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ABSTRACT Candida glabrata, the second most frequent cause of candidiasis after
Candida albicans, is an emerging human fungal pathogen that is intrinsically drug toler-
ant. Currently, studies of C. glabrata genes involved in drug tolerance are limited. Ada2,
a component serving as a transcription adaptor of the Spt-Ada-Gcn5 acetyltransferase
(SAGA) complex, is required for antifungal drug tolerance and virulence in C. albicans.
However, its roles in C. glabrata remain elusive. In this study, we found that ada2 mu-
tants demonstrated severe growth defects at 40°C but only mild defects at 37°C or 25°C.
In addition, C. glabrata ada2 mutants exhibited pleiotropic phenotypes, including sus-
ceptibility to three classes of antifungal drugs (i.e., azoles, echinocandins, and polyenes)
and cell wall-perturbing agents but resistance to the endoplasmic reticulum stressor tu-
nicamycin. According to RNA sequence analysis, the expression of 43 genes was down-
regulated and the expression of 442 genes was upregulated in the ada2 mutant com-
pared to their expression in the wild type. C. glabrata ADA2, along with its downstream
target ERG6, controls antifungal drug tolerance and cell wall integrity. Surprisingly, ada2
mutants were hypervirulent in a murine model of systemic infection, possibly due to the
upregulation of multiple adhesin-like genes, increased agar invasion, and overstimulation
of murine tumor necrosis factor alpha production.
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The opportunistic human fungal pathogen Candida glabrata is the most common
non-albicans Candida species that causes infections of mucosal surfaces or the blood-

stream (i.e., systemic infection) in most geographic regions (1, 2). The rate of mortality
from systemic infections caused by C. glabrata is relatively high, partly due to its rapidly
evolving resistance to antifungal drugs, especially azoles (3, 4). The treatment of C.
glabrata infections is challenging due to the limited knowledge of C. glabrata patho-
genicity, the restricted antifungal drug susceptibility of C. glabrata, and the availability
of few effective antifungal agents.

Infection with Candida species is initiated through adherence to host epithelial tissue
and colonization within the host (5). In Candida albicans, the agglutinin-like sequence (Als)
protein family and Hwp1 play crucial roles in adherence to host epithelial cells (6, 7). Similar
to the Als family of C. albicans, the main adhesins in C. glabrata are those of the epithelial
adhesin (EPA) family, which facilitate attachment to host epithelial cells and macrophages
(8–10). After colonization on host cells, Candida cells destroy host tissues and undergo
invasive growth, during which proteases, such as the secreted aspartyl proteases (Saps),
and phospholipases act as key virulence factors (11–13). Additionally, the unique extracel-
lular glycosylphosphatidylinositol (GPI)-linked aspartyl protease gene family (YPS genes)
plays important roles in virulence and survival within macrophages (14).

Several studies have reported on the C. glabrata genes that are involved in virulence
suppression. The most well characterized of these genes is C. glabrata ACE2 (CgACE2),
a transcription factor that acts as a negative regulator of virulence in a model of
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systemic infection in immunocompromised mice (15). The evolved (Evo) strain, which
has a single nucleotide mutation in the chitin synthase gene CHS2, is another hyper-
virulent C. glabrata strain (16). Both the ace2 mutant and the Evo strain have enhanced
virulence; stimulate inflammatory response factors, such as tumor necrosis factor alpha
(TNF-�) and interleukin-6 (IL-6); and exhibit a clumpy pseudohypha-like structure. Other
strains with enhanced virulence include a strain with the PDR1 gain-of-function muta-
tion, a strain with mitochondrial dysfunction, and the anp1 and mnn2 glycosylation
mutants (17–19).

The Spt-Ada-Gcn5 acetyltransferase (SAGA) complex is conserved in eukaryotes and
influences the expression of approximately 10% of genes in the Saccharomyces cerevi-
siae genome (20, 21). Within the SAGA complex, Gcn5 is a histone acetyltransferase that
mediates nucleosomal acetylation, and the site specificity of lysine acetylation on
histones is potentiated by Ada2 and Ada3 (22). In S. cerevisiae, the loss of Ada2 results
in slow growth under minimal glucose and low-phosphate conditions, temperature
sensitivity, and sensitivity to the cell wall-perturbing agent Congo red (CR) (23–25). In
C. albicans, the ada2/ada2 mutant is sensitive to Congo red, the endoplasmic reticulum
(ER) stressor tunicamycin (TM), and antifungal drugs, such as caspofungin (CSF) and
fluconazole (FLC) (26, 27). Meanwhile, the C. albicans ada2/ada2 mutant exhibits hyphal
growth defects and attenuated virulence in murine systemic and Caenorhabditis el-
egans infection models (27, 28). In Cryptococcus neoformans, the ada2 mutant has
severe growth defects at 39°C, and C. neoformans Ada2 (CnAda2) is required for capsule
formation and virulence in a murine intranasal infection model (29). In the filamentous
fungus Aspergillus nidulans, the adaB mutant has defects in growth, conidiation, and
conidiophore formation (30). In the rice pathogen Fusarium fujikuroi, the ada2 mutant
has impaired growth in solid media (31). However, the roles of C. glabrata Ada2 on
growth, antifungal tolerance, and virulence have remained elusive.

In this study, we report that C. glabrata Ada2 has multiple roles in cellular functions,
ranging from growth and cell wall integrity to antifungal drug tolerance and virulence
suppression. Importantly, ERG6 also mediates cell wall integrity and antifungal drug
tolerance. We found that C. glabrata mutants lacking ADA2 are hypervirulent in a
murine model of systemic infection; this is distinct from findings in C. albicans and C.
neoformans, indicating a divergent role of Ada2 in controlling virulence in human
fungal pathogens. We further show evidence to support the suggestion that the
hypervirulence of C. glabrata ada2 (Cgada2) mutants may be due to the upregulation
of multiple adhesin-like genes, the enhanced invasive growth of C. glabrata, and
increased murine TNF-� production.

RESULTS
Ada2 mediates acetylation of H3K9 but not H3K14 in C. glabrata. To test the

Ada2-mediated chromatin modification in C. glabrata, we analyzed the acetylation
levels at lysine 9 and lysine 14, the main residues acetylated by the SAGA complex in
S. cerevisiae, on the C. glabrata histone H3 protein (H3K9 and H3K14, respectively) (32).
We extracted the total protein from the wild type, the ada2 mutants, and the comple-
mented strain and performed a Western blot analysis with anti-acetylated H3K9 (anti-
H3K9ac) or anti-acetylated H3K14 (anti-H3K14ac) antibody. The acetylation level of
H3K9 was lower in ada2 mutants (Fig. 1A) than the wild-type strain; the P values for the
significance of the difference between the wild-type strain and ada2 mutants YSJ4 and
YSJ39 were �0.0001 and 0.0005, respectively, based on an unpaired t test (Fig. 1B). The
H3K9 acetylation level of the complemented strain was similar to that of the wild type.
The P values for the significance of the difference in the acetylation levels between the
complemented strain and the wild type and ada2 mutants YSJ4 and YSJ39 were 0.1811,
�0.0001, and 0.0012, respectively. Unlike the acetylation level of H3K14 in S. cerevisiae,
the acetylation level of H3K14 in the C. glabrata ada2 mutants was similar to that in the
wild-type and complemented strains (P � 0.05). These results indicate the convergent
and divergent roles of Ada2 in the acetylation of H3K9 and H3K14, respectively,
between C. glabrata and S. cerevisiae or, alternatively, that Ada2 regulates Gcn5 in C.
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glabrata differently than it does in S. cerevisiae, based on the finding that H3K14 was
acetylated in S. cerevisiae but not C. glabrata.

