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Abstract
Background

Candida albicans is an opportunistic human fungal pathogen that can cause both super�cial and systemic infections, especially in immunocompromised
individuals. In response to C. albicans infections, innate immune cells of the host produce and accumulate reactive oxygen species (ROS) that can lead to
irreversible damage and apoptosis of fungal cells. Prior studies have identi�ed several transcription factors involved in the oxidative stress response of C.
albicans. However, a systematic study to identify transcription factors mediating the oxidative response had not been previously conducted.

Results

In this study, we screened a comprehensive transcription factor mutant library consisting of 211 transcription factor deletion mutant strains in the presence
and absence of H2O2, a potent inducer of ROS, and identi�ed �ve transcription factors (Skn7, Dpb4, Cap1, Dal81 and Stp2) involved in the response to H2O2.
Genome-wide transcriptional pro�ling revealed that H2O2 induced a discreet set of genes differentially regulated in common among the �ve transcription
factor mutant strains identi�ed. Functional enrichment analysis identi�ed KEGG pathways pertaining to glycolysis/gluconeogenesis, amino sugar and
nucleotide sugar metabolism, and ribosome synthesis as the most enriched pathways. Furthermore, among the most common differentially expressed genes,
hexose catabolism and iron transport were the most enriched GO terms.

Conclusions

Our study is the �rst to systematically identify and characterize transcription factors involved in the response to H2O2. Based on the transcription factors
identi�ed, we found that exposure to H2O2 modulates several downstream gene classes involved in fungal virulence. Overall, this study sheds new light on the
metabolism, physiological functions and cellular processes involved in the H2O2-induced oxidative stress response in C. albicans.

Background
Over the past twenty years, we have seen a signi�cant increase in invasive fungal infections. Candida species are common commensals of the skin and
mucosal surfaces of humans, but they can also lead to life-threatening systemic diseases, especially in immunocompromised individuals [1, 2]. Indeed,
Candida species represent the fourth most common cause of nosocomial bloodstream infections in the United States [3]. The annual mortality rate of
Candida bloodstream infections has been reported to be as high as 50% in adults and 30% in children [4, 5]. Candida albicans is the most prevalent Candida
species responsible for infections in the clinic [6]. C. albicans has a number of important virulence factors that contribute to its capacity to cause infections in
humans, such as its ability to undergo morphological transitions, its ability to form drug-resistant bio�lms on mucosal surfaces and on implanted medical
devices, and its ability to secrete numerous host-damaging enzymes [7-10].

In order to mitigate infection with C. albicans, the host innate immune system utilizes a number of defense strategies, such as the production of reactive
oxygen species (ROS) to damage and kill invading C. albicans cells [11, 12]. ROS, which include superoxide, hydrogen peroxide (H2O2), hydroxyl radicals,
singlet oxygen, nitrogen dioxide and peroxynitrite [13], are primarily released by host macrophages and neutrophils through a mechanism referred to as the
respiratory or oxidative burst response [11]. ROS interact with nucleic acids, lipids, and proteins to induce irreversible damage and ultimately apoptosis of C.
albicans cells [14]. In response to redox disturbances caused by the accumulation of ROS within macrophages, C. albicans cells are triggered to undergo
�lamentation [15], which allows C. albicans cells to escape the macrophage [11]. Consistently, cells of C. albicans mutant strains that are hypersensitive to
ROS, are unable to form hyphae within macrophages and are thus unable to escape macrophage killing [11, 16]. Certain antifungal drugs that induce ROS,
such as miconazole and the echinocandins, have been reported to be highly effective against C. albicans, even in its recalcitrant bio�lm form [17, 18]. Thus,
understanding how C. albicans mechanistically responds to ROS produced by the host innate immune cells is important for the development of novel
antifungal strategies that may target this fungal response pathway.

