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In Vitro Effect of Malachite Green on Candida albicans Involves
Multiple Pathways and Transcriptional Regulators UPC2 and STP2
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In this study, we show that a chemical dye, malachite green (MG), which is commonly used in the fish industry as an antifungal,
antiparasitic, and antibacterial agent, could effectively kill Candida albicans and non-C. albicans species. We have demonstrated
that Candida cells are susceptible to MG at a very low concentration (MIC that reduces growth by 50% [MIC;,], 100 ng ml~1)
and that the effect of MG is independent of known antifungal targets, such as ergosterol metabolism and major drug efflux pump
proteins. Transcriptional profiling in response to MG treatment of C. albicans cells revealed that of a total of 207 responsive
genes, 167 genes involved in oxidative stress, virulence, carbohydrate metabolism, heat shock, amino acid metabolism, etc., were
upregulated, while 37 genes involved in iron acquisition, filamentous growth, mitochondrial respiration, etc., were downregu-
lated. We confirmed experimentally that Candida cells exposed to MG resort to a fermentative mode of metabolism, perhaps due
to defective respiration. In addition, we showed that MG triggers depletion of intracellular iron pools and enhances reactive oxy-
gen species (ROS) levels. These effects could be reversed by the addition of iron or antioxidants, respectively. We provided evi-
dence that the antifungal effect of MG is exerted through the transcription regulators UPC2 (regulating ergosterol biosynthesis
and azole resistance) and STP2 (regulating amino acid permease genes). Taken together, our transcriptome, genetic, and bio-
chemical results allowed us to decipher the multiple mechanisms by which MG exerts its anti-Candida effects, leading to a meta-

bolic shift toward fermentation, increased generation of ROS, labile iron deprivation, and cell necrosis.

Candida albicans, which is part of the normal commensal flora
of the body, is a common opportunistic microorganism
known to cause cutaneous, mucosal, subcutaneous (candidiasis),
and systemic (candidemia) infections (30). The widespread and
prolonged usage of antifungals in recent years has led to the emer-
gence of azole-resistant (AR) strains of Candida, which display
multidrug resistance (MDR) (35). Various mechanisms that con-
tribute to the development of azole resistance have been reported.
They include overexpression or point mutations in ERGII,
encoding the target enzyme of azoles, i.e., lanosterol 14a-
demethylase (48), and overexpression of the drug efflux pump-
encoding genes C. albicans CDRI1 (CaCDRI1), CaCDR2, and
CaMDR1, which belong to the ATP-binding cassette (ABC) su-
perfamily and the major facilitator superfamily (MFS) of trans-
porters, respectively (36).

Considering the limited availability of safe antifungal drugs
and the emergence of MDR, there is a need to explore unconven-
tional and new mechanisms to combat multidrug resistance.
Many naturally occurring compounds, such as curcumin, ber-
berine, and tetrandrine, show promising antifungal activity (27,
41,47, 52). However, these compounds are active at high concen-
trations, in contrast to established antifungal agents, such as
azoles, allylamine, and polyenes. Some chemical dyes are also
known to possess antifungal activities, though their activities
against Candida have not been explored extensively. For example,
gentian violet and methylene blue, which are also effective against
fluconazole (FLC)-resistant C. albicans strains, are widely used as
antifungal agents (43, 51). Our present study focuses on the chem-
ical dye malachite green (MG), which is reported to have antifun-
gal, antiparasitic, and antibacterial activities (5). It has been shown
that MG at 1 ppm is able to reduce the growth of different fungal
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species, such as Aspergillus parasiticus, Aspergillus flavus, Penicil-
lium verrucosum, and Fusarium oxysporum (5). MG also is used in
the fish industry to treat fungal and ectoparasitic diseases in eggs
(22, 44). We show here that MG has an advantage over conven-
tional antifungal drugs in that it effectively inhibits the growth of
C. albicans and non-C. albicans species at lower concentrations
than those of triazoles, imidazoles, and allylamine. Transcrip-
tional profiling of C. albicans and validation by quantitative PCR
(Q-PCR), along with biochemical analyses, showed that MG em-
ploys multiple mechanisms to kill Candida cells and thus could be
used against candidiasis.

MATERIALS AND METHODS

Materials. All the medium components were obtained from HiMedia
(Mumbai, India), while glycerol was obtained from Qualigens (Mum-
bai, India). Malachite green (MG), rhodamine 6G (R6G), 2',7'-
dichlorofluorescein diacetate (DCFDA), bathophenanthroline disul-
fonate (BPS), 2-deoxy-p-glucose (DOG), dinitrophenol (DNP),
amphotericin B (AMB), nystatin, (NYS), and itraconazole (ITC) were
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purchased from Sigma Chemical Co. (St. Louis, MO). Calcein-
acetoxymethyl (CAM) was bought from Fluka Chemicals, Mumbai, In-
dia. Ferric chloride (FeCl;) was obtained from Qualigens (Mumbai, In-
dia) and cupric sulfate (CuSO,) from Glaxo. Ascorbic acid (AA) was
purchased from SRL (Mumbai, India). Ranbaxy, India generously pro-
vided FLC. Cy3- and Cy5-labeled UTP was obtained from GE Healthcare,
United Kingdom, and the SuperScript Il reverse transcriptase enzyme, the
oligo(dT), primer, and the random primer were obtained from Invitro-
gen. dATP, dGTP, dTTP, and dCTP were bought from Sigma.

