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resumo 
 

 

Os organismos do género Candida são os agentes de infeção fúngica mais 
comuns, sendo responsáveis por infeções superficiais e sistémicas. Nos últimos 
anos, verificou-se um aumento de estirpes de Candida resistentes a 
antifúngicos, o que complica o tratamento destas infeções. Com o objetivo de 
caracterizar 10 isolados clínicos de Candida, com base na sua sequência-tipo, 
polimorfismos de nucleotídeo único, e resistência a antifúngicos, obteve-se a 
sequência do genoma dos isolados com o MinION (Oxford Nanopore 
Technologies, UK), e o perfil de suscetibilidade a antifúngicos através de 
técnicas de microdiluição em caldo e Etest (bioMérieux, França). A análise do 
genoma dos isolados permitiu perceber que um dos isolados não correspondia 
a C. albicans, sendo C. glabrata. Foram identificados SNPs em genes que eram 
exclusivos para amostras provenientes de exsudatos vaginais, bem como para 
amostras com origem na cavidade oral. A frequência de genes com SNPs não-
sinónimos (missense) envolvidos em processos moleculares e funções 
biológicas era significativamente superior à frequência base para os mesmos 
conjuntos de ontologia genética. Todos os isolados eram suscetíveis a todos os 
antifúngicos testados, e não possuíam nenhum dos polimorfismos associados a 
resistência descritos na literatura, havendo assim concordância entre o genótipo 
e o fenótipo. 
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Candida species are the most common agents of fungal infection, being 
responsible for both superficial and systemic infections. In recent years, there 
has been an increase in antifungal-resistant Candida strains, which 
complicates the treatment of these infections. In order to characterize 10 
clinical isolates of Candida, based on their sequence-type, single nucleotide 
polymorphisms, and antifungal resistance, the genome sequence of the 
isolates was obtained with MinION (Oxford Nanopore Technologies, UK), and 
the antifungal susceptibility profile was obtained through broth microdilution 
techniques and Etest (bioMérieux, France). The analysis of the genome of the 
isolates showed that one of the isolates did not correspond to C. albicans, 
being C. glabrata. SNPs were identified in genes that were exclusive for vaginal 
exudate samples, as well for samples originated from the oral cavity. The 
frequency of genes with missense SNPs involved in molecular processes and 
biological functions was significantly enriched to the background frequency in 
those gene ontology sets. All isolates were susceptible to all antifungals tested, 
and had none of the resistance-associated polymorphisms found in literature, 
so there was an agreement between genotype and phenotype. 
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I. INTRODUCTION  

Being the most common causes of fungal infection, Candida species are responsible for both 

superficial and systemic infections. Nearly 90% of these infections are caused by five species: C. 

albicans, C. glabrata, C tropicalis, C. parapsilosis, and C. krusei. Three of them, C. albicans, C. tropicalis 

and C. parapsilosis, belong to the CTG codon clade, a clade characterized by the CTG codon being 

translated as serine and not leucine. C. albicans is still the most commonly isolated species, but its 

incidence is decreasing in comparison to other species. C. glabrata and C. krusei are the two species 

outside the CTG clade most commonly responsible for infection. C. glabrata is more closely related 

to Saccharomyces cerevisiae than to C. albicans1,2. C. albicans and C. glabrata are the most commonly 

isolated among Candida species, being responsible, together, for nearly 65% to 75% of all systemic 

candidiasis2,3. 

An emerging fungal pathogen that has clinical relevance is Candida auris. C. auris infections 

are difficult to treat due to high drug resistance, leading to high mortality rates. Phylogenetic studies 

demonstrate that C. auris is distantly related to C. albicans and C. glabrata. Usually, the clinical 

isolates show multidrug resistance, characterized by resistance to fluconazole and other azoles, 

amphotericin B, and echinocandins, hence the concern about the emergence of this fungal 

pathogen4.  

The misidentification of clinically important Candida spp. is a recognised clinical issue. Being 

important agents of human infection, and with increasing rates of C. albicans, C. glabrata, C. krusei, 

among others, in local and systemic fungal infections, rapid and correct identification of species plays 

an important role in the management of candidiasis, as it influences the selection of appropriate 

antifungal therapy5,6.  

 

1. Candida albicans  

Taxonomically, Candida albicans belongs to the phylum Ascomycota, class Saccharomycetes. 

C. albicans has an oval yeast-like form and has the ability to grow in three different morphological 

forms, including budding yeast cells and filamentous forms, being either pseudohyphae or true 

hyphae7 (Figure 1). The cells are of two types, “white” and “opaque”; the smooth white colony is 

composed mainly by budding yeast-like cells, while opaque cells are of an elongated shape and 

greyish7,8. 
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Figure 1. C. albicans morphologies. A – yeast; B – hyphae; C – pseudohyphae. Adapted from Kim and 
Sudbery (2011). 

C. albicans is generally a diploid organism (2n) with 8 chromosomes. Its genome size is 13.3-

13.4 Mb encoding around 6100-6200 genes9, but there is great genetic diversity among isolates10. C. 

albicans genome has the information that allows it to thrive in the human host while competing with 

the immune system and other microbiota. It has rarely been isolated in nature away from a host, 

suggesting that it probably co-evolved with humans and other animals as a commensal organism for 

millions of years. It has numerous large gene families, some of them encoding known virulence 

factors, like secreted aspartyl proteinase genes, secreted lipase genes, and agglutinin (als) genes. 

The complete diploid genome assembly for C. albicans SC5314, used in research as the reference 

genome, permitted to estimate a frequency of heterozygosities of approximately 4 polymorphisms 

per kb, being unevenly distributed across the genome, but having the highest prevalence on 

chromosomes 5 and 6. The mating-type locus and a region on chromosome 6 that encodes many 

genes in the als gene family are some of the highly polymorphic loci. Additionally, almost half of C. 

albicans genes contain allelic differences, with two-thirds of those polymorphisms being predicted 

to alter the protein sequence11. 

C. albicans has a parasexual life cycle, in which mating is followed by concerted chromosome 

loss (Figure 2). The mating-type locus (mtl), located on chromosome 512, determines the fungus 

mating type. The mtl has two idiomorphs, a, that encodes the regulator a1 and a2, and α, that 

encodes the regulators α1 and α2. Both mtla and mtlα contain alleles of three additional genes, pap, 

obp and pik2813, two of them playing roles in growth and in cellular processes not related to 

reproduction14. The transcription factor a1 and α2 control sexual mating by inhibiting the phenotypic 

switch that is required in conjugation14. Diploid cells (2n) of C. albicans are typically heterozygous at 

mtl, however cells can loose their heterozygosity by loss of one copy of chromosome 5, eliminating 
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the a or α allele, creating α or a diploid strain, respectively. The homozygous cells can undergo an 

epigenetic switch from the white to the opaque phase15. Concerning mating, the efficiency is greater 

in opaque cells than in white cells. This can be explained by the fact that pheromone response is cell-

type specific: only opaque a-type cells respond well to pheromone stimulus given that the 

pheromones produced by α-cells induce projections in the a-cells towards the α-cells. These 

projections result in the formation of conjugation tubes, allowing for cell and nuclear fusion to form 

a tetraploid (4n) a/a/α/α cell. The tetraploid cells are less stable, so they return to a diploid state by 

chromosome loss14, completing the parasexual cycle with no recognized meiosis15. In heterothallic 

mating, this process results in recombinant cells with the potential to have fitness advantages and 

be drug resistant14. 

 

Figure 2. Parasexual cycle of C. albicans. Adapted from Noble and Johnson (2007). 

Candida albicans is a dimorphic fungus that resides asymptomatically in the gastrointestinal 

tract of warm-blooded healthy animals, including humans16. It is also one of the most common of 

the opportunistic fungal pathogens. Candida infections can be superficial, like oral and vaginal 

thrush, and chronic mucocutaneous candidiasis, or deep-seated, like Candida derived myocarditis 

and acute disseminated Candida septicaemia16.  

 

2. Candida glabrata 

While C. albicans is a diploid polymorphic fungus, C. glabrata is strictly haploid and usually 

grows in the yeast form only2. 

Despite frequent high levels of intrinsic and acquired resistance to the azoles class of 

antifungals, C. glabrata does not have the same virulence mechanisms present in C. albicans3. In fact, 
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due to the absence of an invasive growth form, it does not cause extensive epithelial damage2,17. The 

fungus can survive and replicate inside macrophages until they burst; this has been hypothesized to 

be a way of tissue invasion, however its mechanisms of invasion are not well known3. Since C. 

glabrata is able to suppress, or is unable to stimulate neutrophil attraction, it does not incite a strong 

immune response by its host2. 

The C. glabrata genome size is in the order of 12 Mb, displaying 12 chromosomes and one 

mitochondrial genome; even though only  approximately 6% of C. glabrata genome is annotated on 

Candida Genome Database (CGD)18, it contains all the genes required for mating and meiosis1. 

Whole-genome sequence comparison of diverse lineages that undergo recombination failed to 

clarify if recombination occurs in the course of human infection or in commensalism. The genome 

also contains several members of a gene family encoding epithelial adhesin proteins (epa genes), 

considered to be a key factor in the yeast pathogenicity toward humans. SNPs analysis shows an 

enrichment in genes of cell wall proteins and high levels of genetic variation, although because it is 

a haploid organism, loss of heterozygosity does not have a role in this genetic variation; aneuploidies 

can be considered19. 

 

3. Epidemiology 

C. albicans is the most common etiologic agent of human fungal disease. It is estimated that 

25% to 50% of healthy humans carry Candida as part of the normal microbiota of the mouth, with C. 

albicans accounting for 70% to 80% of isolates. The predominant source of infection caused by C. 

albicans, from superficial mucosal and cutaneous disease to hematogenous dissemination, is the 

patient; most types of candidiasis represent endogenous infection in which the normally commensal 

host microbiota takes advantage of the “opportunity” to cause infection. Among the various species 

of Candida capable of causing human infection, C. albicans predominates in most types of infection. 

Infections of genital, cutaneous, and oral sites almost always involve C. albicans7. 

3.1. Vulvovaginal candidiasis 

Vulvovaginal candidiasis is the second most common cause of vaginitis after bacterial 

vaginosis, and it is estimated that 10% to 15% of asymptomatic women are colonized by Candida 

species, 70% to 75% of women will have an episode of vulvovaginal candidiasis (VVC) during their 

lifetime, 50% of these women will experience a second VVC episode, and 5% to 10% of all women 

will develop recurrent vulvovaginal candidiasis (RVVC)20. Epidemiologic studies show that women in 

reproductive age have higher incidence of VVC than women at menopause20.  
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3.2. Oral candidiasis 

C. albicans colonises the oral cavity of up to 75% of the population; this colonization is 

normally benign in healthy individuals; however, immunocompromised individuals can suffer from 

persistent infections of the oral cavity. Oral candidiasis can affect the oropharynx and the esophagus 

of people with some kind of disfunction of the adaptive immune system21,22. C. glabrata accounts for 

approximately 5% to 8% of isolates recovered from infected patients23. 

3.3. Systemic candidiasis 

Candida species can cause infections of any organ system, ranging from superficial mucosal 

and cutaneous candidiasis to widespread hematogenous dissemination targeting organs such as the 

liver, spleen, kidney, heart, and brain7. Systemic candidiasis is associated with high mortality rate, 

even with first line antifungal therapy. Risk factors include neutropenia and damage of the 

gastrointestinal mucosa, and the use of central venous catheters, which allow direct access of the 

organism to the bloodstream, the application of broad-spectrum antibacterials, which enable fungal 

overgrow, and trauma or gastrointestinal surgery, given that it disrupts mucosal barriers21. 

4. Pathogenicity 

Candida species’ pathogenicity is mediated by virulence factors, such as adhesion, biofilm 

formation, contact sensing and thigmotropism, extracellular hydrolytic enzyme production, 

polymorphism and phenotypic switching. 

