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ABSTRACT Under stress conditions, Hog1 is required for cell survival through tran-
siently phosphorylating downstream targets and reprogramming gene expression.
Here, we report that Candida glabrata Hog1 (CgHog1) interacts with and phospho-
rylates CgRds2, a zinc cluster transcription factor, in response to osmotic stress. Ad-
ditionally, we found that deletion of CgRDS2 led to decreases in cell growth and cell
survival by 23.4% and 39.6%, respectively, at 1.5 M NaCl, compared with levels of the
wild-type strain. This is attributed to significant downregulation of the expression
levels of glycerophospholipid metabolism genes. As a result, the content of total
glycerophospholipid decreased by 30.3%. Membrane integrity also decreased 47.6%
in the Cgrds2Δ strain at 1.5 M NaCl. In contrast, overexpression of CgRDS2 increased
the cell growth and cell survival by 10.2% and 6.3%, respectively, owing to a signifi-
cant increase in the total glycerophospholipid content and increased membrane in-
tegrity by 27.2% and 12.1%, respectively, at 1.5 M NaCl, compared with levels for the
wild-type strain. However, a strain in which the CgRDS2 gene encodes the replace-
ment of Ser64 and Thr97 residues with alanines (Cgrds22A), harboring a CgRds2
protein that was not phosphorylated by CgHog1, failed to promote glycerophospho-
lipid metabolism and membrane integrity at 1.5 M NaCl. Thus, the above results
demonstrate that CgHog1-mediated CgRds2 phosphorylation enhanced glycerophos-
pholipid composition and membrane integrity to resist osmotic stress in C. glabrata.

IMPORTANCE This study explored the role of CgHog1-mediated CgRds2 phosphory-
lation in response to osmotic stress in Candida glabrata. CgHog1 interacts with and
phosphorylates CgRds2, a zinc cluster transcription factor, under osmotic stress.
Phosphorylated CgRds2 plays an important role in increasing glycerophospholipid
composition and membrane integrity, thereby enhancing cell growth and survival.

KEYWORDS glycerophospholipid, membrane, mitogen-activated protein kinase,
MAPK, phosphorylation, stress response, transcription factor

Owing to frequent changes in the natural environment, microorganisms are often
subjected to various stresses, including nutrient limitation (1), osmotic stress (2),

oxidative stress (3), and heat stress (4). To adapt to these environmental challenges,
microorganisms have evolved specific mechanisms to survive and produce chemicals,
such as those controlled by the TOR signal pathway (5, 6), the Snf1 pathway (7), and the
high-osmolarity glycerol (HOG) pathway (8, 9). In particular, the HOG pathway plays an
important role in resisting osmotic stress through transiently and acutely regulating the
transcription process in cells (10).

As the central regulator of the HOG pathway, the protein kinase Hog1 mainly
regulates three processes: (i) gene expression (11), (ii) cell cycle (12), and (iii) signal
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transduction (13). First, Hog1 regulates gene expression via two main mechanisms: the
first involves direct interaction with gene promoters or RNA polymerase II, and the
second involves indirect regulation through interaction with transcription factors. With
regard to the first mechanism, previous studies have shown that recruitment of Hog1
to promoters is essential to coordinate chromatin remodeling and assembly of the
transcriptional machinery under stress conditions (14). Moreover, Hog1 can physically
interact with RNA polymerase II and cross-link to transcribed regions, allowing for
efficient transcriptional elongation (15). With regard to the second mechanism, Hog1
has been shown to interact with and directly phosphorylate transcription factors, which
alters their activity and enables them to control osmostress-responsive genes (14, 16).
Second, Hog1 regulates the cell cycle in response to osmotic stress. In the G1/S
transition, Hog1 controls Sic1 degradation and downregulates the expression of G1-
and S-phase cyclins (Cln1, Cln2, and Clb5) (17). In the G2/M phase, Hog1 regulates Swe1
accumulation and consequently reduces Clb2-Cdc28 activity, thereby leading to G2-
phase arrest (18). Third, Hog1 is involved in signal transduction. The core of this
pathway comprises mitogen-activated protein kinase (MAPK) kinase (Ssk2, Ssk22, and
Ste11), which phosphorylates the unique MAPK kinase Pbs2 that, in turn, phosphoryl-
ates and activates the MAPK Hog1 (19). This cascade of phosphorylation ensures signal
fidelity in response to osmotic stress.

The cell membrane is an essential barrier that protects cells from environmental
stress (20–22). Previous studies have indicated that some stress response pathways are
involved in regulating membrane composition (23, 24). For example, the TOR signaling
pathway operates through two protein complexes, TORC1 and TORC2, both of which
are involved in regulating plasma membrane homeostasis (25). TORC1 is required for
the expression of Pma1 protein and the full activity of the proton pump to resist pH
stress (5). TORC2 phosphorylates and stimulates the downstream protein kinase Ypk1/
Ypk2 to regulate membrane lipids and proteins (26, 27). In addition, the Snf1 pathway
is involved in regulation of cell membrane biosynthesis, given that deletion of the
subunits of the SNF1 complex resulted in hypersensitivity to cell membrane stress (28,
29). Moreover, the Snf1 pathway has been proposed to have an additional function of
coordinating membrane transport proteins, which is an important strategy for achiev-
ing the fast rearrangement of the plasma membrane to resist stress, apart from
coordinating transcriptional gene expression (30, 31). Although several studies have
demonstrated a link between the HOG pathway and lipid metabolism, we here report
a new mechanism by which Candida glabrata Hog1 (CgHog1), an ortholog of Hog1,
phosphorylates a zinc cluster transcription factor, CgRds2, to alter the glycerophospho-
lipid composition in response to osmotic stress. In Saccharomyces cerevisiae, the
absence of Rds2 increased sensitivity to the antifungal drug ketoconazole and the cell
wall-perturbing agent calcofluor white (32). Deletion of YPL133C, the open reading
frame of RDS2, resulted in impaired growth on a nonfermentable carbon source
through regulation of the expression levels of gluconeogenesis genes. (33). Although
these studies showed the involvement of Rds2 in the stress response, the exact role and
regulation mechanism of Rds2 have not been identified. Therefore, in this study, we
also reported the important role of CgRds2 in resisting osmotic stress and revealed the
underlying mechanism in Candida glabrata.

RESULTS
CgRds2 is essential for cell growth under osmotic stress. To identify novel genes

required for cell growth under osmotic stress in C. glabrata, we performed genetic
screening by deleting 15 genes that were reported to play potential roles in response
to stress conditions (see Table S1 in the supplemental material). Then, 15 gene deletion
mutants were spotted on yeast nitrogen base (YNB) medium with or without 1.5 M NaCl
to observe their sensitivity to osmotic stress (Fig. S1). Deletion of CgRDS2 caused
the most significant growth defect at 1.5 M NaCl, whereas overexpression of CgRDS2
enhanced growth compared to that of the wild-type strain (Fig. 1A). Similar results were
obtained when the growth experiment was performed using a liquid medium. At 0 M
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NaCl, the final biomass of the Cgrds2Δ and Cgrds2Δ/CgRDS2 strains was similar to that
of the wild-type strain (Fig. 1B), whereas at 1.5 M NaCl, the final biomass of the Cgrds2Δ
strain was 23.4% lower than that of the wild-type strain but increased by 10.2% in the
Cgrds2Δ/CgRDS2 strain (Fig. 1C). In addition, cell survival for all three strains was
determined over broad concentration ranges of NaCl (Fig. 1D). At 1.5 M NaCl, 83.9% of
the wild-type cells survived, while the Cgrds2Δ and Cgrds2Δ/CgRDS2 strains exhibited
50.7% and 89.2% cell survival, representing a 39.6% decrease and 6.3% increase
compared to levels in wild-type cells, respectively (Fig. 1D). These results suggest that
CgRds2 plays an important role in the growth of C. glabrata at 1.5 M NaCl.