ROS can activate the mitogen-activated protein kinase (MAPK) signaling pathway in C. albicans [19], and in turn, regulate various transcription factors (TFs),
kinases, cyclin dependent protein kinases, and membrane proteins involved in MAPK signaling [11, 20-22]. Cap1 is perhaps the most well-known TF that
mediates the response to ROS in C. albicans [23]. Genome-wide transcriptional pro�ling using microarrays demonstrated that Cap1 regulates genes
associated with cellular antioxidant defense mechanisms and carbohydrate metabolism, among other pathways [24]. Several other TFs, such as Sfp1 [25] and
Skn7 [26], have also been reported to regulate the response to ROS in C. albicans. Despite our knowledge of these important regulators of the C. albicans ROS
response, a systematic study to identify TFs involved in the ROS response had not yet been performed.

Here, we systematically screened a comprehensive C. albicans TF mutant library consisting of 211 TF mutant strains [27] in the presence and absence of
H2O2, a potent inducer of ROS. The results revealed that in addition to Cap1 and Skn7, three additional TFs, Dal81, Stp2 and Dpb4, were found to be involved
in the C. albicans response to H2O2, based on the �ndings that their mutant strains were hypersensitive to H2O2. We note that we did not identify any TF
mutant strains that were resistant to H2O2 in our screen. We also note that an sfp1Δ/Δ mutant strain was not included in this library, and thus we did not
assess its sensitivity to H2O2. Genome-wide transcriptional pro�ling by RNA sequencing (RNA-seq) of these �ve TF mutant strains revealed that H2O2 induced
signi�cant expression changes in 63 key genes (15 genes were upregulated and 48 genes were downregulated) in common among the �ve H2O2

hypersensitive mutant strains. Functional enrichment analysis identi�ed KEGG pathways pertaining to glycolysis/gluconeogenesis, amino sugar and
nucleotide sugar metabolism, and ribosome synthesis as the most enriched pathways. Furthermore, among the most common differentially expressed genes,
hexose catabolism and iron transport were the most enriched GO terms.
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Results
Five C. albicans transcription factor mutants exhibited hypersensitivity to H2O2

To systematically identify C. albicans regulators of the ROS response, we screened a comprehensive TF mutant library consisting of 211 TF mutant strains in
the presence and absence of H2O2 using spot assays on YPD plates. Prior to performing the genetic screen, we assessed the sensitivity of the isogenic
wildtype (WT) strain (SN250) to concentrations of H2O2 ranging from 0.5-10.0 mM and found a dose-dependent relationship between increasing H2O2

concentration and increasing oxidative sensitivity (data not shown). When the H2O2 concentration reached 5 mM, the growth of the WT strain was hindered by
approximately 50% (Fig. 1), and this concentration was chosen for the screen. We found that, in addition to the known hypersensitive TF mutant strains,
cap1Δ/Δ (TF140) and skn7Δ/Δ (TF083), three additional TF mutant strains, dpb4Δ/Δ (TF094), dal81Δ/Δ (TF155) and stp2Δ/Δ (TF162), showed signi�cant
sensitivity to H2O2 relative to the WT strain (Fig. 1). No C. albicans TF mutant strains were observed as clearly resistant to H2O2 in our screen (data not
shown).

