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SAGA Complex Subunits in Candida
albicans Differentially Regulate
Filamentation, Invasiveness,

and Biofilm Formation

Saima Rashid, Tuana Oliveira Correia-Mesquita T Pablo GodoyT, Raha Parvizi Omran
and Malcolm Whiteway *

Department of Biology, Concordia University, Montreal, QC, Canada

SAGA (Spt-Ada-Genb-acetyltransferase) is a highly conserved, multiprotein co-activator
complex that consists of five distinct modules. It has two enzymatic functions, a histone
acetyltransferase (HAT) and a deubiquitinase (DUB) and plays a central role in processes
such as transcription initiation, elongation, protein stability, and telomere maintenance. We
analyzed conditional and null mutants of the SAGA complex module components in the
fungal pathogen Candida albicans; Ngg1, (the HAT module); Ubp8, (the DUB module); Trat,
(the recruitment module), Spt7, (the architecture module) and Spt8, (the TBP interaction
unit), and assessed their roles in a variety of cellular processes. We observed that spt74/A
and spt8A/A strains have a filamentous phenotype, and both are highly invasive in yeast
growing conditions as compared to the wild type, while ngg7A4/A and ubp8A/A are in yeast-
locked state and non-invasive in both YPD media and filamentous induced conditions
compared to wild type. RNA-sequencing-based transcriptional profiing of SAGA mutants
reveals upregulation of hyphal specific genes in spt7A/A and spt8A/A strains and
downregulation of ergosterol metabolism pathway. As well, spt7A/A and spt8A/A confer
susceptibility to antifungal drugs, to acidic and alkaline pH, to high temperature, and to
osmotic, oxidative, cell wall, and DNA damage stresses, indicating that these proteins are
important for genotoxic and cellular stress responses. Despite having similar morphological
phenotypes (constitutively filamentous and invasive) spt7 and spt8 mutants displayed
variation in nuclear distribution where spt7A/A cells were frequently binucleate and spt8A/A
cells were consistently mononucleate. We also observed that spt7A/A and spt8A/A mutants
were quickly engulfed by macrophages compared to ngg74/A and ubp84A/A strains. Al
these findings suggest that the SAGA complex modules can have contrasting functions
where loss of Spt7 or Spt8 enhances filamentation and invasiveness while loss of Ngg1 or
Ubp8 blocks these processes.

Keywords: Candida albicans, filamentation, biofilm formation, invasiveness, stress response, macrophages, SAGA
acetyltransferase complex
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INTRODUCTION

Candida albicans is a widely distributed fungus and an important
cause of hospital-acquired infections (Nobile and Johnson,
2015). In healthy individuals, it can form a part of normal
microflora and asymptomatically colonize the skin, the mouth,
and the gastrointestinal and reproductive tracts (Achkar and
Fries, 2010; Ganguly and Mitchell, 2011). Nonetheless, when
anatomical barriers are damaged due to changes in nutritional
state, prolonged antibiotic use, diseases, or immunosuppressant
therapy, these conditions can result in Candida overgrowth
(Calderone and Fonzi, 2001). Overall, such C. albicans
infections vary from superficial mucosal growth to life
threatening systemic infections. In hospitals, C. albicans is the
3rd most common nosocomial pathogen isolated from patient
blood cultures, while systemic Candidiasis can be associated with
mortality rates of up to 50%, making C. albicans a significant
medical issue (Wisplinghoft et al., 2004; Tournu and Van Dijck,
2012; Mathe and Van Dijck, 2013).

A distinctive hallmark of C. albicans is that it can switch
among different morphological forms: budding yeast, pseudo-
hyphae, and true hyphae, according to host cell responses and
different environmental conditions (Staab et al., 1999; Gasch,
2007). The switching of C. albicans to different morphological
states is closely associated with pathogenesis and biofilm
formation (Jabra-Rizk etal., 2004; Ramage et al., 2005;
Calderone and Clancy, 2012; Chauvel et al., 2012). This
pathogen can also form dense biofilms on various biomaterials
that are resistant to antifungal agents (Kojic and Darouiche,
2004). Despite the widespread studies undertaken in C. albicans,
we still lack a clear, comprehensive understanding of the
complexity of cellular functions and transcriptional regulation
of this opportunistic fungus.

In eukaryotic cells, remodeling of chromatin structure is key
for modulating gene expression because nucleosomes create a
barrier for the binding of transactivating factors such as
transcriptional factors (TFs) and RNA polymerases (Green,
2005). The SAGA (Spt-Ada-Gen5-acetyltransferase) complex is
a multi-protein co-activator complex that regulates numerous
cellular processes through post-translational modifications
(Baker and Grant, 2007). The SAGA complex is highly
conserved among eukaryotes, from Saccharomyces cerevisiae to
humans (Koutelou et al., 2010; Lavoie et al., 2010; Gurskii et al.,
2013; Srivastava et al., 2015). It was first identified in S. cerevisiae
and is a large 1.8 MDa complex with 18-20 protein subunits. The
complex was first characterized as a histone acetyltransferase
(HAT) but also has an enzymatic role as a histone deubiquitinase
(DUB) (Grant et al., 1997; Henry et al., 2003). It also has
structural functions and is involved in recruiting the Tata
Binding Protein (TBP) to gene promoters to modulate gene
transcription (Belotserkovskaya et al., 2000; Warfield et al,
2004). In addition, it can be anchored to promoter regions to
repress transcription (Belotserkovskaya et al., 2000).

SAGA is subdivided into five distinct functional modules
based on their enzymatic or structural function—the HAT
module (Gen5, Ada2, Nggl, Sgf29) responsible for Histone H3
acetylation (Brownell et al., 1996; Grant et al., 1997); the DUB

module (Ubp8, Susl, Sgf73, Sgf11) responsible for Histone H2B
de-ubiquitination (Henry et al., 2003); the recruitment module
(Tral), which interacts directly with transcriptional activator
domains of TFs, such as Gen4 and Gal4 (Brown and Gow, 1999;
Basso et al., 2019); the core structural module (Taf5, Taf6, Taf9,
Tafl0, Tafl2, Adal, Spt20, Spt7) (Grant et al., 1997); and the
TBP interaction unit (Spt8, Spt3), which recruits the TATA-
binding protein to the promoters in order to regulate
transcription (Belotserkovskaya et al., 2000; Mohibullah and
Hahn, 2008; Han et al.,, 2014). In S. cerevisiae, SAGA
influences the gene expression of approximately 10% of the
genome. Genes controlled by SAGA include stress-responsive
genes implicated in challenges such as oxidative agents, high
temperature, DNA damage, unfolded proteins and carbon or
nitrogen starvation (Daniel and Grant, 2007). Besides
transcriptional activation, SAGA is also required for
transcription elongation, mRNA export, and DNA repair
(Wery et al., 2004; Evangelista et al., 2018).

In C. albicans, it has been shown that the SAGA subunit Ada2
appears to have conserved role on oxidative stress and azole
response compared to S. cerevisiae, as demonstrated by ChIP-
Chip and ChIP-qPCR analysis (Sellam et al., 2009). Laprade et al.
(2002) showed a switch of Spt3 from positive regulation of
filamentation in the budding yeast to a negative role on the
pathogen, and a similar switch was seen for Gen5 (Chang et al.,
2015). This functional rewiring in C. albicans and S. cerevisiae is
fairly common between transcriptional regulators and has been
described for many TFs, and might be a factor on the
evolutionary differentiation that separated these two
ascomycetes into a pathogen and a bread-making yeast from a
common ancestor (Whiteway et al., 2015). Evolutionary rewiring
happened at roughly similar rates (using years of divergence
from a common ancestor as the denominator) in higher
eukaryotes (Carvunis et al., 2015). Fungal ascomycete lineages
that diverged 300 million years ago fall in this category where
evolutionary wiring occurred at similar rates as established for
the regulator Ndt80 in S. cerevisine and C. albicans (Nocedal
et al., 2017).

The SAGA complexes present at the promoter regions of
C. albicans are found to be associated with oxidative stress,
unfolded protein response, virulence, and azole-resistance genes
(Askew et al., 2009). Unveiling the role of the different modules
of this complex will provide better understanding of the puzzling
regulatory circuitry of SAGA complex in C. albicans common to
most environmental cues. In this work, we investigated
conditional and null mutants of components of the SAGA
complex modules; Nggl of the HAT module, Ubp8 of the
DUB module, Tral of the recruitment module, Spt7 of the
architecture module, and Spt8 of the TBP interaction unit to
assess their role in processes such as filamentation, invasiveness,
and biofilm formation. It appears Tral is essential, like its
orthologue in S. cerevisiae, as we failed to get the homozygous
deletion of this gene. We identified that SAGA complex modules
can work in an antagonistic manner. We showed that Spt7 and
Spt8 have an important regulatory role in response to cell-wall,
osmotic, temperature and drug stresses while as Nggland Ubp8
has a regulatory role in response to temperature. All these
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outcomes imply that Spt7 and Spt8 are indispensable for
regulation of characteristics such as cell morphology, genotoxic
and cellular stress responses and responses to antifungal drugs.

MATERIALS AND METHODS

Strains and Oligonucleotides

The conditional repressed mutants from the SAGA complex
used in this study were obtained from the GRACE"™ collection
(Roemer et al., 2003). The parental CaSSI strain and all the
GRACE library strains have transactivation fusion protein
consisting of the E. coli tetR binding domain, linked with
URA3 module and the S. cerevisiae GAL4 activation domain.
Conditional repression of individual mutant strains can be
achieved by growing the strains in the YPD media
supplemented with 100 pg/ml tetracycline, and null mutant
can be obtained by growing them on 5 Fluoorotic acid (5-
FOA) containing medium to detect loss of the URA3-linked
module (Roemer et al., 2003). The starting strain used for the
construction of the SAGA deletion mutants was SN 148 (Nobile
and Johnson, 2005). The knock-out mutants of SPT7, SPTS,
NGG]I, and UBP8 were built using the CRISPR/Cas9 method as
described (Vyas et al., 2015). The TRAI mutant was attempted
by classic homologous recombination replacement using HISI
and URA3 as selectable markers. Table S1 contains the genotype
descriptions for all the mutants constructed and strains
mentioned. PCR and DNA sequencing were used to confirm
all mutants mentioned in this work. Oligos used to obtain and
confirm the knock-out mutations are listed in Table S2.

Media

Yeast colonies were grown in yeast-peptone-dextrose YPD media
(19 w/v yeast extract, 2% w/v Bacto peptone, 2% w/v dextrose, 100
mg/L uridine with the addition of 2% w/v agar for solid medium)
for 48 h at 30°C. Yeast cells were cultured overnight from fresh
single colonies and diluted in YPD liquid media to a starting
ODgpo 0f 0.2, and cultured for 4 h for normal growing strains and
6 h for slow growing strains at 30°C, 220 rpm. Hyphal colonies
were induced in 10% serum supplemented YPD media plates
containing 2% agar and in Spider media (1% Difco nutrient broth,
1% mannitol, 0.2% dibasic potassium phosphate, pH 7.2) plates
containing 2% agar for 5 days at 37°C. Hyphal cells were induced
from overnight YPD cultures diluted in 10% serum supplemented
YPD and Spider media from a starting ODg of 0.2 and incubated
for 4 h for normal growing strains and 6 h for slow growing strains
at 37°C respectively, 220 rpm. All assays performed with the
conditional repressed mutants were supplemented with 100
pg/ml tetracycline.

Microscopy

For cell morphology, overnight cultures were grown in non-
inducing media—YPD at 30°C and inducing media—Spider
media and 10% fetal calf serum and were subjected to phase
differential interference contrast microscopy. Cell morphology was
assessed under x100 magnification. A total of 1,000 cells were

counted and divided into three morphological categories: yeast,
pseudo-hyphae, and hyphae. Four biological replicates were made
for each mutant from the SAGA complex. The results were
analyzed, and the graphs were made using Microsoft. For
nuclear segregation analysis, DAPI staining of live cells were
performed without permeabilization. Overnight cultures were
resuspended at a starting optical density 600 nm (ODgp) = 0.2
in YPD medium (1% w/v yeast extract, 2% w/v Bacto peptone, 2%
w/v dextrose, 80 mg/L uridine, and incubated for 4 to 6 h (until
successful completion offirst cellular division of both wild type and
mutant strains). To visualize DNA, cells were washed twice with
1x PBS followed by the addition of 3 pig/ml DAPI (Sigma-Aldrich)
into each tube. To visualize cell membrane and chitin distribution,
Calcofluor staining (1.5 ug/ml) was performed using similar
strategy. Cells were examined by DIC and fluorescent
microscopy at x100 magnification using a Leica DM 6000
microscope (Leica Microsystems Canada, Richmond Hill, ON,
Canada) equipped with a Hamamatsu-ORCA ER camera
(Hamamatsu Photonics, Hamamatsu City, Japan) and the HCX
PLFLUO TAR 100x NA 1.30-0.6 oil objectives. Differential
interference contrast optics or epifluorescence with DAPI (460
nm) filters were utilized. Images were captured with Volocity
software (Improvision, Perkin-Elmer, Waltham, MA) and images
were analyzed using Image]/Fiji software.

