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ABSTRACT Increasing resistance to antifungal therapy is an impediment to the
effective treatment of fungal infections. Candida glabrata is an opportunistic human
fungal pathogen that is inherently less susceptible to cost-effective azole antifungals.
Gain-of-function mutations in the Zn-finger pleiotropic drug resistance transcriptional
activator-encoding gene CgPDR1 are the most prevalent causes of azole resistance in
clinical settings. CgPDR1 is also transcriptionally activated upon azole exposure; how-
ever, factors governing CgPDR1 gene expression are not yet fully understood. Here,
we have uncovered a novel role for two FK506-binding proteins, CgFpr3 and
CgFpr4, in the regulation of the CgPDR1 regulon. We show that CgFpr3 and CgFpr4
possess a peptidyl-prolyl isomerase domain and act redundantly to control CgPDR1
expression, as a Cgfpr3D4D mutant displayed elevated expression of the CgPDR1
gene along with overexpression of its target genes, CgCDR1, CgCDR2, and CgSNQ2,
which code for ATP-binding cassette multidrug transporters. Furthermore, CgFpr3
and CgFpr4 are required for the maintenance of histone H3 and H4 protein levels,
and fluconazole exposure leads to elevated H3 and H4 protein levels. Consistent
with the role of histone proteins in azole resistance, disruption of genes coding for
the histone demethylase CgRph1 and the histone H3K36-specific methyltransferase
CgSet2 leads to increased and decreased susceptibility to fluconazole, respectively,
with the Cgrph1D mutant displaying significantly lower basal expression levels of the
CgPDR1 and CgCDR1 genes. These data underscore a hitherto unknown role of his-
tone methylation in modulating the most common azole antifungal resistance mech-
anism. Altogether, our findings establish a link between CgFpr-mediated histone ho-
meostasis and CgPDR1 gene expression and implicate CgFpr in the virulence of C.
glabrata.

KEYWORDS human fungal pathogens, histone modifications, histone chaperones,
histone H3 lysine 36 methylation, FK506-binding protein, antifungal drug resistance,
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Successful treatment of fungal bloodstream infections (BSIs) is often restricted by
the availability of a limited number of antifungal drugs and emerging resistance to

existing antifungals (1–3). Polyenes, azoles, and echinocandins represent three major
classes of antifungal drugs that are currently being used worldwide to treat fungal BSIs
(4). Azoles block ergosterol biosynthesis by inhibiting the lanosterol 14-alpha-demeth-
ylase enzyme encoded by the ERG11 gene, while echinocandins impede the synthesis
of 1,3-b-D-glucan in the fungal cell wall by targeting the b-glucan synthase catalytic
subunit encoded by the FKS genes (4). The polyene antifungals bind to ergosterol in
the fungal cell membrane and cause disruption of cell membrane integrity and/or
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ergosterol extraction from the cell membrane (4, 5). Resistance to azoles and echino-
candin antifungal drugs is increasingly being reported across the world (1, 2, 6).

Candida species contribute substantially to fungal BSIs, with Candida albicans as the
leading etiological agent (6–8). Candida glabrata is the second to fourth leading cause
of candidemia around the world, whose prevalence has increased over the last 2 deca-
des (6, 9–11). Many factors, including prior fluconazole exposure, older age, and geo-
graphical region, have been associated with the increased prevalence of C. glabrata (6,
9, 11). C. glabrata is intrinsically less susceptible to azole antifungals, and about 10% of
C. glabrata isolates have been reported to be associated with fluconazole resistance in
clinical settings (1, 6).

Azole resistance in clinical isolates of C. glabrata majorly arises from single-amino-
acid substitution gain-of-function mutations in the CgPDR1 gene (12–14), which codes
for a Zn2Cys6 binuclear zinc cluster domain-containing transcription factor (15–17). A
variety of nonsynonymous mutations in CgPDR1 have been reported, which are associ-
ated with both azole resistance and increased virulence (12–14). CgPdr1 activates the
expression of its target genes, including CgCDR1 and CgCDR2, by binding to pleiotropic
drug response elements (PDREs) present in target gene promoters (16–18). CgCDR1
and CgCDR2 encode multidrug efflux pumps belonging to the ATP-binding cassette
(ABC) transporter family (13, 19, 20). CgSNQ2 and EPA1, coding for an ABC transporter
and an epithelial cell adhesin, are also target genes of CgPdr1 (18, 21, 22). Multidrug
transporters mediate the efflux of azole drugs, thereby reducing the intracellular azole
concentration and leading to drug resistance (13).

Echinocandin resistance in clinical isolates of C. glabrata has primarily been due to
mutations in the CgFKS1 and CgFKS2 genes and is rising (1, 6, 23). Furthermore, up to 8%
of azole-resistant isolates were found to display coresistance to echinocandins during the
2006–2016 SENTRY antifungal surveillance program (6). Recently, a new mechanism
imparting multidrug resistance (MDR) in C. glabrata clinical isolates has been ascribed to
mutations in the DNA mismatch repair gene CgMSH2 (24); however, CgMSH2 mutations
were not always found to be associated with antifungal multidrug resistance (25–27).

Chromatin-dependent processes are increasingly being investigated for their role in
fungal pathogenesis and antifungal drug resistance (28, 29). Acetylation and deacetylation
of lysines in proteins, including histones, have been shown to be important for antifungal
resistance (28, 30). Consistently, CgHst1 deacetylase in C. glabrata has been shown to nega-
tively regulate CgPDR1 expression, with CgHST1 gene loss rendering cells azole resistant
(31). Furthermore, HDAC (histone deacetylase) inhibitors have been reported to exhibit
synergistic effects with azoles in the treatment of fungal infections (32).

In the current study, we have uncovered a novel role for two FK506-binding pro-
teins (FKBPs), CgFpr3 and CgFpr4, which possess a peptidyl-prolyl cis-trans isomerase
(PPIase) domain, in the regulation of histone H3 and H4 protein levels and azole anti-
fungal resistance. Furthermore, while the Cgfpr3D4D mutant displayed increased basal
expression of the CgPDR1 and CgCDR1 genes and consequent resistance to flucona-
zole, the loss of the histone demethylase CgRph1 resulted in increased susceptibility to
fluconazole and diminished basal expression of the CgPDR1 and CgCDR1 genes. We
also demonstrate for the first time that CgSet2 is a histone H3 lysine 36-specific meth-
yltransferase, which negatively regulates azole resistance. Altogether, our findings
unravel a whole new epigenetic layer of regulation of CgPDR1 and CgCDR1 gene
expression that may be governed by the levels and posttranslational modifications
(PTMs) of histones H3 and H4 in fungal cells.