Ada2 is required for thermotolerance and growth in C. glabrata. S. cerevisiae ada2
mutants grow slowly in minimal medium and exhibit temperature sensitivity (23), but
the role of the ADA2 gene in C. glabrata remains unclear. In spotting assays, C. glabrata
ada2 mutants grew slightly slower on solid YPD than the wild type at 25°C and 37°C but
exhibited severe growth defects at 40°C that could be partially rescued with supple-
mentation of the osmotic stabilizer sorbitol (Fig. 2A). We measured the growth kinetics
of these strains for 72 h at 25°C, 37°C, and 40°C and found that the ada2 mutants grew
slower at 40°C than at 25°C or 37°C. The complemented strain grew at a rate similar to
that of the wild-type strain (Fig. 2B). We measured the growth rate (doubling time) of
the wild type, the ada2 mutants, and the complemented strain in liquid yeast extract-
peptone-dextrose (YPD) and found that the ada2 mutants exhibited a longer doubling
time than the wild-type and complemented strains at 25°C and 40°C (Table 1). Inter-
estingly, the ada2 mutants had a slightly shorter doubling time at 37°C than the
wild-type and complemented strains (Table 1).

Ada2 controls antifungal drug tolerance in C. glabrata. To determine the role of
Ada2 in antifungal drug tolerance, we performed serial dilution spotting, disk diffusion,
and MIC assays to determine the role of Ada2 in antifungal drug tolerance. In the serial
dilution spotting assay, ada2 mutants were susceptible to azoles (fluconazole [FLC],
posaconazole [PSC], voriconazole [VRC]), echinocandins (micafungin [MCF], caspofun-
gin [CSF], anidulafungin [ANF]), and a polyene (amphotericin B [AmB]) (Fig. 3A). In disk
diffusion assays, the ada2 mutants demonstrated larger and/or clearer inhibition
zones in the presence of fluconazole, micafungin, or amphotericin B than the
wild-type and complemented strains (Fig. 3B; see also Fig. S2 in the supplemental
material). The ada2 mutants showed 8-fold increased susceptibility to 2 �g/ml
fluconazole and 2-fold increased susceptibility to 0.0625 �g/ml micafungin or 0.5

FIG 1 ADA2 deletion results in decreased acetylation of H3K9 but not H3K14. (A) C. glabrata strains were
cultured, and the total proteins were extracted to determine the acetylation level of histone 3 via
Western blotting. A total of 15 �g of protein was probed with anti-H3K9ac antibody and 45 �g was
probed with anti-H3K14ac antibody. Actin was used as a loading control in all blots. (B) Acetylation levels
of H3K9 and H3K14 in the C. glabrata wild type (WT), the ada2 mutants, and the complemented strain
were determined from three independent Western blot experiments. The blots were analyzed using
ImageJ software, and the signals were normalized to the actin signals. The results are represented as the
mean � standard deviation. Asterisks indicate statistically significant differences compared with the
results for the wild type using an unpaired t test (**, P � 0.01; ***, P � 0.0001).
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�g/ml amphotericin B compared with the susceptibilities of the wild-type and
complemented strains (Table 2).

Ada2 is required for cell wall integrity but negatively regulates invasive
growth in C. glabrata. Most existing antifungal drugs target components or pathways
involved in cell wall integrity (33). Since ada2 mutants are susceptible to three classes

FIG 2 Ada2 is required for thermotolerance and growth. (A) The growth of ada2 mutants was temperature
sensitive, and the osmotic stabilizer sorbitol partially rescued the phenotype at 40°C. Cells were grown
overnight in YPD at 37°C and washed twice with dH2O, 5-fold serially diluted, and spotted onto solid YPD
with or without 1 M sorbitol. The cultures were incubated at the indicated temperature for 48 h. (B) Growth
kinetics of C. glabrata strains at 25°C, 37°C, or 40°C. Cells were grown overnight in liquid YPD at 37°C,
washed twice with dH2O, diluted to an OD600 of 0.1 unit/ml in fresh liquid YPD, and incubated at the
indicated temperature with shaking at 150 rpm. The OD600 of the cultures was measured at 0, 3, 6, 9, 12,
15, 18, 24, 48, and 72 h. The results were plotted using Prism (v5.03) software, and the error bars represent
standard deviations from triplicate technical experiments.

TABLE 1 Doubling time of C. glabrata strains at various temperatures

Strain

Doubling time (h) ata:

25°C 37°C 40°C

Wild type 2.30 � 0.23a,b,c 2.04 � 0.02g,h,i 2.11 � 0.08m,n,o

ada2 mutant (YSJ4) 2.94 � 0.04a,d,e 1.86 � 0.03g,j,k 2.26 � 0.07m,p,q

ada2 mutant (YSJ39) 4.07 � 0.37b,d,f 1.89 � 0.08h,j,l 2.16 � 0.02n,p,r

ada2::ADA2 mutant (YSJ49) 2.38 � 0.08c,e,f 1.95 � 0.06i,k,l 1.98 � 0.01o,q,r

aData represent the mean � standard error of the mean for three technical replicates. In the statistical
analyses, P values were determined by an unpaired t test. The P values between two measurements with
the same superscript letters were as follows: a, P � 0.049; b, P � 0.015; c, P � 0.739; d, P � 0.038; e, P �
0.003; f, P � 0.011; g, P � 0.016; h, P � 0.191; i, P � 0.228; j, P � 0.844; k, P � 0.345, l, P � 0.647; m, P �
0.258; n, P � 0.614; o, P � 0.189; p, P � 0.274; q, P � 0.021; r, P � 0.002.
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FIG 3 Ada2 controls antifungal drug tolerance and cell wall integrity. (A) The ada2 mutants were
susceptible to azoles, echinocandins, and amphotericin B. Cells were grown overnight in liquid YPD at 37°C,
washed twice with dH2O, 5-fold serially diluted, and spotted onto solid YPD containing fluconazole (FLC),
posaconazole (PSC), voriconazole (VRC), micafungin (MCF), caspofungin (CSF), or anidulafungin (ANF) at the
indicated concentration. To test susceptibility to amphotericin B (AmB), strains were spotted onto synthetic
complete (SC) medium with or without 50 ng/ml AmB. All plates were incubated at 37°C for 30 h. (B) A disk
diffusion assay was used to test the susceptibility of the C. glabrata strains to FLC, MCF, or AmB. C. krusei
ATCC 6258 and C. parapsilosis ATCC 20019 served as quality control strains. Cells were spread on the surface
of Mueller-Hinton agar plus GMB medium plates. Disks containing 20 �g FLC, 40 ng MCF, or 2.5 �g AmB
were placed on the agar surface, and the plates were incubated at 35°C for 24 h. (C) The ada2 mutants
are sensitive to cell wall-perturbing agents but resistant to the ER stress chemical tunicamycin. Cells
were grown overnight in liquid YPD at 37°C, 5-fold serially diluted, spotted onto solid YPD containing
SDS, calcofluor white (CFW), Congo red (CR), dithiothreitol (DTT), or tunicamycin (TM), and incubated
at 37°C for 30 h.
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of antifungal drugs, we hypothesized that CgAda2 may play a role in controlling cell
wall integrity. To test cell wall integrity in ada2 mutants, we exposed them to the cell
wall-perturbing agents sodium dodecyl sulfate (SDS), calcofluor white (CFW), and
Congo red (CR). The ada2 mutants were sensitive to these agents (Fig. 3C), indicating
that Ada2 plays crucial roles in maintaining cell wall integrity. Furthermore, cell
separation ability was reduced in ada2 mutants compared with that in the wild-type
and complemented strains (Fig. S1). Because previous studies showed that cell wall
integrity is linked with the unfolded protein response (UPR) (34), we investigated
whether the UPR was affected in C. glabrata ada2 mutants when treated with the ER
stress inducer tunicamycin (TM; which blocks the synthesis of N-linked glycoproteins in
the ER). The tolerance of ada2 mutants to TM was increased compared with that of the
wild-type and complemented strains (Fig. 3C). Interestingly, the C. glabrata ada2
mutants exhibited enhanced agar invasion compared with the wild-type and comple-
mented strains (Fig. 4A); the ada2 mutants were observed microscopically to exten-
sively invade agar from both the top and side views compared with the level of invasion
by the wild-type and complemented strains (Fig. 4B).

