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Abstract

Aim: To find genes that provide resistance to antifungal drug tioconazole by a genomic
DNA screening approach.
Materials and Methods: Wild-type yeast (BY4741) cells were transformed with a high
copy genomic DNA expression library and transformants that can grow on toxic levels of
Tioconazole were determined. Library plasmids were isolated from the transformants and
sequenced for the identification of potential tioconazole resistance gene(s).
Results: Yeast YLR177w gene was isolated as a potential tioconazole resistance gene.
Its overexpression led cells to tolerate normally toxic levels of tioconazole. Deletion of the
YLR177w gene from the yeast genome made cells more vulnerable to the drug.
Conclusion: Yeast YLR177w gene encodes a putative protein of unknown function. Our
analyses suggest a potential function for the YLR177w gene for tioconazole resistance.

Copyright © 2022 The author(s) - Available online at www.annalsmedres.org. This is an Open Access article distributed
under the terms of Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License.

Introduction
The mortality of fungal infections has progressed rapidly
in recent years, and the number of drugs that can be used
in these severe infections has decreased due to drug resis-
tance [1,2]. Determination of antifungal drug resistance
mechanisms will help us to develop ways for the reversal
of resistance and to combine the existing drugs more effec-
tively for treatment purposes [3]. It may also benefit us to
disclose the similarities and discrepancies with other drug
resistance mechanisms, shedding light on common path-
ways and providing opportunities to design and develop
new drugs [4]. Knowing the resistance mechanisms, it is
possible to screen infectious fungi isolated from patients to
assess whether they have pre-gained resistance to drugs of
choice [5].
Tioconazole belongs to the imidazole group of antifungals
and topical formulations of tioconazole are used for a wide
spectrum of activity against many pathogenic fungi. Tio-
conazole inhibits 14-alpha demethylase, an enzyme in the
cytochrome P-450 complex that converts lanosterol to er-
gosterol, an important constituent of the yeast cell mem-
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brane. Thus, tioconazole blocks ergosterol biosynthesis
and results in altered membrane permeability, stability
and function of membrane-dependent proteins/enzymes
[6,7].
Azole resistance may emerge through different mechanisms
including upregulation or alteration of the drug target, ac-
tivation of efflux transporters, or other changes that dimin-
ish drug toxicity [8]. Amino acid changes in the drug bind-
ing sites are relatively common in azole-tolerance mecha-
nisms in fungi. The most common changes are seen near
the heme-binding region of ERG11 [9,10].
Upregulation of ERG11 also occurs among azole-resistant
isolates of Candida species [11] which contributes to resis-
tance because an increase in the target protein levels re-
quires more drugs for effective inhibition [12]. Apart from
ERG11 status, modifications that lead to reduced ergos-
terol contents such as ERG3 mutations (∆5,6-desaturase)
can provide azole tolerance as well [13].
Increased drug efflux seems to be more important in azole
resistance than ERG11 mutations [14] and there is a cross-
talk between the ERG11 mutations and the activation of
the transcription factor PDR1 [15]. The ATP binding cas-
sette (ABC) transporters such as CDR1, CDR2, SNQ2
have also been implicated in azole resistance in different
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fungal pathogens [16]. ABC proteins play roles in drug ef-
flux using ATP. Major facilitator superfamily transporters
(MFS) function by drug: proton antiport and can trans-
fer multiple substrates across the membrane and thus play
roles in azole resistance [17]. The MDR1 gene encodes an
MFS transporter that leads to enhanced azole efflux and
azole resistance when overexpressed [18].
Even though there are many studies on the mechanisms
of drug resistance for other azole drugs in different fun-
gal species, tioconazole resistance has not been elucidated
well. There is only one study on the Web of Science
database regarding the identification of tioconazole resis-
tance genes. In this study, using a genetic screening study,
mutations in the ACR1 gene were found to be important in
tioconazole resistance in Aspergillus nidulans [19]. Thus,
additional studies on the mechanisms of tioconazole resis-
tance may have scientific and clinical importance.
In this work, we used baker’s yeast as the model system to
study the mechanisms of drug resistance for tioconazole.
Yeast is a widely used organism for antifungal drug re-
search because it is a member of fungi and has the widest
spectrum of molecular tools that can be used for an organ-
ism. We screened a yeast genomic DNA library to identify
the genes that provide tioconazole resistance when over-
expressed. Our results showed that the yeast YLR177w
gene, encoding a protein with no known functions, pro-
vides tioconazole resistance upon overexpression from a
plasmid.

