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Abstract

This study was designed to understand the molecular mechanisms of azole resistance in
Candida tropicalis using genetic and bioinformatics approaches. Thirty-two azole-resistant
and 10 azole-susceptible (S) clinical isolates of C. tropicalis were subjected to mutation
analysis of the azole target genes including ERG11. Inducible expression analysis of 17
other genes potentially associated with azole resistance was also evaluated. Homology
modeling and molecular docking analysis were performed to study the effect of amino acid
alterations in mediating azole resistance. Of the 32 resistant isolates, 12 (37.5%) showed
A395T and C461T mutations in the ERG11 gene. The mean overexpression of CDR1,
CDR3, TAC1, ERG1, ERG2, ERG3, ERG11, UPC2, and MKC1 in resistant isolates without
mutation (R-WTM) was significantly higher (p<0.05) than those with mutation (R-WM) and
the sensitive isolates (3.2—-11 vs. 0.2-2.5 and 0.3-2.2 folds, respectively). Although the R-
WTM and R-WM had higher (p<0.05) CDR2 and MRR1 expression compared to S isolates,
noticeable variation was not seen among the other genes. Protein homology modelling and
molecular docking revealed that the mutations in the ERG11 gene were responsible for
structural alteration and low binding efficiency between ERG11p and ligands. Isolates with
ERG 11 mutations also presented A220C in ERG1 and together T503C, G751A mutations in
UPC2. Nonsynonymous mutations in the ERG11 gene and coordinated overexpression of
various genes including different transporters, ergosterol biosynthesis pathway, transcrip-
tion factors, and stress-responsive genes are associated with azole resistance in clinical iso-
lates of C. tropicalis.

Introduction

Candida species, including Candida albicans and non-Candida albicans Candida (NCAC) spe-
cies are implicated in a myriad of superficial and invasive infections including bloodstream
infections [1]. Morbidity and mortality due to invasive candidiasis (IC) are significantly higher
in immunocompromised patients [2-4]. Candida tropicalis, among the NCAC species, has
emerged as the predominant species responsible for IC in Asian countries including India [3,
5, 6].
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Escalating acquired resistance of C. tropicalis to currently available antifungal drugs such as
azoles derivatives, echinocandins, and amphotericin B has been reported in several studies [1-
3, 5, 6]. Factors linked with the development of resistance include, the rampant misuse of anti-
fungals, improper dosing resulting in suboptimal drug concentrations, long-term therapy, and
the unregulated use of antifungals in agriculture and/or animal husbandry [2, 5]. Fluconazole
is perhaps the most commonly used azole because of its low cost, effective bioavailability, and
fewer side effects [7, 8]. Azoles act by inhibiting lanosterol C14 alpha-demethylase (ERG11p),
an essential enzyme for ergosterol biosynthesis, encoded by the ERG11gene.

The predominant mechanism of azole resistance Candida species is mutation/ overexpres-
sion of different genes [1, 9]. Mutations and overexpression in the azole target ERG11 are well
known mechanisms to be associated with antifungal resistance [10-14], with which the amino
acid alterations disrupt the affinity between enzyme and substrate [1, 9, 11, 15-17]. The drug
inducible overexpression of transporter genes like the ATP-binding cassette (ABC) and the
major facilitator superfamily (MES) can cause active efflux of cellular azole antifungal drugs
thereby contributing to antifungal resistance [1, 9, 17]. Both, the up- and down- regulation of
various drug transporters and ergosterol pathway genes have been reported among resistant
isolates of C. tropicalis [1, 9, 10, 12-14, 16]. There are also reports of alternative mechanisms
associated with azole resistance such as mitochondrial defects and biofilm formation [1, 9].
Despite available literature, comprehensive knowledge about the mechanisms behind the azole
resistance in C. tropicalis is still limited.

The present study was designed to explore the underlying mechanisms of azole resistance
in clinical C. tropicalis isolates by studying the role of multiple drug transporters, transcription
factors, ergosterol biosynthesis pathway, stress-responsive pathways and exploring various
known and unknown resistance pathways by using a combination of phenotypic, genetic and
bioinformatics approaches.

Materials and methods
Yeast isolates

A total of 613 C. tropicalis isolates causing invasive infections including 32 azole-resistant iso-
lates were screened for a duration of 4 years (January 2015 to December 2018). These 32 resis-
tant isolates and ten susceptible isolates were included in the present study (Table 1). The
isolates examined in this study were also used in our previous studies [18-22]. The institu-
tional ethics committee of the Postgraduate Institute of Medical Education and Research (PGI-
MER), Chandigarh, India approved the study. The isolates were identified by MALDI-TOF
MS (Microflex LT mass spectrometer, Bruker Daltonik, Germany) and PCR sequencing of the
internal transcribed spacer (ITS) region of ribosomal DNA [23, 24].

Antifungal susceptibility testing (AFST)

Minimum inhibitory concentrations (MICs) with respect to fluconazole, voriconazole, itraco-
nazole, and posaconazole (Sigma-Aldrich, Germany) were assessed for all the isolates using
the CLSI broth micro-dilution (BMD) method (M27-A3) followed by MIC interpretation in
accordance with the CLSI M27-S4 guidelines [25, 26].

Sequencing of azole drug target ERG11

PCR sequencing of the ERG11 gene was performed in all the isolates by using two primer pairs
as demonstrated in our previous study (S1 Table in S1 File) [20]. SeqMan software (DNAS-
TAR, USA) was used to align the multiple fragments of the ERGII gene. ClustalX 2.1 software
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Table 1. Details of isolates with clinical background.