RNA-sequencing of the �ve TF mutant strains hypersensitive to H2O2

To determine the transcriptome of the �ve hypersensitive TF mutant strains, we performed RNA-seq on the �ve mutant strains and the isogenic WT strain in
the presence and absence of H2O2. A total of 6,376 transcriptionally active regions were detected from the sequencing, 285 of which were novel
transcriptionally active regions (nTARs, Dataset S1 Sheet A). The number of differentially expressed genes among relevant RNA-seq comparisons with fold
changes of greater than or equal to twofold (Dataset S1 Sheet B and Fig. S1). For the WT strain SN250, 62 genes were signi�cantly upregulated and 80 genes
were signi�cantly downregulated greater than or equal to twofold in the presence of H2O2 (Dataset S1 Sheet B and Fig. S1). Compared to that of SN250, the
responses of the TF mutant strains to H2O2 were far more striking. 550, 240, 961, 148 and 105 genes were upregulated greater than or equal to twofold in the
presence of H2O2 for the skn7Δ/Δ (TF083), dpb4Δ/Δ (TF094), cap1Δ/Δ (TF140), dal81Δ/Δ (TF155) and stp2Δ/Δ (TF162) mutant strains, respectively
(Dataset S1 Sheet B, Fig. S1, and Fig. 2). Additionally, in the presence of H2O2, 828, 778, 888, 278 and 214 genes were downregulated greater than or equal to
twofold in these �ve TF mutant strains, respectively (Dataset S1 Sheet B, Fig. S1 and Fig. 2). Moreover, 15 genes were upregulated greater than or equal to
twofold and 48 genes were downregulated greater than or equal to twofold in common among all �ve TF mutant strains in the presence of H2O2 (Fig. 2 and
Fig. 3).

KEGG pathway enrichment and GO term analyses of the differentially expressed genes among the �ve TF mutant strains hypersensitive to H2O2

To gain an understanding of the biological pathways involved in response to H2O2 for the �ve hypersensitive TF mutant strains, we performed KEGG pathway
enrichment analyses for each strain in the presence and absence of H2O2 (Fig. 4). The enriched pathway in common among these �ve mutant strains was
amino sugar and nucleotide sugar metabolism. Interestingly, the patterns of enrichment for these �ve mutant strains appeared to be divided into two groups.
In the �rst group, consisting of the skn7Δ/Δ (TF083), dpb4Δ/Δ (TF094) and cap1Δ/Δ (TF140) mutant strains, we observed enrichment mainly in fatty acid
metabolism, carbohydrate metabolism, proteasome metabolism, glutathione metabolism, and ribosome synthesis. In the second group, consisting of the
dal81Δ/Δ (TF155) and stp2Δ/Δ (TF162) mutant strains, enrichment was mainly in meiosis and the cell cycle. Overall, glycolysis/gluconeogenesis, amino
sugar and nucleotide sugar metabolism, and ribosome synthesis were the three most enriched KEGG pathways across all �ve TF mutant strains (Fig. 5).

We further performed GO term and KEGG enrichment analyses on the 15 upregulated genes and the 48 downregulated genes in common among all �ve of the
TF mutant strains from Fig. 3. The GO term results included molecular function, biological process and cell component as enriched. The KEGG pathways
results included metabolism, genetic information processing, environmental information processing, cellular processes, organismal systems, human diseases,
and drug development as enriched. Tables 1 and 2 present the top �ve signi�cantly enriched GO terms and KEGG pathways, respectively, of the commonly
regulated genes among all �ve TF mutant strains in the presence of H2O2.

Con�rmation of RNA-sequencing data by RT-qPCR

Based on the RNA-seq results presented in Fig. 3, we chose several genes of interest to validate by RT-qPCR. The selected genes were primarily divided into �ve
functional categories: oxidation reduction, membrane, cell wall, transporters, and other (Table 3).

With the exceptions of CFL2 and CFL4 in the dpb4Δ/Δ (TF094) mutant strain, as well as SOD4 in the dal81Δ/Δ (TF155) and stp2Δ/Δ (TF162) mutant strains,
which trended in the right directly, but did not meet the signi�cance threshold, the expression patterns of all genes as determined by RT-qPCR were consistent
with the RNA-seq results. The transcription factor Cap1 is reported to regulate the catalase-encoding gene CAT1 during oxidative stress [28]; however, we
observed by RNA-seq and RT-qPCR that the expression of CAT1 in the cap1Δ/Δ mutant strain was, unexpectedly, not signi�cantly changed in the presence of
H2O2, relative to the WT strain. In the presence of H2O2, some genes in certain functional categories displayed clear expression level directions by RNA-seq and
RT-qPCR, while others showed varied expression levels. For example, genes encoding membrane regulators/components (e.g. ECM21 and ATO1) were
signi�cantly downregulated in all �ve TF mutant strains in the presence of H2O2 relative to the WT strain by RNA-seq and RT-qPCR. Conversely, genes encoding
two transporters involved in antimicrobial resistance, QDR1 and ROA1, showed varied expression patterns relative to the WT strain by RNA-seq and RT-qPCR.