4.1. Adhesion 

The primary event is the adhesion of Candida species to epithelial cells, mediated by cell 

surface physicochemical properties and promoted by specific cell surface proteins – adhesins. In C. 

albicans, adhesins are encoded by the agglutinin-like sequence (als) gene family, consisting of eight 

members (Als1p-Als7p and Als9p) that are glycosylphosphatidylinositol (GPI)-linked to the β-1,6-

glucans of the cell wall24. These proteins recognize host ligands, like serum proteins and components 

of host tissues, or promote the binding to abiotic surfaces (medical devices, such as intrauterine 

device (IUD)) through hydrophobic interactions20. Although expression of als genes differs according 

to the fungal morphology and body site, Als3p appears to be key in the adherence of C. albicans 

hyphae to epithelial cells and the subsequent invasion of host cells; als3 is upregulated during 

infection of oral and vaginal epithelial cells, while blocking of Als3p or preventing als3 expression 

causes a massive reduction in epithelial adhesion24.  
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C. glabrata has a large protein family of adhesins, the Epa proteins that allow the cell’s 

attachment to epithelial cells and macrophages3. The expression of Epa proteins is regulated by 

Silent information regulator(Sir)- complex mediated transcriptional silencing, which is thought to be 

the mechanism influencing the sensing of host’s environment2. The most important adhesins are 

Epa1, Epa6, and Epa7; deletion of epa1 gene decreases C. glabrata adhesion to host epithelial cells 

in vitro25. 

C. albicans and C. glabrata have evolved different and specific adhesins that count on 

different indications to detect the presence of host’s cells; once it happens, adhesins are expressed 

to link to host cells2. 

 

4.2. Biofilm 

After adhesion is established, biofilm formation can start. This is an important virulence 

factor for Candida species since it confers phenotypic characteristics, including resistance to 

antifungal agents, host defense mechanisms and physical and chemical stress. Also, biofilm cells 

show metabolic cooperation, community-based regulation of gene expression and the ability to 

withstand competitive pressure from other organisms, contributing to their survival in hostile 

environment conditions20. The most common substrates include catheters, dentures, and mucosal 

cell surfaces21. Candida species can form biofilms on vaginal epithelium and also on IUDs, promoting 

VVC20. The resistance of biofilms to the conventional antifungal therapy may prevent the complete 

eradication of these microorganisms from the vaginal and vulvar area, and might explain the 

recurrence of VVC20. Biofilms come into form by a sequential process that includes the adherence of 

yeast cells to the substrate, their proliferation, hyphal cell formation in the upper part of the biofilm, 

accumulation of extracellular matrix material and the dispersion of yeast cells from the biofilm 

complex21. Some transcription factors have been associated to the control of biofilm formation, such 

as Bcr1, Tec1 and Efg1; also the heat shock protein Hsp90 has been identified as a key regulator of 

dispersion of C. albicans biofilms and as a requirement for biofilm antifungal drug resistance21. 

C. glabrata clinical isolates have the ability to form compact biofilms, structured in different 

multilayers with proteins, β-1,3 glucans, and ergosterol in their matrixes, providing them with high 

tolerance to antifungal treatments25,26. Biofilm formation for C. glabrata starts with attachment of 

yeast cells followed by cell division, which leads to forming the basal layer of anchoring 

microcolonies, with subsequent biofilm maturation. The genes so far described to be involved in 

biofilm formation are sir4, telomere-binding (rif1), epa6, and serine-threonine protein kinase gene 

(yak1)25. 
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4.3. Contact sensing and thigmotropism 

Contact sensing is an important factor that triggers hypha and biofilm formation in C. 

albicans; upon contact with a surface, yeast cells switch to hyphal growth, and can invade into the 

mucosal barrier. The contact to the surfaces also induces biofilm formation. The hyphal growth can 

be directional – thigmotropism – if the surfaces have particular topologies, like ridges. C. albicans 

thigmotropism is required for damage of epithelial cells and normal virulence in mice, and is 

regulated by extracellular calcium uptake through the calcium channels Cch1, Mid1 and Fig1, and 

also an additional mechanism, the polarisome Rsr1/Bud1-GTPase module21,27. The ability of external 

cues or environmental factors to trigger the orientation of hyphal growth is therefore relevant for C. 

albicans capacity to infiltrate between human cells during tissue invasion27. 

4.4. Secreted hydrolases 

C. albicans secrete hydrolytic enzymes with an important role in adhesion, tissue 

penetration, invasion and destruction of host tissues20. Secreted hydrolases are also thought to 

enhance the efficiency of extracellular nutrient acquisition21. These enzymes are secreted aspartyl 

proteinases (Saps), phospholipases, lipases and haemolysins. Saps facilitate adhesion to host tissues 

and its damage is intrinsically related to modifications in the host immune response. Phospholipases 

hydrolyse ester bonds in glycerophospholipids contributes to host-cell membrane damage and to 

adhesion of yeasts to host tissues. Lipases are involved in the hydrolysis of triacylglycerols and its 

activity has been associated to C. albicans adhesion, damaging of host tissues and negative affect on 

immune cells. Haemolysins degrade haemoglobin, facilitating the iron recovery, which is essential to 

survival and persistence in the host20. 

C. glabrata shows inability to secret proteases, however it has the capacity to secrete 

phospholipases, lipases and haemolysins, that just like for C. albicans, contributes towards 

pathogenicity25. 

 

4.5. Polymorphism and phenotypic switching 

The reversible morphological alternation between unicellular yeast cells and the filamentous 

phase is an important virulence factor, since filamentous forms have more mechanical strength, 

enhancing colonization and invasion of host tissues and demonstrate increased resistance to 

phagocytosis20. C. albicans colonies can switch among different phenotypes at high frequency. The 

phenotypic switching changes several virulence characteristics, including hyphae formation, drug 
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resistance, adhesion and Saps secretion, which can affect survival in specific anatomical sites and 

promoting infection. The transition between yeast and hyphal growth forms is named dimorphism, 

and it has been proposed that both forms are important for pathogenicity. Environmental 

characteristics, such as pH, affect C. albicans morphology; at low pH (<6) C. albicans tend to grow in 

the yeast form, while at higher values (>7) hyphal grow is induced. Also, starvation, the presence of 

serum or N-acetylglucosamine, physiological temperature and CO2 promote the formation of 

hyphae. Quorum sensing, a mechanism of microbial communication, has been shown to regulate 

morphogenesis; due to this, high cell densities (>107 cells/ml) promote yeast growth, and low cell 

densities (<107 cells/ml) promote hyphal formation. Interestingly, hyphal formation is associated to 

the expression of some genes encoding virulence factors that are not directly involved in hyphal 

formation per se; hypha-linked proteins include the hyphal wall protein Hwp1, the agglutinin-like 

sequence protein Als3, the secreted aspartic proteases Sap4, Sap5 and Sap6, and the hypha-

associated proteins Ecel1 and Hyr121. 

C. glabrata switching represents graded systems; when growing on an indicator agar 

containing CuSO4, the yeasts reveal a spontaneous, reversible and high-frequency switching system, 

presenting three different colony phenotypes: white, light brown, and dark brown. This switching 

regulates the expression of selected genes, like the metallothionein gene mtii, which transcription 

level regulation is selective and in a graded hierarchy28. 

Despite all the virulence factors that mediate C. albicans pathogenicity, they are influenced 

by specific environmental conditions of each anatomical site. That said, the disturbance of the 

normal environment of the female genital tract, or of other anatomical site, may increase the risk of 

infection by C. albicans20. The lack of hypha formation in C. glabrata is, most likely, a contributing 

factor for its low virulence profile, especially considering that this characteristic allows C. albicans to 

have increased adherence and tissue invasion, and also increased proteolytic enzyme activity23. 

 

5. Antifungal drugs used in human medicine and resistance 

5.1. Inhibitors of ergosterol biosynthesis - azoles 

Fluconazole is an antifungal that belongs to the largest family of antifungal drugs, the 

azoles29. This family of antifungals works by inhibiting the cytochrome P450 enzyme lanosterol 

demethylase (14α-demethylase), which converts lanosterol to ergosterol29–31. Ergosterol is an 

important component of fungal cell membranes so the inhibition of ergosterol biosynthesis pathway 

by fluconazole is toxic for the fungus31. Lanosterol demethylase, encoded by the erg11 gene, is 

inhibited due to the binding of the free nitrogen atom of the azole ring to an iron atom within the 



9 
 

heme group of the enzyme, blocking the activation of oxygen and in turn the demethylation of 

lanosterol. The accumulation of methylated sterols in the fungal cellular membrane arrests cellular 

growth, therefore fluconazole has a fungistatic action. Because of this, the treatment provides room 

for the fungus to develop acquired resistance to the drug31. 

The molecular mechanisms involved in fluconazole resistance include genes of the 

ergosterol biosynthesis pathway (drug target overexpression or alteration, bypass pathways), drug 

transporters (efflux pump overexpression), changes in ploidy and loss of heterozygosity (LOH)29,31,32. 

By overexpressing erg11, the gene encoding for the azoles’ target, C. albicans increase the 

production of the enzyme lanosterol demethylase and dilute the fluconazole activity, which 

therefore results in resistance. This upregulation is often related with a gain of function (GOF) 

mutation in Upc2p, a transcription factor that is induced consequent to ergosterol depletion31. 

Still in the erg11 gene, point mutations in its coding region results in amino acid substitutions that 

change the structure of the protein lanosterol demethylase, and consequently contributing to a less 

effective binding of the azoles29,31. These point mutations result in fluconazole resistance by reduced 

binding affinity. 

Alterations in sterol biosynthesis, or in other words, the development of bypass pathways, 

can occur in order to prevent alterations in the cell membrane and the build-up of toxic products, 

which results in resistance to fluconazole, since these new pathways are not interrupted by the 

azoles29. Even though this mechanism of resistance is less frequent, it results from loss of function 

(LOF) mutations in the erg3 gene. This blocks the accumulation of the toxic sterol intermediates 

when erg11 is inhibited by the azoles33. Consequently, the enzyme delta 5,6-sterol desaturase is 

inactivated, allowing the cell to bypass synthesis of methylated sterol products, therefore minimizing 

fluconazole activity31. 

Efflux pumps in the fungal cell wall allows them to pump out the antimycotic drug, resulting 

in the failure of the drug to accumulate intracellularly and consequently there is resistance29,31. This 

is possible due to transport/efflux proteins, the ATP-binding cassette (ABC) transporters and the 

major facilitator superfamily (MFS) transporters. The upregulation of these transporters mediates 

resistance to fluconazole31,34. Several fluconazole resistant Candida isolates overexpress the cdr1 and 

cdr2 genes, that encode for ABC proteins, and it has been connected to azoles resistance. The 

upregulation of these genes is a consequence of GOF mutations in the transcriptional regulator 

tac131,32. There are at least 19 different GOF point mutations confirmed in tac1 for C. albicans31.  

The mdr1 gene encodes for one specific MFS transport protein, and its overexpression has 

been linked to fluconazole resistance. The regulation of the expression of this gene is done by the 



10 
 

transcription factor mrr131,32, and there are reported at least 15 different GOF point mutations within 

this factor for C. albicans31. 

Aneuploidy and loss of heterozygosity (LOH) are also involved in fluconazole resistance in C. 

albicans. It was found that aneuploid chromosomes are seven times more common in fluconazole 

resistant isolates of C. albicans when compared with fluconazole susceptible isolates; more 

specifically, isochromosome formation of chromosome 5 (chr5) is associated with fluconazole 

resistance due to the duplication of the segment which grants additional copies of the erg11 gene, 

its transcriptional factor upc2 and also the efflux pump regulator tac131,35. LOH is implicated in 

fluconazole resistance when associated with the genes erg11, tac1 and mrr1; the phenomenon starts 

with point mutations in the heterozygous state that gradually evolves to homozygosity or deletions 

of one allele, followed or not by recombination31.  

C. glabrata is generally characterized by presenting high levels of both intrinsic and acquired 

resistance to azoles, as a consequence of multidrug resistance transporters overexpression, 

activated by the transcription factor Pdr1. Gain of function mutations within pdr1 gene upregulate 

the drug efflux pumps Cdr1, Cdr2, Snq2 and Qdr2, thus conferring most of the acquired resistance in 

C. glabrata; this was also found to have a role in enhancing virulence for this pathogen3. Loss of 

mitochondria also leads to azole resistance by C. glabrata, which is correlated to the upregulation of 

cdr1 gene36. 

The absence of the adhesin Epa3 was shown to increase C. glabrata susceptibility to azoles, 

probably explained by the fact that Epa3 promotes cellular aggregation, protecting the yeast cells 

from extracellular drug concentration3.  

