS at 37°C under hypoxic (0.2% O2)
conditions. The wells were supplemented with Roswell Park Memorial Institute 1640 medium and incubated for 24 and 48 hr at 37°C under
hypoxia. Biofilms were washed with PBS after the indicated time points and supplemented with XTT‐menadione solution. After incubation in the
dark for 30 min at 37°C, the supernatant was transferred to a new 96‐well microtiter plate, and the colour change was measured at 490 nm.
Dashed lines indicate absorbance of the control strain after 24 and 48 hr, respectively. A t test was used to calculate the statistical relevance: ***p
< .001. Dashed lines indicate absorbance of the control strain after 24 and 48 hr, respectively. (d) Adhesion of C. albicans indicated strains to
polystyrene wells was observed using XTT reduction assay. Strains were inoculated into polystyrene wells as they were for biofilm experiments.
Following 90 min of incubation, non‐adherent cells were removed by washing, and the numbers of cells were assessed by using an XTT reduction
assay. A t test was used to calculate the statistical relevance: *p < .05. Dashed lines indicate absorbance of the control strain
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the shift to hypoxia with a simultaneous increase in the EFG1 tran-

script levels at the 30 and 60‐min time points, compared with their

transcript levels at the 0 time point in the wild type(Figure 4b). At

the later time points of 120 and 240 min, there was an increase in

the transcript level of IFU5 with a commensurate decrease in EFG1

transcript level, suggesting hypoxic repression of IFU5 during the early

stages of hypoxia(Figure 4b). Additionally, transcript levels of IFU5 in

efg1Δ/Δ cells and of EFG1 in ifu5Δ/Δ and mutIfu5 increased with time,

pointing to the existence of reciprocal negative regulation between

IFU5 and EFG1(Figure 4c,d). Thus, the result indicates that one of

the functions of Ifu5 may be to effectively negatively regulate Efg1

expression by virtue of its WW domain under normoxia by physically

interacting with this hypoxic regulator. Hypoxic growth conditions

may result in the loss of this interaction, and negative reciprocal regu-

lation coordinates the expression of IFU5 and EFG1 during various

stages of hypoxia. Collectively, we surmise that Ifu5 is tied to regulat-

ing Efg1 expression and thus to hypoxic adaptation by means of its

WW domain in C. albicans.

2.4 | Ifu5 regulates filamentation and affects biofilm
formation under hypoxia

Hyphal morphogenesis is one of the process that is required by C.

albicans to adapt to hypoxia, especially during its growth on agar

surface (Setiadi et al., 2006). Therefore, given the role of Ifu5 in

hypoxic adaptation, we were prompted to analyse the influence of

Ifu5 on hyphal morphogenesis. Absence of IFU5 did not affect

hyphal induction in liquid hyphal‐inducing conditions such as Spider

and serum‐containing media. On the contrary, both ifu5Δ/Δ and

mutIfu5 exhibited filamentation (surface growth) defects on all the

examined media in both normoxia and hypoxia, with the effect being

more pronounced under hypoxia(Figure 5a).