RESULTS
CgFpr3 and CgFpr4 proteins contain a peptidyl-prolyl cis-trans isomerase

domain at their C termini. We have previously shown that the ability to remodel its
chromatin contributes to the intracellular proliferation of C. glabrata, and mutants dis-
rupted for genes involved in chromatin organization displayed decreased survival in
human THP-1 macrophages (33). Of 7 chromatin organization-defective mutants iden-
tified in a screen for diminished survival/replication in macrophages, one carried a Tn7
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insertion in the CgFPR4 (CAGL0M00638g) gene. The CgFPR4 gene is uncharacterized in
C. glabrata; however, its ortholog in Saccharomyces cerevisiae codes for a nuclear
FK506-binding protein, which possesses peptidyl-prolyl cis-trans isomerase (PPIase) ac-
tivity (34, 35). Fpr4 in S. cerevisiae modulates lysine methylation of histones H3 and H4
by catalyzing the isomerization of proline residues in H3 and H4, acts as an acidic his-
tone chaperone, and is implicated in histone homeostasis (36, 37). Since a reduced his-
tone H4 gene dosage has recently been linked with elevated resistance to DNA dam-
age (38), we sought to examine the role of the CgFPR4 gene in stress resistance and
virulence in C. glabrata. In silico analysis identified the FKBP_C peptidyl-prolyl cis-trans
isomerase and the nucleoplasmin-like domain (characteristic structural domain of the
nucleoplasmin core domain superfamily proteins that bind to core histones and are
pivotal to the assembly of nucleosomal arrays [39]) in the CgFpr4 protein (see Fig. S1A
in the supplemental material). Since Fpr3 and Fpr4 constitute a paralog pair in S. cerevi-
siae and regulate the proteolysis of the centromeric histone H3 variant Cse4 (40), we
next identified the ortholog of S. cerevisiae FPR3 in C. glabrata and found it to be the
CAGL0L11484g open reading frame (ORF). The CgFPR3 and CgFPR4 gene loci are syn-
tenic to the corresponding S. cerevisiae loci (Fig. S1B), and the CgFpr3 and CgFpr4 pro-
teins showed 84% and 80% similarities to S. cerevisiae Fpr3 and Fpr4, respectively (Fig.
S1C). Furthermore, similar to CgFpr4, CgFpr3 also contained the nucleoplasmin-like do-
main and the prolyl cis-trans isomerase domain at the N and C termini, respectively,
with both proteins carrying a nuclear localization sequence in the midregion (Fig. S1A).
This in silico analysis suggested that similar to their S. cerevisiae counterparts (36, 40,
41), CgFpr3 and CgFpr4 may have proline isomerase activity and may act as histone
chaperones in C. glabrata.

CgFpr3 and CgFpr4 are required for maintenance of histone H3 and H4 protein
levels. To study the role of CgFpr3 and CgFpr4 in histone homeostasis in C. glabrata,
we created single-deletion strains lacking either the CgFPR3 or CgFPR4 gene as well as
a double-deletion strain lacking both the CgFPR3 and CgFPR4 genes. Phenotypic char-
acterization of the generated mutants revealed that CgFPR3 and CgFPR4 gene loss had
no effect on the growth of C. glabrata under thermal (42°C), DNA damage (methyl
methanesulfonate [alkylates DNA]), oxidative (hydrogen peroxide and menadione [pro-
duce reactive oxygen species]), cell wall (Congo red [inhibits the formation of two key
components of the fungal cell wall, chitin and b-glucan]), and cell membrane (sodium
dodecyl sulfate [SDS] [perturbs the plasma membrane]) stress conditions (Fig. 1A).
Notably, the Cgfpr3D4D mutant exhibited a mild growth defect in rich yeast extract-
peptone-dextrose (YPD) medium, with a doubling time of 79min, compared to 67min
for the wild-type (wt) strain (Fig. 1B).

Next, we checked the levels of histones H3 and H4 in Cgfpr3D, Cgfpr4D, and
Cgfpr3D4D mutants and found 2-fold-higher H3 and H4 levels in the Cgfpr3D4D mu-
tant (Fig. 1C). Contrarily, H3 and H4 levels in single mutants were similar to those in
the wt strain (Fig. 1C). These data suggest that CgFpr3 and CgFpr4 act redundantly to
maintain the levels of two core histones, H3 and H4, in C. glabrata. Furthermore, to
examine if CgFpr3 and CgFpr4 modulate the transcription of H3 and H4 genes, we per-
formed quantitative real-time reverse transcriptase PCR (qPCR) to determine histone
H3 (CgHHT) and H4 (CgHHF) transcript levels in log-phase cells. We found that the
expression levels of both genes were similar in the Cgfpr3D4D and wt strains (Fig. 1D).
These data suggest that CgFpr3 and CgFpr4 regulate histone H3 and H4 expression
posttranscriptionally.

CgFPR3 and CgFPR4 genes are required for survival of C. glabrata in mice.
Reduced histone H4 levels have recently been associated with increased biofilm forma-
tion and diminished survival of C. glabrata in kidneys of mice (38). Since the Cgfpr3D4D
mutant contained higher levels of histones H3 and H4 (Fig. 1C), we decided to deter-
mine the role of CgFpr3 and CgFpr4 in pathogenesis. For this, we studied two viru-
lence-associated traits, viz., biofilm formation and survival, in the murine model of dis-
seminated candidiasis. For the biofilm formation assay, we grew wt and Cgfpr3D,
Cgfpr4D, and Cgfpr3D4D mutant cells in RPMI 1640 medium under static conditions
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and measured their ability to form biofilms on polystyrene-coated plates by a crystal

violet stain-based assay. We found that all four strains, wt, Cgfpr3D, Cgfpr4D, and

Cgfpr3D4D, produced similar amounts of biofilm (Fig. 2A), thereby suggesting that

CgFpr3 and CgFpr4 are not required for biofilm formation in C. glabrata.
For in vivo virulence analysis, we infected BALB/c mice with the wt, Cgfpr3D,

Cgfpr4D, and Cgfpr3D4D strains through tail vein injections and determined fungal

FIG 1 The Cgfpr3D4D mutant contains elevated levels of histone H3 and H4 proteins. (A) Serial dilution spot analysis to assess the growth of the Cgfpr3D,
Cgfpr4D, and Cgfpr3D4D mutants in the presence of different stressors. The indicated C. glabrata strains were grown overnight in YPD medium, and
cultures were normalized to an OD600 of 1.0. Cultures were 10-fold serially diluted in PBS, and 3ml of each dilution was spotted onto YPD medium lacking
or containing the indicated compounds. Methyl methanesulfonate (MMS), hydrogen peroxide (H2O2), menadione (MD), Congo red (CR), and sodium
dodecyl sulfate (SDS) were used at concentrations of 0.03%, 25mM, 100mM, 2mg/ml, and 0.05%, respectively. All plates were incubated at 30°C unless
indicated otherwise. Images were captured after 1 to 2 days of incubation. (B) Time course analysis of the wt, Cgfpr3D, Cgfpr4D, and Cgfpr3D4D strains.
Cultures grown overnight in YPD medium were reinoculated into fresh YPD medium at an initial OD600 of 0.1 and incubated at 30°C. The absorbance of
each culture was recorded at regular intervals until 36 h and plotted against time. Data represent means 6 standard errors of the means (SEM) from 5
biological replicates. The growth period between 2 and 8 h, corresponding to the log phase of growth, was used to calculate the doubling time. Data
represent means 6 SEM from 5 biological replicates. Unpaired two-tailed Student’s t test was used to determine the statistical significance of doubling
time differences between the wt and the Cgfpr3D4D mutant. ****, P# 0.0001. (C) Representative immunoblots showing histone H3 and H4 levels in the
indicated C. glabrata strains. Whole-cell extracts of log-phase cultures grown in YPD medium were prepared by the glass bead lysis method. Fifty
micrograms of protein was resolved on a 15% SDS-PAGE gel and probed with anti-H3, anti-H4, and anti-GAPDH antibodies. CgGapdh was used as a
loading control. For quantification, ImageJ densitometry software was used to measure the intensity of individual bands in 4 independent Western blots.
The histone H3 and H4 signals were normalized to the corresponding CgGapdh signal. Data (means 6 SEM; n= 4) represent percent changes in histone H3
and H4 levels in the CgfprD mutants compared to the wt strain (considered 100%) and are plotted as a bar graph on the right side of the blot images. *,
P# 0.05; **, P# 0.01 (by paired two-tailed Student’s t test). (D) qPCR-based measurement of CgHHT (histone H3) and CgHHF (histone H4) transcript levels.
Using the acid phenol method, total RNA was extracted from log-phase-grown wt and Cgfpr3D4D strains. Five hundred nanograms of the total RNA was
used to set up real-time quantitative reverse transcriptase PCR. Transcript levels were quantified using the 22DDCT method. Data (means 6 SEM; n= 3) were
normalized against the CgTDH3 mRNA (which codes for GAPDH) control and represent fold changes in CgHHT and CgHHF expression in the Cgfpr3D4D
mutant compared to the wt strain.
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survival in four target organs, kidneys, liver, spleen, and brain, by a CFU-based assay.
We found similar organ fungal burdens in mice infected with the wt and Cgfpr4D