Phenotypic Sensitivity

To test sensitivity phenotypes, mutant strains from the SAGA
complex were subjected to different stress conditions. The strains
were inoculated from single colonies in 5 ml YPD and incubated
at 30°C, overnight, and were diluted to ODggq 0.2. The starting
dilution was used in a subsequent 1:10 serial dilution and 3 pl of
each dilution were spotted onto the stress plates containing YPD
agar media supplemented with menadione (0.15 mM) and
hydrogen peroxide (7.5 mM) were used for oxidative stress
assays; methyl methane sulfonate (MMS, 0.01 v/v),
hydroxyurea (15 mM) were used in DNA damage stress assays;
and Congo red (200 pg/ml) and antifungal Caspofungin (0.75
pg/ml) were used to test the mutants for cell wall stress;
dithiothreitol (DTT 30 mM) provided ER stress by forcing the
accumulation of unfolded proteins; NaCl (1.5 M), CaCl, (400
mM) and glycerol (250 mM) were used for osmotic stress;
fluconazole (10 pg/ml), hygromycin B (100 pg/ml), and
anidulafungin (0.25 pg/ml) treatments were used to trigger
antifungal drug responses. All YPD plates were incubated at
30°C for 4 days except for Caspofungin (200 pg/ml) containing
plates that were incubated for 7 days at 30°C. To test for the
ability to grow under temperature stress of mutants, growth on
YPD agar plates at 37 and 42°C was tested. YPD agar plates at pH
8.3 and pH 5 were used to test the mutants for response to
alkaline and acidic stresses with incubation at 30°C for 48 h.

Invasiveness Assay

Overnight cultures from fresh single colonies were grown in
liquid YPD at 30°C and 220 rpm and diluted to an ODgg 0f 0.1.5
ul samples were spotted on YPD agar plates and Spider media
plates and incubated at 30 and 37°C for 120 h. The resulting
colonies were then washed gently under running water for 15 s to
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remove the non-adherent surface cells, and the invasiveness of
the samples was observed. The colonies that remained on the
plates after washing were considered invasive and those washed
away were counted non-invasive. Two biological replicates were
prepared for each sample. The plates were scanned before and
after washing at 600 dots per inch (dpi) using an Epson
Perfection v500 photo scanner.

Biofilm Assay

The strains were inoculated in 5 ml liquid Spider media and
incubated at 24°C for 24 h. Approximately 4 x 10 cells of each
sample were added to 1 ml of Lee’s media in a 24-well flat-
bottom plate. The media was discarded, and the biofilms were
washed three times with 1 ml DPBS buffer. The plates were
allowed to dry, and the biofilms were stained with 325 ul of 0.4%
crystal violet for 45 min. The staining solution was washed 3
times with 1 ml of sterile Milli-Q water and allowed to dry. The
biofilms were de-stained with 500 pl 95% ethanol. The amount of
biofilm was measured based on the absorbance at 595 nm. For
each sample, three biological replicates were prepared. Results
were analyzed and graphs made with GraphPad Prism
(version 6.0).

Macrophage Engulfment Assay

The RAW 264.7 murine macrophage cell line was kindly
provided by Dr. Albert Descoteaux (INRS-Armand-Frappier,
Laval, QC, Canada). Macrophages were cultured in DMEM
medium supplemented with 10% FBS, penicillin/streptomycin
and HEPES. Macrophages were seeded at 2 x 10° and grown for
48 h at 37°C and 5% CO2. Once cells reached 80% confluency,
macrophages were collected with Trypsin-EDTA and
centrifuged for 10 min at 10,000x rpm, at room temperature.
Then cells were stained with trypan blue and counted. An aliquot
of 1.2 x 106 cells/ml was prepared for further macrophage
engulfment assays.

Knock-out mutants nggl A/A, spt7A/A, spt8A/A, and ubp8A/A,
derived from the parental strain SN148 were grown overnight in
5 ml YPD medium at 37°C, 220x rpm shaking incubation. An
aliquot of each mutant and the parental strains was taken to grow
again for 3 h prior to assay. An aliquot of each SAGA mutant and
the parental strain were spun down, the media removed and cell
pellet washed 3 times with PBS (phosphate buffer saline) and
adjusted to a final fungal cell concentration of 1 x 10% cells/ml.
Fungal cells were then stained with 50 mg/ml of Calcofluor
White (CFW, Sigma), and incubated for 10 min at RT, then
washed three times in PBS and finally a 1/100 dilution in PBS was
prepared for each strain in the assay.

Both macrophages and fungal cells for each strain were mixed
in a ratio 1:10 (Candida cell: macrophage) in a well of a 96-well
plate and then visualized in a high-content screening microscope
ImageXpress XSL wide-field (Molecular Devices). The plate was
placed in a chamber equilibrated at 37°C and 5% CO,. Images
were captured at x40 objective magnification on two channels
(transmitted light and DAPI), at time point 0 and then every 5
min for 4 h total running time. After, for every SAGA strain and
macrophage images, a time-lapse video was generated, using the
MetaXpress high content imaging acquisition and analysis

software (Version 6.1.1, Molecular Devices). Fungal cells
(budding or filament forms) engulfed by macrophages, were
counted for every time-point, and normalized to the ratio:
[number of fungal cells at time point 0/number of fungal cells
for every time point] x 100. Macrophage engulfment kinetic
curves, histograms, and statistical analysis were analyzed with
GraphPad Prism (Version 6.0).

RNAseq Analysis

The deletion mutant strains and control SN148 cultures were
grown in YPD media from a starting ODgyo of 0.1 and the
cultures were allowed to grow at 30°C, 220 rpm until ODgq 1.0.
Total RNA was extracted using the Qiagen RNeasy minikit. The
quality of RNA was assessed via Agilent 2100 Bioanalyzer using
the Agilent RNA 6000 Nano kit. The RNAseq was performed by
the McGill University and the Genome Quebec Innovation
Centre using an Illumina MiSeq. Raw reads were pre-processed
with the sequence-grooming tool cutadapt version 0.4.1 (Martin,
2011) with the following quality trimming and filtering
parameters (‘—phred33 -length 36 -q 5 —stringency 1 -e 0.1).
Each set of paired ends read was mapped against the C. albicans
SC5314 haplotype A, version A22 downloaded from the Candida
Genome Database (CGD) (http://www.candidagenome.org/)
using HISAT2 version 2.0.4. SAMtools was then used to sort
and convert SAM files. The read alignments and C. albicans
SC5314 genome annotation were provided as input into 13
StringTie v1.3.3 (Pertea et al., 2015), which returned gene
abundances for each sample.

Statistical Analysis

Data are presented as means + standard errors of the means from
separate experiments and were compared using one-way analysis
of variance (ANOVA) and student’s t-test. The level of
significance was set at a P-value of <0.05. All statistical
analyses were performed using GraphPad Prism (version 6)
statistical software (GraphPad Software, San Diego, CA) and
Microsoft Excel.

RESULTS

SAGA Mutants Can Have Opposing
Consequences for Filamentation and
Invasiveness

To investigate mutants belonging to different modules of the
SAGA complex in C. albicans, we initially made use of
conditionally repressed mutants from the GRACE™ library
(Roemer et al,, 2003), namely, TRAI—ORF19.139 (recruitment
module), NGGI—ORFI19.3023 (HAT module), SPT7—
ORF19.7572 (architecture unit), and SPT8—ORF19.4312 (TBP-
associated unit); these genotypes are described in Table S1. We
assessed the role of conditional SAGA mutants in filamentation
and invasiveness in presence or absence of tetracycline (100 pg/
ml). We found that conditional mutants spt7 and spt8 were
filamentous and invasive in both filamentous inducing and non-
inducing conditions while tralA and ngglA were in a yeast-
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locked state compared to wild type. As well, similar to spt34/A
and spt20A/A deleted strains in C. albicans (Laprade et al., 2002;
Wang et al., 2020), we found cells of the spt7 and spt8 conditional
mutants did not separate properly during cell division and
appeared clumped together. Also, the spt7 and spt8 repressed
mutants formed wrinkled colonies in both inducing and non-
inducing conditions—indication of filamentous cells, while the
nggl and tral repressed mutants formed smooth colonies even in
the hyphal-inducing conditions of either 10% fetal calf serum
(FCS) or Spider media at 37°C for 5 days when compared to the
wild type CaSS1 strain (data not shown).

However, there are numerous issues associated with
repression of gene transcription—the possibility of promoter
leakage, the fact that the non-repressed mutants might have
increased expression of routinely low expressed genes and
therefore activate biological processes that in a wild type
background would not be active, and ultimately the necessity
of addition of tetracycline or doxycycline, which are iron
chelators, and might act as a source of stress to the mutant
(Samaranayake and Hanes, 2011; Fiori and Van Dijck, 2012).
Also, the GRACE"" library is not comprehensive, as some SAGA
modules (like the DUB module) do not have representatives in
the collection. Therefore, we created null mutants for Spt7 from
the architecture unit, Spt8 from the TBP-binding module, Nggl
from the HAT-module, and Ubp8 from the de-ubiquitination
module; these genotypes are described in Table S1. We failed to
create a Tral null mutant strain despite repeated attempts.
However, the Tral GRACE library strain was viable under
repressing conditions, and when this library strain was grown
on 5-FOA media to create a null mutant by removing the trans-
activator tetR binding domain cassette linked with the URA3
gene, we were able to get colonies on 5-FOA agar media. The
removal of the trans-activator domain was confirmed through
PCR. These observations had suggested that Tral may not be
essential in C. albicans; this would be unprecedented, because the
Tral function is essential in all other organisms investigated, and
there is no evidence for a duplicated gene in C. albicans.
However, when we attempted to remove the FATC domain
(C-terminal domain) of Tral, which plays an important role in
cellular viability as part of its orthologue in S. cerevisiae (Hoke
etal,, 2010), we failed to get homozygous deletion of the domain.
This would suggest that Tral is in fact an essential protein in the
SAGA complex, as previously found by in vivo transposon
mutagenesis and machine learning analysis in a stable haploid
isolate of C. albicans (Segal et al, 2018); but because of the
complexity introduced by the GRACE strain phenotype this
point needs further confirmation.

We assessed the colony morphology of SAGA mutants in
normal yeast growing conditions (YPD) and both rich and
starvation hyphal-inducing conditions specifically, 10% fetal calf
serum (FCS) and mannitol-based Spider media at 37°C. As shown
in Figure 1, under yeast-growing conditions, both spt7A/A and
spt8A/A null mutants generate wrinkled, crenulated colonies, and
this wrinkled phenotype intensified when we induced hyphae by
growth on 10% FCS or Spider media. The wrinkled and crenulated
colonies indicate the presence of filamentous cells. These mutant

cells are very filamentous when grown in liquid YPD media,
showing a mix of hyphae and pseudo-hyphae, but mainly pseudo-
hyphae with branched filaments. The same phenotype was
observed when the mutants were induced to form hyphae in
10% FCS or Spider media at 37°C for 4 h. The spt8A/A phenotype
is consistent with that of the hyper-filamentous Spt3 deleted strain
in C. albicans, which removes a subunit of the same module
(Laprade et al., 2002). Similar to spt34/A and spt20A/A deleted
strains in C. albicans (Laprade et al., 2002; Desai and Mitchell,
2015), we also found spt7 and spt8 mutant cells didn’t separate
properly during cell division and appeared clumped together. In
contrast, the colonies of the deleted nggl strain were smooth on
either hyphae-inducing medium. The cells also appear mainly
yeast or pseudo-hyphal in liquid media after hyphae induction at
37°C in both hyphal inducing conditions. The ubp8 null from the
deubiquitylation module shows classic yeast morphology in both
non-inducing-YPD media and hyphae-inducing media-10% FCS
or Spider media at 37°C (Figure 1). Overall, these results indicate
that filamentation of spt7A/A and spt84/A under both inducing
and non-inducing conditions might influence a common, core
component of the cellular machinery that plays a role hyphal
formation, most likely a component downstream of multiple
different signaling pathways.