Isolate | Flu MIC | Vori MIC | Itra MIC | Posa MIC | ERGII mutations | Amino acid alterations | Patient | Sex Clinical diagnosis Type of
ID (mg/L) (mg/L) (mg/L) (mg/L) (A395T & C461T) (Y132F & S154F Age sample
420182 16 0.25 0.06 0.12 No No 69 M | Perforation peritonitis Blood
420183 64 0.25 0.25 0.12 No No 25 M | Meningitis CSF
420184 32 0.5 0.12 0.06 No No 60 M | Sepsis Blood
420185 32 2 0.25 0.06 No No 14 Days | M | Late-onset of neonatal Blood
sepsis
420186 16 0.12 0.12 0.06 No No 50 M | Sepsis Blood
420187 32 1 0.06 0.06 No No 29 M | Acute Chronic Liver Blood
failure
420188 16 0.5 0.03 0.06 No No 22 M | Meningioma Blood
420189 128 4 0.5 0.5 Yes Yes 67 M | Sepsis Blood
420190 16 0.25 0.06 0.03 No No 35 M | Burns Blood
420201 64 0.5 0.06 0.06 No No 54 M | Sepsis Blood
420191 64 0.25 0.06 0.06 No No 67 M | Shock Blood
420192 16 0.25 0.03 0.06 No No 60 M | Pancreatitis Blood
420193 128 1 0.12 0.25 No No 29 M | Poisoning Blood
420194 32 0.25 0.03 0.06 No No 50 M | Respiratory Distress Blood
420195 128 4 2 1 No No 29 M | Pancreatitis Blood
420227 128 0.5 0.25 0.5 Yes Yes 45 F | Pancreatitis Pus
420228 256 4 2 2 No No 58 M | Septic shock Blood
420229 128 4 2 2 No No 35 M | Lung Carcinoma Blood
420230 256 4 2 2 No No 10 M | Sepsis Blood
420231 256 2 0.12 0.12 No No 73 M | Septic shock CSF
420232 32 0.5 0.5 0.5 Yes Yes 60 F | Roadside accident Blood
420233 32 1 0.25 0.25 Yes Yes 20 M | Pancreatic injury Blood
420234 64 1 0.25 0.25 Yes Yes 50 M | Sepsis Blood
420235 32 0.5 0.25 0.25 Yes Yes 20 M | Gastric perforation Blood
peritonitis
420236 32 0.5 0.25 0.25 Yes Yes 20 M | Gastric perforation Blood
peritonitis
420237 64 1 0.5 0.5 Yes Yes 50 M | Sepsis Blood
420238 256 16 16 2 Yes Yes 20 M | Sepsis Blood
420239 256 16 16 0.5 Yes Yes 14 Days | M | Seizure Blood
420245 128 2 1 0.5 Yes Yes 14 Days | M | Jejunal atresia Blood
420246 32 1 0.25 0.5 No No 1 Month | F | Meningitis Blood
420247 128 4 2 0.25 Yes Yes 28 M | Leg fracture Wound
slough
420248 16 0.5 0.25 0.25 No No 14 Days | F | Tracheoesophageal Blood
fistula
420214 1 0.03 0.06 0.06 No No 2months | F | Sepsis Blood
420215 0.5 0.06 0.12 0.03 No No 77 M | Post-op gastrectomy Blood
420203 1 0.12 0.12 0.06 No No 84 F | Cerebral venous Blood
accident
420200 0.5 0.03 0.03 0.06 No No 52 F | Sepsis Blood
420212 0.5 0.25 0.12 0.25 No No 32 M | Sepsis Blood
420210 0.5 0.03 0.06 0.06 No No 62 F | Ovarian carcinoma Blood
420199 1 0.03 0.12 0.12 No No 23 M | Road traffic accident Blood
420205 1 0.25 0.12 0.06 No No 65 M | Extrahepatic Biliary Ascitic
obstruction Fluid
(Continued)
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Table 1. (Continued)

Isolate | Flu MIC | Vori MIC | Itra MIC | Posa MIC | ERGII mutations | Amino acid alterations | Patient | Sex Clinical diagnosis Type of
ID (mg/L) (mg/L) (mg/L) (mg/L) (A395T & C461T) (Y132F & S154F Age sample
420204 0.5 0.06 0.12 0.03 No No 8 M | Anemia decreased Blood
evaluation
420198 0.5 0.12 0.06 0.03 No No 28 M | Sepsis Blood

Flu: Fluconazole; Vori: Voriconazole; Itra: Itraconazole; Posa: Posaconazole; CSF: Cerebrospinal fluid; A: Adenine; T: Thymine; C: Cytosine; Y: Tyrosine; F:
Phenylalanine; S: Serine

https://doi.org/10.1371/journal.pone.0269721.t001

(UCD Conway Institute, Ireland) was used to align the consensus sequence of the isolates with
respect to C. tropicalis MYA- 3404 (GenBank accession no. XM_002550939.1) to determine
the molecular alterations.

Expression analysis of target genes

Drug-induced expression of 17 genes [ergosterol synthesis genes (ERG1, ERG2, ERG3,
ERGI1, ERG24, and HMG), drug efflux transporter genes (CDR1, CDR2, CDR3, and
MDRI), transcription factors [Multidrug resistance regulator (MRR1), Transcriptional
activator of CDR genes (TACI) and Transcription factor of ERG11 (UPC2)], and different
stress pathway genes (HSP90, HOGI1, MKC1, and SOD1)] was studied. The primers from
our previously published study were used for expression analysis (52 Table in S1 File)
[20]. The RT-qPCR based expression analysis was performed as described previously [20,
21]. In brief, after the incubation of cells for 7 hours with and without drug, total RNA
was extracted with TRIzol reagent (Invitrogen, California, USA). The quality and quan-
tity of the RNA was confirmed by NanoDrop (Thermo Scientific, Massachusetts, USA)
and the 260/280 for the samples was in between 1.85 and 2.1. The cDNA was synthesized
using High-capacity cDNA synthesis kit (Thermo Fisher Scientific, Massachusetts, USA)
with 1pg RNA input and Eppendorf 5331 MasterCycler (Eppendorf, Hamburg, Germany)
was used for amplification. Expression of the target genes were examined with the Light
Cycler 480 (Roche, Switzerland) RT-qPCR system using the PowerUp SYBR Green Mas-
ter Mix (Termo Fisher Scientific, United States) following the manufacturer’s instruc-
tions using 1uL cDNA. The RT-qPCR running protocol was as follows: One cycle initial
denaturation at 95°C for 1 minute; 45 repeated cycles of denaturation, annealing and
extension at 94°C for 10 seconds, 59°C for 10 seconds, 72°C for 10 seconds respectively.
Finally, melting curve was generated using the setup at 95°C for 5 seconds, 59°C for 1
min and 97°C for 15 seconds. The expression of the genes was analyzed with respect to
untreated control using the AACT method [27]. We optimized elongation factor 1o (EF1)
as the stable reference gene and used for the drug-induced expression of the target genes
[21].