strains (Fig. 2B). In contrast, the Cgfpr3D and Cgfpr3D4D mutants exhibited about 5-
fold fewer CFU in the kidneys of infected mice than in those of wt-infected mice (Fig.
2B). Importantly, the ectopic expression of either CgFpr3 or CgFpr4 could rescue the
survival defect of the Cgfpr3D4D mutant (Fig. 2B), indicating functional redundancy

FIG 2 CgFPR3 and CgFPR4 are required for virulence. (A) Biofilm formation assay. The wt, Cgfpr3D,
Cgfpr4D, and Cgfpr3D4D strains were grown in RPMI 1640 medium containing 10% FBS in a 24-well
polystyrene plate. After 48 h of incubation, the biofilm formed by yeast cells on polystyrene was
stained with 0.4% crystal violet for 45min, followed by three PBS washes. After destaining with 95%
ethanol, the biofilm mass was measured by monitoring the absorbance at 595 nm. Data (means 6
SEM; n= 3 to 4) represent biofilm ratios, which were calculated by dividing the absorbance units of
mutants by those of the wt strain (considered 1.0). (B) Mouse infection assay. BALB/c mice were
infected with the indicated C. glabrata strains intravenously and sacrificed 7 days after infection. Four
organs, kidneys, liver, spleen, and brain, were harvested and homogenized in PBS. The homogenates
were appropriately diluted and plated onto YPD medium containing penicillin and streptomycin. The
CFU recovered from each organ of the individual mice are plotted. The individual mouse organ CFU
are represented by diamonds, while bars mark the CFU geometric means (n= 8 to 9) for each organ.
*, P, 0.05 (by a Mann-Whitney U test).
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between CgFpr3 and CgFpr4 in vivo and implicating CgFpr3 and CgFpr4 in the viru-
lence of C. glabrata in an organ-dependent manner. In light of these data and the pre-
viously reported link between reduced histone H4 gene dosage and diminished viru-
lence (38), it is unlikely that the histone H4 levels per se contribute to the fitness of C.
glabrata in vivo.

CgFPR3 and CgFPR4 gene loss led to elevated basal expression of multidrug
transporter genes and azole resistance. As mechanisms governing chromatin architec-
ture and histone lysine acetylation have recently been implicated in resistance to antifun-
gals (28, 29), we next investigated the role of CgFpr3 and CgFpr4 in antifungal drug resist-
ance. For this, we checked the sensitivities of the Cgfpr3D, Cgfpr4D, and Cgfpr3D4D
mutants to three classes of antifungal drugs, viz., azoles, echinocandins, and polyenes. We
found that compared to wt cells, the Cgfpr3D and Cgfpr4D mutants grew slightly better in
the presence of the azole antifungal fluconazole (Fig. 3A), while their growth in medium
containing the drug amphotericin B (polyene) or caspofungin (echinocandin) was similar
to that of the wt strain (Fig. 3B). Intriguingly, the Cgfpr3D4D double mutant exhibited a
high level of azole resistance, with the mutant exhibiting robust growth in medium con-
taining 64mg/ml fluconazole (Fig. 3A). Notably, the MIC80s of fluconazole were found to be
16, 16, 16, and 64mg/ml for the wt, Cgfpr3D, Cgfpr4D, and Cgfpr3D4D strains, respectively
(Table S1), indicating that the deletion of the CgFPR3 or CgFPR4 gene individually had no
effect on the fluconazole susceptibility of C. glabrata.

Importantly, the ectopic expression of the CgFPR3 or CgFPR4 gene reverted the

FIG 3 The Cgfpr3D4D mutant is resistant to fluconazole. (A) Serial dilution spotting analysis indicating the fluconazole susceptibility of the indicated C.
glabrata strains. The domain compositions of full-length and C-terminally truncated CgFpr3 and CgFpr4 proteins are shown schematically on the right side
of the spotting image. NLS, nuclear localization signal. (B) Liquid medium-based growth analysis of the indicated C. glabrata strains to assess sensitivity to
amphotericin B and caspofungin. wt and CgfprD mutant strains were grown in Casamino acids medium lacking (CAA) or containing amphotericin B (AmpB)
(500 ng/ml) and caspofungin (CSP) (125 ng/ml) at 30°C. After 24 h of incubation, cultures were diluted in PBS, and 3ml of 100-, 250-, and 500-fold-diluted
cultures was spotted onto YPD medium. Images were captured after 1 day of growth at 30°C. (C) qPCR-based quantification of CgCDR1, CgCDR2, CgPDR1,
and CgSNQ2 transcript levels. Log-phase wt and Cgfpr3D4D cells were either treated with 16mg/ml fluconazole for 4 h or left untreated. RNA was
extracted, and qPCR was set up using 500 ng of total RNA. Transcript levels were quantified using the 22DDCT method. Data (means 6 SEM; n= 3 to 5) were
normalized against the CgTDH3 mRNA as a control and represent fold changes in the expression of the CgCDR1, CgCDR2, CgPDR1, and CgSNQ2 genes in
untreated Cgfpr3D4D and fluconazole (FLC)-treated wt and Cgfpr3D4D cells, compared to the untreated wt cells (taken as 1.0). *, P# 0.0332; **, P# 0.0021;
****, P# 0.0001 (by multiple t tests).
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fluconazole resistance phenotype of the Cgfpr3D4D mutant slightly or substantially,
respectively (Fig. 3A). The inability of the CgFpr3 and CgFpr4 proteins to fully comple-
ment the fluconazole resistance of the Cgfpr3D4D mutant could be due to their inad-
equate expression, functional alterations owing to the C-terminal fusion with green flu-
orescent protein (GFP), or both proteins being required for each other’s full activity.
Next, to determine the importance of the PPIase domain of CgFpr3 and CgFpr4 in az-
ole resistance, we generated C-terminally truncated CgFpr3 and CgFpr4 proteins that
lacked the PPIase domain and first checked their expression, followed by their ability
to complement the azole resistance phenotype of the Cgfpr3D4D mutant. Western
analysis revealed that both the CgFpr3-Ctrunc and CgFpr4-Ctrunc proteins are expressed
in the Cgfpr3D4D mutant (Fig. S2). However, a reversal of azole resistance in the
Cgfpr3D4D mutant was not observed upon the expression of CgFpr3 and CgFpr4 pro-
teins that lacked the C-terminal PPIase domain (Fig. 3A), thereby suggesting that the
peptidyl-prolyl cis-trans isomerase activity of CgFpr3 and CgFpr4, catalyzing the isom-
erization between the cis and trans forms of peptide bonds, is pivotal to suppress azole
resistance in the Cgfpr3D4D mutant. Collectively, these data suggest that CgFpr3 and
CgFpr4 negatively regulate the response of C. glabrata to azole antifungals and are
largely functionally redundant.