Yeast strains. All the yeast strains used in this study were grown in
yeast extract-peptone-dextrose (YPD) agar and were incubated at 30°C.
Fifteen percent glycerol stocks of these strains were maintained in storage
at —80°C, and the strains were freshly revived on YPD before use. The
bacterial strain Escherichia coli DH5a was used as a host for the construc-
tion and propagation of the plasmid for cloning. See Table S1 in the
supplemental material for the complete list of strains used in this study.

Growth conditions and time course analyses of MG responses. Cells
were grown at 30°C in YPD medium with 1% (wt/vol) Bacto yeast extract,
2% (wt/vol) Bacto peptone, and 2% (vol/wt) glucose) to an optical density
at 600 nm (ODy,) of 0.5 and were then split into two cultures. Malachite
green (50, 100, or 200 ng ml~! was added to one of the cultures, and the
second culture was subjected to an equivalent mock treatment (water).
After 10, 20, 40, or 80 min, the cells were flash-frozen in cold ethanol for
RNA extraction.

RNA extractions. Fifteen milliliters of cell cultures was flash-frozen in
30 ml of absolute ethanol at —80°C. The cells were harvested by centrifu-
gation (4 min at 3,000 rpm). The cell pellets were stored at —80°C. Total
RNAs were extracted as described previously (15).

Transcriptome analyses. The C. albicans microarrays were home-
made from an oligonucleotide (60-mer) collection designed by Eurogen-
tec to span the complete open reading frame (ORF) set from assembly 21
(www.candidagenome.org) of the C. albicans genome. Each probe was
deposited in duplicate on Corning UltraGAPS slides. Ten micrograms of
total RNAs was used for cDNA synthesis and labeling. The microarray
experiments were conducted as described previously (15). Raw data were
normalized using the global lowess method followed by the print-tip me-
dian method, with background removal, as implemented in Goulphar
(26). Experiments were reproduced four times using dye swap normaliza-
tion. The statistical significance of the expression differences measured
was addressed by using the TIGR MultiExperiment Viewer (TMeV) ver-
sion of SAM (significance analysis of microarrays) with a false discovery
rate (FDR) of 5% and the exact number of permutations (38, 39, 46). Only
genes with a minimum of one dye-swapped measurement were consid-
ered for the SAM analyses. The remaining missing values were imputed by
the k-nearest neighbor (KNN) input method directly in the TMeV appli-
cation (38, 39, 46). Hierarchical clustering was performed using TMeV,
with Euclidian distances and average linkages (38, 39).

Data mining. Functional analyses of the genomewide data were con-
ducted using the Candida Genome Database (CGD) Gene Ontology (GO)
term finder (4) with default parameters.

Real-time PCR and quantitative reverse transcriptase PCR (RT-
PCR). For validation of the microarray results presented in Fig. 3, 500 ng
of total RNAs was used for Q-PCR, which was performed using a Light-
Cycler LC480 machine (Roche) and the analysis protocol described in
reference 12. The oligonucleotides used are described in Table S2 in the
supplemental material. The results were normalized according to the
threshold cycle (C;) value obtained for the ACTI gene. Therefore, the Q-
PCR data presented in Fig. 3 represent arbitrary mRNA amounts relative
to the amount of ACT1.

The data presented in Fig. 5 were obtained by semiquantitative end-
point RT-PCR using the RevertAid H Minus kit (MBI Fermentas). Briefly,
1 ug isolated RNA was primed with oligo(dT), for cDNA synthesis at
42°C for 60 min. The reverse transcription reaction was terminated by
heating at 70°C for 5 min. The synthesized cDNA product (2 ul) was used
directly for PCR amplification (50 ul) using gene-specific forward and
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reverse primers. The amplified products were subjected to gel electropho-
resis and were quantitated by using Quantity One software with the Bio-
Rad gel documentation system. The densities of bands (for genes of inter-
est) were measured and normalized to that of the endogenous gene.

Drug susceptibility assays and time-kill assay. Susceptibility to drugs
was tested by broth microdilution assays according to Clinical and Labo-
ratory Standards Institute (CLSI) guidelines and by serial dilution assays
essentially as described previously (8, 32). For time-kill assays, 10* cells
ml~! of the C. albicans wild-type (WT) strain were inoculated into RPMI
1640 medium. The concentrations of MG used are multiples of MIC,
values (no MG, 100 ng ml~1,200 ng ml~1, and 400 ng ml—!). The cultures
were incubated at 30°C with agitation at 200 rpm. At various predeter-
mined time points (0, 4, 8, 12, and 16 h), a 100-ul aliquot was removed,
serially diluted (10-fold) in 0.9% saline, and spread on Sabouraud dex-
trose agar plates. Colony counts were determined after incubation at 30°C
for 24 h. The experiment was performed in duplicate (41). The MG stock
was prepared as 1 mg ml~! by diluting a 10-mg ml~! concentration in
ethanol. BPS (100 mM), FeCl; (100 mM), and AA (1 M) stocks were
prepared in autoclaved MilliQ water. For serial dilution assays under an-
oxia, an anaerobiosis-creating system was used, and the cells were grown
in an air-tight chamber according to the manufacturer’s instructions (Ox-
oid, Germany),