Homology modelling and model quality assessment

The model of both wild and mutant protein was generated by different programs and model
quality scores were analyzed (S3 Table in S1 File). To investigate the structural variations upon
mutation, structural superimposition of both wild and mutant types was performed. AAG
value (Gibbs free energy) was calculated to infer the effect of mutations on the structural stabil-
ity of the protein. The detailed methodology of homology modelling and model quality assess-
ment is explained in the S1, S2 and S4 Material and Methods in S1 File.
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Molecular docking study

Docking analysis was performed to determine the binding affinity of fluconazole and vorico-
nazole against the lanosterol 14-alpha demethylase (ERG11p) of both wild and mutant C. tro-
picalis. After every successful docking simulation, the model falling in the top-ranked cluster
with the strongest binding energy was utilized for further analysis. The methodology of molec-
ular doc king is explained in the S3 and S4 Material and Methods in S1 File.

Sequence analysis of other resistance-related genes

Apart from the ERG11, sequencing of ERG1, ERG3, UPC2, and TACI genes was performed as
these genes are well documented to be associated with azole resistance in Candida. An attempt
was taken to analyze the nonsynonymous mutations among these genes. The gene sequences
of C. tropicalis MYA-3404 was used as a reference for mutation analysis of target genes in iso-
lates used in this study.

Statistical analysis

GraphPad software (GraphPad Prism 9, California, USA) was used for statistical analysis. Sta-
tistical significance was computed using Kruskal-Wallis test, Student’s t-test and ANOVA. A
p-value <0.05 is significant.

Results
Clinical details of the isolates

The 42 isolates used in the present study, were recovered from blood, ascitic fluid, cerebrospi-
nal fluid, pus, and wound slough. Out of 32 azole-resistant C. tropicalis, 28 (87.5%) patients
were male and 4 (12.5%) were female. Most of the patients were > 20 years old and presented
a huge diversity in the underlying conditions is present. Among the patients, 8 (25%) patients
were receiving fluconazole treatment for 7-28 days. Among the 10 susceptible isolates, 3 were
exposed to fluconazole for 7-14 days (Table 1).

Antifungal susceptibility profile and nonsynonymous mutations in the
ERG11 gene

All the 32 fluconazole-resistant isolates showed the MICs between 16 to 256 mg/L, while in the
10 fluconazole susceptible isolates MICs ranged between 0.5 to 1mg/L. Out of 32 fluconazole-
resistant isolates cross-resistance to voriconazole, itraconazole, and posaconazole was pre-
sented by 17(1-16 mg/L), 8(1-16 mg/L), and 5(1-2mg/L) respectively (Table 1).

Out of the 32 resistant isolates, ERGII mutations at 395 and 461 positions were observed in
12 (37.5%) isolates. At 395 position, adenine (A) was replaced by thymine (T) whereas, at 461
position, cytosine (C) was replaced by T. Due to these two alterations, Tyrosine (Y) to Phenyl-
alanine (F) substitution at 132 position and Serine (S) to F alteration at 154 position was seen
in the protein sequence of Lanosterol 14-alpha demethylase enzyme (ERG11p). No nonsynon-
ymous mutations were noticed among the susceptible isolates (Table 1).

Inducible expression of resistance related genes

To determine the inducible expression of the genes, freshly frown cells at a concentration of

1x10° cells/mL were inoculated in Yeast extract peptone dextrose (YPD) broth. After 4 hours,
cells were treated with sub-inhibitory concentration of fluconazole (Two dilutions lower than
the MIC of the isolates) along with another setup with untreated control. Cells were incubated
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up to 7 hours and the expression of the different genes were analyzed. The mean inducible
expression of CDRI, CDR3, and TACI was significantly higher (p<0.05) in the 20 resistant iso-
lates without ERG11 mutations (R-WTM) at 4.9, 4.5, and 3.2 folds respectively compared to
the 12 resistant isolates with ERG11 mutations (R-WM) at 1.8, 1.6, and 2 folds respectively and
the 10 susceptible isolates (S) at 0.3, 1, and 1.4 fold respectively. On the other hand, expression
of CDR2 and MRRI in R-WTM (2.1 and 1.8 fold respectively) and R-WM (2.2 and 1 fold
respectively) was significantly higher (p<0.05) than the S isolates (0.02 and 0.1 fold respec-
tively). No significant variation (p>0.05) in the MDRI expression was noted in the R-WTM,
R-WM, and S isolates (Fig 1A-1F).

The average fold overexpression of ERG1, ERG2, ERG3, ERG11, and UPC2 in R-WTM (11,
3.4, 5, 6.1, and 4.6 respectively) was significantly (p<0.05) higher than the R-WM (1.5, 1.4, 1.6,
2.5, and 2 respectively) and S (1.3, 2, 2.2, 2.2, and 0.3 respectively) isolates. Though the mean
ERG24 expression was comparatively higher in resistant isolates compared to S isolates, no
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Fig 1. Scatter dot plots depicting the inducible expression of different transporters (CDR1, CDR2, CDR3 and MDR1), ergosterol biosynthesis
pathway genes (ERG1, ERG2, ERG3, ERG11, and ERG24), and transcription factors (TACI, MRRI and UPC2) represented as fold change
relative to untreated control. The level of expression was calculated using 2"*““" method. One-way ANOVA with multiple comparisons was perform
to determine the statistical significance. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, and NS = Non Significant.

https://doi.org/10.1371/journal.pone.0269721.9001
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statistically significant difference was seen in the mean ERG24 and HMG expression among
the R-WTM (4 and 0.1), R-WM (2.5 and 0.4), and S (2.7 and 0.5) isolates (p>0.05) (Fig 1G-
1K and S1 Fig in S1 File).

No noticeable variation in the expression of HSP90, HOG, and SOD1 was seen among
R-WTM, R-WM, and S isolates (p>0.05). However, the MKCI expression was significantly
higher in R-WTM (5.1 fold) compared to both the R-WM (0.2 fold) and S (0.8 fold) isolates
(p<0.05) (Fig 1L and S2 Fig in S1 File).

