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Abstract

Candida glabrata is an opportunistic human fungal pathogen and one of the non-
albicans Candida species frequently isolated from patients with candidiasis. C. glabrata
has intrinsic tolerance to antifungal drugs and ability to adhere on mucocutaneous
surfaces, invade into bloodstream and cause systemic infection. However, the regulation
of drug tolerance and virulence of C. glabrata remains elusive. SAGA (Spt-Ada-GenS
acetyltransferase) complex controls gene expression by regulating histone acetylation
through the histone acetylation module (HAT) Ada2-Ada3-Gen5. Our previous study
showed that ada2 mutant is hypervirulence but decreases tolerance to antifungal drugs
(i.e., azoles, echinocandins and polyene) and cell wall perturbing agents (i.e., calcofluor
white, Congo red and SDS). This study further characterizes the functions of Ada3 and
GenS in C. glabrata. We found that ada3, gen3, double or triple mutants in HAT module
resulted in decreased level of acetylation on H3K9, slower growth, decreased antifungal
drugs tolerance and oxidative stress response, while gcn5 mutant exhibited intermediate
growth between the wild type and ada2 or ada3 mutant. In addition, HAT mutants
increased agar invasion and expression of virulence associated genes. The ada3 and gcn5
mutants exhibited marginal hypervirulence, while double mutant (ada3 gcn5) showed
hypervirulence in a murine model of systemic infection. Meanwhile, HAT double mutants
(ada2 ada3 and ada2? gcn5) and triple mutant (ada2 ada3 gen5) were hypervirulence. In
conclusions, C. glabrata Ada3 and GcenS play similar roles as Ada2, regulating

acetylation of H3K9, drug and oxidative stress tolerance and virulence.

Keywords: Candida glabrata, SAGA complex, drug tolerance, oxidative stress, virulence
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1. Introduction

Candida species are one of the major cause of pathogenic fungi in nosocomial
infection with high morbidity and mortality in immunocompromised patients with
organ transplantation, iatrogenic immunosuppression or HIV infection. The incidence
of candidiasis is 3-5 per 100,000 persons and the mortality can reach to 10-20% (1). In
recent years with improved identification methods and intervention of drug, more
patients were infected by non-albicans Candida species (NACs) rather than Candida
albicans. In Taiwan, Candida tropicalis is the most frequently isolated NAC in clinical
practice. Instead, C. glabrata is the most prevalent species among NACs from patients
with candidiasis in most of countries (1, 2). The difference between countries is usually
depending on the geographic regions, patients group and drug usage. However, C.
albicans 1s still the most prevalent species in clinical isolates. Consequently, extensive
studies have already focused on virulence factors of C. albicans but how NACs threat
to our health remain elusive. In addition, NACs were considered possessing the intrinsic
antifungal drug resistance, indicating that our treatments are losing the ability to combat
candidiasis efficiently.

Azoles, echinocandins and polyenes are three different actions of antifungal drugs,
usually used in the first line of candidiasis treatment. However, the numbers of Candida
species that have intrinsic antifungal drug resistance are increasing in decades which
can be attributed to inherent problem that it is hard to find an effective target without
being toxic to human (3, 4). Without a new strategy or target, it may facilitate the rising
incidence of drug resistant isolates.

C. glabrata is an opportunistic fungal pathogen with intrinsic drug tolerance and
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acts as a commensal organism under normal conditions. It can colonize onto mucosal
membrane and skin and further invade to bloodstream during depression of immune
system, causing inflammation of multi organs. Since C. glabrata can not form true
hyphae as C. albicans does to get rid of immune cells, it must develop strategies to
withstand harsh environment given by macrophages or neutrophils. To rapid response
to the changing environment, regulations of gene expressions in a manner of histone
modification plays a crucial role in C. glabrata (5, 6). Histone modification includes
acetylation, ubiquitination, phosphorylation, methylation and sumoylation. Within
histone acetylation, Gcn5 is a catalytic subunit of SAGA (Spt-Ada-Gcen5
acetyltransferase) complex that has been well studied in Saccharomyces cerevisiae,
responsible for acetylation on lysine residue of histone. SAGA complex is a
multifunctional gene regulator that comprises about 20 subunits, including histone
acetylation module, TATA-box binding protein (TBP), cofactor for RNA polymerase 11
and deubiquitination module. Histone acetyltransferase (HAT) module can transfer an
acetyl group from acetyl-CoA to a lysine residue, which can neutralize the positive
charge of lysine and facilitate gene transcription (7-10). In previous studies, S.
cerevisiae Ada2 and Ada3 play a role as adapter, assisting the catalytic subunit, Gen$,
to transfer an acetyl group specifically as well as to enhance the acetyltransferase
efficiency (11, 12), while Gen5 bromodomain is contributed to site specificity of H3
lysine residue acetylation (13). In addition to the function in specific lysine acetylation,
Ada2, Ada3 are involved in rapid response to glucose for G, cyclin induction (14) and
GcenS is essential for respiration and DNA replication (15, 16). Besides, S. cerevisiae

ADA2 and GCN5 are required for the transcription of FLO! (17) which ortholog in C.
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glabrata is EPAI, controlling the adhesion of yeast to host epithelial cells (18). In
pathogenic yeasts, the acetyltransferase within SAGA complex regulates growth,
adaption to various environment and virulence factor, such as yeast-hypha switching
and capsule formation of C. albicans and Cryptococcus neoformans, respectively (19-
22). Meanwhile, in filamentous fungus, Aspergillus fumigatus GenE regulates
conidiation and biofilm formation but not contributes to virulence in murine model (23).
Our previous study shows that deletion of ADA2 increases the drug tolerance and
virulence in C. glabrata but the roles of Ada3 and GenS in drug tolerance and virulence
remain elusive (24, 25).