CgHog1 interacts with CgRds2 under osmotic stress. Hog1, a protein kinase of
the HOG pathway, is known to be essential for cell survival by rapidly activating a
number of downstream genes under osmotic stress (2, 14). Thus, we wondered whether
there was a relationship between CgHog1 and CgRds2 at 1.5 M NaCl. To address this
possibility, the genetic interaction was evaluated using a spot assay, revealing similar
phenotypes among all strains at 0 M NaCl. In contrast, at 1.5 M NaCl, the Cghog1Δ strain
was much more sensitive than the Cgrds2Δ strain, and the phenotype of the Cghog1Δ
Cgrds2Δ double mutant was similar to that of the single mutant Cghog1Δ strain (Fig.
2A). Moreover, the Cghog1Δ, Cgrds2Δ, and Cghog1Δ Cgrds2Δ strains displayed 25.7%,
50.7%, and 24.5% cell survival at 1.5 M NaCl, representing 69.4%, 39.6%, and 70.8%
reductions compared to the level of the wild-type strain (83.9%), respectively (Fig. 2B).
These results suggest that the genes CgHOG1 and CgRDS2 are epistatic.

Furthermore, Hog1 makes contact with downstream proteins via complex formation
and controls their expression (14, 34). Thus, the possibility that CgHog1 and CgRds2
physically interact was addressed by testing whether CgHog1 was immunoprecipitated
with CgRds2 using cell extracts expressing Myc-tagged CgRds2 and hemagglutinin
(HA)-tagged CgHog1 at 1.5 M NaCl. The results showed that CgHog1-HA did coprecipi-

FIG 1 CgRds2 is essential for cell growth at 1.5 M NaCl. (A) Growth profiles of the wild-type (wt), Cgrds2Δ, and
Cgrds2Δ/CgRDS2 strains grown on YNB medium at different concentrations of NaCl. (B and C) Growth curves of the
wild-type (wt), Cgrds2Δ, and Cgrds2Δ/CgRDS2 strains at 0 M NaCl and 1.5 M NaCl. (D) Cell survival of all three strains
at different concentrations of NaCl. All data are presented as mean values of three independent experiments. Error
bars indicate the standard deviations. *, P � 0.05; ***, P � 0.001.
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tate with CgRds2-Myc and vice versa (Fig. 2C). This interaction was also confirmed by
a two-hybrid assay (Fig. 2D). These observations suggest that CgHog1 directly interacts
with CgRds2 physically.

CgHog1 phosphorylates CgRds2 under osmotic stress. We next evaluated whether
CgHog1 phosphorylated CgRds2 at 1.5 M NaCl. Cell extracts expressing Myc-tagged
CgRds2 were prepared from the wild-type and Cghog1Δ strains and probed with a
specific monoclonal antibody against the Myc epitope. As shown in Fig. 3A, CgRds2 was
detected at the expected molecular mass (56 kDa) in the wild-type strain under both
conditions, and there was a gel mobility shift of CgRds2 in the wild-type strain under
1.5 M NaCl. This shift of CgRds2 was further confirmed since it disappeared following
treatment with alkaline phosphatase, and this effect was abolished with addition of the
alkaline phosphatase inhibitor (Fig. 3B). These results suggest that the shift band of
CgRds2 observed in the wild-type strain at 1.5 M NaCl was the result of phosphoryla-
tion. Furthermore, the shifted band was not observed in the Cghog1Δ strain (Fig. 3A),
demonstrating that the phosphorylation of CgRds2 detected under 1.5 M NaCl was
mostly dependent on CgHog1. To further verify these results, the phosphorylation level
of CgRds2 by CgHog1 was detected by an anti-phosphoserine threonine antibody,
which was used to detect the phosphorylated Ser-Pro/Thr-Pro (SP/TP) sites (Hog1
consensus phosphorylation sites), in the wild-type and Cghog1Δ strains. A weak phos-
phorylation band of CgRds2 was detected in both strains at 0 M NaCl, whereas at 1.5 M
NaCl, the phosphorylation level of CgRds2 increased significantly (2.9-fold) in the
wild-type strain but not in the Cghog1Δ strain (Fig. 3C and D). Together, these results
demonstrate that CgHog1 phosphorylates CgRds2 at 1.5 M NaCl.

To further identify the phosphorylation site(s) for CgHog1 in CgRds2, we investi-
gated four sequences corresponding to the consensus phosphorylation sites for
CgHog1 (Ser-Pro or Thr-Pro) (2, 17, 35) in the CgRds2 protein (Ser64, Thr97, Thr238, and
Ser455) (Fig. S2). First, a mutant Cgrds24A strain was constructed, in which Cgrds2

FIG 2 CgHog1 interacts with CgRds2 at 1.5 M NaCl. (A) Growth profiles of the wild-type (wt), Cgrds2Δ, Cghog1Δ, and
Cghog1Δ Cgrds2Δ strains grown on YNB medium with or without 1.5 M NaCl. (B) Cell survival of all four strains at
different concentrations of NaCl. (C) Coimmunoprecipitation assay to detect the interaction between CgHog1 and
CgRds2 in vivo. (D) Yeast two-hybrid assay to confirm the interaction between CgHog1 and CgRds2. All data are
presented as mean values of three independent experiments. Error bars indicate the standard deviations. ***, P �
0.001.
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encodes a mutated version of the CgRds2 protein in which all four putative Ser and Thr
residues were replaced with Ala residues. The phosphorylation level of CgRds2 by
CgHog1 in the Cgrds24A strain showed a significant decrease (69%) compared with that
of the wild-type strain at 1.5 M NaCl although a slight decrease (9.3%) was also
observed in the Cgrds24A strain compared with the level of the wild-type strain at 0 M
NaCl (Fig. 3C and 3E). Next, to determine which site is critical for the phosphorylation
of CgRds2 by CgHog1, four single-point mutants and all possible double-combination
mutants were constructed. The results showed that single mutants of Ser64, Thr97,
Thr238, and Ser455 did not alter the phosphorylation of CgRds2 by CgHog1 (data not
shown). However, among the double-combination mutants, replacement of both Ser64
and Thr97 with alanines (here called Cgrds22A strain) mostly decreased (65%) the
phosphorylation level of CgRds2 by CgHog1 compared with the level of the wild-type
strain at 1.5 M NaCl, and there was no difference between the wild-type and Cgrds22A

strains at 0 M NaCl (Fig. 3C and F). Given that the phosphorylation level of CgRds2 by
CgHog1 in the Cgrds22A strain was similar to that of the Cgrds24A strain, we can
conclude that the phosphorylation sites Ser64 and Thr97 are critical for the phosphor-
ylation of CgRds2 by CgHog1 at 1.5 M NaCl.

Deletion of CgRDS2 decreased the expression level of glycerophospholipid
genes under osmotic stress. To elucidate the physiological role of CgRds2 in C.
glabrata, transcriptome sequencing (RNA-seq) analysis was performed to compare
gene expression levels in the wild-type and Cgrds2Δ strains. We first compared the
gene expression levels of wild-type cells with or without 1.5 M NaCl treatment. Tran-
scriptional profiling analysis revealed 1,660 genes whose expression was significantly
modified (�2.0-fold change; P � 0.5): 1,557 were upregulated and 103 were downregu-
lated. In the Cgrds2Δ strain, the expression levels of 2,518 genes displayed significant

FIG 3 CgHog1 phosphorylates CgRds2 at 1.5 M NaCl. (A) Immunoprecipitation of CgRds2-Myc was performed in the
wild-type (wt) and Cghog1Δ strains at 0 M NaCl and 1.5 M NaCl, followed by Western blotting using anti-Myc
antibody. The arrow indicates the phosphorylation band of CgRds2. (B) Extracts prepared from CgRds2-Myc-
expressing wild-type cells, grown at 0 M NaCl and 1.5 M NaCl, were treated with alkaline phosphatase and
phosphatase inhibitor as indicated. The arrows indicate the phosphorylation band of CgRds2. (C) Immunoprecipi-
tation of phosphorylated CgRds2 was performed in the wild-type (wt), Cghog1Δ, Cgrds24A, and Cgrds22A strains at
0 M NaCl and 1.5 M NaCl, followed by Western blot analysis using anti-phosphoserine/threonine antibody.
Quantification of relative phosphorylation levels of CgRds2 in the wild-type (wt), Cghog1Δ (D), Cgrds24A (E), and
Cgrds22A (F) strains at 0 M NaCl and 1.5 M NaCl. �-Actin was used as a loading control. All data are presented as
mean values of three independent experiments. Error bars indicate the standard deviations. ***, P � 0.001.
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changes at 1.5 M NaCl compared with levels at 0 M NaCl. Of these, 2,424 were
upregulated and 94 were downregulated. Specifically, a subset of 1,346 upregulated
and 28 downregulated genes were common to both the wild-type and Cgrds2Δ strains
(Fig. 4A). Gene Ontology (GO) analysis of commonly upregulated genes included
processes such as oxidative phosphorylation (GO:0006119), vesicle-mediated transport
(GO:0016192), protein folding (GO:0006457), and tRNA transcription (GO:0009304),
whereas the commonly downregulated genes were enriched in the meiosis I (GO:
0007127), ribosome biogenesis (GO:0042254), and arginine metabolic process (GO:
0006525) (see Data Sets S1 and S2 in the supplemental material).

