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Abstract: The cell wall is the first interface for Candida albicans interaction with the surrounding
environment and the host cells. Therefore, maintenance of cell wall integrity (CWI) is crucial for
C. albicans survival and host-pathogen interaction. In response to environmental stresses, C. albicans
undergoes cell wall remodeling controlled by multiple signaling pathways and transcription reg-
ulators. Here, we explored the role of the transcription factor Sfp1 in CWI. A deletion of the SFP1
gene not only caused changes in cell wall properties, cell wall composition and structure but also
modulated expression of cell wall biosynthesis and remodeling genes. In addition, Cas5 is a known
transcription regulator for C. albicans CWI and cell wall stress response. Interestingly, our results
indicated that Sfp1 negatively controls the CAS5 gene expression by binding to its promoter element.
Together, this study provides new insights into the regulation of C. albicans CWI and stress response.

Keywords: Candida albicans; cell wall integrity; cell wall stress response; Sfp1; Casb

1. Introduction

Candida albicans is part of the normal microbiota of humans, commonly inhabiting the
skin and mucosal surfaces of healthy persons. However, C. albicans is also an opportunistic
pathogen and can cause superficial to life-threatening systemic infections, particularly in
immunocompromised patients. Epidemic studies indicated that C. albicans along with other
Candida species is one of the leading causes of hospital-acquired bloodstream infections (aka
candidemia), and the mortality of candidemia can be as high as 46-75% [1,2]. Moreover,
the emergence of antifungal drug resistance in Candida also is of great concern in clinical
settings [3].

The cell wall is the outermost structure of C. albicans and is vital to provide protec-
tion against environmental stresses and interact with the host cells. The C. albicans cell
wall is a two-layer structure composed of ~10% glycoproteins and ~90% polysaccharides,
which include mannan, glucan, and chitin [4-6]. The inner layer is constituted mainly by
(3-1,3-glucans, 3-1,6-glucans and chitin [7]. Nevertheless, the outer layer of the cell wall is
enriched with mannan, which is incorporated into mannoprotein and phosphomannan [7].
Importantly, the composition and structure of the cell wall are highly correlated with
pathogenicity of C. albicans. For example, cell wall proteins such as Alsl, Als3, and Hwpl
mediate C. albicans adhesion and invasion of host cells and tissues [8-11]. In addition, the
outer mannan layer masks the antigenic (3-1,3-glucans to diminish their recognition by host
immune cells [12]. Finally, the cell wall is an important therapeutic target for antifungal
drugs such as echinocandins [13]. Together, the cell wall is essential for C. albicans, and the
integrity of the cell wall requires to be monitored constantly.

Although the cell wall is a complex structure, its organization is dynamic. In response
to environmental stresses, C. albicans remodels its cell wall to prevent cell damage and to
adapt to environmental changes. Cell wall remodeling is a process that involves different
signaling pathways and transcription factors. For example, glucose and lactate mediate
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osmotic tolerances and cell wall remodeling in C. albicans, and the calcineurin signaling
pathway regulates this carbon source-induced remodeling [14]. As another example, the
echinocandins (e.g., caspofungin) target C. albicans cell wall by inhibiting 3-1,3-glucan syn-
thesis [14]. C. albicans cells exposed to caspofungin also undergo cell wall remodeling [15].
Intriguingly, several transcription factors are involved in the control of caspofungin-induced
cell wall stress response in C. albicans [16]. Among these regulators, C. albicans Cas5 is a
unique zinc finger transcription factor, which lacks an ortholog in Saccharomyces cerevisiae
and in most other eukaryotes [16,17]. In addition, Cas5 not only governs the expression of
many cell wall integrity (CWI) and caspofungin-responsive genes but also modulates cell
cycle dynamics in C. albicans [16-18]. Lastly, previous studies demonstrated that the human
antimicrobial peptide LL-37 also targets the cell wall of C. albicans and causes cell wall
remodeling [19-22]. Recently, we found that unfolded protein response (UPR) signaling
related to the endoplasmic reticulum is activated in this LL-37-induced cell wall stress
response [23].

Sfplis a C2H2-type zinc finger transcription factor with multiple functions in C. albicans.
Sfp1 regulates ribosomal gene expression and carbon-conditional stress adaptation [24,25].
Moreover, the SFP1-deletion (sfp1A/A) mutant exhibits increased C. albicans cell adhesion
and biofilm formation and is more resistant to oxidants, macrophage-mediated killing, and
reactive oxygen species (ROS)-generating antifungals [24,26]. Interestingly, Sfp1 also plays
a role in the LL-37-induced cell wall stress response [23].