In present study, we demonstrate that deletion of ADA3 or GCN5 decreased the
acetylation level of H3K9, growth rate, drug tolerance and cell wall integrity, indicating
conserved roles as ADA2 in C. glabrata. Our results revealed new findings that Ada3
and Gen5 involve in oxidative stress response. Interestingly, deletion of GCNJS has an
intermediate effect to cell wall perturbing agents and reactive oxygen species compared
to wild-type (CBS138) and ada?2 or ada3 mutant. Deletion of ADA3 or GCN5 increased
agar invasion, adhesion related gene expression and leaded to marginal hypervirulence
while deletion both 4DA3 and GCNSJ resulted in hypervirulence in murine systemic

infection model.
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2. Materials and Methods
2.1 Strains, media and chemicals

C. glabrata strains used in this study are listed in Table 1. Yeast-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 acid, 0.5%
(NH4)2S04, 2% glucose, amino acids, and 2% agar), Luria-Bertani (LB, 1% tryptone,
0.5% yeast extract, 1% NaCl) liquid and agar (2%) were used in this study. YPD
containing 100 pg/mL nourseothricin (Werner BioAgents, Jena, Germany) was used to
select C. glabrata transformants. LB containing 34 png/mL chloramphenicol (BioShop,
Burlington, ON, Canada) or Ampicillin (BioShop, Burlington, ON, Canada) was used
to select E. coli transformants. Sodium dodecyl sulfate (SDS; Bioman, New Taipei city,
Taiwan), calcofluor white (CFW; fluorescent brighter 28, Sigma, St. Louis, MO, USA),
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., Groton, CT, USA) and
amphotericin B (Sigma, St. Louis, MO, USA)were added to the media at the
concentrations indicated below. Minimum inhibitory concentration was performed
using Roswell Park Memorial Institute (RPMI) 1640 medium (Sigma, St. Louis, MO,

USA) buffered with MOPS (Sigma, St. Louis, MO, USA).

2.2 Gene disruption and complementation in C. glabrata

All the disruption cassettes and complementation cassettes were made by Shang-
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Jie Yu. All deletion mutants were generated from the prototrophic wild-type CBS138
(26) using the SATI-flipper system (27). All the plasmids used in this study are listed
in Table 2. To disrupt the GCN5 (CAGLOF08283g) gene, we used homologous
recombination method. We first amplified approximately 1kb of the 5’ and 3’ non-
coding region (NCR) of the GCNJ5 open reading frame (ORF) with primer JC717/JC718
(for 3° NCR) (Table 3) and JC715/JC716 (for 5> NCR) from the genomic DNA of the
wild-type CBS138. The PCR product of 3’ and 5° GCN5™® were double digested with
two restriction enzymes Sacll/Sacl and Kpnl/Apal, respectively. The digested 3’
GCN5SNR PCR product was purified and cloned into plasmid pSFS2A, resulting in
plasmid pYSJ59. The digested 5’ GCN5~® PCR product was then purified and cloned
into pYSJ59 to make the GCN5 disruption plasmid pYSJ61. The GCN5 disruption
cassette 5° GCNS“R-SATI-FLP-3’-GCN5™® was excised from pYSJ61 using
restriction enzymes Kpnl and Sacl, then transformed by modified lithium acetate
transformation method (28) into wild-type CBS138 to obtain the nourseothricin-
resistant gcnd mutant YSJ65. To generate GCN5 complementation strain, we first
removed the nourseothricin-resistant marker SATI/-FLP from gcn5 mutant YSJ65 by
culturing YSJ65 in YPD medium for 4 days then spread on YPD plates for two days
and replicated colonies onto nourseothricin-containing plate to confirm the loss of
SATI-FLP, resulting in nourseothricin-sensitive gcn5 mutant YSJ104. Second, we
amplified 5° GCN5S™"® — GCN5 from CBS138 genomic DNA using primer
JC1307/JC1308, double digested with Xhol and HindIII and cloned into pY SJ59 make
plasmid pYSJ101. The complementation cassette 5° GCN5"“X-GCN5-SATI-FLP-3’

GCN5SNR was excised from pYSJ101 using Xhol and Sacl and transformed into
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YSJ104 to obtain the GCN5 complementary strain YSJ108.

A similar approach was used to disrupt ADA3 (CAGLOE00693g) gene. The 3’ and
5" NCR of ADA3 were amplified with JC906/907 and JC904/905, and the PCR products
were double digested with Notl/Sacl and Apal/Xhol, respectively. The digested 3’
ADA3N® PCR product was purified and cloned into plasmid pSFS2A, resulting in
plasmid pYSJ58. The digested 5° ADA3N® PCR product was then purified and cloned
into pYSJ58 to make the ADA3 disruption plasmid pYSJ63. To generate ada3 mutant,
we digested pYSJ63 with Apal and Sacl to release the disruption cassette and
transformed into the wild-type CBS138, resulting in ada3 mutant (YSJ68). The SATI-
FLP was removed from YSJ68 using the same approach mentioned above to obtain
nourseothricin-sensitive ada3 mutant, YSJ115. To make complementation cassette, we
amplified 5° ADA3N®-4DA3 from CBSI138 genomic DNA using primer
JC904/JC1309, double digested with Apal and Xhol and cloned into pYSJ58 to make
plasmid pYSJ103. The complementation cassette 5° ADA3NN-ADA3-SATI-FLP-3’
ADA3N® was excised from pYSJ103 using Apal/Sacl and transformed into YSJ115 to
obtain the ADA3 complementary strain YSJ126.

For generating ada?2 ada3, ada2 gcn5 and ada3 gcn5 double mutants, we used the
nourseothricin-sensitive ada? mutant (YSJ43) from our previous study (29) and ada3
mutant (YSJ115) in this study as background strains. The enzyme digested ADA3 or
GCNS5 disruption cassette from pYSJ63 or pYSJ61 was transformed into YSJ43 and
YSJ115 respectively to obtain double mutants ada2 ada3 (YSI74), ada2 gcn5 (SY26)
and ada3 gcn5 (SY20).

For generating ada2 ada3 gcn5 triple mutant, we used the nourseothricin-sensitive
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ada2 ada3 double mutant (YSJ131) which nourseothricin-resistant marker SA7/-FLP
was removed from Y SJ74 as background strain. The enzyme digested GCNS5 distuption
cassette from pYSJ61 was transformed into YSJ131 to obtain triple mutant ada2 ada3
gend (SY16). All strains were confirmed by PCR amplification of ORF, 5 and 3° NCR

integration of the disruption cassette.

2.3 Determination of H3K9 acetylation

The procedure of total protein extraction was modified from previous study (29).
Briefly, cells were grown overnight at 30°C with shaking at 200 rpm, then adjust to 0.2
ODggo with 50 mL fresh YPD broth and incubated for 4 h at 37°C with shaking at 200
rpm. Then cells were centrifuged, washed once with distilled H,O and resuspended in
I mL extraction buffer (25 mM Tris-HCL, pH7.4, 0.5 mM EDTA, 0.5 mM EGTA, 10
mM  B-mercaptoethanol, 1 pg/mL leupeptin, 1 pg/mL aprotinin, 1 mM
phenylmethylsulfonyl fluoride, 0.94 mM sodium orthovanadate). Total proteins were
isolated using the glass beads method with 0.5 mm diameter glass beads, samples were
homogenized five times for 30 seconds by vortex and placed on ice between each
homogenization. Crude extractions were quantified using Bradford method. The 10 pg
of proteins were separated on SDS-PAGE gels and transferred to nitrocellulose
membrane. The membranes were blocked in 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 anti-actin antibody
(#MAB1501; Merck Millipore) or anti-H3K9ac antibody (#07-352; Millipore,

Temecula, CA, USA) overnight at 4°C with shaking. The membranes were then washed
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three times with TBST buffer and incubated with secondary horseradish peroxidase-
conjugated goat anti-mouse IgG antibody (#AP124P; Merck Millipore, Billerica, MA,
USA) or goat anti-rabbit IgG antibody (#ab205718; Abcam, Cambridge, MA, USA).
Chemiluminescence signals were detected using an enhanced chemiluminescence

system (T-Pro Biotechnology, New Taipei City, Taiwan).