Discussion
C. albicans is one of the most common opportunistic fungal pathogens of humans. Infection with C. albicans can cause life-threatening bloodstream
infections with high mortality rates, especially in immunocompromised individuals [1, 2]. In response to infection with C. albicans, the host responds by
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producing a variety of ROS that can damage and kill invading C. albicans cells [11, 13]. To counter ROS, C. albicans has evolved a number of oxidative stress
response mechanisms that are known to be regulated by different transcription factors.

In the present study, we systematically screened a comprehensive 211 member C. albicans TF mutant library [29] in the presence and absence of H2O2, a
potent inducer of ROS. Five mutant strains were severely defective (did not grow or barely grew) on YPD plates in the presence of 5 mM H2O2 (Fig. 1), and we
de�ne these strains as hypersensitive. Although two mutant strains, ecm22Δ/Δ (TF171) and ino2Δ/Δ (TF185), showed some resistance to H2O2 (data not
shown), we did not follow up on these strains since their sensitivities were relatively minor. Among the �ve TFs identi�ed, Cap1, a bZIP transcription factor of
the AP-1 family, is known to be an important regulator of the oxidative stress response in C. albicans [24, 30, 31]. Skn7, a transcription factor that is part of a
two-component regulatory system, is known to be activated via phosphorylation in response to oxidative stress [26, 32]. The remaining three TFs identi�ed
were not previously associated with the regulation of oxidative stress response pathways. Dpb4 is known to regulate nuclear DNA and mitochondrial DNA
replication and maintenance, as well as rRNA and mitochondrial rRNA processing [33], while transcription factors Dal81 and Stp2 are reported to play roles in
regulating nitrogen utilization via distinct amino acid metabolic pathways [34-36].

To date, the most well-known transcription factor regulating the oxidative stress response in C. albicans is Cap1 and the most widely reported signaling
pathway mediating the response to oxidative stress is the Hog1-MAPK signaling pathway [20, 37, 38]. CAT1, encoding a key Cap1-dependent catalase, has
been shown to be highly upregulated in the presence of ROS [28]. Interestingly, in our study, the expression levels of CAT1 in the �ve TF mutant strains did not
show signi�cant differential regulation relative to the WT strain in the presence of H2O2 (Table 3 and Dataset S1 Sheet B). One possible explanation for this
observed difference is that previous studies largely co-cultured C. albicans with phagocytes, while we directly added exogenous H2O2 to stimulate C. albicans
[28,39]. One prior study found that Hog1 contributes to the oxidative stress response at a post-transcriptional level in C. albicans [38]. Consistent with this
report, we observed no obvious changes in the expression level of HOG1 in the WT strain in the presence of H2O2 (Table 3 and Dataset S1 Sheet B). Altogether,
these �ndings suggest that other signaling pathways are likely involved in the C. albicans oxidative stress response to H2O2. The transcription factor Stp2 is
reported to contribute to nutrient adaption/sensing and bio�lm formation in C. albicans via targeting the rapamycin (TOR) signaling pathway [40-43].
Therefore, investigating whether our �ve identi�ed transcription factors participate in the TOR signaling pathway in the presence of ROS is an intriguing area
of future interest.