We have extended the assessment of the phenotypes of these 4
non-essential SAGA module components. spt7A/A and spt8A/A
deleted mutants grow slower compared to the background strain
(SN148), so their growth was observed in rich YPD and SD
media at 30°C at different time intervals. As shown in
Figures 2A, B, the spt7A/A and spt8A/A mutant strains grew
considerably slower compared to the wild type during the first 30
h of growth in YPD at 30°C. The ubp8A/A mutant strain has the
opposite behavior, growing slightly faster than the wild type
SN148 strain in rich media. There is also description of the
hyper-filamentous, slow-growing spt3A/A deleted mutant in
C. albicans (Laprade et al., 2002) similar to the spt8A/A deleted
mutant affecting another subunit of same SAGA module. This
evidence suggests a role of negative regulation on filamentation
of the TBP-interaction unit. This supports our observation that
Spt7 and Spt8 act in the negative regulation of filamentation
whereas Nggl and Ubp8 appear to function in positive
regulation of hyphal development.

Since invasiveness in C. albicans is often associated with
virulence, we tested the null strains for invasion in a plate-
washing assay. An overnight grown culture was spotted onto
YPD agar at 30°C and Spider media at 37°C respectively and
incubated for 120 h followed by washing with a stream of Milli-Q
water for 15 s. As shown in Figure 3, after 120 h incubation the
spt7A/A and spt8A/A mutants were more invasive than the
control in both yeast-growing and filamentous conditions at 30
and 37°C whereas ngglA/A and ubp8A/A were non-invasive like
the wildtype in normal yeast growing conditions (Figure 3). The
Spt7 and Spt8 knock out mutants were the most constitutively
invasive, consistent with their hyper-filamentous phenotype. The
plate-washing assay on YPD media at 30°C showed the invasive
phenotype when there was no inducing signal present, suggesting
the spt7A/A and spt8A/A deleted mutants are constitutively
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FIGURE 1 | Colony and cellular morphology of SAGA mutants in C. albicans. 1:10 serial dilution of overnight culture of mutants were spotted on to yeast-growing
conditions—YPD agar and hyphae-inducing conditions— 10% fetal calf serum media (FCS) and Spider media plates. The colony morphology was assessed after 5
days of incubation. Cells from liquid media were inoculated at starting ODggo 0f 0.2 and grown in liquid YPD, 10% FCS supplemented YPD and Spider medium, at
220 rpm, and 30°C or 37°C for 4 h for normal growing strains (WT, ngg14/A and ubp84/4) and 6 h for slow growing strains (spt7A/A and spt8A/A). The cells were
washed with 1x PBS twice and stained with 2 pg/ml calcofluor white (CFW). The cells were observed with the Leica DMB000 microscope at x100 magnification-
DIC (Differential Interference Contrast). Scale bar = 15 pm. spt7A4/A and spt8A/A appear more hyphal compared to control and are mostly in pseudo-hyphal state in
inducing and non- inducing media whereas ngg14/A and ubp8A/A appear in yeast locked state. The control switches its morphology upon changed conditions while

activated. The spots for spt7A/A and spt8A/A were considerably
more invasive compared to non-invasive conditions (Figure 3),
indicating a strong role of Spt7 and Spt8 on the negative
regulation of invasion while Nggl and Ubp8 act positively as
does Gen5, a member of the HAT module like Nggl (Chang
et al., 2015).

Cellular Characteristics of SAGA Mutants

To study the cellular phenotypes of SAGA mutants, we grew the
mutants in both non-inducing (YPD medium) and filamentous
inducing liquid media (Spider media and 10% FCS) at 30 and 37°C
respectively. We found that spt7A/A and spt8A/A cells displayed
abnormal phenotypes in both filamentous inducing and non-
filamentous inducing media where individual mutant cells were
morphologically abnormal ranging from enlarged and elongated
yeast-like cells to pseudo-hyphal cells. The ngglA/A and ubp8A/A
cells were in an enlarged yeast-locked state compared to their
isogenic wild type. The major percentage of cells in the spt7 and
spt8 deleted strains exhibit a pseudo hyphal form in both inducing
and non-inducing media compared to wild type. By contrast, the
nggl and ubp8 deleted strains display a most cells in the yeast form
in all inducing and non-inducing media (Tables 1.1-1.3). We
further measured the cell size of the SAGA mutants in log phase

yeast growth conditions. The wild-type yeast cells were in range of
6.4-23.8 um®. The yeast-locked cells of nggl and ubp8 deleted
mutants were larger, in the range of 11.2-59.8 and 11.1-27.1 um?
respectively. Furthermore, the spt7 and spt8 deleted cells grew as
clusters and were four to five times the size of the wild type cells.
Thus, the deletion of SAGA subunits has a significant impact on
the cellular morphology of C. albicans.

The SAGA spt7 and spt8 deletion mutants grew slowly on
plates and liquid media. We measured the cell density of the
SAGA mutants after 24 h incubation by direct hemocytometer
counts. From a starting count of 1 x 107 cells/ml—the spt7 and
spt8 deleted mutants reached a density of 20 x 107 and 25 x 107
cells/ml respectively after a 24-hour incubation at 30°C in liquid
YPD media, while the nggl and ubp8 deleted cells reached 75 x
107 and 91 x 107 cells/ml and the wild type reached 84 x 10’
cells/ml. These results highlight the impact of Spt7 and Spt8 on
the growth of C albicans.

Spt7 and Spt8 Mutant Strains Displayed
Cell Cycle Related Defects

To study the effects of SAGA mutants on nuclear segregation, mutant
cells of each SAGA subunit (n = 210) and wild type cells (n = 210)
were stained with DAPI and observed under microscope. The spt7
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FIGURE 2 | Growth curves of SAGA mutants. (A, B) Graphs showing
growth rates of mutants on YPD and SD media. Growth rate of each strain
was assessed using Sunrise™ TECAN plate reader over a period of 5 days
by following the growth of 7 biological replicates from a starting ODggo 0.001
in 200 pl YPD in 96 well plates at 30°C. Results were analyzed, and graphs
were plotted. spt7A/A and spt8A/A strains grew slowly compared to WT;
ngg1A/A and ubp8A/A grew normally compared to WT.

and spt8 deleted mutants showed similar phenotypes of cell clumping
and difficulties in separation, so we investigated the patterns of
nuclear distribution. Intriguingly, they showed considerable
differences in their nuclear distribution, as 34% of spt7A/A cells
were binucleate (n = 72), 18% have diffuse nuclei (n = 37), and
48% were mononucleate (n = 100), whereas 95% of the spt8A/A
deleted cells were mononucleated (n = 199). Both ngglA/A and
ubp8A/A mutant cells showed normal patterns of yeast cell
morphogenesis where 94% large, budded cells have two nuclei, one
in each bud cell and mother cell (n = 98), while 90% (n = 94) of small,
budded cells have nuclei at the junction of bud neck and mother cell
similar to wild type strain where 90% (n = 94) of large budded cells
have 2 nuclei, one in each bud and mother cell while 92% (n = 97) of
small budded cells have nuclei at the junction of the bud neck and
mother cells (Figures 4A-E). These results suggest that in the
filamentous phenotypes of SAGA mutants the cells might be in late
S/G2 phase or defective/late M phase, potentially due to issues in
DNA repair machinery which resulted in abnormal nuclear content
and an increased cell size. For nuclear segregation between mother
and daughter cells, septal ring formation is required (Berman, 2006).
Further we tested the SAGA deleted mutants for the chitin
composition of cell wall and septa using calcofluor staining. All the
strains showed uniform chitin distribution in their cell walls and at
septal junctions having prominent and distinct septa like the wild type

(Figure 4F). All these morphological defects in spt7 and spt8 deleted
strains (slow growth, enlarged cell size, filamentation, and abnormal
nuclear segregation) indicate that Spt7 and Spt8 are needed for
normal cellular physiology in C. albicans.

SAGA Complex Subunits Appear to
Differentially Influence Biofilm Regulation
Filamentation is often associated with the ability to form
biofilms, which is considered an important factor for hospital-
acquired infections (Chandra et al., 2001; Kojic and Darouiche,
2004; Desai and Mitchell, 2015; Tsui et al., 2016). We tested the
deleted mutants for biofilm formation in Lee’s medium after 48 h
of growth. While the spt7A/A and spt8A/A mutants shared many
phenotypic similarities, it appears that the spt8A/A strain showed
a somewhat increased biofilm formation compared to WT, while
the spt7A/A strain showed decreased biofilm formation. We did
not observe any significant difference in the nggl and ubp8
deleted strains tested in the regular biofilm induction (Figure 5).

Oxidative, Osmotic, Cell Wall and
Temperature Stresses in C. albicans

are Differentially Influenced by SAGA
Sub-Modules

Environmental stresses are often associated with SAGA complex
influence in S. cerevisine (Huisinga and Pugh, 2004), so we
investigated the consequences of the subunit mutations on
response to a variety of stress conditions. SAGA knock-out
mutants led to sensitivity to high temperature stress in
S. cerevisiae as proved for nggl and ubp8 mutants through
classical genetics and spt7 and spt8 mutants through large scale
survey (Amerik et al., 2000; Sinha et al., 2008; Ruiz-Roig et al.,
2010). We did spot assays on YPD agar media and plates were
incubated at 37 and 42°C to assess the consequences of SAGA
subunit loss in C. albicans. We found nggl A/A and ubp8A/A were
resistant to 42°C incubation. However, spt7A/A and spt8A/A were
sensitive at 37°C compared to wildtype (Figure 6A). This result
supports the idea that significant functional rewiring has taken
place within this complex between the two species. In S. cerevisiae,
nggl and ubp8 mutants are temperature sensitive whereas in C.
albicans nggl and ubp8 mutants are resistant to high temperature.
This suggests that the elements that are positively influencing
temperature stress response in one organism have a negative
influence on the same stress in a closely related fungus. This
further highlight that Spt7 and Spt8 are required to cope up with
increased temperature in C. albicans.

To evaluate the ability of the knock-out mutants to grow
under oxidative stress, we tested the mutants on YPD media
supplemented with different concentrations of hydrogen
peroxide and menadione (Figure 6B). At 0.15 mM menadione,
the mutants spt7A/A showed susceptibility compared to its wild
type, while in 7.5 mM H,0, SAGA module subunits spt7A/A and
spt8A/A showed sensitivity compared to its wild type. This
finding suggests that Spt7 and Spt8 might play important roles
in mediating oxidative stress resistance.

We examined the response to osmotic stress agents NaCl,
CaCl, and glycerol. Interestingly, the spt7A/A and spt8A/A were
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FIGURE 3 | Invasiveness of SAGA mutants in C. albicans. Overnight cultures from fresh single colonies were grown in liquid YPD at 30°C and 220 rpm and diluted
to an OD600 of 1. 3uL samples were spotted on YPD agar plates and Spider media plates and incubated at 30°C and 37°C for 120h. The resulting colonies were
then washed gently under running water for 15 seconds to remove the non-adherent surface cells, and the invasiveness of the samples was observed. (A, B) The
spt7A/A and spt8A/A knock-out mutants were found to be invasive. However, ngg1A/A and ubp8A/A were non-invasive in both conditions compared to its control.

Spider media, 37°C

TABLE 1.1 | Table showing percent of total cell count of SAGA module subunits in YPD media.

Strains Yeast Hyphal Pseudo-hyphal
WT 100% (+ 1.5%) 0% (+ 0%) 0% ( + 0%)
ngg1A/A 92% (+ 1.5%) 0% (+ 0%) 8% (= 1%)
spt7 A/A 5% (+ 0.5%) 7% (+1%) 88% ( + 2.5%)
spt8A/A 6% (+ 0.5%) 2% (+ 1%) 92% ( + 2.5%)
ubp8A/A 91% (+ 2.5%) 0% (+ 0%) 9% (+ 1.75%)
TABLE 1.2 | Table showing percent of total cell count of SAGA module subunits in spider media.

Strains Yeast Hyphal Pseudo-hyphal
WT 10% (+ 1.5%) 71% ( + 3%) 19% (£ 2%)
ngg1A/A 91% (+ 1%) 0% (= 0%) 9% (+ 1.5%)
spt7 A/A 4% (+ 0.5%) 7% (£ 1%) 89% ( + 3%)
spt8A/A 4% (+ 0.5%) 4% (+ 0.5%) 92% ( + 2.5%)
ubp8A/A 87% (+ 2%) 0% (= 0%) 13% (+ 1.5%)

susceptible to each of 400 mM calcium chloride, 1.5M sodium
chloride and 250 mM glycerol compared to the wild type. No
phenotypic aberration was seen in the Nggl and Ubp8 mutants.
Therefore, disruption of structural module and TBP interaction
module subunits reduces osmotic response in C. albicans and
suggests that both Spt7 and Spt8 play a key role in maintaining
osmotolerance (Figure 6C).