2.4 Growth kinetics assay

Cells were grown overnight at 30°C with shaking at 200 rpm, then washed
twice with ddH,O and diluted to 0.01 ODggo with 50 mL YPD broth. Optical
measurements were conducted at 0, 3, 6, 9, 12, 24 and 48 hours at 37°C using
SpectraMax 190 microplate reader. To calculate doubling times, cells were
diluted to 0.01 ODgyy with 200 uL YPD broth and the optical measurements were
monitored every 15 min during 48 hours at 37°C. The doubling times were
calculated at exponential phase (3-6 h) and using the formula as dT = In2 (T2-
T1)/InOD2-InOD1. dT, OD2 and OD1 represents doubling time, optical density

at final time (T2) and optical density at initial time (T1), respectively.

2.5 Serial dilution spotting assay

Cells were grown overnight at 30°C with shaking at 200 rpm, then washed twice
with ddH,O and diluted to 1 ODggo with ddH,O, then 3 ul of 5-fold serial dilution of
cell suspensions were spotted onto YPD plate in the absence or presence of anti-fungal
drug, reactive oxygen species (ROS) or cell wall perturbing agents, then incubated at

37°C for 24 or 48 h.
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2.6 Agar invasion assay

Cells were grown overnight at 30°C with shaking at 200 rpm, then washed twice
with ddH,O. The cell suspensions were diluted to 1 ODgg, 3 pL were spotted on YPD
plate and incubated at 37°C for 3 days, then colonies were removed using swab and

washed with dH,O.

2.7 Determination of minimum inhibitory concentrations

To determine the minimum inhibitory concentrations, we followed CLSI guideline
M27-A3 (30). Fluconazole (FLC), posaconazole (PSC), voriconazole (VRC),
micafungin (MCF), caspofungin (CSF), anidulafungin (ANF) and amphotericin B
(AmB) representing three different actions of antifungal drug were used in this study.
Briefly, 100 pL of 2-fold serial diluted drugs and 100 uL cell suspensions were added
into 96-well polystyrene plate. The final concentration of cell suspensions was 3 X
10° cells/mL. The plates were incubated at 35°C for 24 h without shaking. The quality
control strain Candida krusei CBS573 was used to ensure that the drug, medium and

procedures were reliable.

2.8 Real-time qRT-PCR

The procedure of RNA extraction was modified from previous study (29). Cells
were grown overnight in YPD broth at 30°C with shaking at 200 rpm, then adjusted to
0.2 ODggp with 50 mL fresh YPD broth containing 2 mM H,0,, incubated at 37°C for

3 h with shaking at 200 rpm. Cells were centrifuged at 3500 rpm for 10 min and poured
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off the supernatant, cells were immediately placed in liquid nitrogen and homogenized
with beads. After homogenization, cells were added with 1 mL TRIzol immediately and
centrifuged at 4°C, 12,000%g. Supernatant was treated with chloroform (supernatant:
chloroform = 5:1) then centrifuged for 10 min at 4°C, 12,000xg. Supernatant was added
with isopropanol (v: v = 1: 1) and placed on ice for 10 min. Then centrifuged for 10
min at 4°C, 12,000xg. Pellet was washed with 200 uL 75% EtOH twice, then dried the
pellet and resuspended with 200 uL. DEPC-treated water. Using Turbo DNA-free kit
(Invitrogen, Carlsbad, CA, USA) to eliminate DNA, then 1 pg DNA-free RNA were
reverse transcribed to cDNA using high capacity reverse transcription kit (Thermo
Fisher Scientific Baltics, UAB). 10 pL qPCR reaction mixtures included 2 uL. cDNA
(1 ng/uL), 5 pL 2x quantitative PCR master mix, 0.5 pL forward and reverse primers
(5 uM) and 2 pL distilled water. Quantitative PCR running program were: 95°C 7 min
for denaturation, 95°C 10 sec; 60°C 30 sec (40 cycles) and 95°C 15 sec; 60°C 60 sec
and 95°C 15 sec (milting curve). StepOnePlus system and StepOne (v2.2) system were
used to determine cycle threshold (Cr) value and the transcription level were quantified

-AACt
2 C

using method. C. glabrata ACTI was used to normalize the relative quantity. P

values were determined using one way ANOVA.

2.9 Murine systemic infection model

Five to six-week-old male ICR mice (BioLasco Taiwan Co., Ltd.) were used in
this study. 10 mice as one group and all groups were administrated with 150 mg/kg
cyclophosphamide (Sigma, St. Louis, MO, USA) at day -3, 0 and 1. Cells were grown

in liquid YPD overnight at 30°C with shaking at 200 rpm, washed twice with
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phosphate-buffered saline (PBS), then adjusted to 3.5 x 10° cells/mL. 200 pL (7 %10’
cells) cell suspension was used for systemic infection in a lateral tail vein injection
manner. The course of infection was monitored for 15 days. Statistical analysis was
conducted using Mantel-Cox log-rank test and the P value was used to determine the

significant difference of virulence between wild type and HAT mutants.

2.10 Ethics statement
All experimental procedures were carried out according to NIH guidelines and
were approved by the Institutional Animal Care and Use Committee at National

Taiwan University (approval number NTU108-EL-106005).
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3. Results
3.1 Ada3 and GenS5 regulate H3K9 acetylation in C. glabrata

Chromatin-mediated expression is one of the strategies for Candida species to
adapt the various environment. Changing the structure of nucleosome and distinct gene
expressions are determined by specific lysine acetylation (31). In our previous study,
deletion of ADA2 in C. glabrata results in decreased acetylation level of H3K9 but not
H3K14 (29). However, the roles of C. glabrata ADA3 and GCN5 in H3K9 acetylation
are unknown. To test whether ADA3 and GCNS5 are required for H3K9 acetylation, we
performed western blots. Results showed that deletion of ADA3 and GCNS5 decreased
the H3K9 acetylation level (Fig. 1). We did not observe the difference of acetylated
H3K9 among ada? mutant, ada3 mutant, gcn5 mutant, double mutants (ada2 ada3,
ada?2 gen5 and ada3 gen$) and triple mutant (ada?2 ada3 gen5), indicating that the HAT
module (ADA3, GCN5 and ADA?2) acts in concert to regulate H3K9 acetylation.
Interestingly, H3K9 was still acetylated in triple mutant (ada2 ada3 gcn3), indicating

that other components might also involve in H3K9 acetylation in C. glabrata.