Because Sfp1 contributes to cell wall stress responses, it raises the possibility that Sfp1l
may have an impact on CWLI. In this work, we thus correlated the function of Sfp1 and
CWI maintenance, and also explored the relationship between Sfpl and Cas5. The results
showed that deletion of SFPI affected cell susceptibility to cell wall-disrupting agents
and cell surface hydrophobicity (CSH). The sfp1A/A mutant was resistant to caspofungin.
Moreover, the sfp1A/A mutant also exhibited altered cell wall composition and structure,
and modulated expression of cell wall biosynthesis and remodeling genes. Finally, we
further showed that Sfp1 interacts with the CAS5 gene promoter and regulates its gene
expression. Our findings reveal a previously unknown function of Sfp1 in regulation of
C. albicans CWI.

2. Materials and Methods
2.1. C. albicans Strains and Growth Conditions

C. albicans strains used in this study are listed in Table S1 (in the Supplementary
Materials). Cells were grown in YPD medium (1% yeast extract, 2% peptone and 2%
glucose) and synthetic complete (SC) medium (0.67% yeast nitrogen base [YNB] with
ammonium sulfate, 0.079% complete supplement mixture, and 2% glucose). Plates were
prepared with 1.5% Bacto-agar. All reagents used were purchased from Sigma-Aldrich
(St. Louis, MO, USA) unless indicated otherwise. One colony of C. albicans was inoculated
into YPD broth and grown overnight at 30 °C with shaking (180 rpm). The overnight
culture was harvested by centrifugation and washed with sterile double-distilled water
(ddH;0). Cells were then subcultured in SC medium (with an initial optical density at
600 nm [ODgqp] of 0.5) and grown to the exponential phase for further experiments. A cell
number of ~1 x 10 cells per 1 ODggp unit was determined by cell counting.

2.2. Strain Construction in C. albicans

Construction of gene deletion and reintegration strains was performed using the
SAT1-flipper method [27]. The primers used are listed in Table S2 (in the Supplementary
Materials). To construct the CAS5-deletion (cas5A/A) strain, the 5 flanking region of
CAS5 was amplified from the SC5314 genome using the primer pair CAS5UR-F-Kpnl and
CAS5UR-R-Xhol. In addition, the 3’ flanking region of CAS5 was amplified from the SC5314
genome using the primer pair CAS5DR-F-Sacll and CAS5DR-F-Sacl. The resulting 5’ and
3’ flanking regions of CAS5 were independently cloned into the plasmid pSFS2A [27].
The DNA fragment carrying these flanking regions of CAS5 and the SAT1-flipper cassette
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was excised via Kpnl/Sacl digestion, followed by purification. This linear DNA was then
transformed into C. albicans cells for integration into the chromosome. The transformants
were selected for nourseothricin resistance and verified by PCR [24]. To pop out the
SAT1-flipper cassette from the CAS5 locus, the cells were grown in YPM medium (1% yeast
extract, 2% peptone, and 2% maltose) to induce the MAL2 promoter-regulated recombinase
for SAT1-FLIP excision. The heterozygous CAS5-deletion mutants (casbA/CAS5) were used
for the second round of deletion cassette integration and excision to knock out the second
allele of CAS5 (cas5A/A). Similar procedures were used to delete CAS5 in the homozygous
SFP1-deletion background, generating the sfpIA/A cas5A/A double deletion mutant.

To generate C. albicans strain that expressed HA-tagged Sfpl, the LOB301 vector
was used as previously described [28]. Briefly, the SFP1 gene was PCR-amplified from
the SC5314 using the primer pair Sphl-HA-SFP1-F and Sphl-HA-SFP1-R (Table S2). The
PCR product was then cloned into the LOB301 vector to generate LOB301-HA-SFP1. The
DNA fragment carrying the 5’ and 3’ flanking regions of ENO1, the SAT1-flipper cassette,
and HA-SFP1 were excised from LOB301-HA-SFP1 via Sacl digestion. The linear DNA
was purified and transformed into the sfpIA/A cells for integration into the chromosome
between the 5’ and 3’ flanking sequences of ENO1 via homologous recombination. Finally,
the cells were grown in YPM medium to pop out the SAT1-flipper cassette.

2.3. Susceptibility to Cell Wall-Disrupting Agents

Cell susceptibility to cell wall-disrupting agents was examined. For the spot assay,
C. albicans cells were grown overnight and harvested by centrifugation, washed with
sterile ddH,O, and diluted to ODggy = 1. Cells were 10-fold serially diluted and 5 pL of
each sample was spotted onto SC agar plates with or without congo red (100 pg/mL) and
calcofluor white (600 ng/mL). The plates were incubated at 30 °C for 5 d and photographed.
One representative image of three independent experiments with similar results (Figure S1
in the Supplementary Materials) is shown in the figure.