LIP determination. The labile iron pool (LIP) is measured by using
calcein, a fluorescent probe that binds to both Fe?* and Fe** (14). The
binding of Fe quenches the fluorescence of calcein, which can be mea-
sured using a fluorescence spectrophotometer. Once CAM ester is inside
the cell, it is converted to a fluorescent acid form by cellular esterases (6).
YPD was inoculated to an ODy,, of 0.1 with a primary culture of the
wild-type C. albicans strain CAI4, and the culture was allowed to grow
until the ODg,, reached 0.8. One hundred nanograms of MG per milliliter
was added to the cells, and the same amount of dimethyl sulfoxide
(DMSO) was added to the control; then the cells were allowed to grow
further for 80 min. Cells were harvested, and spheroplasts were prepared
as described previously (23). Spheroplasts were washed with SOE (1 M
sorbitol, 0.1 M EDTA), and a 2% suspension was made in SOE. CAM ester
was added to a final concentration of 2 uM in the suspension described
above, which was then incubated for 2 h at 30°C. Spheroplasts were then
washed with phosphate-buffered saline (PBS), and fluorescence was mea-
sured (excitation and emission at 485 nm and 530 nm, respectively) with a
Cary Eclipse fluorescence spectrophotometer (Varian). Fluorescence was also
observed under a Carl Zeiss Axiovert 40 CFL fluorescence microscope.

Measurement of ROS generation. DCFDA, an oxidant-sensitive flu-
orescent probe, was employed to measure the generation of endogenous
reactive oxygen species (ROS) (29). YPD was inoculated to an ODy, of
0.1 with a primary culture of wild-type C. albicans strain CAI4, and the
culture was allowed to grow until the ODy, reached 0.8. MG (final con-
centration, 100 ng ml~!) was added to the cells, and the same volume of
DMSO was added to the control; then the cells were allowed to grow
further for 80 min. For the reversal of ROS generation by an antioxidant,
cells were pretreated with 5 mM AA for 60 to 90 min and were then treated
with MG. Equal numbers of cells were pelleted down (1 ODy, in 1 ml),
resuspended in 1 ml YPD broth, and incubated at 30°C for 1 h. Cells were
washed with YPD broth and were resuspended in 250 ul to which 10 uM
(final concentration) DCFDA was added. The cells were then incubated at
30°C for 30 min. Fluorescence was measured (excitation and emission at
488 nm and 540 nm, respectively) and quantified as described above. Cell
necrosis was determined by the externalization of phosphatidylserine
(PS), an apoptotic marker, by using a fluorescein isothiocyanate (FITC)-
labeled annexin V kit (FITC Annexin V apoptosis detection kit I; BD
Biosciences). After MG treatment (at the MICs,, 100 ng ml~!) and label-
ing with dyes, cells were tracked for FITC and propidium iodide (PI)
signals using a FACSCalibur flow cytometer (Becton Dickinson Immuno-
cytometry Systems, San Jose, CA). We used excitation at 488 nm, a
515-nm band-pass filter for FITC detection, and a >560-nm filter for PI
detection. A total of 10,000 events were counted at the flow rate. Data were
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FIG 1 Malachite green is a potent antifungal. (A) Time-kill plot of C. albicans with increasing concentrations of MG to show fungicidal activity. (B) (Left) Serial
dilution assays showing the antifungal activity of MG at concentrations of 200 ng ml~! and 400 ng ml~! against C. albicans and non-C. albicans species. (Right)
MIC;, values of MG for C. albicans and non-C. albicans species, obtained by use of a broth microdilution assay starting with 400 ng ml~! of MG in the first well,
as described in Materials and Methods. (C) (Left) Serial dilution assays for Gu4/Gu5 (sensitive/resistant clinical isolates overexpressing CDRI and CDR2) and
F2/F5 (sensitive/resistant clinical isolates overexpressing CaMDRI) at 200 ng ml~! and 400 ng ml~! of MG. (Right) MICs, values for these isolates, obtained by
use of a broth microdilution assay starting with 400 ng ml~! of MG in the first well. (D) (Left) Susceptibilities of CDRI CDR2 and CaMDRI deletion mutants to
MG at 200 ng ml~ . (Right) MICj,, values of these deletion mutants, obtained by use of a broth microdilution assay starting with 400 ng ml~! of MG in the first

well.

analyzed using CellQuest software. It is known that FITC labeling of cells
indicates the onset of apoptosis, while PI labeling indicates predominantly
the presence of necrotic cells (13).

Cloning of CaQDRI into strain AD1-8u~. CaQDRI was cloned into
the PDR5 locus of Saccharomyces cerevisiae strain AD1-8u~, in which
seven major drug transporters are deleted, reducing the background ac-
tivity (12). The pABC3 vector was used for this purpose, and the strategy
undertaken was the same as that described previously (24). Briefly,
CaQDRI was PCR amplified with primers containing Pacl and NotI en-
zyme sites and was subsequently ligated with the vector, which had also
been digested with these enzymes. A cassette consisting of the PDR5 pro-
moter, a multiple cloning site enabling ligation with the insert of choice
(CaQDR1), the PGK1 terminator, the URA3 marker, and 277 bp of the 3’
end of the PDR5 open reading frame was removed from the plasmid (24).
This cassette was used to transform AD1-8u~ by integration using the
lithium acetate method (42). The integrants were selected on SD/-ura
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(synthetic defined medium without uracil) plates and were confirmed by
Southern hybridization followed by sequencing.

Strategy for knocking out QDRI, QDR2, and QDR3. We deleted
QDRI, QDR2, and QDR3 from the wild-type strain SC5314 by using the
SATI flipper cassette (from pSFS2) as described previously by Reuss et al.
(37).