Materials and Methods
Design of the study
Wild type BY4741 yeast strain (S. cerevisiae, MATa
his3∆1 leu2∆0 met15∆0 ura3∆0; EUROSCARF, Köhler-
weg, Oberursel, Germany) was used in this study. First,
the minimum inhibitory concentration (MIC) of Tiocona-
zole was determined. Yeast cells transformed with the ge-
nomic DNA library were transferred to a medium con-
taining a lethal dose of tioconazole. Plasmid DNA was
obtained from growing colonies. The genes carried by the
plasmids were determined by sequence analysis.

Yeast Growth, minimum lethal dose determination and
gDNA library screening
Tioconazole (CAS No: 65899-73-2, Sigma-Aldrich, Merck
KGaA, Darmstadt, Germany) was used in the experi-
ments. The high-copy gDNA library on YEP13 plasmids
(ATCC No.37323, Manassas, Virginia, United States) was
transformed into BY4741 yeast cells by the standard
lithium acetate (LiAc) procedure [20]. Experiments were
performed on Yeast Nitrogen Base (YNB), 2% Glucose me-
dia containing appropriate amino acids and bases. Plates
were held at 30°C for 3 days and photographed.

Minimum inhibitory concentration analysis
MIC analysis was performed using the Broth Microdilu-
tion Test (BMD), described in EUCAST EDef 7.3.2 [21] for
the S. cerevisiae strain BY4741. Briefly, the stock solution
(160 mg/ml) of tioconazole was prepared in 100% dimethyl
sulfoxide (DMSO). Two-fold serial dilution was performed
eleven times by using DMSO in Eppendorf tubes. Then,

all samples were diluted again 100-fold using the Yeast
Peptone Dextrose (YPD) medium (2% peptone, 2% glu-
cose, 1% yeast extract, pH 6.5). A 100 µl aliquot of sam-
ples was transferred to 96-well plates. In sterile water,
1-5x105 CFU/mL yeast cell solution (inoculum) was pre-
pared and transferred in equal volumes to 96-well plates
containing different concentrations of the tioconazole. Af-
ter the cell solution was added, the final concentrations of
the tioconazole were between 0.8 and 800 mg/Liter, and
the cell concentration was 0.5-2.5x105 CFU/ml. The MIC
was determined spectrophotometrically at 530 nm after
plates were incubated at 30°C for 24 hours. The MIC
value was calculated as the lowest concentration causing
at least a 50% reduction in cell growth.

Gradient plate preparation and spotting assay

For the gradient plates, 50 ml of media was poured into
120 mm x 120 mm Petri dishes and slanted at an angle
of 45° until the media was solidified. The same amount of
media containing the lethal dose of tioconazole was poured
and the plate was held on the bench till it solidified. For
spotting assays, suspensions of fresh cells (OD600=2) were
serially (ten-fold) diluted and pipetted onto the media. For
each spot, 5 µl of OD600 0.02 culture were pipetted. The
plates were incubated at 30°C for 3 days.