Antifungal drugs such as Caspofungin and chemicals such as
Congo Red are often used to induce cell wall stress in C. albicans
(Wiederhold et al., 2005; Eisman et al., 2006). Caspofungin and

Congo Red interfere with B-glucan synthase and chitin synthase
respectively (Roncero and Duran, 1985; Ghannoum and Rice,
1999). Based on previous descriptions of the ada2A/A and gen54/
A mutants (Bruno et al., 2006; Chang et al., 2015), we tested our
mutants against the cell-wall stressors Caspofungin and Congo Red
at different concentrations. The HAT-module nggl A/A mutant was
sensitive to 200 pg/ml Congo Red, similar to the gen54/A mutant
that also compromised the HAT module. The spt7A/A mutant was
highly sensitive to both Caspofungin and Congo Red, while the
spt8A/A and ubp8A/A strains showed a WT response (Figure 6D).
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TABLE 1.3 | Table showing percent of total cell count of SAGA module subunits in 10% Fetal Calf Serum.

Strains Yeast Hyphal

WT 12% (= 1%) 69% (£ 2.5%)
ngg1A/A 89% (£ 1%) 0% (+ 0%)
spt7 A/A 2% (+ 0.5%) 5% (+ 0.5%)
spt8A/A 5% (+ 0.5%) 4% (£ 0.75%)
ubp8A/A 86% (+ 3%) 0% (+ 0%)

Pseudo-hyphal

19% (= 1.5%)
11% (+ 1.75%)
93% ( + 2.5%)
91% (= 1.5%)
14% (+ 2%)

Standard deviations are shown in brackets.

spt78/A

the wild type strain.

FIGURE 4 | Staining of the SAGA mutants with DAPI and calcofluor white. Cultures were allowed to grow for 4 h for wild type, ngg1 /A, ubp8A/A and for 6 h for
spt7A/A and spt8A/A under yeast growth conditions. Cells were washed twice with 1x PBS and then stained with 3 ng/ml DAPI or with 1.5 ug/ml calcofluor and
mounted on slides. Individual cells were examined under x100 magnification using LEICA DM 6000 microscope, scale bar 15 um. (A-E) All SAGA mutant cells
showed normal nuclear segregation with each individual cell carrying single nuclei except (C) spt7A/A mutants were frequently binucleate (shown by white arrow
heads) compared to its wild type. (F) Calcofluor white (CFW) stained cells displayed even chitin distribution and highly noticeable septa in all SAGA mutants similar to
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FIGURE 5 | Biofilm formation of SAGA mutants in C. albicans. Quantification of biofilm formation in de-staining solution. Deleted mutants of SAGA complex were
tested for biofilm formation in Lee’s medium after 48 h. It appears spt8A/A enhances biofilm formation whereas spt74/A showed a decrease in biofilm formation

Several studies describe filamentation as a potential
phenotypic alteration in response to DNA damage in
C. albicans (Bachewich et al., 2005; Reichow et al., 2007; Loll-
Krippleber et al., 2014). Since the SAGA knock-out mutants have
altered filamentation, we exposed the mutants to genotoxic-
stress-causing agents, namely, the alkylating agent methyl
methane sulfonate (MMS) and the DNA replication inhibitor
hydroxyurea (HU). The spt7A/A, spt8A/A, and upb8A/A mutants
showed sensitivity at a concentration of 0.01% MMS, while the
ngglA/A mutant was comparable to wild type. Rich media
containing 15 mM HU showed the nggIA/A strain to be
resistant whereas other SAGA mutants exhibited sensitivity
compared to wild type (Figure 6C).

We also analyzed mutant strains in spot assays in media
supplemented with different antifungal drugs—the ergosterol
biosynthesis inhibitor fluconazole, the glucan synthase
inhibitor anidulafungin, and the aminoglycoside antibiotic
protein translation inhibitor hygromycin B. Spt7p appears to
be a crucial component when it comes to response to drug
treatments, as the spt7A/A strain showed sensitivity to 10 pg/ml
fluconazole, 100 pg/ml hygromycin B and 0.25 pg/ml
anidulafungin; followed by spt8A/A that was not sensitive to
hygromycin B, and lastly by nggIA/A that conferred sensitivity to
hygromycin B whereas ubp84/A behaves like WT. It appears that
the mechanisms of drug response regulation by the SAGA
complex are drug-dependent, modulated by the different
modules. Also, ubp8A/A shows resistance in the presence of
the antifungal drugs (Figure 6D). This indicates that both Ubp8
and Nggl could act as potential drug targets, a point recently
supported experimentally (Zhu et al., 2021).

We also subjected the knock-out mutants to alkaline pH 8.3 and
acidic pH 5.0 conditions (Vylkova et al., 2011). spt7A/A and spt8A/
A show phenotypic change indicating that architecture module and
TBP interaction unit play a role in regulating acidic/alkaline
stresses compared to WT (Figures 6A, B). However, ngglA/A
and ubp8A/A showed normal growth comparable to WT. When we
subjected mutant strains to 30 mM DTT to generate ER stress

through the accumulation of unfolded protein; strains with the
spt7A/A mutation showed sensitivity (Figure 6B), suggesting that
Spt7 is required for resistance to ER stress in C. albicans.

Macrophage Engulfment Assay Shows a
Faster Engulfment of Filamentous Strains
in C. albicans

Macrophages are a first line of defense against C. albicans to
prevent the host from developing infections (Lorenz et al., 2004;
Krysan et al, 2014). To investigate the function of the SAGA
complex in the C. albicans/macrophage interaction we tested the
knock-out mutants of nggl A/A, spt7A/A, spt8A/A, and ubp8A/A in
a macrophage engulfment assay. We assessed the rate of
macrophage engulfment of the different mutants from the
SAGA complex which showed that most of the engulfment by
macrophages occurred in the first 50 min of interaction between
fungal and immune cells (Figure 7A), compared to the wild type
which showed lower rate of engulfment. This interaction
(Candida-macrophage cells) starts at very early timepoints, and
the macrophage recognition and further internalization vary
among the SAGA mutants. In the first 5 min of interaction,
spt7A/A showed a higher rate of engulfment when compared with
the wild type (Figure 7B), while the ngglA/A mutant showed a
considerably lower rate of engulfment during this period. These
results indicate that differences in the cellular morphology might
play a role in the variance of macrophage engulfment assays where
filamentous strains spt7A/A and spt8A/A were quickly recognized
and engulfed by macrophages. However, yeast locked strains
ngglA/A and ubp8A/A showed lower rate of engulfment. This
likely explains that SAGA complex subunits might play a role
in pathogenicity.

Expression Analysis of SAGA

Module Subunits

As specific null mutants of SAGA complex have a considerable
effect on the functioning of C. albicans, we performed RNA
sequencing for the knock-out strains nggl A/A, spt7A/A, spt8A/A,
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FIGURE 6 | Genotoxic and cellular stress assay and antifungal drugs response of SAGA mutants in C. albicans. (A, B) 1:10 serial dilution of Overnight cultures
grown in yeast growth conditions were spotted starting with OD of 0.2 onto YPD agar plates containing different chemicals and were incubated at 30°C for 4 days
except for Caspofungin (7 days) strains response to heat (37 and 42°C) and alkaline medium (pH 8.3). Strains were subjected to acidic stress (pH 5.0), oxidative
stress (Hydrogen peroxide 7.5 mM, 0.15 mM Menadione) and ER stress (DTT, Dithiothreitol (30 mM). (C) Strains were subjected to osmotic stress (NaCl 1.5 mM,
CaCl2 400 mM, glycerol 250 mM) and genotoxic stress of Methyl Methane Sulfonate (0.01% v/v), Hydroxy Urea (15 mM) and Hydrogen peroxide (7.5 mM), (D) to
determine resistance to different cell membrane damaging drugs, fluconazole (10 ug/mi), hygromycin B (100 ug/mi), anidulafungin (0.25 ug/mi), and cell wall stress
caused by Caspofungin (0.75 pg/ml) and Congo red (200 ug/ml). Experiment was repeated 3 times for each sample.

and ubp8A/A compared to wild type strain cultured in yeast
growth conditions to assess differences in gene expression. Using
a statistical-significance analysis with a P-value less than 0.05, we
selected the upregulated or downregulated genes with a
transcription ratio higher than 1.5-fold change or lower
than -0.5-fold change relative to the wild type. We found that

in the spt7A/A strain 104 genes were up and 280 genes were
downregulated, and in the spt8A/A strain 94 genes were up and
318 genes were downregulated. In nggl mutant strains 138 genes
were upregulated and 133 genes were downregulated. ubp8 null
mutants had less of an effect on general gene expression 21 up
and 7 genes downregulated (Tables S3-S6).
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FIGURE 7 | Macrophage engulfment of wildtype and SAGA mutant strains of
C. albicans. Panels (A, B) show the time taken for RAW 264.7 murine
macrophages to ingest live wildtype and mutant strains following initial cell-
cell contact plotted versus the average macrophage uptake. The average
time taken for engulfment of the spt7A/A and spt8A/A mutant strains was
significantly less while as ngg14/A was notably slower than for the wildtype
control. t-test, *p < 0.01, *p < 0.001. Three biological replicates were made
for each mutant. The results from the macrophage engulfment assay suggest
that the core structural module subunit Spt7 mutant and the TBP interaction
unit component Spt8 mutant could be less virulent, as the constitutively
filamentous mutant strains spt74/A and spt8A/A were quickly recognized and
engulfed by macrophages relative to the Ngg1 and Upb8 mutants. Based on
the previous evidence, the macrophage engulfment assay supports that
SAGA complex sub-modules may work in opposing directions.

Analysis using the Candida Genome Database GO Term Finder
revealed that among upregulated genes in the spt7 mutant, 42%
(44/104 genes) were related to carbohydrate transport (p-value 2.2
x 107"7), while in nggl mutants, 19% (26/138) genes were involved
in carbohydrate metabolic process, a (p-value 2.5 x 10™'"); no
particular functional class was dramatically enriched in either the
spt8 or the upb8 mutants. Among the downregulated genes in the
spt7 mutant 11% (36/318) were related to the ergosterol
biosynthetic pathway (p-value of 7.3 x 107", and 13% (39/318)
genes were related to carbohydrate metabolism (p-value 4.2 x
107'"). In the spt8 mutant 30% (83/280) of downregulated genes
were involved in small molecule metabolic process (p-value of 2.2 x
107™") and 12.5% (35/280) were related to ergosterol biosynthetic
pathway (p-value of 1.5 x 10~'?). SAGA mutants have significant

effects on the number of cellular processes, we found that several
genes increase or decrease their expression during the yeast-hyphal
transition, adhesion, biofilm formation, stress responses, lipid and
carbohydrate metabolic processes (Table 2).

As shown in Table 2, some specific classes of genes were
upregulated in SAGA complex mutants compared to the reference
strain SN148 (Crowther et al., 2012). Core filament genes and cell
wall adhesion genes include HWPI, HGT12, PGAI0, PGAI3,
PGA31, PGA58, ALS2, ALS3, ALS4, and ALS9. Hwpl was highly
upregulated in spt7 and spt8 mutants; this protein is important for
adhesion to host cells, hyphal development, biofilm formation and
virulence (Bruno et al., 2006; Sellam et al., 2009; Orsi et al., 2014),
consistent with the filamentous phenotype of the spt7 and spt8
mutants. Pgal3, a key player in C. albicans morphogenesis and
virulence (Gelis et al., 2012) was also upregulated in spt7 and spt8
mutants, as was Hgtl2, required for expression of glucose
transporter genes and induced hyphal growth (Biswas et al,
2007). Furthermore, Hgcl (Hypha-specific G1 cyclin-related
protein) was 4.5-fold upregulated in the spt8 mutant; it plays a
key role in hyphal development (Zheng et al, 2004; Buckley,
2008). A second class consists of genes encoding transcription
factors that positively regulate hyphal development and enhance
biofilm formation via Hgc1-Ume6 (Banerjee et al., 2013). Ume6, a
true hyphae transcription factor (Banerjee et al, 2008; Zeidler
et al,, 2009) is 2.5-fold upregulated in the spt8 mutant.

Intriguingly, in spt8 mutants a group of C/D box type
snoRNAs (small nucleolar RNAs) representing about 25% of
all C/D box type snoRNAs in C. albicans, was upregulated from
2-fold to 6.5-fold. snoRNAs are non-coding RNAs involved in
the single nucleotide modifications of other RNAs (Reichow
et al., 2007), and are implicated in nucleolytic processing of
ribosomal RNA precursors, telomeric DNA synthesis and
alternative splicing (Maxwell and Fournier, 1995; Tollervey
and Kiss, 1997; Matera et al., 2007). There are two classes of
snoRNAs—C/D box type and H/ACA box type—that are
distinguished by structure and their involvement in specific
chemical modifications (Balakin et al,, 1996; Tollervey and
Kiss, 1997; Darzacq et al, 2002). It will be interesting to
investigate how SAGA complex mutant spt8 influences
expression of a set of box C/D type snoRNAs.