The single nucleotide polymorphisms (SNPs) associated to azoles resistance found in the 

literature are depicted in Table 1. 

Table 1. Missense mutations associated to azoles-resistance in C. albicans and C. glabrata. 

Specie Resistance Gene 
Nucleotide 
substitution 

Amino acid 
substitution 

Literature 

C. albicans Azoles erg11 

214T>C F72L 
Favre 

(1999)37 

394T>C Y132H 
Favre 

(1999)37 

1349G>A G450E 
Favre 

(1999)37 

1309G>A V437I 
Favre 

(1999)37 

622G>A E208K 
Spettel 
(2019)38 

1574C>T T525I Spettel 
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(2019)38 

428A>G K143R 

Manastir 
(2011)39; 
Flowers 
(2015)40 

C. albicans Azoles erg3 

503C>T A353T 
Morio 

(2012)41 

986C>T T329S 
Morio 

(2012)41 

571T>C S191P 
Spettel 
(2019)38 

782G>A G261E 
Spettel 
(2019)38 

C. albicans Azoles tac1 

2929A>G N977D 
Coste 

(2006)42 

2810C>T S937L 
Spettel 
(2019)38 

2218A>G N740D 
Siikala 

(2010)43 

2939G>A G980E 
Coste 

(2009)44 

C. glabrata Azoles pdr1 

3235G>A G1079R 
Ferrari 

(2009)45 

2626G>T D876Y 
Ferrari 

(2009)45 

3236G>T G1079V 
Ferrari 

(2009)45 

1043G>A G348D 
Ferrari 

(2009)45 

871T>C L291P 
Ferrari 

(2009)45 

1042G>A G348S 
Ferrari 

(2009)45 

1114T>C Y372H 
Ferrari 

(2009)45 

1037G>A G346D 
Ferrari 

(2009)45 

862C>G H288D 
Spettel 
(2019)38 

1037G>C G346A 
Ferrari 

(2009)45 

 

 

5.2. Fungal membrane disruptors – polyenes 

Polyenes are organic molecules with an amphiphilic structure, which allows these molecules 

to bind to the lipid bilayer and form a complex with the ergosterol, producing pores; this promotes 
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the disruption of the cell membrane, the leakage of the cytoplasmic contents and oxidative damage, 

which results in fungal cell death. The polyene amphotericin B is active against most yeasts and 

filamentous fungi, and is therefore recommended for the treatment of infections caused by Candida 

albicans; in particular, amphotericin B binds to ergosterol and forms an extra membranous fungicidal 

sterol sponge, destabilizing membrane function34. Amphotericin B is the most used polyene for the 

treatment of systemic infections, being administered intravenously; however, polyenes have a 

certain affinity for cholesterol, which explains the high toxicity and side effects associated to these 

antifungals34. 

Resistance to polyene is rare, and in most cases is due to a decrease in either the amount of 

ergosterol or a change in the target lipid; it is frequently linked to changes in both erg3 and erg6. 

Disruption of these genes causes decreased ergosterol levels, because instead of producing 

ergosterol, both C. albicans and C. glabrata produce ergosterol-like compounds that have less 

affinity for amphotericin B36,46. Another mechanism involved in polyene resistance in order to reduce 

the effective drug concentration is the ability to form biofilms; biofilms restrict the penetration of 

polyenes by forming a diffusion barrier sequestering the antifungal agent34. 

 

5.3. Fungal cell wall synthesis – echinocandins 

Echinocandins are semisynthetic lipopeptides derived from fungal natural products, and the 

only available antifungal drugs targeting cell wall: caspofungin, micafungin and anidulafungin. They 

have fungicidal activity against many strains of Candida: both micafungin and anidulafungin are 

licensed for the treatment of invasive and oesophageal candidiasis34. Their action is as non-

competitive inhibitors of β-(1,3)-D-glucan synthase enzyme complex, targeting specifically the FsK1 

subunit, leading to the disruption of the structure of growing cell walls, which results in osmotic 

instability and fungal cells death. Echinocandins have good safety profiles and low toxicity, since their 

target is absent in mammalian cells and their interactions with other drugs are minimal. Also, their 

use in combination with azoles or polyenes can enhance their action against Candida strains34. 

Resistance to echinocandins appear to be due to combinations of mutations in the fks1 or 

fks2 genes and ABC transporters upregulation. These mutations are located in two different hot spot 

regions of these genes, HS1 and HS2, and were reported in C. albicans; the mutations change the 

kinetics of the glucan synthase, which results in significantly higher inhibitory concentrations and 

inhibition constant34. fks1 and fks2 point mutations have been observed in C. glabrata, arising 

spontaneously in the presence of echinocandin selection pressure36.  

The development of novel resistance profiles has been reported, affirming its simultaneous 
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resistance to at least two different classes of antifungal agents, that is, some strains are multidrug 

resistant (MDR). In the particular case of C. albicans, loss-of-function point mutations or 

simultaneous mutations in erg2, erg3, erg5 and erg11 result in MDR to azoles and polyenes. Also, 

there has been an increase in observed azole- and echinocandins-resistant C. albicans isolates34. The 

SNPs associated to echinocandin resistance found in the literature are depicted in Table 2. 

One of the preferred mechanisms for evolutionary advantage regarding antifungal 

resistance, for both C. albicans and C. glabrata, appears to be the occurrence of mutations, which 

then allows for natural selection of a SNP or a set of SNPs that confers advantages under selective 

pressures3. 

Table 2. Missense mutations associated to echinocandins-resistance in C. albicans and C. glabrata. 

Specie Resistance Gene 
Nucleotide 
substitution 

Amino acid 
substitution 

Literature 

C. albicans Echinocandins gsc1 

1922T>G F641C 
Wiederhold 

(2011)47 

1933T>C S645P 
Garnaud 
(2015)48 

1946C>A P649H 
Dudiuk 
(2015)49 

2086A>G M696V 
Spettel 
(2019)38 

C. albicans Echinocandins erg3 1057G>A A353T 
Morio 

(2012)41 

C. glabrata Echinocandins fks2 

1992C>A P667T 
Spreghini 
(2012)50 

1987T>C S663P 
Garnaud 
(2015)48 

 

6. Methods for genome analysis 

Genomic studies are usually done using next-generation sequencing platforms, and there 

are established experimental and bioinformatic protocols for sample processing, nucleic acid 

isolation, sequence target amplification, library preparation, sequence data processing and statistical 

analysis51. 

Whole-Genome Sequencing (WGS) allows for the analysis of entire genomes, providing a 

base-by-base review of the genome and capturing both large and small potential causative variants, 

that can be used in further follow-up studies of gene expression and regulation mechanisms. 

Genomes of the same species share a common set of genes, known as the core genome; variability 

can occur, including point mutations and differences in genome content. WGS can be done by 

mapping reads or assembled contigs to a reference genome of the species being studied. Although 
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this type of approach can give very high resolution, the reference genome used must be closely 

related to the sequenced samples (to the level of species or even strains, in case of highly variable 

species), in order to reduce the probability of mismapping and increase the reference genome’s 

regions to which reads will be mapped against52, the so-called coverage. 

Nanopore-based sequencing strategies are recently emerging in the field, and involve strand 

sequencing where intact DNA circulates through the nanopore base by base – Oxford Nanopore 

Technologies (ONT)53. Within the benefits of this technology there is the detection of base 

modifications, as by performing single-molecule sequencing of DNA and RNA, nanopore technology 

can detect modifications on individual nucleotides, including cytosine methylation in genomic DNA; 

real-time targeted sequencing is also a benefit since it can reduce significantly the time needed from 

biological sampling to data analysis – for example, MinION device is cheap, portable, small-sized and 

the library preparation is simple, compared to other platforms, conferring an unique advantage: on-

site sequencing54; another advantage of using ONT is extending read lengths that exceed the ones 

of dominant NGS platforms; it also assists in the reliable detection of structural variants with only a 

few hundred reads in opposition with the millions of reads often required when using NGS 

platforms53. ONT can bring advantages for the challenge of fungal genome assembly due to being 

able to offer ultra-long reads and resolving repeat-rich sequences, which is the case of the fungal 

genome, since it has a high repeat content55. ONT has been tested for genome sequencing research 

of bacteria, viruses, and yeast, showing a great potential for infectious disease diagnosis54. In 

summary, MinION advantages rely on using a portable, real-time, simple, fast, and low-cost platform 

that supports long reads. The greatest disadvantage is its higher error rate that it poses a challenge 

due to higher rates in the base called reads – 10% when comparing to 1% for Illumina), and originates 

a significant number of insertions and deletions, that are difficult to correct56,57.  

Multi Locus Sequence Typing (MLST) is a method used to differentiate and characterize 

microbial isolates for epidemiological purposes58, using the sequences of internal fragments of, 

normally, seven house-keeping genes. The different sequences present within a species are assigned 

as distinct alleles for each house-keeping gene, and for each isolate, the alleles at each of the seven 

loci define the allelic profile or sequence type (ST)59. 

If two isolates have different STs, then the strains are different; if two strains have the same 

ST, then the strains are not distinguishable by MLST, however they are not necessarily identical 

strains, since this methodology gives no information about the global extent of SNP differences 

between the two sequences60. 

MLST scheme databases for C. albicans (aat1a, acc1, adp1, mpib, sya1, vps13, and 
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zwf1b58,60), and C. glabrata (fks, leu2, nmt1, trp1, ugp1 and ura361), are hosted in PubMLST (Public 

databases for molecular typing and microbial genome diversity) which is publicly available 

(https://pubmlst.org/)62.  

The five largest clades assigned by MLST for C. albicans are clade 1, clade 2, clade 3, clade 4, 

and clade 11, considered to be the most consistent clades on the MLST database. Certain STs occur 

with higher frequency than others within the MLST clades63. Molecular strain typing allows to 

demonstrate that certain types are more commonly associated with invasive disease than other 

types. There is a significantly greater proportion of isolates associated with superficial and mucosal 

infections and commensal carriage in clade 1 against other clades. They are found more frequently 

and have a more general distribution than other types since they are better adapted to cause human 

disease60,63. Flucytosine resistant isolates harbouring a mutation in the fur1 gene are very common 

in clade 160; the same mutation has not been found in isolates resistant to flucytosine from other 

clades63. Similarly, there is a considerable number of isolates resistant to amphotericin B in clade 460.  

Regarding C. glabrata, 7 major groups have been identified64. There is a significant bias in 

the geographical distribution of the groups: in groups 1 and 3, European strains are more common, 

in group 3 strains from the USA are over-represented, Japanese strains are more common in group 

5, and strains originated from South America are over-represented in group 6 and 764. 

Gene Ontology (GO) represents the current state of knowledge within the biological domain, 

being the world’s most comprehensive source of information about the function of gene and gene 

products, with respect to three aspects; (i) molecular function; (ii) cellular component; and (iii) 

biological process. Ontologies consist in a set of terms with relations that operate between them, 

that are composed by a definition, a label, a unique identifier, and other elements65,66. The utility of 

GO annotation goes for making predictions of functions for gene products across numerous species; 

GO enrichment analysis provides a way for identifying processes that are statistically 

overrepresented among a gene set of annotations67. At the CGD18, GO enrichment analysis provides 

a powerful means for evaluating function and localization terms, and annotations within the 

biological process branch67. 

 

7. Antifungal Susceptibility Testing (AFST) 

Antifungal susceptibility testing (AFST) is a tool in clinical microbiology to detect antifungal 

resistance and to facilitate the choice of the optimal antifungal agent for a fungal infection68. In 

addition to guide patient therapy, AFST is also an important tool to inform epidemiological studies 

on antifungal resistance, and to study the in vitro activity of new antifungal agents69. AFST allows the 
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determination of the minimum inhibitory concentration (MIC), which is the lowest drug 

concentration that inhibits the growth of organisms within a defined period69. 

 

7.1. Methods to perform AFST 

The reference techniques of antifungal susceptibility testing are divided in dilution methods 

and agar-based methods70. The European Committee on Antimicrobial Susceptibility Testing 

(EUCAST) and the Clinical Laboratory Standards Institute (CLSI) have standardized methodologies in 

order to perform antifungal susceptibility testing69,71.  