3.2 Ada3 and GenS are required for growth in C. glabrata

Approximately 65% of Candida species can not grow well at human body
temperature (4). Loss of ADA2 or ADA3 in S. cerevisiae is sensitive to grow at 37°C
(32), and the loss of ADA2 in Cryptococcus neoformans and C. glabrata reduced the
growth rate at 37°C (19, 29). It is unclear whether C. glabrata ADA3 and GCN5 are
required for growth at 37°C. C. glabrata strains were incubated in YPD broth at 37°C

and evaluated growth kinetics using SpectraMax 190 microplate reader. Loss of ADA3
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or GCNJS exhibited reduced growth rate compared to the wild type after 9 h (P < 0.05,
two way ANOVA) (Fig. 2), similar reduced growth was observed in double mutants
(ada2 ada3, ada2 gcen5 and ada3 gen5) and triple mutant (ada2 ada3 gen5). There is
no significant difference among ada3 mutant, gcn5 mutant, double mutants and triple
mutant. The ada3::ADA3 and gen5::GCN5 complementary strains had a similar growth

to the wild type.

3.3 C. glabrata Ada3 and GcenS play crucial roles in drug tolerance and stress
responses

To investigate the roles of ADA3 and GCNS5 in drug tolerance, we determined
minimum inhibitory concentration (MIC) and performed serial dilution spotting assay.
We found that ada3 mutant, gcn5 mutant, double mutants (ada?2 ada3, ada2 gcn5 and
ada3 gcnb) and triple mutant (ada?2 ada3 gcen5) decreased tolerance to azoles (FLC,
PSC and VRC), echinocandin (MCF) and polyene (AmB) (Table 4). Interestingly, gcn5
mutant exhibited intermediate viability under the stress from CSF compared to the wild
type and other HAT mutants (Fig. 3). In addition to drug tolerance, the relationship
between ADA3/GCNS and stress responses is still unclear in C. glabrata.

Three actions of antifungal drugs function at cell wall or components within the
cell wall leading to osmotic instability and cell death. To determine whether deletion of
ADA3 or GCNS5 decreases the cell wall integrity and the response to oxidative stress,
strains were serial diluted and spotted onto YPD in the absence or presence of cell wall
perturbing agents or reactive oxygen species. We found that ada3 mutant, gcn5 mutant,

double mutants (ada2 ada3, ada2 gcn5 and ada3 gcn5) and triple mutant (ada2 ada3
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gend) were more sensitive to cell wall perturbing agents, such as calcofluor white
(CFW), Congo red (CR), sodium dodecyl sulfate (SDS), and reactive oxygen species
(ROS), such as H,O, and menadione (Fig 4). Interestingly, gcn5 mutant exhibited
intermediate responses under the cell wall perturbing agents and oxidative stress
compared to the wild type and other HAT mutants. Gene encoding superoxide
dismutase (SOD), catalase (CTA) or glutathione peroxidase (GPX) are three major
actions to detoxify the ROS. To clarify which gene was contributed to oxidative
response regulated by ADA3 and GCN5, real-time qRT-PCR was performed. Under the
oxidative stress (H,O,), SOD1 was downregulated in mutants except double mutants
(ada2 ada3 and ada?2 gcnS) and CTA1 was down-regulated in HAT mutants. However,
GPX2 was slightly upregulated in HAT mutants (Fig. 5). C. glabrata oxidative stress
response is regulated by Yapl, Msn2, Msn4 and Skn7 (33).We further assessed the
expression of transcription factors, YAP1, MSN2, MSN4 and SKN7. Under the oxidative
stress (H20,), YAP1, MSN2 and MSN4 were not upregulated in HAT mutants (Data not
shown); however HAT mutants increased the transcription of SKN7 (Fig. 5). In addition,
we found the complex lacking one of the genes (4DA2, ADA3 or GCNY5) enhanced the
expression of other two HAT genes (Fig. 5), indicating compensation effect of the

complex.

3.4 C. glabrata Ada3 and GcenS negatively regulate agar invasion and virulence
associated genes
Adherence onto host surface is an important trait for colonization and infection.

Deletion of ADA2 in C. glabrata enhanced agar invasion (29) but whether Ada3 and
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GcenS have conserved or divergent function in agar invasion is unknown. Deletion of
ADA3, GCN5, ADA2 ADA3, ADA2 GCN5 ADA3 GCNS5 and ADA2 ADA3 GCNS5
showed robust agar invasion compared to the wild type and complementary strains
(ada3::ADA3 and gcn5::GCN)) (Fig. 6). Agar invasion is correlated to adhesion and it
is mediated by Floll in S. cerevisiae (34, 35), whereas C. glabrata adherence to
epithelial cells is mediated by Epal adhesin, which is a well-defined virulence factor
(18). Loss of GCN5 decreases virulence in C. albicans (21, 22), while Aspergillus
Sfumigatus GenE is not involved in virulence in murine models (23). Nevertheless,
whether Ada3 and GenS involve in regulation of virulence factors in C. glabrata remain
elusive. Thus, we performed the real-time qRT-PCR to analyze the expression level of
EPA genes. Under the oxidative stress, the expression level of EP41 were upregulated
in ada2 mutant, ada3 mutant, gcn5 mutant, double mutants (ada?2 ada3, ada2 gcn5 and
ada3 gen$) and triple mutant (ada2 ada3 gen5) (Fig. 7). Two putative adhesins, EP420
and EPA23 which are ScFLOI ortholog, were also upregulated in ada? mutant, ada3
mutant, gcn5 mutant, double mutants (ada2 ada3, ada2 gcn5 and ada3 gcn5) and triple
mutant (ada2 ada3 gcn5). In addition to adhesins, the other virulence factor, aspartyl
proteases, encoded by YPS gene cluster are required for virulence and suppression of
the host immune response (36, 37). Hence, we assessed the transcription level of YPS
genes. YPS1, YPS7 and YPS (2-6 and 8-11) are localized on different chromosome. Here
we chose YPSI and YPS7 as these genes are crucial in disseminated infection and chose
YPS4 and YPS10 since these genes are induced by macrophages (37). Under oxidative
stress, the transcription of YPS7, YPS4 and YPSI10 were upregulated in ada2 mutant,

ada3 mutant, gcn5 mutant, double mutants (ada2 ada3, ada2 gen5 and ada3 gen5) and
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triple mutant (ada2 ada3 gcn5); however, YPS1 was not upregulated in those mutants.