The double gradient heat map confirmed that the ergosterol biosynthesis pathway genes are
activated in all three groups. The level of their expression in azole-resistant isolates was higher
compared to susceptible isolates. In contrast, a higher level of transporter gene expressions was
only noted in resistant isolates. Among the stress-responsive genes, MKCI expression was only
observed in R-WTM. All together the ergosterol biosynthesis pathway genes, transporter
genes, and stress-responsive genes are coordinately expressed specifically in resistant isolates
(Fig 2). The heat map is confirming a probable interrelation between the genes and their direct
effect on azole resistance.

ERGI11 expression in cross-resistance isolates

The overexpression of azole drug target ERGII gene was also measured among isolates resis-
tant to only fluconazole (Flu), cross-resistant to Flu and voriconazole (Flu+Vori) and also
cross-resistant to Flu, Vori, and itraconazole (Flu+Vori+Itra). No significant variation in aver-
age fold expression levels (4.8, 5.4, and 3.9 respectively) was seen among these three groups
(p>0.05) (S3 Fig in S1 File).

Homology modelling of lanosterol 14-alpha demethylase (ERG11p)

BLASTYp search against the PDB database shows that the protein has 83.11% identity with pro-
tein Lanosterol C14 alpha demethylase (PDB ID: 5V5Z) from Candida albicans. The sequence
had an overall query coverage of 99% and 91% similar amino acids. Hence, the 5V5Z was
selected as template for the tertiary structure predication. Modeller v9.25 was used for homol-
ogy modelling and the best model was selected based on the minimum DOPE score generated.
The model was further subjected to energy minimization using Swiss Pdb viewer and Chimera.
After each minimization, the structure was verified using SAVES server. Mutagenesis was
achieved using Pymol and the structure was also subjected to refinement procedures same as
wild type structure. Gibbs free energy calculation (AAG for Y132F = 5.17, S154F = 9.27 and
overall AAG = 8.74) suggested that the reported mutations are destabilizing the protein (Fig 3).

Molecular docking

After each successful docking simulation, the pose that falls in the top-ranked cluster with
highest binding energy was used for post docking analysis. Results from the docking study
reflected that binding energy of native protein is low compared to mutated protein. Binding
energy of fluconazole against the native protein was -6.83 kcal/mol [(Fig 4(A1)]; whereas bind-
ing energy of fluconazole against the mutant protein was -6.38 kcal/mol [(Fig 4(A2)]. Similarly
binding energy of voriconazole against the native protein was -7.44 kcal/mol [(Fig 4(B1)] and
-7.22 kcal/mol [(Fig 4(B2)] against the mutant protein. The potential binding site analysis
revealed that Tyrosine 132 is highly crucial in forming hydrogen bonds between heme cofactor
and the drug molecules i.e fluconazole and voriconazole in the native form. Substitution of
Tyrosine 132 by Phenylalanine 132 negates the hydrogen bond between both cofactor and the
ligand molecule (Fig 4).
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Fig 2. Heat map demonstrating the comparison between the inducible expression of azole resistance genes among
the R-WM (Isolate 1-12), R-WTM (13-32), and S (33-42) isolates. ‘Y’ axis is representing the isolates used and ‘X axis
representing the genes tested. The scale representing the upregulation (in red) and downregulation (in green) of the genes
among resistant and susceptible isolates.

https://doi.org/10.1371/journal.pone.0269721.9002

Analysis of additional resistance-related genes

Surprisingly, the 12 isolates (R-WM) presented ERG11 mutations also presented nonsynon-
ymous mutations in the coding sequences of ERGI and UPC2 genes. Asparagine (N) to Histi-
dine (H) substitution at 74 position in the Squalene epoxidase enzyme (ERGIp) was noted due
to A220C transversion in the ERGI gene. The T503C and G751A mutations in UPC2 tran-
scription factor were responsible for Leucine (L) to Proline (P) and Alanine (A) to Threonine
(T) substitution at 168 and 251 positions (S4 Table in S1 File). No nonsynonymous mutation
was seen in the coding sequences of ERG3 and TACI genes. We could not build the model of
ERG1p and UPC2p due to the lack of a proper template.

Discussion

A paradigm shift in the epidemiology of IC with an increase in reports of C. tropicalis infec-
tions and rising azole resistance has been reported in Asian countries including India [3, 5, 6].
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Fig 3. Homology modelling of ERG11p. Structural superimposition of both wild and mutant type. Wild type is colored in orange and mutant is
in cyan. Mutated residues are shown in stick representation and labelled accordingly.

https://doi.org/10.1371/journal.pone.0269721.g003

The mechanism of azole resistance was investigated in the present study among 32 clinical iso-
lates of C. tropicalis primarily with respect to their drug efflux transporters, azole antifungal
drug target ERG11 and other ergosterol biosynthesis pathway genes, different transcription
factors and stress pathways.

&
Q
o

) T

Fig 4. Docked pose and interacting residues of (A1) wild protein with Tyrosine132 (cyan) H-binding to Heme (purple) and Fluconazole (green)
(A2) mutated protein with Phenylalanine 132 (yellow) in presence of Heme (purple) and fluconazole (green) displays no H-bonding (B1) wild
protein with H-bonding of Tyrosine 132 with Heme (purple) and Voriconazole (green) (B2) mutated protein with no H-bonding of Phenylalanine in
presence of Heme (purple) and Voriconazole (green). For clarity, only selected binding site residues are shown.

https://doi.org/10.1371/journal.pone.0269721.g004

PLOS ONE | https://doi.org/10.1371/journal.pone.0269721 July 12, 2022 9/14


https://doi.org/10.1371/journal.pone.0269721.g003
https://doi.org/10.1371/journal.pone.0269721.g004
https://doi.org/10.1371/journal.pone.0269721

PLOS ONE

Azole resistance in Candida tropicalis

Various host, drugs, and microbial factors are associated with resistance [2]. From the age,
sex and background conditions of the patients it is inconclusive whether the host factors are
actively responsible for the development of azole resistance or not. Further studies with large
number of azole resistant C. tropicalis clinical isolates are needed for further conclusion. Of
our 32 resistant C. tropicalis isolates, only 8 (25%) were under fluconazole treatment for <1
month, suggesting the possible role of other biotic and abiotic factors in the development of
azole resistance or the probable acquisition of infection from some unknown sources. Unfor-
tunately, the complete clinical details from the patients could not be retrieved for analysis in
the context of their clinical data. Among all C. tropicalis isolates in the study period, 5.2% (32
of 613) were fluconazole-resistant with the presence of cross-resistance to voriconazole 53.1%
(17 of 32), itraconazole 25% (8 of 32) and even posaconazole 15.6% (5 of 32) indicating that
other azoles may not be effective in the scenario.

