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ABSTRACT Fungal infections are a major health concern because of limited antifungal
drugs and development of drug resistance. Candida can develop azole drug resistance by
overexpression of drug efflux pumps or mutating ERG11, the target of azoles. However,
the role of epigenetic histone modifications in azole-induced gene expression and drug
resistance is poorly understood in Candida glabrata. In this study, we show that Set1 medi-
ates histone H3K4 methylation in C. glabrata. In addition, loss of SET1 and histone H3K4
methylation increases azole susceptibility in both C. glabrata and S. cerevisiae. This increase
in azole susceptibility in S. cerevisiae and C. glabrata strains lacking SET1 is due to distinct
mechanisms. For S. cerevisiae, loss of SET1 decreased the expression and function of the
efflux pump Pdr5, but not ERG11 expression under azole treatment. In contrast, loss of
SET1 in C. glabrata does not alter expression or function of efflux pumps. However, RNA
sequencing revealed that C. glabrata Set1 is necessary for azole-induced expression of all 12
genes in the late ergosterol biosynthesis pathway, including ERG11 and ERG3. Furthermore,
chromatin immunoprecipitation analysis shows histone H3K4 trimethylation increases upon
azole-induced ERG gene expression. In addition, high performance liquid chromatography
analysis indicated Set1 is necessary for maintaining proper ergosterol levels under azole
treatment. Clinical isolates lacking SET1 were also hypersusceptible to azoles which is attrib-
uted to reduced ERG11 expression but not defects in drug efflux. Overall, Set1 contributes
to azole susceptibility in a species-specific manner by altering the expression and conse-
quently disrupting pathways known for mediating drug resistance.
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C andida infections are a major health concern due to the increased frequency of infec-
tions and the development of drug resistance (1, 2). Over the years, Candida glabrata has

become the second most common cause of candidiasis (1–3). In some immunocompromised
patients, such as diabetics, patients with hematologic cancer, organ transplant recipients, and
the elderly, it is the most predominant Candida infection (2–6). The emergence of C. glabrata
as a major pathogen is likely due to its intrinsic drug resistance to azole antifungal drugs and
ability to quickly adapt and acquire clinical drug resistance during treatment (3, 7). The conse-
quence of drug resistance leads to increases in health care costs, as well as lower success rates
in treatment and an increase in mortality (8–10).

C. glabrata naturally has low susceptibility to azole drugs and consequently, echinocandins
are the preferred drug choice for treating C. glabrata infections (11). C. glabrata can also acquire
clinical resistance to azole drugs which is often due to overexpressing the ABC-transporter
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drug efflux pump Cdr1 or Pdh1 (Cdr2) caused by gain-of-function mutations in the tran-
scription factor Pdr1 (7, 12–14). In other Candida species, acquired clinical azole resistance
can also be due to overexpression of ERG11 due to gain-of-function mutations in the Upc2
transcription factor or mutations in ERG11 (15–17). However, for unknown reasons, ERG11 or
UPC2mutations are typically not found in clinically drug-resistant C. glabrata strains (7, 18–20).

Because pathogenic fungi can rapidly adapt to various cellular environments and
xenobiotic drug exposures, epigenetic mechanisms are also likely contributing to altered
gene expression profiles permissive for adaptation and drug resistance. Several studies in
Candida albicans support this hypothesis and show that epigenetic factors such as histone
acetyltransferases, CaGcn5 and CaRtt109, and histone deacetylases, CaRpd3 and CaHda1 are
important for either fungal pathogenesis and/or drug resistance (21–25). In contrast, epige-
netic factors that posttranslationally modify histones have not been extensively studied for
their roles in drug resistance in C. glabrata. Nonetheless, Orta-Zavalz et al. have shown that
deleting histone deacetylase, CgHST1, decreases susceptibility to fluconazole, which is likely
attributed to an increase in transcript levels of CgPDR1 and CgCDR1 under untreated condi-
tions (26). In addition, a recent publication by Filler et al., has indicated that C. glabrata
strains with CgGCN5, CgRPD3, or CgSPP1 deleted have increased susceptibility to caspofun-
gin when using high concentrations (27). However, no mechanistic understanding such as
gene targets or changes in chromatin/histone modifications was provided for the caspofun-
gin-hypersensitive phenotype.

Previous publications from our lab demonstrated that in Saccharomyces cerevisiae
loss of Set1, a known histone H3K4 methyltransferase, has a hypersensitive growth defect in
the presence of the antifungal metabolite, brefeldin A (BFA) and clinically used azole drugs
(28, 29). We determined that hypersensitivity to BFA was due to a decrease in ergosterol lev-
els in S. cerevisiae strains lacking histone H3K4 methylation. However, until this study, no
mechanistic understanding has been provided why S. cerevisiae or C. glabrata strains lacking
SET1 alter azole drug susceptibility. Furthermore, in C. albicans, loss of SET1 appears to alter
virulence but not azole drug resistance (30). To determine whether an increase in azole sus-
ceptibility is conserved in a human fungal pathogen that is evolutionarily closer to S. cerevi-
siae than C. albicans, we investigated the role of Set1 and its mechanistic contribution to
altering azole susceptibility in S. cerevisiae and C. glabrata.

Here, we show for the first time that Set1-mediates histone H3K4 mono-, di-, and trimethy-
lation in C. glabrata and loss of Set1-mediated histone H3K4 methylation alters the azole drug
susceptibility of C. glabrata similar to what is seen in S. cerevisiae. Interestingly, azole hypersus-
ceptibility in S. cerevisiae lacking SET1 appears to be mediated by a decrease in the expression
and function of ScPdr5, the CgCdr1 ortholog, and not a failure to induce ERG genes. However,
hypersusceptibility to azole drugs in C. glabrata strains lacking Set1-mediated histone H3K4
methylation is not a consequence of altered expression levels of CgCDR1, CgPDR1 or their abil-
ity to efflux drugs. Interestingly, RNA sequencing (RNA-seq) and HPLC analysis revealed that
CgSet1 is required for azole-induced expression of CgERG genes, including CgERG11 and
CgERG3, so that proper ergosterol levels are maintained. Azole-induced gene expression was
dependent on Set1 methyltransferase activity and associated with gene-specific increases in
histone H3K4 trimethylation on CgERG11 and CgERG3 chromatin. In addition, clinical isolates
lacking CgSET1 were hypersensitive to azoles and attributed to reduced CgERG11 expression
but not reduced efflux pump function. Overall, we show that loss of Set1-mediated histone
H3K4 methylation in S. cerevisiae and C. glabrata contributes to azole hypersusceptibility by
distinct mechanisms where genes, known for drug resistance, are differentially altered.
Identifying and understanding the epigenetic mechanisms contributing to altered drug effi-
cacy in various fungal species will be important for the development of alternative drug tar-
gets for treating patients with fungal infections.