2.4. Zymolyase Sensitivity Assay and Assessment of Cell Surface Hydrophobicity (CSH)

Sensitivity to zymolyase was assayed as previously described [29]. Briefly, early-
exponential-phase cells were harvested, diluted to ODggg = 2, and treated with 10 mM
Tris-HCl (pH 7.5) containing 2 pug/mL Zymolyase 100T (Fisher Scientific, Waltham, MA,
USA). To delineate the effect of zymolyase on cell lysis, the ODgpp was measured every
30 min for 1.5 h.

CSH was determined as previously described [30] with some modifications. Cells
were grown overnight, harvested, resuspended in 3 mL of phosphate-buffered saline (PBS),
and diluted to ODggg = 1 (Ag). Xylene (200 uL) was added to each 3 mL cell suspension and
mixed well. The samples were incubated at 30 °C for 10 min, vortexed for 1 min, and kept
at room temperature for 20 min to separate xylene from the aqueous phase. The aqueous
phase was carefully collected and its ODgyy was measured (A1). The percentage of CSH
was calculated with the following formula: CSH (%) = [1 — (A1/Ag)] x 100 [30].

2.5. Cell Response to the Antifungal Drug Caspofungin

To determine cell response to caspofungin, spot assay and measurement of minimum
inhibitory concentrations (MICs) were performed. The spot assay was conducted as
described above. For measuring MICs, the EUCAST broth microdilution method was
used [31] with some modifications. Briefly, cells were grown in RPMI 1640 medium
buffered with morpholinepropanesulfonic acid (MOPS) to pH 7.0 and supplemented with
1.8% glucose and a range of concentrations of caspofungin (0.0079 to 8 ug/mL). The ODgg
was then measured after 24 h of incubation. The MIC50 and MIC90 were determined as
the lowest concentration of caspofungin at which 50% and 90% of cells were inhibited
compared with the drug-free control [32]. All assays were repeated at least three times with
three biological replicates.
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2.6. Transmission Electron Microscopy (TEM)

Cells were fixed with 2.5% glutaraldehyde for 24 h, washed twice with 0.1 M PBS
(pH 7.0), post-fixed with 2% osmium tetraoxide for 2 h in a series of graded ethanol
solutions, and embedded in Spurr’s resin at 72 °C for 12 h. Ultrathin sections were
prepared with a Leica UC7 ultramicrotome and the images were obtained using a Hitachi
HT-7700 transmission electron microscope with an accelerating voltage of 100 kV.

2.7. Measurement of Cell Wall Polysaccharide Content

To measure the total content of cell wall polysaccharides, an acid hydrolysis method
was performed as previously described [33] with some modifications. Briefly, cells were
resuspended in TE buffer (10 mM Tris-HCl, ImM EDTA-2Na, pH 8), containing acid-
washed glass beads. Cells were then broken by vortexing for 30 s and kept on ice for 30 s.
This process was repeated 8 times. The pellets of cell wall were collected by centrifugation
and resuspended in 200 uL of TE buffer, followed by adding 1 mL of 72% (v/v) sulfuric acid
and 200 pL of 5% (w/v) phenol solution. The mixture was incubated at room temperature
for 10 min, followed by incubation overnight at 37 °C to fully hydrolyzed polysaccharides
into monosaccharides. Two hundred microliters of each sample were placed in each well of
a 96-well microplate, and absorbance at 490 nm (OD,gp) was determined based on standard
glucose curve. For quantification of the content of mannan, glucan and chitin, each sample
was analyzed as previously described [33,34], using a high-performance anion-exchange
chromatography with pulsed amperometric detection (HPAEC-PAD; Dionex ICS-5000
system, Thermo Fisher Scientific).

2.8. RNA Extraction and Reverse Transcription Real-Time Quantitative PCR (qPCR)

Total RNA extraction and reverse transcription for cONA synthesis were carried out
as previously described [35]. Real-time qPCR was performed using the StepOne Plus™
Real Time PCR System (Applied Biosystems, Waltham, MA, USA). The primers used are
listed in Table S2. Briefly, each 15-uL reaction mixture contained 30 ng cDNA, 7.5 uL
Power SYBR green master mixture (Applied Biosystems), and 20 mM of each forward and
reverse primer. The reaction was performed with one cycle at 95 °C for 10 min, followed
by 40 repeated cycles at 95 °C for 15 s and 60 °C for 1 min. The PMAI1 transcripts were
used as an internal control for the qPCR. For each sample, the average CT (cycle threshold)
values were determined from two independent experiments with three biological replicates.
The relative fold change in the expression of each gene was calculated using the 2#4¢T
method [36].