The active role of mutations in the ERG11 gene is reported to be responsible for azole resis-
tance in C. tropicalis [10-14]. In the present study, 12(37.5%) resistant isolates (MICs: 32-256
mg/L) showed two non-synonymous mutations (A395T and C461T) in the coding sequence
of the ERG11 gene indicating their possible role in mediating azole resistance in C. tropicalis.
The study by Fan et al. reported that the C. tropicalis isolates with non-wild-type ERG11 gene
presented higher MICs; however, we didn’t find any noticeable variation among R-WM and
R-WTM groups [14].

Overexpression of ERG11 and different drug efflux transporters (CDR and MDR) is a well-
documented mechanism of resistance in C. tropicalis [1, 9, 13, 14]. Most reports suggest no dif-
ference in their expression between azole-resistant and susceptible isolates of C. tropicalis [10,
28]. However, in our study, while the expression of MDRI was uniformly low in both resistant
and susceptible isolates, expression of ERG11, CDR1, and CDR3 was significantly higher in
R-WTM compared to S isolates, indicating their active role in azole resistance. Although, the
role of other ergosterol biosynthesis pathway genes in azole resistance have also been demon-
strated in previous studies, the significantly higher expression of ERGI, ERG2, and ERG3 in
resistant isolates is reported in the present study for the first time [29, 30]. Among the tran-
scription factors, Jiang C et al. has explored the role of only UPC2 on azole resistance in C. tro-
picalis [31]. Here we explored the role of MRRI and TACI in addition to UPC2 in C. tropicalis
azole resistance. Our result showed a significantly higher level of TAC1, UPC2, and MRR1
expression in R-WTM isolates which affects the regulation of their target genes. While previ-
ous studies have investigated the role of SOD]I in azole-resistant C. tropicalis, we have addition-
ally examined the expression of other stress pathway genes like HSP90, HOGI, and MKCI for
the first time [32]. Among these genes, only MKC1 presented a higher level of expression
among R-WTM, indicting its probable role in mediating azole resistance. We also studied the
expression of ERGI11 in azole resistant and cross-resistant isolates; however, no difference in
expression was seen. Our previous published work on the experimentally induced fluconazole
resistance in C. tropicalis supports the findings of this study [20].

Several studies have reported that Y132F and S154F polymorphisms due to alterations at
395 and 461 positions of C. tropicalis ERG11p made the target enzyme resistant to azoles [10,
12-14] and these alterations were seen in the 12 resistant (R-WM) isolates even in the present
study. These two mutations appeared together consistently, which is similar to the findings of
Jiang et al. [10]. Homology modelling analysis in the past has revealed that tyrosine to phenyl-
alanine conversion at 132 position in ERG11p is responsible for the loss of the normal hydro-
gen bonding between tyrosine and heme. Since heme is an important cofactor required for
binding of azole to ERG11p, this alteration affects drug binding [11, 16]. In the present study,
the AAG revealed, these two mutations probably destabilized the protein. Tan et al. speculated,
Y132F alteration in ERG11p would reduce the affinity between the target site of enzyme and
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fluconazole, as it is a hydrophilic drug molecule [11]. It is known that, tyrosine is an aromatic
amino acid and is preferentially substituted by amino acids with similar properties and consid-
ering the fact that phenylalanine is a precursor of tyrosine and it is a likely substitution in the
ERGI11p. We confirmed for the first time that substitutions of Y132F and S154F hindered the
formation of Pi-Pi and Pi-cation interaction between the cofactor and the ligand molecules
thereby dipping the overall binding energy of the mutated docked complex. Moreover, Y132F
within the active site greatly altered the hydrophobicity and overall geometry of the active site.
Therefore, these two amino acid substitutions reduced the binding energy of both the ligand
molecules and in turn conferred resistance towards the ligand molecule.

Previous studies have demonstrated the role of ERGI and UPC2 mutations in azole resis-
tance [13, 31, 33, 34]. Tsai et al. reported that ERGI mutation in C. glabrata increased the sus-
ceptibility to azoles [33]. However, nonsynonymous ERGI mutation (A220C) was seen
concomitant with ERG11 mutation among resistant isolates in our study. Gain-of-function
(GOF) mutations in the transcription factor UPC2 have been reported to transform it into a
hyperactive state, responsible for azole resistance [31, 34]. Similar to the previous studies, two
nonsynonymous mutations in UPC2 were seen in the present study [13, 35], while the muta-
tion at 503 position is novel. Due to the unavailability of the proper template, the homology
modeling of ERG1p and UPC2p could not be performed. Although mutations in ERG3 and
TACI genes have been reported in azole-resistant isolates, we didn’t notice any alteration in
the coding sequences of these genes [12, 36]. Further studies are needed for functional valida-
tion of our findings, preferably in a larger number of isolates to determine the exact role of
ERGI1p and UPC2p in azole-resistant C. tropicalis. Detailed analysis of our findings in the con-
text of clinical information such as duration of hospitalization, prior antifungal treatment and
duration, other antimicrobial therapies etc., could also help in providing a better understand-
ing of the factors driving the development of infections due to resistant isolates.

Conclusions

In conclusion, nonsynonymous mutations in the ERG11 gene were one of the predominant
mechanisms of azole resistance in clinical isolates of C. tropicalis as demonstrated by molecular
docking analysis for the first time. In addition, to studying the overexpression of previously
known genes, we demonstrated the involvement of different transporters, ergosterol biosyn-
thesis pathway genes, transcription factors, and stress pathway genes in azole resistance. How-
ever, in view of the rising azole resistance in C. tropicalis clinical isolates, systematic and
extensive future studies are essential to fully elucidate the mechanisms driving resistance.

Supporting information

S1 File.
(DOCX)

Acknowledgments

The authors are thankful to the Indian Council of Medical Research (ICMR), Government of
India for financial supports. We express our gratitude to the Department of Medical Microbi-
ology, PGIMER, Chandigarh for allowing us to conduct this study.