RESULTS
Loss of Set1-mediated histone H3K4 methylation in S. cerevisiae and C. glabrata

increases azole drug susceptibility. Set1 is a known SET domain-containing lysine histone
methyltransferase that is conserved from yeast to humans and the enzymatic activity of the
SET domain catalyzes mono-, di-, and trimethylation on histone H3 at lysine 4 (Lys4) (31, 32).
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Our previous work in S. cerevisiae has determined that loss of SET1 in the BY4741 background
strain results in increased susceptibility to azole drugs, suggesting that H3K4 methylation is
necessary for mediating wild-type azole drug resistance (29). To determine the role of histone
H3K4 methylation in azole drug efficacy, we constructed histone H3K4R mutations in the
BY4741 background strain. Because S. cerevisiae has two genes encoding histone H3, two
yeast strains were constructed where a histone H3K4R mutation was integrated at one histone
H3 gene keeping the other gene wild type (ScH3K4R-1), while the other strain contained
H3K4R mutations integrated at both histone H3 genes (ScH3K4R-2; see Table S1 in the supple-
mental material). To determine whether a loss of histone H3K4 methylation altered azole drug
sensitivity similar to a set1D (Scset1D) strain, a serial-dilution spot assay was performed. Both
Scset1D and ScH3K4R mutant strains were grown in SC complete media and spotted onto SC
agar plates with or without 8 mg/mL fluconazole (Fig. 1A). These data show that loss of his-
tone H3K4 methylation by deleting ScSET1 or mutating histone H3 where both histone H3
genes are mutated at K4 (ScH3K4R-2), resulted in similar azole drug hypersensitivity compared
to each other (Fig. 1A). To confirm that histone H3K4 methylation was abolished in these
strains, Western blot analysis was performed usingmethyl-specific antibodies to detect histone
H3K4 mono-, di-, and trimethylation (Fig. 1B). Histone H3 was used for a loading control (Fig.
1B). As expected, histone methylation was abolished in set1D and in H3K4R-2 mutation strains
but not in the histone H3K4R-1 strain (Fig. 1B). Together, our data demonstrate that the pres-
ence of histone H3K4 methylation is critical for maintaining wild-type azole drug susceptibility.

To determine whether an azole hypersensitive growth phenotype observed in
S. cerevisiae is also conserved in the human fungal pathogen C. glabrata, the WT
(CgWT) and a set1D (Cgset1D) strain were spotted on SC agar plates with and without

FIG 1 Loss of Set1-mediated mono-, di-, and trimethylation at histone H3K4 in S. cerevisiae and C.
glabrata results in increased azole susceptibility and delayed growth in vitro. (A) Fivefold serial
dilution spot assays of the indicated S. cerevisiae strains were grown on SC media with and without
8 mg/mL fluconazole and incubated at 30°C for 72 h. (B and D) Whole-cell extracts isolated from the
indicated strains were immunoblotted using histone H3K4 methyl-specific mono-, di-, and trimethylation
antibodies of whole-cell extracts isolated from the indicated strains. Histone H3 was used as a loading
control. (C) Fivefold serial dilution spot assays of the indicated C. glabrata strains were grown on SC media
with or without 32 mg/mL fluconazole and incubated at 30°C for 48 h. (E) Liquid growth curve assay of the
indicated C. glabrata strains grown over 50 h with or without 32 mg/mL fluconazole.
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16 mg/mL fluconazole (Fig. 1C). Similar to what was observed in S. cerevisiae, deleting
SET1 in C. glabrata 2001 (CBS138, ATCC 2001) showed an increase in azole susceptibility
compared to a CgWT strain (Fig. 1C). In addition, the Cgset1D strain had a significant
growth delay in liquid growth cultures compared to CgWT when treated with 32 mg/mL
fluconazole (Fig. 1E). Western blot analysis showed that deleting CgSET1 abolished all his-
tone H3K4 mono-, di-, and trimethylation confirming that CgSET1 is the sole histone H3K4
methyltransferase in C. glabrata (Fig. 1D). Altogether, our results show Set1-mediated histone
H3K4 methylation in S. cerevisiae and C. glabrata is conserved and is necessary for maintaining
a wild-type susceptibility to azole drugs.

Loss of C. glabrata Set1 complex members alters azole efficacy and histone
H3K4 methylation. In S. cerevisiae, Set1 forms a complex referred to as the Complex
Proteins Associated with Set1 or COMPASS. COMPASS forms a stable complex with eight
proteins which includes the catalytic subunit Set1, Swd1, Swd2, Swd3, Spp1, Bre2, Sdc1, and
Shg1 (33–35). Previous studies in S. cerevisiae have determined that Swd1, Swd2, Swd3,
Spp1, Bre2, and Sdc1 are necessary for Set1 to properly catalyze the various states of histone
H3K4 mono-, di-, and trimethylation (33–38). To determine whether COMPASS components
are required for azole drug efficacy and Set1-mediated histone H3K4 methylation in C. glab-
rata, deletion strains lacking SET1, SPP1, BRE2, and SWD1 were generated, and the MIC
(in RPMI media) of each strain was determined (Fig. 2A). Consistent with S. cerevisiae serial-
dilution spot and liquid growth assays in Fig. 1, the Cgset1D strain showed increased suscep-
tibility to fluconazole with an 8-fold difference in MIC compared to the CgWT strain (Fig. 2A).

FIG 2 Deletion of Set1 complex members in C. glabrata results in increased azole susceptibility and
loss of histone H3K4 methylation. (A) MIC assay of the indicated strains performed in RPMI 1640
media at 35°C, and results recorded after 48 h of incubation. (B) Fivefold serial dilution spot assays of
the indicated C. glabrata strains were grown on SC plates with or without 32 mg/mL fluconazole. (C)
Whole-cell extracts isolated from the indicated strains were immunoblotted using H3K4 methyl-
specific mono-, di-, and trimethylation antibodies. Histone H3 was used as a loading control.
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A Cgswd1D strain showed a MIC similar to that of the Cgset1D strain, while the MICs of
Cgspp1D and Cgbre2D deletion strains were 4-fold different than the WT strain (Fig. 2A). All
C. glabrata COMPASS deletions strains showed an increase in susceptibility to azole drugs
on agar plates similar to S. cerevisiae COMPASS deletion strains except for the Scspp1D strain,
which is likely due to differences in the histone H3K4 methylation status (Fig. 2B and C; see
also Fig. S1A) (29, 33, 34, 36, 38).

Western blot analysis determined that Cgswd1D strain lacked all forms of histone
H3K4 methylation (Fig. 2C) which is also observed in Cgset1D and Scset1D strains (Fig. 2C
and 1D). In contrast, deletion of CgSPP1 and CgBRE2 abolished all detectable levels of H3K4
trimethylation and significantly reduced the levels of histone H3K4 mono- and dimethylation.
Taken together, our data show that when C. glabrata COMPASS subunits SET1 and SWD1 are
deleted, global loss of histone H3K4 methylation is observed similar to what is seen when the
subunits are deleted in S. cerevisiae (Fig. 2C) (33, 34, 36, 38). However, the Cgspp1D has a total
loss of histone H3K4 trimethylation and significant loss of histone H3K4 mono- and dimethyla-
tion similar to the Cgbre2D and Scbre2D strains (Fig. 2C). For unknown reasons, the pattern of
histone H3K4 methylation is different in the Scspp1D strain, which only has a reduction in his-
tone H3K4 trimethylation but not mono- or dimethylation (33–39). Altogether, these results
suggest that the COMPASS complex is needed to mediate proper histone H3K4 methylation
and wild-type resistance to azole drugs.