Furthermore, FK506 and fluconazole have previously been shown to act synergisti-
cally in C. glabrata (42). Therefore, we next checked the growth of the wt and the
Cgfpr3Dfpr4D mutant in the presence of FK506 and fluconazole. Consistent with the
previous report (42), we found a synergistic antifungal effect of fluconazole and FK506
on the growth of wt cells, while the growth of the Cgfpr3Dfpr4D mutant was only
mildly retarded (Fig. S3). These results suggest that either the azole resistance in the
Cgfpr3Dfpr4D mutant is refractory to the combinatorial inhibitory effect of fluconazole
and FK506 or the CgFpr3 and CgFpr4 proteins are required for the synergistic effect of
fluconazole and FK506.

Azole exposure in C. glabrata leads to the overexpression of the Zn2Cys6-type zinc
finger motif-containing transcriptional regulator CgPdr1, which in turn activates the
expression of the ATP-binding cassette multidrug transporter-encoding genes CgCDR1,
CgCDR2, and CgSNQ2 (13). As expected, C. glabrata wt cells responded to fluconazole
exposure by elevating the expression of the CgPDR1, CgCDR1, CgCDR2, and CgSNQ2
genes by 4- to 12-fold (Fig. 3C). Intriguingly, the Cgfpr3D4D mutant exhibited 4.5-fold-
higher basal expression levels of the CgPDR1 gene (Fig. 3C). Consistent with this, basal
transcript levels of the CgCDR1, CgCDR2, and CgSNQ2 genes, which are target genes of
CgPdr1, were 5- to 27-fold higher in the Cgfpr3D4D mutant (Fig. 3C). Notably, flucona-
zole exposure led to no significant increase in CgPDR1, CgCDR1, CgCDR2, and CgSNQ2
gene expression in the Cgfpr3D4D mutant (Fig. 3C), underscoring the lack of flucona-
zole-induced MDR gene activation in the mutant cells. Altogether, the much higher
constitutive levels of the CgPDR1, CgCDR1, CgCDR2, and CgSNQ2 genes in the
Cgfpr3D4D mutant suggest that the CgFPR3 and CgFPR4 genes negatively regulate
CgPdr1-dependent MDR gene expression under regular growth conditions.

Fluconazole exposure led to an increase in histone H3 and H4 protein levels.
The Cgfpr3D4Dmutant contained elevated histone H3 and H4 protein levels and exhib-
ited higher MDR gene expression levels. Therefore, to further delineate the basis
underlying the azole resistance phenotype of the Cgfpr3D4D mutant, we checked
whether fluconazole exposure modulates histone protein levels in C. glabrata. Western
analysis revealed that histone H3 and H4 levels were 50 to 60% higher in fluconazole-
treated wt cells than in untreated wt cells (Fig. 4A). Contrarily, the Cgfpr3D4D mutant
did not respond to fluconazole exposure by elevating H3 and H4 levels (Fig. 4A). Of
note, histone H4 protein levels are known to be very tightly regulated in C. glabrata
(38). Importantly, fluconazole treatment had no effect on the transcript levels of the
histone H3 and H4 genes in wt cells (Fig. 4B), thereby ruling out fluconazole-responsive
transcriptional regulation of H3 and H4 genes. Altogether, these data suggest that C.
glabrata responds to fluconazole exposure by stabilizing histone H3 and H4 proteins,
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and the inability of the Cgfpr3D4Dmutant to augment H3 and H4 upon fluconazole ex-
posure could be due to already elevated H3 and H4 levels in the mutant. In this con-
text, it is noteworthy that cells employ finely tuned regulatory mechanisms to ensure
that histone H3 and H4 protein levels are tightly regulated (43).

The mutant lacking the histone demethylase CgRph1 displays diminished
expression of MDR genes. Since histone protein stability and functions are modulated
by posttranslational modifications (PTMs) (44), we reasoned that CgFpr3 and CgFpr4
may contribute to the maintenance of H3 and H4 levels by regulating their PTMs and
that there could be a link between histone PTMs and the azole resistance phenotype
of the Cgfpr3D4D mutant. In this context, it is noteworthy that disruption of the CgSET2
(which encodes a putative histone methyltransferase) and CgRPH1 (which encodes a
putative histone demethylase) genes has recently been reported to result in azole re-
sistance and sensitivity, respectively (45, 46). Importantly, Set2 and Rph1 in S. cerevisiae
are involved in the methylation and demethylation of histone H3 at lysine residue 36,
respectively (47, 48). Furthermore, Fpr4-mediated isomerization of proline residue 38
of histone H3 has been reported to be inhibitory for Set2-mediated methylation of H3
at lysine residue 36 (36). Therefore, to examine the role of histone H3 methylation in
azole resistance in C. glabrata, we analyzed CgRph1 and CgSet2 protein sequences for
the presence of different domains and found that CgRph1 (CAGL0L11880p), a 980-
amino-acid (aa) protein, possesses the JmjC domain, involved in histone demethylation
reactions, at its N terminus (Fig. S4A). Furthermore, similar to its S. cerevisiae ortholog,

FIG 4 Histone H3 and H4 protein levels are elevated upon fluconazole treatment. (A) Representative immunoblots showing
histone H3 and H4 protein levels in fluconazole-treated wt and Cgfpr3D4D cells. Log-phase wt and Cgfpr3D4D cells were either
treated with 16mg/ml fluconazole for 4 h or left untreated. Whole-cell lysates were prepared by glass bead lysis, and 50mg
protein was resolved on 15% SDS-PAGE gels and probed with anti-H3, anti-H4, and anti-GAPDH antibodies. CgGapdh was
used as a loading control. The intensity of individual bands from 4 to 5 independent Western blots was quantified using
ImageJ densitometry software. H3 and H4 intensity signals were normalized to the corresponding CgGapdh signal. Data
(means 6 SEM; n= 4 to 5) represent the percent changes in histone levels in untreated Cgfpr3D4D and fluconazole (FLC)-
treated wt and Cgfpr3D4D cells, compared to the untreated wt cells (considered 100%), and are plotted as a bar graph on the
right side of the blot image. *, P# 0.05; **, P# 0.01 (by paired two-tailed Student’s t test). (B) qPCR-based analysis of CgHHT
and CgHHF gene expression in wt cells upon fluconazole exposure. Log-phase wt cells were either left untreated or treated
with 16mg/ml fluconazole for 4 h. Total RNA (500 ng) was used to set up qPCR, and transcript levels were quantified using the
22DDCT method. Data (means 6 SEM; n= 3) were normalized against the CgTDH3 mRNA control and represent fold changes in
CgHHT and CgHHF expression in fluconazole-treated wt cells compared to untreated wt cells (taken as 1.0).
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the CgSet2 protein contained the SET domain, involved in the methylation of lysine
residues, at its N terminus (Fig. S4B).

