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ABSTRACT During fermentation, a high ethanol concentration is a major stress that
influences the vitality and viability of yeast cells, which in turn leads to a termina-
tion of the fermentation process. In this study, we show that the BCK1 and SLT2
genes encoding mitogen-activated protein kinase kinase kinase (MAPKKK) and
mitogen-activated protein kinase (MAPK) of the cell wall integrity (CWI) pathway, re-
spectively, are essential for ethanol tolerance, suggesting that the CWI pathway is in-
volved in the response to ethanol-induced cell wall stress. Upon ethanol exposure,
the CWI pathway induces the expression of specific cell wall-remodeling genes, in-
cluding FKS2, CRH1, and PIR3 (encoding �-1,3-glucan synthase, chitin transglycosy-
lase, and O-glycosylated cell wall protein, respectively), which eventually leads to the
remodeling of the cell wall structure. Our results revealed that in response to etha-
nol stress, the high-osmolarity glycerol (HOG) pathway plays a collaborative role
with the CWI pathway in inducing cell wall remodeling via the upregulation of spe-
cific cell wall biosynthesis genes such as the CRH1 gene. Furthermore, the substan-
tial expression of CWI-responsive genes is also triggered by external hyperosmolar-
ity, suggesting that the adaptive changes in the cell wall are crucial for protecting
yeast cells against not only cell wall stress but also osmotic stress. On the other
hand, the cell wall stress-inducing agent calcofluor white has no effect on promot-
ing the expression of GPD1, a major target gene of the HOG pathway. Collectively,
these findings suggest that during ethanol stress, the CWI and HOG pathways
collaboratively regulate the transcription of specific cell wall biosynthesis genes,
thereby leading to adaptive changes in the cell wall.

IMPORTANCE The budding yeast Saccharomyces cerevisiae has been widely used in
industrial fermentations, including the production of alcoholic beverages and bio-
ethanol. During fermentation, an increased ethanol concentration is the main stress
that affects yeast metabolism and inhibits ethanol production. This work presents
evidence that in response to ethanol stress, both CWI and HOG pathways cooperate
to control the expression of cell wall-remodeling genes in order to build the adap-
tive strength of the cell wall. These findings will contribute to a better understand-
ing of the molecular mechanisms underlying adaptive responses and tolerance of
yeast to ethanol stress, which is essential for successful engineering of yeast strains
for improved ethanol tolerance.
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The yeast Saccharomyces cerevisiae has been widely used in several fermentation
industries, such as the production of alcoholic beverages and ethanol fuel. During

fermentation, yeast cells are exposed to several environmental insults, such as high
ethanol concentrations, high osmolarity, and oxidative stress (1). Among these, a high
ethanol concentration is one of the major stress factors that influences the vitality and
viability of yeast cells, resulting in the termination of the fermentation process (2).
Ethanol stress has been shown to affect several cellular processes of yeast cells,
including inhibition of glucose and amino acids transport systems, denaturation of
crucial glycolytic enzymes such as pyruvate kinase and hexokinase, increased mem-
brane permeability, and induction of reactive oxygen species (ROS) (2, 3). Many genes
involved in cell wall biosynthesis and the cell wall integrity (CWI) mitogen-activated
protein kinase (MAPK) signaling pathway (Fig. 1A) have been found to be essential for
ethanol tolerance. These include the ANP1, HOC1, and MNN10 genes encoding subunits
of mannosyl polymerase complex II; the KRE6 gene encoding a �-glucan synthase; and
the WSC1, MID2, BCK1, SLT2, SWI4, and SWI6 genes encoding the components of the
CWI pathway (4–6). It is therefore likely that the cell wall plays a protective role against
ethanol stress.

The cell wall is an essential cellular structure required for protecting yeast cells
against environmental stresses in order to maintain cell shape and cell integrity. The
yeast cell wall, which is a layered structure consisting of inner and outer layers, consists
of four major components, i.e., �-1,3-glucan, �-1,6-glucan, chitin, and mannoproteins
(7). The inner layer is mainly composed of a �-1,3-glucan network branched to
�-1,6-glucan, which is covalently linked to chitin, whereas the outer layer is a lattice
of glycosylated mannoproteins attached to a glucan network (7). In response to cell
wall stress, the CWI signaling pathway is activated to upregulate the expression of
genes involved in cell wall biosynthesis, leading to a remodeling of the cell wall
architecture to be more robust. The cell wall-remodeling process includes an increase
in the amount of cell wall components and a change in the cross-linking between the
cell wall components (7).

When yeast cells are exposed to cell wall stress, the active cell surface sensors
(Mid2p, Wsc1p, Wsc2p, and Wsc3p) stimulate the guanine nucleotide exchange factor
(GEF) Rom2p to activate the small GTPase Rho1p, leading to the activation of the
protein kinase C Pkc1p. Active Pkc1p phosphorylates MAPK kinase kinase (MAPKKK)
Bck1p, which in turn phosphorylates the redundant MAPK kinases (MAPKKs) Mkk1p and
Mkk2p, leading to the phosphorylation of MAPK Slt2p (8). The active MAPK Slt2p then
activates transcription factors Rlm1p and the SBF (Swi4p-Swi6p cell cycle box-binding
factor) complex to promote the expression of cell wall biosynthesis genes and G1/S
transition-regulating genes, respectively (8).