2.9. Chromatin Immunoprecipitation (ChIP)

The ChIP assay was conducted as previously described [28] with some modifications.
C. albicans cells were cross-linked with 1% formaldehyde at room temperature for 10 min,
followed by adding glycine to a final concentration of 250 mM to terminate the cross-
linking reaction. Cells were washed and resuspended in the RIPA buffer (10 mM Tris-HCI
[pH 7.5], 150 mM NacCl, 0.5 mM EDTA [pH 8.0], 0.05% sodium dodecyl sulfate [SDS], 1%
sodium deoxycholate, 1% NP-40) supplemented with protease inhibitors. To lyse the cells,
each sample was mixed with glass beads and vortexed for 30 s and placed on ice for 30 s;
repeated 10 times. The chromatin was then sheared to an average size of less than 500 bp
by a Bioruptor sonicator (Diagenode, Liege, Belgium), and 200 pL of the sheared chromatin
was incubated overnight with 1 pug anti-HA tag antibody (GTX115044; GeneTex, Hsinchu,
Taiwan) at 4 °C with rotation. The mixture was subsequently incubated with 20 uL of
PureProteome™ Protein G magnetic beads (Millipore, Burlington, MA, USA) at room
temperature for 4 h with rotation. The magnetic beads were washed three times with low-
salt wash buffer (20 mM Tris-HCI, 150 mM NaCl, 0.05% SDS, 1% Triton X-100, 2 mM EDTA),
high-salt wash buffer (20 mM Tris-HCI, 500 mM NacCl, 0.05% SDS, 1% Triton X-100, 2 mM
EDTA), and LiCl wash buffer (0.25 M LiCl, 1% NP-40, 1% sodium deoxycholate, 1 mM
EDTA, 10 mM Tris-HCI). Then, the elution buffer (100 mM NaHCOj3, 1% SDS) was used to
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elute DNA, and crosslinking was reversed by incubating the DNA samples with proteinase
K at 65 °C overnight. Finally, samples were treated with phenol/chloroform/isoamyl
alcohol, and DNA was precipitated with absolute ethanol.

DNA was quantified with gPCR using primers specific to the promoters of CAS5 and
ADE?2 (Table S1) as previously described [28] with some modifications. To normalize the
PCR efficiency for different primers, the amount of promoter DNA amplified from 25 ng
of input DNA was defined as one and those from the ChIP experiment were normalized
accordingly [28]. Because Sfpl should not interact with the ADE2 promoter in vivo, the
value of the ADE2 DNA fragments in each immunoprecipitation was considered as the
non-specific background and was used for normalization to determine the ratio of change
for particular promoters from the same strain [28].

2.10. Statistical Analysis

The Shapiro-Wilk test was used to asses for normality using R4.2.1 in RStudio
2022.07.1 + 554 “Spotted Wakerobin” for Windows. The two-tailed Student’s t-test or
the non-parametric Mann-Whitney U test was applied to determine significant differences
between samples. Statistical significance was indicated with a p-value < 0.05. The t-test
and the Mann-Whitney U test were conducted in Microsoft Excel 2016 and the resulting
graph was generated.

3. Results
3.1. The Cell Wall Properties Are Altered in the SFP1-Deletion Mutants

To test the possible connection between Sfpl and CWI, cell wall properties were
analyzed in the wild type (WT), sfp1A/A, and SFP1-reintegration strains. For the spot assay,
cells were spotted onto agar plates with or without cell wall-disrupting agents congo red
and calcofluor white. Congo red and calcofluor white bind to glucan and chitin respectively,
and interfere with the synthesis and crosslinking of these polysaccharides [37]. As shown in
Figure 1a,b, the sfp1 A/ A mutants were more resistant to congo red and calcofluor white than
the WT and SFP1-reintegration strains. Moreover, cell sensitivity to zymolyase was also
assessed. Zymolyase 100T is an enzyme mixture containing 3-1,3-glucanase that degrades
yeast cell wall polysaccharides, and zymolyase sensitivity reflects subtle differences in
the cell wall 3-glucan content. The results indicated that the sfp1A/A mutants were more
resistant to zymolyase digestion (Figure 1c). Finally, CSH is associated with cell wall
composition and architecture, cell adhesion, and biofilm formation in C. albicans [38,39].
Because the SFP1 gene deletion affects C. albicans adhesion and biofilm formation [24], CSH
of the WT, sfp1A/A and SFPI-reintegration strains were thus compared. In Figure 1d, a
significantly higher percentage of CSH was obtained in the sfp1A/A mutants than in the
WT and the SFPI-reintegration strains.