3.5 Deletion of both ADA3 and GCNS5 resulted in hypervirulence in murine
systemic infection model

In previous study, deletion of ADA2 increased virulence in murine systemic
infection model (29). Based on the fact that deletion of ADA3 or GCNJ5 enhanced agar
invasion and transcription of virulence associated genes, we hypothesize that ada3 or
gend mutant will exhibit hypervirulence similar to ada? mutant in murine systemic
infection model. Interestingly, we found the deletion of ADA3 or GCNS resulted in
marginal hypervirulence (WT vs. ada3, P=0.1707; WT vs. gcn5, P = 0.0566), while
deletion of both ADA3 and GCNS5 resulted in hypervirulence (WT vs. ada3 gen5, P =
0.0038) in murine systemic infection model (Fig. 8). Meanwhile, ada? ada3, ada2 gcn5
and ada? ada3 gcn5 exhibited hypervirulence (Fig. 8), indicating a critical role of
ADA?2 in negatively regulate virulence. The virulence was similar between the wild type
and complementary strains (WT vs. ada3::ADA3, P = 0.3495; WT vs. gcn5::GCNS, P

= 0.9536).
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4. Discussion
4.1 The roles of C. glabrata Ada3 and GcenS in growth

SAGA complex is a general cofactor in transcription by recruiting the RNA
polymerase II and general transcription factors that regulates global gene expressions
through histone post modification (38, 39). Previous studies show that ADA2, ADA3
and GCNS play a role in response to cell cycle progression, while GCNJ5 regulates the
respiratory in S. cerevisiae (14, 15, 40). Deletion of ADA2 in C. albicans results in a
mild growth defect while C. glabrata without ADA2 decreased growth rate at the
elevated temperatures (29, 41). However, whether deletion of ADA3 or GCN) have a
convergent or divergent role in growth in C. glabrata is still unknown. In this study,
deletion of ADA3 and GCN5 exhibited a slower growth rate after 9 h. Strains lack of
ADA2 ADA3, ADA2 GCN5, ADA3 GCN5 and ADA2 ADA3 GCN5 grew similar to
single mutants (ada2, ada3 or gcn5), indicating that there is no dominant role in growth
among Ada2, Ada3 and GenS5, provided the evidence that ADA2, ADA3 and GCNJ5
regulate growth within a similar pathway (32, 42). Gen5 plays a role in DNA replication
rate (16) and deletion of ADA2 and ADA3 in S. cerevisiae reduces CLN3 expression
which regulates the cell progression (14). This suggests that deletion of ADA3 and
GCNS resulted in a longer S phase and G; phase that delay the cell progression in C.

glabrata.

4.2 The roles of C. glabrata Ada3 and GcenS in stress responses
In the initiation of Candida infection, the first line of immune system, phagosomes

(macrophages and neutrophils), will be attracted and engulf Candida, and uses ROS
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generated by NADPH oxidase, low pH value, deprivation of nutrients and hydrolytic
activity to kill Candida (43-45). However, C. glabrata can not form true hyphae to
escape from phagosomes as C. albicans does for immune evasion. Owing to that, C.
glabrata has developed an unusual stress response to survive and replicate inside the
phagosomes, behaves like Trojan horse (44, 46). Cg4ADA?2 is critical to against oxidative
stress in Drosophila larvae model (24) while CaADA2 involves in gene regulation
which is recruited to about 200 promoters related to stress response including oxidative
stress (47). Our results revealed that loss of ADA3 or GCN5 in C. glabrata increased
susceptibility to ROS and cell wall perturbing agents, indicating ADA3 and GCNJ have
conserved function similar to ADA2. Interestingly, C. glabrata without GCN5 grew
intermediate under ROS (i.e., H,O, and menadione) compared to the wild type and ada?
or ada3 mutant. Furthermore, the expression of oxidative stress response genes, SOD [
and CTAI, were down-regulated in ada? mutant, ada3 mutant, gcn5 mutant, double
mutant (ada3 gcn5) and triple mutant (ada2 ada3 gcn5) when cells were grown with
H,0,. YAPI, MSN2, MSN4 and SKN7 are involved in CTA/ regulation in C. glabrata
(48). We found that YAP1, MSN2 and MSN4 were not regulated in HAT mutants while
SKN7 was slightly upregulated. The regulation of oxidative response genes (i.e., CTAI)
depends on co-operate by Yapl and Skn7 in S. cerevisiae (49, 50), suggesting that HAT
mutants can not respond to ROS without the upregulation of YAP/ although the
expression of SKN7 was subtle increased. Deletion of ADA3 and GCNJ5 increased
susceptibility to oxidative stress and cell wall perturbing agents may due to several
dimensions, not only the lower transcription of antioxidative stress response gene but

also defect the fitness of growth. Besides, the compensation effect that deletion of
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GCNS5 in Fusarium fujikuroi increased the expression of HAT-encoding genes, partially
explain the upregulation of ADA2 in ada3 and gcn5 mutants, upregulation of ADA3 in

ada?2 and gcn5 mutants and upregulation of GCNJ in ada?2 and ada3 mutants.

4.3 The roles of C. glabrata Ada3 and GcenS in drug tolerance

Antifungal drug resistance is being a large concern in recent years. The emerging
drug resistance strains is an inevitable consequence of constraining treatment. Deletion
of ADA2 in C. glabrata decreased antifungal drug tolerance (29). Whether C. glabrata
ADA3 and GCNS5 have conserved or divergent function in antifungal drug tolerance
remain elusive. ada3 mutant, gcn5 mutant, double mutants (ada?2 ada3, ada2 gcn5 and
ada?2 ada3 gcn5) and triple mutant (ada2 ada3 gen5) decreased tolerance to FLC, PSC,
VRC, MCF, CSF, ANF and AmB. The MIC results indicated that Ada2, Ada3 and Gen5
play a similar role to against antifungal drug. The histone acetyltransferase activity is
required for antifungal drug tolerance or resistance. For example, disruption of ADA3
in S. cerevisiae decreases tolerance to FLC (51) while loss of GCN5 in C. albicans or
Cryptococcus neoformans increases susceptibility to caspofungin (21, 41) or FK506
(20), respectively. Multiple efflux pump Mdrl is crucial in drug resistance. Previous
studies have indicated that Ada2 and Gen5 are involved the regulation of MDR/I in C.
albicans (21, 52). Interestingly, gain of function mutation in CgPDRI is common in
clinical with an increased antifungal drug tolerance. However it is synthetically lethal
in the absence of GCNJ5 (53), implied that target of GenS or even Ada3 and Ada2 can

reduce the emergence of antifungal drug tolerance.
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4.4 The roles of C. glabrata Ada3 and GcenS in virulence in murine systemic
infection model