Although the CWI pathway is the main signaling pathway required for controlling
cell wall stress responses, some other signaling pathways have been found to be
involved in regulating the expression of several target genes of the CWI pathway. For
instance, the high-osmolarity glycerol (HOG) pathway (Fig. 1B), another MAPK pathway
that plays a major role in the osmotic stress response, has been shown to be involved
in cross-signaling through its SHO1 branch with the CWI pathway in response to cell
wall stress induced by the cell wall-degrading enzyme Zymolyase (9–11). However,
since it has been reported that different types of cell wall-perturbing agents triggered
distinct cellular responses (12, 13), it is still unknown whether the HOG pathway and/or
some other signaling pathways are required for cooperative signaling with the CWI
pathway in response to ethanol stress. The HOG pathway contains two signaling
branches, i.e., the SLN1 and SHO1 branches, which appear to function independently
(14). The SLN1 branch is controlled by the Sln1p osmosensor, which forms a phospho-
relay signaling system with Ypd1p and Ssk1p. Under normal-osmolarity conditions,
Sln1p is active and phosphorylates Ypd1p, which then transfers its phosphate to Ssk1p.
The phosphorylated Ssk1p is inactive and unable to activate Ssk2p and Ssk22p, the
redundant MAPKKKs of the HOG pathway. On the other hand, the SHO1 branch is
comprised of two putative transmembrane osmosensors, Hkr1p and Msb2p, and a
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plasma membrane-localized scaffold protein, Sho1p, which is involved in the recruit-
ment of certain components of this pathway, including the membrane anchor protein
Opy2p, the MAPKKK Ste11p, and the MAPKK Pbs2p. In response to hyperosmotic stress,
both upstream branches are activated, and signals from both branches converge at the
MAPKK Pbs2p, which then phosphorylates the MAPK Hog1p. Activated Hog1 rapidly
translocates to the nucleus to stimulate the activities of several transcription factors,
such as Hot1p, Smp1p, Msn2p, and Msn4p, leading to the upregulated expression of
osmoresponsive genes (14).

In this study, the protective role of the CWI pathway against ethanol stress was
investigated in S. cerevisiae by examining the growth of deletion mutants lacking genes
encoding components of the CWI pathway in the presence of ethanol. Systemic
transcriptome analysis was conducted to identify candidate cell wall biosynthesis genes
that are the target genes of the response to ethanol-induced cell wall stress. We explore
three main aspects: (i) the involvement of the CWI and HOG pathways in cooperative
signaling in response to ethanol stress, (ii) the expression of candidate cell wall
biosynthesis genes, and (iii) cell wall remodeling as determined in mutants impaired in
either or both signaling pathways under ethanol stress conditions. In addition, the
effect of the CWI pathway on the expression of the target gene of the HOG pathway
was also determined.

RESULTS
The cell wall integrity pathway is important for ethanol tolerance. Previous

studies of the yeast deletion mutant collection have revealed that a number of genes
involved in the CWI signaling pathway and cell wall biogenesis were required for
ethanol tolerance, suggesting the protective role of the cell wall against ethanol (4–6,
15). The CWI pathway is known to play an important role in controlling the transcrip-
tional adaptive response to cell wall stress, leading to a remodeling of the cell wall
architecture in order to improve resistance against cell wall stress (7). We therefore
hypothesized that ethanol stress compromises the integrity of the cell wall. To test this
hypothesis, we first examined the growth of mutants lacking genes encoding compo-

FIG 1 Schematic diagrams of the CWI pathway (A) and the HOG pathway (B) in S. cerevisiae.
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nents of the CWI pathway on yeast extract-peptone-dextrose (YPD) plates containing
12% ethanol or 100 �g/ml of the cell wall-perturbing agent calcofluor white (CFW) by
using a spot susceptibility test. We found that the Δbck1 and Δslt2 mutants lacking the
core and nonredundant elements of the CWI pathway, i.e., MAPKKK and MAPK, respec-
tively, were sensitive to both ethanol and CFW (Fig. 2A). Interestingly, for the mutants
lacking components of the heterodimeric SBF transcription complex (Swi4p-Swi6p),
which is the downstream target of the Slt2p MAPK, the Δswi6 mutant was severely
sensitive to both ethanol and CFW, while the Δswi4 mutant was highly sensitive to only
CFW (Fig. 2A). In addition, the Δwsc1 and Δspa2 mutants lacking the sensor and MAPK
scaffold protein of the CWI pathway, respectively, also exhibited remarkable sensitivity
to only CFW (Fig. 2A). These results suggest that although the MAPK module of the CWI
pathway is involved in the response to ethanol stress, the ethanol-responsive signaling
cascade through the CWI pathway is somewhat different from the typical CWI pathway
responding to cell wall stress induced by CFW.

In response to ethanol challenge, previous studies reported that yeast cells showed
increased resistance to cell wall-lytic enzymes, which suggests adaptive remodeling of
the yeast cell wall (3, 6). We thus determined susceptibilities of wild-type cells to the cell
wall-degrading enzyme Zymolyase, whose major activities are �-1,3-glucanase and
�-1,3-glucan laminaripentaohydrolase, after treatment with ethanol or CFW. We found
that the Zymolyase resistance of ethanol-treated cells was increased with increasing

FIG 2 The CWI pathway is important for protecting yeast cells against ethanol-induced cell wall stress.
(A) Growth of the wild-type strain (BY4742) and its isogenic deletion mutants lacking genes encoding
components of the CWI pathway (i.e., Δwsc1, Δwsc2, Δwsc3, Δmid2, Δrom2, Δbck1, Δmkk1, Δmkk2, Δslt2,
Δspa2, Δrlm1, Δskn7, Δgas1, Δswi4, and Δswi6 mutants) in the presence of ethanol or calcofluor white
(CFW). Each strain was grown to log phase in YPD broth and serially diluted 10-fold from an initial OD600

of 1.0. Aliquots (3 �l) were spotted onto a YPD agar plate containing 12% (vol/vol) ethanol or 100 �g/ml
CFW and incubated at 30°C for 3 days. (B) Susceptibility to Zymolyase of the wild-type strain after
exposure to ethanol or CFW. Log-phase wild-type (BY4742) cells were incubated in YPD medium
containing 0 to 10% ethanol or 0 to 100 �g/ml CFW at 30°C for 12 h. Cells were harvested and adjusted
to an OD600 of 0.5 in TE buffer containing 100 �g/ml (1 U/ml) Zymolyase 20T. Susceptibility to Zymolyase
was monitored by measuring the OD600 at the indicated times and is expressed as a percentage of the
OD600 relative to that at the zero time point. Mean values � SD are from three independent experiments.
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concentrations of ethanol, similar to cells treated with CFW (Fig. 2B). Based on these
results, it is likely that the CWI pathway is important for protecting yeast cells against
ethanol stress, possibly through its role in the induction of cell wall remodeling in
response to ethanol-induced cell wall stress.