Next, as cells in C. albicans biofilms go through Efg1‐dependent

hypoxic adaptation (Stichternoth & Ernst, 2009), we sought to assess

the link between Ifu5 and this cellular process. As the ability of micro-

bial cells to adhere to the substrate is central to the formation of fun-

gal biofilms, we tested the strains of interest for their ability to adhere

and form biofilm on 24‐well polystyrene plate grown under normoxia

and hypoxia. The dry mass of the biofilms formed by ifu5Δ/Δ and

mutIfu5 was similar to the wild type during normoxic growth

(Figure 5b). Strikingly, although ifu5Δ/Δ was able to form biofilm under

hypoxia, the dry mass of the biofilm was two‐fold less than that of the

wild type, indicating that absence of Ifu5 impacts biofilm formation

solely under hypoxia(Figure 5b). The difference in the extent of biofilm

growth between the wild type, ifu5Δ/Δ cells, mutIfu5, and the

reconstituted strains in hypoxic condition was further assessed by

the Cell Proliferation Kit II (XTT) reduction assay. In line with the

decreased dry mass of biofilms, the mutants displayed a 50% reduc-

tion in the metabolic activity after 24 and 48 hr, compared with the

wild type(Figure 5c). These data revealed that ifu5Δ/Δ cells and

mutIfu5 display a delay in mature biofilm formation. We then moni-

tored the adherence ability of the mutant onto polystyrene plates

under hypoxia. The adherence assay further confirmed the results of

our metabolic assay as ifu5Δ/Δ and mutIfu5 cells showed a significant

66% reduction in cells that had grown on the polystyrene surface

compared with the wild type(Figure 5d). The extent of biofilm growth

and adherence in the reconstituted strain was similar to wild type

(Figure 5b–d). This set of data points to the role of Ifu5 in biofilm for-

mation, specifically in oxygen‐limiting conditions. Coupled together,

we conclude that Ifu5 serves as a positive regulator of filamentation

and hypoxic biofilm formation in C. albicans and that these processes

are facilitated by the WW domain of Ifu5.

3 | DISCUSSION

In this study, we spotlight Ifu5, aTac1‐regulated WW domain‐contain-

ing protein(Figure 1) that serves a role in hypoxic signalling and influ-

ences virulence related traits of C. albicans in oxygen‐surfeit and

oxygen‐limiting niches. Despite being coregulated with the drug efflux

pumps(Figure 2a,b), Ifu5 does not contribute to azole susceptibility in

wild‐type C. albicans(Figure S3). Through this study, we also demon-

strate the significance of Ifu5 in maintaining cell wall integrity, one

of the functions of this protein under normoxia (Figures 2 6). We pro-

pose that compromised Ifu5 function causes glycostress in unstressed

cells, leading to constitutive high levels of phospho‐Cek1 and conse-

quentially up‐regulated PMT1(Figure 2g,h). Thus, the ability of Ifu5

to contribute to cell wall regulation can be attributed to its role in

maintaining glycosylation homeostasis in C. albicans. WW domain is

a well‐characterised, highly conserved protein domain implicated in

variety of cellular processes. However, protein interaction partners

of many WW domain‐containing proteins are largely unknown

(Figure 1). In this context, this study identifies the hypoxic regulator

Efg1 as the interaction partner of Ifu5 and brings forward a relation-

ship between Ifu5 and Efg1 that may be one of the underlying mech-

anisms for hypoxic adaptation in C. albicans(Figure 6).

Transcriptome analysis of ifu5Δ/Δ showed up‐regulation of the

hypoxic regulator EFG1, its normoxia‐dependent target genes and bio-

film‐specific set of genes(Figure 3). We infer that Ifu5 not only regu-

lates EFG1 expression but also Efg1 allied pathways involved in

hypoxic adaptation. We propose that there is a complex molecular

interaction between Ifu5 and Efg1 wherein Ifu5 regulates both

normoxic and hypoxic expression of EFG1 transcript(Figure 4b–d)

and coordinates with Efg1 to influence hypoxic responses in C.

albicans. The repressive effect of Ifu5 on normoxic EFG1 expression

and Efg1 activity is evident from transcriptional induction of EFG1

and its dependent genes in ifu5Δ/Δ cells(Figure 3b). This repression

could be facilitated by WW domain‐mediated direct interaction

between Ifu5 and Efg1 under normoxia(Figure 4a). Considering that

EFG1 negatively regulates its own transcription (Tebarth et al.,

2003), we propose the possibility that Ifu5, by functioning as a core-

pressor of Efg1, may presumably allow this regulator to efficiently

down‐regulate its own expression. Thus, in ifu5Δ/Δ cells, the ability

of Efg1 to autoregulate itself is compromised leading to its constitu-

tive up‐regulation(Figure 4d). This plausible explanation is justified by
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the established role of WW domain‐containing proteins in binding to