Next, we generated deletion strains for the CgSET2 and CgRPH1 genes, and pheno-
typic analysis revealed that the Cgrph1D and Cgset2D mutants were moderately sensi-
tive and resistant, respectively, to fluconazole (Fig. 5A), in accordance with previous
reports (45, 46). The MIC80s of fluconazole were found to be 8 and 32mg/ml for the
Cgrph1D and Cgset2D mutants, respectively (Table S2). We also checked the growth of
the Cgrph1D and Cgset2D mutants under thermal stress (42°C), DNA damage (methyl
methanesulfonate), oxidative stress (hydrogen peroxide and menadione), cell wall
stress (Congo red), and cell membrane stress (sodium dodecyl sulfate) conditions and
found that the Cgset2D mutant exhibited elevated susceptibility to SDS stress (Fig. S5).
Since Fpr4 restrains the trimethylation of H3K36 in S. cerevisiae (36), we next examined
the status of the H3K36me3 modification in the Cgset2D mutant. Western analysis
showed that H3K36me3 was largely absent in the Cgset2D mutant (Fig. 5B), similar to
its S. cerevisiae counterpart (47), thereby implicating CgSet2 in trimethylation at the
H3K36 residue in C. glabrata. Of note, appreciable differences in H3K36me3 levels were
not observed between the wt and Cgrph1D strains (Fig. 5B), thereby precluding a role
for CgRph1 in controlling global levels of H3K36me3 modification.

Furthermore, to delineate the molecular basis underlying the differential azole sus-
ceptibilities of the Cgrph1D and Cgset2D mutants, we next quantified the CgPDR1,
CgCDR1, and CgCDR2 transcript levels in the mutants. Quantitative real-time reverse
transcriptase PCR revealed an ;2.6- to 3.7-fold downregulation of the CgPDR1,
CgCDR1, and CgCDR2 genes in the Cgrph1D mutant (Fig. 5C), which may account for
the increased fluconazole susceptibility of the Cgrph1D mutant. However, despite the
fluconazole resistance phenotype of the Cgset2D mutant, differences in CgPDR1,
CgCDR1, and CgCDR2 transcript levels between the wt and Cgset2D strains were not
statistically significant (Fig. 5C), suggesting that the global trimethylation at histone H3
lysine residue 36 does not regulate MDR gene expression appreciably in C. glabrata.
Thus, the molecular basis underlying azole resistance in the Cgset2D mutant is yet to
be elucidated.

The CgPdr1 transcriptional activator is also implicated in the expression regulation
of virulence-related genes (12, 18, 22). Since the Cgrph1D mutant had lower CgPDR1
gene expression levels, we next examined the virulence potential of the Cgrph1D and
Cgset2D mutants in the murine model of systemic candidiasis. We found 16- and 3-
fold-lower fungal CFU in kidneys and liver, respectively, of Cgset2D mutant-infected
mice than in wt-infected mice (Fig. 5D). In contrast, mice infected with the Cgrph1D
mutant had 140- and 90-fold-lower fungal burdens in liver and spleen, respectively
(Fig. 5D). Notably, no significant differences in C. glabrata CFU were observed in the
brains of mice infected with the wt, Cgrph1D, or Cgset2D strain (Fig. 5D). Altogether,
these data implicate for the first time the histone demethylase CgRph1 and the histone
H3K36 methyltransferase CgSet2 in the survival of C. glabrata in mice.

CgCDR1 deletion led to reversal of fluconazole resistance in the Cgfpr3D4D
mutant. Next, to corroborate that global H3K36 trimethylation levels do not modulate
CgPDR1-dependent fluconazole resistance, we checked the status of H3K36me3 modi-
fication in the wt and azole-resistant Cgfpr3D4D mutant strains. Notably, the mutant
also had elevated basal expression of the CgPDR1 and CgCDR1 genes (Fig. 3C). Western
analysis revealed similar basal levels of H3K36me3 in wt and Cgfpr3D4D cells (Fig. 6A).
Importantly, fluconazole treatment led to no significant change in H3K36me3 levels in
either strain (Fig. 6A). Collectively, these data suggest that the cellular response to flu-
conazole does not involve changes in the global trimethylation of histone H3 at lysine
residue 36 in C. glabrata.

Finally, to demonstrate that the higher basal levels of expression of the CgPDR1 and
CgCDR1 genes contribute to azole resistance in the Cgfpr3D4D mutant, we generated two
triple-deletion strains by deleting either the CgPDR1 or CgCDR1 gene in the Cgfpr3D4Dmu-
tant that lacked the genes encoding two FK506-binding histone chaperone proteins,
CgFpr3 and CgFpr4, and checked their sensitivity to fluconazole. As a control, we used
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Cgpdr1D and Cgcdr1D mutants, which are supersensitive to fluconazole (Fig. 6B). The
Cgfpr3D4D mutant showed robust growth in the presence of 64mg/ml fluconazole, which
was lost upon disruption of the CgPDR1 or CgCDR1 gene (Fig. 6B). Interestingly, while the
Cgfpr3D4Dpdr1D triple mutant was unable to grow well even on 4mg/ml fluconazole, the
Cgfpr3D4Dcdr1D mutant exhibited some growth on medium containing 16mg/ml flucona-
zole (Fig. 6B), thereby underscoring the contribution of other multidrug efflux pumps to
CgPdr1-mediated azole resistance in the Cgfpr3D4D mutant. Importantly, the ectopic