Reinvestigation of cell wall and ethanol stress-responsive genes. To investigate
the links between cell wall and ethanol stress-responsive pathways, we globally ex-
plored the repertoires of the two pathways in the yeast genome by reexamining
existing transcriptomic data sets (see Materials and Methods for more details). Our
reexamined transcriptomic data set reveals unique patterns of up- and downregulated
transcripts under different cell wall and ethanol stress conditions (Fig. 3). Among the 14
groups of genes hierarchically clustered based on their transcriptomic patterns, we
selected 5 groups that show interesting gene expression patterns under cell wall and
ethanol stress conditions. Group 2 contains genes that exhibit increased transcript
levels when treated with the cell wall-disturbing agent Congo red (for 2, 4, and 6 h),
Zymolyase (for 2 h), and CFW (for 1.5 h) and under fermentation conditions but not
under the other ethanol (3 to 7%) stress conditions (see Fig. S1 in the supplemental
material). Key members of this group include the KRE6 gene encoding �-1,6-glucan
synthase, the PIR1 gene encoding an O-glycosylated cell wall protein, the SED1 gene
encoding an glycosylphosphatidylinositol (GPI)-anchored cell wall glycoprotein, the
CHS3 gene encoding chitin synthase III, and the SHO1 gene encoding a transmembrane
osmosensor for the HOG pathway. When tested for functional enrichment using Gene
Ontology (GO), the genes in this group are enriched for cell wall organization and
biogenesis and carbohydrate metabolic processes. Group 14 is a small set of only 11
genes demonstrating strong upregulation (2- to 8-fold) after Congo red, Zymolyase,
and ethanol treatments but not under CFW stress or fermentation conditions (Fig. S1).
The group members are also enriched in cell wall organization and biogenesis, includ-
ing the FKS2 (or GSC2) gene encoding �-1,3-glucan synthase, the CWP1 gene encoding
a cell wall mannoprotein, and the PIR3 gene encoding an O-glycosylated cell wall
protein. In addition to the clusters of gene expression upregulated by both cell wall and
ethanol stresses, we also observed group 3 genes that appear to be specifically
upregulated by CFW treatment only, such as the GPD1 and HOG1 genes involved in the
osmotic stress response (Fig. S1). Group 10 includes genes showing elevated transcrip-
tion only after treatment with Congo red and ethanol (Fig. S1). A notable member of
this group is the RPI1 gene encoding a transcription factor mediating fermentation
stress tolerance, which is also involved in cell wall organization and biogenesis. Group
11 genes are upregulated when treated with Congo red for 6 h, CFW for 1.5 h, and 15%
ethanol for 2 h (Fig. S1). Examples of its members are the BCK1 and PTP2 genes
encoding MAPKKK of the CWI pathway and a protein phosphatase involved in osmo-
sensing, respectively. Based on this systematic transcriptome analysis, we selected
seven notable cell wall biosynthesis genes whose expression is potentially upregulated
in response to ethanol-induced cell wall stress under the control of the CWI pathway
for further investigation. These included the KRE6, PIR1, SED1, and CHS3 genes from
group 2 and the FKS2, CWP1, and PIR3 genes from group 14.

The CWI pathway is involved in regulating the expression of a set of cell wall
biosynthesis genes in response to ethanol-induced cell wall stress. To investigate
whether the candidate cell wall biosynthesis genes obtained from the systemic tran-
scriptome analysis are the target genes of the response to ethanol-induced cell wall
stress, we examined the expression levels of the FKS2, CWP1, and PIR3 genes (group 14);
the KRE6, PIR1, SED1, and CHS3 genes (group 2); and also the CRH1 gene encoding chitin
transglycosylase, which is selected based on the literature (9), in the wild-type strain
after exposure to 8% ethanol or 100 �g/ml CFW for 4 h. The expression of the FKS2,
CRH1, PIR3, and SED1 genes was markedly upregulated in response to both ethanol and
CFW, whereas the upregulation of KRE6 expression was observed only after exposure to
CFW but not ethanol (Fig. 4A). These results suggest that the FKS2, CRH1, PIR3, and SED1
genes are target genes of the response to ethanol stress. To determine whether the

Yeast Signaling Pathways in Ethanol Stress Response Applied and Environmental Microbiology