proline‐rich sequences of transcription factors such as human PEBP2

(polyoma enhancer binding protein), NF‐E2 (nuclear factor, eryt

nuclear factor, erythroid 2) and BRN‐2/POU3F2 (POU domain, class

3, transcription factor 2). The C‐terminus of Efg1 contains a stretch

of prolines (residues 332 to 338), located C‐terminal to its APSES

domain (Noffz, Liedschulte, Lengeler, & Ernst, 2008), which may serve

as a putative binding site for Ifu5. The significance of the proline‐rich

stretch in mediating Ifu5–Efg1 interaction needs further investiga-

tions. During early hypoxic stress, it is likely that the repressive effect

of Ifu5 on Efg1 is relieved, resulting in Efg1‐mediated transcriptional

repression of IFU5(Figure 4c). Increased IFU5 transcripts at later stages

of hypoxic stress may be facilitated by low Efg1 levels, owing to the

autoregulation of Efg1 that eventually causes a reduction in Efg1 pro-

tein levels (Lassak et al., 2011; Tebarth et al., 2003). Coupled

together, these data suggest that Ifu5 in concert with Efg1 and

unknown hypoxic regulators may ensure rapid adaptation to hypoxic

environments and that Ifu5 and Efg1 may act as major points of inte-

gration for hypoxic adaptation in C. albicans(Figure 6).

Ifu5 also functions as a positive regulator of both filamentation and

biofilm formation: two distinct hypoxia‐dependent adaptation pro-

cesses(Figure 6). Hyphal morphogenesis and hypoxic biofilm formation

was blocked in ifu5Δ/Δ cells despite the up‐regulation of Efg1(Figure 5)

, suggesting that the requirement for Ifu5 during these processes can-

not be bypassed by increased EFG1 expression in the mutant. This is in

contrast to the established role of Efg1 as an inducer of morphogene-

sis and biofilm formation in both gas conditions (Desai et al., 2015;

Setiadi et al., 2006). Our results thus argue that both Ifu5 and Efg1

induce filamentation and hypoxic biofilm development via similar fac-

tors and that the expression of these factors is largely dependent on

functional Ifu5. It is likely that Efg1‐dependent activation of biofilm‐

specific genes, especially under hypoxia, requires Ifu5‐dependent

expression of additional hypoxic regulators/factors that link to the

Ifu5‐Efg1 regulatory loop. Thus, the absence of Ifu5‐dependent

unknown hypoxic regulators may not allow Efg1 to fully exert its

inducing effect on filamentation and biofilm formation in the mutant.

The lack of normoxic biofilm phenotype(Figure 5b–d) for ifu5Δ/Δ is

surprising as the mutant shows reduced filamentation on agar surface.

Likewise, mutants of ace2 and czf1 that are considered crucial for hyp-

oxic filamentation are dispensable for hypoxic biofilm formation

(Giusani, Vinces, & Kumamoto, 2002; Kelly et al., 2004). This indicates

that regulators (factors) required for filamentation under specific envi-

ronments may not have a role in biofilm development in similar envi-

ronments. Collectively, our data reveal synergistic function for Ifu5

and Efg1 in promoting filamentation and hypoxic biofilm formation

in C. albicans.

WW domain is the predominant interacting module within Ifu5 as

mutagenising this domain resulted in not only loss of Ifu5–Efg1 inter-

action under normoxia but also filamentation and hypoxic biofilm for-

mation (Figures 4a and 5). We posit that the WW domain of Ifu5 may

serve as a platform linking Ifu5 with distinct proteins affiliated with

multiple physiological networks. Although protein–protein interac-

tions through WW domain may be crucial for Ifu5 to regulate Efg1

activity, its involvement in cell wall regulation could be a separate

function independent of the WW domain(Figure 2c). The link between

Ifu5 and cell wall regulation is reminiscent of the role of Sordaria

macrospora protein PRO40 (protoperithecia) in modulating the CWI

pathway (Teichert et al., 2014). PRO40 serves as a scaffold for the

proteins of the CWI MAPK module, independent of the WW domain,

linking them to the upstream activator Pkc1 (Teichert et al., 2014). It

is plausible that similar to PRO40, Ifu5 may serve as the scaffold pro-

tein to regulate the activity of the C. albicans CWI pathway in a WW

domain‐independent manner, an area that ought to be explored. The

mammalian tumor suppressor gene WWOX (WW domain‐containing

oxidoreductase) and the SO (SOFT) protein involved in hyphal fusion

in Neurospora crassa are few additional examples that mediate certain

FIGURE 6 Model depicting Ifu5 functions in
Candida albicans. Ifu5 influences normoxic and
hypoxic responses in C. albicans. Ifu5
represses PMT1 expression via the Cek1 MAP
kinase pathway to maintain glycosylation

homeostasis and thus cell wall integrity under
normoxia. Direct binding of Ifu5 to Efg1 (grey
blunt arrow) represses the function of this
regulator. Hypoxia relieves this repression,
and a negative reciprocal loop (grey blunt
arrows) of regulation between IFU5 and EFG1
allows rapid hypoxic adaptation. Ifu5
positively regulates hypoxic biofilm formation
and hyphal morphogenesis in both normoxic
and hypoxic conditions
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functions in a WW domain‐independent manner (Fleiβner & Glass,