FIG 5 CgSet2 is a histone H3 lysine 36 methyltransferase. (A) Serial dilution spot analysis illustrating the fluconazole susceptibility of the
Cgrph1D and Cgset2D mutants. Visible artifacts appear within the panels upon overexposure. (B) Representative immunoblots showing
H3K36me3 modification levels in the indicated C. glabrata strains. Whole-cell lysates of YPD-grown log-phase cultures were prepared, and
50mg protein was resolved on a 15% SDS-PAGE gel and probed with anti-H3K36me3, anti-H3, and anti-GAPDH antibodies. GAPDH serves as a
loading control. For quantification, the intensity of individual bands from 3 to 4 independent Western blots was measured using ImageJ
densitometry software. The histone H3K36me3 signal was normalized to the corresponding total histone H3 signal for each strain. Data
(means 6 SEM; n= 3 to 4) represent the percent changes in histone H3K36me3 levels in mutants compared to the wt strain (considered
100%) and are presented as a bar graph on the right side of the blot image. ****, P# 0.0001 (by paired two-tailed Student’s t test). (C) qPCR-
based analysis of CgPDR1, CgCDR1, and CgCDR2 transcript levels in the wt, Cgset2D, and Cgrph1D strains. Data (means 6 SEM; n= 3 to 4) were
normalized against the CgTDH3 mRNA as a control and represent fold changes in the expression of the CgPDR1, CgCDR1, and CgCDR2 genes
in the Cgset2D and Cgrph1D mutants, compared to the wt strain (considered 1.0). *, P# 0.05; **, P# 0.01 (by paired two-tailed Student’s t
test). (D) Organ fungal burden in BALB/c mice infected intravenously with wt, Cgset2D, or Cgrph1D C. glabrata cells. After 7 days of infection,
the fungal burden in the indicated mouse organs was determined by organ collection and homogenization, followed by homogenate plating
onto YPD medium containing penicillin and streptomycin. Diamonds and bars represent CFU recovered from organs of the individual mice
and the CFU geometric mean (n= 6 to 8) for each organ, respectively. **, P# 0.01; ***, P, 0.001 (by a Mann-Whitney U test).
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expression of CgPDR1 and CgCDR1 in the Cgfpr3D4Dpdr1D and Cgfpr3D4Dcdr1D triple
mutants, respectively, restored the fluconazole resistance phenotype of the parental
Cgfpr3D4D strain (Fig. 6B), indicating that CgPdr1 and CgCdr1 overexpression accounts for
the azole resistance phenotype of the Cgfpr3D4Dmutant. Altogether, these data unequivo-
cally link the CgFpr3 and CgFpr4 proteins with the regulation of CgPDR1 and CgCDR1 gene
expression in C. glabrata.

In conclusion, we have demonstrated a pivotal role for the first time for FK506-binding
histone chaperones in azole resistance via regulation of CgPdr1-dependent MDR gene
expression (schematically illustrated in Fig. 7) in C. glabrata. Additionally, our data point to-
ward epigenetic control of azole antifungal resistance in clinical settings, with the overex-
pression of multidrug transporters being the most prevalent resistance mechanism.

DISCUSSION

Invasive fungal infections are globally emerging as a significant challenge in hospi-
tals worldwide (49). Treatment of C. glabrata infections is particularly difficult due to its
intrinsic and acquired antifungal resistance (29, 49). As azole drugs still represent cost-
effective, less toxic options for antifungal therapy, there is a compelling need to better
understand azole resistance mechanisms and design resistance management strat-
egies. The most clinically prevalent mechanism of azole resistance in C. glabrata
involves the transcriptional activation of multidrug transporters through gain-of-func-
tion mutations in the master regulator-encoding gene CgPDR1 (12–14). Perturbation of
chromatin modifications, including histone acetylation, has been proposed as a prom-
ising antifungal therapeutic strategy (28, 29), and HDAC inhibitors are known to act
synergistically with azole antifungals (28, 29, 50). Despite this, the precise role of

FIG 6 CgPDR1 or CgCDR1 disruption reverses azole resistance in the Cgfpr3D4D mutant. (A) Representative immunoblots showing
H3K36me3 modification levels in the indicated C. glabrata strains. Log-phase cultures of wt and Cgfpr3D4D cells were either
treated with 16mg/ml fluconazole for 4 h or left untreated. Whole-cell lysates (50mg protein) were resolved on 15% SDS-PAGE
gels and probed with anti-H3K36me3, anti-H3, and anti-GAPDH antibodies. GAPDH serves as a loading control. The intensity
signal in each lane was enumerated using ImageJ densitometry software, and the H3K36me3 methylation signal was normalized
to the total H3 signal. Data (means 6 SEM; n= 3 to 4) are plotted as a bar graph on the right side of the blot image and
represent the percent changes in H3K36me3 levels in untreated Cgfpr3D4D and fluconazole-treated wt and Cgfpr3D4D cells,
compared to untreated wt samples (considered 100%). (B) Serial dilution spot analysis to assess the fluconazole susceptibility of
the indicated C. glabrata strains.
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histones and histone modification proteins in antifungal resistance in C. glabrata
remains to be explored (29). Toward this, here, we have elucidated the functions of
two putative FK506-binding histone chaperones, CgFpr3 and CgFpr4, in the activation
of CgPDR1 and its target genes CgCDR1, CgCDR2, and CgSNQ2. We show that CgFpr3
and CgFpr4 negatively regulate the expression of the CgPDR1 regulon and H3 and H4
protein levels. Overall, our work sheds light on the epigenetic networks that modulate
the expression of the CgPDR1 gene, underscoring the multifaceted regulation of ABC
transporter gene expression.

CgPdr1, the Cys6Zn2 DNA-binding motif-containing transcriptional regulator of plei-
otropic drug resistance genes, is a major contributor to azole resistance via the control
of both basal and azole-stimulated gene expression (16, 17). CgPdr1 is also known to
regulate MDR gene expression by binding directly to azole drugs (51), and CgPdr1 loss
results in azole susceptibility (16, 17). CgPdr1 is an autoactivator and regulates the
expression of a spectrum of virulence genes, besides MDR genes (18, 22), which high-
lights its multifunctional roles. Consistent with this, CgPdr1 activity regulation is com-
plex and multifaceted, with diminished CgERG11 levels and mitochondrial genome loss
leading to increased CgPDR1 expression. Contrarily, the transcription factor CgStb5,
the Hsp40 cochaperone CgJjj1, and the deubiquitinase subunit Bre5 act as negative
regulators of CgPdr1 levels and/or functions (46, 52, 53). Additionally, the association
of CgPdr1 with the CgGal11A subunit of the RNA polymerase II mediator complex also
modulates its expression and activity (51, 54). Importantly, the NAD1-dependent his-
tone deacetylase CgHst1 has been shown to be a repressor of CgPDR1 and CgCDR1
gene expression in C. glabrata (31). Our current findings add another regulatory layer

FIG 7 Schematic summarizing the key findings of the study. Under regular growth conditions, the FK506-
binding proteins CgFpr3 and CgFpr4 maintain histone H3 and H4 levels and negatively regulate the CgPDR1
regulon, viz., the expression of the CgPDR1, CgCDR1, CgCDR2, and CgSNQ2 genes. Contrarily, CgRph1, a putative
histone demethylase, positively regulates the CgPDR1 regulon. Of note, the underlying mechanism(s) is yet to
be elucidated. Furthermore, in response to fluconazole exposure or upon the simultaneous deletion of the
CgFPR3 and CgFPR4 genes, histone H3 and H4 protein levels are elevated, probably leading to differential
acetylation and/or methylation of H3 and H4 (represented by blue nucleosomes), and the CgPDR1 regulon is
activated, resulting in the increased expression of the CgPDR1, CgCDR1, CgCDR2, and CgSNQ2 genes. This
activation of MDR genes is pivotal to the survival of fluconazole stress in C. glabrata. Of note, the loss of the
CgFPR3 and CgFPR4 genes leading to an open chromatin state at the CgPDR1 promoter is yet to be
demonstrated experimentally.
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of complexity to this circuitry and point toward histone chaperones also being key
players in the CgPdr1-dependent cellular transcriptional response to fluconazole.
Although how CgFpr3 and CgFpr4 govern CgPDR1 expression remains to be deter-
mined, one possible mechanism may include azole-stimulated differential recruitment
of the regulatory mediator subunit complexes involving CgGal11A/Med15 to CgPDR1
target gene promoters (54).