Certain classes of genes were downregulated in SAGA
complex mutants compared to the reference strain SN148
(Crowther et al,, 2012). A notable class includes the ergosterol
biosynthesis elements ERG3, ERG251, and UPC2. Erg3 has key
role in azole drug resistance (Zhou et al., 2018) and is 2.9-fold
down in the spt7 mutant; Upc2 is a transcription factor that is
central to the regulation of ergosterol biosynthesis (Vasicek et al.,
2014) and is 2.8-fold down in the spt7 mutant and 1.3 fold down
in spt8 mutant; both mutants showed azole sensitivity.

DISCUSSION

The SAGA complex, and related complexes SLIK and ADA, are
well-studied transcriptional regulators in eukaryotic organisms such
as S. cerevisiae, Drosophila melanogaster and humans (Koutelou
et al, 2010; Gurskii et al., 2013; Srivastava et al., 2015). While
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“rewiring” of orthologous transcriptional regulators in different
species can activate or repress unrelated biological processes
(Whiteway et al,, 2015), this rewiring may also occur in general
transcriptional regulators. In the SAGA complex Spt3 (TBP binding
module) negatively modulates filamentation in C. albicans, opposite
to its role in S. cerevisiae, while Gen5 (HAT module) influences
morphogenesis in a similar manner in both species, suggesting a
possible role of rewiring for this co-activator complex (Laprade
et al., 2002).

Here we have provided an overview of different components of
SAGA complex regulating growth, morphogenesis, invasiveness,
biofilm formation and response to environmental stresses in C.
albicans (Table 3). Overall the Spt7 (Core structural module) and
Spt8 (TBP binding unit) components of SAGA complex are
involved in negative regulation of filamentation, as was previously
noted for Spt3 (TBP binding module) (Laprade et al., 2002), while
Nggl (HAT module) and Ubp8 (DUB module) appear to positively
modulate filamentation, as was also found for Gen5 of the HAT
module (Chang et al., 2015). While the wild type can change its
morphological state depending on the conditions, none of the
SAGA mutants can switch to morphological state upon changing
conditions; they are all locked into their respective morphological
states (Figure 1). Both Spt7 and Spt8 play important roles in aspects
of cell division as both showed cytokinesis defects (Figures 1, 4), as
previously described for both Caspt20A/A and Scspt20A/A (Laprade
et al., 2002; Desai and Mitchell, 2015). Our results also indicate that
architecture module and TBP interaction unit defects influence cell
cycle transitions, causing pseudo-hyphal growth and difficulties in
cell separation. Although spt7 and spt8 mutant cells showed many
similarities in their phenotypes, spt7A/A cells were often binucleated
whereas spt8A/A were mononucleated (Figure 4), suggesting
specific differences in cell cycle regulation (Berman, 2006).

SAGA mutants of C. albicans have differences in growth rates
—with the slow growers spt7A/A and spt8A/A, similar to that of
the S. cerevisiae mutants Scspt7A, Scspt20A (Core structural
module) (Gansheroff et al., 1995; Belotserkovskaya et al., 2000;
Lee et al., 2000; Wu and Winston, 2002; Wang et al., 2020) and
Sespt3A (TBP binding module) (Laprade et al., 2002); wild type
growers like nggl A/A similar to gcn5A/A (Chang et al., 2015) and
an apparently somewhat faster grower, upb84/A (DUB module).
The increased growth in rich medium of upb84/A suggests that
the control of growth rate may represent a balance between the
selective advantages of fast growth and the need to maintain the
integrity of the genome (Pir et al., 2012).

It appears that the core structural module (Spt7) plays a role
in biofilm formation, while the TBP binding module (Spt8),
HAT module (Nggl), and DUB module (Ubp8) components
seem to act as repressors of biofilm formation (Figure 5).

We tested the sensitivity of SAGA mutants for different stress
conditions. Similar to the baker’s yeast, Nggl from the HAT
module positively regulates transcriptional response to cell wall
perturbations and negatively regulates response to heat stress
(Pina et al., 1993). However, it also negatively regulates response
to DNA damage stress, another example of rewired regulatory
circuitry during the evolution of these fungi. Intriguingly, gcn5A4/A
mutants of the same module are described to be normal in
responding to H,O,, CPT, MMS, and HU.

In S. cerevisiae, the HOG1 pathway controls the synthesis and
storage of glycerol which increases intracellular osmotic/turgor
pressure to allow cells adapt to high osmotic environments (Saito
and Tatebayashi, 2004). Mutations that affect SAGA structural
integrity play a critical role for survival at high osmolarity
(Daniel and Grant, 2007): the HOG1 MAP kinase pathway
recruits SAGA and promotes RNA polymerase II binding to
initiate transcription (Proft and Struhl, 2002; Wang et al., 2020).

Antifungal drugs such as Caspofungin and chemicals such as
Congo red are often used to induce cell wall stress in C. albicans
(Wiederhold et al., 2005; Eisman et al., 2006; Plaine et al., 2008).
Caspofungin and Congo red interfere with B-glucan synthase
and chitin synthase respectively. Spt7A/A and spt8A/A mutants
showed hypersensitivity to Congo red and Caspofungin,
(Figure 6D) comparable to Scspt20A/A and Caspt20A/A
(Lesage et al., 2004; Desai and Mitchell, 2015). Our findings
also showed spt7A/A and spt8A/A mutant strains are susceptible
to the antifungal agents hygromycin B and anidulafungin B, and
to azoles particularly fluconazole (Figure 6D) which is
consistent with our RNASeq data that showed decreased
expression of ergosterol biosynthetic genes (Borecka-
Melkusova et al., 2009). Our results also revealed that HAT
module (nggIA/A) and DUB module (ubp8A/A) mutants are
resistant to azoles and might act as potential drug targets in C.
albicans (Zhu et al., 2021).

Macrophages form the first line of immune response in host
against developing Candida infections (Lorenz et al, 2004;
Krysan et al., 2014). SAGA mutants showed differences in their
cellular morphology phenotype that likely explains the variance
in the macrophage engulfment kinetics. spt7A/A and spt8A/A
strains are filamentous and are quickly recognized by
macrophages and engulfed, while yeast-locked nggIA/A cells
were poorly engulfed (Figure 7B); it is likely that macrophage
engulfment of fungal cells is dependent on type and size of
hyphae (Lewis et al., 2012). In vivo assays have shown that
various SAGA complex modules play roles in virulence;
mutations in TBP interaction module subunit-spt34/A and
HAT module subunit-gcn54/A have shown avirulent behavior,
whereas HAT module subunits-ada2A/A, ngglA/A; TBP
interaction unit component-spt20A/A and DUB module
subunits—ubp8A/A, susIA/A caused attenuated virulence in
mouse infection models (Laprade et al, 2002; Sellam et al.,
2009; Chang et al., 2015; Desai and Mitchell, 2015; Xiao et al.,
2018; Shivarathri et al., 2019; Zhu et al, 2021), and the nggl
mutant phenotype has been corroborated (Li et al., 2017).

Opverall, we found that the single subunit of the recruitment
module, Tral, appeared essential as we failed to obtain a
homozygous deletion of TRAI. We also found that both the
core structural module subunit Spt7 and TBP interaction subunit
Spt8 act as repressors of filamentation and invasiveness whereas
HAT module subunit Nggl and DUB module subunit Ubp8 act
as positive regulators. We have shown that both Spt7 and Spt8
play important roles in maintaining SAGA integrity and are
critical for normal growth in C. albicans. Both spt7 and spt8
mutants have shown cell cycle related defects as mother and
daughter cells fail to separate during cytokinesis (Figures 1, 4).
As well, we have shown that Spt7 and Spt8 are critical for normal
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TABLE 2 | Table showing upregulated and downregulated genes in SAGA module subunits from RNASeq analysis data.

Upregulated genes >2 log2FC

Processes spt7 A/IA spt8A/A ngg1A/A ubp8A/A
Filamentation HWP1, HGT12, PGA13 HWP1, ALS3, HGC1, HGT12, - -
PGA13, UME6
Cell wall Adhesins PGA58, PGA13, PGA31 ALS3, PGA13 ALS2, ALS4, ALS9, -
PGA10, PGA13
C/D Box snoRNA genes - C2_05600W_A, C2_02080W_A, - -
C5_01160C_A, CR_06210C_A,
C2_10800W_A, C1_12990W_A,
CR_06220C_A, C1_13000W_A,
CR_10460W_A, C1_08970W_A,
C1_08960W_A
Downregulated genes <-2 log2FC
Processes spt7 AlA spt8A/A ngg1A/A ubp84/A
Ergosterol biosynthesis ERGS3, ERG251, UPC2 - - -
Sulfur/Methionine - MET3, MET4, MET28, SUL2 - -
biosynthesis
Carbohydrate MNN22, MNN1, OYE23, GDH2, PFK2, FBA1, TYE7 OYE23, OSM2, TYE7, PFK2 - -
metabolism
TABLE 3 | Table showing the overall results of SAGA mutants in different stress conditions.
Type of stress Method of stress ngg1A/A spt7A/A spt8A/A ubp8A/A

Temperature 37°C
42°C
pH pH 5.0
pH 8.5
Oxidative H,0, 7.5mM
Menadione 0.15 mM
ER stress DTT 30 mM
Osmotic NaCl 1.5 mM
CaCl, 400 mM
Glycerol 250 mM
DNA damage MMS 0.01%
HU 30 mM
Antifungal Fluconazole 10 pg/mi
Hygromycin B 100 pg/ml
Anidulafungin 0.25 pg/mi
Cell wall Caspofungin 0.75 pg/ml

Congo Red 200 ng/mi
Filamentation
Growth rate
Invasiveness

Cell morphology

Biofilm

The color code shows differences between the growth of different strains with pink depicting sensitivity or decreased growth and green showing increased growth.

C. albicans response to DNA damage stress and thus play key
roles in maintaining genome integrity, and that Spt7 and Spt8 are
vital for the normal response of cells to cell wall, heat, ER, and
alkaline stress. Our study also reveals that filamentous strains
spt7A/A and spt8A/A are quickly engulfed by macrophages which
indicate that SAGA might play a role in pathogenicity in
C. albicans. All these outcomes imply that core structural
module and TBP interaction unit are indispensable for cell
morphology, genotoxic and cellular stress responses whereas
HAT module plays a role in cell wall stress response. Also,
from our findings it appears that HAT module Nggl and DUB
module Ubp8 might serve as potential drug targets in C. albicans.

DATA AVAILABILITY STATEMENT

The datasets generated during and/or analyzed during current study
have been deposited in NCBI's Gene Expression Omnibus and are
accessible through GEO Series accession number GSE193907
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE193907.

AUTHOR CONTRIBUTIONS

SR and MW were responsible for conceptualization of study. SR, TC-
M and MW were responsible for the study design. TC-M-GRACE

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

March 2022 | Volume 12 | Article 764711


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE193907
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Rashid et al.

SAGA Regulates Filamentation, Invasiveness, Biofim-Formation

library screening and methodology, SR- Growth analysis, Invasion
assays, Biofilm formation assays, Sensitivity assays and Microscopy.
SR and TC-M did the computational pipeline and statistical analysis.
RP-RNA isolation, PG- macrophage engulfment assay, SR- RNASeq
analysis, SR and TC-M writing original draft preparation. MW-
supervision, editing and review. All authors listed have made a
substantial, direct, and intellectual contribution to the work and
approved it for publication.

FUNDING

This work was supported by CIHR MOP42516, CRC 950-
228957, and NSERC discovery grant RGPIN/4799.