Histone H3K4methyltransferase activity of C. glabrata Set1 is necessary for wild-type
growth on azole-containingmedia. To confirm that altered azole efficacy in the Cgset1D
strain was due to loss of SET1 and not a secondary mutation, a genomic fragment contain-
ing the CgSET1 promoter, 59 untranslated region (UTR), open reading frame, and the 39 UTR
was amplified by PCR and cloned into the C. glabrata plasmid, pGRB2.0 (40). Because a
H1017K mutation in the SET domain of S. cerevisiae Set1 is known to be catalytically inactive
(28, 41, 42), we performed site-directed mutagenesis on pGRB2.0-CgSET1 and generated an
analogous mutation in C. glabrata Set1 at H1048K determined using the sequence align-
ment in Fig. 3A. In addition, SET1 was deleted in C. glabrata 2001HTU (ATCC 200989) to uti-
lize the ura3 auxotrophic marker (43). Importantly, Cg2001HTU lacking SET1 was hypersensi-
tive to azole drugs similar to when SET1 was deleted in Cg2001 (Fig. 1C and Fig. 3B).

Furthermore, transformation of pGRB2.0-CgSET1 into the Cg2001HTU/set1D strain was
able to rescue azole hypersensitivity, while pGRB2.0-Cgset1H1048K did not rescue wild-type
azole drug resistance, as shown by serial-dilution spot assays grown on SC agar plates with
32mg/mL fluconazole (Fig. 3B). MIC assays under SC-ura conditions also show similar results
(see Fig. S1B). Western blot analysis indicated that pGRB2.0-CgSET1 expression in Cg2001HTU/
set1D strain restored histone H3K4 methylation to wild-type levels, while Cgset1H1048K did
not rescue histone H3K4 methylation confirming that this mutation lacks catalytic activity simi-
lar to Scset1H1017K (Fig. 3C). Importantly, quantitative real-time PCR analysis (qRT-PCR) con-
firmed that the plasmids expressing CgSET1 and Cgset1H1048K were similar to the endoge-
nously expressed SET1 (see Fig. S1C). To ensure Set1 protein is expressed, a 3�FLAG sequence
was inserted between the endogenous promoter and ATG of pGRB2.0-cgSET1WT and catalyti-
cally inactive plasmid. As expected, the strain expressing the 3�FLAG-Cgset1H1048K did
not rescue H3K4 trimethylation and is hypersusceptible to fluconazole compared to a
strain expressing 3�FLAG-CgSET1. Importantly, both wild-type and mutant SET1 constructs
are expressed at a similar protein level (see Fig. S1D and E). This shows that loss of histone
H3K4 methylation was not due to difference in expression levels but due to the catalytic
inactivation of Cgset1H1048K. These data suggest that azole hypersusceptibility in Cgset1D
strains are specifically due to the loss of SET1 and its catalytic activity.

Expression of drug efflux pumps are altered in a S. cerevisiae set1D strain but
not in aC. glabrata set1D strain. In Candida glabrata, the major mechanisms for changes
in drug resistance are due to altered expression of CgCDR1, the main drug efflux
pump, or gain-of-function mutations in CgPDR1, a gene that encodes the transcription
factor for CgCDR1 (7, 12, 19, 20, 44). To determine whether altered drug resistance for
Scset1D or Cgset1D strains are due to altered expression levels of the ATP-binding cas-
sette (ABC) transporters ScPDR5 or CgCDR1, respectively, the transcript levels of ScPDR5
and CgCDR1 were analyzed by qRT-PCR (Fig. 4). Scset1D cells grown with or without
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azoles showed a significant decrease in ScPDR5 expression compared to WT cells (Fig. 4A).
In addition, Scset1D cells did not have changes in ScPDR1 transcripts, a gene encoding the
transcription factor for PDR5 (Fig. 4B). To determine whether drug efflux was reduced in
Scset1D cells, a Nile red fluorescence-based assay was performed. Nile red, a fluorescent
lipophilic stain, has been shown to be a substrate for the ABC-transporters and used as a
proxy for drug efflux (45, 46). If Nile red is the substrate of an efflux pump (e.g., Pdr5),
then cells expressing a functional efflux pump will not accumulate the dye and have low
fluorescence. To show azole drugs induced efflux in S. cerevisiae, a Nile red fluorescence-
based assay was performed on azole treated and untreated ScWT cells. As expected, azole
treated ScWT cells had less fluorescence indicating an increase in Nile red efflux compared
to ScWT untreated cells (see Fig. S2D). Consistent with decreased expression of PDR5 in
Scset1D, azole-treated Scset1D cells had higher fluorescence than azole-treated ScWT cells,
indicating reduced efflux (Fig. 4C). A Scpdr5D strain was used as a positive control to prevent
drug efflux (Fig. 4C).

In contrast, CgCDR1 or CgPDR1 expression was not altered in the Cgset1D cells

FIG 3 The catalytic activity of the SET domain is necessary for Set1-mediated histone H3K4 methylation and alters
azole susceptibility in C. glabrata. (A) Sequence alignment comparing the SET domain amino acid residues of S. cerevisiae and
C. glabrata Set1. Asterisks indicate residues required for catalytic activity. (B) Fivefold serial dilution spot assays of the
indicated C. glabrata strains were grown on SC plates with or without 32 mg/mL fluconazole. (C) Whole-cell extracts isolated
from the indicated strains were immunoblotted using methyl-specific mono-, di-, and trimethylation antibodies. Histone H3
was used as a loading control.
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compared to WT cells when grown with and without azoles (Fig. 4D and E). In addition,
the transcript levels of other transporters CgSNQ2, CgYOR1, and CgPDH1 were also not
altered, but a decrease in PDH1 transcripts was observed in Cgset1D cells upon azole
treatment (see Fig. S2). However, previous studies have shown loss of CgPDH1 alone is not
sufficient to lead to azole sensitivity (47). To determine whether drug efflux was functional
in Cgset1D cells, a Nile red fluorescence-based assay was performed. As a control, a Cgpdr1D
strain was used (Fig. 4F). A Cgpdr1D strain is known to disrupt the expression of CgCDR1
and subsequently prevent drug or Nile red efflux (15). To induce CgCDR1 expression levels,
Cgset1D and wild-type cells were treated with fluconazole. Although azole treatment did
reduce the amount of Nile red in CgWT cells compared to untreated cells (see Fig. S2E),
there was no discernible difference in Nile red fluorescence between Cgset1D and CgWT
cells upon azole treatment (Fig. 4F). These data show that cells lacking CgSET1 have similar
efflux capabilities as CgWT cells in the presence or absence of azole treatment. Our results
suggest that the increase in azole susceptibility in a Scset1D strain is a consequence of altered
drug efflux expression, whereas azole hypersensitivity in a Cgset1D strain is not due to altered
expression or function of drug efflux pumps but mediated by a different mechanism.