FIG 4 CgRds2 involves in regulating glycerophospholipid metabolism. (A) Venn diagram depicting the overlap of upregulated and downregulated genes
between wild-type (wt) and Cgrds2Δ strains at 1.5 M NaCl compared with 0 M NaCl. (B) Venn diagram depicting the overlap of upregulated and downregulated
genes between 0 M NaCl and 1.5 M NaCl in the Cgrds2Δ strain compared with the wild-type (wt) strain. (C) Statistical analysis of the metabolic pathways in
which the differentially expressed genes were significantly enriched in the Cgrds2Δ strain compared with levels in the wild-type (wt) strain at 1.5 M NaCl. (D)
Heat maps of differentially expressed genes involved in the lipid metabolism.
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Transcriptional profiling also revealed 91 and 165 genes that were upregulated and
downregulated, respectively, in the Cgrds2Δ strain compared with levels in the wild-
type strain at 0 M NaCl (Fig. 4B). The set of upregulated genes was enriched in
processes such as unsaturated fatty acid biosynthetic process (GO:0006636), protein
processing (GO:0016485), ribosome biogenesis (GO:0042254), and rRNA processing
(GO:0006364), whereas the set of downregulated genes was enriched in meiotic cell
cycle (GO:0051321), membrane protein proteolysis (GO:0033619), and pyrimidine nu-
cleoside metabolic process (GO:0006213). Furthermore, at 1.5 M NaCl, there were 161
upregulated and 129 downregulated genes in the Cgrds2Δ strain compared with levels
in the wild-type strain (Fig. 4B). GO analysis indicated that the set of upregulated genes
was enriched in glycolysis (GO:0006096), ribosome biogenesis (GO:0042254), and rRNA
transcription (GO:0009303), whereas the set of downregulated genes was enriched in
cell cycle (GO:0007049), MAPK signal transduction (GO:0007165), lipid metabolic pro-
cess (GO:0006629), DNA replication (GO:0006260), and amino acid metabolic processes
(e.g., arginine [GO:0006525], methionine [GO:0006555], and ornithine [GO:0006591])
(Data Sets S3 and S4).

On the basis of these results, we concluded that lipid metabolism was the most
notable differentially regulated pathway, accounting for 18.66% of all affected genes in
the Cgrds2Δ strain compared with levels in the wild-type strain at 1.5 M NaCl (Fig. 4C
and Data Set S5). Thus, we next focused on comparing the expression levels of genes
related to lipid metabolism between the wild-type and Cgrds2Δ strains at 1.5 M NaCl.
As shown in Fig. 4D, there was significant enrichment in genes involved in glycero-
phospholipid metabolism process (GO:0006650), fatty acid metabolic process (GO:
0006631), and sphingolipid metabolic process (GO:0006665). Further analysis revealed
that the most altered genes were enriched in glycerophospholipid metabolism (Fig. 5A;
Table 1). The mRNA levels of genes involved in glycerophospholipid metabolism were
verified by quantitative reverse transcription-PCR (qRT-PCR) analysis. At 0 M NaCl, the
mRNA levels of lysophospholipid acyltransferase (LCA1), phosphatidate phosphatase
(DPP1), CDP-diacylglycerol-phosphatidyltransferase (PGS1), phosphatidylglycerophos-
phatase (GEP4), CDP-diacylglycerol-serine O-phosphatidyltransferase (CHO1), phospha-
tidylserine decarboxylase (PSD1), and diacylglycerol cholinephosphotransferase (CPT1)
were 2.1-, 1.7-, 1.6-, 1.3-, 1.0-, 1.8-, and 1.4-fold lower in the Cgrds2Δ strain than those
in the wild-type strain, respectively (Fig. 5B), whereas at 1.5 M NaCl, the mRNA levels of
these genes were 2.3-, 2.5-, 1.7-, 1.5-, 1.5-, 2.1-, and 1.8-fold lower in the Cgrds2Δ strain
than those in the wild-type strain (Fig. 5C). These data indicated that deletion of
CgRDS2 strongly downregulated the transcription of glycerophospholipid genes.

Phosphorylation of CgRds2 by CgHog1 is required for regulating glycerophos-
pholipid genes. To determine whether the CgRds2 function is controlled by CgHog1,
we assessed whether the phosphorylation of CgRds2 is required for its function in
regulating genes involved in glycerophospholipid metabolism. First, a chromatin im-
munoprecipitation (ChIP) assay combined with qRT-PCR was performed to detect the
binding of CgRds2 to glycerophospholipid genes in the wild-type and Cgrds22A strains,
in which the phosphorylation state between CgRds2 and CgHog1 was abolished. The
qRT-PCR analysis revealed that at 0 M NaCl, the binding levels of CgRds2 to the
promoter regions of LCA1, PSD1, CKI1, PGS1, and CHO1 were not significantly different
between the wild-type and Cgrds22A strains (Fig. 6A), whereas the binding levels were
62.0%, 60.9%, 36.5%, 34.4%, and 56.8% lower in the Cgrds22A strain than those of the
wild-type strain at 1.5 M NaCl (Fig. 6B). These data demonstrate that the phosphory-
lation of CgRds2 by CgHog1 promotes the binding of CgRds2 to target promoters under
osmotic stress. Subsequently, we investigated the transcription levels of LCA1, PSD1,
CKI1, PGS1, and CHO1 in the wild-type and Cgrds22A strains, which were 2.0-, 1.8-, 1.9-,
1.7-, and 1.1-fold lower in the Cgrds22A strain than those of wild-type strain at 0 M NaCl
(Fig. 6C) and were 2.3-, 2.2-, 2.1-, 1.8-, and 1.4-fold lower in the Cgrds22A strain than
those of the wild-type at 1.5 M NaCl, respectively (Fig. 6D). These results suggest that
phosphorylation of CgRds2 by CgHog1 is indeed important for enhancing the tran-
scription levels of glycerophospholipid genes.

CgHog1 Phosphorylates CgRds2 To Resist Osmotic Stress Applied and Environmental Microbiology

March 2019 Volume 85 Issue 6 e02822-18 aem.asm.org 7

https://aem.asm.org


CgRds2 regulates the glycerophospholipid composition in a CgHog1-mediated
manner. On the basis of the above results, we investigated the glycerophospholipid
composition in the wild-type, Cgrds2Δ, and Cgrds2Δ/CgRDS2 strains, using mass spec-
trometry of methanol-chloroform-extracted cells. At 0 M NaCl, the contents of phos-
phatidic acid (PA), phosphatidylethanolamine (PE), phosphocholine (PC), phosphatidyl-
serine (PS), and phosphatidylglycerol (PG) decreased by 38.9%, 19.6%, 18.0%, 17.9%,
and 51.2% in the Cgrds2Δ strain compared with those of the wild-type strain, respec-
tively, while the level of phosphatidylinositol (PI) was unchanged. In the Cgrds2Δ/
CgRDS2 strain, the PA, PE, PC, and PI contents increased by 22.4%, 29.6%, 36.8%, and
60.8%, respectively, whereas the PS and PG contents were unchanged (Fig. 7A; Table
S2). At 1.5 M NaCl, the PA, PE, PC, PI, PS, and PG contents in the Cgrds2Δ strain
decreased by 36.1%, 14.4%, 31.0%, 38.9%, 27.2% and, 49.2%, respectively. In the
Cgrds2Δ/CgRDS2 strain, the contents of PA, PE, PC, PI, PS, and PG increased by 34.9%,

FIG 5 CgRds2 involves in regulating glycerophospholipid metabolism. (A) Measured changes of the expression of
genes involved in glycerophospholipid metabolism in the Cgrds2Δ strain compared with levels in the wild-type (wt)
strain at 0 M NaCl (left-hand squares, represented by T1) and 1.5 M NaCl (right-hand squares, represented by T2).
(B and C) qRT-PCR verified the mRNA expression levels of the glycerophospholipid genes, calculated relative to the
ACT1 level, at 0 M NaCl and 1.5 M NaCl. All data are presented as mean values of three independent experiments.
Error bars indicate the standard deviations. **, P � 0.01.
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23.5%, 23.6%, 70.4%, 20.6%, and 20.4% (Fig. 7B; Table S2). Taken together, these data
indicate that CgRds2 is a crucial regulator of the glycerophospholipid composition.