Glycolysis/gluconeogenesis, amino sugar and nucleotide sugar metabolism, and ribosome synthesis were the top three enriched KEGG pathways from the
RNA-seq analyses for the �ve H2O2-hypersensitive TF mutant strains in the presence of H2O2, among which amino sugar and nucleotide sugar metabolism
were the only enriched KEGG pathways in common among these �ve TF mutant strains (Fig. 4 and Fig. 5). The chitin deacetylase Cda2 [44], is a member of
the amino sugar and nucleotide sugar metabolism pathway. Consistently, CDA2 was signi�cantly downregulated in all �ve of the H2O2-hypersensitive TF
mutant strains in the presence of H2O2 (Fig. 3). Other than the KEGG pathways we found to be in common among the �ve H2O2-hypersensitive TF mutant
strains, we also found two discreet enriched KEGG pathway groups for the �ve TF mutant strains (Fig. 4). The TF mutant strains skn7Δ/Δ (TF083), dpb4Δ/Δ
(TF094) and cap1Δ/Δ (TF140) were largely enriched in metabolism pathways, while dal81Δ/Δ (TF155) and stp2Δ/Δ (TF162) were largely enriched in meiosis
and cell cycle pathways. These �ndings suggest that these �ve transcription factors likely play roles in the H2O2 -induced oxidative stress response of C.
albicans via different mechanisms, which could intersect with CDA2. The relationship between the presence of chitin and the production of ROS has been
previously established in bacteria and plants [45,46]. Interestingly, the chitin synthase encoding gene CHS3 was also downregulated in all �ve H2O2-
hypersensitive TF mutant strains in the presence of H2O2 (Dataset S1 Sheet B). Based on these observations, it seems likely that chitin content is important in
the C. albicans H2O2-induced oxidative stress response, and possibly in the way the host detects the presence of a pathogen.

ROS can potentially damage almost every essential component of the cell, leading to enzyme inactivation, membrane disruption, functional mutations, and
eventually, cell death [47]. We demonstrate that among the �ve hypersensitive transcription factor mutant strains we identi�ed, H2O2 has considerable effects
on the regulation of genes involved in C. albicans virulence, including genes encoding components of the plasma membrane, the cell wall, phosphate
transporters and e�ux pumps, heat shock proteins, ferric reductases, and superoxide dismutase isoenzymes, among others (Table 3). Future work will
elucidate the speci�c roles that these TFs play in the C. albicans H2O2-induced oxidative stress response, and the mechanisms underlying the regulation of
these transcription factors and their downstream target genes.

Conclusions
The present study is the �rst to systematically screen a C. albicans transcription factor mutant library for oxidative sensitivities to H2O2. Our �ndings provide a
comprehensive understanding of the metabolism, physiological functions, and cellular processes of C. albicans to H2O2-induced oxidative stress.

Methods
Strains, media and reagents

All C. albicans strains were grown at 30°C on YPD plates (1% yeast extract, 2% peptone and 2% glucose). A C. albicans TF deletion mutant library containing
211 TF mutant strains [27], and the isogenic WT strain SN250 were used. H2O2 (Sigma-Aldric, 323381) was stored under dark conditions at room temperature.
A working concentration of H2O2 was prepared fresh for each experiment.

Hydrogen peroxide-induced redox assay
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The sensitivities of each transcription factor mutant strain to H2O2 were determined by oxidative stress response assays. In brief, for each transcription factor
mutant strain, a single colony of C. albicans was inoculated onto YPD plates and grown overnight at 30°C with continuous shaking at 200 rpm. Cells were
then diluted to an initial OD600 of 0.5 and 5µL aliquots of serial diluted yeast suspensions (107, 106, 105, 104, 103 and 102 cells per mL in PBS) were used for
the spot assays. The spot assays were performed on YPD plates supplemented with and without H2O2 (5 mM) and incubated at 30°C for 48 hours. For each
experiment, the WT strain (SN250) and cap1Δ/Δ (TF140) strain were used as controls. Each TF mutant strain was tested in triplicate.

RNA extractions

Total RNA from C. albicans cells grown in the presence and absence of H2O2 was extracted using the Yeast RNAiso Reagent Kit (TaKaRa, Tokyo, Japan),
according to the manufacturer’s instructions. The RNA was quanti�ed using a NanoDrop2000 (Thermo Fisher Scienti�c, Carlsbad, CA, USA), and the quality
was assessed using a BioAnalyzer 2100 (Aglient Technologies, Santa Clara, CA, USA). Only high-quality RNA samples (OD260/OD280 =1.8~2.2, OD260/OD230

>2.0, RNA integrity number (RIN) >8, 28S:18S >1.0, and total amount >2µg) were stored at -80°C for later use.