An interesting aspect of our work is the increased and decreased susceptibility, aris-
ing from the loss of a putative histone demethylase, CgRph1, and H3K36 methyltrans-
ferase, CgSet2, respectively, to fluconazole. Although the nexus among CgRph1 and
CgSet2 activity, H3K36me3 levels, CgFpr3/4-mediated histone homeostasis, and
CgPDR1 regulon activation is yet to be established, the altered azole susceptibility of
the Cgrph1D and Cgset2D mutants raises the possibility that cellular metabolism may
govern azole stress survival. In this context, it is worth noting that a link between the
availability of S-adenosylmethionine, which donates a methyl group during reactions
catalyzed by methyltransferases, and histone methylation has been well established in
higher eukaryotes (55, 56). Intriguingly, transcript levels of the S-adenosylmethionine
synthetase-encoding gene SAM2 were found to be elevated in response to itracona-
zole treatment in C. albicans (57). Therefore, it is possible that the histone methylation-
dependent regulation of the CgPDR1 gene is tightly intertwined with the cellular meta-
bolic status that is perturbed upon azole exposure. Future studies will be designed to
address this possibility as well as to examine other H3 and H4 methylation modifica-
tions in our fluconazole-sensitive (Cgrph1D) and -resistant (Cgset2D and Cgfpr3D4D)
mutants, as current findings suggest that H3K36me3 is unlikely to be a pivotal determi-
nant of azole resistance.

A multitude of histone modifications have been reported, and growing evidence
points to an epigenetic regulation of drug resistance and virulence mechanisms in
human-pathogenic fungi, with reversible lysine acetylation and methylation playing
pivotal roles (28, 29). The loss of the catalytic subunit (NuB4) of the histone acetyltrans-
ferase complex Hat1 has previously been reported to result in elevated azole resistance
(58), while the loss of the lysine acetyltransferase Gcn5 (catalytic subunit of the SAGA,
SLIK, and ADA histone acetyltransferase complexes) had no effect on azole susceptibil-
ity in C. albicans (59). Furthermore, HDAC inhibitors are known to act synergistically
with azole antifungals in C. albicans (50). In accordance, loss of the lysine deacetylases
Rpd3 and Hda1 rendered C. albicans cells sensitive to azoles (60). However, compared
to acetylation, histone methylation is an understudied PTM, and histone methyltrans-
ferases and demethylases are yet to be explored for their roles in azole resistance in
human fungal pathogens. Of note, our finding that the Cgrph1D mutant (which lacks a
putative histone demethylase) shows increased azole susceptibility raises the possibil-
ity of an analogous effect of histone acetylation and methylation on azole resistance.
Furthermore, since cross talk between histone methylation and histone acetylation has
previously been reported, with H3K36me3 stimulating the acetylation of histone H4 at
the K16 residue (61), it is possible that the altered H3K36me3 levels may impact the
status of histone acetylation in the Cgset2D mutant. Of note, histone methylation has
also previously been associated with communicating the transcriptional memory of
environmental stress responses through mitotic cell divisions in S. cerevisiae (62).

Finally, histone chaperones play an important role in chromatin homeostasis via
direct binding to histone proteins and regulating the localization, protein levels, inter-
action, and DNA deposition of histone proteins (63). Histone chaperones belonging to
the nucleoplasmin superfamily possess the 8-stranded beta barrel pentameric N-termi-
nal core domain and bind to histones through a predominantly conserved mechanism
(64). CgFpr3 and CgFpr4 represent nucleoplasmin-like proteins of this superfamily, and
they contain a PPIase domain at their C termini (characteristic of the FKBP class of
PPIase enzymes) and are yet to be functionally characterized in C. glabrata. S. cerevisiae
Fpr4 has been shown to localize to the nucleus; bind to the H2B nuclear localization
signal sequence; regulate ribosomal DNA (rDNA) silencing, lysine methylation, and
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gene expression; and act as an acidic histone chaperone in the assembly of nucleoso-
mal arrays, with its PPIase domain inhibiting the histone chaperone activity (36, 37, 41,
65). Whereas the N-terminal tails of histones H3 and H4 are implicated in binding to
Fpr4, the PPIase domain of Fpr4 is involved in the isomerization of proline residues 30
and 38 of H3 (36). Furthermore, S. cerevisiae Fpr3 is localized to the nucleolus, forms re-
versible aggregates upon thermal stress, and assists nucleosome assembly, and its
PPIase domain serves as a transcriptional repressor (66–69). FPR3 and FPR4 gene dele-
tion in S. cerevisiae is also known to result in the differential expression of a wide vari-
ety of genes, consistent with their products’ roles as histone chaperones (68). Although
our data, taken together, suggest that CgFpr3 and CgFpr4 operate largely in a redun-
dant manner and are likely to be functional orthologs of S. cerevisiae nuclear FKBPs,
the mechanism(s) underlying the binding of CgFpr3 and CgFpr4 to histones H3 and H4
and the role of this binding in modulating azole resistance and the cellular status of
histone PTMs are yet to be elucidated.

MATERIALS ANDMETHODS
Strains and media. C. glabrata wild-type and mutant strains, which are derivatives of vaginal isolate

BG2, were cultured in rich YPD or CAA (Casamino acids) medium at 30°C with shaking at 200 rpm.
Bacterial strains were grown at 37°C in LB medium containing 60mg/ml ampicillin. To obtain logarith-
mic-phase cells, C. glabrata strains were grown overnight in YPD or CAA medium and inoculated into
fresh medium at an optical density at 600 nm (OD600) of 0.1. After 4 h of growth at 30°C, cultures were
pelleted down, and cells were collected. The strains, plasmids, primers, and antibodies used are listed in
Tables S3 to S6, respectively, in the supplemental material.

C. glabrata gene disruption and cloning. Using the homologous-recombination-based approach, C.
glabrata fpr3D, fpr4D, set2D, and rph1D strains were created with the nat1 gene (which confers nourseothri-
cin resistance) as a selection marker, as described previously (70). Replacement of the disrupted ORF with the
Flp recombination target (FRT)-nat1 cassette was confirmed by PCR. To create the double-deletion strain, the
Cgfpr4D mutant was first transformed with the pRK70 plasmid, which expresses the flip recombinase
(enzyme catalyzing recombination at FRT sites)-encoding gene. Transformants were selected for uracil proto-
trophy and screened for nourseothricin (200mg/ml) sensitivity after colony purification. Since the nat1 gene
was flipped out of nourseothricin-sensitive Cgfpr4D colonies, these colonies were grown in YPD medium for
about 20 generations, followed by the selection of uracil auxotroph colonies. Disruption of the CgFPR3 gene
in the ura2, nourseothricin-sensitive Cgfpr4D mutant strain was confirmed by PCR. To generate the triple-de-
letion strain Cgfpr3Dfpr4Dcdr1D, the cassette containing the nat1 gene flanked with the 59 and 39 untrans-
lated regions (UTRs) of the CgCDR1 gene was amplified from genomic DNA of the Cgcdr1Dmutant and trans-
formed into the ura2, nourseothricin-sensitive Cgfpr3Dfpr4D mutant strain. For the generation of C-terminal
GFP fusion proteins for mutant complementation studies, CgFPR3 (CAGL0L11484g) (1.31 kb) and CgFPR4
(CAGL0M00638g) (1.19 kb) were cloned into the pRK1018 plasmid between the PGK1 promoter and the GFP-
encoding sequence in the XbaI/SpeI restriction sites. The clones were verified by PCR and restriction diges-
tion, and the resultant plasmids were transformed into C. glabrata strains for complementation analyses.