Inactivation of ADA2 leads to hypervirulence. To study the role of C. glabrata
Ada2 in virulence, we used a murine model of systemic infection. Immunocompromised
mice were infected with a wild-type strain, an ada2 mutant (YSJ4 or YSJ39), or the
complemented strain (YSJ49) in order to determine the survival curve, organ fungal
burden, and histopathology. The ada2 mutants (YSJ4 and YSJ39) showed hyperviru-
lence and produced 100% and 90% mortality, respectively, while the wild-type and
complemented strains produced only 40% and 20% mortality, respectively, within 3
weeks postinfection (Fig. 5A). The P values for the difference in the rates of mortality
between mice infected with the wild-type strain and those infected with ada2 mutant
YSJ4 or YSJ39 were 0.001 and 0.012, respectively, as determined by the log-rank test
(Fig. 5A). To determine the ability of C. glabrata mutant strains to infect tissues, we
performed fungal burden analyses of the spleen, kidneys, and brain. At 48 h postin-
fection, organs were removed and halved. The organ halves were homogenized, and
the homogenates were serially diluted and plated onto solid YPD containing 100 �g/ml
chloramphenicol to determine the number of CFU per gram of organ tissue. The ada2
mutants showed increased fungal burdens in the spleen (YSJ4, P � 0.0001; YSJ39, P �

0.0011), kidney (YSJ4, P � 0.0002; YSJ39, P � 0.0002), and brain (YSJ4, P � 0.0003;
YSJ39, P � 0.0007) (P values were determined by the Mann-Whitney test), whereas the
burden of the complemented strain in the spleen or brain exhibited no difference from
that of the wild type, but the burden of the complemented strain in the kidney was
slightly lower than that of the wild type (P � 0.017) (Fig. 5B). We performed histopa-
thology analysis using the other halves of the organs, which were sliced and periodic
acid-Schiff (PAS) stained to visualize colonization of the spleen, kidney, and brain
tissues. The ada2 mutants exhibited a greater ability than the wild-type or comple-
mented strain to colonize the spleen and kidneys (Fig. 5C). However, we did not
observe obvious fungal cells in the brain.

C. glabrata ada2 mutants overstimulate TNF-� production in mice. Because the
C. glabrata ada2 mutants showed hypervirulence in a murine model of systemic
infection, we determined murine TNF-� and IL-6 levels. Mice were infected with the

TABLE 2 The MICs of C. glabrata strains and two quality control Candida isolates

Strain

MIC (�g/ml)

Fluconazole Micafungin Amphotericin B

Wild type 16 0.125 1
ada2 mutant (YSJ4) 2 0.0625 0.5
ada2 mutant (YSJ39) 2 0.0625 0.5
ada2::ADA2 mutant (YSJ49) 16 0.125 1
C. krusei ATCC 6258 32 0.125 2
C. parapsilosis ATCC 22019 4 2 2
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wild-type strain, an ada2 mutant, or the complemented strain, and the controls
received phosphate-buffered saline (PBS). We collected serum at 18 h postinfection.
The levels of TNF-� and IL-6 in PBS-treated mice were undetermined or barely detected,
respectively (Table 3). The levels of TNF-� in mice infected with ada2 mutant YSJ4 or
YSJ39 were significantly increased compared with those in mice infected with the wild
type (P � 0.0008 and P � 0.0185, respectively) or the complemented strain (P � 0.0001
and P � 0.0007, respectively) (P values are based on an unpaired t test). We observed
no difference in the levels of IL-6 production between the wild type and the ada2
mutants (Table 3).

Genome-wide analysis of Ada2-mediated genes in C. glabrata. To further un-
derstand the pleiotropic phenotypes of ada2 mutants and identify Ada2-mediated
genes in C. glabrata, we performed RNA sequencing to compare the genome-wide
transcriptome profiles of the wild type and ada2 mutant YSJ4. Real-time quantitative
reverse-transcription PCR (qRT-PCR) analysis confirmed that the transcription of ADA2
was abolished in the ada2 mutant (Fig. 6A). A total of 485 genes were differentially
regulated (i.e., a �2-fold change in expression was detected) between the ada2 mutant
and the wild-type strain when grown in liquid YPD (Fig. 6B). Among these Ada2-
mediated genes, 442 genes were upregulated and 43 were downregulated in the ada2
mutant. C. glabrata contains more adhesin-like genes than other human fungal patho-

FIG 4 Inactivation of ADA2 enhances agar invasion. (A) C. glabrata strains were grown overnight in YPD at 37°C,
washed twice with dH2O, and diluted to an OD600 of 1 unit/ml. Then, 3 �l of cells was spotted onto solid YPD and
incubated at 37°C for 10 days. Colonies were photographed before and after washing with dH2O. (B) The colonies
from the assay whose results are shown in panel A were washed, excised, and microscopically observed from the
top and side. Arrows, the agar surface.
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gens; approximately 67 adhesin-like GPI proteins have been found in the C. glabrata
genome (35). Among the identified upregulated genes, 26 were adhesin-like genes
(representing 39% of C. glabrata adhesin-like genes); in contrast, only 2 adhesin-like
genes (�3% of C. glabrata adhesin-like genes) were downregulated (Table 4). Among
the 26 upregulated adhesin-like genes were 9 EPA genes (EPA1, EPA6, EPA8, EPA10,

FIG 5 C. glabrata ada2 mutants are hypervirulent in a model of systemic infection in immunosuppressed mice. (A)
Survival curves for mice infected with the wild type, the ada2 mutants, or the complemented strain. A total of 10
5- to 6-week-old male ICR mice per strain were immunocompromised with cyclophosphamide (200 mg/kg at days
�3, 0, and �1). Each mouse was intravenously challenged with 7 	 107 yeast cells in 200 �l of PBS and monitored
for 21 days. (B) The fungal burdens of the spleens, kidneys, and brains of the immunocompromised mice were
determined at 48 h after challenge with 7 	 107 cells (in 200 �l) via lateral tail vein injection. The P values for the
significance of the differences between the wild type and the mutants or the complemented strain, based on the
log-rank test, are shown. (C) Histopathological sections of spleens and kidneys were dissected from immunocom-
promised mice infected with 7 	 107 cells of the wild type, the ada2 mutants, or the complemented strain. The
mice were sacrificed at 48 h postinfection. PAS staining was used to observe C. glabrata colonization. Arrows, C.
glabrata cells.
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EPA11, EPA12, EPA15, EPA20, EPA23) and 3 PWP (PA14 domain-containing wall protein)
genes (PWP2, PWP6, PWP7). The two downregulated adhesin-like genes in the ada2
mutant were EPA7 and AWP2. In addition to the adhesin-like genes, three genes (YPS4,
YPS8, YPS10) belonging to the YPS gene cluster (14) were also upregulated in the ada2
mutant. To confirm the reliability of RNA sequencing analysis, we used real-time