Loss of C. glabrata SET1 but not S. cerevisiae SET1 leads to decreased expression
of genes involved in the late ergosterol biosynthesis pathway when treated with
fluconazole. Because drug efflux function or transcript levels were not disrupted in a
Cgset1D strain, RNA sequencing analysis was used to provide insight into what gene
pathway might be disrupted in the Cgset1D strain and explain why a loss of SET1 alters

FIG 4 Drug efflux pump expression and drug efflux is altered in a Scset1D but not Cgset1D. (A and B; D and E)
Expression of the indicated genes was determined in ScWT, Scset1D, CgWT, and Cgset1D strain cells treated
with or without 64 mg/mL fluconazole for 3 h by qRT-PCR analysis. Gene expression analysis was set relative to
the untreated wild type, and expression was normalized to RDN18 mRNA levels. Data were analyzed from $3
biological replicates with three technical replicates each. Error bars represent the standard deviations (SD). (C
and F) Red fluorescence units (RFU) were measured as output in a Nile red assay to determine the amount of
drug efflux in the indicated strains with and without fluconazole. Scpdr5D and Cgpdr1D strains was used as
controls. Data were analyzed from $3 biological replicates with three technical replicates each. Statistics were
determined using the GraphPad Prism Student t test, version 9.2.0. ns, P . 0.05; *, P , 0.05; ****, P , 0.0001.
Error bars represent SD.
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azole drug efficacy. CgWT and Cgset1D strains were treated with 64 mg/mL fluconazole
for 3 h in SC complete media, and RNA was extracted for RNA sequencing. Principal
component analysis (PCA) and differentially expressed gene (DEG) analysis demonstrated by
the volcano scatterplot (–log2 false discovery rate [FDR], y-axis) versus the fold change
([x-axis] of the DEGs) indicate that the untreated and treated CgWT strain is substantially
and statistically different from the untreated and treated Cgset1D (Fig. 5A). DESeq2 analysis
was used to identify the differentially expressed genes (DEGs) using a FDR of 0.05 (see Table
S6). From this analysis, a total of 2389 genes were differentially expressed in Cgset1D versus
CgWT strains under untreated conditions (Fig. 5B). Of 5,615 genes, 1,508 were differentially
expressed under treated conditions, in which 800 (14.2%) genes were upregulated and 708
(12.6%) genes were downregulated in Cgset1D compared to CgWT strains (Fig. 5C). After
applying a 1.4-fold cutoff to the data, we observed 1,619 genes differentially expressed
in the untreated Cgset1D versus CgWT strains. In the treated strains, with a 1.4-fold cutoff,
we observed 539 (9.6%) genes were downregulated in a Cgset1D versus CgWT strains, and
623 (11.1%) genes were upregulated. These data show that SET1 is important for maintain-
ing proper gene expression in C. glabrata.

Because Set1-mediated histone H3K4 methylation is known to play a key role in gene
activation, we focused our attention on genes downregulated in Cgset1D compared to
CgWT strains. For azole treated strains, GO Term Finder of the gene sets that were downre-
gulated found significant GO terms involved in lipid, steroid, and sterol/ergosterol metabo-
lism or biosynthesis (Fig. 5D; see also Table S7). For untreated strains, GO Term Finder identi-
fied significant GO terms involved in lipid metabolism but not steroid and sterol/ergosterol
metabolism or biosynthesis. Interestingly, our data showed that 12 of the 12 genes involved
in the late ergosterol biosynthesis pathway are downregulated 1.4-fold or more in a Cgset1D
compared to CgWT under azole-treated conditions (Fig. 5C; see also Fig. S4A and B and
Table S6), whereas 5 of the 12 late pathway CgERG genes were downregulated in a Cgset1D
compared to CgWT strains under untreated conditions using a 1.4-fold difference as a cutoff
(Fig. 5D; see also Table S6). Two of these differentially expressed genes—ERG11, the gene
that encodes the target of azoles, and ERG3, the gene that encodes the enzyme responsible
for production of a toxic sterol when cells are treated with azoles—are known to play roles
in azole drug resistance in various Candida species (17, 19, 48–50).

To validate results seen in RNA sequencing analysis, CgERG11 and CgERG3 transcript
levels were analyzed by qRT-PCR. Our analysis showed that upon azole treatment, CgERG3
and CgERG11 transcript levels are induced in a CgWT strain (Fig. 5E and F), while loss of
CgSET1 prevented CgWT induction of both CgERG11 and CgERG3 under azole treated condi-
tions. Even though our untreated RNA sequencing data set did show minor changes in
CgERG3 and CgERG11 transcript levels, we did not detect any significant changes between
Cgset1D and CgWT cells when grown under untreated standard log-phase conditions using
qRT-PCR analysis (Fig. 5E and F). We also performed gene expression analysis to determine
whether CgERG gene transcript induction still depended on CgSet1 in saturated cultures. We
show in both exponential and saturated cultures CgSet1 is necessary for CgERG3 and
CgERG11 induction upon azole treatment (Fig. 5E and F; see also Fig. S3A and B). Because
CgERG3 transcript levels were decreased, we do not anticipate azole sensitivity is due to an
increase in toxic sterols but by the lack of induction of CgERG11 and other ERG genes result-
ing in lower total cellular ergosterol levels (51, 52). In addition, we examined transcript levels
of ScERG11 in Scset1D cells. In contrast to Cgset1D, we observed a decrease in ScERG11 tran-
scripts under untreated conditions, but no difference was detected upon azole treatment
(Fig. 5G). The ScERG11 transcript data are consistent with what was previously published for
Scset1D cells under untreated conditions (28). Altogether, our results show that the increase
in azole susceptibility in a Scset1D strain is a consequence of decreased drug efflux expres-
sion, whereas azole hypersensitivity in a Cgset1D strain is not due to altered expression or
function of drug efflux pumps but by decreased expression of genes needed for the late er-
gosterol pathway.

Set1-mediated histone H3K4 methylation is enriched on ERG gene chromatin
and is required for azole induction of ERG genes. Because histone H3K4 trimethylation
is associated with gene induction, we wanted to determine whether Set1 was directly
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FIG 5 The deletion of SET1 in C. glabrata alters global and local levels of gene expression under untreated and azole-treated conditions. The genomewide
changes in gene expression under azoles were assessed using C. glabrata CBS138 (2001) WT and set1D strains. (A) PCA for WT and set1D azole-treated
samples relative to WT untreated samples based on the counts per million. (B) Volcano plot showing the significance [2log2(FDR), y axis] versus the fold
change (x axis) of the DEGs identified in the WT untreated samples relative to set1D untreated samples. (C) Volcano plot showing the significance
[2log2(FDR), y axis] versus the fold change (x axis) of the DEGs identified in the set1D azole-treated samples relative to WT azole-treated samples. Genes
with significant differential expression (FDR , 0.05) in panels B and C are highlighted in red and blue for up- and downregulated genes, respectively. Black
highlighted genes are considered nonsignificant. (D) Genes from the RNA-seq data set that were statistically significantly enriched (FDR , 0.05) were used
for GO term determination of Set1-dependent DEGs under azole conditions. Downregulated genes refer to the DEGs that are dependent on Set1 for
activation either directly or indirectly. Significantly enriched groups of GO terms were identified as the DEGs from only set1D and WT azole-treated
samples. (E to G) Expression of indicated genes was determined in WT and set1D strain cells in either C. glabrata or S. cerevisiae treated with 64 mg/mL
fluconazole for 3 h by qRT-PCR analysis. Gene expression analysis was set relative to the untreated wild-type and expression was normalized to RDN18
mRNA levels. Data were analyzed from $3 biological replicates with three technical replicates each. Statistics were determined using the GraphPad Prism
Student t test, version 9.2.0. ****, P , 0.0001; **, P , 0.01; ns, P . 0.05. Error bars represent the SD.

