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ABSTRACT Contamination of soil and water with heavy metals and metalloids is a
serious environmental problem. Cadmium and arsenic are major environmental con-
taminants that pose a serious threat to human health. Although toxicities of cad-
mium and arsenic to living organisms have been extensively studied, the molecular
mechanisms of cellular responses to cadmium and arsenic remain poorly under-
stood. In this study, we demonstrate that the cell wall integrity (CWI) pathway is in-
volved in coping with cell wall stresses induced by cadmium and arsenate through
its role in the regulation of cell wall modification. Interestingly, the RIm1p and SBF
(Swi4p-Swi6p) complex transcription factors of the CWI pathway were shown to be
specifically required for tolerance to cadmium and arsenate, respectively. Further-
more, we found the PIR2 gene, encoding cell wall O-mannosylated heat shock pro-
tein, whose expression is under the control of the CWI pathway, is important for
maintaining cell wall integrity during cadmium and arsenate stresses. In addition,
our results revealed that the CWI pathway is involved in modulating the expression
of genes involved in cell wall biosynthesis and cell cycle control in response to cad-
mium and arsenate via distinct sets of transcriptional regulators.

IMPORTANCE Environmental pollution by metal/metalloids such as cadmium and arse-
nic has become a serious problem in many countries, especially in developing countries.
This study shows that in the yeast S. cerevisiae, the CWI pathway plays a protective role
against cadmium and arsenate through the upregulation of genes involved in cell wall
biosynthesis and cell cycle control, possibly in order to modulate cell wall reconstruction
and cell cycle phase transition, respectively. These data provide insights into molecular
mechanisms underlying adaptive responses to cadmium and arsenate.

KEYWORDS cadmium, arsenate, cell wall integrity pathway, cell wall remodeling, cell
cycle control, Saccharomyces cerevisiae

ue to rapid industrialization and urbanization, several anthropogenic activities,
such as mining, industrial manufacturing, and fossil fuel combustion, have accel-
erated worldwide contamination of soil and water with heavy metals and/or metalloids
(1-3). Among metal/metalloid contaminants, cadmium and arsenic are of global con-
cern due to their extensive contamination levels and high toxicities (4, 5). Long-term
exposure to cadmium leads to cancer, renal dysfunction, liver damage, osteoporosis,
and pulmonary disease (4, 6). Chronic arsenic exposure causes various adverse health
effects such as cancer, dermatitis, and severe systemic toxicity (such as nervous,
cardiovascular, renal, reproductive, and respiratory system toxicities) (5).
In the model eukaryote Saccharomyces cerevisiae, cellular effects of metal/metalloid
are generally caused by direct interaction of a metal/metalloid with the thiol group of
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proteins, a replacement of essential metal cofactors with toxic metal/metalloid, or a
metal/metalloid-induced oxidation of biomolecules (7). Major molecular mechanisms
involved in metal/metalloid detoxification in yeast include extrusion by the plasma
membrane efflux system, vacuolar sequestration, and chelation by specific peptides
and proteins such as glutathione and metallothionein (7). However, the precise mo-
lecular mechanisms of metal/metalloid toxicity and cellular response to metal/metal-
loid toxicity remain unclear. Several genes encoding the components of the cell wall
integrity (CWI) mitogen-activated protein kinase (MAPK) signaling pathway (e.g., BCK1
and SLT2 genes, encoding MAPK kinase kinase [MAPKKK] and MAPK of the MAPK
cascade, respectively) have been reported to be required for tolerances to cadmium
and arsenate (8-10). In addition, the Slt2p MAPK of the CWI pathway has been shown
to be activated in response to cadmium and arsenate (10, 11). Based on these
observations, it seems that the CWI pathway is required for protecting yeast cells
against metal/metalloid, especially cadmium and arsenate, possibly through its role in
the transduction of cell wall stress signals induced by metal/metalloids.