TABLE 3 TNF-� and IL-6 levels in the blood of mice infected with C. glabrata strains

Strain

Cytokine concna (pg/ml)

TNF-� IL-6

Control (PBS) UD 0.3 � 0.2
Wild type 39.8 � 7.5a,b,c 411.0 � 48.1g,h,i

ada2 mutant (YSJ4) 130.3 � 12.9a,d,e 410.3 � 85.8g,j,k

ada2 mutant (YSJ39) 101.8 � 16.9b,d,f 336.6 � 100.6h,j,l

ada2::ADA2 mutant (YSJ49) 10.2 � 1.6c,e,f 216.6 � 45.5i,k,l

aData represent the mean � standard deviation. In the statistical analyses, P values were determined by an
unpaired t test. The P values between two measurements with the same superscript letter were as follows:
a, P � 0.0008; b, P � 0.018; c, P � 0.0037; d, P � 0.218; e, P � �0.0001; f, P � 0.0007; g, P � 0.994; h, P �
0.560; i, P � 0.022; j, P � 0.592; k, P � 0.081; l, P � 0.308. UD, undetected.

FIG 6 Genes regulated by Ada2 in C. glabrata. Strains were grown overnight in liquid YPD at 24°C, washed
twice with dH2O, diluted to an OD600 of 0.2 unit/ml with fresh YPD, and incubated at 24°C for 3 h. Log-phase
cells were collected for total RNA extraction and further RNA sequencing analyses. (A) The expression of
ADA2, measured by real-time qRT-PCR, was undetectable in the ada2 mutant. (B) A total of 485 genes
underwent changes in their levels of expression (442 were upregulated and 43 were downregulated) in the
ada2 mutant compared to their levels of expression in the wild type. (C) Real-time qRT-PCR was used to
confirm the expression of four downregulated genes (GAS3 [CAGL0G1056g], CAGL0L01771g, CAGL0G05269g,
and ERG6 [CAGL0H04653g]). (D) Real-time qRT-PCR confirmed the expression of EPA23, YPS4, EPA20, and
YPS10, which were upregulated in the ada2 mutant. The results are presented as the mean � standard
deviation. Asterisks indicate statistically significant differences compared with the results for the wild type
using an unpaired t test (*, P � 0.01; **, P � 0.001).
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TABLE 4 Genes regulated by Ada2 in C. glabrata

Gene regulation, function, and ORF Gene
Fold change in
expressiona

S. cerevisiae
ortholog

Upregulated adhesin/adhesin-like genes
(selected, 26/442)

CAGL0F09273g 8.8
CAGL0I11011g 8.3
CAGL0G10219g AWP12 5.2
CAGL0L00157g 5.1
CAGL0I10098g PWP7 3.2 FLO5
CAGL0I00220g EPA23 2.7 FLO1
CAGL0I00110g 2.6
CAGL0E00110g 2.3
CAGL0E00275g EPA20 2.2 FLO5
CAGL0J00110g 1.8
CAGL0E01661g 1.8
CAGL0A01284g EPA10 1.7 FLO1
CAGL0C00847g EPA8 1.6 FLO10
CAGL0J01774g 1.6
CAGL0L00227g 1.5
CAGL0G00110g 1.4
CAGL0L10092g 1.4
CAGL0I10246g PWP2 1.3 FLO1
CAGL0C00110g EPA6 1.3 FLO1
CAGL0E06644g EPA1 1.3 FLO1
CAGL0M14069g PWP6 1.2 FLO9
CAGL0L13299g EPA11 1.2 FLO9
CAGL0M00132g EPA12 1.2 FLO1
CAGL0J11968g EPA15 1.2 FLO5
CAGL0C00968g 1.2
CAGL0I07293g 1.1

Down-regulated genes (43/43)
Enzyme/enzyme regulator activity

CAGL0G01056g GAS3 �5.9 GAS2
CAGL0A03102g ARO10 �2.4 ARO10
CAGL0M00176g BAT2 �1.7 BAT2
CAGL0K04235g �1.5 NQM1
CAGL0H04653g ERG6 �1.3 ERG6
CAGL0I01166g TRR1 �1.3 TRR2
CAGL0J11242g �1.3 RHO5
CAGL0F00363g OPI3 �1.2 OPI3
CAGL0F02563g HPT1 �1.2 HPT1
CAGL0B01122g SAM1 �1.1 SAM1
CAGL0M08602g �1.1 CCC2
CAGL0B00990g HBN1 �1.1 FRM2
CAGL0H04081g ERG13 �1.1 HCS1
CAGL0K06259g TSA1 �1.1 TSA2

Transcription factor/DNA, RNA, protein, or lipid
binding activity

CAGL0L01771g �4.6 PHD1
CAGL0B04213g �1.6 RGC1
CAGL0H08712g �1.6
CAGL0H08195g �1.3 STI1
CAGL0B00792g �1.3 SRO9
CAGL0K08756g AP5 �1.2 YAP5
CAGL0H05511g �1.2 RPS9A
CAGL0B04675g �1.2 DOM34
CAGL0D05368g �1.1 SRB6
CAGL0K04741g SSB2 �1.0 SSB2

Molecular function
CAGL0G05269g �2.5 FMP16
CAGL0G03531g �2.2 SPR6
CAGL0H07469g �1.9 ICS2
CAGL0G06798g �1.7 LSO1
CAGL0F00187g FET4 �1.2 FET4
CAGL0A01474g �1.2 SCW11
CAGL0M00902g �1.2 DIF1

(Continued on next page)
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qRT-PCR to determine the transcription levels of four upregulated genes (EPA23, EPA20,
YPS4, YPS10) and four downregulated genes (GAS3, CAGL0L01771g, CAGL0G05269g,
ERG6). The real-time qRT-PCR results were consistent with the RNA sequencing results
(Fig. 6C and D).

C. glabrata ADA2 mediates antifungal drug tolerance and cell wall integrity via
the downstream target ERG6. To identify potential downstream targets of ADA2, we
disrupted several genes that we found were regulated by ADA2, including GAS3,
CAGL0L01771g, and ERG6. The gas3 and CAGL0L01771g mutants did not exhibit phe-
notypes similar to those of the ada2 mutants (data not shown). Deletion of ERG6, a C24

sterol methyltransferase involved in the ergosterol biosynthesis pathway, demon-
strated echinocandin susceptibility similar to that of the ada2 mutants, while flucona-
zole susceptibility was intermediate between that of the wild type and the ada2
mutants (Fig. 7). In addition, the erg6 mutants phenocopied ada2 mutants in terms of
sensitivity to the cell wall-perturbing agents SDS, CFW, CR, and dithiothreitol (DTT) (Fig.
7). However, while the ada2 mutants were tolerant to tunicamycin, the erg6 mutants
showed sensitivity to tunicamycin compared with the wild type (Fig. 7).