Construction of transcription factor (TF) deletion strains. There are
273 distinct putative genes encoding proteins with a DNA binding do-
main (DBD) signature, as described in Table S3 in the supplemental ma-
terial. Four different methods were employed to obtain 240 homozygous
mutants. Most of them (182/240; ~75%) were obtained by UAU trans-
position (11); the rest were obtained by the URA-blaster method (16) or
by PCR product recombination either from plasmid pFA (20) or from a
UAU disruption cassette (7). Two different parental strains were used to
create these mutants: CAF4-2 (16) for URA-blaster-based mutants and
BWP17 (49) for the rest. Two hundred twenty-two mutants of this col-
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FIG 2 Transcriptional profiling of C. albicans in the presence of MG. (A) Transcriptional profiling at the MICy, (200 ng ml— '), the MIC;, (100 ng ml~ 1), and
a concentration lower than the MIC,, (50 ng ml~!) and at 10, 20, 40, and 80 min. The Gene Ontology category enriched in each group was searched for using the
GO term finder, available at the CGD database (www.candidagenome.org). The corrected P values of the statistical enrichment test performed by the GO term
finder are given in parentheses after the functions on the right. ncRNA, noncoding RNA. (B) Categories of genes that were differentially expressed upon treatment
with MG at 100 ng ml~ ' for 40 min. Gene names in red indicate upregulation in response to MG treatment, while those in green indicate downregulation.

lection have already been deposited in a public repository, the Fungal
Genetics Stock Center (http://www.fgsc.net/) (28).

Microarray data accession number. The microarrays used in this
work and the complete transcriptome data obtained are available at the
Array Express database (accession number E-TABM-893).

RESULTS

Antifungal effects of MG. We tested the fungicidal activity of MG
on C. albicans cells (CAI4) by calculating log,, CFU ml ™!, using a
time-kill assay as described in Materials and Methods (41), in the
presence of increasing concentrations of the dye (no MG, 100 ng
ml~1,200 ng ml~!, and 400 ng ml~!). There was very little growth
of cells in the presence of 400 ng ml~! of the dye (Fig. 1A), sug-
gesting that MG is fungicidal only at concentrations above 200 ng
ml~1. In addition, drug susceptibility tests were conducted both
on solid cultures (serial dilution assay) and by broth microdilu-
tion methods (8). It was observed that MG inhibited the growth of
C. albicans on a solid medium as well as in a liquid medium, with
a MIC;, (MIC that reduces growth by 50%) of 100 ng ml~' (Fig.
1B). We also analyzed the sensitivity of various non-C. albicans
species, spanning the phylum Hemiascomycetes. As with C. albi-
cans, MG was effective against all the non-C. albicans species tested
(Fig. 1B). However, Candida tropicalis, Kluyveromyces lactis, and
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Candida kefyr strains were particularly susceptible to MG, while C.
glabrata appeared to be the least sensitive to the dye.

The antifungal effect of MG is independent of major efflux
pump activities. We assessed whether the levels of ABC and MFS
transporters, which are among the major contributors to antifun-
gal resistance, could influence the susceptibility of Candida cells to
MG. For this purpose, we used two matched pairs of isogenic
clinical azole-sensitive (AS) and azole-resistant (AR) isolates over-
expressing the transporter-encoding gene CDRI (Gu4/Gu5) or
MDRI (F2/F5). Due to the overexpression of CDRI and CDR2,
the AR isolate Gu5 shows lower susceptibility to FLC than Gu4
(18). The MICs, values of MG for these strains were checked, and
it was found that the MICs,, for Gu5 was 200 ng ml~!, only 2-fold
higher than that for Gu4 (100 ng ml—!). The serial dilution assays
also confirmed the MIC results (Fig. 1C). The 2-fold difference in
the MIC;, and the marginal resistance of Gu5 to MG observed in
spot assays reflect some genetic differences between Gu4 and Gub5.
Similarly, we used another isogenic pair overexpressing MDRI
(17). The AR clinical isolate F5 is derived from the AS isolate F2
and is reported to have higher MDRI transcript levels than strain
F2. We observed that F5 isolates were as susceptible to MG as F2
cells (Fig. 1C).
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FIG 3 Validation by Q-PCR of genes that were differentially expressed in the presence of MG. Details are given in Materials and Methods. The y axis shows
amounts of mRNA in arbitrary units relative to ACT1 expression. Time in minutes is shown along the x axis.

The CDRI- and MDRI-null mutants confirmed the AS/AR
results. For example, C. albicans strains in which CDRI or CDR2
was deleted (cdrlA and cdr2A mutants, respectively) and which
were highly susceptible to FLC (45) showed only minor sensitivity
to MG, almost similar to that of their WT parent (Fig. 1D). Nota-
bly, the MIC,, of MG for SFLU5M, a strain in which the MDRI
gene had been deleted (31), was also 100 ng ml ™!, again similar to
that for its WT parent. These results show that MDRI plays no role
in the susceptibility of C. albicans to MG, while an involvement of
CDRI and CDR?2 in resistance to MG cannot be ruled out.