REFERENCES

Achkar, J. M., and Fries, B. C. (2010). Candida Infections of the Genitourinary
Tract. Clin. Microbiol. Rev. 23 (2), 253-273. doi: 10.1128/cmr.00076-09

Amerik, A. Y., Li, S. J., and Hochstrasser, M. (2000). Analysis of the
Deubiquitinating Enzymes of the Yeast Saccharomyces Cerevisiae. Biol.
Chem. 381 (9-10), 981-992. doi: 10.1515/bc.2000.121

Askew, C., Sellam, A., Epp, E., Hogues, H., Mullick, A., Nantel, A., et al. (2009).
Transcriptional Regulation of Carbohydrate Metabolism in the Human
Pathogen Candida Albicans. PloS Pathog. 5 (10), €1000612. doi: 10.1371/
journal.ppat.1000612

Bachewich, C., Nantel, A., and Whiteway, M. (2005). Cell Cycle Arrest During S or
M Phase Generates Polarized Growth via Distinct Signals in Candida Albicans.
Mol. Microbiol. 57 (4), 942-959. doi: 10.1111/j.1365-2958.2005.04727 .x

Baker, S. P., and Grant, P. A. (2007). The SAGA Continues: Expanding the
Cellular Role of a Transcriptional Co-Activator Complex. Oncogene 26 (37),
5329-5340. doi: 10.1038/sj.0nc.1210603

Balakin, A. G., Smith, L., and Fournier, M. J. (1996). The RNA World of the
Nucleolus: Two Major Families of Small RNAs Defined by Different Box
Elements With Related Functions. Cell 86 (5), 823-834. doi: 10.1016/s0092-
8674(00)80156-7

Banerjee, M., Thompson, D. S., Lazzell, A., Carlisle, P. L., Pierce, C., Monteagudo,
C., et al. (2008). UME6, a Novel Filament-Specific Regulator of Candida
Albicans Hyphal Extension and Virulence. Mol. Biol. Cell 19 (4), 1354-1365.
doi: 10.1091/mbc.e07-11-1110

Banerjee, M., Uppuluri, P., Zhao, X. R,, Catlisle, P. L., Vipulanandan, G., Villar, C. C,
et al. (2013). Expression of UMES6, a Key Regulator of Candida Albicans Hyphal
Development, Enhances Biofilm Formation via Hgcl- and Sun4l-Dependent
Mechanisms. Eukaryot Cell 12 (2), 224-232. doi: 10.1128/ec.00163-12

Basso, V., dEnfert, C., Znaidi, S., and Bachellier-Bassi, S. (2019). From Genes to
Networks: The Regulatory Circuitry Controlling Candida Albicans Morphogenesis.
Curr. Top. Microbiol. Immunol. 422, 61-99. doi: 10.1007/82_2018_144

Belotserkovskaya, R,, Sterner, D. E., Deng, M., Sayre, M. H., Lieberman, P. M., and
Berger, S. L. (2000). Inhibition of TATA-Binding Protein Function by SAGA
Subunits Spt3 and Spt8 at Gen4-Activated Promoters. Mol. Cell Biol. 20 (2),
634-647. doi: 10.1128/mcb.20.2.634-647.2000

Berman, J. (2006). Morphogenesis and Cell Cycle Progression in Candida
Albicans. Curr. Opin. Microbiol. 9 (6), 595-601. doi: 10.1016/j.mib.2006.10.007

Biswas, S., Van Dijck, P., and Datta, A. (2007). Environmental Sensing and Signal
Transduction Pathways Regulating Morphopathogenic Determinants of
Candida Albicans. Microbiol. Mol. Biol. Rev. 71 (2), 348-376. doi: 10.1128/
mmbr.00009-06

Borecka-Melkusova, S., Moran, G. P., Sullivan, D. J., Kucharikova, S., Chorvat,
DJr., and Bujdakova, H. (2009). The Expression of Genes Involved in the
Ergosterol Biosynthesis Pathway in Candida Albicans and Candida
Dubliniensis Biofilms Exposed to Fluconazole. Mycoses 52 (2), 118-128.
doi: 10.1111/§.1439-0507.2008.01550.x

Brownell, J. E., Zhou, J., Ranalli, T., Kobayashi, R., Edmondson, D. G., Roth, S. Y.,
et al. (1996). Tetrahymena Histone Acetyltransferase A: A Homolog to Yeast

ACKNOWLEDGMENTS

We thank Dr. Albert Descoteaux (INRS-Armand-Frappier,
Laval, QC, Canada) for kindly providing murine macrophage
cell line, Dr Chris Law at Concordia University Centre of
Microscopy and Cellular Imaging for help with microscopy
and James Bagley of Genome Foundry at Concordia University
for help with Biomek.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fcimb.2022.
764711/full#supplementary-material

Gen5p Linking Histone Acetylation to Gene Activation. Cell 84 (6), 843-851.
doi: 10.1016/s0092-8674(00)81063-6

Brown, A. J., and Gow, N. A. (1999). Regulatory Networks Controlling Candida
Albicans Morphogenesis. Trends Microbiol. 7 (8), 333-338. doi: 10.1016/
50966-842x(99)01556-5

Bruno, V. M., Kalachikov, S., Subaran, R., Nobile, C. J., Kyratsous, C., and
Mitchell, A. P. (2006). Control of the C. Albicans Cell Wall Damage
Response by Transcriptional Regulator Cas5. PloS Pathog. 2 (3), e2l.
doi: 10.1371/journal.ppat.0020021

Buckley, M. (2008). “American Academy of Microbiology Colloquia Reports,”
in The Fungal Kingdom: diverse and essential roles in earth's ecosystem: This
report is based on a colloquium, sponsored by the American Academy of
Microbiology, Tucson, Arizona. Washington (DC, November 2-4, 2007,
American Society for Microbiology Copyright 2008 American Academy of
Microbiology.

Calderone, R. A., and Clancy, C. J. (2012). Candida and Candidiasis (Washington,
DC: ASM Press).

Calderone, R. A., and Fonzi, W. A. (2001). Virulence Factors of Candida Albicans.
Trends Microbiol. 9 (7), 327-335. doi: 10.1016/s0966-842x(01)02094-7

Carvunis, A. R,, Wang, T, Skola, D, Yu, A., Chen, J., Kreisberg, J. F., et al. (2015).
Evidence for a Common Evolutionary Rate in Metazoan Transcriptional
Networks. Elife 4. doi: 10.7554/eLife.11615

Chandra, J., Kuhn, D. M., Mukherjee, P. K., Hoyer, L. L., McCormick, T., and
Ghannoum, M. A. (2001). Biofilm Formation by the Fungal Pathogen Candida
Albicans: Development, Architecture, and Drug Resistance. J. Bacteriol 183
(18), 5385-5394. doi: 10.1128/jb.183.18.5385-5394.2001

Chang, P., Fan, X,, and Chen, J. (2015). Function and Subcellular Localization of
Gen5, a Histone Acetyltransferase in Candida Albicans. Fungal Genet. Biol. 81,
132-141. doi: 10.1016/j.fgb.2015.01.011

Chauvel, M., Nesseir, A., Cabral, V., Znaidi, S., Goyard, S., Bachellier-Bassi, S.,
et al. (2012). A Versatile Overexpression Strategy in the Pathogenic Yeast
Candida Albicans: Identification of Regulators of Morphogenesis and Fitness.
PloS One 7 (9), €45912. doi: 10.1371/journal.pone.0045912

Crowther, T. W., Boddy, L., and Jones, T.H. (2012). Functional and Ecological
Consequences of Saprotrophic Fungus—-Grazer Interactions. ISME J. 6 (11),
1992-2001. doi: 10.1038/isme;j.2012.53

Daniel, J. A., and Grant, P. A. (2007). Multi-Tasking on Chromatin With the
SAGA Coactivator Complexes. Mutat. Res. 618 (1-2), 135-148. doi: 10.1016/
j.mrfmmm.2006.09.008

Darzacq, X, Jady, B. E,, Verheggen, C.,, Kiss, A. M., Bertrand, E., and Kiss, T.
(2002). Cajal Body-Specific Small Nuclear RNAs: A Novel Class of 2'-O-
Methylation and Pseudouridylation Guide RNAs. EMBO J. 21 (11), 2746-2756.
doi: 10.1093/emboj/21.11.2746

Desai, J. V., and Mitchell, A. P. (2015). Candida Albicans Biofilm Development
and Its Genetic Control. Microbiol. Spectr. 3 (3). doi: 10.1128/
microbiolspec.MB-0005-2014

Eisman, B., Alonso-Monge, R., Roman, E., Arana, D., Nombela, C., and Pla, J.
(2006). The Cekl and Hogl Mitogen-Activated Protein Kinases Play
Complementary Roles in Cell Wall Biogenesis and Chlamydospore

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

March 2022 | Volume 12 | Article 764711


https://www.frontiersin.org/articles/10.3389/fcimb.2022.764711/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcimb.2022.764711/full#supplementary-material
https://doi.org/10.1128/cmr.00076-09
https://doi.org/10.1515/bc.2000.121
https://doi.org/10.1371/journal.ppat.1000612
https://doi.org/10.1371/journal.ppat.1000612
https://doi.org/10.1111/j.1365-2958.2005.04727.x
https://doi.org/10.1038/sj.onc.1210603
https://doi.org/10.1016/s0092-8674(00)80156-7
https://doi.org/10.1016/s0092-8674(00)80156-7
https://doi.org/10.1091/mbc.e07-11-1110
https://doi.org/10.1128/ec.00163-12
https://doi.org/10.1007/82_2018_144
https://doi.org/10.1128/mcb.20.2.634-647.2000
https://doi.org/10.1016/j.mib.2006.10.007
https://doi.org/10.1128/mmbr.00009-06
https://doi.org/10.1128/mmbr.00009-06
https://doi.org/10.1111/j.1439-0507.2008.01550.x
https://doi.org/10.1016/s0092-8674(00)81063-6
https://doi.org/10.1016/s0966-842x(99)01556-5
https://doi.org/10.1016/s0966-842x(99)01556-5
https://doi.org/10.1371/journal.ppat.0020021
https://doi.org/10.1016/s0966-842x(01)02094-7
https://doi.org/10.7554/eLife.11615
https://doi.org/10.1128/jb.183.18.5385-5394.2001
https://doi.org/10.1016/j.fgb.2015.01.011
https://doi.org/10.1371/journal.pone.0045912
https://doi.org/10.1038/ismej.2012.53
https://doi.org/10.1016/j.mrfmmm.2006.09.008
https://doi.org/10.1016/j.mrfmmm.2006.09.008
https://doi.org/10.1093/emboj/21.11.2746
https://doi.org/10.1128/microbiolspec.MB-0005-2014
https://doi.org/10.1128/microbiolspec.MB-0005-2014
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Rashid et al.

SAGA Regulates Filamentation, Invasiveness, Biofim-Formation

Formation in the Fungal Pathogen Candida Albicans. Eukaryot Cell 5 (2), 347
358. doi: 10.1128/ec.5.2.347-358.2006

Evangelista, F. M., Maglott-Roth, A., Stierle, M., Brino, L., Soutoglou, E., and Tora,
L. (2018). Transcription and mRNA Export Machineries SAGA and TREX-2
Maintain Monoubiquitinated H2B Balance Required for DNA Repair. J. Cell
Biol. 217 (10), 3382-3397. doi: 10.1083/jcb.201803074

Fiori, A., and Van Dijck, P. (2012). Potent Synergistic Effect of Doxycycline With
Fluconazole Against Candida Albicans is Mediated by Interference With Iron
Homeostasis. Antimicrob. Agents Chemother. 56 (7), 3785-3796. doi: 10.1128/
aac.06017-11

Ganguly, S., and Mitchell, A. P. (2011). Mucosal Biofilms of Candida Albicans.
Curr. Opin. Microbiol. 14 (4), 380-385. doi: 10.1016/j.mib.2011.06.001

Gansheroff, L. J., Dollard, C., Tan, P., and Winston, F. (1995). The Saccharomyces
Cerevisiae SPT7 Gene Encodes a Very Acidic Protein Important for
Transcription In Vivo. Genetics 139 (2), 523-536. doi: 10.1093/genetics/139.2.523

Gasch, A. P. (2007). Comparative Genomics of the Environmental Stress Response
in Ascomycete Fungi. Yeast 24 (11), 961-976. doi: 10.1002/yea.1512

Gelis, S., de Groot, P. W., Castillo, L., Moragues, M. D., Sentandreu, R., Gomez, M.
M., et al. (2012). Pgal3 in Candida Albicans is Localized in the Cell Wall and
Influences Cell Surface Properties, Morphogenesis and Virulence. Fungal
Genet. Biol. 49 (4), 322-331. doi: 10.1016/j.fgb.2012.01.010

Ghannoum, M. A,, and Rice, L. B. (1999). Antifungal Agents: Mode of Action,
Mechanisms of Resistance, and Correlation of These Mechanisms With
Bacterial Resistance. Clin. Microbiol. Rev. 12 (4), 501-517. doi: 10.1128/
cmr.12.4.501

Grant, P. A., Duggan, L., Coteé, J., Roberts, S. M., Brownell, J. E., Candau, R, et al.
(1997). Yeast Gen5 Functions in Two Multisubunit Complexes to Acetylate
Nucleosomal Histones: Characterization of an Ada Complex and the SAGA
(Spt/Ada) Complex. Genes Dev. 11 (13), 1640-1650. doi: 10.1101/
gad.11.13.1640