DISCUSSION
Roles of Ada2 in thermotolerance and cell wall integrity. Thermotolerance and

adaptation to elevated temperatures are important traits for human fungal pathogens
to successfully establish infection. The transcription adaptor Ada2 is involved in ther-
motolerance in several fungi. For example, the S. cerevisiae ada2 mutant exhibits
temperature sensitivity at 37°C (36), while C. neoformans strains without ADA2 have
growth defects at 37°C and 39°C (29). In contrast, C. albicans Ada2 does not mediate
thermotolerance (27). In this study, we showed that C. glabrata ada2 mutants exhibit
severe growth defects at 40°C that can be partially rescued with supplementation of
the osmotic stabilizer sorbitol, suggesting that CgAda2 contributes to thermotolerance
via maintenance of cell wall integrity. Recent research showed that S. cerevisiae SAGA
complex subunits, such as Gcn5, are recruited to the promoters of the cell wall integrity
response genes in an Slt2-, Rlm1-, and SWI/SNF-dependent manner, and deletion
mutants of GCN5 are sensitive to CR, thus establishing a potential link between the
SAGA complex and cell wall integrity (37). However, whether this phenomenon is
conserved in C. glabrata requires further study.

In this study, we showed that C. glabrata ada2 mutants are sensitive to elevated
temperatures but resistant to the ER stress chemical tunicamycin. Accumulation of
unfolded proteins in the ER triggers the unfolded protein response (UPR) pathway, and
the ER stress response is related to thermotolerance. For example, in C. glabrata the
UPR pathway is mainly mediated by the calcineurin pathway and is partially mediated
by the Slt2 pathway (38). Inactivation of calcineurin or SLT2 in C. glabrata results in

TABLE 4 (Continued)

Gene regulation, function, and ORF Gene
Fold change in
expressiona

S. cerevisiae
ortholog

CAGL0L04510g �1.1 RPS28A
CAGL0J11462g �1.1 YNL190W

Transporter
CAGL0M06281g �2.4 DTR1
CAGL0A02321g HXT3 �1.4 HXT5
CAGL0H08393g �1.2 BAP2
CAGL0H10076g �1.1 YRO2

Adhesin/adhesin-like genes
CAGL0K00110g AWP2 �1.5
CAGL0C05643g EPA7 �1.1 FLO9

Unknown function
CAGL0F00715g �1.5 MAK16
CAGL0K03069g �1.3 IRC21
CAGL0G06050g �1.1

aLog2 ratio, ada2 mutant/wild type.
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increased sensitivity to tunicamycin and elevated temperatures (38–40). Unlike the
tunicamycin sensitivity of cell wall-defective strains, such as calcineurin mutants (40),
the C. glabrata ada2 mutants showed resistance to tunicamycin, indicating that C.
glabrata Ada2 and calcineurin might control tunicamycin tolerance in distinct path-
ways.

Antifungal drug tolerance. Ada2 controls not only cell wall integrity but also
antifungal drug tolerance in C. glabrata as well as C. albicans (41). It is known that C.
albicans Ada2 binds to the promoter of the multidrug transporter CDR1 or the multi-
drug efflux pump MDR1, and the gene expression levels of CDR1 and MDR1 in the C.
albicans ada2/ada2 mutant are lower than those in the wild type when exposed to
fluconazole (27). However, in C. glabrata we did not find that Ada2 regulates ABC
transporter-encoding genes, such as CDR1, CDR2 (PDH1), or SNQ2, based on RNA
sequencing results. Possible explanations for this difference may involve divergent
roles of Ada2 between C. glabrata and C. albicans in controlling the expression of the
multidrug transporter or efflux pump genes or simply different incubation conditions.
In contrast to the C. glabrata and C. albicans Ada2 proteins, C. neoformans Ada2 does
not influence fluconazole tolerance (29), suggesting divergent roles of Ada2 in flucona-

FIG 7 ADA2 control of antifungal drug tolerance and cell wall integrity is mediated by ERG6. The erg6
mutants were susceptible to echinocandins, fluconazole, cell wall-perturbing agents, and the ER stress
chemical tunicamycin but not amphotericin B. Cells were grown overnight in YPD at 37°C and washed twice
with dH2O, 5-fold serially diluted, and spotted onto YPD medium containing MCF, CSF, ANF, FLC, PSC, VRC,
SDS, CFW, CR, DTT, or TM at the indicated concentration. Strains were spotted onto SC medium with or
without 50 ng/ml AmB to test tolerance to amphotericin B. All plates were incubated at 37°C for 30 h.
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zole tolerance between Candida and Cryptococcus species. Meanwhile, this study
showed that Cgada2 mutants are susceptible to amphotericin B, which is distinct from
the findings for the C. neoformans ada2 mutant, which does not exhibit amphotericin
B susceptibility (29). However, it is unknown whether the C. albicans ada2/ada2 mutant
is susceptible to amphotericin B.

Hypervirulence. Despite the defects of the C. glabrata ada2 mutants in cell wall
integrity and growth at elevated temperatures (except for a shorter doubling time in
liquid medium at 37°C), we found, surprisingly, that the ada2 mutants have enhanced
virulence in a model of systemic infection in immunosuppressed mice. Previous studies
showed that C. albicans ada2/ada2 and C. neoformans ada2 mutants exhibit attenuated
virulence in murine models (27, 29), which is distinct from the increased virulence of the
C. glabrata ada2 mutant, indicating divergent roles of Ada2 in governing virulence
between C. glabrata and C. albicans or C. neoformans. The slightly shorter doubling time
of the C. glabrata ada2 mutants in the exponential phase at 37°C might partially explain
the observed hypervirulence.

The proinflammatory cytokines TNF-� and IL-6 are crucial for host defense, and their
levels reflect the severity of Candida infection in humans (42). The ace2 mutant is the
first reported hypervirulent strain in C. glabrata, with hypervirulence being attributed to
overstimulation of the host cytokines IL-6 and TNF-� (15). For example, the Evo isolate
is a hypervirulent C. glabrata strain, and infection with this strain results in increased
production of IL-6 and TNF-� in the host brain tissue instead of the serum during early
murine infection (16). Based on our results, we suggest that the hypervirulence of the
Cgada2 mutants is due at least in part to the overstimulation of TNF-� during murine
infection (Table 3 and Fig. 8).

The enhanced agar invasion observed in the Cgada2 mutants may be linked to the
hypervirulent phenotype, although the relationship between agar invasion and viru-

FIG 8 Proposed role of Ada2 in C. glabrata. C. glabrata Ada2 functions as a positive or a negative
regulator governing pleiotropic phenotypes. CgAda2 positively regulates growth, cell wall integrity, and
echinocandin and fluconazole (FLC) tolerance, which is mediated at least in part by Erg6. Additionally,
Ada2 contributes to tolerance to posaconazole (PSC), voriconazole (VRC), amphotericin B, and thermal
stress. Meanwhile, Ada2 negatively regulates, possibly with mediation by Erg6, ER stress tolerance, which
potentially inhibits genes such as ADA2 or other undiscovered genes that negatively regulate ER stress
tolerance. Interestingly, Ada2 also negatively regulates virulence in a murine model of systemic infection.
The hypervirulence of ada2 mutants might be caused by the upregulation of multiple adhesin-like genes,
increased agar invasion, and overstimulation of murine TNF-� production. Dashed lines, potential
relationships.
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lence in C. glabrata is unclear. However, C. glabrata mutants, such as the tpo1_1 and
tpo1_2 mutants, which have a reduced agar invasion ability compared with that of the
wild type, show reduced virulence in a Galleria mellonella infection model (43). Further,
the C. albicans fluconazole-resistant strain CO23RFLC and the micafungin-resistant strain
CO23RFK, both of which are derived from the fluconazole- and micafungin-susceptible
strain CO23S, showed increased virulence in a murine model of systemic infection and
formed branching hyphae that invaded the surface of the agar, unlike the hyphae
formed by CO23S, and that were longer than the hyphae formed by CO23S (44),
suggesting a possible relationship between increased virulence and agar invasion in
both C. glabrata and C. albicans. Thus, it is possible that the enhanced agar invasion of
Cgada2 mutants might be linked with hypervirulence (Fig. 4 and 8).