The relationship between the agar invasion and virulence is not clear but indeed
provides a high throughput screen to determine the virulence (54, 55). Deletion of
ADA3, GCN5, ADA2 ADA3, ADA2 GCN5, ADA3 GCNS5 and ADA2 ADA3 GCNS5
increased agar invasion which is similar to ada? mutant. Whereas in fission yeast,
Schizosaccharomyces pombe, deletion of GCNJ5 reduced invasive growth (56),
suggesting the divergent role in invasive growth between S. pombe and C. glabrata. In
addition, several studies have indicated that SAGA complex involves in virulence in
yeasts and filamentous fungi (19-22, 57, 58). For example, deletion of ADA2, ADA3 or
GCNS5 in C. albicans attenuates virulence in Caenorhabditis elegans infection model
and murine systemic infection model, respectively (21, 22, 58, 59), while deletion of
ADA2 in C. glabrata resulting in hypovirulence in Drosophila model (24) or
hypervirulence in murine systemic infection model (29). Nevertheless, despite defect
in growth, cell wall integrity and oxidative stress response, deletion of ADA3 or GCN5
increased transcription level of virulence associated genes (i.e., EPA1, EPA20, EPA23,
YPS4, YPS7 and YPS10) and resulted in a marginal hypervirulence, but deletion of both
ADA3 and GCNS5 resulted in hypervirulence in murine systemic infection model. The
robust invasive growth and increased expression of virulence associated genes of HAT
mutants might partially explain the hypervirulence.

Sir proteins including Sir2, Sir3 and Sir4 are NAD-dependent histone deacetylase
which involved in subtelomeric silencing. Disruption of SIR3 and RIF'] increases the

transcription of C. glabrata EPAI, EPA6 and EPA7 due to the defect of subtelomeric
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silencing (60, 61). In addition, S. cerevisiae without ADA2 and GCN3J resulted in Sir2
and Sir3 moving to subtelomeric DNA resulting in hypoacetylation of H4K16 and
elevation of interaction between histone and DNA (62, 63). However, loss of ADA3 and
GCNS5 in C. glabrata increased the transcription of EPA1, indicating Sir proteins are
not moving to subtelomeric regions and suppressing gene expressions. Thus suggests
the divergent function of HAT module between C. glabrata and S. cerevisiae that
components of HAT module might not involve in SIR-dependent telomere silencing
Besides the regulation of adhesins, three yapsins (YPS4, YPS7 and YPSI0) were
upregulated in HAT mutants. There are two possibilities that deletion of ADA3 and
GCNS5 increased the transcription of YPS genes. One is YPS genes are regulated by
Ada3 and Gen5 negatively and the other one is deletion of ADA3 and GCN5 decreased
the cell wall integrity which might be a signal for compensation effect since YPS family
genes are involved in cell wall metabolism and induced by various environmental cues.
For example, C. glabrata YPS1 is induced by SDS and growth at 37°C (64). C. glabrata
YPS4, YPS5, YPSS and YPSI0 play a crucial role in intracellular survival (36),
indicating that deletion of ADA3 and GCNJ5 might enhance intracellular survival and

virulence in murine systemic infection model.
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5. Tables

Table 1. Candida strains used in this study

Strain Genotype Parent Reference
C. glabrata  Prototrophic wild type Clinical isolate (26)
(CBS138)

YSJ39 ada2A::SATI-FLP CBS138 (25)
YSJ43 ada2A::FRT YSJ39 (25)
YSJ68 ada3A::SATI-FLP CBS138 This study
YSJ115 ada3A::FRT YSJ68 This study
YSJ126 ada3A::FRT::ADA3-SATI-FLP YSJ115 This study
YSJ65 gendA::SATI-FLP CBS138 This study
YSJ104 gendA::FRT YSJ65 This study
YSJ108 gendA::FRT::GCNS5-SATI-FLP YSJ115 This study
YSJ74 ada2A::FRT ada3A::SAT1-FLP YSJ43 This study
SY26 ada2::FRT gcn5A::SAT1-FLP YSJ43 This study
YSJ131 ada2A::FRT ada34::FRT YSJ74 This study
SY20 ada3A::FRT gen5A4::SATI-FLP YSJ115 This study
SYle6 ada?A::FRT ada3::FRT gcn5::SATI-FLP YSJ131 This study
C. krusei Prototrophic wild type Clinical isolate (65)
(CBS573)
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Table 2. Plasmids used in this study

Plasmid Relevant insert Parent
pSFS2A (27)
pYSJ59 3’ GCN5NR pSFS2A
pYSJ6l 5" GCN5NR pYSJ59
pYSJ101 5 GCN5SN®— GCN5 pYSI59
pYSJ58 3’ ADANR pSFS2A
pYSJ63 5" ADA3NR pYSJ58
pYSJI103 5" ADA3N® — 4DA3 pYSJ58
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Table 3. PCR primers used in this study

Primer Use Sequence (5’ to 3°)

JC717 3> GCNSNR AAACCGCGGCTATTCTTCTGAGTTTGTAAC
JC718 3> GCNSNR AAAGAGCTCTGGGACTTTAGAGGCTTTTG
JC715 5 GCNSNR AAAGGTACCGCATAATTTCATACAAACG
JC716 5> GCNSNR AAAGGGCCCCCTTTGTTGTTTCTTGCTAGT
JC639  GCN5 ORF TACGAGGAGGAGATTGCATCA

JC640  GCN5 ORF AGACCAGTCAAGACCATCATA

JC48 5" SATI-FLP ACAATCAAAGGTGGTCCT

JC81 3’ SATI-FLP AACTTCCTCGAGGGGGGGCC

JC1076 5’ integration (gcn5) AACCATTGAGAAGTTGCCTTG

JC1077 3’ integration (gcn5) ATCCAGGAACGGATGATGAGT

JC1307 GCN5 complement ~ AAACTCGAGGGTTTTCATGAATAAATGAGG
JC1308 GCN5 complement ~ AAAAAGCTTCTAATCGATCAAATGTGAGTA
JC906  3° ADA3NR AAAGCGGCCGCCACAGCCTACATAAGCACCAA
JC907  3° ADA3NR AAAGAGCTCACTCGAACTCCTTGACGATCT
JC904 5" ADA3NR AAAGGGCCCTAGGGTGCTCTTCACCCACAT
JC905 5" ADA3NR AAACTCGAGTCTTTAGCCCATTCACCACG
JC908  ADA3 ORF GGAAGAAAACGAAGGCACAGA