August 2019 Volume 85 Issue 15 e00551-19 aem.asm.org 5

https://aem.asm.org


FIG 3 Heat map demonstrating relative transcriptional levels during cell wall and ethanol stresses. The conditions are,
from left to right, BY4741 treated with Congo red (CR) for 2, 4, and 6 h; BY4741 treated with Zymolyase (Zymo) for
2 h; BY4741 under fermentation conditions (ferment) for 6 h; BY4742 treated with 0.1 and 0.02 mg/ml CFW for 1.5 h;
BY4730 treated with 15% ethanol (EtOH) for 2 h; and ethanol-tolerant CGMCC2758 haploid MAT�, haploid MATa, and
diploid MATa/� strains treated with 3% or 7% ethanol in fermentors. Data were normalized within and between arrays
(see Materials and Methods for more details).
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FIG 4 Bck1p MAPKKK and Slt2p MAPK regulate the expression of specific cell wall biosynthesis genes in response
to ethanol stress, leading to the induction of cell wall remodeling. (A) Expression levels of cell wall biosynthesis
genes (i.e., the FKS2, KRE6, CHS3, CRH1, PIR1, PIR3, CWP1, and SED1 genes) of the wild-type (BY4742) strain after
exposure to ethanol or CFW. Log-phase wild-type (BY4742) cells were treated with 8% ethanol or 100 �g/ml CFW
for 4 h. Total RNA from each culture was used for quantitative RT-PCR. The mRNA levels of the FKS2, KRE6, CHS3,
CRH1, PIR1, PIR3, CWP1, and SED1 genes were normalized to that of the ACT1 gene in the same sample. Mean
values � SD are from three independent experiments. *, P � 0.05. (B) Expression levels of the FKS2, CRH1, PIR3, and
SED1 genes of the Δmkk2 and Δslt2 mutants after treatment with 8% ethanol or 100 �g/ml CFW for 4 h. Mean
values � SD are from three independent experiments. Values with different superscript letters indicate statistically
significant differences at a P value of �0.05. (C) Susceptibility to Zymolyase of the Δmkk2 and Δslt2 mutants after
exposure to ethanol or CFW. Δmkk2 and Δslt2 cells were incubated in YPD medium containing 8% ethanol or
100 �g/ml CFW for 12 h. Susceptibility to Zymolyase was monitored by measuring the OD600 at the indicated times
and is expressed as a percentage of the OD600 relative to that at the zero time point. Mean values � SD are from
three independent experiments. *, P � 0.05. WT, wild type.
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expression of these four cell wall biosynthesis genes, as a response mechanism to
ethanol challenge, is under the regulation of the CWI pathway, we monitored the
expression levels of the FKS2, CRH1, PIR3, and SED1 genes in the Δbck1 and Δslt2
mutants with impaired CWI MAPK signaling after exposure to 8% ethanol or 100 �g/ml
CFW for 4 h. As expected, in contrast to the wild-type strain, the Δbck1 and Δslt2
mutants were unable to fully induce the expression of these four cell wall biosynthesis
genes during exposure to the cell wall-perturbing agent CFW (Fig. 4B). On the other
hand, after ethanol treatment, the expression levels of the FKS2, CRH1, and PIR3 genes
(but not the SED1 gene) in the Δbck1 and Δslt2 mutants were significantly lower than
those in the wild-type strain (Fig. 4B). Based on these observations, it appears that the
CWI pathway is important for protecting yeast cells against ethanol-induced cell wall
stress through upregulating the expression of some cell wall biosynthesis genes such
as FKS2, CRH1, and PIR3.

Since the activation of the CWI pathway eventually leads to remodeling of the cell
wall architecture to strengthen its structure (16, 17), an impaired CWI pathway is then
supposed to hinder cell wall remodeling, thereby resulting in high susceptibility to cell
wall-degrading enzymes, including Zymolyase. We then investigated whether ethanol-
induced cell wall remodeling is regulated through the CWI pathway by monitoring the
Zymolyase susceptibility of the Δbck1 and Δslt2 mutants after exposure to 8% ethanol
or 100 �g/ml CFW for 12 h. Consistent with this idea, the Zymolyase resistance of the
Δbck1 and Δslt2 mutants, unlike that of the wild-type strain, was not increased after
CFW treatment (Fig. 4C). Interestingly, in contrast to CFW treatment, the Δbck1 and
Δslt2 mutants exhibited increased Zymolyase resistance after ethanol treatment
(Fig. 4C), suggesting their ability to induce cell wall remodeling in response to ethanol.
In accordance with these findings, a slight upregulation of the expression of the FKS2
and CRH1 genes, which are target genes of the CWI pathway, was detected in the Δbck1
and Δslt2 mutants after ethanol exposure (Fig. 4B). Taken together, these data show
that it is likely that, in addition to the CWI pathway, other signaling pathways are also
involved in the cooperative induction of cell wall remodeling in response to ethanol
stress.

The CWI and HOG pathways are involved in controlling cell wall remodeling in
response to ethanol stress through their cooperative role in the upregulation of
specific cell wall biosynthesis genes. It was previously shown that both the CWI
and HOG pathways coordinately regulate gene expression in response to Zymolyase-
mediated cell wall damage (11). It is therefore possible that both pathways may be
involved in controlling the expression of some cell wall biosynthesis genes in response
to ethanol-induced cell wall stress. The HOG pathway contains two signaling branches,
i.e., SLN1 and SHO1, which are known to function independently (14). We thus
examined the growth of the Δsho1, Δssk1, and Δhog1 mutants lacking the osmosensor
of the SHO1 branch, the signal transducer of the SLN1 branch, and the MAPK of the
HOG pathway, respectively, on YPD plates containing ethanol or CFW. In contrast to the
Δbck1 and Δslt2 mutants with the impaired CWI pathway, the Δsho1, Δssk1, and Δhog1
mutants were not hypersensitive to either ethanol or CFW (Fig. 5A). In addition, after
treatment with CFW or ethanol, Zymolyase resistance of the Δsho1, Δssk1, and Δhog1
mutants was at the same level as that of the wild-type strain (Fig. 5B). Although
dysfunction of the HOG pathway had no effect on growth and cell wall remodeling
under cell wall stress conditions, the level of expression of the PIR3 gene in the Δsho1,
Δssk1, and Δhog1 mutants treated with CFW or ethanol was strikingly lower than that
in the wild-type strain, while significant inhibition of FKS2 and CRH1 gene expression
was also observed in the ethanol-treated Δhog1 mutants (Fig. 6A to C). These results
suggest the involvement of the HOG pathway in regulating the transcriptional response
to ethanol, possibly ethanol-induced cell wall stress.

To test the role of the CWI and HOG pathways in cooperative signaling to regulate
the adaptive response against cell wall stress, we first examined the growth of double
mutants lacking the components of both pathways (i.e., the Δbck1 Δsho1, Δbck1 Δssk1,
Δbck1 Δhog1, Δslt2 Δsho1, Δslt2 Δssk1, and Δslt2 Δhog1 mutants) on YPD agar plates
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supplemented with CFW or ethanol. We found that these double-deletion mutants,
compared with their parental single-deletion strains, displayed high sensitivities to both
CFW and ethanol (Fig. 5A). Furthermore, when the SHO1, SSK1, or HOG1 gene was
further deleted in the Δbck1 and Δslt2 mutants, the increase of Zymolyase resistance,
which was detected in the ethanol-treated Δbck1 and Δslt2 mutants, was significantly
inhibited (Fig. 5B and Fig. S2). These results suggest that the CWI and HOG pathways
are required for protecting yeast cells against ethanol-induced cell wall stress through
their cooperative role in inducing cell wall remodeling.