Green, M. R. (2005). Eukaryotic Transcription Activation: Right on Target. Mol.
Cell 18 (4), 399-402. doi: 10.1016/j.molcel.2005.04.017

Gurskii, D., Kopytova, D. V., Georgieva, S. G., and Nabirochkina, E. N. (2013).
SAGA Complex: The Role in Viability and Development. Mol. Biol. (Mosk) 47
(6), 922-926. doi: 10.1134/50026893313060071

Han, Y., Luo, J., Ranish, J., and Hahn, S. (2014). Architecture of the Saccharomyces
Cerevisiae SAGA Transcription Coactivator Complex. EMBO J. 33 (21), 2534—
2546. doi: 10.15252/embj.201488638

Henry, K. W., Wyce, A., Lo, W. S,, Duggan, L. J., Emre, N. C,, Kao, C. F,, et al.
(2003). Transcriptional Activation via Sequential Histone H2B Ubiquitylation
and Deubiquitylation, Mediated by SAGA-Associated Ubp8. Genes Dev. 17
(21), 2648-2663. doi: 10.1101/gad.1144003

Hoke, S. M., Irina Mutiu, A., Genereaux, J., Kvas, S., Buck, M., Yu, M., et al. (2010).
Mutational Analysis of the C-Terminal FATC Domain of Saccharomyces
Cerevisiae Tral. Curr. Genet. 56 (5), 447-465. doi: 10.1007/s00294-010-0313-3

Huisinga, K. L., and Pugh, B. F. (2004). A Genome-Wide Housekeeping Role for
TFIID and a Highly Regulated Stress-Related Role for SAGA in Saccharomyces
Cerevisiae. Mol. Cell 13 (4), 573-585. doi: 10.1016/s1097-2765(04)00087-5

Jabra-Rizk, M. A., Falkler, W. A., and Meiller, T. F. (2004). Fungal Biofilms and
Drug Resistance. Emerg. Infect. Dis. 10 (1), 14-19. doi: 10.3201/eid1001.030119

Kojic, E. M., and Darouiche, R. O. (2004). Candida Infections of Medical Devices.
Clin. Microbiol. Rev. 17 (2), 255-267. doi: 10.1128/cmr.17.2.255-267.2004

Koutelou, E., Hirsch, C. L., and Dent, S. Y. (2010). Multiple Faces of the SAGA
Complex. Curr. Opin. Cell Biol. 22 (3), 374-382. doi: 10.1016/j.ceb.2010.03.005

Krysan, D. J., Sutterwala, F. S., and Wellington, M. (2014). Catching Fire: Candida
Albicans, Macrophages, and Pyroptosis. PloS Pathog. 10 (6), €1004139.
doi: 10.1371/journal.ppat.1004139

Laprade, L., Boyartchuk, V. L., Dietrich, W. F., and Winston, F. (2002). Spt3 Plays
Opposite Roles in Filamentous Growth in Saccharomyces Cerevisiae and
Candida Albicans and is Required for C. Albicans Virulence. Genetics 161
(2), 509-519. doi: 10.1093/genetics/161.2.509

Lavoie, H., Hogues, H., Mallick, J., Sellam, A., Nantel, A., and Whiteway, M. (2010).
Evolutionary Tinkering With Conserved Components of a Transcriptional
Regulatory Network. PloS Biol. 8 (3), e1000329. doi: 10.1371/
journal.pbio.1000329

Lee, T. I, Causton, H. C,, Holstege, F. C., Shen, W. C., Hannett, N., Jennings, E. G.,
et al. (2000). Redundant Roles for the TFIID and SAGA Complexes in Global
Transcription. Nature 405 (6787), 701-704. doi: 10.1038/35015104

Lesage, G., Sdicu, A. M., Ménard, P., Shapiro, J., Hussein, S., and Bussey, H. (2004).
Analysis of Beta-1,3-Glucan Assembly in Saccharomyces Cerevisiae Using a
Synthetic Interaction Network and Altered Sensitivity to Caspofungin. Genetics
167 (1), 35-49. doi: 10.1534/genetics.167.1.35

Lewis, B., Lowes, G., Rudkin, G., and Erwig, (2012). Stage Specific Assessment of
Candida Albicans Phagocytosis by Macrophages Identifies Cell Wall
Composition and Morphogenesis as Key Determinants. PloS Pathog. 8 (3),
€1002578. doi: 10.1371/journal.ppat.1002578

Li, D. D,, Fuchs, B. B., Wang, Y., Huang, X. W., Hu, D. D,, Sun, Y., et al. (2017).
Histone Acetyltransferase Encoded by NGG1 is Required for Morphological
Conversion and Virulence of Candida Albicans. Future Microbiol. 12, 1497
1510. doi: 10.2217/fmb-2017-0084

Loll-Krippleber, R., d'Enfert, C., Feri, A., Diogo, D., Perin, A., Marcet-Houben, M.,
et al. (2014). A Study of the DNA Damage Checkpoint in Candida Albicans:
Uncoupling of the Functions of Rad53 in DNA Repair, Cell Cycle Regulation
and Genotoxic Stress-Induced Polarized Growth. Mol. Microbiol. 91 (3), 452—
471. doi: 10.1111/mmi.12471

Lorenz, M. C., Bender, J. A., and Fink, G. R. (2004). Transcriptional Response of
Candida Albicans Upon Internalization by Macrophages. Eukaryot Cell 3 (5),
1076-1087. doi: 10.1128/ec.3.5.1076-1087.2004

Martin, M. (2011). Cutadapt Removes Adapter Sequences From High-
Throughput Sequencing Reads. EMBnet J. 17, 1, 3. doi: 10.14806/ej.17.1.200

Matera, A. G., Terns, R. M., and Terns, M. P. (2007). Non-Coding RNAs: Lessons
From the Small Nuclear and Small Nucleolar RNAs. Nat. Rev. Mol. Cell Biol. 8
(3), 209-220. doi: 10.1038/nrm2124

Mathé, L., and Van Dijck, P. (2013). Recent Insights Into Candida Albicans
Biofilm Resistance Mechanisms. Curr. Genet. 59 (4), 251-264. doi: 10.1007/
500294-013-0400-3

Maxwell, E. S., and Fournier, M. J. (1995). The Small Nucleolar RNAs. Annu. Rev.
Biochem. 64, 897-934. doi: 10.1146/annurev.bi.64.070195.004341

Mohibullah, N., and Hahn, S. (2008). Site-Specific Cross-Linking of TBP In Vivo
and In Vitro Reveals a Direct Functional Interaction With the SAGA Subunit
Spt3. Genes Dev. 22 (21), 2994-3006. doi: 10.1101/gad.1724408

Nobile, C. J., and Johnson, A. D. (2015). Candida Albicans Biofilms and Human
Disease. Annu. Rev. Microbiol. 69,71-92. doi: 10.1146/annurev-micro-091014-
104330

Nocedal, I, Mancera, E., and Johnson, A. D. (2017). Gene Regulatory Network
Plasticity Predates a Switch in Function of a Conserved Transcription
Regulator. Elife 6. doi: 10.7554/eLife.23250

Orsi, C. F., Borghi, E., Colombari, B., Neglia, R. G., Quaglino, D., Ardizzoni, A.,
et al. (2014). Impact of Candida Albicans Hyphal Wall Protein 1 (HWP1)
Genotype on Biofilm Production and Fungal Susceptibility to Microglial Cells.
Microb. Pathog. 69-70, 20-27. doi: 10.1016/j.micpath.2014.03.003

Pertea, M., Pertea, G. M., Antonescu, C. M., Chang, T. C., Mendell, J. T., and
Salzberg, S. L. (2015). StringTie Enables Improved Reconstruction of a
Transcriptome From RNA-Seq Reads. Nat. Biotechnol. 33 (3), 290-295.
doi: 10.1038/nbt.3122

Pina, B., Berger, S., Marcus, G. A., Silverman, N., Agapite, J., and Guarente, L.
(1993). ADA3: A Gene, Identified by Resistance to GAL4-VP16, With
Properties Similar to and Different From Those of ADA2. Mol. Cell Biol. 13
(10), 5981-5989. doi: 10.1128/mcb.13.10.5981

Pir, P., Gutteridge, A., Wu, J., Rash, B, Kell, D. B, Zhang, N,, et al. (2012). The
Genetic Control of Growth Rate: A Systems Biology Study in Yeast. BMC Syst.
Biol. 6, 4. doi: 10.1186/1752-0509-6-4

Plaine, A., Walker, L., Da Costa, G., Mora-Montes, H. M., McKinnon, A., Gow, N.
A, et al. (2008). Functional Analysis of Candida Albicans GPI-Anchored
Proteins: Roles in Cell Wall Integrity and Caspofungin Sensitivity. Fungal
Genet. Biol. 45 (10), 1404-1414. doi: 10.1016/.fgb.2008.08.003

Proft, M., and Struhl, K. (2002). Hogl Kinase Converts the Skol-Cyc8-Tupl
Repressor Complex Into an Activator That Recruits SAGA and SWI/SNF in
Response to Osmotic Stress. Mol. Cell 9 (6), 1307-1317. doi: 10.1016/s1097-
2765(02)00557-9

Ramage, G., Saville, S. P, Thomas, D. P., and Lopez-Ribot, J. L. (2005). Candida
Biofilms: An Update. Eukaryot Cell 4 (4), 633-638. doi: 10.1128/ec.4.4.633-
638.2005

Reichow, S. L., Hamma, T., Ferré-D'Amaré, A. R, and Varani, G. (2007). The
Structure and Function of Small Nucleolar Ribonucleoproteins. Nucleic Acids
Res. 35 (5), 1452-1464. doi: 10.1093/nar/gkl1172

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

March 2022 | Volume 12 | Article 764711


https://doi.org/10.1128/ec.5.2.347-358.2006
https://doi.org/10.1083/jcb.201803074
https://doi.org/10.1128/aac.06017-11
https://doi.org/10.1128/aac.06017-11
https://doi.org/10.1016/j.mib.2011.06.001
https://doi.org/10.1093/genetics/139.2.523
https://doi.org/10.1002/yea.1512
https://doi.org/10.1016/j.fgb.2012.01.010
https://doi.org/10.1128/cmr.12.4.501
https://doi.org/10.1128/cmr.12.4.501
https://doi.org/10.1101/gad.11.13.1640
https://doi.org/10.1101/gad.11.13.1640
https://doi.org/10.1016/j.molcel.2005.04.017
https://doi.org/10.1134/S0026893313060071
https://doi.org/10.15252/embj.201488638
https://doi.org/10.1101/gad.1144003
https://doi.org/10.1007/s00294-010-0313-3
https://doi.org/10.1016/s1097-2765(04)00087-5
https://doi.org/10.3201/eid1001.030119
https://doi.org/10.1128/cmr.17.2.255-267.2004
https://doi.org/10.1016/j.ceb.2010.03.005
https://doi.org/10.1371/journal.ppat.1004139
https://doi.org/10.1093/genetics/161.2.509
https://doi.org/10.1371/journal.pbio.1000329
https://doi.org/10.1371/journal.pbio.1000329
https://doi.org/10.1038/35015104
https://doi.org/10.1534/genetics.167.1.35
https://doi.org/10.1371/journal.ppat.1002578
https://doi.org/10.2217/fmb-2017-0084
https://doi.org/10.1111/mmi.12471
https://doi.org/10.1128/ec.3.5.1076-1087.2004
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1038/nrm2124
https://doi.org/10.1007/s00294-013-0400-3
https://doi.org/10.1007/s00294-013-0400-3
https://doi.org/10.1146/annurev.bi.64.070195.004341
https://doi.org/10.1101/gad.1724408
https://doi.org/10.1146/annurev-micro-091014-104330
https://doi.org/10.1146/annurev-micro-091014-104330
https://doi.org/10.7554/eLife.23250
https://doi.org/10.1016/j.micpath.2014.03.003
https://doi.org/10.1038/nbt.3122
https://doi.org/10.1128/mcb.13.10.5981
https://doi.org/10.1186/1752-0509-6-4
https://doi.org/10.1016/j.fgb.2008.08.003
https://doi.org/10.1016/s1097-2765(02)00557-9
https://doi.org/10.1016/s1097-2765(02)00557-9
https://doi.org/10.1128/ec.4.4.633-638.2005
https://doi.org/10.1128/ec.4.4.633-638.2005
https://doi.org/10.1093/nar/gkl1172
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Rashid et al.