The yeast CWI pathway is crucial for the regulation of adaptive response to cell wall
stress through its role in inducing the expression of several cell wall-related genes, leading
to the reconstruction of the cell wall in order to strengthen the wall structure (12). The cell
wall is a rigid cellular structure required for the maintenance of cell shape and protection
against environmental stresses. The major components of yeast cell wall are 8-1,3-glucan,
B-1,6-glucan, B-1,4-linked polymer of N-acetylglucosamine (chitin), and mannoproteins,
which are covalently linked to form macromolecular complexes arranged into inner and
outer layers. The inner layer is composed of a large network of 3-1,3-glucan cross-linked to
B-1,6-glucan and chitin, whereas the outer layer comprises densely packed glycosylated
mannoproteins (12). The cell wall remodeling provoked by the activated CWI pathway in
response to cell wall stress includes the increased synthesis of cell wall components and the
cross-linking of newly synthesized components into the existing cell wall (12). In addition
to the role in cell wall stress response, the CWI pathway is also involved in the regulation
of cell growth and cell division processes such as cell cycle progression, bud formation,
mating pheromone-induced morphogenesis, sporulation, and pseudohyphal growth (13).
The cell-surface sensors of the CWI pathway (i.e.,, Wsc1p, Wsc2p, Wsc3p, Mid2p, and Mtl1p)
detect cell wall damage and transmit cell wall stress signals to activate the guanine
nucleotide exchange factor (GEF) Rom2p, leading to the activation of the small GTPase
Rholp. The active Rholp stimulates the protein kinase C Pkclp to activate the MAPK
cascade (MAPKKK Bck1p, the redundant MAPK kinase [MAPKK] Mkk1p and Mkk2p, and the
MAPK Slt2p), which in turn leads to the activation of transcription factors (RIm1p, SBF
[Swidp-Swibp] complex, and MBF [Swi6p-Mbp1p] complex) in order to induce the expres-
sion of specific cell wall genes (13). The major target genes of the CWI pathway include FKS2
and CRH1, encoding catalytic subunits of 3-1,3-glucan synthase and chitin transglycosylase,
respectively (13). Changes in expression of cell wall-related genes, including those involved
in cell wall biosynthesis, cell wall cross-linking, and translocation of cell wall components,
may lead to a rearrangement of cell wall composition and architecture during cell wall
stress and cell division (12, 13).

In this study, we demonstrate that the CWI pathway is important for protecting
yeast cells against cell wall stress induced by cadmium and arsenate through its role in
the upregulation of genes involved in cell wall biosynthesis, leading to the remodeling
of cell wall architecture. Among the CWI target genes tested, we found that PIR2
(encoding cell wall O-mannosylated heat shock protein) was overexpressed under
cadmium and arsenate stress conditions, suggesting it may play an important role in
stabilizing cell wall structure. Furthermore, we also show that distinct sets of transcrip-
tional regulators of the CWI pathway are required for the upregulation of specific cell
wall genes in response to cadmium and arsenate stresses.

RESULTS
CWI pathway is required for cadmium and arsenate tolerances. To investigate
the role of the CWI pathway in protecting yeast cells against heavy metals and/or
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FIG 1 Growth of the mutants lacking components of the CWI pathway under cadmium, arsenate, cobalt, and nickel stress
conditions. The wild-type (BY4742), Awsc1, Awsc2, Awsc3, Amid2, Amtl1, Arom2, Abck1, Amkk1, Amkk2, Aslt2, Aspa2, Arlm1,
Aswi4, Aswi6, and Ambp1 cells grown to log phase in YPD broth were adjusted to an ODy,, of 1.0 and then serially diluted
10-fold to a 10~> dilution. Aliquots (3 ul) were spotted onto YPD agar plates containing 30 uM CdCl,, 2 mM Na,HAsO,,
2 mM CoCl,, or 2 mM NiCl,, and incubated at 30°C for 3 days.

metalloids, we examined the growth of mutants lacking components of the CWI
signaling pathway on yeast extract-peptone-dextrose (YPD) agar plates containing
Cddcl,, Na,HAsO,, CoCl,, or NiCl, by spot susceptibility assay. Our results revealed that
the mutants lacking sensors of the CWI pathway (i.e., the Awsc1, Awsc2, Awsc3, Amid2,
and Amtl/1 mutants) and the mutants lacking components of the CWI MAPK cascade
(i.e., the Abckl, Amkk1, Amkk2, and Aslt2 mutants) were sensitive to CdCl, and
Na,HAsO, but not to CoCl, and NiCl, (Fig. 1). Interestingly, for the mutants lacking
transcription factors in the CWI pathway, the ArlmT mutant was sensitive only to CdCl,
(to which it was remarkably sensitive), whereas the Aswi4 and Aswi6 mutants were
sensitive to Na,HAsO,. Nevertheless, it should be noted that only the Aswi6 mutant was
sensitive to CoCl, and NiCl,. These results therefore suggest that the CWI pathway is
required for protecting yeast cells against cadmium and arsenate stresses. Nevertheless,
it appears that the CWI transcription factors RIm1p and SBF (Swi4p-Swi6p) complex are
involved in the regulation of adaptive response to cadmium and arsenate, respectively.