Genomewide response of the C. albicans transcriptome to
MG. To obtain insight into the mechanism of the anti-Candida
activity of MG, we used DNA microarrays of the C. albicans ge-
nome. To increase the accuracy of our study, we analyzed the
transcriptome responses of cells exposed to different doses of MG,
including the MICs, (100 ng ml 1), the MICg, (200 ng ml—!), and
a dose below the MIC,, (50 ng ml~!). Considering that the stress
response in yeast is generally fast, the cells were exposed to MG for
10, 20, 40, or 80 min (19) (Fig. 2A). The corresponding RNAs
from different time points and doses were reverse transcribed into
Cy3- or Cy5-labeled cDNAs, which were competitively hybridized
against labeled cDNAs obtained from mock-treated cells to mi-
croarrays containing oligonucleotide probes for most of the ORF
of C. albicans. All the experiments were performed in quadrupli-
cate using the dye swap method.

Differential analyses (see Materials and Methods) identified
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167 genes that were significantly induced and 37 that were re-
pressed at at least one dose and one time point (see Table S4 in the
supplemental material). These genes were categorized according
to their functional annotations (Fig. 2B). Additionally, clustering
analyses identified groups of genes that were analyzed for GO term
enrichment (Fig. 2A). These analyses showed that genes involved
in carbon metabolism and glycolysis (e.g., PFKI, PFK2, ENOI,
TPI1), virulence (e.g., WH11, ALS1), and redox homeostasis (e.g.,
SOD1, GPX2, CAT1) were highly induced (=2-fold). The groups
with moderate induction (=2-fold) comprised mostly genes in-
volved in sulfur metabolism (e.g., orf19.2583.1), mitochondrial
organization and mitochondrial protein import (e.g., TOM22,
TOM?70, ILV5, YHMI), and protein folding (e.g., HSP70, HSP104,
ABPI). Among the genes repressed =2-fold were those involved
in iron transport (e.g., FTRI, FET3, CTRI), protein import
(ATM1, MSMI), and oxidative phosphorylation (e.g., QCR2,
COX13).

In order to validate the microarray results experimentally, 10
genes were chosen from different differentially regulated GO cat-
egories, including virulence (WH11), redox homeostasis (SOD1I),
DNA repair (RNR22), MFS transporters (QDRI [putative]), iron
transporters (FTRI, CTRI), and mitochondrial organization and
protein import (QCR2, ATM1, MSM1, COX13) (Fig. 3). The ex-
pression profiles of these genes in response to 200 ng ml~! of MG
were measured by using the same four RNA samples that were
used in transcriptome analyses. For all these genes, we found a
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FIG 4 QDRI is not involved in imparting resistance to MG. (A) (Top) Expression of QDRI in strains AD1-8u~ and ADQDRI, either left untreated or treated
with MG, as determined by RT-PCR. Amplification is shown relative to that of the ACT1 control. (Bottom) Serial dilution assays in the presence of MG at 50 ng
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very good correlation between the microarray and Q-PCR results,
although the range of the ratios measured by Q-PCR was always
larger than the microarray measurements (Fig. 3).

QDRI is not involved in MG resistance. We have identified
QDRI by homology to S. cerevisiae QDRI, which encodes an MFS
transporter. QDRI was among the genes highly induced by MG
treatment (~3-fold), a finding confirmed by Q-PCR (Fig. 3). To
further explore the role of this transporter in imparting sensitivity
to MG, we made a C. albicans strain lacking QDRI (PVY95) and
also stably overexpressed QDRI from a genomic PDR5 locus
in the S. cerevisiae mutant AD1-8u™, in which seven ABC trans-
porters are deleted (12, 33). We confirmed the susceptibilities of
the QDRI-null strain and the QDRI-overexpressing strain
(ADQDRI1) to MG by RT-PCR (Fig. 4A, top) and by serial dilution
assays on solid and liquid media (Fig. 4A, bottom). Our results
show that neither homozygous deletion (in C. albicans) nor over-
expression of QDRI (in S. cerevisiae) could influence susceptibility
to MG, which remained similar to that of the respective WT par-
ents (Fig. 4A and B). The Candida genome reveals the presence of
three QDR genes (QDRI, QDR2, and QDR3). To rule out any
involvement of other QDR genes that might compensate for the
deletion of QDRI in sensitivity to MG, we tested strains lacking
QDR?2 (qdr2A/qdr2A) and QDR3 (qdr3A/qdr3A). We observed
that the null mutants for individual genes and their combinations
could not affect sensitivity to MG or susceptibility to quinidine, as
evidenced by drug susceptibility assays on both solid (Fig. 4B) and
liquid (data not shown) media. Quinidine is a well-known sub-
strate of Qdrlp in S. cerevisiage (ScQdrlp) (34). Apparently,
CaQdrlp and its paralogues (CaQdr2p and CaQdr3p) do not act
in quinidine export (Fig. 4B). We screened several compounds,
including known substrates of QDRs, but did not find any pheno-
type. Thus, the physiological role of QDRI in C. albicans is not
apparent; also, no transcriptional regulator of QDR genes has been
identified so far.