Contribution of Set1 in Azole Susceptibility Antimicrobial Agents and Chemotherapy

May 2022 Volume 66 Issue 5 10.1128/aac.02250-21 9

https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.02250-21


catalyzing histone H3K4 methylation on chromatin at ERG loci. To determine whether
histone H3K4 trimethylation was present at CgERG11 and CgERG3 chromatin, chromatin
immunoprecipitation (ChIP) analysis was performed using histone H3K4 trimethyl-specific
antibodies. As expected, histone H3K4 trimethylation is highly enriched at the 59 ends of
the open reading frame of CgERG11 and CgERG3 in untreated conditions and further enriched
upon azole treatment corresponding to increased transcript levels of CgERG11 and CgERG3 in
both exponential and saturated cell cultures (Fig. 6A and B; see also Fig. S3C and D).

To confirm that this was due to the methyltransferase activity of Set1, we performed
qRT-PCR transcript analysis using the Cg2001HTUset1D strain expressing pGRB2.0 only,
pGRB2.0-CgSET1, and pGRB2.0-Cgset1H1048K. Cg2001HTU expressing pGRB2.0 only was
used as our WT control. As shown in Fig. 6C and D, pGRB2.0-CgSET1 was able to induce
ERG11 and ERG3 similar to WT cells under azole treatment, indicating that SET1 expression
could rescue the ERG gene expression in the Cg2001HTUset1D strain. This rescue of ERG
gene expression was dependent on the catalytic activity of Set1 since expression of
pGRB2.0-Cgset1H1048K did not restore ERG gene expression under azole treatment. In
addition, it looked similar to the Cg2001HTUset1D strain expressing pGRB2.0, indicating
that the catalytic activity of Set1 is required for azole gene induction. Altogether, these
data show that Set1-mediated histone H3K4 methylation directly targets the chromatin
of ERG genes, and this epigenetic modification is required for azole induction of ERG
genes.

Hypersensitivity to azole drugs is suppressed by exogenous ergosterol for C.
glabrata set1D but not for a S. cerevisiae set1D. Based on our expression analysis and
decreased expression of 12 genes involved in the late ergosterol biosynthesis, we predict
further decreased endogenous ergosterol levels in C. glabrata strains lacking SET1, thus making
the Cgset1D more susceptible to azole drugs. To determine whether endogenous ergosterol
levels are reduced in Cgset1D strains upon azole treatment, CgWT and Cgset1D strains were
plated on SC media supplemented with exogenous ergosterol with or without fluconazole.
In support of our hypothesis and gene expression data, exogenous ergosterol suppressed
azole hypersensitivity of a Cgset1D strain when grown in the presence of fluconazole while
Cgset1D grown without ergosterol remained hypersensitive to azoles (Fig. 7A). Because azole
hypersensitivity in a Scset1D is a consequence of altered ScPDR5 expression but not azole-
induced gene expression, we hypothesized that exogenous sterols would not suppress az-
ole hypersensitivity in the Scset1D. Based on serial-dilution spot assays, exogenous sterols
did not suppress azole hypersensitivity in a Scset1D strain when grown in the presence of
fluconazole and looked similar to Scset1D grown on SC media without ergosterol (Fig. 7B). A
Scpdr5D was used as a control for azole hypersensitivity (see Fig. S2F).

To determine whether total ergosterol levels were altered in Cgset1D compared to
CgWT strains upon azole treatment, nonpolar lipids were extracted from Cgset1D and
CgWT strains with or without fluconazole treatment. Total ergosterol levels were determined
using high performance liquid chromatography (HPLC) analysis and cholesterol was used as
an internal control. Consistent with our gene expression analysis, HPLC analysis showed no
difference in total ergosterol levels between untreated Cgset1D and CgWT strains (Fig. 7C;
see also Fig. S5), which is consistent with no changes in ERG gene expression under
untreated conditions (Fig. 6). As expected, upon fluconazole treatment the ergosterol levels
decreased for both Cgset1D and CgWT (Fig. 7D; see also Fig. S5). However, the fluconazole-
treated Cgset1D strain had ;50% less ergosterol than the fluconazole-treated CgWT strain
(Fig. 7E; see also Fig. S5), which is also consistent with our data showing that loss of SET1
alters ERG gene expression only under treated conditions (Fig. 6). Our results suggest that
the increased azole susceptibility of a Cgset1D strain is a consequence of defects in ERG
gene expression resulting in decreases in ergosterol levels, whereas azole hypersensitivity in
a Scset1D strain is a result of decreased efflux pump expression and not changes in ergos-
terol levels.

Loss of SET1 in C. glabrata clinical isolates SM1 and resistant strain SM3 results
in increased azole sensitivity and altered CgERG11 gene expression. Because C. glabrata
strains are genetically diverse in clinical isolates, we wanted to determine whether deleting
SET1 in C. glabrata clinical isolates altered azole susceptibility. To determine the impact of
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deleting SET1 in C. glabrata clinical isolates, SET1was deleted in the two characterized clinical
isolates SM1 (fluconazole sensitive) and SM3 (fluconazole resistant) (53–55). Similar to the
Cgset1D (Cg2001) strain, SM1 with CgSET1 deleted showed increased susceptibility to azole
drugs as shown by serial-dilution spot assays (Fig. 8A). Furthermore, deleting CgSET1 from the
clinically resistant SM3 strain, an isolate expressing a CgPDR1 gain-of-function mutation result-
ing in an increase in CgCDR1 expression, also resulted in increased susceptibility to azole treat-
ment (Fig. 8B). Although deleting SET1 in the SM3 strain does not restore SM3 strains to SM1
azole susceptible levels, this is somewhat expected because Cg2001set1D strains do not alter
PDR1 or CDR1 expression. Furthermore, a SM1set1Dpdr1D double deletion strain is more