Author Contributions
Conceptualization: Saikat Paul, Anup K. Ghosh.

PLOS ONE | https://doi.org/10.1371/journal.pone.0269721 July 12, 2022 11/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0269721.s001
https://doi.org/10.1371/journal.pone.0269721

PLOS ONE

Azole resistance in Candida tropicalis

Data curation: Saikat Paul, Dipika Shaw, Himanshu Joshi.

Formal analysis: Saikat Paul, Dipika Shaw, Himanshu Joshi, Anup K. Ghosh.
Investigation: Saikat Paul, Shreya Singh, Anup K. Ghosh.

Methodology: Saikat Paul, Dipika Shaw, Himanshu Joshi, Anup K. Ghosh.
Project administration: Anup K. Ghosh.

Resources: Saikat Paul, Anup K. Ghosh.

Software: Saikat Paul, Dipika Shaw, Himanshu Joshi, Anup K. Ghosh.

Supervision: Shreya Singh, Arunaloke Chakrabarti, Shivaprakash M. Rudramurthy, Anup K.
Ghosh.

Validation: Saikat Paul, Himanshu Joshi, Anup K. Ghosh.
Visualization: Saikat Paul, Anup K. Ghosh.
Writing - original draft: Saikat Paul.

Writing - review & editing: Saikat Paul, Shreya Singh, Arunaloke Chakrabarti, Shivaprakash
M. Rudramurthy, Anup K. Ghosh.

References

1.  Whaley SG, Berkow EL, Rybak JM, Nishimoto AT, Barker KS, Rogers PD. Azole Antifungal Resistance
in Candida albicans and Emerging Non-albicans Candida Species. Front Microbiol. 2017; 7: 2173.
https://doi.org/10.3389/fmicb.2016.02173 PMID: 28127295

2. Perlin DS, Rautemaa-Richardson R, Alastruey-lzquierdo A. The global problem of antifungal resis-
tance: prevalence, mechanisms, and management. The Lancet Infectious Diseases. 2017; 17: e383—
€392. https://doi.org/10.1016/S1473-3099(17)30316-X PMID: 28774698

3. WuPF, Liu WL, Hsieh MH, Hii IM, Lee YL, Lin YT, et al. Epidemiology and antifungal susceptibility of
candidemia isolates of non-albicans Candida species from cancer patients. Emerg Microbes Infect.
2017; 6: e87—7. https://doi.org/10.1038/emi.2017.74 PMID: 29018251

4. Lortholary O, Renaudat C, Sitbon K, Ollivier MD, Bretagne S. The risk and clinical outcome of candide-
mia depending on underlying malignancy. Intensive Care Med. 2017; 43: 652—662. https://doi.org/10.
1007/s00134-017-4743-y PMID: 28321466

5. Chakrabarti A, Sood P, Rudramurthy SM, Chen S, Kaur H, Capoor M, et al. Incidence, characteristics
and outcome of ICU-acquired candidemia in India. Intensive Care Med. 2015; 41: 285-95. hitps://doi.
org/10.1007/s00134-014-3603-2 PMID: 25510301

6. FanX, Xiao M, Liao K, Kudinha T, Wang H, Zhang L, et al. Notable Increasing Trend in Azole Non-sus-
ceptible Candida tropicalis Causing Invasive Candidiasis in China (August 2009 to July 2014): Molecu-
lar Epidemiology and Clinical Azole Consumption. Front Microbiol. 2017; 8: 464. https://doi.org/10.
3389/fmicb.2017.00464 PMID: 28382028

7. Wiederhold NP. Antifungal resistance: current trends and future strategies to combat. Infect Drug
Resist. 2017; 10: 249-259. https://doi.org/10.2147/IDR.S124918 PMID: 28919789

8. OuH-T,LeeT-Y, Chen Y-C, Charbonneau C. Pharmacoeconomic analysis of antifungal therapy for pri-
mary treatment of invasive candidiasis caused by Candida albicans and non-albicans Candida species.
BMC Infect Dis. 2017; 17: 481. https://doi.org/10.1186/s12879-017-2573-8 PMID: 28693479

9. Zuza-Alves DL, Silva-Rocha WP, Chaves GM. An Update on Candida tropicalis Based on Basic and
Clinical Approaches. Front Microbiol. 2017; 8: 1927. https://doi.org/10.3389/fmicb.2017.01927 PMID:
29081766

10. Jiang C, DongD, Yu B, Cai G, Wang X, Ji Y, et al. Mechanisms of azole resistance in 52 clinical isolates
of Candida tropicalis in China. J Antimicrob Chemother. 2013; 68: 778-785. https://doi.org/10.1093/jac/
dks481 PMID: 23221625

11. TanJ, ZhangJ, Chen W, Sun Y, Wan Z, Li R, et al. The A395T Mutation in ERG11 Gene Confers Flu-
conazole Resistance in Candida tropicalis Causing Candidemia. Mycopathologia. 2015; 179: 213-218.
https://doi.org/10.1007/s11046-014-9831-8 PMID: 25398256

PLOS ONE | https://doi.org/10.1371/journal.pone.0269721 July 12, 2022 12/14


https://doi.org/10.3389/fmicb.2016.02173
http://www.ncbi.nlm.nih.gov/pubmed/28127295
https://doi.org/10.1016/S1473-3099(17)30316-X
http://www.ncbi.nlm.nih.gov/pubmed/28774698
https://doi.org/10.1038/emi.2017.74
http://www.ncbi.nlm.nih.gov/pubmed/29018251
https://doi.org/10.1007/s00134-017-4743-y
https://doi.org/10.1007/s00134-017-4743-y
http://www.ncbi.nlm.nih.gov/pubmed/28321466
https://doi.org/10.1007/s00134-014-3603-2
https://doi.org/10.1007/s00134-014-3603-2
http://www.ncbi.nlm.nih.gov/pubmed/25510301
https://doi.org/10.3389/fmicb.2017.00464
https://doi.org/10.3389/fmicb.2017.00464
http://www.ncbi.nlm.nih.gov/pubmed/28382028
https://doi.org/10.2147/IDR.S124918
http://www.ncbi.nlm.nih.gov/pubmed/28919789
https://doi.org/10.1186/s12879-017-2573-8
http://www.ncbi.nlm.nih.gov/pubmed/28693479
https://doi.org/10.3389/fmicb.2017.01927
http://www.ncbi.nlm.nih.gov/pubmed/29081766
https://doi.org/10.1093/jac/dks481
https://doi.org/10.1093/jac/dks481
http://www.ncbi.nlm.nih.gov/pubmed/23221625
https://doi.org/10.1007/s11046-014-9831-8
http://www.ncbi.nlm.nih.gov/pubmed/25398256
https://doi.org/10.1371/journal.pone.0269721