2007; Jamous & Salah, 2018). It seems likely that Ifu5 may mediate

its functions in C. albicans by interacting with and influencing the

activities of different proteins in WW domain‐dependent as well as

WW domain‐independent manner. Fungal hypoxic adaptation path-

ways are critical for virulence and exploiting them for antifungal ther-

apy may improve the outcome of treating fungal infections. In vivo

relevance of interfering with molecules involved in hypoxic adaptation

may offer opportunities for prevention of fungal infections and prove

to be favourable targets for drug development. We propose that Ifu5

is a promising component for potential therapeutic targeting of C.

albicans associated infections under varying oxygen niches.

4 | EXPERIMENTAL PROCEDURES

4.1 | Strains, chemicals, and growth conditions

Strains were maintained and propagated on YEPD medium (1% yeast

extract, 2% Bacto peptone, 2% glucose, and 2% agar for solidification).

YEPD medium supplemented with 200·μg·ml−1 of nourseothricin

(Werner Bioagents, Jena, Germany) was used for selection of deletion

mutants. To obtain nourseothricin‐sensitive derivatives of

transformants, strains were grown in yeast extract‐peptone‐maltose

(1% yeast extract, 2% peptone, 2% maltose) for 8 hr and plated on

10‐μg·ml−1 nourseothricin. For hyphal morphogenesis on solid media,

cells were plated on Spider (1% nutrient broth, 1% D‐mannitol and

0.2% K2HPO4) agar plate, kept under hypoxia (0.2% O2) and normoxia

at 37°C for 3 days, and photographed. Cell surface stress was imposed

with sodium dodecyl sulphate (Biobasic), caspofungin (Merck),

Calcofluor White (Sigma Aldrich), and tunicamycin (Sigma Aldrich) at

the concentrations specified in theFigure 2. For stress sensitivity assay

strains grown overnight in YEPD media were diluted in 0.9% saline

solution. Thereafter, 5‐μl portions of four dilutions (5 × 103 to 5 ×

105 cells) were spotted onto YEPD agar plates containing indicated

drugs. Plates were photographed after incubation for 48 hr at 30°C.

4.1.1 | Strain construction

Construction of deletion cassettes for IFU5

IFU5 was deleted by standard two‐step disruptions using SAT1 flipper

using the plasmid pSFS2B (Reuss, Vik, Kolter, & Morschhäuser, 2004).

The generated strains, plasmids, and primers used for strain construc-

tion are listed in Tables S1, S2, and S3, respectively. Two different dis-

ruption cassettes were constructed for the two alleles of IFU5 in the

disruption vector pSFS2B. For the IFU5 deletion construct, a 300‐bp

5′ upstream noncoding region (NCR) of IFU5 (5′ IFU5NCR) was ampli-

fied from SC5314 genomic DNA with primers FP 1 and FP 2(Table

S3), which introduced KpnI and XhoI restriction sites and cloned into

5′ end of the SAT1–FLP cassette in pSFS2B using the same enzymes.