To determine the role of the CWI and HOG signaling pathways in the coordinated
transcriptional regulation of cell wall biosynthesis genes during cell wall stress, we
monitored FKS2, CRH1, and PIR3 mRNA levels in the double-deletion mutants defective
in both the CWI and HOG pathways (i.e., the Δbck1 Δsho1, Δbck1 Δssk1, Δbck1 Δhog1,
Δslt2 Δsho1, Δslt2 Δssk1, and Δslt2 Δhog1 mutants) after treatment with CFW or ethanol.

FIG 5 Both the CWI and HOG pathways are required for ethanol tolerance through their cooperative role in
regulating cell wall remodeling in response to ethanol stress. (A) Growth of the mutants defective in either the CWI
pathway, the HOG pathway, or both pathways in the presence of ethanol, CFW, or sorbitol. Wild-type (BY4742),
Δbck1, Δslt2, Δssk1, Δsho1, Δhog1, Δbck1 Δssk1, Δbck1 Δsho1, Δbck1 Δhog1, Δslt2 Δssk1, Δslt2 Δsho1, and Δslt2
Δhog1 cells were serially diluted and spotted onto a YPD agar plate containing 10% ethanol, 20 �g/ml CFW, or
1.5 M sorbitol. Plates were incubated at 30°C for 3 days. (B) Susceptibility to Zymolyase of the wild-type (BY4742),
Δslt2, Δsho1, Δssk1, Δhog1, Δslt2 Δsho1, Δslt2 Δssk1, and Δslt2 Δhog1 strains after exposure to ethanol or CFW.
Log-phase cells of each strain were incubated in YPD medium containing 8% ethanol or 100 �g/ml CFW at 30°C
for 12 h. Cells were harvested and adjusted to an OD600 of 0.5 in TE buffer containing 100 �g/ml (1 U/ml) Zymolyase
20T. Susceptibility to Zymolyase was monitored by measuring the OD600 at the indicated times and is expressed
as a percentage of the OD600 relative to that of the zero time point. Mean values � SD are from three independent
experiments. *, P � 0.05.
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Compared to the expression levels of cell wall biosynthesis genes in the mutants
impaired in the CWI pathway only (i.e., Δbck1 or Δslt2 mutant), CRH1 mRNA levels in the
mutants defective in both the CWI and HOG pathways were further decreased after
treatment with CFW and ethanol (Fig. 6B). On the other hand, although the deletion of
the SHO1, SSK1, or HOG1 gene in the Δbck1 and Δslt2 mutants caused further significant
reductions in PIR3 expression under nonstress conditions, the PIR3 expression level in
these double-deletion mutants treated with CFW or ethanol was only slightly lower

FIG 6 Both the CWI and HOG pathways are involved in the coordinated transcriptional regulation of specific cell wall
biosynthesis genes in response to ethanol stress. Log-phase wild-type (BY4742), Δbck1, Δslt2, Δsho1, Δssk1, Δhog1, Δbck1
Δsho1, Δbck1 Δssk1, Δbck1 Δhog1, Δslt2 Δsho1, Δslt2 Δssk1, and Δslt2 Δhog1 cells were treated with 8% ethanol or
100 �g/ml CFW for 4 h. Total RNA from each culture was used for quantitative RT-PCR. The mRNA levels of the PIR3 (A),
CRH1 (B), and FKS2 (C) genes were normalized to that of the ACT1 gene in the same sample. Mean values � SD are from
three independent experiments. Values with different superscript letters indicate statistically significant differences at a P
value of �0.05.
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than that in their parental single-deletion strains (i.e., the Δbck1 and Δslt2 mutants) (Fig.
6A). This may be due to the fact that PIR3 expression in these double-deletion mutants
was almost completely blocked, even under nonstress conditions. In contrast to CRH1
and PIR3 expression, the FKS2 expression levels in the double-deletion mutants defec-
tive in both the CWI and HOG pathways were not further decreased from the levels in
the single-deletion strains defective in only the CWI pathway under all conditions
tested (Fig. 6C). These results suggest that both the CWI and HOG pathways cooperate
in regulating the transcription of certain cell wall biosynthesis genes, especially the
CRH1 gene, in response to CFW- and ethanol-induced cell wall stress.

Since both the CWI and HOG signaling pathways were involved in upregulating
certain cell wall biosynthesis genes during cell wall stress, it is possible that the
expression of these cell wall biosynthesis genes may also be triggered by external
hyperosmolarity. To test this possibility, we monitored the expression levels of the FKS2,
CRH1, PIR3, and SED1 genes in the wild-type strain after treatment with 1.5 M sorbitol
for 4 h. However, the expression of these cell wall biosynthesis genes was not increased
by a 4-h exposure to osmotic stress (Fig. 7A). Since it has been shown that the HOG
pathway rapidly induces a transient upregulation of osmotic-stress-responsive genes,
such as the GPD1 gene encoding glycerol-3-phosphate dehydrogenase, within 30 min
upon exposure to external hyperosmolarity, we then measured the expression levels of

FIG 7 The expression of CWI-responsive genes is slightly induced by osmotic stress, but the expression
of HOG-responsive gene is not induced by cell wall stress. (A) Expression levels of the FKS2, CRH1, PIR3,
SED1, and GPD1 genes of the wild-type (BY4742) strain after treatment with 1.5 M sorbitol for 0.5 and 4 h.
(B) Expression levels of the GPD1 gene of the wild-type (BY4742) strain after treatment with 100 �g/ml
CFW, 8% ethanol, or 1.5 M sorbitol for 0.5 and 4 h. (C) Expression levels of the GPD1 gene of the wild-type
(BY4742), Δbck1, Δslt2, and Δhog1 strains after treatment with 100 �g/ml CFW, 8% ethanol, or 1.5 M
sorbitol for 0.5 h. The mRNA levels of these genes were normalized to that of ACT1 in the same sample.
Mean values � SD are from three independent experiments. Values with different superscript letters
indicate statistically significant differences at a P value of �0.05.
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these cell wall biosynthesis genes after treatment with sorbitol for 30 min. As expected,
GPD1 expression was strikingly upregulated upon short-term exposure to sorbitol (Fig.
7A). In addition to the osmotic-stress-responsive GPD1 gene, the transcript levels of
these four cell wall biosynthesis genes were slightly increased (approximately 2-fold)
upon sorbitol treatment (Fig. 7A). These findings therefore suggest the effect of
external hyperosmolarity on inducing a slight upregulation of the expression of some
cell wall biosynthesis genes, including those that are targets of the CWI pathway.