Furthermore, to investigate whether CgHog1-mediated phosphorylation is impor-
tant for CgRds2 in regulating glycerophospholipid profiling, we also measured the
glycerophospholipid composition levels in the Cgrds22A strain. At 0 M NaCl, PA, PE, and
PC contents were 32.7%, 22.3%, and 10.3% lower than those in the wild-type strain,
respectively, and the levels of PI, PS, and PG were unchanged (Fig. 7C; Table S2). At
1.5 M NaCl, the contents of PA, PE, PC, and PI were 32.9%, 30.9%, 11.6%, and 31.3%
lower than those in the wild-type strain, while the PS and PG contents remained
unchanged (Fig. 7D; Table S2). These results revealed that the role of CgRds2 in
regulating glycerophospholipid composition may be partly controlled by CgHog1-
mediated phosphorylation.

CgRds2 alters membrane integrity in a CgHog1-mediated manner. To investi-
gate the role of CgRds2 in membrane integrity, cells of the wild-type, Cgrds2Δ, and
Cgrds2Δ/CgRDS2 strains were treated to 1.5 M NaCl for 4 h and then subjected to
propidium iodide uptake analysis. There was no significant difference in the percent-
ages of propidium iodide-stained cells among the three strains at 0 M NaCl, whereas at
1.5 M NaCl, the proportion of stained cells increased significantly, by 1.3-fold, among
Cgrds2Δ cells but decreased by 33.9% among Cgrds2Δ/CgRDS2 cells compared with levels
of the wild-type strain (Fig. 8A and B). These results suggest that CgRds2 contributes to
increasing membrane integrity under osmotic stress. Furthermore, to explore whether
CgHog1-mediated phosphorylation is essential for CgRds2 function in regulating mem-
brane integrity, the same experiments were performed in the Cgrds22A strain. At 0 M
NaCl, the percentage of propidium iodide-stained cells in the Cgrds22A strain was similar
to that of the wild-type strain, whereas the proportion of stained cells in the Cgrds22A

strain was 61.2% higher than that of the wild-type under 1.5 M NaCl (Fig. 8A and C).
These results suggest that CgHog1-mediated phosphorylation partially contributed to
the effect of CgRds2 on increasing membrane integrity under osmotic stress.

To observe the damage of cell membrane visually, transmission electron microscopy
(TEM) analysis was performed in all strains (wild-type, Cgrds2Δ, Cgrds2Δ/CgRDS2, and
Cgrds22A strains) with or without 1.5 M NaCl. We observed 60 cells of each strain at
random and found that at 0 M NaCl, cells of all strains exhibited a regular cell structure
with undamaged cell membrane (Fig. S3a to d). However, when treated with 1.5 M NaCl
for 4 h, 33.3% of the Cgrds2Δ cells exhibited damaged cell membranes characterized by
rough surface, disappearance, and separation from the cell wall (Fig. S3h to j), com-

TABLE 1 Differentially expressed genes associated with glycerophospholipid metabolism

Gene name
S. cerevisiae
homolog Gene function

Log2 fold change in
expression (Cgrds2� strain vs
wild type) with:

0 M NaCl 1.5 M NaCl

CAGL0L04642g LCA1 Lysophospholipid acyltransferase �2.177 �2.336
CAGL0M04367g CKI1 Choline kinase �2.018 �2.108
CAGL0D04972g TAZ1 Monolysocardiolipin acyltransferase 1.939 2.282
CAGL0J06226g PSD1 Phosphatidylserine decarboxylase �1.766 �2.094
CAGL0I03784g CRD1 Cardiolipin synthase �1.712 �2.202
CAGL0G08690g GBG1 1-Acylglycerone-phosphate reductase 1.67 1.839
CAGL0J11748g PLB2 Lysophospholipase 1.663 1.794
CAGL0H01177g DPP1 Phosphatidate phosphatase �1.662 �2.469
CAGL0B04741g PGS1 CDP-diacylglycerol–glycerol-3-phosphate 3-phosphatidyltransferase �1.608 �1.678
CAGL0J07040g GDE1 Glycerophosphodiester phosphodiesterase 1.526 2.13
CAGL0I08745g PSD2 Phosphatidylserine decarboxylase �1.411 �1.308
CAGL0K09570g CPT1 Diacylglycerol cholinephosphotransferase �1.4 �1.828
CAGL0L13068g EPT1 Ethanolaminephosphotransferase �1.394 �1.421
CAGL0G03157g PIS1 CDP-diacylglycerol–inositol 3-phosphatidyltransferase �1.387 �1.136
CAGL0H04389g GEP4 Phosphatidylglycerophosphatase �1.31 �1.434
CAGL0C03069g CHO1 CDP-diacylglycerol–serine O-phosphatidyltransferase �1.026 �1.519
CAGL0H06699g GUT2 Glycerol-3-phosphate dehydrogenase 1.022 1.963
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pared to those of the wild-type strain (Fig. S3e to g), whereas there was no change in
the Cgrds2Δ/CgRDS2 strain (Fig. S3k to m). Meanwhile, 21.6% of the Cgrds22A cells also
showed similar phenotypes to those of the Cgrds2Δ strain (Fig. S3n to p).

DISCUSSION

In this study, we demonstrated that under 1.5 M NaCl, CgHog1 interacts with and
phosphorylates CgRds2 in C. glabrata. Subsequently, the phosphorylated CgRds2 in-
duces the expression of genes involved in glycerophospholipid metabolism to conse-
quently increase the content of glycerophospholipid composition. Additionally, mem-
brane integrity was also increased. Thus, CgHog1-mediated CgRds2 phosphorylation
alters glycerophospholipid composition and membrane integrity to resist osmotic
stress in C. glabrata.

Hog1 is essential for cell survival through rapidly phosphorylating downstream
targets under osmotic stress. In Saccharomyces cerevisiae, many transcription factors
have been reported to be directly phosphorylated by Hog1, such as Sko1 (36), Hot1
(37), Smp1 (34), and Rtg1/Rtg3 (38). Recent studies have also identified additional
proteins phosphorylated by Hog1 to coordinate the metabolic pathway under stress
conditions. For example, yeast Cip1 was shown to be phosphorylated by Hog1 to
inhibit Cdk1-G1 cyclins, resulting in cell cycle delay (2). The Hog1-mediated phosphor-
ylation of Mrc1 protein was found to protect genomic integrity through preventing
conflicts between DNA replication and transcription (35). In mammals, p38, the ho-

FIG 6 Phosphorylation of CgRds2 by CgHog1 is required for regulating glycerophospholipid genes. (A and B)
Association of CgRds2 with the core promoter of glycerophospholipid metabolism genes was determined by ChIP
analysis combined with and qRT-PCR to measure occupancy in the wild-type (wt) and Cgrds22A strains at 0 M and
1.5 M NaCl. Relative fold enrichment was calculated by the formula provided in Materials and Methods. (C and D)
Transcript levels of genes involved in glycerophospholipid metabolism were analyzed with RNA prepared from the
wild-type (wt) and Cgrds22A strains at 0 M NaCl and 1.5 M NaCl. The data were normalized to the expression level
of the ACT1 gene. All data are presented as mean values of three independent experiments. Error bars indicate the
standard deviations. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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molog of Hog1, has highly conserved functions in response to stress through phos-
phorylating target proteins involved in the cell cycle (39), transcription process (40),
mitochondrion metabolism (41), and signal transduction (42). Through this study, we
provide further evidence that in C. glabrata, CgHog1 interacts with and phosphorylates
CgRds2, a zinc cluster transcription factor, to respond to osmotic stress. This may be
achieved by two mechanisms. First, Hog1 phosphorylates target transcription factors to
promote their binding to downstream genes (34). Second, Hog1 phosphorylates and
activates target transcription factors, and these active transcription factors recruit Hog1
to the downstream genes (37). Our results indicate that CgHog1 phosphorylates CgRds2
to resist stress through the first mechanism, given that CgHog1-mediated phosphory-
lation was essential for CgRds2 binding to downstream genes.