FIG 6 Set1-mediated histone H3K4 methylation is enriched on ERG gene chromatin and is required for azole induction of ERG genes. (A and B) ChIP analysis of
histone H3K4 trimethylation levels at the promoter, 59, and 39 regions of ERG11 and ERG3 in a wild-type C. glabrata strain with or without 64 mg/mL fluconazole
treatment. ChIP analysis was set relative to a set1D strain and normalized to histone H3 and DNA input levels. Data were analyzed from five biological replicates
with three technical replicates each. *, P , 0.05. (C and D) Expression of indicated genes was determined in the indicated mutants treated with and without 64 mg/mL
fluconazole for 3 h by qRT-PCR analysis. Gene expression analysis was set relative to the untreated wild-type containing an empty vector and expression was
normalized to RDN18 mRNA levels. Data were analyzed from $3 biological replicates with three technical replicates each. Statistics were determined using the
GraphPad Prism Student t test, version 9.2.0. ns, P . 0.05; *, P , 0.05; **, P , 0.01. Error bars represent the SD.
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sensitive to fluconazole than either of the SM1pdr1D and SM1set1D when grown on plates
with low concentrations of azole drugs (Fig. 8C). These genetic data are consistent with the
idea that Set1 is altering another pathway and not drug efflux, which is consistent with our
gene expression data. To determine whether SM1 and SM3 clinical isolates lacking SET1 had
similar gene expression defects to Cg2001set1D strains, drug efflux function and CgERG11
expression were analyzed. The SM1set1D strain had similar Nile red fluorescence compared to
SM1, indicating no defects in the function of drug efflux pumps (Fig. 8D). Although SM3set1D
cells Nile red fluorescence was;1.5-fold higher than SM3 cells, the overall drug efflux of both
SM3 and SM3set1D strains were significantly more than SM1 and SM1set1D cells, a conse-
quence of CDR1 overexpression (Fig. 8D). Similar to Cg2001set1D strains, the SM1set1D and
SM3set1D strains failed to induce ERG11 expression under azole treatment (Fig. 8E and F).

DISCUSSION

In this study, we established that loss of Set1-mediated histone H3K4 methylation
alters azole drug susceptibility in S. cerevisiae and C. glabrata by altering the expression
of genes known to be involved in drug resistance. In S. cerevisiae, an azole-treated Scset1D

FIG 7 Loss of SET1 in C. glabrata results in reduced endogenous ergosterol levels upon azole treatment. (A and B)
Fivefold serial dilution spot assays of the indicated S. cerevisiae and C. glabrata strains were grown on SC plates with
or without 8 or 32 mg/mL fluconazole, respectively, and 10 or 20 mg/mL ergosterol, respectively. (C to E) Total
ergosterol was extracted from C. glabrata WT and set1D strains treated with or without 64 mg/mL fluconazole
and analyzed by HPLC. The figure is depicted as a ratio of ergosterol to cholesterol and relative to untreated or
treated WT. Data were generated from six biological replicates. Statistics were determined using the GraphPad
Prism Student t test, version 9.2.0. ****, P , 0.0001; **, P , 0.01. Error bars represent the SD.

Contribution of Set1 in Azole Susceptibility Antimicrobial Agents and Chemotherapy

May 2022 Volume 66 Issue 5 10.1128/aac.02250-21 12

https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.02250-21


strain shows decreased expression of ScPDR5 and consequently decreased drug efflux func-
tion, whereas the azole induction of ScERG11 was similar to WT strains. In contrast, decreased
azole susceptibility in a Cgset1D strain was caused by a failure to completely induce CgERG
genes under azole treatment and not a consequence of altered CgCDR1 and CgPDR1 expres-
sion levels or ability to efflux drugs. This azole-induced gene expression in C. glabrata was
dependent on CgSet1 methyltransferase activity and correlated with gene-specific increases
in histone H3K4 trimethylation on chromatin at ERG genes (see model, Fig. 9). Identifying
and understanding how SET1 and likely other epigenetic factors contribute to species-spe-
cific drug susceptibility will be important for the development of alternative drug targets
that could be used in combinatorial therapy for treating patients with drug-resistant fungal
infections.

FIG 8 Loss of SET1 in C. glabrata clinical isolates SM1 and resistant strain SM3 results in increased azole sensitivity. (A to C) Fivefold serial dilution spot assays of the
indicated C. glabrata clinical isolates were grown on SC plates with or without fluconazole and/or 20 mg/mL ergosterol. (D) RFU were measured as output in a Nile red
assay to determine the amount of drug efflux in the indicated SM1 and SM3 clinical isolates treated with 64 or 256 mg/mL fluconazole. A Cgpdr1D strain was used as a
control. Data were analyzed from $ 3 biological replicates with three technical replicates each. (E and F) Expression of ERG11 was determined from the indicated SM1
and SM3 clinical isolates treated with 64 and 256 mg/mL fluconazole, respectively, for 3 h by qRT-PCR analysis. Gene expression analysis was set relative to the
untreated wild-type and expression was normalized to RDN18 mRNA levels. Data were analyzed from $3 biological replicates with three technical replicates each. Error
bars represent the SD. Statistics were determined using the GraphPad Prism Student t test, version 9.2.0. ns, P . 0.05; *, P , 0.05; **, P , 0.01; ****, P , 0.0001.
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FIG 9 Model depicting the role of Set1 contributing to azole susceptibility in a species-specific manner (Biorender). (A and B) Transcriptional
activation recruits TFs, RNA polymerase II, and the Set1 complex to increase histone H3K4 methylation and permit proper induction of gene
expression. This increase in methylation could also recruitment other cofactors/epigenetic regulators (e.g., Set3 and/or SAGA complex) that
contain “reader” domains that recognize and bind to the H3K4 methyl mark to help in expression. In addition, other factors (“X?”) could be
utilized to bypass the requirement of Set1. (A) In C. glabrata, azole-resistant genes (ARG) such as efflux pumps and ERG genes are induced
upon azole treatment. In Cgset1D strains azole induction of ERG gene expression consequently ergosterol levels are decreased, but
expression or function efflux pumps are not altered. (B) Under azole-treated conditions, efflux pump expression and function are decreased,
but ERG gene expression is induced similar to WT levels.
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Set1 is the catalytic subunit of a multisubunit protein complex called COMPASS that
mono-, di-, and trimethylates histone H3K4. In this study, we show that C. glabrata Set1
is the sole histone H3K4 methyltransferase under log-phase growth conditions since de-
letion of SET1 abolishes all forms of histone H3K4 methylation similar to what is seen in S. cere-
visiae and C. albicans (30, 31). Additionally, deletion of the genes encoding C. glabrata
COMPASS complex subunits Swd1 and Bre2 lead to a loss of histone H3K4 methylation similar
to their S. cerevisiae counterparts (Fig. 2C) (33, 34, 36, 38). However, deleting SPP1 in C. glabrata
abolishes all histone H3K4 trimethylation and significantly reduces the levels of histone H3K4
mono- and dimethylation, which is in contrast to what is found in a Scspp1D strain where only
histone H3K4 trimethylation is disrupted but retains WT levels of mono- and dimethylation (33,
34, 36, 38). We assume this difference in histone H3K4 methylation pattern is due to how
CgSpp1 assembles with the COMPASS complex allowing CgSpp1 to have a greater impact on
the overall catalytic activity of COMPASS. Interestingly, this pattern of methylation appears to
correlate with sensitivity to azole drugs (Fig. 2B; see also Fig. S1A), where the Scspp1D
strain grows more similarly to a WT strain than to the Cgspp1D strain when grown on az-
ole-containing plates.