Upregulation of GPD1 gene expression upon ethanol challenge is induced by
ethanol-mediated water stress. To investigate whether the activation of the CWI
pathway by cell wall stress can induce the expression of target genes of the HOG
pathway, we determined the expression levels of the GPD1 gene in the wild-type strain
treated with CFW or ethanol for 30 min and 4 h. Our results revealed that GPD1
expression was remarkably induced only after a 30-min exposure to 8% ethanol, similar
to its expression pattern in response to sorbitol-induced hyperosmotic stress (Fig. 7B).
Since a considerable amount of ethanol, 8% (vol/vol), was supplemented into the
medium, it is possible that increased GPD1 expression levels after short-term ethanol
treatment may result from reduced water activity caused by high concentrations of
ethanol. To test this possibility, we measured GPD1 transcriptional levels in the Δbck1,
Δslt2, and Δhog1 mutants treated with ethanol for 30 min. Inhibition of GPD1 transcrip-
tion upon ethanol exposure was observed only in the Δhog1 mutant with an impaired
HOG pathway but not in the Δbck1 and Δslt2 mutants lacking the functional CWI
pathway (Fig. 7C). These results further suggest that the upregulation of GPD1 gene
expression upon ethanol exposure is a consequence of HOG pathway-mediated osmo-
adaptation in response to ethanol-induced water stress rather than ethanol-induced
cell wall stress. In conclusion, our results suggest the cooperative role of both the CWI
and HOG pathways in regulating the expression of certain cell wall biosynthesis genes
in response to cell wall stress, in particular ethanol-induced cell wall stress.

DISCUSSION

In this study, we demonstrate that the CWI and HOG pathways play a cooperative
role in response to ethanol-induced cell wall stress, resulting in the upregulation of the
expression of specific cell wall biosynthesis genes such as the CRH1 gene encoding
chitin transglycosylase. This transcriptional activation induces cell wall remodeling,
which strengthens the cell wall structure against ethanol-induced cell wall stress. So far,
it is still unknown how ethanol disturbs the yeast cell wall structure. Although direct
binding of ethanol to any cell wall components, such as glucan, chitin, and manno-
protein, has not been reported, ethanol has been shown to directly bind to protein
molecules by forming hydrogen bonds and hydrophobic interactions with amino acid
residues, which in turn leads to a disruption of the protein structure (18, 19). Based on
this concept, it is possible that cell wall proteins, especially glycosylated mannopro-
teins, the major component of the outer cell wall layer, may be a target for ethanol. If
this is the case, direct binding of ethanol to cell wall proteins may disturb the cell wall
structure and cause cell wall stress. In support of this notion, we found that the
expression levels of the PIR3 and SED1 genes encoding cell wall glycoproteins were
upregulated after ethanol exposure, possibly to compensate for dysfunctional cell wall
proteins caused by ethanol stress. Consistent with this idea, the expression of the SPI1,
TIP1, TIR1, TIR2, and TIR3 genes encoding cell wall mannoproteins has been reported to
be upregulated during ethanol stress and/or ethanol fermentation (20–22). Furthermore, a
number of genes involved in the biosynthesis of cell wall proteins, such as the SPI1 gene
encoding a GPI-anchored cell wall protein; the ANP1 gene encoding subunit of the
alpha-1,6-mannosyltransferase complex; and the HOC1, MNN10, MNN11, and OCH1 genes
encoding subunits of a Golgi mannosyltransferase complex, have been shown to be
important for ethanol tolerance (5, 6, 15). Nevertheless, since increased expression levels of
the CRH1 gene encoding chitin transglycosylase and the FKS2 gene encoding �-1,3-glucan
synthase were also observed after ethanol treatment, the possibility that chitin and glucan
of the cell wall are also the targets of ethanol cannot be ruled out.
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Although we found that the core and nonredundant elements of the CWI pathway,
such as Bck1p (MAPKKK) and Slt2p (MAPK), are important for tolerating both ethanol
and CFW, some components of this pathway (i.e., the Wsc1p sensor, the Spa2p scaffold
protein, and the Swi4p transcription cofactor) are required for tolerance to CFW only.
Our findings therefore suggest that the CWI pathway plays an important role in
transducing ethanol-induced cell wall stress signals. However, the signaling elements
involved in adaptive responses to cell wall stresses induced by ethanol and CFW are
somewhat different. Previously, deletome analysis for the identification of genes re-
quired for tolerance to three compounds that interfere with the yeast cell wall by
different mechanisms, i.e., Congo red (chitin-binding dye), Zymolyase (an enzymatic
cocktail with a predominant �-1,3-glucanase activity), and caspofungin (an inhibitor of
�-1,3-glucan synthase), was performed (23). In agreement with our results, the deletion
of genes encoding key elements of the CWI pathway, i.e., BCK1 and SLT2, induced
hypersensitivity to these three cell wall-interfering compounds, whereas single-deletion
mutants of genes with redundant function, such as the Δmkk1 and Δmkk2 mutants
lacking only one of the two redundant MAPKKs, exhibited no apparent sensitivities to
Congo red and Zymolyase. In addition, it was also shown that the loss of only one
sensor or transcription factor of the CWI pathway resulted in sensitivity to only some
cell wall-interfering compounds. For instance, in the case of mutants lacking cell wall
stress sensors, the Δwsc1 mutant was highly sensitive to only Congo red and slightly
sensitive to Zymolyase, while the Δmid2 mutant was subtly sensitive to only caspofun-
gin. Similarly, regarding the transcription factors of the CWI pathway, deletion of either
the SWI4 or SWI6 gene caused hypersensitivity to Congo red and caspofungin but had
no effect on Zymolyase sensitivity, whereas RLM1 deletion slightly induced sensitivity to
only caspofungin. In addition, the Δspa2 mutant was slightly sensitive to caspofungin
only. Based on these observations, it is likely that in response to different types of cell
wall stress, signal transduction via the CWI pathway is mediated through distinct
signaling components, especially a specific sensor(s) and/or transcription factor(s).
Further studies are necessary to elucidate the precise mechanisms of CWI pathway-
mediated signal transduction in response to ethanol-induced cell wall stress.