A 300‐bp region of 3′ IFU5NCR was amplified with primers FP 3 and FP

4, which introduced SacII and SacI sites and was cloned in the 3′ end

of the SAT1–FLP cassette (which already contains 5′ IFU5NCR). The

plasmid thus constructed containing the disruption cassette for dele-

tion of the first allele of IFU5 is referred to as pSR1(Table S2). For

deleting the second allele, 5′ end of pSR1 was replaced by 300 bp

of the IFU5NCR (amplified by primers FP 5 and FP 6) with KpnI and

XhoI restriction sites, generating pSR2(Table S2). The IFU5 reconstitu-

tion construct was made by amplifying a 1.7‐kb fragment containing

the IFU5 ORF (0.7 kb) and the 5′ NCR (1.0 kb) by using primers FP 7

and FP 8 that introduced KpnI and XhoI sites. The fragment was then

ligated into the KpnI and XhoI digested pSR1, which already contained

the 3′ IFU5NCR. This procedure resulted in the IFU5 reconstitution

plasmid (pSR3). The wild‐type strain, SC5314, was electroporated with

the first round disruption cassette, and deletion mutants were

selected on 200‐μg·ml−1 nourseothricin (SR11). To obtain

nourseothricin‐sensitive derivatives of transformants, strains were

grown in yeast extract‐peptone‐maltose (1% yeast extract, 2% pep-

tone, 2% maltose) and plated on 10‐μg·ml−1 nourseothricin. These

nourseothricin‐sensitive heterozygous mutants (SR12) were then used

for the second round of transformation generating the homozygous

null mutant strain SR13. The CaSAT1 construct was flipped out from

SR13, resulting in SR14. For reconstituted strain, 5.8‐kb fragment

from pSR3 digested with KpnI and SacI and was transformed in SR14

to yield, SR15. Proper integration at each step was confirmed by

Southern hybridisation.

C‐terminal Myc tagging

For constructing C‐terminal 13X Myc‐tagged IFU5, the vector

pADH34 was used as described previously (Nobile et al., 2009), which

introduces 13X Myc epitope upstream from stop codon of IFU5. Cas-

sette carrying SAT1 marker, homology region of IFU5 and 13X Myc

epitope was transformed in SC5314 and positive transformants were

screened by polymerase chain reaction (PCR). SAT1 marker was

recycled, and PCR product from nourseothricin sensitive colonies

was sequenced to confirm proper integration of the cassette. Primers

used for amplification of cassette and detection for integration are

listed inTable S3.

Site‐directed mutagenesis of the WW domain

For the construction of mutIfu5 strain, plasmid containing the gene

IFU5 (pSR3) was used as template and tryptophan and proline sub-

stitution was performed by PCR (initial denaturation at 95°C for 5

min, annealing at 61°C for 1 min, extension at 68°C for 9 min, and

final extension of 9 min) using primers listed inTable S3. The plasmid

amplification products were then digested with DpnI at 37°C for 1

hr and then transformed in Escherichia coli. The mutations were con-

firmed by sequencing and the integration cassette was

electroporated into SR16. Effective integration was confirmed by

Southern blotting.

Construction of TAP modified Ifu5 and HA modified Efg1

For strains used for co‐immunoprecipitation assay, hemagglutinin‐epi-

tope modified Efg1 (HA‐Efg1) and TAP‐epitope modified Ifu5 (Ifu5‐

TAP) were constructed. For C‐terminal tagging of Ifu5, plasmid pFA‐

TAP‐HIS (Lavoie, Sellam, Askew, Nantel, & Whiteway, 2008) was used
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to amplify sequences encoding the TAP and HIS1 cassette. The cas-

sette was transformed in strain AVL12 that expresses HA‐Efg1 from

its native promoter (Noffz et al., 2008) and in BWP17 resulting in

strains CLvW998 (HA‐Efg1, Ifu5‐TAP) and CLvW997 (Ifu5‐TAP),

respectively. Similarly, strains producing mutifu5‐TAP were con-

structed by first replacing both IFU5 alleles with the mutated version

encoded on plasmid pSR4 and subsequent transformation with the

TAP‐HIS cassette amplified with homologous‐overhangs from plasmid

pFA‐TAP‐HIS. The resulting strain CLvW990 (BWP17) produces

mutifu5‐TAP and strain CLvW989 produces (AVL12) HA‐Efg1 and

mutifu5‐TAP. Chromosomal integration of the TAP‐HIS1 cassette

was confirmed by PCR using oligonucleotides colo‐IFU5‐for and

colo‐IFU5‐rev.

Cell wall analysis

Transmission electron microscopy. Exponentially growing C. albicans

yeast cells were snap‐frozen in liquid nitrogen at high pressure using

a Leica Empact high‐pressure freezer (Leica, Milton Keynes, United

Kingdom). The frozen samples were then fixed, warmed to −30°C,

processed, and embedded in TAAB812 (TAAB Laboratories,

Aldermaston, United Kingdom) epoxy resin as described previously

(Walker et al., 2018). Ultrathin sections of 100 nm were cut on a Leica

Ultracut E microtome and stained with uranyl acetate and lead citrate.