3.2. The SFP1-Deletion Mutant Has Increased Resistance to Caspofungin

Caspofungin is an echinocandin antifungal drug, that targets fungal cell wall with
potent activity against Candida infections [13,40]. To further determine the association of
Sfpl with CWI and cell wall stress response, cell susceptibility to caspofungin was also
examined. For MIC determination, the sfpIA/A exhibited higher MIC50 and MIC90 for
caspofungin than the WT and SFPI-reintegration strains (Table 1). In addition, deletion
of SFP1 rendered increased resistance to caspofungin as observed from the spot assay
(Figure 2). Together, these results along with the findings that cell wall properties were
altered in the sfp1A/A mutant suggest a role of Sfpl in maintenance of C. albicans CWI.
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Figure 1. Deletion of SFP1 leads to changes of C. albicans cell wall-related properties. The susceptibility
of C. albicans to cell wall-disrupting agents calcofluor white (a) and congo red (b). The cells were ten-
fold serially diluted and spotted onto SC agar plated with or without calcofluor white (600 pg/mL)
and congo red (100 png/mL). The plates were incubated at 30 °C for 5 d. Representative images of
three independent experiments with similar results are shown. WT: wild type; (c) The zymolyase
sensitivity assay. Cells were treated with 2 ug/mL of Zymolyase 100 T. Results are displayed as the
mean =+ standard deviation (SD) of two independent experiments; (d) Measurement of CSH. The
CSH is expressed as percentage and displayed as the mean + SD of three independent experiments.
**,p <0.01, **, p < 0.001.

Table 1. Minimal inhibitory concentrations (MICs) of caspofungin.

Strains MIC50 (ug/mL) MIC90 (ug/mL)

SC5314 0.125 0.25

sfp1A/ A 0.25 >8
sfp1A::SFP1/sfp1A::SFP1 0.125 0.25

WT
sfplAA ‘

SpIASEPL
sipIAcSEPI

Caspolungin

Figure 2. Deletion of SFP1 confers resistance to the antifungal caspofungin. Caspofungin susceptibil-
ity testing by spot assay. The ten-fold serially diluted cells were spotted onto SC agar plates with
or without caspofungin (8 ug/mL). The plates were incubated at 30 °C for 5 days. Representative
images of three independent experiments with similar results are shown.

3.3. SFP1 Deletion Changes the Structure and Composition of the Cell Wall

To further characterize the impact of SFP1 deletion on the cell wall, cells were examined
by TEM and cell wall thickness was determined. Representative images and quantitative
data were displayed in Figure 3a,b, separately. The results showed that cell wall thickness
was increased by ~25% in the sfp1A/A mutant compared to the WT and SFP1-reintegration
strains. To better understand the changes in cell wall caused by SFP1 deletion, cell wall
polysaccharides were also quantified [33]. In Figure 3c, the total sugar content of cell wall
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was increased in the sfp1A/A mutant compared to the control strains. Moreover, the cell
wall mannan, glucan, and chitin content was further assessed by HPAEC-PAD analysis, and
was all largely increased in the sfp1A/A mutant compared to the control strains (Figure 3d).
Interestingly, the increased cell wall content of polysaccharides is somehow consistent with
the increased thickness of cell wall caused by the SFP1 gene deletion.

a
Cl 250
g £
‘ 7 200
i g 150
= 100
F £ z 50
s & e = T,
WT TAIA ifplA::SFPI/ WT SPIAIA  sfpIAnSFPII
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WT SIpIAA  sfpIAnSFPI/ Chitin Glucan Mannan
SfpIA::SFPI aOwT
B sfplA/A

W sfplAuSFPI/ sfpl AzSFPI

Figure 3. SFP1 deletion also changes the cell wall and cell wall composition in C. albicans. (a) Cell wall
thickness was examined by TEM and compared between the WT, sfp1A/A and SFP1-reintegration
strains. Representative images are shown. Scale bar: 100 nm; (b) For each C. albicans cells, 3 parts
of cell wall were analyzed. Results are the mean + SD from 20 individual cells. The statistical
significance is assessed by Mann-Whitney U test. *, p < 0.05, ***, p < 0.001; (c) Total cell wall
polysaccharide content was quantified. The wild type value was set as 100%. Results are displayed
as the mean =+ SD from three independent experiments. *, p < 0.05; (d) The cell wall chitin, glucan,
and mannan content was quantified using HPAEC-PAD. Results are displayed as the mean £ SD of
three independent experiments. *, p < 0.05, **, p < 0.01.

3.4. 5fp1 Controls the Cell Wall Biosynthesis and Remodeling-Related Genes

The cell wall integrity is maintained by remodeling through breaking and reform-
ing chemical bonds between and within cell wall polysaccharides [41]. Different sugar
synthases, hydrolases, and modification enzymes are involved in the cell wall remod-
eling process [14,42,43]. To determine whether Sfpl can regulate genes related to cell
wall biosynthesis and remodeling, expression of representative genes was detected using
real-time qPCR.