MG treatment leads to a metabolic shift. Transcriptional pro-
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filing (Fig. 2) and real-time Q-PCR confirmed that MG treatment
of Candida cells significantly downregulated QCR2 (log, ratio,
—1.316) and COX13 (log, ratio, —1.272), suggesting a negative
correlation between MG activity and mitochondrial respiration
(Fig. 3). Notably, genes involved in alternative energy generation
pathways, such as the glycolytic and fermentation pathways, were
upregulated (Fig. 2A and B and 5A; see also Table $4 in the sup-
plemental material). This is the case for PGI1, PFK1, PFK2, ENOI,
PDCI1, and ADHI, which were upregulated in MG-treated cells.
This shifting of the metabolic preference following MG exposure
was further investigated by the growth of cells in different carbon
sources. For this purpose, cells with or without MG were grown in
a medium with glycerol (yeast extract-peptone-glycerol [YPG];
nonfermentative conditions) or glucose (YPD; fermentative con-
ditions). Notably, cells grown under conditions in which respira-
tion is mandatory (YPG) were highly sensitive to MG, which is
nonlethal to cells grown in glucose (YPD) (Fig. 5B, top). This
strong functional link between MG and fermentation was further
evidenced by another experiment in which Candida cells were
grown under anoxia (by use of an anaerobiosis-creating system
from Oxoid, Germany). In contrast to cells grown in a nonfer-
menting carbon source, anoxic cells treated with MG (at the
MICs,, 100 ng ml™!) could grow well, though more slowly than
normoxic cells (Fig. 5B, bottom).

MG interferes with redox homeostasis. Since genes involved
in redox homeostasis (SODI1, GPX2, CAT1, TRRI) were among
those most highly induced (>3-fold) by MG treatment (Fig. 3; see
also Table S4 in the supplemental material), levels of ROS were
measured. For this purpose, we employed DCFDA, an oxidant-
sensitive probe, to quantitate ROS generation (29). Candida cells
were first grown in the presence of MG (at the MICs,, 100 ng
ml~ 1), and then DCFDA was incubated with the cells for 30 min to
allow the dye to equilibrate with the cells. Fluorescence was then
visualized under a fluorescence microscope (Carl Zeiss Axiovert
40 CFL). Concomitantly with ROS accumulation, MG-treated
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FIG 5 Glycolytic genes and fermentation genes are upregulated, while mitochondrial genes are downregulated, in the presence of MG. (A) RT-PCR results
showing the amplification of genes involved in glycolysis, mitochondrial respiration, and fermentation relative to the amplification of ACT1, used as a control.
TRT, treated with MG; UT, untreated. (B) (Top) Wild-type cells grown at a sublethal concentration of MG (100 ng ml~') with glucose or glycerol as the carbon
source. (Bottom) Wild-type cells grown at a sublethal concentration of MG (100 ng ml~!) on YPD under normoxia or anoxia, induced by using an anaerobiosis-
creating system from Oxoid, Germany.

cells distinctly displayed enhanced fluorescence compared with  cluded in the growth medium at a final concentration of 5 mM
that of untreated cells. Both the ROS accumulation and the in-  (Fig. 6A). The level of fluorescence in MG-treated cells was 23.8%
creased fluorescence of MG-treated cells could be reverted to the  higher than that in untreated cells, and this increase could be
untreated wild-type levels if an antioxidant, such as AA, was in-  reversed by an antioxidant (Fig. 6B). The correlation between
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FIG 6 ROS levels following MG treatment. (A) Measurement of ROS generation using DCFDA in a wild-type C. albicans strain either left untreated or treated
with MG (100 ng ml~!) with or without pretreatment with AA. (B) Quantitation of fluorescence in a wild-type C. albicans strain that was either left untreated,
treated with MG, or treated first with AA and then with MG. RFU, relative fluorescence units. (C) Serial dilution assay showing that sensitivity to MG (at 200 ng
ml™"') is reversed in the presence of AA. (D) Measurement of apoptosis or necrosis in wild-type cells by tracking for FITC or PI labels in the absence (left) or
presence (right) of MG (100 ng ml—1).
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FIG 7 Treatment with MG depletes LIP in C. albicans cells. (A) (Left) Measurement of LIP by using calcein in wild-type cells either left untreated or treated with
MG (100 ng ml~1). (Right) Quantitation of fluorescence in wild-type cells either left untreated or treated with MG (100 ng ml~1). (B) (i) Serial dilution assays
showing partial growth reversal upon supplementation with Fe (200 uM) in the presence of MG (200 ng ml~!). (ii) Serial dilution assays showing no growth
reversal upon supplementation with Fe (200 uM) in the presence of FLC (2 ug ml~1!). (iii) Serial dilution assay for the ftr1A and ccc2A iron transporter mutant
strains in the presence of MG (100 ng ml~1). (C) Quantitation of fluorescence in the wild-type strain alone or in the presence of MG (100 ng ml—'), Fe (200 uM),

AA (5 mM), MG plus Fe, or MG plus AA.

ROS generation and MG sensitivity was further demonstrated
when cells were grown in the presence of the antioxidant AA (5
mM) and were tested for MG sensitivity. In the presence of AA, the
cells not only restored ROS levels but also tolerated otherwise
lethal concentrations of MG (MICg, [200 ng ml~!]) (Fig. 6C).

It has been reported that ROS accumulation is associated with
the necrosis of yeast cells (13). We explored the question of
whether ROS accumulation following MG treatment would lead
to apoptosis or necrosis of Candida cells. To determine this, we
examined the externalization of phosphatidylserine (PS), an
apoptotic marker, by using an FITC-labeled annexin V kit (FITC
Annexin V apoptosis detection kit I; BD Biosciences). Cells were
tracked for FITC and propidium iodide (PI) labeling by flow cy-
tometry after MG treatment (at the MICs,, 100 ng ml~1). It is
known that FITC labeling of cells indicates the onset of apoptosis,
while PI labeling predominantly shows the presence of necrotic
cells (13). The flow cytometry analysis revealed that a significant
population of the cells had undergone necrosis following MG
treatment (Fig. 6D).