SAGA Regulates Filamentation, Invasiveness, Biofim-Formation

Roemer, T., Jiang, B., Davison, J., Ketela, T., Veillette, K., Breton, A., et al. (2003).
Large-Scale Essential Gene Identification in Candida Albicans and
Applications to Antifungal Drug Discovery. Mol. Microbiol. 50 (1), 167-181.
doi: 10.1046/j.1365-2958.2003.03697.x

Roncero, C., and Duran, A. (1985). Effect of Calcofluor White and Congo Red on
Fungal Cell Wall Morphogenesis: In Vivo Activation of Chitin Polymerization.
J. Bacteriol 163 (3), 1180-1185. doi: 10.1128/jb.163.3.1180-1185.1985

Ruiz-Roig, C., Vieéitez, C., Posas, F., and de Nadal, E. (2010). The Rpd3L HDAC
Complex is Essential for the Heat Stress Response in Yeast. Mol. Microbiol. 76
(4), 1049-1062. doi: 10.1111/j.1365-2958.2010.07167.x

Saito, H., and Tatebayashi, K. (2004). Regulation of the Osmoregulatory HOG
MAPK Cascade in Yeast. J. Biochem. 136 (3), 267-272. doi: 10.1093/jb/mvh135

Samaranayake, D. P., and Hanes, S. D. (2011). Milestones in Candida Albicans Gene
Manipulation. Fungal Genet. Biol. 48 (9), 858-865. doi: 10.1016/j.fgh.2011.04.003

Segal, E. S., Gritsenko, V., Levitan, A., Yadav, B., Dror, N., Steenwyk, J. L., et al.
(2018). Gene Essentiality Analyzed by In Vivo Transposon Mutagenesis and
Machine Learning in a Stable Haploid Isolate of Candida Albicans. mBio 9 (5).
doi: 10.1128/mBi0.02048-18

Sellam, A., Askew, C., Epp, E., Lavoie, H., Whiteway, M., and Nantel, Andrée
(2009). Genome-Wide Mapping of the Coactivator Ada2p Yields Insight Into
the Functional Roles of SAGA/ADA Complex in Candida Albicans. Mol. Biol.
Cell 20 (9), 2389-2400. doi: 10.1091/mbc.e08-11-1093

Shivarathri, R, Tscherner, M., Zwolanek, F., Singh, N. K., Chauhan, N., and
Kuchler, K. (2019). The Fungal Histone Acetyl Transferase Gen5 Controls
Virulence of the Human Pathogen Candida Albicans Through Multiple
Pathways. Sci. Rep. 9 (1), 9445. doi: 10.1038/s41598-019-45817-5

Sinha, H., David, L., Pascon, R. C., Clauder-Miinster, S., Krishnakumar, S., Nguyen,
M., et al. (2008). Sequential Elimination of Major-Effect Contributors Identifies
Additional Quantitative Trait Loci Conditioning High-Temperature Growth in
Yeast. Genetics 180 (3), 1661-1670. doi: 10.1534/genetics.108.092932

Srivastava, R., Rai, K. M., Pandey, B., Singh, S. P., and Sawant, S. V. (2015). Spt-
Ada-Gcen5-Acetyltransferase (SAGA) Complex in Plants: Genome Wide
Identification, Evolutionary Conservation and Functional Determination.
PloS One 10 (8), €0134709. doi: 10.1371/journal.pone.0134709

Staab, J. F., Bradway, S. D., Fidel, P. L., and Sundstrom, P. (1999). "Adhesive and
Mammalian Transglutaminase Substrate Properties of Candida Albicans
Hwpl.". Science 283 (5407), 1535-1538. doi: 10.1126/science.283.5407.1535

Tollervey, D., and Kiss, T. (1997). Function and Synthesis of Small Nucleolar RN As.
Curr. Opin. Cell Biol. 9 (3), 337-342. doi: 10.1016/50955-0674(97)80005-1

Tournu, H., and Van Dijck, P. (2012). Candida Biofilms and the Host: Models and
New Concepts for Eradication. Int. J. Microbiol. 2012, 845352. doi: 10.1155/
2012/845352

Tsui, C., Kong, E. F,, and Jabra-Rizk, M. A. (2016). Pathogenesis of Candida
Albicans Biofilm. Pathog. Dis. 74 (4), ftw018. doi: 10.1093/femspd/ftw018

Vasicek, E. M., Berkow, E. L., Flowers, S. A., Barker, K. S., and Rogers, P. D. (2014).
UPC2 is Universally Essential for Azole Antifungal Resistance in Candida
Albicans. Eukaryot Cell 13 (7), 933-946. doi: 10.1128/ec.00221-13

Vyas, V. K., Barrasa, M. I, and Fink, G. R. (2015). A Candida Albicans CRISPR
System Permits Genetic Engineering of Essential Genes and Gene Families. Sci.
Adv. 1 (3), €1500248. doi: 10.1126/sciadv.1500248

Vylkova, S., Carman, A. J., Danhof, H. A., Collette, J. R., Zhou, H., and Lorenz, M.
C. (2011). The Fungal Pathogen Candida Albicans Autoinduces Hyphal
Morphogenesis by Raising Extracellular pH. mBio 2 (3), €00055-11.
doi: 10.1128/mBi0.00055-11

Wang, L., Chen, R, Weng, Q., Lin, S., Wang, H., Li, Li, et al. (2020). SPT20
Regulates the Hogl-MAPK Pathway and Is Involved in Candida Albicans
Response to Hyperosmotic Stress. Front. Microbiol. 11 (213). doi: 10.3389/
fmicb.2020.00213

Wang, H., Dienemann, C,, Stiitzer, A., Urlaub, H., Cheung, A. C. M., and Cramer,
P. (2020). Structure of the Transcription Coactivator SAGA. Nature 577
(7792), 717-720. doi: 10.1038/s41586-020-1933-5

Warfield, L., Ranish, J. A., and Hahn, S. (2004). Positive and Negative Functions of
the SAGA Complex Mediated Through Interaction of Spt8 With TBP and the
N-Terminal Domain of TFIIA. Genes Dev. 18 (9), 1022-1034. doi: 10.1101/
gad.1192204

Wery, M., Shematorova, E., Van Driessche, B., Vandenhaute, J., Thuriaux, P., and
Van Mullem, V. (2004). Members of the SAGA and Mediator Complexes are
Partners of the Transcription Elongation Factor TFIIS. EMBO J. 23 (21), 4232—
4242. doi: 10.1038/sj.embo;j.7600326

Whiteway, M., Tebung, W. A., Choudhury, B. I, and Rodriguez-Ortiz, R. (2015).
Metabolic Regulation in Model Ascomycetes—Adjusting Similar Genomes to
Different Lifestyles. Trends Genet. 31 (8), 445-453. doi: 10.1016/
j.tig.2015.05.002

Wiederhold, N. P., Kontoyiannis, D. P., Prince, R. A., and Lewis, R. E. (2005).
Attenuation of the Activity of Caspofungin at High Concentrations Against
Candida Albicans: Possible Role of Cell Wall Integrity and Calcineurin
Pathways.". Antimicrob. Agents Chemother. 49 (12), 5146-5148. doi: 10.1128/
aac.49.12.5146-5148.2005

Wisplinghoff, H., Bischoff, T., Tallent, S. M., Seifert, H.,, Wenzel, R. P., and
Edmond, M. B. (2004). Nosocomial Bloodstream Infections in US Hospitals:
Analysis of 24,179 Cases From a Prospective Nationwide Surveillance Study.
Clin. Infect. Dis. 39 (3), 309-317. doi: 10.1086/421946

Wu, P. Y., and Winston, F. (2002). Analysis of Spt7 Function in the
Saccharomyces Cerevisiae SAGA Coactivator Complex. Mol. Cell Biol. 22
(15), 5367-5379. doi: 10.1128/mcb.22.15.5367-5379.2002

Xiao, C,, Yu, Q., Zhang, B,, Li, J., Zhang, D., and Li, M. (2018). Role of the mRNA
Export Factor Susl in Oxidative Stress Tolerance in Candida Albicans.
Biochem. Biophys. Res. Commun. 496 (2), 253-259. doi: 10.1016/
j.bbrc.2018.01.044

Zeidler, U, Lettner, T., Lassnig, C., Miiller, M., Lajko, R., Hintner, H., et al. (2009).
UMES is a Crucial Downstream Target of Other Transcriptional Regulators of
True Hyphal Development in Candida Albicans. FEMS Yeast Res. 9 (1), 126-
142. doi: 10.1111/j.1567-1364.2008.00459.x

Zheng, X., Wang, Y., and Wang, Y. (2004). Hgcl, a Novel Hypha-Specific G1
Cyclin-Related Protein Regulates Candida Albicans Hyphal Morphogenesis.
EMBO J. 23 (8), 1845-1856. doi: 10.1038/sj.emboj.7600195

Zhou, Y., Liao, M., Zhu, C,, Hu, Y., Tong, T., Peng, X, et al. (2018). ERG3 and
ERG11 Genes are Critical for the Pathogenesis of Candida Albicans During the
Oral Mucosal Infection. Int. J. Oral. Sci. 10 (2), 9. doi: 10.1038/s41368-018-
0013-2

Zhu, W, Fan, X,, Zhao, Q., Xu, Y., Wang, X, and Chen, J. (2021). Brel and Ubp8
Regulate H2B Mono-Ubiquitination and the Reversible Yeast-Hyphae
Transition in Candida Albicans. Mol. Microbiol. 115 (2), 332-343.
doi: 10.1111/mmi.14619

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Rashid, Correia-Mesquita, Godoy, Omran and Whiteway. This is
an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

March 2022 | Volume 12 | Article 764711


https://doi.org/10.1046/j.1365-2958.2003.03697.x
https://doi.org/10.1128/jb.163.3.1180-1185.1985
https://doi.org/10.1111/j.1365-2958.2010.07167.x
https://doi.org/10.1093/jb/mvh135
https://doi.org/10.1016/j.fgb.2011.04.003
https://doi.org/10.1128/mBio.02048-18
https://doi.org/10.1091/mbc.e08-11-1093
https://doi.org/10.1038/s41598-019-45817-5
https://doi.org/10.1534/genetics.108.092932
https://doi.org/10.1371/journal.pone.0134709
https://doi.org/10.1126/science.283.5407.1535
https://doi.org/10.1016/s0955-0674(97)80005-1
https://doi.org/10.1155/2012/845352
https://doi.org/10.1155/2012/845352
https://doi.org/10.1093/femspd/ftw018
https://doi.org/10.1128/ec.00221-13
https://doi.org/10.1126/sciadv.1500248
https://doi.org/10.1128/mBio.00055-11
https://doi.org/10.3389/fmicb.2020.00213
https://doi.org/10.3389/fmicb.2020.00213
https://doi.org/10.1038/s41586-020-1933-5
https://doi.org/10.1101/gad.1192204
https://doi.org/10.1101/gad.1192204
https://doi.org/10.1038/sj.emboj.7600326
https://doi.org/10.1016/j.tig.2015.05.002
https://doi.org/10.1016/j.tig.2015.05.002
https://doi.org/10.1128/aac.49.12.5146-5148.2005
https://doi.org/10.1128/aac.49.12.5146-5148.2005
https://doi.org/10.1086/421946
https://doi.org/10.1128/mcb.22.15.5367-5379.2002
https://doi.org/10.1016/j.bbrc.2018.01.044
https://doi.org/10.1016/j.bbrc.2018.01.044
https://doi.org/10.1111/j.1567-1364.2008.00459.x
https://doi.org/10.1038/sj.emboj.7600195
https://doi.org/10.1038/s41368-018-0013-2
https://doi.org/10.1038/s41368-018-0013-2
https://doi.org/10.1111/mmi.14619
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

	SAGA Complex Subunits in Candida albicans Differentially Regulate Filamentation, Invasiveness, and Biofilm Formation
	Introduction
	Materials and Methods
	Strains and Oligonucleotides
	Media
	Microscopy
	Phenotypic Sensitivity
	Invasiveness Assay
	Biofilm Assay
	Macrophage Engulfment Assay
	RNAseq Analysis
	Statistical Analysis

	Results
	SAGA Mutants Can Have Opposing Consequences for Filamentation and Invasiveness
	Cellular Characteristics of SAGA Mutants
	Spt7 and Spt8 Mutant Strains Displayed Cell Cycle Related Defects
	SAGA Complex Subunits Appear to Differentially Influence Biofilm Regulation
	Oxidative, Osmotic, Cell Wall and Temperature Stresses in C. albicans are Differentially Influenced by SAGA Sub-Modules
	Macrophage Engulfment Assay Shows a Faster Engulfment of Filamentous Strains in C. albicans
	Expression Analysis of SAGA Module Subunits

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