Broth microdilution methodology measures the ability of the microorganism to produce 

sufficient growth in microdilution plate wells of broth culture media covering serial dilutions of the 

antimicrobial agent69.   

The Etest®, by bioMérieux, is a commercially available product for antifungal susceptibility 

testing, that consists on thin strips of plastic that contains a predefined gradient of antifungal drug 

on one side, while the other side is marked with the concentration scale. The strip is placed on a 

confluent lawn of cells and then incubated. During incubation, the antifungal diffuses into the agar. 

The MIC value is read by interpreting the zone of inhibition – the point at which the ellipse-shaped 

growth of cells intercepts with the strip indicates the MIC value68. 

Other methods that can be used for antifungal susceptibility testing are disk diffusion 

testing68, and commercially available products like Sensititre YeastOne® panel (ThermoFisher 

Scientific, Waltham, MA)70. 

 

8. Objectives 

The aim of this dissertation was to study the genetic diversity of ten clinical strains previously 

identified as Candida albicans isolates. For this, the specific objectives were, to: 

1 - Establish the antifungal susceptibility profile of the isolates against distinct classes of antifungal 

drugs used in clinical therapeutics. 

2 – Sequence the genome of the isolates using next generation sequencing methods. 

3 - Determine the isolates’ genetic profiles based on MLST. 

4 - Identify single nucleotide polymorphisms in the isolate’s genome. 

5 - Identify previously described single nucleotide polymorphisms (SNPs) associated to antifungal 

drugs resistance. 

6 - Categorise the GoTerms associated with the SNPs identified, and link this to predicted 

mechanisms of resistance.  
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II. METHODOLOGY 
 

1. Strains and growth conditions for DNA extraction and sequencing 

Candida spp. clinical isolates were kindly provided by Departamento de Biologia da 

Universidade do Minho and by the Centro de Biologia Molecular e Ambiental (CBMA). All Candida 

sp. used in the study are listed in Table 3. 

The pre-requisite for using these strains was that they were clinical isolates; the isolates were 

identified to the species level by Professor Célia Pais’s group by growing the yeasts in CHROMagar™ 

Candida, followed by PCR-based methodologies. We did not know if the isolates provided were 

virulent (isolated from infections) or exist as commensal organisms at the time of collection. 

Candida sp. isolates were grown at 30°C in YPD (Formedium) solid medium with 2% agar, for 

96 hours. Strains were pre-inoculated in YPD broth at 30°C, overnight. Optical density was measured 

and 100 ml of YPD broth were inoculated with cell cultures with OD600 at 0.02 (measurement 

performed in the spectrophotometer Microplate Manager version 6.3) and grown overnight until 

reaching the log growth phase. 

Table 3. C. albicans strains used in the study. 

Strains Human source Reference number in the study 

SER20 Haemoculture 1 

SER7 Haemoculture 2 

S142 Oral cavity 3 

S145 Oral cavity 4 

S005a Oral cavity 5 

5718fs Vaginal exudate 6 

81 Haemoculture 7 

7333fs Vaginal exudate 8 

S038 Oral cavity 9 

7248fs Vaginal exudate 10 
 

 

2. Genomic DNA extraction 

For DNA extraction, the QIAGEN Genomic DNA Purification kit with Genomic-Tips 100/G was 

used (Qiagen, Germany) with alterations in incubation and centrifugation times, described below.  

Yeast cells were harvested from a total of 100 ml of culture by centrifugation. Cells were 

resuspended in 4 ml of TE buffer (10 mM Tris•Cl, pH 8.0; 1 mM EDTA, pH 8.0, per liter of solution) 

by vortexing, and cells were pelleted by centrifugation. The supernatant was discarded and the pellet 

resuspended in 4 ml of Buffer Y1 (Qiagen, Germany) and vortexed. Subsequently, 250 μl of lyticase 

(1000U/ml) were added and the suspension was incubated for 2 hours at 30°C. After incubation, the 
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mixture was centrifuged for 20 minutes. The supernatant was discarded and cells were resuspended 

and mixed in 5 ml of Buffer G2 (Qiagen, Germany) with RNase A (200 μg/ml). Afterwards, 97 μl of 

QIAGEN Proteinase K stock solution was added to the cells and mixed by inverting the tube and 

vortexing. The mixture was incubated for 2 hours at 50°C. After incubation, the suspension was 

centrifuged for 20 minutes. The supernatant was retained, and the pellet was discarded.  

The Genomic-Tips 100/G were equilibrated in 4 ml of Buffer QBT (Qiagen, Germany) and were 

allowed to empty by gravity flow. Samples were vortexed for 10 seconds at maximum speed and 

applied to the equilibrated QIAGEN Genomic-tip, where they entered the resin by gravity-flow; flow 

was left unassisted until tip emptied. The QIAGEN Genomic-tip was washed twice with 7.5 ml of 

Buffer QC (Qiagen, Germany), and flow was left unassisted until tip was cleared. The QIAGEN 

Genomic-tip was then placed into a new Falcon tube, where the genomic DNA was eluted with 5 ml 

of prewarmed Buffer QF at 50°C (Qiagen, Germany) and the tip was allowed to drain by gravity flow. 

The QIAGEN Genomic-tip was then removed, and 3.5 ml of isopropanol (0.7 volumes, at room-

temperature) was added to the eluted DNA. The DNA was precipitated by gently inverting the tube 

10 to 20 times, and spooled using a sterile loop. The spooled DNA was immediately transferred to a 

microcentrifuge tube containing 100 µl of sterile Mili-Q water. The tube was left open overnight, at 

4°C, allowing for the evaporation of the isopropanol. Samples were stored at 4°C until further use. 

 

3. Whole-genome sequencing using Oxford Nanopore Technologies 

 Whole genome sequencing was performed twice to improve yield of sequencing reads. 

 

3.1. DNA quantification 

Genomic DNA and DNA libraries quantification was performed using Qubit® 2.0 Fluorometer 

(Invitrogen by Life Technologies, USA), following Qubit® dsDNA BR Assay 

(http://tools.thermofisher.com/content/sfs/manuals/Qubit_dsDNA_BR_Assay_UG.pdf).  

 

3.2. Genomic library preparation 

Genomic libraries were prepared using the Ligation kit SQK-LSK109 (ONT, UK) and the native 

barcoding kit EXP-NBD104 (ONT, UK), to allow for multiplexing of samples in the same sequencing 

run. This was done according to ONT protocol Native barcoding genomic DNA (with EXP-NBD104 and 

SQK-LSK109) (available at https://store.nanoporetech.com/media/wysiwyg/pdfs/EXP-

NBD104/native-barcoding-genomic-dna-NBE_9065_v109_revJ_23May2018.pdf), with few 

modifications: (i) the input DNA concentration (40.8 ng/µl) was doubled to increase data generation; 

http://tools.thermofisher.com/content/sfs/manuals/Qubit_dsDNA_BR_Assay_UG.pdf
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(ii) incubation times with reaction mixtures and Agencourt AMPure XP beads (Sigma-Aldrich, 

Germany) were doubled to ensure maximum recovery of DNA; (iii) incubation with elution buffer 

was done at 37°C for 10 minutes to improve the recovery of long fragments. 

 

3.3. Sequencing run with ONT MinION 

The sequencing run was performed twice for each sample using the run options default 

parameters with live basecalling through Guppy (fast model), demultiplex option on, and standard 

48-hour run script (Figure 3). Base called reads were classified either pass or fail depending on their 

modal per base quality score, which was set to a minimum Q score of 7.  

 

Figure 3. Sequencing run characteristics. 

4. Bioinformatics analysis 

Quality and metrics of the sequencing runs were verified using Nanoplot (v1.27.0)72. To 

improve the accuracy of bases in reads, the Canu (v2.0)73 correction option with default parameters 

was used to correct raw reads. 

de-novo assembly of Canu corrected reads in contigs was performed using Flye (v2.7)74. 

Polishing consisted of one round of Racon (v1.4.375; for an initial correction in the raw contigs), 

followed by one round of Medaka (v1.2.176; to obtain a consensus sequence) and four iteractions of 

Pilon (v1.2377; for final polish). The genome assemblies obtained were used for MLST analysis (Figure 

4, left). 

Using Minimap2 (v2.17)78, Canu corrected reads were mapped against the reference 

genomic sequences of strains Candida albicans, SC5314 haplotype A (version A22-s07-m01-r100) or 

C. glabrata CBS138 (version s03-m01-r04), both available at the Candida Genome Database 

(http://candidagenome.org/). Sequencing depth for each sample was calculated. 

http://candidagenome.org/
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To look for similar genomic sequences to that of sample 02 (SER7) and determine its species 

identity, the blastn program within the BLAST+ software (v2.10.1)79 was used. The 10 best sequence 

matches with E values lower than 10e-5 were retrieved. 

 

Figure 4. Flow diagram with bioinformatics analysis pipelines for SNP analysis (right) and for genome 
assemblies for MLST analysis (left). 

 

5. Multi Locus Sequence Typing 

 Using C. albicans58 and C. glabrata80 MLST schemes hosted in PubMLST, the assembled 

genomes of each sample were compared to the reference database in order to identify allelic 

matches and define a strain type. Results were ordered by best match. If no exact match was found 

for all genes defined in the MLST gene set, the locus/scheme was selected using the closest match 

for the gene(s) lacking.  

 

6. Genomic variant analysis 

Genomic variant calling, annotation and classification were done using the appropriate 

Medaka (v.1.2.1) pipeline for: (i) identification of variants, (ii) annotation of the vcf file with read 

depth and supporting reads for the variant calling, and (iii) classification of variants. SnpEff (v4.3)81 

was then used to annotate variants based on their genomic locations (intronic, untranslated region, 
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upstream, downstream, splice site, or intergenic regions) and predict functional effect of variants 

(synonymous or non-synonymous amino acid replacement, start codon gains or losses, or frame 

shifts)81. The pipeline for variant calling and annotation is described in Figure 4 (right). 

Quality filtering on the annotated variants was then performed; all low-quality annotations 

were excluded; only quality scores for alternative basecalling ≥ 10 were kept, assuming a Phred 

quality score of 10%. Only variants with at least one read spanning position 25, and with depth of 

reads well aligned to the allele ≥ 10, were kept.  

 

7. Gene Ontology analysis 

 A Venn diagram (http://bioinformatics.psb.ugent.be/webtools/Venn/) was used to explore 

(i) genes with common SNPs among isolates with distinct origin (vaginal exudate, oral cavity and 

haemoculture), and (ii) genes with unique SNPs from isolates collected from the same type of sample 

(vaginal exudate, oral cavity and haemoculture). To identify the biological processes, molecular 

functions, and cellular components in which these groups of genes were involved, we performed 

gene ontology (GO) analysis. For this, the GO Slim mapper (http://www.candidagenome.org/cgi-

bin/GO/goTermMapper) and the Go Term finder (http://www.candidagenome.org/cgi-

bin/GO/goTermFinder) tools available at the Candida Genome Database18 were used to annotate the 

genes according to each of the GO sets in broader groups and to find significant shared GO terms in 

each GO set to describe the genes SNPs were found (p-value ≤ 0.1), respectively.  

 

8. Antifungal susceptibility testing 

8.1. Antifungal drugs, control strains and culture media 

Susceptibility of the isolates in study and minimum inhibitory concentrations (MIC) of 

fluconazole (FL), amphotericin B (AP), anidulafungin (AND), micafungin (MYC) and caspofungin (CS), 

were determined using Etest (bioMérieux, France) and according to EUCAST guidelines82, and the 

recommendations of the Etest package insert (9305056D - en - 2013/02). Control strains used to 

monitor tests performance were C. albicans SC5314, and C. albicans T0, which parental strain is C. 

albicans SN148 wild-type, which were previously shown to be susceptible to fluconazole83, kindly 

provided by Dr. Ana Rita Bezerra from Instituto de Biomedicina (iBiMED), Universidade de Aveiro.  