As shown in Figure 4, expression of the FKS1, XOG1, CHS1, CHS3, and CHSS genes
was greatly modulated in the sfp1A/A mutant compared to the WT and SFP1-reintegration
strains. The FSK1 gene encodes the catalytic subunit of (3-1,3-glucan synthase which is a
target of caspofungin [44,45]. For the XOG1 gene, it encodes the major 3-1,3-exo-glucanase
that involves in cell wall remodeling, is a target of LL-37, and impacts cell susceptibility to
inhibitors of chitin and glucan synthesis [14,21,46]. Importantly, Xogl can shave the exposed
-1,3-glucan induced by different stresses, to facilitate immune evasion of C. albicans by
reducing 3-1,3-glucan accessibility to immune recognition [47]. Finally, the CHS1, CHS3,
and CHS8 genes encode a class II, class IV, and class I chitin synthase, respectively [48].
Chsl is required for the synthesis of septum and for cell integrity [49,50]. Moreover, Chs3
synthesizes the short-chitin rodlets in the cell wall and Chs8 is responsible for synthesis
of the long-chitin microfibrils in the septa [51]. Interestingly, CHS gene expression is also



J. Fungi 2022, 8, 1196

8 of 14

activated in cells treated with caspofungin and elevated chitin content affects Candida
susceptibility to caspofungin [52,53].

FKS! XOG!
& 5 p=0.09 *kk 210 £ *
£4 g8
E 3 g 6
g2 e 4
ChN| g2
C 0 E 0
WT  sfpIA/A sfplA:SFPI/ WT  sfpIA/A sfpIA:SEPI]
sfplAcSFPT sfpiASEPI
CHS3 CHSS8
_é:n 14 iy 1.4 ek * 3 5
-] k=1
£ 1.% i l.% §4
208 Z08 =3
2 0.6 » 0.6 %2
202 3 0. 3
=70 = =N
WT SIPIAIA sfplAnSFPL WT sfpINA sfplAzSFPI/ WT SfPIAIA sfpIA::SFPI/
sfplA::SFPI sfpIN:SFPT sfpIA::SFPT

Figure 4. Sfp1 regulates expression of cell wall biosynthesis and remodeling genes. Gene expression
was measured by real-time qPCR. The PMA1 transcripts were used as an internal control for the RNA
input. Results are displayed as the mean =+ SD of three independent experiments. For each gene, the
relative fold changes were displayed as the expression levels of an individual strain normalized to
the WT strain (as 1). ¥, p < 0.05, **, p < 0.01, ***, p < 0.001.

3.5. The Relationship between Sfp1 and Cas5 in Cell Wall Stress Response

Different regulatory patterns between two transcription factors have been reported
in controlling various biological processes by modulation of target gene expression [54].
For example, one transcription factor may repress the activity of the other that normally
activates gene expression. Alternatively, two transcription factors may coordinately or
independently regulate the expression of a set of genes [54].

Based on the findings of this work and other studies, Sfp1 and Cas5 are both involved
in C. albicans response to cell wall stress. Interestingly, the cas5A/A mutant shows hy-
persensitivity to cell wall-disrupting agents, including congo red and caspofungin [16].
Nevertheless, unlike Cas5, deletion of SFP1 leads to cell resistance to congo red, and cal-
cofluor white (Figures 1a,b and 2). According to these opposite phenotypes, determining
whether a regulatory relationship exists between Sfpl and Cas5 is therefore of interest.
In order to address this question, the genetic relationship between Sfp1 and Cas5 in cell
wall response was first established. For this purpose, the CAS5 gene was deleted in the
WT (ie., cas5A/A) and in the sfpl-deletion mutant (i.e., sfp1A/A cas5A/A), separately.
Susceptibility of the WT, sfpIA/A, casb5A/A and sfp1A/A cas5A/A mutants to cell wall-
disrupting agents was examined using the spot assay. As shown in Figure 5a—c, the sfp1A/A
mutant was resistant to all the cell wall-disrupting agents tested, whereas the cas5A/A
mutants exhibited a hypersensitive phenotype. Interestingly, like the cas5A /A mutant, the
sfp1A/A casbA/ A double deletion mutants were also hypersensitive to all the drugs tested.
Additionally, the caspofungin MICs were also determined. The MIC50 for the cas5A /A and
sfp1A/ A cas5A /A mutant was 0.031 and 0.0625 ng/mL, respectively. Moreover, the caspo-
fungin MIC90 for the casbA/A and sfpl1A/A casbA /A mutant was 0.031 and 0.125 pg/mL,
respectively. These results indicated that both cas5A/A and sfp1A/A cas5A/A mutants
required fewer amounts of caspofungin to inhibit 50% and 90% of cells compared to the
WT, sfp1A/A, and SFP1-reintegration strains (as shown in Table 1). Together, the epistasis
relationship of Sfpl and Cas5 suggested that one may repress the function of the other in
response to cell wall stress. Otherwise, Sfpl and Cas5 may function independently, but
not coordinately.
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Figure 5. Sfp1 regulates cell wall stress response through Cas5. Cell susceptibility to (a) calcofluor
white; (b) congo red; and (c) caspofungin was determined by spot assay. The cells were ten-fold
serially diluted and spotted onto SC agar plates with or without calcofluor white (600 pug/mL),
congo red (100 pg/mL) and caspofungin (1 pug/mL). The plates were incubated at 30 °C for 5 d.
Representative images of three independent experiments with similar results are shown; (d) The
expression of CAS5 gene was detected using real-time qPCR. The PMA1 transcripts were used as an
internal control for the RNA input. Results are displayed as the mean & SD for three independent
experiments. The relative fold changes were displayed as the expression levels of an individual strain
normalized to the WT strain (as 1). *, p < 0.05, **, p < 0.01; (e) The ChIP assay for binding of Sfp1 to
the CAS5 promoter. DNA fragments from the WT and HA-SFP1 strains were amplified by real-time
qPCR. Results are displayed as the mean =+ SD for three independent experiments. *, p < 0.05.