Figure 1. Spotting assay for BY4741 cells on agar plates
with shown concentrations (0.0125 µg/ml - 0.1µg/ml) of
tioconazole. The cells were diluted serially (OD600 0.2 –
0.0002), and a 5-µl cell solution was pipetted to each spot.
Tio represents tioconazole and OD600 represents the optic
density of cells at 600 nm wavelength.
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Plasmid isolation, cloning, and sequencing of the gene
Plasmids from a resistant colony were isolated from the
yeast cells. To isolate the plasmids, overnight grown cells
were exposed to 10U Lyticase and 20% sodium dode-
cyl sulfate (SDS), respectively, for disruption of the cell
wall. Then, the plasmid isolation was performed by fol-
lowing the protocol of the Thermo Scientific GeneJET-
Plasmid Miniprep Kit (#K0502, #K0503, Waltham, Mas-
sachusetts, United States). Afterward, plasmids were am-
plified in JM109 E.coli cells.
Gene cassettes included by plasmids were sequenced using
a pair of plasmid-specific primers. The sequence data were
compared with Saccharomyces Genome Database (SGD)
and the YLR177w gene was identified in the expression
cassette. The YLR177w gene was separately cloned into
high-copy plasmid pAG425GPD-ccdB (Addgene, Water-
town, Massachusetts, United States) by using the Gate-
way Cloning Technology® (Invitrogen, Waltham, Mas-
sachusetts, United States).

Results
Screening of genomic DNA library and identification of
YLR177w gene
We determined the minimum lethal dose by spotting wild-
type cells on YPD agar plates with several concentrations
of tioconazole (Figure 1). The cells were not able to grow
in 0.05 µg/ml tioconazole. Next, we determined the MIC
value (at least 50% or more inhibition of growth) for ti-
oconazole in the YPD medium following the EUCAST

Figure 2. Flow chart for the experimental design. Ti-
oconazole (Tio) and the S. cerevisiae BY4741 wild-type
strain were used in the library screening. Transformed
yeast cells were grown on a YNB agar medium containing
a minimum lethal dose of tioconazole and supplemented
with appropriate amino acids and bases. Tioconazole-
resistant colonies were selected and inoculated in a liq-
uid YNB medium with similar formulations without agar.
Plasmid isolation was performed and plasmid DNAs were
sequenced for Tioconazole resistance (Tio-R) genes.

Figure 3. Spotting assay for overexpressing analysis.
Wild-type cells overexpressing the YLR177w gene (p-
YLR177w) were grown on plates containing a gradient (0
– 0.06 µg/ml) of Tio. Wild-type cells with sham plasmids
were used as controls (p-only).

Figure 4. Spotting assay showing the growth rates of the
wild-type (WT) and a deletion mutant of the YLR177w
gene (∆YLR177w).

broth microdilution protocol. Tioconazole had a MIC
value of 0.025 µg/ml. In general, our MIC analysis and
spotting assay were consistent with each other. Then, we
transformed the gDNA library into wild-type yeast cells
and spread them onto plates containing selective media
and a minimum lethal dose of the drug (0.1 µg/ml tiocona-
zole). We picked a survived colony; isolated the plasmids,
amplified and transformed them back to the wild-type cells
to confirm the resistance. We confirmed that the drug re-
sistance phenotype of the transformed cells was not a false
positive event, instead, cells gained resistance to the drug
because of the plasmid that they harbored. This plas-
mid was sequenced and the expression cassette informa-
tion was obtained via Basic Local Alignment Search Tool
(BLAST) analysis from Saccharomyces Genome Database
(SGD). The library plasmid that transformed the initial
cells contained the full-length YLR177w gene. Therefore,
we wanted to clone the YLR177w gene into a new plasmid
to be sure of the results and to use it in the next steps.

Cloning and expression of YLR177w gene
We cloned the YLR177w gene independently to a new
over-expression vector (pAG425), transformed it into fresh
wild-type cells, and tested its overexpression on gradi-
ent plates. We observed that cells over-expressing the
YLR177w gene were able to resist tioconazole when com-
pared to the control cells carrying empty plasmids (p-only)
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(Figure 3).
As the next step, we analyzed the deletion mutants of the
YLR177w gene for their tioconazole resistance. Contrary
to what we expected, the deletion mutants (∆YLR177w)
were not drug-sensitive (Figure 4), which suggests that the
YLR177w gene provides tioconazole resistance only when
it is overexpressed.