Transcriptome analysis showed that deletion of CgRDS2 significantly changes the
global transcription level of genes at 1.5 M NaCl. These genes are involved in multiple
pathways, three of which deserve special attention. First, CgRds2 induced glycerophos-
pholipid gene expression and increased the content of glycerophospholipid composi-
tion under treatment of 1.5 M NaCl. A previous genome-wide location analysis of S.
cerevisiae demonstrated that Rds2 could bind to several genes related to fatty acid
metabolism (43). However, to our knowledge, no report has identified that C. glabrata
Rds2 is involved in regulating lipid metabolism; thus, the present study provides new
insight into the physiological function of CgRds2. Glycerophospholipid is the main lipid
of the membrane bilayer and plays an important role in response to environmental
stress (44, 45). For example, cells lacking PLB1, which is critical for the remodeling of
membrane phospholipids, showed sensitivity to osmotic stress (46). Moreover, overex-
pression of OLE1, encoding delta-9 desaturase to generate unsaturated fatty acids in
Saccharomyces cerevisiae, activated the MAPK HOG pathway, thereby enhancing the
tolerance to osmotic stress (8). Second, CgRds2 was found to regulate genes involved
in carbohydrate metabolism. Several previous studies demonstrated that cells lacking

FIG 7 CgRds2 regulates glycerophospholipid composition in a CgHog1-mediated manner. (A and B) Glycerophos-
pholipid composition changes in the wild-type (wt), Cgrds2Δ, and Cgrds2Δ/CgRDS2 strains at 0 M NaCl and 1.5 M
NaCl. (C and D) Glycerophospholipid composition changes in the wild-type (wt) and Cgrds22A strains at 0 M NaCl
and 1.5 M NaCl. All data are presented as mean values of three independent experiments. Error bars indicate the
standard deviations. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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RDS2 had impaired growth on a nonfermentable carbon source (ethanol or glycerol)
through downregulating the expression levels of gluconeogenesis genes (PCK1, FBP1,
PFK27, VID24, and GID8) (33). Soontorngun et al. showed that Snf1-mediated Rds2
phosphorylation was required for the binding of Rds2 to the FBP1 promoter after a shift
from glucose to nonfermentable sources in S. cerevisiae (33). Consistently, we found
that CgHog1-mediated phosphorylation was important for the CgRds2 function of
regulating glycerophospholipid genes. Thus, there may be two sets of phosphorylation
sites in the CgRds2 protein: some targeted by CgHog1 that lead to activation of lipid
metabolism to resist osmotic stress and some targeted by CgSnf1 that alter carbohy-
drate metabolism in response to a glucose starvation condition. It will be worth
examining the phosphorylation sites in the CgRds2 protein that are specific for CgSnf1
andidentifying the association between CgHog1 and CgSnf1 pathways in regulating the
expression of CgRds2 under stress conditions. Third, deletion of CgRDS2 was found to
repress genes linked to the typical osmotic stress response at 1.5 M NaCl (see Table S3
in the supplemental material). Many previous studies indicated that S. cerevisiae cells

FIG 8 CgRds2 alters membrane integrity in a CgHog1-mediated manner. (A) Flow cytometry analysis of membrane integrity in the wild-type (wt), Cgrds2Δ,
Cgrds2Δ CgRDS2, and Cgrds22A strains at 0 M NaCl and 1.5 M NaCl. Q3 region, the percentage of PI-stained cells, suggesting that cell membrane was destroyed
by osmotic stress; Q4 region, the percentage of PI-unstained cells, suggesting that cell membrane was intact in osmotic stress. (B and C) Quantification of
membrane integrity in the wild-type (wt), Cgrds2Δ, Cgrds2Δ/CgRDS2, and Cgrds22A strains at 0 M NaCl and 1.5 M NaCl. All data are presented as mean values
of three independent experiments. Error bars indicate the standard deviations. *, P � 0.05; **, P � 0.01.
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respond to osmotic stress through three main pathways: glycerol metabolism, treha-
lose metabolism, and ion transport (47). In our study, certain genes involved in these
pathways which were partly controlled by the transcription factor CgRds2 were also
changed under osmotic stress in C. glabrata. For example, the expression levels of
genes encoding Na�-exporting P-type ATPase (ENA1), glycerol-3-phosphate dehydro-
genase (GPD1), and alpha, alpha-trehalose-phosphate synthase (TPS1) were downregu-
lated by 2.11-, 2.54-, and 2.27-fold, respectively, in the Cgrds2Δ strain compared to
levels of the wild-type strain at 1.5 M NaCl. However, there was no significant change
in the expression of FPS1, encoding aquaglyceroporins, which plays a critical role in
mediating the export of accumulated glycerol in yeast. This is consistent with the fact
that Fps1 closed upon hyperosmotic shock in the hog1Δ strain, indicating the existence
of another mechanism to regulate the Fps1-mediated glycerol efflux (48).

Three groups of membrane lipids play an important role in influencing the physical
properties of the membrane: (i) phospholipids, (ii) sphingolipids, and (iii) sterols, (49). First,
phospholipids constitute the bulk of the membrane lipids. Both the head group and acyl
chain could regulate the membrane properties (50, 51). PE has a conical head group, which
could increase the negative membrane curvature (52). PC always contains an unsaturated
acyl chain, which contributes to the increase of membrane fluidity (53). Despite their low
abundance, PS and PI play important roles in balancing the membrane surface charge (54,
55). In this study, we demonstrated a role of CgRds2 in regulating glycerophospholipid
composition and membrane integrity at 1.5 M NaCl in C. glabrata, further suggesting a
correlation between phospholipid and physical properties of the membrane. In addition,
we found that CgHog1-mediated phosphorylation was important for the CgRds2 function
in regulating glycerophospholipid metabolism. This is consistent with the idea that some
conserved protein kinases were involved in regulating membrane lipid organization. For
example, the TORC2 protein kinase complex was shown to combine with Ypk1/Ypk2
kinases to regulate plasma membrane sphingolipid levels (56). Second, sphingolipid is a
cylindrical phospholipid, containing a serine backbone combined with saturated or trans-
unsaturated acyl chains, which increases the membrane density (57). A previous study also
showed a correlation between sphingolipid content and membrane integrity (58). Third,
sterols, abundant apolar membrane lipids, can increase membrane thickness and imper-
meability by reducing the flexibility of the surrounding acyl chains (59). In our previous
study, we also showed that increasing the ergosterol content by overexpression of Cg-
MED15 may enhance membrane fluidity, thereby promoting the resistance to low pH (60).
Importantly, to manipulate the ratio of these membrane lipids, compensatory mechanisms
exist in yeast. For example, deficiency of inositol, a major regulator of phospholipid
biosynthesis in yeast, decreased the PI levels, which led to changes in the content of other
membrane lipids derived from PI, including sphingolipids and glycosylphosphatidylinositol
(GPI) anchors, thereby activating the HOG pathway (61).

C. glabrata is a well-established microorganism that is widely used for the industrial
production of organic acids (62–64). However, accumulation of organic acids causes
acidification of the fermentation broth, which ultimately inhibits cell growth and
decreases metabolite production (65, 66). To maintain a suitable pH of the medium,
some alkaline reagents must be added, which leads to osmotic stress (67). In this study,
we screened the novel genes required for cell growth under osmotic stress in C.
glabrata and revealed the important roles of transcription factor CgRds2 in resisting
osmotic stress: (i) CgRds2 is a new target of CgHog1, (ii) CgRds2 is a critical regulator of
glycerophospholipid metabolism, and (iii) CgHog1 phosphorylates CgRds2 to resist
osmotic stress by regulating the glycerophospholipid composition and membrane
integrity. Therefore, this study may provide a potential strategy for the resistance of
osmotic stress in C. glabrata during organic acids fermentation.