JC909  ADA3 ORF GCATTGTCATTATCCTTTGAG

JC910 5’ integration (ada3) TTGCAGTAGCCTCTTCAGGAT

JC911 3’ integration (ada3) ATAATGGGCGTGTTAGGTGA

JC1309 ADA3 complement  AAACTCGAGCTAGTCTTCCAGTCCTTCTTC
JC873 qPCR ADA2ORF  GCCTCCGTGCCGTCTTG

JC874 qPCR ADA2 ORF ~ CCAAAGGTTGATCATCTGGTTCA

JC1889 qPCR ADA3 ORF  TGCGGATCAAAGAGGAGGAA

JC1890 @PCR ADA3 ORF  GCCTCGGGACTTTCAGCTTT

JC1891 qPCR GCN5 ORF ~ GAACAATCCACCGAGGACCA

JC1892 ¢PCR GCN5 ORF ~ TCCGTGCCTTCATCATTCGT

JC1933 qPCR EPAI ORF CCATCTGGGGCTCAAAAACA

JC1934 qPCR EPAI ORF GCAGCCCTCCTCTGTGTCAT
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Table 3. continued

Use

qPCR EPA20 ORF

qPCR EPA20 ORF

qPCR EPA23 ORF

qPCR EPA23 ORF

qPCR YPSI ORF

qPCR YPSI ORF

qPCR YPS4 ORF

qPCR YPS4 ORF

qPCR YPS7 ORF

qPCR YPS7 ORF

qPCR YPS10 ORF

qPCR YPS10 ORF

qPCR SOD1 ORF

qPCR SOD1 ORF

qPCR CTAI ORF

qPCR CTAI ORF

qPCR GPX2 ORF

qPCR GPX2 ORF

qPCR SKN7 ORF

qPCR SKN7 ORF

qPCR CAGLOMO07634g ORF
qPCR CAGLOMO07634g ORF
qPCR CAGLOL01771g ORF
qPCR CAGLOL01771g ORF

Primer
JC1046
JC1047
JC1042
JC1043
JC1994
JC1995
JC1899
JC1900
JC1996
JC1997
JC1048
JC1049
JC1875
JC1876
JC1877
JC1878
JC1879
JC1880
JC1881
JC1882
JC1901
JC1902
JC853
JC854

Sequence (5’ to 3°)
TGTCAAGCCATCCAGTTCAGTT
TAACCGTCTGTACATATCGTTGCA
TGATACTTCCCCCCAAAACG
TGGTTCACTTGATATGGCTGATG
TGAGCTAAAGAGGGCGCTTG
AGTTGGCTGAGCGGAGTCTG
GTGGTCCATGGGGAGTTGAT
TTCTAGAGCCATTGGCAGCA
ACGGATTCGCAGACACCAGT
CCCATAGGCACCACAGGGTA
GGACACGGGTTCGTCTGATT
TGCATCTAAGGAGGCAATGCT
CCTCCGAACAGGACCCTACC
CACCGACGTGTCTGTTCTCG
AAGGTCTGGCCACACAAGGA
GAGGCGTATGGGCAGTTGAC
AGGGCTTGGTCATCCTTGGT
ACCCAGCAGGCCACTCTTTT
CCGGTGACAGTTTTGTGGTG
CGAACTCCCAGCTTTGTTCG
GCACGAAGCTGCTGAATGTC
GCCATTGCTCTATGCCTTCC
CAGTCGCTGGAGATGGTAAGG
ACCACCGACACGCCATTAG

1. Restriction enzyme enzyme cutting site are underline.
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Table 4. The minimal inhibitory concentrations of antifungal drug against C. glabrata strains

Azoles (pg/mL) Echinocandins (pg/mL) Polyene (pg/mL)
Fluconazole Posaconazole Voriconazole Micafungin Caspofungin Anidulafungin Amphotericin B
C. glabrata (CBS138) 8 0.5 0.125 0.06 0.25 0.125 0.5
ada2 2 0.125 0.03 0.008 0.25 0.06 0.125
ada3 2 0.125 0.015 0.008 0.5 0.125 0.25
ada3::ADA3 8 0.25 0.125 0.06 0.5 0.125 0.5
gen5s 2 0.25 0.03 0.015 0.25 0.06 0.25
gcn5::GCN5 8 0.25 0.125 0.03 0.25 0.125 0.5
ada? ada3 2 0.125 0.03 0.008 0.25 0.125 0.25
ada2 gcn5 2 0.06 0.03 <0.008 0.25 0.06 0.125
ada3 gcn5 2 0.125 0.03 0.008 0.25 0.06 0.125
ada2 ada3 gcn5 2 0.125 0.06 0.008 0.25 0.06 0.125
C. krusei (CBS573) 32 0.125 0.25 0.25 1 0.125 1
C. krusei as reference
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6. Figures

Figure 1
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Figure 1. Deletion of ADA3 and GCN5 decreased the acetylation level of H3K9 in
C. glabrata.

C. glabrata strains were grown at 37°C and total proteins were extracted. 10 ug of crude
extracted proteins were separated by protein electrophoresis and transferred onto
nitrocellulose, then probed with anti-H3K9ac antibody to determine the acetylation
level. The anti-actin antibody was used as an internal control. Three biological repeats
were conducted and the bolts were analyzed using ImageJ software. Asterisks indicate
statistically significant difference compared to the wild type using one way ANOVA

(*P < 0.05).
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Figure 2. C. glabrata Ada3 and GcenS were contributed to growth at 37°C.

C. glabrata strains were grown overnight at 30°C, washed twice with ddH,O and then
diluted to 0.01 ODggo with fresh YPD broth. Measurements were conducted at 0, 3, 6,
9, 12, 24 and 48 h after incubation at 37°C using SpectraMax 190 microplate reader.
Plot was drawn using Prism software (v5.03). The error bars represent standard
deviations from three technical repeats. Asterisks indicate statistically significant
difference compared to the wild type using two way ANOVA (*P < 0.05; **P < 0.01;

kP <0.001; ****€P <0.0001).
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Figure 3. C. glabrata Ada3 and Gcen5S were involved in drug tolerance.