YPD (Formedium) solid medium with 2% agar was used to subculture fungal isolates, except 

for strain T0, which was grown in synthetic defined (SD) medium without uracil containing 0.67% 

yeast nitrogen base, 2% glucose, 0.2% of dropout mix and 2% agar, and in RPMI 1640 solid medium 

http://bioinformatics.psb.ugent.be/webtools/Venn/
http://www.candidagenome.org/cgi-bin/GO/goTermMapper
http://www.candidagenome.org/cgi-bin/GO/goTermMapper
http://www.candidagenome.org/cgi-bin/GO/goTermFinder
http://www.candidagenome.org/cgi-bin/GO/goTermFinder
https://techlib.biomerieux.com/wcm/techlib/techlib/documents/docLink/Package_Insert/35904001-35905000/Package_Insert_-_9305056_-_D_-_en_-_Etest_-_AFST_WW.pdf
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with 2% glucose. RPMI 1640 solid medium (Sigma-Aldrich) with 2% glucose was used for the 

antifungal susceptibility tests. 

 

8.2. Etest MIC and susceptibility determination 

The Candida isolates in study and control strains were inoculated on YPD, and incubated at 

35°C for 24 hours. Yeast colonies (approximately > 1 mm diameter) on YPD were suspended in 0.9% 

sterile saline solution to adjust to a turbidity of a 0.5 McFarland standard. A micropipette and a loop 

were used to spread 125 µl of fungal cells suspension evenly on the RPMI plates. The Etest strips 

were placed on the plates after they dried for approximately 15 minutes at room temperature. The 

strip end with a lower concentration of the antifungal was positioned first. The concentration of 

antifungal on the strip ranged from 0.002 to 32 µg/ml (AND, AP, MYC, CS) and 0.016 to 256 µg/ml 

(FL). Control strain T0 was only tested for susceptibility to FL.  

The MICs of the antifungal drugs were read after incubation for 24 and 48 hours at 35°C, 

where the growth inhibition ellipse edge intersected the strip. Regarding MIC determination for AP, 

the MIC value was read at complete inhibition of growth; for AND, MYC and CS, the reading of MIC 

was done considering trailing endpoints at the first visual point of significant inhibition; for FL, the 

MIC was read at the first point of significant inhibition or marked decrease in growth density (usually 

at 80% growth inhibition). Interpretation of results for determining the isolates susceptibility profiles 

was done according to the EUCAST guidelines82.   

 

8.3. Broth microdilution assay for determining MIC of fluconazole and isolates 

susceptibility 

The MIC of FL was additionally determined by broth microdilution, according to the EUCAST 

guidelines. Essentially, the isolates were inoculated on YPD and incubated at 35°C for 24 hours. The 

inoculum was prepared by suspending yeast colonies (approximately > 1 mm diameter) in 0.9% 

sterile saline solution corresponding to a 0.5 McFarland standard, and adjusted to a final 

concentration of 1-5x106 cells/ml. The fluconazole powder (Sigma-Aldrich) was dissolved in 

dimethylsulfoxide (DMSO) to a concentration of 5000 μg/ml. The solution was then diluted in 2x 

RPMI 1640 medium (Sigma-Aldrich) with 2% glucose, buffered to pH 7.0 with 0.165 M 

morpholinepropanesulfonic acid (MOPS) buffer (Sigma), sterilized by filtration. Both inoculum and 

fluconazole solutions were distributed in sterile flat bottom 96-well microplates (Corning® Life 

Sciences) reaching final drug concentrations ranging from 0.125 to 256 µg/ml and 4.0x105 CFU/ml of 

cell culture (Figure 5). After incubation without agitation for 24 hours at 35°C, the microplates were 
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read using a microdilution plate reader at a wavelength of 595 nm, shortly after resuspension of cells 

with a multi-channel pipette. Each microplate was read three times. 

For quality control purposes, C. parapsilosis ATCC 22019 was used in the assays. 

The MIC was defined as the lowest drug concentration that resulted in a reduction in growth 

by 50% or more of that of the fluconazole-free control69. 

 

 

Figure 5. Fluconazole concentrations and isolates distribution on microplates. 
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III. RESULTS 
 

1. Whole-Genome Sequencing 

1.1. DNA quantification and genomic library preparation 

During the preparation of the genomic library, DNA quantification using the Qubit assay was 

performed several times, according to the protocol mentioned before. DNA concentrations obtained 

for each sample ranged from 804 ng/μl to 2890 ng/μl in the first run, and 230 ng/μl to 790 ng/μl in 

the second run. Final library concentrations which were loaded for sequencing were 10 ng/μl and 

24.4 ng/μl, for the first and second run, respectively.  

 

1.2. Sequencing run metrics 

In total, 1358500 reads were obtained from the two sequencing runs, ranging from 53649 

for barcode 09 (sample S038) and 396547 for barcode 07 (sample 81) and a mean read length of 6.5 

kb. Mean read quality ranged from 12.2 for barcode 02 (sample SER7) and 12.9 for barcode 08 

(sample 7333fs). Table 4 depicts statistics per sample.  

 

Table 4. Summary statistics of run metrics, per sample. 

Isolate SER20 SER7 S142 S145 S005a 

Number of reads 61658 79264 59448 70858 102874 

Mean read length (bp) 5942.3 8369.9 6880.4 6210.6 6243.8 

Maximum read size (bp) 156709 123760 101132 108600 116290 

Read length N50 (bp) 9699 14578 12080 10295 10707 

Mean read quality 12.5 12.2 12.3 12.8 12.5 

Isolate 5718fs 81 7333fs S038 7248fs 

Number of reads 163951 396547 265192 53649 105059 

Mean read length (bp) 5936.1 5645.6 7091.1 6261.5 6444.1 

Maximum read size (bp) 103569 126774 119838 78079 140296 

Read length N50 (bp) 9669 9004 11838 10382 10697 

Mean read quality 12.6 12.6 12.9 12.3 12.7 
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2. Bioinformatic analysis 

After read correction with Canu to improve the accuracy of bases in reads, they were 

mapped against the C. albicans reference genome SC5314 haplotype A (Table 5). The number of 

total reads ranged from 30791 for sample 7333fs and 65949 for sample S145; the percentage of 

reads mapped against C. albicans reference genome ranged between 38.9% for sample SER7 and 

99.7% for sample S005a. 

Table 6 shows the depth of coverage at chromosome level and whole genome level in each 

Candida isolate. Sequencing depth of coverage at the genome level ranged from 1.54 for sample 

SER7 and 37.32 for sample 81. 

 

Table 5. Mapping characteristics per sample. 

Isolate SER20 SER7 S142 S145 S005a 

Genome length (Mb) 14.3 14.3 14.3 14.3 14.3 

Total reads 60548 4180.5 55394 65949 64770 

Total reads mapped 60307 1627.1 55135 65659 64584 

Percentage of reads mapped 99.6 38.9 99.5 99.6 99.7 

Isolate 5718fs 81 7333fs S038 7248fs 

Genome length (Mb) 14.3 14.3 14.3 14.3 14.3 

Total reads 39906 44700 30791 52616 56494 

Total reads mapped 39292 38940 25105 52253 56196 

Percentage of reads mapped 98.5 87.1 81.5 99.3 99.5 

 

Table 6. Sequencing depth of coverage for each chromosome in each isolate. 

Chromosome 
Length 

(bp) 
SER20 SER7 S142 S145 S005a 

ca22chr1a 3188341 22.90 1.1 26.1 28.2 34 

ca22chr2a 2231883 23.30 0.9 26.5 27.9 34.9 

ca22chr3a 1799298 23.10 0.8 26.4 27.8 35.6 

ca22chr4a 1603259 22.80 0.7 26.4 27.9 35.5 

ca22chr5a 1190869 21.30 0.7 25.4 27.2 32.1 

ca22chr6a 1033292 21.80 0.6 25.5 26.4 36.3 

ca22chr7a 949580 24.30 0.7 25.5 28.1 36.8 

ca22chrm 40420 163.10 6.6 211.4 131.5 260.7 

ca22chrra 2286237 27.50 5.1 29.2 32.7 42.5 

whole genome 143233179 23.99 1.54 27.11 28.86 36.70 

Chromosome 
Length 

(bp) 
5718fs 81 7333fs S038 7248fs 

ca22chr1a 3188341 34.2 33.2 35.1 21.1 34.4 
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ca22chr2a 2231883 34.3 34.8 36.2 21.3 35.3 

ca22chr3a 1799298 37 36.8 35.1 21.1 35.1 

ca22chr4a 1603259 35.6 35.7 36.1 21.1 35.1 

ca22chr5a 1190869 34.4 34.5 34.9 20.4 34.2 

ca22chr6a 1033292 33.8 35 34.9 21.2 34.6 

ca22chr7a 949580 37.9 36.9 34.6 22.8 37.9 

ca22chrm 40420 270.5 352.7 174 157.9 273.2 

ca22chrra 2286237 41.3 44.2 43.1 24.4 42.3 

whole genome 143233179 36.76 37.32 36.99 22.11 36.87 

 

 

2.2. Multi Locus Sequence Typing 

The results of the multi locus sequence typing for C. albicans revealed that for some locus, 

the alleles of the isolates were not present in the PubMLST database and a definitive allocation to a 

sequence type was not possible for any sample. For samples S005a, 5718fs, S038, over 20 profiles 

closely matching to a previously described ST were found and are not all depicted in the table. The 

relevant data was submitted to the Candida albicans PUBMLST database for the definitive 

assignment of STs to these isolates. Table 7 shows the identified and closest matches to the alleles 

previously known and the STs closest matches for each sample. Because a definitive allocation to a 

sequence type was not possible for any sample, we were not able to determine to which clade each 

isolate belonged to. 

 

Table 7. MLST results for C. albicans. The alleles referenced with * correspond to the closest match 

found for the respective locus. 

Sample Locus AAT1a ACC1 ADP1 MPIb SYA1 VPS13 ZWF1b 
Nearest 

match ST 

SER20 

Allele 

3* 58 10* 5 34* 20 20 
790; 

1493; 
3402 

SER7 - - - - - - 239* - 

S142 8* 2 6 9* 69* 20* 161* 
1150; 
2745 

S145 8* 3 30* 4* 34* 13* 276 
1603; 
2579 

S005a 33* 58 10* 5 34 58 159* 
215; 790; 

797 

5718fs 8* 2 2 9* 2* 207* 20* 
54; 76; 

261 

81 33* 52* 10 4 34 4 196* 1483 

7333fs 3* 3 2 9* 2* 24 196 310 
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S038 107* 58 6 4 34* 54 205* 
167; 287; 

441 

7248fs 13* 8 10 19* 53* 13 205* 1485 

 

 

2.3. Identification of isolate SER7 

 As depicted in Table 5, 38.9% of SER7 sequencing reads were mapped against C. albicans 

reference genome (version A22-s07-m01-r100) and the sequencing depth of coverage was only 

1.54x, not following the trend seen for the remaining samples. Additionally, querying the ST of this 

isolate in the C. albicans PubMLST database produced only one closest match for gene ZWF1b. To 

ascertain this isolate species identification, a blastn search against the NCBI nucleotide database of 

this isolate genome (2020.11.17) was performed and results showed closest match to C. glabrata 

(Figure 6). 

 SER7 reads were then mapped against the C. glabrata reference genome CBS138 (version 

s03-m01-r04) (Table 8). The number of total reads was 48504, with a percentage of reads mapped 

against C. glabrata reference genome of 99.7% and an overall sequencing depth of coverage of 42.7x 

(Table 9). 

   

 

Figure 6. Results of blastn search against the NCBI nucleotide database of SER7 genome. 
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Table 8. Metrics for SER7 sequencing reads mapping against C. glabrata CBS138 reference genome 

(version s03-m01-r04). 

Isolate SER7 

Genome length (Mb) 12.3 

Total reads 48504 

Total reads mapped 48381 

Percentage of reads mapped 99.7 

 

Table 9. Sequencing depth of coverage for each chromosome in SER7. 

Chromosome Length (bp) SER7 

chra_c_glabrata_cbs138 491328 49.8 

chrb_c_glabrata_cbs138 502101 43.0 

chrc_c_glabrata_cbs138 558804 41.9 

chrd_c_glabrata_cbs138 651701 42.1 

chre_c_glabrata_cbs138 687738 40.6 

chrf_c_glabrata_cbs138 927101 37.8 

chrg_c_glabrata_cbs138 992211 39.1 

chrh_c_glabrata_cbs138 1050361 39.3 

chri_c_glabrata_cbs138 1100349 42.3 

chrj_c_glabrata_cbs138 1195129 39.5 

chrk_c_glabrata_cbs138 1302831 39.6 

chrl_c_glabrata_cbs138 1455689 52.1 

chrm_c_glabrata_cbs138 1402898 38.7 

mito_c_glabrata_cbs138 20063 568.9 

whole genome 12338304 42.7 

 

 The results of the multi locus sequence typing analysis for SER7 revealed this is a C. glabrata 

ST 10 isolate (Table 10), which belongs to group 361. 