MATERIALS AND METHODS
Strains, media, and culture conditions. The yeast strains and plasmids used in this study are listed

in Table 2. Escherichia coli JM109 was used for cloning and plasmid propagation. All yeast strains used
in this study were derived from a Candida glabrata CgHTUΔ (his3Δ trp1Δ ura3Δ) strain. The deletion
strains were constructed by homologous recombination of a CgHIS3 or CgTRP1 marker in the CgRDS2 or
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CgHOG1 locus. The marker genes were amplified from the C. glabrata strain ATCC 2001 genome and
fused between the upstream and downstream regions of the CgRDS2 or CgHOG1 gene open reading
frame by fusion PCR. PCR products were transformed in the Candida glabrata strain CgHTUΔ as described
previously (60), and the deletion strains were confirmed by genomic PCR and DNA sequencing.
Overexpression strains were constructed using the pY26 plasmid carrying the target genes. The plasmids
were then transformed into the corresponding deletion mutants and confirmed by colony PCR.

Site-directed mutagenesis was performed by PCR using mutagenic primers listed in Table 3 and
plasmid pY26-CgRDS2 as the template. The DpnI-digested PCR product of 3 �l was used to transform
80 �l of Escherichia coli JM109 chemically competent cells, and colonies after transformation were
incubated for DNA sequencing until all the designed mutants were obtained. Subsequently the plasmid
of each mutant was extracted and named pY26-CgRDS24A or pY26-CgRDS22A. The CgRDS24A or CgRDS22A

gene was amplified from the plasmid pY26-CgRDS24A or pY26-CgRDS22A, respectively, and integrated into
the CgHTUΔ genome using homologous recombination as mentioned above.

E. coli JM109 cells were grown in LB medium (2% tryptone, 2% NaCl, 1% yeast extract) and incubated
at 37°C with shaking at 200 rpm. Ampicillin (100 mg/liter) was added for the selection of cells carrying the
relevant plasmid. Unless otherwise stated, yeast strains were grown in yeast nitrogen base (YNB) (0.67%
yeast nitrogen base, 2% glucose) medium supplemented with essential nutrients and incubated at 30°C
with shaking at 200 rpm.

Plasmids. The CgRDS2 gene was amplified from C. glabrata genomic DNA using the primers listed
in Table 3. The CgRDS2 gene was cloned into the vector pY26 using the NotI and BglII restriction sites,
and the construct was named pY26-CgRDS2. Clones were confirmed by DNA sequencing.

The CgHOG1-HA and CgRDS2-Myc constructs were amplified from C. glabrata genomic DNA using the
primers listed in Table 3. CgRDS2-Myc was cloned into the vector pY26 using the NotI and BglII restriction
sites, and the construct was named pY26-CgRDS2-Myc. CgHOG1-HA was cloned into the plasmid
pY26-CgRDS2-Myc using the HindIII restriction site and a ClonExpress II One Step Cloning kit (C112-01;
Vazyme), and the construct was named pY26-CgRDS2-Myc-CgHOG1-HA. Similarly, clones were confirmed
by DNA sequencing.

The CgHOG1 and CgRDS2 genes were amplified from C. glabrata genomic DNA using the primers
listed in Table 3. The CgRDS2 gene was cloned into the vector pGBKT7 using the SalI restriction site and
a ClonExpress II One Step Cloning kit (C112-01; Vazyme), and the construct was named pGBKT7-CgRDS2.
The CgHOG1 gene was cloned into the vector pGADT7 using the BamHI restriction site and a ClonExpress
II One Step Cloning kit (C112-01; Vazyme), and the construct was named pGADT7-CgHOG1.

The CgRDS22A-Myc construct was amplified from the plasmid pY26-CgRDS22A using the primers listed
in Table 3. CgRDS22A-Myc was cloned into the vector pY26 using the NotI and BglII restriction sites, and
the construct was named pY26- CgRDS22A-Myc. Clones were confirmed by DNA sequencing.

Spot assay. Yeast cells were cultivated in logarithmic phase and diluted to an absorbance at 660 nm
(A660) of 1.0 in phosphate-buffered saline (PBS). Aliquots (4 �l) of 10-fold serial dilutions were spotted
onto YNB agar plates with or without the indicated concentration of NaCl. Growth was assessed after
incubation for 2 to 4 days at 30°C.

Growth and survival analysis. To analyze the growth of C. glabrata strains at 1.5 M NaCl,
logarithmic-phase cells were diluted into fresh YNB medium at 0 M or 1.5 M NaCl at an initial A660 of 0.1.
Cultures were taken at regular time intervals, and the A660 values were recorded. The A660 was calibrated
against the dry weight of cells (DCW) on the basis of a standard curve where an A660 of 1 is equal to a
DCW of 0.23 g/liter (60). To analyze cell survival, yeast cells were cultivated in logarithmic phase and then

TABLE 2 Strains and plasmids used in this study

Strain or plasmid Relevant characteristics
Source or
reference

C. glabrata strains
ATCC 2001 60
HTUΔ his3Δ trp1Δ ura3Δ 60
Cgrds2Δ strain his3Δ trp1Δ ura3Δ CgRDS2::CgHIS3 This study
Cgrds2Δ/CgRDS2 strain his3Δ trp1Δ ura3Δ rds2Δ CgRDS2::CgHIS3 pY26-PTEF/CgRDS2 This study
Cghog1Δ strain his3Δ trp1Δ ura3Δ CgHOG1::CgTRP1 This study
Cghog1Δ Cgrds2Δ strain his3Δ trp1Δ ura3Δ CgHOG1::CgTRP1 CgRDS2::CgHIS3 This study
Cgrds2Δ/CgRds2-Myc strain his3Δ trp1Δ ura3Δ CgRDS2::CgHIS3 pY26-PTEF/CgRds2-Myc This study
Cgrds24A strain his3Δ trp1Δ ura3Δ CgRDS2::CgRDS2-S64A T97A T238A S455A This study
Cgrds22A strain his3Δ trp1Δ ura3Δ CgRDS2::CgRDS2-S64A T97A This study
Cgrds2Δ/CgRds22A-Myc strain his3Δ trp1Δ ura3Δ CgRDS2::CgHIS3 pY26-PTEF/CgRDS2-S64A T97A-Myc This study
Cghog1Δ Cgrds2Δ/CgRds2-Myc/

CgHog1-HA strain
his3Δ trp1Δ ura3Δ CgHOG1::CgTRP1 CgRDS2::CgHIS3 pY26-PTEF/CgRds2-Myc pY26-PGPD/CgHog1-HA This study

S. cerevisiae AH109 trp1Δ leu2Δ ura3Δ his3Δ gal4Δ gal80Δ LYS2::GAL1UAS-GAL1TATA-HIS3GAL2UAS-GAL2TATA-
ADE2 URA3::MEL1UAS-MEL1TATA-LacZ MEL1

Clontech

Plasmids
pY26 2 �m, Amp, URA3, PGPD, PTEF Turbo
pGBKT7 Kan, TRP1, GAL4 DNA-binding domain fusion Clontech
pGADT7 Amp, LEU2, GAL4 DNA-binding domain fusion Clontech
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treated with various concentrations of NaCl for 1 h at 30°C with shaking at 200 rpm. Cells were then
centrifuged and washed with sterile water three times. After dilution, cells were plated on YNB medium
plates with the same number from each concentration of NaCl and incubated at 30°C for 2 to 4 days.
Then the surviving colonies were counted. Data are presented as a percentage relative to that of
untreated cells of the corresponding strain.