MG affects iron homeostasis. In the next set of experiments,
we investigated whether the downregulation of iron transporter-
encoding genes, e.g., FTR1, FET3, and CTRI, following MG treat-
ment resulted in a decrease in the LIP of the cells (Fig. 2B and 3).
To quantify the LIP, CAM ester was used (see Materials and Meth-
ods). Once inside the cell, CAM esters are converted, by the action
of cellular esterases, into a fluorescent acid form of calcein, which
readily binds with free iron (Fe) (14). The binding of the fluores-
cent acid form of calcein with iron results in the quenching of its
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fluorescence. Therefore, an increase in fluorescence corresponds
to low levels of intracellular iron (6). Candida cells treated with
MG (at the MIC,,, 100 ng ml~—!) showed a 20.3% increase in CAM
fluorescence over that in untreated cells, which reflected a de-
crease in the intracellular LIP (Fig. 7A).

To confirm the involvement of iron in MG toxicity, we also
analyzed the susceptibility of WT C. albicans cells to a lethal con-
centration of MG (MICg, [200 ng ml~!]) in the presence of ferric
chloride. Interestingly, the presence of ferric chloride (200 mM) in
the medium partially protected the cells from MG toxicity, as ev-
idenced by the partial restoration of growth (Fig. 7B). Notably, in
contrast to the reversal of MG toxicity, the lethality of antifungals,
such as FLC, could not be reversed by iron supplementation (Fig.
7B). Supplementation with other metal salts, such as MnCl, or
MgCl,, failed to influence the susceptibility of cells to MG (see Fig.
S1 in the supplemental material). The role of iron in sensitivity to
MG became more apparent when we tested the effect of MG on
strains with null mutations of either FTR1, which encodes a high-
affinity iron permease, or CCC2, which encodes a copper per-
mease required for iron assimilation. Both the null mutants were
highly susceptible to MG at a concentration that was nonlethal for
the wild-type strain (MICs, [100 ng ml~']) (Fig. 7B).

We investigated whether the accumulation of ROS in MG-
treated cells, which was also accompanied by depletion of the LIP,
could be reversed by iron supplementation. For this purpose, we
measured ROS levels in MG-treated cells supplemented with fer-
ric chloride. In contrast to the reversal of increased ROS levels by
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an antioxidant (Fig. 6B), iron supplementation was not able to
prevent ROS accumulation following MG treatment (Fig. 7C).
MG targets global regulator UPC2 (uptake control 2) and
STP2 (species-specific tRNA processing 2). To explore the regu-
latory aspects of the MG-dependent drug susceptibility of Can-
dida cells, we screened transcription factors (TFs) in a deletion
library consisting of 240 strains obtained either by UAU transpo-
sition (182/240; ~75%) (11), by the URA-blaster method (16), or
by PCR product recombination either from plasmid pFA (20) or
from a UAU disruption cassette (11) (see Materials and Methods).
These TF mutant strains were grown in the presence of MG at 300
ngml~! (MICg,) and were screened for susceptibility. The screen-
ing was performed in three independent batches so as to identify
only reproducibly sensitive strains (Fig. 8A; see also Fig. S2 in the
supplemental material). Our screening results revealed that the
two mutant strains JMR039 and DSY3422-9 (with null mutations
of UPC2, which regulates ergosterol biosynthesis, and of STP2,
involved in the regulation of amino acid transporter genes) were
highly susceptible to MG treatment, with MICgs less than half
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those of their respective parental strains (Fig. 8A). Notably, the
upc2A and stp2A null mutants were also sensitive to some selected
drugs. For example, the upc2A knockout strain was susceptible to
FLC, ITC, and AMB, while the stp2A null mutant was sensitive to
R6G and NYS (Fig. 8B). When C. albicans erg mutants (erg2A and
ergl6A strains) were examined for MG susceptibility, it was ob-
served that the imbalance in ergosterol levels did not affect sus-
ceptibility (Fig. 8C).

DISCUSSION

In this study, we have explored the antifungal potential of MG
against C. albicans. MG is known to display antifungal activity
against selected fungi and has been used extensively in fisheries
(44). A few studies on the toxicity of MG have been carried out
with mice. For example, leucomalachite green, a reduced form of
MG, has been shown to cause increases in liver-to-body weight
ratios and urinary bladder apoptosis, which were not observed
with MG at a concentration of 1,200 ppm (1,200 wg ml~ ') (9). In
another study with male and female Wistar rats, acute effects were
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seen that reduced motor activity and led to hyperemia and atonia
of the intestinal walls (50% lethal dose [LD5], 275 mg kg of body
weight™1) (7). All these studies suggest that MG causes limited
toxicity and that, although it has not been proven to establish liver
cancer in mice, it should be tested for long-term carcinogenic
effects (10). Notably, the concentration of MG used in the present
study is more than a thousand times less (200 ng ml~! [0.2 ppm])
than that used in the toxicity studies described above.

We demonstrate that MG at extremely low concentrations
(MICg, [200 ng ml™!]) is fungicidal to both C. albicans and
non-C. albicans species. Notably, unlike that of commonly used
azoles, which target ergosterol metabolism, the fungicidal activity
of MG affects neither the ERG pathway nor sterol homeostasis (see
Fig. S3 in the supplemental material). Additionally, genes encod-
ing multidrug transporters (CDRI, CDR2, CaMDR1), which are
among the major attributes of azole resistance, do not contribute
to MG sensitivity. Interestingly, our transcriptome data revealed
that one of the MFS transporters (QDRI) is upregulated as much
as 3-fold by MG treatment. However, overexpression of QDRI in
aheterologous background did not result in resistance to MG. The
fact that the level of QDRI does not affect sensitivity to MG be-
came further apparent from the results obtained with the QDRI-
null mutant, whose sensitivity to MG was not enhanced over that
of the WT. As judged by the analysis of QDR2- and QDR3-null
mutants, none of the other homologues of QDR influenced the
susceptibility of C. albicans to MG.