 

Table 10. MLST results for C. glabrata. 

Sample Locus FKS LEU2 NMT1 TRP1 UGP1 URA3 ST 

SER7 Allele 8 4 3 5 1 2 10 
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3. Genomic variants 

A total of 1292088 SNPs were called with the methods used herein. After applying the quality 

filters described in the methods, a total of 791021 SNPs were found, ranging from 50320 in sample 

S142 to 104090 in sample 81 (Table 11). 

Table 11. Number of variants called per sample. 

Sample Number of SNPs called Number of SNPs called after 

filtering 

SER20 144341 85604 

S142 95102 50320 

S145 154672 96333 

S005a 150313 96943 

5718fs 95167 54074 

81 163155 104090 

7333fs 114065 65407 

S038 143900 82051 

7248fs 149619 96754 

SER7 81754 59445 

 

From the total of SNPs filtered and included in this analysis, 380908 were located in 

noncoding regions, and 410113 were located in coding regions. Among these, 135641 were missense 

and 255303 were synonymous variants. The number of SNPs found in noncoding regions ranged 

from 13889 (approximately 23%) in sample SER7 to 52357 (approximately 50%) in sample 81. The 

number of missense SNPs ranged from 8565 (approximately 14%) in sample SER7 to 17854 

(approximately 17%) in sample 81. The number of synonymous SNPs ranged from 15940 

(approximately 32%) in sample S142 to 33483 (approximately 32%) in sample 81. Figure 7 shows the 

percentage of different SNPs identified per sample. There was clear difference in the pattern of SNPs 

in noncoding regions in C. albicans isolates relative to the C. glabrata isolate, SER7. The latter had 

approximately 23% of SNPs in noncoding regions, while C. albicans, on average, had approximately 

50%. All Candida isolates seemed to follow the same pattern regarding the synonymous SNPs; for 

the missense SNPs, all C. albicans isolates followed the same pattern, having on average around 17% 

of missense SNPs, while the C. glabrata isolate, SER7, had a little less, approximately 14% of missense 

SNPs.  
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According to their source of collection, C. albicans samples showed also different missense 

SNP amounts. Samples from the oral cavity (S142, S145, S005a, and S038) registered the higher 

frequency of missense SNPs, with 56775 (8%) SNPs found, followed by samples from vaginal 

exudates (5718fs, 7333fs, and 7248fs) and haemoculture (SER20 and 81), with a total of 37477 (5%) 

and 32824 (5%) missense SNPs, respectively. Figure 8 shows the distribution of missense SNPs 

according to sample origin. 

 

Figure 8. Distribution of missense SNPs found per type of sample, regarding their origin, in relation 
to the total number of SNPs found. 

 In total, 664 genes with missense SNPs were found to be common to isolates from different 

sources and 41, 239, and 1751 were unique to samples from the oral cavity, vaginal exudates and 

haemoculture, respectively (Figure 9). 

 SNPs found in the isolates were not the ones described in the literature to be associated to 

antifungal resistance. However other SNPs were found in those genes, but with no relation to 

resistance phenotype predicted. 
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3.1. GO analysis of C. albicans isolates 

To look for a possible role of the genes with missense SNPs at the level of molecular function, 

biological process, or cellular component, using GO Slim mapper and GO Term finder were used. We 

also explored similarities and differences between mutated genes in samples from common and 

distinct sources using GO annotations.   

 

3.1.1. Genes with SNPs common to C. albicans isolates from different types of sources 

 Among genes with SNPs common to all samples (n=664), (i) 38% mapped against genes 

coding for cellular components, from which cytoplasm (32%), nucleous (25%), and membrane (17%) 

were the most common; (ii) 29% were genes encoding products with a role in the regulation of 

biological processes, principally, organelle organization (19%), transport (14%), and response to 

stress (14%); and 36% were genes coding for products involved in molecular-level activities, mainly 

hydrolase activity (16%), transferase activity (12%), and DNA binding (9%). Figure 10 depicts the 

frequencies of C. albicans genes with missense SNPs that are common to the three types of samples 

(haemoculture, vaginal exudates, and oral cavity) annotated by GO Slim terms. 

 The GO Term for biological process most associated to genes with SNPs common to all 

samples (n=664), was adhesion of symbiont to host (p-value 0.026; specific genes were ace2, als1-

4, hwp2, phr1, rfx2, sap2, sap3, sap6, ura3, and ywp1). The terms negative regulation of 

macromolecule metabolic process (p-value 0.061), and negative regulation of nucleobase-containing 

compound metabolic process (p-value 0.090) were not significantly associated to genes with SNPs 

common to all samples. Among the molecular function set, transcription regulator activity (p-value 

0.057) and DNA-binding transcription factor activity (p-value 0.061) were the GO terms found, 

although not with statistic significance; these two GO Terms have a parent-child relationship, as DNA-

binding transcription factor activity is a transcription regulator activity84.  GO terms of the cellular 

components background associated to this set of genes were not found.  

Figure 11 shows GO Terms associated to genes with SNPs common to all samples, and Appendix 1 

contains the graphic displays with the relationships among the GO terms found for this gene set and 

the GO terms to which genes were directly annotated. 
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Figure 10. Frequencies of GO Slim terms mapped to genes with missense SNPs that are common to the three types of sample. A. GO Slim terms 
referent to Biological Process; B. GO Slim terms referent to Molecular Function; C. GO Slim terms referent to Cellular Component. 
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3.1.2. Genes with SNPs unique to C. albicans isolates from different types of sources 

 Among genes with unique SNPs found in isolates from haemoculture samples, (n=1751), 

vaginal exudate samples (n=239), and oral cavity samples (n=41), (i) 38%, 42%, and 51% mapped 

against genes coding for cellular components, respectively. The most common were cytoplasm, 

nucleous and membrane for all isolates from different types of sources, with 33%, 23%, and 20% for 

haemoculture samples, 31%, 22%, and 18% for vaginal exudate samples, and 32%, 24%, and 17% for 

oral cavity samples; (ii) 28%, 30%, and 39% were genes encoding products with a role in biological 

processes, found in haemoculture, vaginal exudate, and oral cavity samples, respectively; mainly 

regulation of biological process (24%, 26%, and 22%), organelle organization (16%, 19%, and 15%), 

and transport (17%, 17%, and 12%), for samples from haemoculture, vaginal exudate, and oral cavity, 

respectively; and 36%, 38%, and 37% were genes coding for products involved in molecular-level 

activities, for haemoculture, vaginal exudate, and oral cavity samples; the most common for 

haemoculture and vaginal exudates samples were hydrolase activity (14% and 13%, respectively), 

and transferase activity (13% and 16%, respectively); for samples originated from the oral cavity, the 
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most common were transferase activity (17%) and protein binding (12%). Figure 12 depicts the 

frequencies of C. albicans genes with missense SNPs that are unique to each type of samples 

(haemoculture, vaginal exudates, and oral cavity) annotated to GO Slim terms. The great majority of 

genes with unique missense SNPs found in haemoculture samples, vaginal exudate samples, and oral 

cavity samples, mapped against genes coding for cellular components, molecular functions, and 

biological processes, did not show marked variance. The exception was in samples obtained from 

the oral cavity, concerning the absence of genes encoding cellular components, namely plasma 

membrane, site of polarized growth, vacuole, extracellular region, and cell cortex, which did not 

happen for haemoculture and vaginal exudate samples; in genes coding for products involved in 

molecular-level functions there were differences in their frequency among the different types of 

isolates, namely in hydrolase activity (1% for oral cavity samples, 14% for haemoculture samples, and 

13% for vaginal exudate samples), in protein binding (12% for oral cavity samples, 8% for 

haemoculture samples, and 6% for vaginal exudate samples); and in genes encoding for biological 

processes, such as response to chemical (2% for oral cavity samples, 12% for haemoculture samples, 

and 13% for vaginal exudate samples), and in hyphal growth (5% for oral cavity isolates, 2% for 

haemoculture isolates, and 0.8% for vaginal exudate isolates). 

 GO Terms within the biological process set significantly associated to genes with SNPs unique 

to samples obtained from the oral cavity (n=41), was oligosaccharide-lipid intermediate biosynthetic 

process (p-value 0.04; genes alg5, alg8, and ecm39). For samples originated from vaginal exudates, 

among the molecular function set, lysophospholipid acyltransferase activity (p-value 0.04; genes 

c1_04110w_a, c3_00400c_a, and lpt1) was the GO Term significantly associated to genes with SNPs 

unique to this group of samples; transferase activity, transferring acyl groups other than amino-acyl 

groups (p-value 0.06) and lysophospholipid acyltransferase activity (0.09) were not significantly 

associated to genes with SNPs unique to vaginal exudate samples. These GO Terms have a parent-

child relationship, as lysophosphatidic acid acyltransferase activity is a lysophospholipid 

acyltransferase activity, which in turn is a transferase activity, transferring acyl groups other than 

amino-acyl groups84. GO terms of the cellular components background associated to these set of 

genes (unique to samples from different sources) were not found. 

Figure 13 shows GO Terms associated to genes with SNPs unique to samples from different 

backgrounds, and Appendix 2 and 3 contain the graphic displays with the relationships among the 

GO terms found for these gene sets and the GO terms to which genes were directly annotated. 
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4. Antifungal susceptibility profiles 

4.1. Determination of minimum inhibitory concentrations 

The MICs for the isolates in study determined by Etest ranged from ≤0.002 to 0.38 µg/ml for 

AP, ≤0.002 to 0.004 µg/ml for AND, 0.002 to 0.032 µg/ml for MYC, 0.016 to 0.125 µg/ml for CS (Table 

12), and 0.75 to ≥256 µg/ml for FL (Table 13).  
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Table 12. MICs (µg/ml) of antifungal drugs. Interpretation of results is also displayed: S for 
susceptible isolates; R for resistant isolates. 

Isolate Amphotericin 
B (AP) (µg/ml) 

Caspofungin 
(CS) (µg/ml) 

Anidulafungin 
(AND) (µg/ml) 

Micafungin 
(MYC) (µg/ml) 

5718fs 0.19 (S) 0.047 (S) ≤0.002 (S) 0.032 (S) 

S145 0.125 (S) 0.023 (S) ≤0.002 (S) 0.012 (S) 

S005a 0.38 (S) 0.047 (S) ≤0.002 (S) 0.032 (S) 

7333fs 0.125 (S) 0.047 (S) ≤0.002 (S) 0.008 (S) 

S142 0.023 (S) 0.047 (S) ≤0.002 (S) 0.006 (S) 

SER7 0.25 (S) 0.125 (S) ≤0.002 (S) 0.003 (S) 

S038 0.19 (S) 0.047 (S) ≤0.002 (S) 0.006 (S) 

SER20 0.25 (S) 0.047 (S) ≤0.002 (S) 0.002 (S) 

81 0.25 (S) 0.016 (S) ≤0.002 (S) 0.023 (S) 

7248fs 0.095 (S) 0.064 (S) ≤0.002 (S) 0.023 (S) 

SC5314 0.012 (S) 0.047 (S) ≤0.002 (S) 0.016 (S) 

 
 
Table 13. MIC (µg/ml) of fluconazole, obtained with both Etest and broth microdilution. 
Interpretation of results is also displayed: S for susceptible isolates; R for resistant isolates. 
 

Isolate Etest (µg/ml) Broth microdilution (µg/ml) 

5718fs 2 (S) 0.125 (S) 

S145 1.5 (S) 0.125 (S) 

S005a 2 (S) 0.25 (S) 

7333fs 4 (S) 0.5 (S) 

S142 4 (S) 0.25 (S) 

SER7 32 (R) 1 (I) 

S038 3 (S) 0.125 (S) 

SER20 1 (S) 0.125 (S) 

81 0.75 (S) 0.5 (S) 

7248fs ≥256 (R) 0.125 (S) 

SC5314 ≥256 (R) 0.125 (S) 

T0 ≥256 (R) <0.5 (S) 

ATCC 22019 ND 0.25 (S) 
ND: Not determined. 