CWI pathway is involved in the regulation of cell wall modification in response
to cadmium and arsenate stresses. It was reported that the CWI pathway is the main
mechanism involved in the regulation of adaptive response to cell wall stress. This
signaling pathway plays a key role in inducing the expression of genes involved in cell
wall biosynthesis and remodeling, thereby leading to a rearrangement of cell wall
architecture in order to strengthen cell wall structure (12, 13). Since we found that the
components of the CWI pathway are important for tolerances to cadmium and arsen-
ate, it is possible that the CWI pathway may be involved in regulating the modifications
of cell wall structure in response to metals and/or metalloids, especially cadmium and
arsenate. To test this hypothesis, we first examined the cell wall robustness of the
wild-type strain after challenge with CdCl,, Na,HAsO,, CoCl,, NiCl,, or a cell wall-
perturbing agent calcofluor white (CFW) (as a positive control) for 12 h by monitoring
susceptibilities to the cell wall-degrading enzyme Zymolyase, whose major activities are
B-1,3-glucanase and B-1,3-glucan laminaripentaohydrolase. Our results revealed that,
similar to the case of CFW treatment, the Zymolyase resistance of wild-type cells was
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FIG 2 Susceptibility to Zymolyase of the wild-type strain and mutants lacking components of the CWI
pathway after exposures to metals and metalloid. (A) The log-phase wild-type (BY4742) cells were
incubated in YPD medium containing 100 g ml~" calcofluor white (CFW), 30 uM CdCl,, 2 mM Na,HAsO,,
2 mM CoCl,, or 2mM NiCl, at 30°C for 12 h. Cells were harvested and resuspended at an OD,, of 0.5 in
TE buffer containing 100 ug ml=" (1 U) Zymolyase 20T. Susceptibility to Zymolyase was monitored by
measuring the ODy,, at 15-min intervals for 2 h and expressed as a percentage of the ODy, relative to
that of the zero time point. (B to D) The log-phase wild-type (BY4742), Aslt2, Arim1, Aswi4, and Aswi6 cells
were incubated in YPD medium (B) or YPD medium containing either 30 uM CdCl, (C) or 2 mM Na,HAsO,
(D) at 30°C for 12 h. Zymolyase susceptibility was monitored as described above. Mean = SD values are
from three independent experiments; *, P < 0.05.

increased after the treatments with CdCl, and Na,HAsO, but not CoCl, or NiCl,
(Fig. 2A). These results suggest that the modification of cell wall structure was induced
in response to cadmium and arsenate stresses, thereby leading to a more robust cell
wall. To determine the alterations in the contents of cell wall components during cadmium
and arsenate stresses, we next determined the levels of 8-1,3-glucan and chitin, which are
the major components of yeast cell wall, in the wild-type strain after treatment with CdCl,
or Na,HAsO,. We found that the levels of 3-1,3-glucan and chitin were increased after CdCl,
exposure, whereas the Na,HAsO, treatment had no significant effect on the -1,3-glucan
and chitin contents of the wild-type strain (Fig. 3).

To investigate the role of the CWI pathway in regulating cell wall remodeling in
response to cadmium and arsenate, we determined Zymolyase susceptibilities and cell
wall components (i.e., B-1,3-glucan and chitin) of the wild type, Aslt2, Arim1, Aswi4, and
Aswi6 strains after treatments with CFW, CdCl,, or Na,HAsO, for 12 h. After CdCl,
exposure, despite the fact that the levels of B-1,3-glucan and chitin of the cadmium-
sensitive Aslt2 and Arlm1 mutants were significantly increased, the Zymolyase resis-
tances of these mutants were not improved (Fig. 2C and 3). These findings suggest that,
during cadmium stress, the signal transduction through the CWI pathway via the RIim1p
transcription factor is important for increasing cell wall robustness, which was found to
be independent of cell wall -1,3-glucan and chitin levels. On the other hand, although
the Swi4p-Swi6p complex is important for arsenate tolerance, only the Aslt2 and Arim1
mutants, and not the Aswi4 and Aswi6 mutants, were more sensitive to Zymolyase than
the wild-type strain after treatment with Na,HAsO, (Fig. 2D). In addition, similar to the
case of the wild-type strain, the Na,HAsO, treatment did not alter the cell wall
B-1,3-glucan and chitin levels of all mutants tested (except the chitin content of the
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FIG 3 Levels of B-1,3-glucan and chitin of the wild-type strain and mutants lacking components of the
CWI pathway after exposures to cadmium and arsenate. The log-phase wild-type (BY4742), Aslt2, Arim1,
Aswi4, and Aswi6 cells were incubated in YPD medium alone or YPD medium containing either 30 uM
Cdcl, or 2 mM Na,HAsO, at 30°C for 12 h. The contents of 3-1,3-glucan (A) and chitin (B) were measured
as described in the Materials and Methods. The fluorescence intensity values were normalized to the
ODy,, of each sample. Mean * SD values are from three independent experiments. Values with different
superscript letters indicate statistically significant differences at P < 0.05.