Among a total of 67 C. glabrata adhesion genes, 26 genes were upregulated in the
Cgada2 mutant, while only 2 genes were downregulated in the Cgada2 mutant. Thus,
the loss of ADA2, resulting in the activation of 26 adhesin-like genes, might potentially
contribute to the hypervirulence of Cgada2 mutants (Table 4 and Fig. 8). Previous
research showed that silencing mutations in C. glabrata cells can result in the dere-
pression of three EPA genes (EPA1, EPA6, and EPA7) and hyperadhesion to several
epithelial cell lines (45). For instance, a hyperadherent C. glabrata sir3 mutant exhibited
increased colonization in murine kidneys compared to the wild type (46), suggesting
that adherence might be correlated with virulence in C. glabrata.

In this study, we demonstrated that C. glabrata Ada2 is required for growth,
thermotolerance, cell wall integrity, and tolerance to three classes of antifungal drugs.
Importantly, Ada2 control of cell wall integrity and antifungal drug tolerance is partially
mediated by Erg6. The loss of Ada2 in C. glabrata results in hypervirulence in a murine
model of systemic infection, which is in contrast to the attenuated virulence seen in C.
albicans and C. neoformans ada2 mutants, suggesting a divergent role of Ada2 in
governing virulence between different human fungal pathogens. The upregulation of
26 adhesin-like genes, increased agar invasion, and increased TNF-� production in host
mice may contribute to the observed hypervirulence (Fig. 8). Future investigations on
the signaling pathways and proteins or DNA regions that physically interact with C.
glabrata Ada2 or other SAGA complex components, such as Ada3 or Gcn5, will allow us
to further decipher the mechanisms governing antifungal drug tolerance and virulence
in C. glabrata.

MATERIALS AND METHODS
Yeast strains, media, and chemicals. The C. glabrata strains used in this study are listed in Table 5.

Yeast extract-peptone-dextrose (YPD; 1% yeast extract, 2% peptone, 2% glucose) liquid and agar (2%),
synthetic complete (SC) medium [0.17% yeast nitrogen base without amino acids, 0.5% (NH4)2SO4, 2%
glucose, and 2% agar], Mueller-Hinton agar plus GMB medium (Mueller-Hinton agar, 2% glucose, 0.5
�g/ml methylene blue), and RPMI 1640 medium (Sigma, St. Louis, MO, USA) were used in this study. YPD
containing 100 �g/ml nourseothricin (Werner BioAgents, Jena, Germany) was used to select transfor-
mants. Sodium dodecyl sulfate (SDS; Bioman, New Taipei City, Taiwan), calcofluor white (CFW; Fluores-
cent Brighter 28; Sigma), Congo red (CR; Genzyme, Cambridge, MA, USA), fluconazole (FLC; Selleckchem,
Houston, TX, USA), posaconazole (PSC; Merck, Rahway, NJ, USA), voriconazole (VRC; Sigma), micafungin
(MCF; Astellas Pharma Inc., Deerfield, IL, USA), caspofungin (CSF; Merck), anidulafungin (ANF; Pfizer Inc.,

TABLE 5 Candida strains used in this study

Species Strain Genotype Parent strain
Reference or
source

C. glabrata CBS138/ATCC 2001 Prototrophic wild type Clinical isolate 47
C. glabrata YSJ4 ada2Δ::SAT1 CBS138 This study
C. glabrata YSJ39 ada2Δ::SAT1-FLP CBS138 This study
C. glabrata YSJ43 ada2Δ::FRT YSJ39 This study
C. glabrata YSJ49 ada2Δ::FRT::ADA2-SAT1 YSJ43 This study
C. glabrata YSJ93 erg6Δ::SAT1-FLP CBS138 This study
C. glabrata YSJ95 erg6Δ::SAT1-FLP CBS138 This study
C. krusei CBS573/ATCC 6258 Prototrophic wild type Clinical isolate 52
C. parapsilosis CBS604/ATCC 20019 Prototrophic wild type Clinical isolate 52
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Groton, CT, USA), dithiothreitol (DTT; BioShop, Burlington, ON, Canada), and tunicamycin (TM, Sigma)
were added to the media at the concentrations indicated above and below.

Gene disruption and complementation in C. glabrata. All deletion mutants were generated from
the prototrophic wild-type strain CBS138 (47) using the SAT1 marker or SAT1 flipper (48). To disrupt the
ADA2 (CAGL0K06193g) gene, approximately 1 kb of the 5= and 3= noncoding region (NCR) of the ADA2
open reading frame (ORF) (for homologous recombination) was PCR amplified with primers JC641/JC764
(for the 5= NCR) and JC765/JC644 (for the 3= NCR) (see Table S1 in the supplemental material) from the
genomic DNA of the CBS138 strain. The 1.8 kb of the SAT1 marker was amplified from the plasmid
pSFS2A (48) with primers JC723/JC724. Three PCR products, including the 5= NCR of ADA2 (5= ADA2NCR),
the 5= NCR of the SAT1 marker, and the 3= NCR of ADA2 (3= ADA2NCR), were treated with the ExoSAP-IT
reagent (USB Corp., Cleveland, OH, USA) to remove the remaining primers and deoxynucleoside
triphosphates (dNTPs), and we measured the DNA concentration using a SpectraMax 190 microplate
reader (Molecular Devices, CA, USA). The products were combined at a 1:3:1 molar ratio (5= ADA2NCR/SAT1
marker/3= ADA2NCR) to generate an �3.8-kb disruption cassette by overlap PCR with primers JC641/
JC644. Wild-type strain CBS138 was then transformed with 1 to 5 �g of the 5= ADA2NCR-SAT1 marker-3=
ADA2NCR disruption cassette using a modified lithium acetate transformation method (49), and the first
nourseothricin-resistant ada2 mutant (YSJ4) was obtained. To make a second independent nourseothricin-
resistant ada2 mutant, approximately 1 kb of the 5= and 3= NCRs of the ADA2 gene were PCR amplified
from the genomic DNA of the CBS138 strain with primers JC885/JC886 (for the 5= NCR) and JC887/JC888
(for the 3= NCR). The 3= and 5= NCR PCR products of the ADA2 gene were each digested with two
restriction enzymes: SacII/SacI and KpnI/ApaI, respectively. The SacII/SacI-digested PCR products of 3=
ADA2NCR were gel purified and cloned into the plasmid pSFS2A, resulting in plasmid pYSJ32 (Table S2).
The KpnI/ApaI-digested 5= ADA2NCR PCR products were gel purified and cloned into pYSJ32 to make the
ADA2 disruption plasmid pYSJ36. The pYSJ36 plasmids were digested with KpnI and SacI to release the
5= ADA2NCR–SAT1-FLP–3= ADA2NCR disruption cassette and transform the CBS138 strain to obtain YSJ39,
the second independent ada2 mutant with SAT1-FLP.