The endpoint of amphotericin B tests was determined at 100% inhibition of growth (Figure 

14A). For echinocandins, MICs were considered as the visual point at 80% inhibition, due to the 

possibility of microcolonies growing inside the ellipse, and interpretation of MIC should consider this 

trailing (Figure 14C, 14D, and 14E)85. The fluconazole MIC determination was hindered due to the 

high incidence of trailing observed (Figure 14B). 
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Figure 14. Etest results of some Candida isolates against the antifungals tested. (A) C. albicans control 
strain tested against amphotericin B. (B) C. albicans control strain tested against fluconazole. (C) C. 
albicans control strain tested against caspofungin. (D) C. glabrata isolate SER7 tested against 
anidulafungin. Arrows point to the endpoints considered, except in (B), where it points to the trailing 
region. 

 
According to EUCAST guidelines82 all isolates were susceptible to the antifungal drugs tested, 

except for fluconazole. The MICs of fluconazole for SER7 and 7248fs were above 16 µg/ml and 4 

µg/ml, respectively, indicating they were resistant to this drug. The MICs for the C. albicans control 

strains SC5314 and strain T0 (both on RPMI and SD media) was ≥256 (Figure 15) which was not in 

agreement with the fluconazole sensitive strain C. albicans SC531486 with a reported MIC value of 

0.24 µg/ml87, and the reported MIC of 12 µg/ml for the T0 strain32. In this way, the MICs of 

fluconazole were determined by broth microdilution.  

 

 

 

 

 

 

 

 

Figure 15. Etest results of C. albicans reference controls against fluconazole. (A) T0 on RPMI medium. 
(B) T0 on SD medium. (C) SC5314 on RPMI medium. 
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4.2. Broth microdilution assay for testing isolates’ susceptibility to and determining MIC of 

fluconazole 

As depicted in Table 13, the broth microdilution assays showed that all isolates were 

susceptible to fluconazole, with MICs ranging from 0.125 to 1 µg/ml. The MIC for strains SC5314 and 

T0 were 0.125 µg/ml and 0.5 µg/ml, respectively, which is within the range expected for these 

strains. Regarding the quality control strain C. parapsilosis ATCC 22019, the MIC was 0.25 µg/ml. 

Even though this value is outside the range expected88, it is within ± one two-fold dilutions of the 

expected MIC range, and for that reason the results were considered acceptable89.  

 

 

 

 

 

 

. 
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IV. DISCUSSION 
 

 The genus Candida harbours species responsible for both superficial and systemic infections. 

The incidence of these infections has been increasing worldwide90. Despite C. albicans infections 

being more abundant5, infections by non-albicans Candida species have increased, and special 

consideration has been given to infections caused by C. glabrata, since this species often shows 

higher tolerance to the antifungals more commonly used91. 

 

1. Whole-Genome Sequencing 

 Whole-genome sequence data and further analysis allow the identification of different types 

of mutations, such as single nucleotide polymorphisms, insertions, deletions, or structural variants, 

involved with either pathogenicity or drug resistance92.  

We performed whole-genome sequencing of ten Candida albicans clinical isolates to assess 

their genetic diversity. Sequencing was done with the MinION (Oxford Nanopore Technologies, UK), 

since it produces long reads and reliable detection of variants with fewer reads than those generally 

produced by other next-generation sequencing platforms53.  

Isolate SER7 was previously identified as C. albicans by phenotypic methods, but our NGS 

data identified it as being C. glabrata. Misidentification of Candida species is more common using 

conventional methods93 with reports of atypical isolates of Candida being misidentified as C. albicans 

by conventional phenotypic tests94,95. In contrast, molecular identification methods have higher 

accuracy, sensitivity and specificity than phenotypic methods for the identification and 

differentiation of C. albicans from other Candida species5. A study by Bitar et. al (2014) aimed to 

identify and type Candida albicans isolates from two major hospitals in Beirut/Lebanon96. The 

authors reported a discrepancy in the identification of Candida isolates to the species level, using 

different methods: API (bioMérieux, France), CHROMagar cultures, and ITS sequencing, and 

comparing to the hospital identification carried out, which was based on the germ tube test, that 

differentiates between C. albicans and Candida non-albicans. Their results showed that samples 

tested on CHROMagar and germ tube test produced distinct identifications, isolates tested by API 

did not match the germ tube results; the samples were ITS sequenced for identification, and among 

C. albicans isolates, 21%, 15%, and 15% were misidentified by the germ tube test, by cultivation on 

CHROMagar, and by API, respectively. Some of these isolates identified as C. albicans were found to 

be C. tropicalis, C. glabrata or C. sphearical, and some isolates identified as Candida non-albicans 
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that were C. albicans. As supported by the authors, these type of results might lead to the use of 

inappropriate antifungal agents, which results in longer hospitalization and comorbidities96. 

Rapid and accurate identification of Candida species plays an important role in infection 

management of local or systemic candidiasis5, and sequence-based identification techniques were 

found to be more efficient than other phenotypic methods96. In fact, identification to the species 

level allows a more accurate choice when applying the best antifungal therapy option for patients’ 

successful recovery97. In the case of fluconazole, C. glabrata with MIC of 4 µg/ml would be 

categorised as “susceptible, increased exposure” whereas C. albicans would be categorised as 

“resistant”82, which means that, for this example, the treatment with fluconazole would have no 

effect if the infection was caused by C. albicans, whereas if the infection was caused by C. glabrata, 

the treatment with fluconazole would have to be adjusted, since being “susceptible, increased 

exposure” means that there is a high likelihood of therapeutic success if the exposure to the 

antifungal is increased by adjusting the dosing regimen69. This reenforces the importance of accurate 

identification of Candida spp. for a successful management and treatment of infections, while this 

works suggests that ONT sequencing is appropriate for this purpose.  

The MLST results did not allow us to assign a sequence type for C. albicans isolates and 

consequently we were not able to determine the clade to which the isolates belonged to; the 

relevant data was submitted to the Candida albicans PUBMLST database for the assignment of STs 

to the isolates. For C. glabrata isolate SER7, the MLST analysis revealed that this isolate belongs to 

ST-10, and further research in literature showed that ST 10 belongs to group 361. European strains 

are more common in groups 1 and 364, however in group 3 an over-representation of isolates from 

the USA has been reported61, although we had no information regarding the patient from whom the 

SER7 isolate was collected, namely if the patient was from Europe or the USA, or if the patient had 

recently travelled to or from Europe/USA.  Additionally, there is no established association between 

antifungal resistance, particularly fluconazole resistance, and ST or group61.  

 

2. Single nucleotide polymorphisms 

We found between 50320 and 104090 SNPs in the Candida albicans genomes studied, which 

is aligned with the 62000 – 70000 SNPs found in the genome of the C. albicans reference strain 

SC531498–100. Considering that the C. albicans isolates studied were collected from different human 

body sites, and were certainly under different pressures from the host and the host environment, it 

can be expected that  isolates have divergent numbers of SNPs, in particular of adaptive SNPs100. In 

the Candida glabrata isolate SER7 we found approximately 4.83 SNPs/kb, which was in accordance 
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to the range of 0.04 to 7.23 SNPs/kb SNPs reported for the genome of the C. glabrata reference 

strain CBS138101. 

In this study, we did not find SNPs previously associated with resistance to the antifungals 

tested37–45. This goes in line with the antifungal susceptibility profiles of the isolates, which were all 

susceptible to the antifungal drugs tested. It would be important to sequence also resistant strains, 

to validate our method as being able to call resistance-associated SNPs. 

However, we found SNPs other than the ones previously described in resistance associated 

genes (erg3, resistance to echinocandins and azoles; gsc1, resistance to echinocandins; tac1, 

resistance to azoles). We do not know if these variants could play a role in resistance, for example 

through epistatic mechanisms3; but it could be interesting to conduct microevolution experiments 

focusing on these genes to evaluate if and how these variants may interact with other SNPs involved 

in antifungal resistance. Additionally, some of these SNPs could lead to future resistance by affecting 

the expression level of their associated genes, which could also be tested, either by blot analysis or 

RNA sequencing. 

 

We explored the biological processes, molecular functions, and cellular components 

associated with the SNPs found in our strains. 

There was a significantly higher frequency of genes with missense SNPs common to the three 

types of samples in the biological process of adhesion of a symbiont to its host. Adhesion to the host 

is one of C. albicans virulence factors24; C. albicans cells adhere to the host cell using adhesins, 

encoded by als and hwp genes102. In our isolates, the genes significantly involved in adhesion of a 

symbiont to host were ace2, als1-4, hwp2 and rfx2. The gene ace2 codes for a transcription factor 

involved in regulation of morphogenesis18; Kelly et al. (2004) reported that ace2 null mutants have 

reduced ability to adhere to surfaces and altered cell wall biosynthesis, which affects adhesion and 

interaction with host cells103. The als genes encode a family of cell surface glycoproteins known as 

adhesins, many of which with a role in cell adhesion and adherence to host surfaces18; for example, 

als1 codes for a cell surface protein that mediates adherence to endothelial and epithelial cells104; 

studies have shown that als1 overexpression increases adherence by 125%105; als3 encodes a cell 

wall adhesin which is closely related to Als1p in sequence, regulation and function106. The gene hwp2 

also codes for a cell wall protein18 that has been reported as essential for adhesion to human 

epithelial and endothelial cells, and for biofilm formation107. rfx2 encodes a RFX domain 

transcriptional repressor18, and data has demonstrated that the product of rfx2 plays important roles 

not only in the regulation of DNA damage responses, but also in morphogenesis, virulence, and 
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adherence, although the precise mechanisms were not fully understood108. However, we do not 

know whether our isolates were causing an infection or were commensals at the time of collection; 

the over representation of genes with missense SNPs involved in adhesion processes may justify the 

clinical significance of this group of isolates, since there is a strong correlation between adherence 

and ability to colonize and cause disease102. The fact that this group of genes shows an accumulated 

genetic variation in clinical strains might suggest that it is under selection to modulate its behaviour 

so that strains become more adapted to the host environment. 

 Regarding genes with missense SNPs unique to each isolate, according to their source, there 

was a significantly higher frequency of genes involved in oligosaccharide-lipid intermediate 

biosynthetic processes among isolates of the oral cavity. The genes alg8 and alg5 encode a putative 

glucosyltransferase involved in cell wall mannan biosynthesis18, and the gene ecm39 encodes a 

putative mannosyltransferase18. C. albicans biofilm matrix is composed by mannans, polysaccharides 

β-1,3-glucan and β-1,6-glucan, and chitin, forming the mannan-glucan complex (MGCx)109,110. In the 

oral cavity, hyphae formation and adherence to the oral epithelial cells promotes the development 

of biofilms, which once established promotes an increase in the expression of virulence factors, and 

a decrease in the antifungal susceptibility and phagocytosis109, thus enhancing the fitness of the yeast 

to the oral cavity environment. This finding suggests the oral cavity isolates in study were well 

adapted to the niche they were collected from and had a different ability to form biofilms, which is 

important for C. albicans survival and pathogenicity111. 

 Genes with missense SNPs uniquely found in C. albicans from vaginal exudates, whose 

Molecular Function was significantly enriched among our samples, were involved in lysophosphatidic 

acid acyltransferase activity. The gene lpt1 encodes a lysophospholipid acyltransferase involved in 

phospholipid remodeling with a role in glycerophospholipid biosynthesis18. The product of lpt1 has a 

major role in the lysophospholipid esterification, which in turn is associated with scavenging 

lysophospholipids produced by intracellular phospholipases, and utilizing lysophospholipids 

produced by extracellular phospholipases112. The latter is part of the hydrolytic enzymes that 

contribute to C. albicans virulence by having a role in host-cell membrane damage and in the 

adhesion of yeasts to host tissues20,113, and in enhancing the efficiency of extracellular nutrient 

acquisition21. Lysophospholipase has also been associated with the formation of buds in rapidly 

growing cultures114,115. A study by Wong et. al (2019) concluded that lpt1 deletion on C. albicans has 

an impact on its virulence, hence reinforcing the role of phospholipid remodeling and phospholipase 

products scavenging113. Since C. albicans mode of growth, i.e., yeast versus hypha, or biofilm versus 

planktonic, significantly changes the phospholipid profiles112, the presence of SNPs in genes that 
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affect phospholipid remodeling might translate into a change in the Candida cells morphology, which 

could be indicative of a response by the isolates to improve colonization and invasion of host tissues.   