Aslt2 mutant) (Fig. 3). It is therefore likely that the enhancement of cell wall robustness
by the rearrangement of cell wall structure in response to arsenate may be partially
mediated through the CWI pathway via the RIm1p transcription factor, whereas the role
of the SBF (Swi4p-Swi6p) complex in arsenate tolerance seems to be unrelated to the
induction of cell wall remodeling.

Since the cell wall is the first line of defense against foreign substances and environ-
mental stresses, the increased cell wall robustness caused by metal(loid)s may be attributed
to increased resistances against antifungal drugs. To test this idea, the wild-type cells were
pretreated with CdCl, or Na,HAsO, for 12 h prior to the assessments of resistances against
three major antifungal drugs, i.e., amphotericin B (polyene antifungal agent), ketoconazole
(azole antifungal agent), and caspofungin (echinocandin antifungal agent). Our results
revealed that the pretreatment with cadmium or arsenate did not improve the resistances
of yeast cells against these antifungal agents (Fig. 4).

Pir2p is required for maintaining yeast cell wall integrity during cadmium and
arsenate stresses. To explore the role of cell wall components and cell wall-related
proteins in tolerances to cadmium and arsenate, we examined the growth of mutants
lacking genes involved in the biosynthesis of cell wall components in the presence of
CdCl, or Na,HAsO, (Fig. 5A). The cell wall mutants tested include the following: Afks1
and Afks2 mutants, lacking catalytic subunits of B-1,3-glucan synthase; the Afks3
mutant, lacking a protein with similarity to Fks1p and Fks2p; the Akre6 mutant, lacking
a protein involved in B-1,6-glucan biosynthesis; the Achs3 mutant, lacking chitin
synthase; the Askt5 and Ashc1 mutants, lacking activators of Chs3p; the Acrh1 and Acrh2
mutants, lacking chitin transglycosylases; the Acrr1 mutant, lacking a protein with
similarity to Crh1p; the Abgl2 mutant, lacking endo-B-1,3-glucanase; the AgasT mutant,
lacking -1,3-glucanosyltransferase; the Aexgl and Aexg2 mutants, lacking exo-f-1,3-
glucanases; the Apirl, Apir2, and Apir3 mutants, lacking O-glycosylated cell wall pro-
teins; and the Ased1, Acwpl, Aygp1, Apsti, Assrl, and Acis3 mutants, lacking cell wall
glycoproteins (12, 14). Among the cell wall-defective mutants tested, we found that
only the Apir2 mutant, lacking a cell wall O-mannosylated heat shock protein required
for cell wall stability, was sensitive to cadmium and arsenate. To determine the role of
Pir2p in maintaining cell wall integrity during cadmium and arsenate stresses, we
examined the Zymolyase susceptibility of the Apir2 mutant after challenge with CdCl,
or Na,HAsO, for 12 h. We found that, unlike that of the wild-type strain, the Zymolyase
resistance of the Apir2 mutant was not significantly increased after treatment with
either CdCl, or Na,HAsO, (Fig. 5B). Furthermore, irrespective of the presence or
absence of cadmium and arsenate, the Apir2 mutant was more sensitive to Zymolyase
than the wild-type strain (Fig. 5B). These findings suggest the important role of Pir2p
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FIG 4 Susceptibilities to antifungal drugs of the wild-type strain after exposures to cadmium and arsenate. The
log-phase wild-type (BY4742) cells were either not given pretreatment or pretreated with 30 uM CdCl, or 2 mM
Na,HAsO, at 30°C for 12 h. Cells were harvested and transferred to YPD medium or YPD medium containing 0.2 ug
ml~1 amphotericin B, 4 ug ml~ ketoconazole, or 0.04 g ml~' caspofungin, and incubated with shaking (200 rpm)
at 30°C. Cell growth was monitored at 0.5-h intervals for 20 h by measuring the OD,.

in maintaining cell wall integrity not only under cadmium and arsenate stress condi-
tions but also under physiological conditions.