PLOS ONE

Azole resistance in Candida tropicalis

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Eddouzi J, Parker JE, Vale-Silva LA, Coste A, Ischer F, Kelly S, et al. Molecular mechanisms of drug
resistance in clinical Candida species isolated from tunisian hospitals. Antimicrob Agents Chemother.
2013; 57: 3182-31983. https://doi.org/10.1128/AAC.00555-13 PMID: 23629718

Choi MJ, Won EJ, Shin JH, Kim SH, Lee W-G, Kim M-N, et al. Resistance Mechanisms and Clinical
Features of Fluconazole-Nonsusceptible Candida tropicalis Isolates Compared with Fluconazole-Less-
Susceptible Isolates. Antimicrob Agents Chemother. 2016; 60: 3653-3661. https://doi.org/10.1128/
AAC.02652-15 PMID: 27044550

Fan X, Xiao M, Zhang D, Huang J-J, Wang H, Hou X; et al. Molecular mechanisms of azole resistance
in Candida tropicalis isolates causing invasive candidiasis in China. Clin Microbiol Infect. 2019; 25:
885-891. https://doi.org/10.1016/j.cmi.2018.11.007 PMID: 30472420

Xisto MIDS, Caramalho RDF, Rocha DAS, Ferreira-Pereira A, Sartori B, Barreto-Bergter E, et al. Pan-
azole-resistant Candida tropicalis carrying homozygous erg11 mutations at position K143R: A new
emerging superbug? J Antimicrob Chemother. 2017; 72: 988—992. https://doi.org/10.1093/jac/dkw558
PMID: 28065893

Forastiero A, Mesa-Arango AC, Alastruey-lzquierdo A, Alcazar-Fuoli L, Bernal-Martinez L, Pelaez T,

et al. Candida tropicalis Antifungal Cross-Resistance Is Related to Different Azole Target (Erg11p) Mod-
ifications. Antimicrob Agents Chemother. 2013; 57: 4769-4781. https://doi.org/10.1128/AAC.00477-13
PMID: 23877676

Marie C, White TC. Genetic basis of antifungal drug resistance. Curr Fungal Infect Rep. 2009; 3: 163—
169. https://doi.org/10.1007/s12281-009-0021-y PMID: 20161440

Paul S, Singh P, A S S, Rudramurthy SM, Chakrabarti A, Ghosh AK. Rapid detection of fluconazole
resistance in Candida tropicalis by MALDI-TOF MS. Med Mycol. 2018; 56: 234—241. https://doi.org/10.
1093/mmy/myx042 PMID: 28992333

Paul S, Singh S, Chakrabarti A, Rudramurthy SM, Ghosh AK. Stable isotope labelling: an approach for
MALDI-TOF MS-based rapid detection of fluconazole resistance in Candida tropicalis. J Antimicrob
Chemother. 2019; 74: 1269-1276. https://doi.org/10.1093/jac/dkz019 PMID: 30753470

Paul S, Singh S, Sharma D, Chakrabarti A, Rudramurthy SM, Ghosh AK. Dynamics of in-vitro develop-
ment of azole resistance in Candida tropicalis. J Glob Antimicrob Resist. 2020; 22: 553-561. https://doi.
org/10.1016/}.jgar.2020.04.018 PMID: 32339847

Paul S, Singh S, Chakrabarti A, Rudramurthy SM, Ghosh AK. Selection and evaluation of appropriate
reference genes for RT-qPCR based expression analysis in Candida tropicalis following azole treat-
ment. Sci Rep. 2020; 10: 1972. https://doi.org/10.1038/s41598-020-58744-7 PMID: 32029802

Paul S, Dadwal R, Singh S, Shaw D, Chakrabarti A, Rudramurthy SM, et al. Rapid detection of ERG11
polymorphism associated azole resistance in Candida tropicalis. Sturtevant J, editor. PLoS One. 2021;
16: €0245160. https://doi.org/10.1371/journal.pone.0245160 PMID: 33439909

Ghosh AK, Paul S, Sood P, Rudramurthy SM, Rajbanshi A, Jillwin TJ, et al. Matrix-assisted laser
desorption ionization time-of-flight mass spectrometry for the rapid identification of yeasts causing
bloodstream infections. Clin Microbiol Infect. 2015; 21: 372-8. https://doi.org/10.1016/j.cmi.2014.11.
009 PMID: 25658527

White TJ, Bruns S, Lee S, Taylor J. Amplification and direct sequencing of fungal ribosomal RNA genes
for phylogenetics. PCR Protocols: A Guide to Methods and Applications. 1990. pp. 315-322. doi:citeu-
like-article-id:671166

Clinical and Laboratory Standards Institute. Reference method for broth dilution antifungal susceptibility
testing of yeasts, 3rd edition, approved Standard M27-A3, vol. 28. Wayne, PA: CLSI; 2008.

Clinical and Laboratory Standards Institute. M27-S4 reference method for broth dilution antifungal sus-
ceptibility testing of yeasts. Wayne, PA: CLSI; 2012.