Transcriptional profiling of MG-treated C. albicans cells, and
its validation by RT-PCR, revealed categories of genes that were
differentially regulated. We observed overexpression of several
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genes involved in the glycolytic pathway and fermentation, in-
cluding PGI1, PFK1, PDC11, GPM1, TDH3, PFK2, TPI1, PGK1,
ENOI, ADH]I, and ALDA5. In contrast, some of the mitochondrial
respiratory genes, such as COXI3 (encoding ubiquinol cyto-
chrome creductase) and QCR2 (encoding cytochrome ¢ oxidase),
were repressed (Fig. 2 and 9). The overexpression of glycolytic and
fermentative genes in response to the repression of mitochondrial
respiratory genes following MG treatment is an example of meta-
bolic shift (1, 40). Such a situation is well known in the case of
cancer cells, where an increase in glycolysis due to mitochondrial
injury is reported (50). That Candida cells are capable of display-
ing a metabolic shift has already been documented (1). For exam-
ple, we observed previously that iron deprivation compels Can-
dida cells to adapt to a fermentative metabolism (21). Recently,
upregulation of glycolytic genes was reported as implicated in bio-
film formation in a hypoxic environment; this process was regu-
lated by Tye7p, a transcriptional activator of glycolytic genes help-
ing cells to adapt to hypoxia (3). Our biochemical experiments
reaffirmed the metabolic shift undergone by MG-treated Candida
cells. We could show that Candida cells are highly susceptible to
MG if grown in the presence of a nonfermentable carbon source,
while cells grown under anoxia displayed enhanced tolerance to
the dye.

Mitochondrial respiration leads to the generation of free radi-
cals, which, beyond a threshold, are scavenged to maintain redox
homeostasis. The absence of scavengers could result in the accu-
mulation of ROS (25). As mentioned above, two genes, QCR2 and
COX13, belonging to complexes III and IV, respectively, of the
mitochondrial electron transport chain (ETC), were particularly
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downregulated following MG treatment, indicating the possibility
of dysfunction of the mitochondrial ETC, leading to ROS gener-
ation. Since ROS accumulation is perceived as a stress by an or-
ganism, MG-treated cells, as expected, display induced expression
of redox homeostasis genes, such as SOD1, CAT1, and GPX2. Sup-
plementation with an antioxidant not only reversed the ROS ac-
cumulation generated by MG treatment but could also rescue cells
from MG toxicity. There are also instances suggesting that exces-
sive ROS accumulation leads to necrosis of the cells. For example,
H,O, or acetic acid triggers apoptosis in yeast cells at low doses
and induces a necrotic phenotype when used at higher concentra-
tions (13). The present study shows that treatment of C. albicans
with MG at a lethal concentration (MICg, [200 ng ml~!]) pro-
motes necrosis of cells (Fig. 6D).

Iron is essential for the proper functioning of metabolic pro-
cesses in a cell, and its depletion could be deleterious. The expo-
sure of Candida cells to MG also repressed genes involved in iron
acquisition, such as FTRI and CTRI, resulting in depletion of the
LIP. Notably, exogenous replenishment of the LIP with ferric
chloride partly reversed the susceptibility of Candida cells to MG.
It should be noted that either replenishment of the LIP or reversal
of ROS accumulation by an antioxidant in MG-treated Candida
cells led to reduced susceptibility to the dye; however, these effects
are mediated through independent mechanisms. For example, the
restoration of LIP levels in MG-treated cells does not reverse ROS
accumulation, which can be restored to near-normal levels only in
the presence of an antioxidant (Fig. 7C).

UPC2 is a global regulator that plays a major role in ergosterol
biosynthesis and the maintenance of sterol homeostasis, but our
transcriptome data, supported by lipidome analysis of MG-
treated cells (see Fig. S3 in the supplemental material), confirmed
that the ERG pathway is not affected by the exposure of cells to the
dye. Our finding that the susceptibility of C. albicans to MG re-
mained unaffected in ERG (erg2A and ergl 6A) mutants strength-
ens our argument that the high susceptibility of UPC2-null
(upc2A) mutants to MG is attributable to still unknown targets
(Fig. 8C) (53). In this context, the downregulation of MET6 and
other genes involved in methionine metabolism in UPC2-null
(upc2A) mutants is noteworthy (53). The downregulation of
MET6 in UPC2-null (upc2A) mutants as well as in STP2-null
(stp2A) mutants suggests cross talk between the two regulators,
which hitherto was not known (Fig. 9; see also Fig. $4 in the sup-
plemental material). It is interesting that MG treatment led not
only to the detection of the convergence of the UPC2 and STP2
regulatory pathways but also to the identification of new targets.
While analyzing the transcriptional response to progesterone as
the best inducer of MDR in C. albicans, we could identify new
TACI-regulated targets, which were not detected by fluphenazine,
one of the best inducers of MDR (2). Thus, the fungicidal activity
of MG against C. albicans not only provides an opportunity for its
application as a potential antifungal but can also aid in the iden-
tification of new regulatory circuits regulating MDR.
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