 In summary, we found SNPs in genes that were exclusive for vaginal exudate samples, as 

well as for samples originated from the oral cavity. The frequency of genes with the missense SNPs 

involved in molecular processes and biological functions was significantly superior (p-value ≤ 0.05) 

to the background frequency in those GO sets; the genes in question and their products were 

involved in mechanisms that might improve the isolates adaptability and survival ability in the 

environment they were collected from. 

 

 

3. Antifungal susceptibility 

All isolates were susceptible to all antifungals tested. A twelve-year study evaluated the 

prevalence of amphotericin B resistance of Candida species during 2006-2011 and 2012-2017, in 

Kuwait, and reported that the prevalence of resistance to amphotericin B during this period did not 

change and was very low – 0% for C. albicans and 1% for C. glabrata116. C. glabrata is usually 

susceptible to amphotericin B and tends to have higher MIC values than C. albicans117, which was 

observed in 7 of the C. albicans isolates in our study.  

The results for echinocandins susceptibility are in accordance with the prevalence of 

resistant Candida isolates described in the literature. Al-Baqsami and colleagues reported in their 

study that 93% of their C. glabrata isolates were susceptible to micafungin118. Another study pointed 

that the prevalence of C. glabrata resistance to anidulafungin, micafungin and caspofungin was 2%, 

2% and 4% respectively; for C. albicans the prevalence of resistant isolates was 0% for anidulafungin, 

and 0.1% for micafungin and caspofungin119,120. 

There was a difficulty in reading Etest results when testing for fluconazole susceptibility, not 

only due to the observed trailing, but also due to unexpected results when testing reference controls, 

even when using different media and Etest strips from different batches. Previously, the impact of 

the heavy trailing effect in the interpretation of Etest results has also been seen by Song and 

colleagues for Candida isolates from patients with oral candidiasis121. To overcome this obstacle, we 

performed broth microdilution, which is the gold standard methodology for antifungal susceptibility 

testing68, and allowed us to get interpretable results. All C. albicans isolates were susceptible to 

fluconazole, while C. glabrata was in the category “susceptible, increased exposure” which means 

that there is a high possibility of therapeutic success due to an increase of the fluconazole 

concentrations at the site of infection or by adjusting the dosing administration69.  Despite this, in 

clinical environments, Etest or other gradient diffusion gadgets gain advantage since these are 
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inexpensive compared to broth microdilution, good for resource-limited settings and provide a MIC 

value, although the interpretation of its results is somewhat subjective. However, if the difficulties 

we have encountered were to happen in clinical settings, broth microdilution would be a more 

challenging technique to perform as plates preparation is labour-intensive and commercially 

prepared plates are very expensive, and technical training requirement is also significant high68. 

The incidence of resistance to fluconazole in the USA was between 0.5% to 2% for C. 

albicans, and between 11% to 13% for C. glabrata122. Between 2005 and 2007, global surveillance 

showed that 98% and 68% of C. albicans and C. glabrata isolates, respectively, were susceptible to 

fluconazole123,124. In their twelve-year study, Khan et al. (2019) reported that the prevalence of 

resistance to fluconazole during 2006-2011 and 2012-2017 increased from 3% to 5% for C. albicans 

and 3% to 14% for C. glabrata116. None of the isolates studied here was resistant to fluconazole, 

although the prevalence of Candida isolates resistant to fluconazole is rising worldwide, 

compromising the use of this drug which is the most used antifungal for the treatment of 

candidiasis119. 
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V. CONCLUSION AND FUTURE WORK 
 

The goal of this project was to study the genetic diversity of ten clinical fungal isolates 

identified as Candida albicans, using a comparative genomics approach, and to establish the 

antifungal susceptibility profiles of the isolates against different classes of antifungals.  

All isolates were susceptible to the antifungal agents tested; also, the isolates did not have 

any of the polymorphisms described in the literature to be associated with antifungal resistance, 

which is in accordance with the antifungal susceptible profile traced, however, some SNPs were 

detected in genes that are associated to drug resistance. Further work on the effect of the identified 

SNPs on gene expression would be most interesting to clarify possible expression quantitative trait 

loci (eQTL).  It would be interesting to differentiate between polymorphisms and causal mutations, 

since several mechanisms can lead to resistance and interact with each other - epistasis125. 

Whole genome sequencing and further analysis lead us to discover that one of the isolates 

tested was not a C. albicans, but instead a C. glabrata. Misidentification of Candida species may 

compromise optimal antifungal therapy, in a clinical setting, or influence how an experiment is 

performed and its results analysed, research wise. DNA sequencing methods are, most likely, one of 

the best options to identify Candida isolates to the species level. The methodology used (ONT), 

proved to be appropriate to achieve this, outperforming the classical methods. 

It would be most interesting to increase the number of isolates from the different human 

sites, and to have information about the infection status of the hosts, to clarify whether the SNPs 

identified are indeed associated to the ecology of each particular niche (oral cavity, vaginal exudates 

and haemoculture) and to the ability to cause infection in humans; this could help identify genes that 

are relevant for the colonization and infection of each human site. 
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VII. APPENDIX 
 

Appendix 1. Graphic displaying the relationships among the GO terms related to molecular function associated 
to genes with missense SNPs common to all samples. The analysis was done on January 5th, 2021. 
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Appendix 1.1. Information regarding genes with missense SNPs common to all samples, annotated to GO terms 
from the molecular function ontology. 
 

GO term 
Cluster 

frequency 

Background 

frequency 
P-value 

Genes annotated to the 

term 

Transcription 

regulator activity 

47 out of 664 

genes, 7.1% 

269 out of 6473 

background 

genes, 4.2% 

0.06 

stb5, ume6, put3, taf145, 
med15, swi6, cta8, sfu1, 

c1_11690w_a, rob1, 
cup2, hir1, fhl1, ash1, 

lys144, mbp1, stp1, zcf32, 
tea1, zcf35, ssn6, rfx2, 
ume7, c4_02570c_a, 

c4_04510w_a, bas1, srb8, 
zcf20, fcr3, hal9, tac1, 

znc1, leu3, ifh1, med14, 
ppr1, grf10, rbf1, 

cr_02510w_a, rfg1, gzf3, 
cr_03240c_a, 

cr_03310c_a, med5, crz2, 
ace2, ecm22 

DNA-binding 

transcription 

factor activity 

40 out of 664 

genes, 6.0% 

218 out of 6473 

background 

genes, 3.4% 

0.06 

stb5, ume6, put3, taf145, 
swi6, cta8, sfu1, 

c1_11690w_a, rob1, 
cup2, fhl1, ash1, lys144, 
mbp1, stp1, zcf32, tea1, 

zcf35, rfx2, ume7, 
c4_02570c_a, 

c4_04510w_a, bas1, 
zcf20, fcr3, hal9, tac1, 
znc1, leu3, ppr1, grf10, 

rbf1, cr_02510w_a, rfg1, 
gzf3, cr_03240c_a, 

cr_03310c_a, crz2, ace2, 
ecm22 
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Appendix 1.2. Graphic displaying the relationships among the GO terms related to biological process associated 
to genes with missense SNPs common to all samples. The analysis was done on January 5th, 2021. 
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Appendix 1.2.1. Information regarding genes with missense SNPs common to all samples, annotated to GO 
terms from the biological process ontology.  
 

GO term 
Cluster 

frequency 

Background 

frequency 
P-value Genes annotated to the term 

Adhesion of 

symbiont to 

host 

16 out of 664 

genes, 2.4% 

49 out of 6473 

background 

genes, 0.8% 

0.03 
ace2, als1, als2, als3, als4, his4, 

hwp2, pde1, phr1, rfx2, sap2, 
sap3, sap6, snf5, ura3, ywp1 

Negative 

regulation of 

macromolecul

e metabolic 

process 

68 out of 664 

genes, 10.2% 

413 out of 

6473 

background 

genes, 3.4% 

0.06 

c1_05660c_a, ire1, ccr4, med15, 
not5, ptc1, c1_09390w_a, 
c1_09790c_a, sfu1, gin1, 

c1_12370w_a, kem1, hir1, sas2, 
c2_05220c_a, fhl1, c2_07690w_a, 
sup35, gcn1, ash1, c3_01770c_a, 

rna1, rad50, ycg1, zcf32, 
c3_05320w_a, ssn6, 

c4_01660w_a, c4_01780c_a, rfx2, 
c4_02400c_a, ume7, 

c4_02570c_a, dot4, srb8, puf3, 
mph1, ago1, c4_06850c_a, 

ybl053, zcf20, orc4, leu3, cst20, 
med14, c5_04640c_a, ssd1, 

c6_00310w_a, ctf5, 
c6_02430w_a, nab3, 

c6_04060w_a, cr_02550c_a, rfg1, 
gzf3, cr_02930w_a, cr_03200c_a, 

yku80, cr_04720c_a, 
cr_06470w_a, cr_06960w_a, pif1, 

ace2, cr_07600w_a, asf1, ski2, 
cr_08930c_a, cr_09490w_a 

Negative 

regulation of 

nucleobase-

containing 

compound 

metabolic 

process 

48 out of 664 

genes, 7.2% 

266 out of 

6473 

background 

genes, 4.1% 

0.09 

c1_05660c_a, med15, 
c1_09390w_a, sfu1, gin1, hir1, 

sas2, c2_05220c_a, fhl1, 
c2_07690w_a, ash1, rna1, rad50, 
ycg1, zcf32, ssn6, c4_01660w_a, 
c4_01780c_a, rfx2, c4_02400c_a, 
ume7, c4_02570c_a, dot4, srb8, 
mph1, ybl053, zcf20, orc4, leu3, 

cst20 med14, c5_04640c_a, ctf5, 
c6_02430w_a, c6_04060w_a, 

rfg1, gzf3, cr_02930w_a, yku80, 
cr_04720c_a, cr_06470w_a, 

cr_06960w_a, ura2, pif1, ace2, 
cr_07600w_a, asf1, cr_09490w_a 
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Appendix 2. Graphic displaying the relationships among the GO terms related to molecular function associated 
to genes with unique missense SNPs in C. albicans obtained from vaginal exudates. The analysis was done on 
January 5th, 2021. 
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Appendix 2.1. Information regarding genes with unique missense SNPs in C. albicans obtained from vaginal 
exudates, annotated to GO terms from the molecular function ontology. 
 

GO term 
Cluster 

frequency 

Background 

frequency 
P-value 

Genes annotated to the 

term 

Lysophosphatidic 

acid 

acyltransferase 

activity 

3 out of 239 

genes, 1.3% 

269 out of 6473 

background 

genes, 0.1% 

0.04 c1_04110w_a, 
c3_00400c_a, lpt1 

Transferase 

activity, 

transferring acyl 

groups other 

than amino-acyl 

groups 

13 out of 239 

genes, 5.4% 

117 out of 6473 

background 

genes, 1.8% 

0.06 

c1_04110w_a, eco1, 
pot1-2, c2_06040c_a, 

lpt1, c3_00400c_a, 
c3_03760w_a, 
c4_00810c_a, 
c4_07210w_a, 

c6_04410c_a, epl1, 
cr_03300c_a, 
cr_08640c_a 

Lysophospholipid 

acyltransferase 

activity 

3 out of 239 

genes, 1.3% 

5 out of 6473 

background 

genes, 0.1% 

0.09 c1_04110w_a, 
c3_00400c_a, lpt1  
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Appendix 3. Graphic displaying the relationships among the GO terms related to biological process associated 
to genes with unique missense SNPs in C. albicans obtained from the oral cavity. The analysis was done on 
January 5th, 2021. 
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Appendix 3.1. Information regarding genes with unique missense SNPs in C. albicans obtained from the oral 
cavity, annotated to GO terms from the biological process ontology. 
 

GO term 
Cluster 

frequency 

Background 

frequency 
P-value 

Genes annotated to the 

term 

Oligosaccharide-

lipid 

intermediate 

biosynthetic 

process 

3 out of 41 

genes, 7.3% 

18 out of 6473 

background 

genes, 0.3% 

0.04 alg5, alg8, ecm39 

 