To obtain an ADA2 complementation strain, we restored the ADA2 gene in the ada2 mutant
background (YSJ43). SAT1-FLP was removed by culturing YSJ39 in YPD medium and replica plating
onto nourseothricin-containing medium to confirm the loss of SAT1-FLP. Approximately 200 bp of
the 5= NCR and the ADA2 ORF was PCR amplified from the CBS138 strain with primers JC893/JC894
and digested with the restriction enzymes KpnI and HindIII. The digested PCR products were gel
purified and cloned into pYSJ32 to generate the reconstitution plasmid pYSJ46 and then digested
with KpnI and SacI to release the complementation cassette 5= ADA2NCR-ADA2 ORF-SAT1-3= ADA2NCR.
We transformed this cassette into an ada2 mutant background (YSJ43) to obtain the ADA2-
complemented strain YSJ49 (Table 5).

To create an erg6 mutant, approximately 1 kb of the 5= and 3= NCRs of the ERG6 (CAGL0H04653g)
gene was PCR amplified from the genomic DNA of the CBS138 strain with primers JC974/JC975 (for the
3= NCR) and JC972/JC973 (for the 5= NCR). The 3= and 5= NCR PCR products of the ERG6 gene were each
digested with two restriction enzymes: SacII/SacI and KpnI/ApaI, respectively. The SacII/SacI-digested PCR
products of 3= ERG6NCR were gel purified and cloned into the plasmid pSFS2A, resulting in the plasmid
pYSJ89 (Table S2). We then gel purified the KpnI/ApaI-digested 5= ERG6NCR PCR products and cloned
them into pYSJ89 to make the ERG6 disruption plasmid pYSJ91. The pYSJ91 plasmid was digested with
KpnI and SacI to release the 5= ERG6NCR–SAT1-FLP–3= ERG6NCR disruption cassette and transform it into
the CBS138 strain. YSJ93 and YSJ95, two independent erg6 mutants derived from two separate trans-
formations, were obtained. All strains were confirmed by amplification of the ORF and 5= and 3= NCR
integrations of the disruption cassettes.

Determination of acetylation level of H3K9 and H3K14. For Western blot analyses (50), cells were
grown overnight at 37°C, diluted to an optical density at 600 nm (OD600) of 0.5 unit/ml with 50 ml fresh
YPD broth, and incubated for 4 h at 37°C with shaking at 200 rpm. Cells were then centrifuged, washed
once with distilled H2O (dH2O), and resuspended in 800 �l extraction buffer (25 mM Tris-HCl, pH 7.4, 0.5
mM EDTA, 0.5 mM EGTA, 10 mM �-mercaptoethanol, 1 �g/ml leupeptin, 1 �g/ml aprotinin, 1 mM
phenylmethylsulfonyl fluoride, 1:50 protease inhibitor cocktail [Roche Diagnostics, Mannheim, Ger-
many]). Total protein was isolated using the glass bead method with 0.5-mm-diameter glass beads;
samples were homogenized five times for 1 min each time at 1,750 rpm with a 2010 Geno/Grinder
homogenizer (Spex SamplePrep, Metuchen, NJ, USA). Samples were placed on ice between each
homogenization. Protein concentrations were determined by the Bradford method (Bio-Rad, Hercules,
CA, USA). Then, 15 �g (for H3K9ac) or 45 �g (for H3K14ac) of total protein was separated on SDS-PAGE
gels and transferred to nitrocellulose membranes. The membranes were blocked with 5% Silk milk
(Fonterra, Auckland City, New Zealand) in Tris-buffered saline with Tween 20 (TBST; 20 mM Tris, pH 7.5,
150 mM NaCl, 0.1% Tween 20) and incubated with primary antiactin antibody (catalog number MAB1501;
Merck Millipore), anti-H3K9ac antibody (catalog number ab4441; Abcam, Cambridge, MA, USA), or
anti-H3K14ac antibody (catalog number ab52946; Abcam, Cambridge, MA, USA) overnight at 4°C with
shaking. The membranes were washed five times with TBST buffer and then incubated with secondary
horseradish peroxidase-conjugated goat anti-mouse IgG antibody (catalog number AP124P; Merck
Millipore, Billerica, MA, USA) or goat anti-rabbit IgG antibody (catalog number ab205718; Abcam,
Cambridge, MA, USA). Chemiluminescence signals were detected using an enhanced chemiluminescence
system (T-Pro Biotechnology, New Taipei City, Taiwan). The Western blot analyses were repeated three
times independently, and signals were analyzed using ImageJ software (https://imagej.nih.gov). The
statistical analysis of P values was performed using an unpaired t test. Bar graphs of the quantity
normalized to that of the wild type were created with Prism (v5.03) software.

A C. glabrata ada2 Mutant Is Hypervirulent Antimicrobial Agents and Chemotherapy

March 2018 Volume 62 Issue 3 e01924-17 aac.asm.org 15

https://imagej.nih.gov
http://aac.asm.org


Serial dilution spotting assays. Cells were grown overnight at 37°C and washed twice with dH2O.
We measured the absorbance of the cells at 600 nm (OD600) with an Ultrospec 10 cell density meter
(Amersham Biosciences, Uppsala, Sweden). Cells were resuspended to an OD600 of 1 unit/ml with dH2O,
and 3 �l of a 5-fold serial dilution of each strain was spotted onto solid agar plates and incubated at the
temperatures and for the times indicated above.

Growth kinetics and doubling time measurement. For growth kinetics assays, cells were grown
overnight at 37°C, washed twice with dH2O, and diluted to an OD600 of 0.1 with fresh YPD broth. Then,
5 ml of diluted cells was cultured at 25°C, 37°C, and 40°C with shaking at 150 rpm. We measured the cell
concentrations after 0, 3, 6, 9, 12, 15, 18, 24, 48, and 72 h using a SpectraMax 190 microplate reader. The
experiments were performed in triplicate, and the data were plotted using Prism (v5.03) software.
Measurement of the doubling time of each strain was calculated with the following formula: Tln
2/[ln(ODT/ODT0)], where ODT and ODT0 represent the OD600 at time T and time zero, respectively (51). The
exponential-phase time points from 3 to 9 h were chosen to calculate the doubling time. The P values
were determined using a nonparametric t test.

Observation of cell separation ability. C. glabrata strains were grown overnight in YPD broth at 37°C,
washed twice with dH2O, stained with 1 mg/ml calcofluor white (Fluorescent Brighter 28; Sigma) for 5 min at
room temperature, and then washed once with dH2O. Stained cell suspensions were spotted onto slides and
visualized at a 	1,000 magnification under a bright field and UV light.

Disk diffusion susceptibility assays. Disk diffusion susceptibility assays with fluconazole, micafun-
gin, and amphotericin B were performed following Clinical and Laboratory Standards Institute (CLSI)
guideline M44-A2 (52). In brief, C. glabrata strains were plated onto Mueller-Hinton agar plus GMB
medium plates, and sterile disks were applied onto the agar surface. Then, 20 �g of fluconazole, 40 ng
of micafungin, or 2.5 �g of amphotericin B was dropped into each disk. The plates were incubated for
24 h at 35°C and photographed.