Quantitative real-time PCR. Log-phase cultures were inoculated at an OD600 of 0.1 in YPD medium
lacking or containing fluconazole (16mg/ml) and incubated for 4 h at 30°C in an incubator shaker. Cells were
harvested and washed with ice-cold diethyl pyrocarbonate (DEPC)-treated water. Using the acid phenol
extraction method, total RNA was extracted and treated with DNase I to remove any residual DNA. cDNA
was synthesized by a reverse transcriptase enzyme (SuperScript III first-strand synthesis system for RT-PCR;
Invitrogen) using 500ng of DNase I-digested RNA. Quantitative real-time PCR (qPCR) was performed with the
SYBR green qPCR master mix using primers specific for the CgCDR1, CgCDR2, CgPDR1, CgSNQ2, CgHHF, and
CgHHT genes and the housekeeping gene CgTDH3. CgTDH3, which codes for glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and whose expression was not altered upon fluconazole treatment, was used as
the reference gene. CT (cycle threshold) values of the CgCDR1, CgCDR2, CgPDR1, CgSNQ2, CgHHF, and CgHHT
genes were normalized against the corresponding CT value obtained for the CgTDH3 gene under similar con-
ditions. The fold change in expression for fluconazole-treated samples compared to untreated samples was
calculated by the comparative CT (2

–DDCT) method.
Stress susceptibility assays. The susceptibility of C. glabrata strains to azole antifungals was eval-

uated in solid medium by a serial dilution spot assay. For serial dilution spotting analysis, cultures of C.
glabrata strains grown overnight were normalized to an OD600 of 1.0 and serially diluted 10-fold in phos-
phate-buffered saline (PBS). Three microliters of each dilution was spotted onto YPD medium lacking or
containing different concentrations of the azole antifungal fluconazole and other stressors. Plates were
incubated at 30°C, and growth was recorded after 24 to 48 h. The liquid growth assay was performed in
CAA medium lacking or containing amphotericin B and caspofungin in a 96-well plate. Each well was
inoculated with a culture of C. glabrata strains grown overnight corresponding to an OD600 of 0.2 to a
final volume of 100ml and incubated for 24 h at 30°C. Next, 100-, 250-, and 500-fold culture dilutions
were made, and 3ml of each dilution was spotted onto YPD medium. The plates were incubated at 30°C,
and images were captured between 16 and 48 h.

Growth curve analysis. C. glabrata wild-type, Cgfpr3D, Cgfpr4D, and Cgfpr3D4D mutant strains were
grown in 10ml YPD broth for 16 h at 30°C, followed by inoculation at an OD600 of 0.1 in a 100 ml flask
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containing 20ml YPD broth. Cultures were incubated in a shaker incubator at 30°C, and the absorbance
was recorded at regular intervals until 36 h.

MIC determination. The MIC was determined using the EUCAST method (71). Briefly, RPMI 1640 me-
dium without sodium bicarbonate was prepared at a 2� concentration and supplemented with 2% glu-
cose and 0.165 M morpholinepropanesulfonic acid (MOPS). The medium pH was adjusted to 7.0 with
NaOH and filter sterilized. One hundred microliters of medium lacking or containing various fluconazole
concentrations (4, 8, 16, 32, 64, and 128mg/ml) was added to each well of a 96-well plate. C. glabrata
wild-type and mutant strains were grown in YPD medium at 30°C at 200 rpm for 16 h and added at a
density of 1� 105 cells/well in the 96-well plate. After incubation at 37°C for 24 h in a moist container,
the culture absorbance was recorded visually and measured at 530 nm in the SpectroMax multiplate
reader. Endpoints were determined by comparing the OD530 values of C. glabrata cells grown in the ab-
sence and presence of fluconazole. The MIC80 of fluconazole was defined as the lowest drug concentra-
tion that inhibited 80% of a strain’s growth at 24 h, compared to the control without fluconazole.

Protein extraction and immunoblotting. Log-phase cultures were inoculated at an OD600 of 0.1 in
YPD medium lacking or containing fluconazole (16mg/ml) and incubated for 4 h at 30°C in an incubator
shaker. Cells were harvested, washed, and suspended in protein extraction buffer (50mM Tris-HCl [pH
7.5], 2mM EDTA, 2% glucose) containing 1mM phenylmethylsulfonyl fluoride, 10mM sodium fluoride,
1mM sodium orthovanadate, and a protease inhibitor mixture. Cells were lysed with glass beads using a
Fastprep-24 instrument at maximum speed for 60 s five times and spun down at 13,000 rpm for 15min
at 4°C. The proteins were quantified using the bicinchoninic acid (BCA) protein assay kit, run on a 15%
SDS-PAGE gel, and immunoblotted with the appropriate antibodies.

Biofilm formation assay. C. glabrata cells were grown overnight in YPD medium, suspended in
RPMI 1640 medium containing 10% fetal bovine serum (FBS), and seeded at a density of 1� 107 cells
per well in a 24-well polystyrene plate. After a 90 min incubation at 37°C, wells were washed twice with
PBS, and fresh RPMI 1640 medium was added. The plate was incubated at 37°C for 48 h, with the re-
moval of spent medium and the addition of RPMI 1640 medium after 24 h. The unbound C. glabrata cells
were removed, and wells were washed three times with PBS. Crystal violet (0.4% [wt/vol]) stain was
added to each well to stain the adherent C. glabrata cells. After 45min, 95% ethanol was added for
destaining purposes, followed by absorbance measurement of the destaining solution at 595 nm.

Mouse infection assay. For animal infection, C. glabrata strains were grown overnight in YPD me-
dium. After washing with PBS, a 100 ml cell suspension (4� 107 cells) was injected into the tail vein of 6-
to 8-week-old female BALB/c mice. On the 7th day postinfection, mice were sacrificed, and four organs,
kidneys, liver, spleen, and brain, were harvested. After homogenizing organs in PBS, appropriate dilu-
tions were plated on YPD medium containing penicillin and streptomycin, and the numbers of C. glab-
rata colonies that appeared after 2 days of incubation at 30°C were counted. Mouse infection procedures
were designed to minimize animal suffering, performed at the Animal House Facility of the Centre for
DNA Fingerprinting and Diagnostics (CDFD), Hyderabad, India, in accordance with guidelines of the
Committee for the Purpose of Control and Supervision of Experiments on Animals, Government of India;
and approved by the Institutional Animal Ethics Committee (EAF/RK/CDFD/22).
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