Here, although deletion of the SWI4 gene encoding the DNA-binding component of
the SBF complex did not induce ethanol hypersensitivity, the Δswi6 mutant lacking the
transcriptional activator of the SBF complex was severely sensitive to ethanol. This may
be due to the fact that Swi6p can complex with two DNA-binding components, i.e.,
Swi4p and Mbp1p, to form the redundant SBF and MBF (MluI cell cycle box-binding
factor) complexes, respectively, which coordinately regulate the transcription of late-
G1-specific genes, such as genes encoding cyclins and genes required for DNA synthesis
and repair (24). Therefore, the loss of SBF activity in the Δswi4 mutant may be
compensated for by MBF activity to control the expression of their targets. In agree-
ment with this hypothesis, the Δmbp1 mutant was insensitive to ethanol (data not
shown). If this is the case, some G1-specific cyclins and/or proteins involved in DNA
synthesis and repair, whose expression is under the control of the SBF and/or MBF
complex, may play an important role in protection against ethanol stress. However,
among the target genes of the SBF and/or MBF complex, only the RNR4 gene, encoding
one of the two DNA damage-inducible small subunits of the ribonucleotide reductase
(RNR) complex, was found to be required for ethanol tolerance (15). Thus, the possible
role of the SBF and/or MBF complex during ethanol stress warrants further exploration.

In response to ethanol-induced cell wall stress, we show here that the CWI and HOG
pathways cooperate in regulating the transcription of specific cell wall biosynthesis
genes such as the CRH1 gene. Although the CWI and HOG pathways have been
reported to also play a cooperative role in regulating cellular adaptation to Zymolyase-
mediated cell wall damage (9, 11), the Zymolyase-responsive signaling mechanism
coordinated by these two pathways is slightly distinct from that for the ethanol stress
response. For instance, only the SHO1 branch of the HOG pathway is involved in the
response to Zymolyase, whereas adaptation to ethanol-induced cell wall stress seems
to require both the SHO1 and SLN1 branches. Furthermore, it is likely that concentra-
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tions of ethanol used in this study were relatively high and sufficient to induce water
stress, leading to the rapid activation of the HOG pathway to upregulate the expression
of several osmoresponsive genes such as the GPD1 gene. In general, an increase in
extracellular fluid osmolarity will cause water efflux and, hence, cell shrinkage (14, 25).
In addition to the possible effect of ethanol on inducing water stress, ethanol is well
known to disturb cellular membranes, especially the plasma membrane, which in turn
causes increases in membrane permeability to ions and leakage of metabolites (2). On
the other hand, all sensors of the CWI pathway are plasma membrane-spanning
proteins that share a similar architecture. Each sensor contains a highly mannosylated
serine/threonine-rich (STR) region extending into the cell wall, a single transmembrane
domain (TMD), and a cytoplasmic C-terminal tail (26). The STR region of these sensors
is thought to have nanospring properties that stretch if either cell wall polysaccharides
or membrane lipids are dislocated by external stress (27). Therefore, sensors of the CWI
pathway have been suggested to act as mechanosensors to detect mechanical changes
in the cell wall and/or the plasma membrane through their STR regions, which in turn
transmit the stress signal to the cytoplasmic tail of the sensors to activate downstream
signaling components of the CWI pathway. Based on these notions, it is possible that
any conformational changes in either the cell wall or the plasma membrane may be
detected by these CWI sensors. Consistent with this idea, we found that the expression
of several target genes of the CWI pathway, including the FKS2, CRH1, PIR3, and SED1
genes, was also upregulated in response to sorbitol-mediated osmotic stress. On the
contrary, cell wall stress caused by CFW had no effect on the expression of targets of
the HOG pathway such as the GPD1 gene, suggesting that the plasma membrane-
localized HOG sensors are not responsible for detecting cell wall stress. However, it
remains unclear whether, in response to ethanol stress, the CWI pathway is activated by
the cell wall-damaging effect and/or the plasma membrane-disturbing effect of etha-
nol. Further research is required to clarify the precise mechanism of the ethanol stress
response mediated by the CWI and HOG pathways.

MATERIALS AND METHODS
Yeast strains and growth conditions. S. cerevisiae strains used in this study are listed in Table 1. The

double-deletion strains were constructed by replacing the SSK1, SHO1, or HOG1 gene with the Candida