Discussion
In this study, we screened a yeast gDNA library in wild-
type yeast cells to find genes that provide resistance to
the antifungal drug tioconazole. Through the analyses
of the transformants, we obtained a plasmid that har-
bored the full-length YLR177w gene in the expression cas-
sette. Subsequent analyses showed that overexpression of
the YLR177w gene leads to tioconazole resistance in yeast
cells, however, its deletion did not perturb the drug sen-
sitivity of the cells. YLR177w gene has no known func-
tion and we linked this gene with a potential role in drug
metabolism for the first time.
The inevitable outcome of the extensive use of azoles as
antifungal drugs is the development of drug resistance.
There are many host and fungal factors associated with
antifungal drug resistance mechanisms [22]. Recent stud-
ies with clinical isolates of Candida showed that in over
37% of the cases ERG11 gene contains mutations [23-25].
Overexpression of ERG11 or drug efflux pumps such as
CDRs and MDRs are usually not common under culture
conditions of clinical isolates [11].
The YLR177w gene encodes a protein that is localized to
the cytoplasm [26], but its function is not known. It is
phosphorylated in a Dbf2-Mob1-dependent manner. The
Dbf2-Mob1 complex plays role in exiting mitosis [27], and
the biochemical consequences of phosphorylation by Dbf2-
Mob1 are not known. Unfortunately, there is no addi-
tional information about the functions of YLR177w. On
the other hand, the YLR177w gene has a paralog PSP1
(YDR505c) with partially known functions in DNA repli-
cation. Overexpression of the PSP1 gene suppressed the
mutations in the POL1 gene (catalytic subunit of DNA
polymerase alpha), POL3 gene (DNA polymerase delta)
and CDC6 gene [28]. However, none of these interactions
have connections with the known mechanisms of azole re-
sistance.
The biochemical interactions of YLR177w suggest a pos-
sible role in DNA synthesis, mitotic cell division and tio-
conazole resistance. The nature of this relationship should
be further investigated to reveal the mechanisms. Our
analyses had limitations for the follow-up analyses of the
cells overexpressing the YLR177w gene. We only overex-
pressed the YLR177w gene and checked the growth rates
of the cells treated with tioconazole. Global analyses such
as total transcriptomic profiling or similar analyses should
be performed to highlight the possible biochemical paths
that YLR177w acts thru for tioconazole resistance.

Acknowledgment
This work was supported by Inonu University BAP project
YTL-2019-1748.

References
1. Pfaller MA, Diekema DJ. Epidemiology of invasive candidia-

sis: a persistent public health problem. Clin Microbiol Rev.
2007;20:133-63.

2. Imhof A, Schneemanna M, Schaffnera A. Medikamente zur inva-
siven antifungal Therapie. Schweiz Med Forum. 2005;5:136-44.

3. Johnson MD, Perfect JR. Combination antifungal therapy:
what can and should we expect? Bone Marrow Transplant.
2007;40:297-306.

4. Fisher MC, Alastruey-Izquierdo A, Berman J, et al. Tackling the
emerging threat of antifungal resistance to human health. Nat
Rev Microbiol. 2022;20:557-71.

5. Garcia-Effron G, Dilger A, Alcazar-Fuoli L, et al. Rapid detec-
tion of triazole antifungal resistance in Aspergillus fumigatus. J
Clin Microbiol. 2008;46:1200-06.

6. White TC, Holleman S, Dy F, et al. Resistance mechanisms
in clinical isolates of Candida albicans. Antimicrob Agents
Chemother. 2002;46:1704-13.

7. Odds FC, Brown AJ, Gow NA. Antifungal agents: mechanisms
of action. Trends Microbiol. 2003;11:272-79.

8. Cowen LE, Sanglard D, Howard SJ, et al. Mechanisms of An-
tifungal Drug Resistance. Cold Spring Harb Perspect Med.
2014;5:a019752.

9. Morio F, Loge C, Besse B, et al. Screening for amino acid
substitutions in the Candida albicans Erg11 protein of azole-
susceptible and azole-resistant clinical isolates: new substitu-
tions and a review of the literature. Diagn Microbiol Infect Dis.
2010;66:373-84.

10. Xiang MJ, Liu JY, Ni PH, et al. Erg11 mutations associated with
azole resistance in clinical isolates of Candida albicans. FEMS
Yeast Res. 2013;13:386-93.