TABLE 3 Primers used in this study

Primer function and name Sequence (5=–3=)
Deletion

L-CgRDS2-F ATTCGAAGGCCCACTGTA
L-CgRDS2-R ACCCTCTTAACAAACGCCATGTCAAAAATATGATGCTGTGCTTAG
CgHIS3(CgRDS2)-F CACAGCATCATATTTTTGACATGGCGTTTGTTAAGAGGGT
CgHIS3(CgRDS2)-R ACTTGTCTATGCATATGTGTCTATGCTAGGACACCCTTAGT
R-CgRDS2-F CTAAGGGTGTCCTAGCATAGACACATATGCATAGACAAGTTATATACA
R-CgRDS2-R CCACTATTAGTGGCCCTAAATAAGT
L-CgHOG1-F CAGAGGTCTTCATTCTGATCACTCTC
L-CgHOG1-R AGTAACGAATCAAATGACATTATTTCTTTCTGGTGTTCCTATTTAATTAA
CgTRP1(CgHOG1)-F CACCAGAAAGAAATAATGTCATTTGATTCGTTACTCGACA
CgTRP1(CgHOG1)-R AATTAAATTTTATATGTAAGTCATTGTTTCTTTGCATTTTGTACAT
R-CgHOG1-F GCAAAGAAACAATGACTTACATATAAAATTTAATTATTCGTCTTCCT
R-CgHOG1-R TGCATTAATGAGTTGCAATTATTACTAA

Overexpression
CgRDS2-F AAGGAAAAAAGCGGCCGCATGGAAGAACCAGCAGC
CgRDS2-R GGAAGATCTTTAGTTGGAATGATCTCTTGTAGGA
CgRDS22A-F AAGGAAAAAAGCGGCCGCATGGAAGAACCAGCAGC
CgRDS22A-R GGAAGATCTTTAGTTGGAATGATCTCTTGTAGGA
CgRDS22A-Myc-F AAGGAAAAAAGCGGCCGCATGGAAGAACCAGCAGC
CgRDS22A-Myc-R GGAAGATCTTTACAGATCCTCTTCAGAGATGAGTTTCTGCTCGTTGGAATGATCTCTTGTAG

Point mutation
CgRds2/S64A-F AATAGTATGGCGCCAATAGG
CgRds2/S64A-R CCTATTGGCGCCATACTATT
CgRds2/T97A-F GGTACAGAAGCACCAATATC
CgRds2/T97A-R GATATTGGTGCTTCTGTACC
CgRds2/T238A-F TATGACGATGCACCCACATC
CgRds2/T238A-R GATGTGGGTGCATCGTCATA
CgRds2/S455A-F ATCCCACTAGCTCCTACAAG
CgRds2/S455A-R CTTGTAGGAGCTAGTGGGAT

Yeast two-hybrid
BD-CgRDS2-F GGGCCTCGAGCCCGGGTCGACATGGAAGAACCAGCAGCCAA
BD-CgRDS2-R CTATAGGGCTCTAGAGTCGACTTAGTTGGAATGATCTCTTGTAGGAGA
AD-CgHOG1-F AAAGAGATCGAATTAGGATCCATGGCTACTAATGAAGAGTTCATAAGAAC
AD-CgHOG1-R TTCTCTGCTAGCAGAGGATCCTTATTGTTGGAATTCATTTGCAAAA

Coimmunoprecipitation
pY26/PTEF-CgRDS2-F AAGGAAAAAAGCGGCCGCATGGAAGAACCAGCAGC
pY26/PTEF-CgRDS2-R GGAAGATCTTTACAGATCCTCTTCAGAGATGAGTTTCTGCTCGTTGGAATGATCTCTTGTAG
pY26/PGPD-CgHOG1-F CAGGAATTCGATATCAAGCTTATGGCTACTAATGAAGAGTTCATAAGAAC
pY26/PGPD-CgHOG1-R GTCGACGGTATCGATAAGCTTTTAAGCGTAGTCTGGGACGTCGTATGGGTATTGTTGGAATTCATTTGCAA

RT-PCR and ChIP
CgLCA1-F AGACCTGGCTATTATATGA
CgLCA1-R CCGAATGACAACTTGATA
CgDPP1-F GAGTTAATGATGTGATGTTATTC
CgDPP1-R TCAGTCTTCCAATCCAAT
CgPGS1-F CAAGTATAGCACCGAATC
CgPGS1-R CAGTAGTTATCTTCTTCTTCA
CgGEP4-F AGAGACGAGATTATTGAAT
CgGEP4-R CTTACTGAAGGCACTATT
CgCHO1-F GATTGTGAGTTGCCTGAG
CgCHO1-R ACCTAAGAATATGAAGAAGTGT
CgPSD1-F AAGATGAGGAGGCAACTG
CgPSD1-R TTAGGTGAGACTTCGGTTAG
CgCPT1-F CACAATAAGAAGAATGACA
CgCPT1-R GTTAGATGACCAACAATC
CgCKI1-F GAGCAGGAATCTACTAAGG
CgCKI1-R TGTATCTATGTCATCTACCAAT
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Coimmunoprecipitation. Cells expressing CgRds2-Myc and CgHog1-HA were grown to logarithmic
phase in YNB medium. Cells were then treated with 1.5 M NaCl for 30 min and harvested at 4°C. Pellets
were resuspended in lysis buffer (45 mM HEPES-KOH [pH 7.5], 150 mM NaCl, 1 mM EDTA, 10% glycerol,
1% Triton X-100, 2 mM dithiothreitol [DTT]) with protease and phosphatase inhibitors, followed by the
addition of glass beads and sonication at 4°C. Protein extracts were clarified by centrifugation at
6,000 � g for 10 min at 4°C. Proteins were incubated with primary antibody (see below) at 4°C overnight
and then incubated with protein A agarose beads (Sangon Biotech) at 4°C for 6 to 8 h. Beads were
washed six times with lysis buffer and one time with PBS and then boiled in SDS loading buffer for
10 min. The binding proteins were resolved by 10% SDS-PAGE and detected by Western blotting.

Two-hybrid analysis. Two-hybrid analysis was carried out by using pGADT7 (Gal4AD) as the activa-
tion domain (AD) plasmid and pGBKT7 (Gal4BD) as the DNA-binding domain (BD) plasmid. The plasmid
pGADT7-CgHOG1 was cotransformed with pGBKT7-CgRDS2 using the AH109 reporter strain. Positive
clones were selected and further tested as follows. The transformed yeast strains were grown until
mid-log phase in YNB medium, diluted on synthetic dextrose (SD)-Leu-Trp plates and SD-Leu-Trp-His
selective plates with the histidine biosynthesis inhibitor 1,2,4-aminotrizole (3-AT), and incubated for 2 to
4 days at 30°C.

Alkaline phosphatase treatment. Samples used for the alkaline phosphatase treatment were
processed as described for Western blotting, except that after the lysis buffer washes, PBS buffer was
added to the immunoprecipitated proteins bound to the beads. Samples were treated with alkaline
phosphatase (D7027; Beyotime) in the presence or absence of alkaline phosphatase inhibitor (P1081;
Beyotime) and incubated for 1 h at 30°C with occasional shaking. The untreated samples were used as
controls. The immunoprecipitated proteins were then washed twice with the wash buffer without
protease inhibitors and released from the beads by boiling them in SDS loading buffer.

In vivo phosphorylation assay. The CgRds2 and Cgrds22A genes were tagged with Myc. Cells were
grown to logarithmic phase in YNB medium and then left untreated or treated with 1.5 M NaCl for
30 min, followed by harvesting at 4°C. Pellets were resuspended in lysis buffer (45 mM HEPES-KOH [pH
7.5], 150 mM NaCl, 1 mM EDTA, 10% glycerol, 1% Triton X-100, 2 mM DTT) supplemented with protease
and phosphatase inhibitors (P1060; Beyotime). Glass beads were added, and cells were lysed by
sonication at 4°C. Protein extracts were clarified by centrifugation at 6,000 � g for 10 min at 4°C. Proteins
were incubated overnight with an anti-Myc antibody (AM926, 1:1,000; Beyotime) and then incubated
with protein A agarose beads (Sangon Biotech) at 4°C overnight. Beads were washed six times in lysis
buffer and one time in PBS, boiled in SDS loading buffer for 10 min, and analyzed by 10% SDS-PAGE. The
binding proteins were detected by Western blotting with an anti-phosphoserine threonine antibody
(612548, 1:1,000; BD Biosciences)).

Western blotting. Whole proteins were extracted and resolved by SDS-PAGE and transferred to a
polyvinylidene difluoride (PVDF) membrane. The membrane was blocked in 5% nonfat milk at room
temperature for 2 h, followed by incubation with primary antibody at 4°C overnight. Primary antibodies
were used to detect HA (AH158, 1:1,000; Beyotime), Myc (AM926, 1:1,000; Beyotime), �-actin (AF0003,
1:1,000; Beyotime), and phosphorylated SP/TP sites (612548, 1:1,000; BD Biosciences). After being washed
with Tris-buffered saline plus Tween 20 (TBST), the membrane was incubated with secondary antibody
goat anti-mouse IgG conjugated with horseradish peroxidase (HRP) (A0216, 1:1,000; Beyotime) at room
temperature for 2 h. Signals were developed using Clarity Western ECL Substrate (Bio-Rad) and visualized
using a ChemiDoc XRS� imaging system (Bio-Rad). The image was quantified by ImageJ software.