Our published observation has determined that S. cerevisiae and C. glabrata show hyper-
sensitivity to azole drugs when lacking SET1 (29). However, until this study, the mechanistic
role of SET1 under azole treatment in S. cerevisiae or C. glabrata has not been investigated. Our
previous publication showed loss of SET1 in S. cerevisiae altered expression of genes involved
in early (e.g., HMG1) and late ergosterol biosynthesis (e.g., ERG11) under untreated log-phase
growing conditions where decreased ergosterol levels were also observed (Fig. 5G) (28). In
this study, we confirmed similar decreases in ERG11 expression in the Scset1D strain under
untreated conditions. However, azole-induced ERG11 expression was induced in the Scset1D
strain similar to that in the ScWT strain. In addition, adding back exogenous ergosterol did
not suppress azole sensitivity, indicating no defects in ergosterol levels under azole treat-
ment. This lack of suppression was not due to aerobic exclusion of sterols of the Scset1D
strain because our previous publication showed that yeast lacking SET1 can take up exoge-
nous sterols under aerobic conditions (28). Intriguingly, brefeldin A (BFA) hypersensitivity of
a Scset1D strain is suppressed when treated with exogenous sterols indicating distinct differ-
ences between BFA treatment and azole treatment (28).

In contrast to the Scset1D strain, a Cgset1D strain showed changes in ERG gene expres-
sion under azole-treated conditions but not untreated conditions, suggesting that histone
H3K4 methylation is needed for azole-induced gene induction and not basal level expres-
sion in C. glabrata (Fig. 5E and F). In addition, all 12 genes involved in the late ergosterol bio-
synthesis pathway were differentially expressed in the Cgset1D strain compared to the
CgWT strain, as well as three genes in the early pathways ERG9, ERG10, and ERG13, but not
HMG1, indicating the importance of Set1 for this azole-induced pathway in C. glabrata but
not in S. cerevisiae. We suspect that under azole treatment another epigenetic factor is con-
tributing this role in S. cerevisiae and thus bypassing the requirement of Set1.

Although regulation of ergosterol biosynthesis has been shown to be coupled to
expression of ABC transport genes such as CgCDR1 and its transcription factor Pdr1 (56, 57),
compensatory changes in CgCDR1 and CgPDR1 expression levels were not observed in a
Cgset1D strain treated with azole drugs (Fig. 4D and E). Furthermore, when SET1was deleted
in the clinical isolates SM1 (azole sensitive) and SM3 (azole resistant), both clinical isolates
showed increased hypersensitivity to azole drugs compared to their respective isolates.
Again, hypersensitivity was likely due to decreased ERG gene expression and not because of
altered efflux pump function. Even though the SM3set1D strain is considered less resistant
than SM3, the SM3set1D strain was not altered to that of SM1’s sensitivity levels. We suspect
this is because the loss of CgSET1 does not significantly alter the expression of CgPDR1 or
CgCDR1 expression levels to impact efflux and thus altering SM3’s susceptibility but not re-
sistance. More investigation will be needed to understand how CDR1 and/or PDR1 are epige-
netically regulated in C. glabrata sensitive and clinically azole-resistant strains (26, 58).

Raman et al. reported that loss of SET1 in C. albicans did not alter azole sensitivity but
did decrease virulence in mice which was attributed to decreased epithelial adherence

Contribution of Set1 in Azole Susceptibility Antimicrobial Agents and Chemotherapy

May 2022 Volume 66 Issue 5 10.1128/aac.02250-21 15

https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.02250-21


(30). Interestingly, several genes encoding cell wall proteins and adhesion factors are also
downregulated in a Cgset1D strain, as determined by RNA sequencing. In addition,
C. albicans strains lacking ERG11 or ERG3 produce avirulent hyphae, decrease adherence to
epithelial cells, and reduce virulence in oral mucosal infections and disseminated candidia-
sis (59–61). Based on these observations, we suspect that the loss of CgSET1 could alter
the virulence of C. glabrata under azole treatment. Additional studies will be needed to
determine the in vivo contribution of SET1 in C. glabrata and other Candida species.

Our data suggest that histone H3K4 methylation is an epigenetic mechanism to help
induce ERG gene expression when C. glabrata strains are exposed to azole drugs. We propose
histone H3K4 methylation and other epigenetic marks contribute to C. glabrata’s natural resist-
ance to azole drugs. Interestingly, several histone deacetylases (HDACs), such as CaHda1,
CaRpd3, and CaHos2, have been implemented in azole resistance in C. albicans (22, 23, 62–
64). In addition, HDAC inhibitors have been shown to have a synergistic effect on cells when
combined with azoles and echinocandins (62, 63, 65, 66). Interestingly, the treatment of C. albi-
canswith trichostatin A (TSA) lacks the trailing effect observed in MIC assays when using azole
drugs, and the lack of trailing effect was attributed to reduced CDR and ERG gene expression
(63, 67). In a similar manner, the Cgset1D strain also lacked a trailing effect in our MIC assays
(unpublished data), which we suspect is specifically due to the lack of azole-induced ERG gene
expression since CDR1 expression was not altered (Fig. 4D and 5). Furthermore, treatment of
drug-resistant fungal pathogens, including various isolates of C. glabrata, with a Hos2 inhibitor
MGCD290 showed synergy with azole drugs, which converted the MICs of azole treatment
from resistant to susceptible (65). Because Hos2 is known to be a key component of the Set3
complex and the Set3 complex is recruited to chromatin via Set1-mediated histone H3K4
methylation (68, 69), it is likely MGCD290 is mediating its effect with azoles through inhibiting
azole-induced ERG gene expression.

The occurrence of multidrug-resistant strains is increasing across all Candida species. In
addition, with the development and identification of multidrug-resistant fungal species such
as C. auris, a pathogen of urgent concern for the Centers for Disease Control and Prevention, it
is imperative to find alternative treatment options. Our study, along with others, provides
compelling evidence that epigenetic modifiers are playing key roles in altering fungal patho-
genesis and drug susceptibility. Understanding these epigenetic events and the pathways
they impact is needed to develop new drug therapies so that current and newly emerging
multidrug-resistant fungal pathogens can be effectively treated.

MATERIALS ANDMETHODS
Plasmids and yeast strains. All plasmids and yeast strains are described in Tables S1 and S2. C. glabrata

2001 (CBS138, ATCC 2001) and C. glabrata 2001HTU (ATCC 200989) were purchased from the American Type
Culture Collection (43). A genomic fragment containing the CgSET1 promoter, 59 UTR, open reading frame, and
39 UTR was amplified by PCR and cloned into the pGRB2.0 plasmid. The pGRB2.0 plasmid was purchased from
Addgene. Standard, site-directed mutagenesis was used to generate Cgset1H1048K. A 3�FLAG sequence was
inserted between the endogenous promoter and ATG of the pGRB2.0-CgSET1 and pGRB2.0-Cgset1H1048K using
fusion-based PCR and restriction enzyme cloning. Candida glabrata SET1, BRE2, SWD1, SPP1, and PDR1 genes
were deleted via standard homologous recombination. Briefly, drug-resistant selection markers were PCR ampli-
fied with Ultramer DNA Oligos (IDT) using pAG32-HPHMX6 (hygromycin) or pAG25-NATMX6 (nourseothricin).