11. Jiang C, Dong D, Yu B, et al. Mechanisms of azole resistance in
52 clinical isolates of Candida tropicalis in China. J Antimicrob
Chemother. 2013;68:778-85.

12. Akins RA. An update on antifungal targets and mechanisms of
resistance in Candida albicans. Med Mycol. 2005;43:285-318.

13. Lupetti A, Danesi R, Campa M, et al. Molecular basis of resis-
tance to azole antifungals. Trends Mol Med. 2002;8:76-81.

14. Perea S, López-Ribot JL, Kirkpatrick WR, et al. Prevalence of
molecular mechanisms of resistance to azole antifungal agents
in Candida albicans strains displaying high-level fluconazole re-
sistance isolated from human immunodeficiency virus-infected
patients. Antimicrob Agents Chemother. 2001;45:2676-84.

15. Vu BG, Moye-Rowley WS. Azole-Resistant Alleles of ERG11
in Candida glabrata Trigger Activation of the Pdr1 and
Upc2A Transcription Factors. Antimicrob Agents Chemother.
2022;66:e0209821.

16. Coleman JJ, Mylonakis E. Efflux in fungi: la pièce de résistance.
PLoS Pathog. 2009;5:e1000486.

17. Dos Santos SC, Teixeira MC, Dias PJ, Sá-Correia I. MFS trans-
porters required for multidrug/multixenobiotic (MD/MX) re-
sistance in the model yeast: understanding their physiologi-
cal function through post-genomic approaches. Front Physiol.
2014;5:180.

18. Lamping E, Monk BC, Niimi K, et al. Characterization of three
classes of membrane proteins involved in fungal azole resistance
by functional hyperexpression in Saccharomyces cerevisiae. Eu-
karyot Cell. 2007;6:1150-65.

19. Pereira M, Fachin AL, Martinez-Rossi NM. The gene that de-
termines resistance to tioconazole and to acridine derivatives
in Aspergillus nidulans may have a corresponding gene in Tri-
chophyton rubrum. Mycopathologia. 1998;143:71-5.

20. Schiestl RH, Gietz RD. High-efficiency transformation of intact
yeast cells using single-stranded nucleic acids as a carrier. Curr
Genet. 1989;16:339-46.

21. Arendrup MC, Meletiadis J, Mouton JW, et al. Method for
the determination of broth dilution minimum inhibitory con-
centrations of antifungal agents for fermentative yeasts. 2020;
EUCAST DEFINITIVE DOCUMENT EDEF 7.3.2.

22. Perlin DS, Rautemaa-Richardson R, Alastruey-Izquierdo A. The
global problem of antifungal resistance: prevalence, mechanisms,
and management. Lancet Infect Dis. 2017;17:e383-e392.

23. Fan X, Xiao M, Zhang D, et al. Molecular mechanisms of azole
resistance in Candida tropicalis isolates causing invasive candidi-
asis in China. Clin Microbiol Infect. 2019;25:885-91.

1276



Koc S. et al. Original Article 2022;29(11):1273–1277

24. Forastiero A, Mesa-Arango AC, Alastruey-Izquierdo A, et al.
Candida tropicalis antifungal cross-resistance is related to dif-
ferent azole target (Erg11p) modifications. Antimicrob Agents
Chemother. 2013;57:4769-81.

25. Paul S, Shaw D, Joshi H, et al. Mechanisms of azole antifungal
resistance in clinical isolates of Candida tropicalis. PLoS One.
2022;17:e0269721.

26. Huh WK, Falvo JV, Gerke LC, et al. Global analysis of protein
localization in budding yeast. Nature. 2003;425:686-91.

27. Mah AS, Elia AE, Devgan G, et al. Substrate specificity analysis
of protein kinase complex Dbf2-Mob1 by peptide library and
proteome array screening. BMC Biochem. 2005;6:22.

28. Formosa T, Nittis T. Suppressors of the temperature sensitiv-
ity of DNA polymerase alpha mutations in Saccharomyces cere-
visiae. Mol Gen Genet. 1998;257:461-68.

1277