3.6. SFP1 Controls Expression of CAS5 through Direct Binding of Sfp1 to the CAS5 Promoter

To further reveal the regulatory relationship between Sfpl and Cas5, expression of
CAS5 was monitored using real-time qPCR. Intriguingly, expression of CAS5 was signifi-
cantly upregulated in the sfpIA/A mutants compared to the WT and SFP1-reintegration
strains (Figure 5d). Moreover, to determine whether Sfp1 can directly regulate CAS5 expres-
sion, ChIP analysis was performed and the resultant DNA carrying the CAS5 promoter was
quantified using real-time qPCR. The data showed that the DNA carrying the CAS5 pro-
moter was significantly enriched by HA-tagged Sfpl compared to the WT strain carrying
untagged Sfp1 (Figure 5e). Collectively, our results suggested that Sfp1 normally negatively
regulates CAS5 expression through its direct binding to the CAS5 promoter element.

4. Discussion

The cell wall of C. albicans is a dynamic structure, playing a vital role to provide
cell shape and rigidity, and participating in different biological processes. Moreover, the
cell wall is the first point of C. albicans to interact with the host [5,55]. In response to
environmental stresses, cells remodel their walls to maintain the structural and functional
integrity of the cell wall.

C. albicans Sfpl is a transcription factor involved in carbon source-stress adaptation,
ribosome biogenesis, cell adhesion, biofilm formation, and oxidative stress response [24-26,56].
Moreover, Sfpl was shown to play a role in cell wall and ER stress responses induced by
LL-37 [35]. However, the intrinsic effect of Sfpl on CWI has not yet been investigated.
In this study, as demonstrated by spot assay, zymolyase digestion analysis, and CSH
measurement, the sfp1A/A mutant exhibited alterations in cell wall-associated properties
(Figure 1a-d). Moreover, the sfp1A/A mutant was more resistant to caspofungin (Figure 2).
Finally, modulation in cell wall polysaccharide composition, cell wall structure, and cell
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wall-related gene expression was also revealed in the sfp1A/A mutant (Figures 3 and 4).
These results provide evidence that changes in cell wall coincided with deletion of SFP1,
suggesting a link between Sfp1 and regulation of CWI maintenance.

Cas5 is a transcriptional regulator and deletion of CAS5 renders hypersensitivity
to cell wall-disrupting agents and caspofungin [16]. Moreover, Cas5 is able to suppress
hyphal morphogenesis and is required for C. albicans virulence [57,58]. Interestingly,
Casb5 is also involved in cell adhesion and biofilm formation [59,60]. To elucidate how
Casb regulates CWI, several studies have focused on cellular response to cell wall stress,
particularly that induced by caspofungin. Cas5 is activated by the phosphatase Glc7 and
can cooperatively function with the transcriptional regulators Swi4 and Swi6 to control gene
expression [17]. Moreover, Cas5 and the transcription factor Efgl are shown to bind to some
caspofungin-responsive gene promoters and orchestrate activation of these target gene
expression [61]. Together, these studies indicate that Cas5 is a key regulator in C. albicans
CWI and stress response.