Serial-dilution spot and liquid growth assays. For serial-dilution spot assays, yeast strains were
inoculated in SC media and grown to saturation overnight. Yeast strains were diluted to an optical density at
600 nm (OD600) of 0.1 and grown in SC media to log phase with shaking at 30°C. The indicated strains were
spotted in 5-fold dilutions starting at an OD600 of 0.01 on untreated SC plates or plates containing 16, 32, or
64 mg/mL fluconazole (Sigma-Aldrich, St. Louis, MO). Plates were grown at 30° for 1 to 3 days. For growth
assays, the indicated yeast strains were inoculated in SC media and grown to saturation overnight. Yeast strains
were diluted to an OD600 of 0.1 and grown in SC media to log phase with shaking at 30°C. The indicated strains
were diluted to an OD600 of 0.0001 in 100mL SC media. Cells were left untreated or treated with 64mg/mL flu-
conazole and grown for 50 h with shaking at 30°C. The cell density OD600 was determined every 1 h using the
Bio-Tek Synergy 4 multimode plate reader.

Cell extract and Western blot analysis. Whole-cell extraction and Western blot analysis to detect
histone modifications were performed as previously described (36, 70). Histone H3K4 methylation-spe-
cific antibodies were used as previously described: H3K4me1 (Upstate, catalog no. 07-436; 1:2,500),
H3K4me2 (Upstate, catalog no. 07-030; 1:10,000), and H3K4me3 (Active motif 39159, 1:100,000) (28, 71).
Histone H3 antibodies were used as our loading control (Abcam, catalog no. ab1791; 1:10,000).

RNA sequencing analysis. The CBS138 Cg2001 WT and set1D strains were inoculated in SC media
and grown to saturation overnight. Cells were diluted to an OD600 of 0.1 and recovered to log phase for
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3 h with shaking at 30°C. Prior to treatment, cells were collected for the untreated sample and zero time
point. Cultures were treated at an OD600 of 0.2 with 64 mg/mL fluconazole (Sigma-Aldrich) dissolved in
dimethyl sulfoxide as previously described (72). Cells were collected after 3 h. The total RNA of three bio-
logical replicates for each condition and sample was isolated by standard acid phenol purification and
treated with DNase (Ambion), and the total RNA was purified using standard acid phenol purification.
The quality of the RNA was tested using an Agilent Bioanalyzer 2100 using a High Sensitivity DNA Chip. The
cDNA library was prepared by the Purdue Genomics Facility using the TruSeq stranded kit with poly(A) selection
(Illumina) according to the manufacturer’s instructions. The software Trimmomatic v.0.39 was used to trim reads,
removing adapters and low-quality bases (73). STAR v.2.5.4b was used to align reads to the C. glabrata CBS138
reference genome, version s02-m07-r23 (74). One mismatch was allowed per read. HTSeq v.0.6.1 was used to
generate the gene count matrix on “intersection-nonempty”mode (75). R version 3.5.1 and Bioconductor release
3.6 were used to perform all statistical analyses on the RNA-seq data. The intersection of genes identified as statis-
tically significantly differentially expressed with a Benjamini-Hochberg-corrected FDR of,5% by DESeq2 v.1.18.0
was used in downstream analyses (76, 77).

Quantitative real-time PCR analysis. RNA was isolated from cells by standard acid phenol purifica-
tion. Reverse transcription was performed using an All-in-One 5� RT Mastermix kit (ABM, Richmond, Canada).
Primer Express 3.0 software was used for designing primers, and qRT-PCR was performed as previously
described (28, 78, 79). At least three biological replicates, including three technical replicates, were performed
for all samples. Data were analyzed using the comparative CT method (2–DDCT), where RDN18 (18S rRNA) was
used as an internal control. All samples were normalized to an untreated, untagged WT strain.

MIC assay. MIC assays were performed based on a modified version of the CLSI method for testing
yeast, 3rd edition (80). Briefly, yeast strains were inoculated in SC media and grown to saturation over-
night. The indicated strains were diluted to an OD600 of 0.003 in in SC or RPMI media. Cells were mixed
with fluconazole (Cayman Chemical) for a final volume of 100 mL per well in a 96-well polystyrene
microplate, with concentrations of fluconazole ranging from 0 to 256 mg/mL. Plates were incubated at
35°C, and MICs were recorded at 24 h. MICs were determined visually where .90% of growth was
inhibited.

Nile red assay. Fluorescence-based Nile red assays were performed as previously described (45).
Briefly, cells were grown overnight in SC media to saturation. Cells were back diluted to an OD600 of 0.1
and grown at 30°C for 6 h. Cells were collected and then washed with phosphate-buffered saline (PBS)
twice and incubated in 1.5 mL of PBS plus 2% glucose for 1 h. Next, 2.87 mL of a 1-mg/mL stock of Nile
red (Sigma) was added to each sample, followed by incubation at 30°C shaking for an additional 30 min.
Samples were washed twice with PBS and placed in triplicate in a black 96-well flat-bottomed polysty-
rene microplate. Fluorescence was detected using a Bio-Tek Synergy 4 multimode plate reader using an
excitation wavelength of 553 nm and an emission wavelength of 636 nm.

Chromatin immunoprecipitation. ZipChIP was performed as previously described (71). Briefly, 50-mL
cultures were grown to log phase (OD600 of 0.6) in SC complete media at 30°C shaking. Treated cells were
dosed with 64 mg/mL fluconazole (Cayman Chemical) at an OD600 of 0.2 for 3 h. In addition, cultures were
grown to saturation, back diluted to an OD600 of 0.6, treated with 64mg/mL fluconazole for 3 h, and collected.
Cells were formaldehyde cross-linked and harvested as previously described (71). Cell lysates were precleared
with 5mL of unbound protein G-magnetic beads for 30 min with rotation at 4°C. A total of 12.5mL of precleared
lysate was immunoprecipitated with 10mL of protein G-magnetic beads (10004D; Life Technologies) conjugated
to 1mL of histone H3K4me3 antibody (Millipore, catalog no. 07-473) or histone H3 antibody (Abcam, catalog no.
ab1791). Probe sets used in qRT-PCR are described in Table S5.

Ergosterol extraction. Ergosterol extraction was performed previously described (28). Cultures were
grown overnight in SC minimal media. Saturated cultures were backdiluted to an OD600 of 0.1 and were
grown at 30°C to log phase (OD600 0.6) with or without 64mg/mL fluconazole treatment. Sterols were extracted
from yeast using 4 M potassium hydroxide in 70% (vol/vol) ethanol at 85°C for 1 h. After extraction, nonpolar
lipids were separated using methanol two times. Nonpolar sterols were crystallized after evaporation of the N-
hexane and dissolved in 100% methanol. Samples were then analyzed by HPLC using a C18 column with the
flow rate set at 1 mL/min of 100% methanol. Ergosterol was detected at 280 nm. Cholesterol was added as an
extraction internal control and was detected at 210 nm.
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