C. glabrata strains were grown overnight at 30°C with shaking at 200 rpm, washed
twice with ddH,0, diluted to 1 ODggo with ddH,O, and then 3 ul of 5-fold serial dilution
of cell suspensions were spotted onto YPD plate in the absence or presence of
antifungal drug. The plates were incubated at 37°C for 24 h and photographed.
Fluconazole (FLC); Posaconazole (PSC); Voriconazole (VRC); Micafungin (MCF);

Caspofungin (CSF); Anidulafungin (ANF); Amphotericin B (AmB).
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Figure 4. C. glabrata Ada3 and GcnS were crucial in oxidative response and cell

C. glabrata strains were grown overnight at 30°C with shaking at 200 rpm, washed
twice with ddH,0, diluted to 1 ODggp with ddH,O, and then 3 ul of 5-fold serial dilution
of cell suspensions were spotted onto YPD plate in the absence or presence of reactive
oxygen species (H,O, or menadione) or cell wall perturbing agents (CFW, CR or SDS).
The plates were incubated at 37°C for 24 h except SDS plate for 48 h and photographed.

Hydrogen peroxide (H20O;); Menadione ; Calcofluor white (CFW); Congo red (CR)
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Figure 5. C. glabrata Ada3 and GcenS were required for oxidative stress response
by regulating SODI and CTAlL

C. glabrata strains were grown overnight in YPD broth at 30°C, adjusted to 0.2
ODgpo/mL with fresh YPD broth with 2 mM H,0O,, and incubated at 37°C for 3 h. Total
RNA was extracted using TRIzol and Turbo DNA-free kit to eliminate DNA, then 1 pg
DNA-free RNA was reverse transcribed to cDNA using high capacity reverse
transcription kit. Transcription levels were analyzed by SYBR® Green PCR Master Mix.
StepOnePlus system and StepOne (v2.2) system were used to determine cycle threshold
(Cr) value. C. glabrata ACTI expression was used to normalize the relative quantity
for comparing with wild type. P values were determined using one way ANOVA. (*P

< 0.05; **P <0.01; ***P <0.001).
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ada? ada3 ada3::ADA3

0 O Q

gend gen5::GCNS5  ada2 ada3 ada2 gcn5

® ©

ada3 gcn5  ada2 ada3 gcns

Post-wash

Figure 6. Deletion of C. glabrata ADA3 or GCNS5 enhanced agar invasion.

C. glabrata strains were grown overnight at 30°C with shaking at 200 rpm, washed
twice with ddH,O. Cell suspensions were diluted to 1 ODgop and 3 pL were spotted on
YPD, incubated at 37°C for 3 days, then colonies were removed using swab and washed

with dH,O.
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Figure 7. Defect of HAT module increased expression of most virulence associated

genes.

C. Total

o

C. glabrata strains were incubated in fresh YPD broth with 2mM H,O; at 37

RNA was extracted and reverse transcribed into cDNA. Two virulence related gene

were upregulated in HAT mutants.

EPA gene family and YPS gene family,

family,
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Figure 8. Deletion of both ADA3 and GCNS5 exhibited hypervirulence in murine

systemic infection model.

Five to six-week-old male ICR mice were used in this study. 10 mice as one group and

all groups were administrated with 150 mg/kg cyclophosphamide at day -3, 0, 1. C.

glabrata strains were grown in liquid YPD overnight at 30°C, washed twice with

phosphate-buffered saline then adjusted to 3.5 x 10° cells/mL. 200 pL (7 x10” cells) cell

suspension was used for lateral tail vein injection and mice were monitored for 14 days.

Statistical analysis was conducted using Mantel-Cox log-rank test.
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Figure 9. Proposed roles of HAT module within SAGA complex in drug tolerance
and virulence in C. glabrata.

C. glabrata Ada3 and Gen5 have conserved roles in oxidative stress response, cell wall
integrity and drug tolerance. Interestingly, loss of GCN5 in C. glabrata have an
intermediated response to oxidative stress, cell wall perturbing agents and drug
tolerance (i.e., FLC, PSC, MCF). In addition, we found ADA3 and GCN5 might play as
negative regulators in virulence that deletion of ADA3 and GCN5 enhance agar invasion,
upregulate transcription of adhesion associated genes (EPA1, EPA20 and EPA23) and
intracellular survival associated genes (YPS4 and YPS10), leading to hypervirulence in

murine systemic infection model.
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7. Supplementary

Table S1. Doubling time of the C. glabrata strains at 37°C

Strain Doubling time (min) at 37°C Pvalue

C. glabrata (CBS138) 45.18 +1.99 Al, A2, A3, A4, A5, A6, A7, A8, A9
ada2 50.23+3.44 Al, B1, B2, B3, B4, B5, B6
ada3 50.94 £+ 0.26 A2,B1,C1,C2,C3,C4,C5
ada3::ADA3 51.63+1.54 A3

gcns 53.16 £4.52 A4,B2,C1,D1, D2, D3, D4
gcn5::GCN5S 49.19+1.94 A5

ada2 ada3 55.42 +3.53 A6, B3,C2, D1,E1,E2,E3
ada2 gcn5 53.50+5.72 A7,B4,C3,D2,E1,F1, F2
ada3 gcn5 52.66 £ 0.85 A8, B5,C4,D3,E2,F1,G1
ada2 ada3 gcns 52.28 +4.00 A9, B6, C5, D4, E3, F2, G1

Doubling time are shown with mean + standard error of the mean for three technical
replicates. Statistical analyzed by unpaired t test with Welch’s correction. The P values
between two measurements with the same letters were as follows: A1, P=0.2935; A2,
P =0.1028; A3, P =0.0829; A4, P =0.2479; A5, P = 0.2446; A6, P = 0.0855; A7, P
=0.3035; A8, P =0.0745; A9, P = 0.2529; B1, P =0.8557; B2, P =0.6425; B3, P =
0.3697; B4, P = 0.6583; BS, P = 0.5649; B6, P = 0.7239; C1, P = 0.6737; C2, P =
0.333; C3, P=0.6992; C4, P=0.194; C5, P=0.7706; D1, P=10.7193; D2, P=0.9654;
D3, P=0.9233; D4, P=0.8938; E1, P=0.7935; E2, P=0.5255; E3, P=0.5971; F1,
P=0.8974; F2, P=0.8724; G1, P =0.9351.
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Figure S1. The expression of two pseudohyphal regulation orthologs in C. glabrata
were affected by HAT module.

CAGLOM07634g and CAGLOL01771g are SOK2 and PHD1 ortholog in S. cerevisiae,
respectively. Loss of ADA2, ADA3 or GCNS5 in C. glabrata increased CAGLOM07634g

expression level but decreased CAGLOL01771g expression level.
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8. Future work

a. Using GFP or other reporter genes to better understand the subcellular
localization of GenS5 in the absence of Ada2 and Ada3.

b. To investigate whether defect of HAT module affects the function of other
modules in SAGA complex.

c. Using protein-protein interaction to elucidate whether other proteins function as
GenS will interact with SAGA complex in the absence of GenS.

d. To find which transcription factor is regulated by SAGA complex against

oxidative stress in C. glabrata.
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