TABLE 1 Yeast strains used in this study

Strain Relevant genotype and/or description Source or reference

BY4742 MAT� his3�1 leu2�0 lys2�0 ura�0 Open Biosystems
Δwsc1 BY4742 isogenic; wsc1::KanMX4 Open Biosystems
Δwsc2 BY4742 isogenic; wsc2::KanMX4 Open Biosystems
Δwsc3 BY4742 isogenic; wsc3::KanMX4 Open Biosystems
Δmid2 BY4742 isogenic; mid2::KanMX4 Open Biosystems
Δrom2 BY4742 isogenic; rom2::KanMX4 Open Biosystems
Δbck1 BY4742 isogenic; bck1::KanMX4 Open Biosystems
Δmkk1 BY4742 isogenic; mkk1::KanMX4 Open Biosystems
Δmkk2 BY4742 isogenic; mkk2::KanMX4 Open Biosystems
Δslt2 BY4742 isogenic, slt2::KanMX4 Open Biosystems
Δspa2 BY4742 isogenic; spa2::KanMX4 Open Biosystems
Δrlm1 BY4742 isogenic; rlm1::KanMX4 Open Biosystems
Δskn7 BY4742 isogenic; skn7::KanMX4 Open Biosystems
Δgas1 BY4742 isogenic; gas1::KanMX4 Open Biosystems
Δswi4 BY4742 isogenic; swi4::KanMX4 Open Biosystems
Δswi6 BY4742 isogenic; swi6::KanMX4 Open Biosystems
Δsho1 BY4742 isogenic; sho1::KanMX4 Open Biosystems
Δssk1 BY4742 isogenic; ssk1::KanMX4 Open Biosystems
Δhog1 BY4742 isogenic; hog1::KanMX4 Open Biosystems
Δbck1 Δsho1 BY4742 isogenic; bck1::KanMX4 sho1::CgHIS3 This study
Δbck1 Δssk1 BY4742 isogenic; bck1::KanMX4 ssk1::CgHIS3 This study
Δbck1 Δhog1 BY4742 isogenic; bck1::KanMX4 hog1::CgHIS3 This study
Δslt2 Δsho1 BY4742 isogenic; slt2::KanMX4 sho1::CgHIS3 This study
Δslt2 Δssk1 BY4742 isogenic; slt2::KanMX4 ssk1::CgHIS3 This study
Δslt2 Δhog1 BY4742 isogenic; slt2::KanMX4 hog1::CgHIS3 This study
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glabrata HIS3 gene (CgHIS3) (28) in the Δbck1 and Δmpk1 mutants using a PCR-based method as
described previously (29), resulting in the deletion of the entire open reading frame. Gene deletions were
verified by colony PCR. Culture media used in this study were YPD (1% yeast extract, 2% peptone, and
2% glucose) and synthetic medium (SD) (0.67% yeast nitrogen base without amino acids plus 2%
glucose) supplemented with the required amino acids, with the optional addition of 200 mg/liter G418
(Geneticin; Sigma-Aldrich). The culture was incubated at 30°C.

Spot susceptibility assay. Exponential-phase cells were diluted to an optical density at 600 nm
(OD600) of 0.1 and then serially diluted 10-fold. An aliquot (3 �l) of each dilution was spotted onto YPD
agar plates and YPD agar plates supplemented with ethanol, calcofluor white (CFW), or sorbitol at the
indicated concentrations. Growth was monitored after incubation at 30°C for 3 days.

Zymolyase susceptibility test. Susceptibility to Zymolyase was assayed as described previously (3),
with some modifications. Briefly, exponential-phase cells were diluted to an OD600 of 0.5 in TE buffer
(10 mM Tris-HCl and 1 mM EDTA [pH 7.5]) containing 1 U/ml Zymolyase 20T (a �-1,3-glucanase from
Arthrobacter luteus) (Zymo Research, USA) and incubated at 30°C. Sensitivity to Zymolyase was monitored
by measuring the OD600 at 30-min intervals for 2 h by using an automated microplate reader (Wallace
Victor 1420; PerkinElmer, USA).

Comparative transcriptomic analysis of cell wall and ethanol stress-responsive genes. Com-
parative transcriptomic analysis of cell wall and ethanol stress-responsive genes was performed using
publicly available data obtained from the Gene Expression Omnibus (GEO) under accession numbers
GSE959 (BY4741 treated with Congo red for 2, 4, and 6 h and Zymolyase for 2 h) (30), GSE2224 (BY4730
treated with 15% ethanol for 2 h) (31), GSE4049 (BY4742 treated with 0.1 and 0.02 mg/ml CFW for 1.5 h)
(32), GSE20108 (CGMCC2758 diploid MATa/�, haploid MATa, and haploid MAT� strains treated with 3%
or 7% ethanol in fermentors and collected at the exponential phase) (33), and GSE42433 (BY4741
collected after fermentation for 6 h). The data sets in raw files were preprocessed by using R packages
(34) according to their platforms and normalized across transcriptomes using the loess (locally estimated
scatterplot smoothing) method, with the exception of data under GEO accession number GSE4049,
which were processed manually. Those without available raw files (GEO accession numbers GSE959 and
GSE2224) were processed by the authors. Only the genes whose transcript levels are present in all data
sets were included for further analyses. After preprocessing, all data sets were separately scaled and then
combined into one table, median centered in the statistical program R (34), using colMedians() from the
miscTools package, and normalized with the cyclic loess method in order to minimize biases between
different experiments by using normalizeBetweenArrays() from the Limma package (35), with the
additional parameter cyclic.method�“pair.” Hierarchical clustering was performed using the hclust()
function with the ward.D method. Data visualization was done using the ComplexHeatmap package and
the built-in function boxplot(), all in the statistical program R (34).

RNA isolation and quantitative real-time RT-PCR assays. Total RNA was isolated by using the
RNeasy minikit (Qiagen, USA), according to the manufacturer’s instructions. One microgram of each RNA
sample was converted to cDNA by using the iScript cDNA synthesis kit (Bio-Rad, USA), according to the
manufacturer’s instructions. Quantitative real-time reverse transcription-PCR (RT-PCR) was performed on
an ABI 7500 instrument (Applied Biosystems, USA) using a Kapa SYBR fast qPCR kit (Kapa Biosystems,
USA) and 200 nM specific primer pairs (see Table S1 in the supplemental material). The reaction
conditions were as follows: 95°C for 180 s, followed by 35 cycles of 95°C for 3 s, 60°C for 20 s, and 72°C
for 20 s. The relative gene expression level was calculated using the 2���CT method and normalized to
ACT1 mRNA levels.

Data analysis. All experiments were independently performed at least three times, and data are
expressed as means with standard deviations (SD). All results were analyzed by one-way analysis of variance
(ANOVA) using the least significant difference (LSD) method in the SPSS statistical package (version 18.0 for
Windows; SPSS Inc., Chicago, IL, USA). The level of statistical significance was set at a P value of �0.05.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/AEM

.00551-19.
SUPPLEMENTAL FILE 1, PDF file, 0.3 MB.
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