Since the opposite phenotype between the sfpIA/A and cas5A/A mutant in their
susceptibility to cell wall disrupting agents and caspofungin [16] (Figures 1a,b and 2), deter-
mining the relationship between Sfp1 and Cas5 is therefore of interest. Genetic interaction
analysis showed that the sfp1A/A cas5A/A double deletion mutant exhibited hypersen-
sitivity to calcofluor white, congo red and caspofungin, similar to that of the casSA/A
mutant but in contrast to that of the WT and sfp1A/A strains (Figure 5a—c). Moreover,
real-time qPCR and ChIP assay further demonstrated that the level of CAS5 transcript is
upregulated in the sfp1A/A mutant and Sfp1 binds to the CAS5 promoter (Figure 5d,e).
Besides, whole-genome DNA microarray analysis has previously identified genes that are
differentially expressed between the sfp1A/A and wild type strain [26]. Notably, revisiting
the dataset of DNA microarray (the GEO accession number GSE127184), many of these
differentially expressed genes are cell wall-related. For example, expression of XOG1, PGA6,
PGA38, FGR41, ALS3, SIM1, ORF19.1258, RBE1, PIR1, SCW11, ORF19.675, and YWP1 are
upregulated in the sfpIA /A mutant (Table S3 in the Supplementary Materials). Intriguingly,
in contrast to the expression pattern in the sfp1A/A mutant, this subset of genes is down-
regulated in the cas5A /A mutant [17]. Because Cas5 is known to activate many cell wall
biosynthesis and remodeling genes, our results suggest that Sfp1 regulates cell wall-related
target genes and exerts its effect on CWI partly through its negative control of the CAS5
gene expression. However, whether Sfp1 is related to Cas5 in other functions such as cell
adhesion, biofilm formation and cell cycle dynamics still needs to be determined.

Apart from Cas5, Sfpl, Swi4, Swi6 and Efgl, other transcription factors, such as
Rlm1 and Skol are also involved in C. albicans caspofungin-induced cell wall stress
response [62-64]. Interestingly, RIm1 was reported to indirectly regulate Skol in response
to cell wall stress [62,64]. Moreover, using ChIP-sequence analysis, Skol was shown to bind
to the EFG1 upstream intergenic region under cell wall stress, suggesting Skol may directly
regulate EFG1 [64]. Although the relationship between Sfpl and Efgl in regulation of CWI
is not yet established, Sfp1 suppresses biofilm formation through negative regulation of
Efgl [24]. In combination with the findings that Cas5 acts in concert with Swi4, Swi6, and
Efgl, regulatory network in maintenance of CWI is complex and requires positive and neg-
ative interactions among different transcription factors. Therefore, to further understand
the function of Sfp1 relevant to CWI, the mutual interaction of Sfp1 with Swi4, Swi6, Efgl,
Rlm1, and Skol remains to be elucidated.

Importantly, other than transcription regulators, signaling cascades are also essential
in C. albicans response and adaptation to environmental changes [65-67]. For example, cell
response to cell wall stress is mediated through different signaling pathways, including the
protein kinase C (PKC) and mitogen-activated protein kinase (MAPK) Mkc1 cascade [65,66].
Interestingly, deletion of CAS5 leads to the activation of the Mkcl CWI pathway even in
the absence of cell wall stress [17]. Moreover, the high osmolarity glycerol (HOG) and
Cekl MAPK pathways also play a role in cell wall reconstruction [68,69]. Of note, the
MAPK Hogl of the HOG pathway is associated with Sfpl in C. albicans growth and
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cell size regulation [56]. As demonstrated in S. cerevisiae, the unfolded protein response
(UPR) signaling from the ER is induced by the CWI pathway and is required for CWI
maintenance [70]. Interestingly, our recent study showed that Sfp1 coordinates the cellular
responses to ER and cell wall stress induced by LL-37 [23]. Besides, deletion of SFP1 brings
about an increased phosphorylation level of Mkc1 in cell response to LL-37 [23]. Finally,
the calcium-calcineurin pathway crosstalks with the MAPK Mkcl pathway in response to
caspofungin [71]. However, the connection between Sfp1, other cell wall stress-responsive
transcription factors, and the calcium-calcineurin pathway have not been studied. Further
analysis of the association between Sfp1 and different signaling pathways is needed.

In conclusion, the cell wall is essential in C. albicans, providing cell shape, involving
different biological processes, and directly interacting with the host. Maintenance of CWI
in response to environmental stress is thus critical for cell survival and pathogenicity
of C. albicans. Here, we not only elucidate a previously unknown function of Sfpl in
CWI but also show a negative control of the CAS5 gene expression by Sfpl. Cas5 is
a transcription factor lacking an ortholog in S. cerevisine and humans and is required
for antifungal resistance and C. albicans virulence. To our knowledge, this is the first
report to identify a negative regulator of CAS5 transcription. Moreover, this study also
highlights a regulatory network of CWI involving a complex interplay between signaling
and transcription factors.
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