Philips CM10 transmission microscope (FEI UK Ltd., Cambridge,

United Kingdom) was used for viewing the samples, and a Gatan

BioScan 792 camera system (Gatan UK, Abingdon, United Kingdom)

was used for capturing the images.

Cell wall carbohydrate analysis. Yeast cells were grown in YEPD

medium at 30°C, broken, and hydrolysed as described previously

(Lee et al., 2012). Hydrolyzed samples were analysed by high‐perfor-

mance anion‐exchange chromatography with pulsed amperometric

detection (HPAEC‐PAD) in a carbohydrate analyser system from

Dionex. The total concentration of each cell wall component was

expressed as microgram per milligram of dried cell wall, determined

by calibration from the standard curves of glucosamine, glucose, and

mannose monomers, and converted to a percentage of the total cell

wall.

Flocculation assay. Overnight YEPD grown cells were harvested

and resuspended in Roswell Park Memorial Institute (RPMI) medium

with a starting OD600 of 0.3 and grown for additional 3 hr at 37°C

with shaking at 220 r.p.m. Cells were then transferred to glass tubes

and vortexed for 30 s. OD600 measured and cells were allowed to

settle for 15 min; after which, OD600 was measured and an aliquot

of cells were photographed. Experiment was done in triplicate and

change in absorbance against each time point was plotted.

Microarray analysis

For transcriptional profiling, wild type and mutant cells were grown

overnight in YEPD, subcultured from a starting OD600 of 0.3 in fresh

YEPD and incubated at 30°C till OD600 reached 1.0. Thereafter,

RNA was extracted from three biological replicates of both strains

using an RNeasy minikit (Qiagen) and was used to perform the micro-

array experiments. The samples for gene expression were labelled

using Agilent Quick‐Amp labelling Kit (p/n5190‐0442). The cDNA syn-

thesis, in vitro transcription steps, and subsequent hybridisation on to

genotypic‐designed C. albicans_GXP_8X15k (AMADID No: 26377)

array was carried out as described previously (Thomas et al., 2015).

Data extraction from images was done using Feature Extraction soft-

ware Version 11.5 of Agilent. The microarray data can be accessed

under GEO accession number GSE110650.

Quantitative real‐time PCR

The levels of specific transcripts were measured by qPCR in triplicate

using independent biological replicates. RNA isolation was performed

as described above and cDNA synthesis (Thermo scientific) carried

out subsequently following manufacturer's protocol. qPCR reactions

were performed in a volume of 25 μl using Thermo Scientific Maxima

SYBR Green mix in a 96‐well plate. For measuring relative transcript

levels of IFU5 and EFG1 under hypoxia, the indicated strains were first

grown under normoxic conditions in YEPD medium for 4 hr at 30°C.

Thereafter, a fraction of the cells was used to inoculate fresh YEPD

medium (preincubated under hypoxia (0.2% O2), and cells were

allowed to grow under hypoxic conditions for additional 4 hr at 30°

C. After 30, 60, 120 and 240 min, a fraction of the cells was harvested,

and total RNA was isolated. Time point 0 corresponds to 4hr growth

under normoxic conditions before shifting cells to hypoxic conditions.

At each time point, two biological replicates and three technical repli-

cates were assayed by qPCR. ACT1 was used as the internal control

and transcript level of the gene of interest was normalised to ACT1

levels. Results were statistically analysed using Student's t test. The

qPCR primers used in this study were designed by Primer Express

3.0 and are listed inTable S4.

Immunoblotting

To examine Mkc1 and Cek1 phosphorylation, protein extracts were

prepared from exponentially grown C. albicans strains and these

extracts were subjected to western blotting using previously described

protocols (Martín, Arroyo, Sánchez, Molina, & Nombela, 1993). Anti‐

phospho‐p44/p42 MAPK (Thr202/Tyr204) antibody (New England

Biolabs) was used to detect dually phosphorylated Mkc1 and Cek1

MAPKs (indicated as Mkc1‐P and Cek1‐P inFigure 2g); anti‐Mkc1

(Román, Nombela, & Pla, 2005) antibodies were used to detect total

Mkc1 (loading control) as indicated in theFigure 2g. Blot imaging was

done by using an Odyssey fluorescence imager (LI‐COR) and quanti-

fied using Image Studio Lite (LI‐COR).