Library preparation and RNA sequencing

Library construction and sequencing were performed at Majorbio Biotech Co., Ltd. (Shanghai, China). The cDNA libraries were constructed using a TruSeqTM

RNA sample preparation kit (Illumina, San Diego, CA, USA). The mRNA was isolated according to the polyA selection method with oligo(dT) beads and
fragmented using fragmentation buffer. The cDNA was synthesized using a SuperScript double-stranded cDNA synthesis kit (Invitrogen, Carlsbad, CA, USA)
with random hexamer primers (Illumina, San Diego, CA, USA), according to the manufacturer’s protocol. The synthesized cDNA was subjected to end-repair,
phosphorylation, and poly (A) addition. The cDNA library was ampli�ed for 15 PCR cycles using Phusion DNA polymerase (New England Biolabs, Ipswich, MA,
USA). After being quanti�ed using a Qubit® 2.0 �uorometer and validated using the Bioanalyzer 2100 (Aglient Technologies, Santa Clara, CA, USA), paired-end
sequencing was performed using the Illumina NovaSeq 6000 (2 × 150 bp read length). A total of 268.25 Gb of clean raw data was obtained, and Q30 was as
high as 90.8%. Approximately 94.24%-96.34% of the sequenced reads were successfully mapped to the reference genome sequence (NCBI ASM18296v3).
RNA-seq was performed for each sample in duplicate.

Analysis of differential gene expression

The raw paired-end reads were trimmed and quality controlled using SeqPrep (https://github.com/jstjohn/SeqPrep) and Sickle
(https://github.com/najoshi/sickle) set to default parameters. The clean reads were then separately aligned to the C. albicans reference genome NCBI
ASM18296v3 with the orientation mode using Tophat software (version 2.0.0). Differential gene expression was estimated as the number of fragments per
kilobase of exon model per million mapped reads (FPKM). RSEM (http://deweylab.biostat.wisc.edu/rsem/) was used to quantify the gene abundances. EdgeR
was utilized to identify the differentially expressed genes (DEGs), which were determined using thresholds of the Benjamini-corrected P-value of less than 0.05
and fold changes greater than or equal to two.

Bioinformatics analysis of the sequencing data

After annotation, sequencing data were subjected to KEGG (Kyoto Encyclopedia of Genes and Genomes) and GO (Gene Ontology analysis) enrichment
analyses. GO functional enrichment and KEGG pathway analyses were carried out using Goatools (https://github.com/tanghaibao/Goatools) and KOBAS
(http://kobas.cbi.pku.edu.cn/home.do), respectively.

Quantitative RT-qPCR

The RNA-seq results were validated by quantitative RT-qPCR using the SYBR Premix Ex Taq Kit (Takara, Tokyo, Japan) and LightCycle 480 Real-time PCR
System (Roche, Shanghai, China). ACT1 was used as the internal control, and the relative expression of the genes of interest were analyzed using the 2-

ΔΔCT method. All reactions were performed with the following settings: denaturation at 95°C for 30 seconds, followed by 40 cycles of �ve seconds at 95°C and
30 seconds at 60°C. Each sample was processed in triplicate, and threshold expression value changes greater than or equal to twofold were considered
differentially expressed. All primer sequences are listed in Table S1.

Availability of data and materials

All datasets generated in this study are included in this published article and its supplementary information �les.