Determination of MICs. To determine the MICs, we followed CLSI guideline M27-A3 (53). In brief, we
added 100 �l of serially diluted drugs (2-fold the final concentration) into 100-�l cell suspensions in a
96-well polystyrene plate. The final cell concentrations were between 0.5 	 103 and 2.5 	 103 CFU/ml.
The plates were incubated for 24 h at 35°C without shaking. The quality control strains Candida krusei
ATCC 6258 and Candida parapsilosis ATCC 22019 were used to ensure that the drugs, medium, and
procedure were reliable.

Agar invasion assay. C. glabrata strains were grown overnight in YPD broth at 37°C and washed
twice with dH2O. The cell suspensions were diluted to an OD600 of 1 unit/ml, and 3 �l was spotted onto
solid YPD medium and incubated at 37°C for 10 days. Cells were removed from the surface by rubbing
with gloved fingers, and then the plates were washed with 200 ml dH2O. Colonies were photographed
before and after removal from the agar surface. The agar was excised after the cells were removed from
the agar surface. We microscopically observed and photographed the invading cells from the top and
side.

Murine model of systemic infection. Animal studies were conducted in the Department of Plant
Pathology and Microbiology at National Taiwan University (NTU). The murine systemic infection models
were reviewed and approved by the NTU Institutional Animal Care and Use Committee (IACUC) under
approval number NTU-102-EL-36.

Five- to 6-week-old male ICR mice (BioLasco Taiwan Co., Ltd.) were used in the study. For the survival
test, groups of 10 mice were immunosuppressed with cyclophosphamide (200 mg/kg of body weight;
Sigma) at day �3, day 0, and day �1. C. glabrata strains were grown in liquid YPD overnight at 37°C with
shaking at 200 rpm, washed twice with phosphate-buffered saline (PBS), and resuspended in PBS. The
cells were vigorously vortexed for 2 min in order to reduce the clumping of ada2 mutant cells and then
counted with a hemocytometer and diluted with an appropriate amount of PBS to obtain an infection
inoculum concentration of 3.5 	 108 cells/ml. Then, 200 �l (7 	 107 cells) was used to infect mice
through the lateral tail vein. To assess cell viability, appropriate dilutions of the cells were plated on solid
YPD and incubated at 37°C for 48 h. The course of infection was monitored for 21 days. Statistical
analyses by the Mantel-Cox log-rank test were used to determine the P values for the significance of the
difference between the survival curves of each strain; statistical significance was set at a P value of �0.05.
For fungal burden analyses, 10 mice were immunosuppressed and infected with C. glabrata strains as
described above. The mice were sacrificed and dissected at 48 h after inoculation. The spleens, kidneys,
and brains of C. glabrata-infected mice were removed, weighed, and transferred to 2-ml sample tubes
containing 1 ml ice-cold PBS. Samples were homogenized with steel beads for 2 min at 1,750 rpm. Tissue
homogenates were serially diluted, and 100 �l of each dilution was plated on solid YPD containing 100
�g/ml chloramphenicol and incubated at 37°C for 48 h in order to determine the number of CFU per
gram of organ tissue. The identity of the colonies recovered from the organs was confirmed by colony
PCR. The P values for the significance of the difference between the fungal burdens of each strain were
determined via the Mann-Whitney test. For histopathological analyses, half of the spleen and kidney was
fixed with 10% formamide (Sigma). Periodic acid-Schiff (PAS) staining was performed at the Department
of Veterinary Medicine at National Taiwan University.

Analyses of immune modulators in mice. Five- to 6-week-old male ICR mice (BioLasco Taiwan Co.,
Ltd.) were used in the study. Mice were immunosuppressed with cyclophosphamide (200 mg/kg; Sigma)
at day �3 and day 0. The preparation of the C. glabrata inoculum was as described above. Four mice
were infected with 7 	 107 cells of the C. glabrata wild type (200 �l) by lateral tail vein injection, while
five mice were infected with PBS as controls; one mouse from the group infected with the wild type
expired during the lateral tail vein injection. Blood was collected via the submandibular blood collection
method at 18 h postinfection. The tube of blood was allowed to stand for 1 h and then was centrifuged
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for 20 min at 1,750 rpm at room temperature to collect serum, which was stored at �20°C. The
interleukin-6 (IL-6) and tumor necrosis factor alpha (TNF-�) serum levels were determined by the use of
mouse IL-6 and TNF-� enzyme-linked immunosorbent assay Ready-Set-Go kits (eBioscience, San Diego,
CA, USA), respectively. Statistical analysis to determine P values for the significance of differences
between the groups was performed with an unpaired t test.

RNA sequencing experiments. Strains were grown overnight in liquid YPD at 24°C, washed twice
with dH2O, diluted to an OD600 of 0.2 unit/ml with fresh YPD, and incubated for 3 h at 24°C with shaking
at 250 rpm. Then, 20 ml of the culture was immediately added to 30 ml of methanol precooled to �80°C
in order to stop cellular processes and RNase activity. Cells were then centrifuged at �4°C for 10 min at
3,250 rpm. Total RNA was extracted using a RiboPure-Yeast kit (Ambion) and treated with DNase I
(Ambion) to degrade contaminating DNA. mRNA was enriched with oligo(dT) magnetic beads. Frag-
mentation buffer allowed the mRNA to be shortened into �200-base fragments. Then, the first strand of
cDNA was synthesized by the use of a random hexamer, buffer, dNTPs, and RNase H, and the second
strand of cDNA was synthesized by the use of DNA polymerase I. The double-stranded cDNAs were
purified with magnetic beads. End preparation and 3= end single nucleotide adenine addition were
performed, and sequencing adaptors were ligated to the fragments, which were enriched by PCR
amplification. During the quality control step, an Agilent 2100 bioanalyzer and ABI StepOnePlus real-time
PCR system were used to qualify and quantify the sample library. The library products were sequenced
via an Illumina HiSeq 2000 instrument.

Real-time qRT-PCR. For real-time qRT-PCR, total RNA extracted as described above was treated
with the reagents from a Turbo DNA-free kit (Invitrogen, Carlsbad, CA, USA) to eliminate genomic
DNA contamination. Then, 2 �g of DNA-free total RNAs was reverse transcribed to cDNA by a
high-capacity cDNA reverse transcription kit (Applied Biosystems). The 20-�l reaction volume of the
real-time PCR mixtures included 6 �l cDNA (6 ng), 10 �l of 2	 quantitative PCR master mix (Fast
SYBR green master mix; Applied Biosystems), 2 �l of 2.5 �M forward primer, and 2 �l of 2.5 �M
reverse primer. The primers were designed using Primer Express (v3.0) software (Applied Biosystems)
(Table S1). Quantitative PCR conditions were as follows: 95°C for 10 min for denaturation, 95°C for
3 s and 60°C for 30 s (40 cycles), 95°C for 15 s, 60°C for 60 s, and 95°C for 15 s (melting curve). A
StepOnePlus system and a StepOne (v2.2) system (Applied Biosystems) were used to determine the
cycle threshold (CT) values, and the relative expression levels were calculated on the basis of the
2�ΔΔCT value. Bar graphs of the ACT1-normalized relative quantity compared with that for the wild
type (strain CBS138) were created with Prism (v5.03) software. P values for the significance of the
difference in the RT-quantitative PCR results between the wild type and the ada2 mutant (YSJ4) were
determined by an unpaired t test.

Accession number(s). We deposited the RNA sequences in the NCBI Gene Expression Omnibus
(GEO) database under accession number GSE76338 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi
?acc�GSM1981429).
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