Co‐immunoprecipitation assay

Strains producing HA modified Efg1 (AVL12, lanes 2 and 8), TAP

modified Ifu5 (CLvW997, lanes 3 and 9), both, HA modified Efg1

and TAP modified Ifu5 (CLvW998, lanes 4 and 10), mutIfu5 TAP

modified (CLvW990, lanes 5 and 11), and a strain producing both

HA modified Efg1 and TAP modified mutIfu5 (CLvW989, lanes 6

and 12) were grown in YEPD medium at 30°C in either hypoxic or

normoxic (0.2% O2) conditions for 4 hr. A control strain BWP17

was used, expressing unmodified Efg1 and Ifu5 proteins (lanes 1
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and 7). For cross‐linking, cultures were treated with formaldehyde

(1% v/v). Total protein extracts were incubated with Dynabeads,

Mouse IgG (Invitrogen, Cat No: 11041) for immunoprecipitation of

TAP modified Ifu5. The samples were immunoblotted and developed

using anti‐TAP (IP; Invitrogen, CAB1001, 1:1000) or anti‐HA (CoIP;

Santa Cruz Biotech, sc‐7392, 1:1000) antibodies. To verify presence

of HA‐Efg1 1% of the total protein extracts was blotted and inves-

tigated with anti‐HA.

Biofilm formation in polystyrene wells

Quantification of biofilm by dry weight of wells. To quantify the biofilm

formation, dry weights of wells were used. Seven hundred microlitre

of 105 cells ml−1 of the indicated strains were allowed to adhere to

the surface of a polystyrene flat bottom 24‐well plate (Corning

Costar) for 90 min in phosphate‐buffered saline (PBS) at 37°C under

normoxic and hypoxic (0.2% O2) conditions. The medium and PBS

used for hypoxic growth conditions were preincubated under hypoxia

for 12 hr. Each well was washed twice with PBS to remove

nonadherent cells. The wells were supplemented with RPMI 1640

medium and incubated for 48 hr at 37°C under normoxia and hyp-

oxia. Biofilms were washed twice with PBS, and dry biomass of the

biofilms were quantified and expressed as ratio of the indicated strain

versus control strain (wild type). The experiment was performed

twice, with two independent biological replicates, each assayed with

three technical replicates.

Quantification of biofilm by XTT reduction assay. To determine the

number of cells in the different biofilm stages, XTT reduction assay

was performed. One hundred microlitre of 105 cells ml−1 of the indi-

cated strains were allowed to adhere to the surface of a polystyrene

flat bottom 96‐well microtiter plate (Corning Costar) for 90 min in

PBS at 37°C under hypoxic (0.2% O2) conditions. The medium and

PBS buffer used was preincubated under hypoxic conditions for 12

hr. Each well was washed twice with PBS to remove nonadherent

cells. The wells were supplemented with RPMI 1640 medium and

incubated for 24 and 48 hr at 37°C under hypoxia. Biofilms were

washed with PBS after the indicated time points and supplemented

with XTT‐menadione solution (1.5‐mM XTT (2, 3‐bis (2‐methoxy‐4‐

nitro‐5‐sulfophenyl)‐5‐[(phenylamino)carbonyl]‐2H‐tetrazolium

hydroxide); 0.4‐M menadione). After incubation in the dark for 30 min

at 37°C, the supernatant was transferred to a new 96‐well microtiter

plate, and the colour change was measured at 490 nm. The experi-

ment was performed twice, with two independent biological repli-

cates, each assayed with three technical replicates.

Adhesion of C. albicans strains to polystyrene. To quantify adher-

ence, XTT reduction assay was performed as described for quantifica-

tion of biofilm formation except that after washing each well twice

with PBS to remove nonadherent cells, XTT‐menadione solution was

added to the wells and incubated for 30 min at 37°C in dark. The

supernatant was transferred to a new 96‐well microtiter plate to mon-

itor colour change at 490 nm. The experiment was performed twice,

with two independent biological replicates, each assayed with three

technical replicates. A t test was used to calculate the statistical rele-

vance in all the aforesaid experiments.
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