Abbreviations
ROS: Reactive oxygen species

RNA-seq: Ribonucleic acid sequencing

RT-qPCR: Real-time quantitative polymerase chain reaction

TF: Transcription factor

KO: Transcription factor knockout strain

KO_H: H2O2 treated transcription factor knockout strain
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WT: Wildtype strain

WT_H: H2O2 treated wild type strain

YPD: Yeast extract peptone dextrose

PBS: Phosphate-buffered saline
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Tables
Table 1. Signi�cant GO term enrichment of the commonly regulated genes in the presence of H2O2 (KO_H vs. KO)

GO ID GO Term p value

0019320 Hexose catabolic process <0.0001

1901678 Iron coordination entity transport 0.0001

0046365 Monosaccharide catabolic process 0.0002

0030001 Metal ion transport 0.0004

0000041 Transition metal ion transport 0.0007

Table 2. Signi�cant KEGG pathway enrichment of the commonly regulated genes in the presence of H2O2 (KO_H vs. KO)

Pathway ID Description p value

map00600 Sphingolipid metabolism 0.0115

map00051 Fructose and mannose metabolism 0.0246

map00561 Glycerolipid metabolism 0.0303

map00520 Amino sugar and nucleotide sugar metabolism 0.0307

map00620 Pyruvate metabolism 0.0464

Table 3. Changes of gene expression levels in the presence of H2O2 (KO_H vs. KO and WT_H vs WT)
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Gene
name

Gene ID Description Fold changes (Log2)

(TF083_H/

TF083)

(TF094_H/TF094) (TF140_H/TF140) (TF155_H/TF155) (TF162_H/TF162)

Oxidation Reduction

CFL2 gene3747 Oxidoreductase -7.11±1.51 -1.83±0.03 -10.36±5.71 -4.73±0.34 -2.66±0.73

CFL4 gene4020 Ferric/cupric-chelate
reductase

-3.33±0.59 -2.25±0.55 -3.48±1.16 -3.53±0.47 -2.36±0.25

SOD4 gene1465 Cu-containing superoxide
dismutase

-4.77±1.32 -1.62±1.47 -5.02±2.44 -3.30±0.15 -2.15±0.17

SOD6 gene1424 Copper-containing
superoxide dismutase

-3.02±0.25 -2.47±0.47 -2.97±0.65 -1.22±0.36 -0.42±0.16

PUT1 gene4135 proline dehydrogenase -2.80±0.80 -4.91±1.74 -4.68±0.99 -0.98±0.86 -0.72±0.86

FMA1 gene425 Oxidoreductase 7.00±2.54 3.23±0.35 5.60±1.90 3.91±0.33 3.46±1.07

CAT1 gene653 Catalase A -0.71±0.14 -1.96±1.23 0.98±0.76 0.78±0.70 1.45±0.57

Membrane

ECM21 gene979 Regulator of endcytosis of
plasma membrane proteins

-4.62±1.01 -7.12±2.80 -5.89±1.69 -1.10±0.52 -2.47±0.82

ATO1 gene2526 Fungal-speci�c
transmembrane protein

-10.01±4.47 -6.54±2.36 -9.51±3.98 -2.80±0.58 -1.70±0.69

PGA34 gene5500 GPI-anchored protein -2.88±0.60 -3.07±0.49 -4.70±1.51 -2.59±0.22 -4.99±1.31

Cell Wall

SCW4 gene238 Cell wall protein -1.98±0.34 -5.24±0.85 -2.54±0.06 -3.10±2.10 -2.26±1.63

RBR1 gene5666 Glycosylphosphatidylinositol
(GPI)-anchored cell wall
protein

5.07±1.85 6.47±1.89 5.28±1.90 2.10±0.05 0.68±0.49

Various transporters

QDR1 gene5644 Multidrug transporter 9.77±4.47 4.25±0.93 1.36±0.36 2.19±0.40 2.98±0.34

HGT7 gene1496 MFS glucose transporter 7.16±1.39 2.09±0.04 1.01±0.21 1.90±0.10 2.31±0.35

ROA1 gene180 PDR-subfamily ABC
transporter

-4.41±1.09 -3.10±1.25 -5.95±1.74 -2.42±0.79 -3.69±1.69

PHO89 gene3391 Phosphate permease -12.58±8.5 -10.19±3.68 -9.07±4.32 1.36±0.36 1.33±0.94