Schmittgen TD, Livak KJ. Analyzing real-time PCR data by the comparative C(T) method. Nat Protoc.
2008; 3: 1101-8. https://doi.org/10.1038/nprot.2008.73 PMID: 18546601

Vandeputte P, Larcher G, Bergés T, Renier G, Chabasse D, Bouchara JP. Mechanisms of azole resis-
tance in a clinical isolate of Candida tropicalis. Antimicrob Agents Chemother. 2005; 49: 4608—4615.
https://doi.org/10.1128/AAC.49.11.4608-4615.2005 PMID: 16251302

Khodavandi A, Alizadeh F, Vanda NA, Karimi G, Chong PP. Possible mechanisms of the antifungal
activity of fluconazole in combination with terbinafine against Candida albicans. Pharm Biol. 2014; 52:
1505-1509. https://doi.org/10.3109/13880209.2014.900808 PMID: 24863276

Branco J, Ola M, Silva RM, Fonseca E, Gomes NC, Martins-Cruz C, et al. Impact of ERG3 mutations and
expression of ergosterol genes controlled by UPC2 and NDT80 in Candida parapsilosis azole resistance.
Clin Microbiol Infect. 2017; 23: 575.e1-575.e8. https://doi.org/10.1016/j.cmi.2017.02.002 PMID: 28196695

Jiang C, Ni Q, Dong D, Zhang L, LiZ, Tian Y, et al. The Role of UPC2 Gene in Azole-Resistant Candida tro-
picalis. Mycopathologia. 2016; 181: 833-838. https://doi.org/10.1007/s11046-016-0050-3 PMID: 27538831

PLOS ONE | https://doi.org/10.1371/journal.pone.0269721 July 12, 2022 13/14


https://doi.org/10.1128/AAC.00555-13
http://www.ncbi.nlm.nih.gov/pubmed/23629718
https://doi.org/10.1128/AAC.02652-15
https://doi.org/10.1128/AAC.02652-15
http://www.ncbi.nlm.nih.gov/pubmed/27044550
https://doi.org/10.1016/j.cmi.2018.11.007
http://www.ncbi.nlm.nih.gov/pubmed/30472420
https://doi.org/10.1093/jac/dkw558
http://www.ncbi.nlm.nih.gov/pubmed/28065893
https://doi.org/10.1128/AAC.00477-13
http://www.ncbi.nlm.nih.gov/pubmed/23877676
https://doi.org/10.1007/s12281-009-0021-y
http://www.ncbi.nlm.nih.gov/pubmed/20161440
https://doi.org/10.1093/mmy/myx042
https://doi.org/10.1093/mmy/myx042
http://www.ncbi.nlm.nih.gov/pubmed/28992333
https://doi.org/10.1093/jac/dkz019
http://www.ncbi.nlm.nih.gov/pubmed/30753470
https://doi.org/10.1016/j.jgar.2020.04.018
https://doi.org/10.1016/j.jgar.2020.04.018
http://www.ncbi.nlm.nih.gov/pubmed/32339847
https://doi.org/10.1038/s41598-020-58744-7
http://www.ncbi.nlm.nih.gov/pubmed/32029802
https://doi.org/10.1371/journal.pone.0245160
http://www.ncbi.nlm.nih.gov/pubmed/33439909
https://doi.org/10.1016/j.cmi.2014.11.009
https://doi.org/10.1016/j.cmi.2014.11.009
http://www.ncbi.nlm.nih.gov/pubmed/25658527
https://doi.org/10.1038/nprot.2008.73
http://www.ncbi.nlm.nih.gov/pubmed/18546601
https://doi.org/10.1128/AAC.49.11.4608-4615.2005
http://www.ncbi.nlm.nih.gov/pubmed/16251302
https://doi.org/10.3109/13880209.2014.900808
http://www.ncbi.nlm.nih.gov/pubmed/24863276
https://doi.org/10.1016/j.cmi.2017.02.002
http://www.ncbi.nlm.nih.gov/pubmed/28196695
https://doi.org/10.1007/s11046-016-0050-3
http://www.ncbi.nlm.nih.gov/pubmed/27538831
https://doi.org/10.1371/journal.pone.0269721

PLOS ONE

Azole resistance in Candida tropicalis

32.

33.

34.

35.

36.

Kanani A, Zaini F, Kordbacheh P, Falahati M, Rezaie S, Daie R, et al. Identification of Azole Resistance
Markers in Clinical Isolates of Candida tropicalis Using cDNA-AFLP Method. J Clin Lab Anal. 2016; 30:
266—-272. https://doi.org/10.1002/jcla.21847 PMID: 25873256

Tsai HF, Bard M, Izumikawa K, Krol AA, Sturm AM, Culbertson NT, et al. Candida glabrata erg1 mutant
with increased sensitivity to azoles and to low oxygen tension. Antimicrob Agents Chemother. 2004; 48:
2483-9. https://doi.org/10.1128/AAC.48.7.2483-2489.2004 PMID: 15215098

Flowers SA, Barker KS, Berkow EL, Toner G, Chadwick SG, Gygax SE, et al. Gain-of-Function Muta-
tions in UPC2 Are a Frequent Cause of ERG11 Upregulation in Azole-Resistant Clinical Isolates of Can-
dida albicans. Eukaryot Cell. 2012; 11: 1289—1299. https://doi.org/10.1128/EC.00215-12 PMID:
22923048

Chen P-Y, Chuang Y-C, Wu U-I, Sun H-Y, Wang J-T, Sheng W-H, et al. Mechanisms of Azole Resis-
tance and Trailing in Candida tropicalis Bloodstream Isolates. J Fungi. 2021; 7: 612. https://doi.org/10.
3390/jof7080612 PMID: 34436151

Coste A, Turner V, Ischer F, Morschhauser J, Forche A, Selmecki A, et al. A Mutation in Tac1p, a Tran-
scription Factor Regulating CDR1 and CDR2, Is Coupled With Loss of Heterozygosity at Chromosome
5 to Mediate Antifungal Resistance in Candida albicans. Genetics. 2006; 172: 2139-2156. https://doi.
org/10.1534/genetics.105.054767 PMID: 16452151

PLOS ONE | https://doi.org/10.1371/journal.pone.0269721 July 12, 2022 14/14


https://doi.org/10.1002/jcla.21847
http://www.ncbi.nlm.nih.gov/pubmed/25873256
https://doi.org/10.1128/AAC.48.7.2483-2489.2004
http://www.ncbi.nlm.nih.gov/pubmed/15215098
https://doi.org/10.1128/EC.00215-12
http://www.ncbi.nlm.nih.gov/pubmed/22923048
https://doi.org/10.3390/jof7080612
https://doi.org/10.3390/jof7080612
http://www.ncbi.nlm.nih.gov/pubmed/34436151
https://doi.org/10.1534/genetics.105.054767
https://doi.org/10.1534/genetics.105.054767
http://www.ncbi.nlm.nih.gov/pubmed/16452151
https://doi.org/10.1371/journal.pone.0269721