Transcriptome sequencing analysis. C. glabrata cells were cultured to logarithmic phase and then
reinoculated into fresh YNB medium at an initial A660 of 0.1. After incubation for 6 h, cells were harvested
and released to YNB medium with or without 1.5 M NaCl for 30 min. Then, cells were recollected and
washed twice with phosphate-buffered saline by resuspension and centrifugation at 3,500 � g for 10 min
at 4°C. Total RNA was isolated by using a MiniBEST universal RNA extraction kit (TaKaRa Bio, Shiga, Japan).
The concentration and quality of total RNA were determined by microspectrophotometry using an
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). Frozen samples were sent to the
Majorbio Institute for global gene analysis.

qRT-PCR analysis. C. glabrata cells were cultured as described for transcriptome sequencing
analysis. Total RNA was extracted using a MiniBEST universal RNA extraction kit, and 1 �g was used to
synthesize cDNA with a PrimeScript II 1st-strand cDNA synthesis kit (TaKaRa Bio). The cDNA mixture was
diluted to approximately 100 ng/�l and used for quantitative real-time PCR (qRT-PCR) with TB Green
Premix Ex Taq (TaKaRa Bio) on an iQ5 continuous fluorescence detector system (Bio-Rad, Hercules, CA).
Data were normalized to values of the actin gene. The primers used for qRT-PCR are given in Table 3.

ChIP assay. Cells were grown to logarithmic phase and then left untreated or treated with 1.5 M NaCl
for 30 min. Cells were cross-linked with 1% formaldehyde for 20 min at room temperature. Glycine was
added to a final concentration of 330 mM, and the incubation continued for 15 min. Cells were collected,
washed four times with cold Tris-buffered saline (TBS) (20 mM Tris-HCl [pH 7.5], 150 mM NaCl), and kept
at �20°C for further processing. Cell pellets were resuspended in 0.3 ml of cold lysis buffer (50 mM
HEPES-KOH [pH 7.5], 150 mM NaCl, 1 mM EDTA, 0.1% sodium deoxycholate, 0.1% SDS, 1 mM phenyl-
methylsulfonyl fluoride [PMSF]) supplemented with 1% Triton X-100 and lysed by a bead beater. Then
the cross-linked chromatin was sonicated to yield an average DNA fragment size of 350 bp (range, 100
to 850 bp). Finally, the sample was clarified by centrifugation at 12,000 � g for 5 min at 4°C. An aliquot
of chromatin solution was used for immunoprecipitation (IP), input (IN), and control immunoprecipitation
(CIP), and the remaining samples were stored at �20°C. The IP and CIP samples were incubated with
anti-Myc monoclonal antibody and anti-IgG monoclonal antibody, respectively, which precoupled to
magnetic beads (9006; Cell Signaling Technology). After 2 h at 4°C on a rotator, beads were washed twice
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with lysis buffer, twice with lysis buffer plus 500 mM NaCl, twice with washing buffer (10 mM Tris-HCl [pH
8.0], 0.25 M LiCl, 1 mM EDTA, 0.5% N-P40, 0.5% sodium deoxycholate), and once with TE buffer (10 mM
Tris-HCl [pH 8.0], 1 mM EDTA). Chromatin was eluted, and cross-linking was reversed by incubation at
65°C overnight. After extraction with phenol-chloroform-isoamyl alcohol (25:24:1, vol/vol/vol), DNA was
ethanol precipitated for 4 h at �20°C and resuspended in TE buffer. Quantitative real-time PCR was used
to analyze DNA with TB Green Premix Ex Taq (TaKaRa Bio) on an iQ5 continuous fluorescence detector
system (Bio-Rad, Hercules, CA). Relative fold enrichment was calculated by the following formula: fold
change � (IP intensity � CIP intensity)/IN intensity. Primers used in this study are listed in the Table 3.

Glycerophospholipid extraction and measurement. Logarithmic-phase C. glabrata cells were
harvested and released into fresh YNB medium with or without 1.5 M NaCl for 4 h. Cells were harvested,
washed twice with PBS, and freeze-dried. Fifty milligrams of dried cells was resuspended in methanol-
chloroform-distilled water solution (1:2:1, vol/vol/vol). The sample extraction was carried out as described
previously (63). The extracted glycerophospholipids were dried under a nitrogen stream and dissolved
in methanol-isopropanol (1:1, vol/vol).

Mass spectrometry analysis of glycerophospholipid. Analysis of glycerophospholipid mixtures
was carried out utilizing ultrahigh-performance liquid chromatography tandem mass spectrometry
(UPLC-MS; Waters, USA) and a CORTECS UPLC hydrophilic interaction liquid chromatography (HILIC)
column (2.1 by 150 mm; inner diameter, 1.6-�m) with gradient elution at 45°C and a rate of infusion of
0.3 ml·min�1. The mobile-phase gradient was formed by buffer A (acetonitrile) and buffer B (11 mM
ammonium acetate). The A/B ratios were 95:5, 95:5, 70:30, 60:40, and 95:5 at run times of 0, 2, 15, 17, and
17.10 min, respectively. The capillary voltage was set at �3.5 kV or �3.5 kV for the positive or negative
mode, respectively. Data analysis was based on the following commercial standards at a concentration
of 1 mg·ml�1: 16:0 PA (830855; Avanti Polar Lipids), 16:0 PC (850355; Avanti Polar Lipids), 16:0 PS (840037;
Avanti Polar Lipids), 16:0 PG (840455; Avanti Polar Lipids), 16:0 PE (850705; Avanti Polar Lipids), and 16:0
PI (850141; Avanti Polar Lipids). The mass amounts of glycerophospholipid were calculated by the
following equation: content of glycerophospholipid � a1c0v/a0m, where a1 is the peak area of the
samples, a0 is the peak area of the standard, c0 is the concentration of the standard, v is the total volume
of the sample, and m is the mass of freeze-dried cells.

Cell membrane integrity analysis. Logarithmic-phase C. glabrata cells were harvested and released
into fresh YNB medium with or without 1.5 M NaCl for 4 h. Samples were centrifuged, washed twice with
PBS, and diluted to an A660 of 0.5. Diluted sample (500 �l) was incubated with 5 �l of propidium iodide
(Sangon Bio, Shanghai City, China) for 5 min at room temperature in the dark and then harvested,
washed twice with PBS, and resuspended in the same volume of PBS. The cell number and fluorescence
intensity (excitation, 536 nm; emission, 617 nm) of cell suspensions were measured by flow cytometry
analysis using a FACSCalibur apparatus (BD Biosciences, Shanghai City, China). More than 20,000 events
were analyzed for each sample and at a rate of 600 to 1,000 events/s. The data were acquired and
analyzed using CellQuest software.

TEM analysis. Logarithmic-phase C. glabrata cells were harvested and released into fresh YNB
medium with or without 1.5 M NaCl for 4 h. Samples were centrifuged and washed twice with PBS buffer
(pH 7.4). The cells were resuspended in 5% (vol/vol) glutaraldehyde in 0.1 M PBS and prefixed overnight
at 4°C. The cell pellets were washed three times with 0.1 M PBS and then postfixed with 1% osmic acid
in 0.1 M PBS. After 2 h of incubation at room temperature, the fixed samples were washed six times with
0.1 M PBS, dehydrated with ethyl alcohol series, and embedded in epoxy resin. Ultrathin sections were
stained with uranyl acetate and lead citrate and examined using a transmission electron microscope
(TEM) (H-7650; Hitachi, Japan).

Statistical analysis. Experimental data are shown as the means � standard errors of the means
(SEM). All quantitative data were analyzed using Student’s t test or one-way analysis of variance (ANOVA).
Each experiment was repeated at least three times.

Accession number(s). The RNA-seq raw reads were submitted to NCBI under BioProject number
PRJNA488115, and the Sequence Read Archive (SRA) entries are SRX4774478, SRX4774479, SRX4774480,
SRX4774481.
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