FGR2 gene4892 Phosphate transporter -4.96±1.64 -5.82±1.50 -7.04±3.05 3.8±0.43 -0.95±0.53

Others

HOG1 gene1721 Mitogen-activated protein
kinase

1.15±0.58

 

0.58±0.84

 

-1.32±0.58

 

0.80±0.47

 

0.37±0.93

 

GCY1 gene3145 glycerol 2-dehydrogenase
(NADP(+))

6.67±2.21 4.74±0.74 3.34±0.60 1.33±0.46 2.50±0.30

LIP2 gene903 Secreted lipase -1.56±0.56 -4.55±0.81 -4.61±1.38 -0.38±0.12 -2.10±0.89

HSP30 gene186 Heat shock protein -7.79±3.27 -8.04±1.93 -6.94±2.36 -1.67±0.40 -3.87±1.17

OP4 gene1260 Ala- Leu- and Ser-rich protein -5.84±2.14 -3.31±0.45 -7.85±2.81 -3.12±0.05 -3.35±0.49

MRV2 gene4281 Spider bio�lm induced -7.4±3.7 -6.86±1.38 -6.00±1.21 -4.83±0.75 -2.44±0.25

Figures
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Figure 1

Sensitivity of C. albicans transcription factor mutants to H2O2. Legend: 5μL of serial diluted C. albicans suspensions (107-102/mL) were spotted onto YPD
plates in the presence and absence of 5 mM H2O2 and were incubated at 30℃ for 48 hours. SN250 was used as the isogenic WT strain. Each TF mutant
strain was tested in triplicate.

Figure 2

The number of differentially expressed genes in �ve C. albicans hypersensitive TF mutants in the presence of H2O2. Legend: RNA-seq was performed on the
�ve TF mutant strains in the presence and absence of H2O2. Differentially expressed genes (DEGs) were de�ned as Benjamini-corrected p <0.05 and a fold-
change greater than or equal to two. (A) Signi�cantly upregulated DEGs in the �ve TF mutant strains in the presence of H2O2. (B) Signi�cantly downregulated
DEGs in the �ve TF mutant strains in the presence of H2O2.
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Figure 3

Heat map of the differentially expressed genes in common among the �ve C. albicans hypersensitive TF mutants in the presence of H2O2. Legend: RNA-seq
was performed on the �ve TF mutant strains in the presence and absence of H2O2. Differentially expressed genes (DEGs) were de�ned as Benjamini-corrected
p <0.05 and a fold-change greater than or equal to two. (A) Heat map of the signi�cantly upregulated DEGs in common among the �ve TF mutant strains in
the presence of H2O2. (B) Heat map of the signi�cantly downregulated DEGs in common among the �ve TF mutant strains in the presence of H2O2. The
darker the color gradient is, the greater the expression change is. Dendrogram of gene clustering is shown on the left. H is an abbreviation for H2O2.
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Figure 4

Bubble chart of KEGG pathways enriched in the �ve C. albicans hypersensitive TF mutant strains in the presence of H2O2. Legend: RNA-seq was performed on
the �ve TF mutant strains in the presence and absence of H2O2. KEGG pathways were analyzed using KOBAS. X-axis represents enrichment ratio, and Y-axis
represents KEGG pathways. The size of each dot indicates the number of genes included. The bigger the dot is, the more genes are involved in the pathway. H
is an abbreviation for H2O2.
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Figure 5

Correlation between enriched KEGG pathways and relevant genes in the �ve C. albicans hypersensitive TF mutant strains in the presence of H2O2. Legend:
RNA-seq was performed on the �ve TF mutant strains in the presence and absence of H2O2. KEGG pathways were analyzed using KOBAS. The size of each
dot indicates the number of genes included. The bigger the dot is, the more genes are involved in the pathway. The darker the color gradient is, the more
enriched the pathway is.
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