CWI pathway is involved in the upregulation of PIR2 gene expression in
response to cadmium and arsenate stresses. The expression of the PIR2 gene has
been shown to be induced by heat shock, oxidative stress, and aluminum (15-18). Since
we found that Pir2p is important for tolerances to cadmium and arsenate through its
role in maintaining cell wall integrity, we next examined the expression of the PIR2
gene in the wild-type strain after challenge with CdCl, or Na,HAsO, for 12 h. We found
that PIR2 gene expression was significantly increased after exposures to cadmium and
arsenate (Fig. 5C), suggesting that the upregulation of PIR2 gene expression in response
to cadmium and arsenate stresses may contribute to cell wall remodeling in order to
protect yeast cells against cadmium and arsenate. Since cell wall remodeling is mainly
controlled by the CWI pathway and our aforementioned results revealed that Rim1p
and the SBF (Swidp-Swi6p) complex, the transcriptional activators of the CWI pathway,
were specifically required for tolerances to cadmium and arsenate, respectively, we
next investigated the role of the CWI pathway and its transcription factors in regulating
the expression of the PIR2 gene in response to cadmium and arsenate stresses. In
contrast to the wild-type strain, the PIR2 expression levels of the Aslt2, Arlm1, Aswi4,
and Aswi6 mutants were not induced after cadmium treatment (Fig. 5C), suggesting
that the upregulation of PIR2 gene expression during cadmium stress is under the
control of the CWI pathway via both transcriptional activators, RIm1p and the SBF
complex. On the other hand, after arsenate treatment, the PIR2 expression levels of the
Aslt2, Arim1, and Aswi4 mutants were slightly increased but significantly lower than
that of the wild-type strain (Fig. 5C). In contrast, PIR2 gene expression in the Aswi6
mutant was completely inhibited during arsenate stress (Fig. 5C). These findings
suggest that, under arsenate stress conditions, PIR2 gene expression is mainly con-
trolled by Swi6p and partially activated by the CWI signaling pathway through RIm1p
and Swi4p transcription factors.

Expression of cadmium and/or arsenate-responsive genes is regulated by the
CWI pathway through distinct sets of transcription factors. According to the
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FIG 5 Protective role of PIR2 expression against cadmium and arsenate stresses. (A) Growth of the
mutants lacking genes involved in the biosynthesis of cell wall components. The wild-type (BY4742),
Afks1, Afks2, Apirl, Apir2, Apir3, Afks3, Akre6, Askt5, Ashcl, Acrhl, Achs3, Ased1, Acwpl, Abgl2, AgasT,
Aexgl, Mexg2, Acrh2, Acrrl, Aygpl, Apst1, Assrl, and Acis3 cells grown to log phase in YPD broth were
adjusted to an ODg,, of 1.0 and then serially diluted 10-fold to a 10~> dilution. Aliquots (3 ul) were
spotted onto YPD agar plates containing 30 uM CdCl, or 2 mM Na,HAsO, and incubated at 30°C for
3 days. (B) Susceptibility to Zymolyase of the Apir2 mutants after exposure to cadmium or arsenate. The
log-phase wild-type (BY4742) and Apir2 cells were incubated in YPD medium containing 30 uM CdCl, or
2 mM Na,HAsO, at 30°C for 12 h. Cells were harvested and resuspended at an ODg, of 0.5 in TE buffer
containing 100 wg ml~—" (1 U) Zymolyase 20T. Susceptibility to Zymolyase was monitored by measuring
the ODg,, at 15-min intervals for 2 h and expressed as a percentage of the OD, relative to that of the
zero time point. Mean = SD values are from three independent experiments; *, P < 0.05. (C) PIR2
expression levels of the wild-type (BY4742), Aslt2, Arlm1, Aswi4, and Aswi6 strains after treatment with
30 uM CdCl, or 2 mM Na,HAsO, for 12 h. The mRNA levels of PIR2 gene were normalized to that of the
ACT1 gene in the same sample. Mean =+ SD values are from three independent experiments. Values with
different superscript letters indicate statistically significant differences at P < 0.05.

above-described results, RIm1p and SBF (Swi4p-Swi6p) transcription factors of the CWI
pathway were specifically required for protecting yeast cells against cadmium and
arsenate, respectively. On the other hand, we found that Pir2p was important for
tolerances to both cadmium and arsenate and that PIR2 gene expression was controlled
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FIG 6 Expression profiles of cell wall-related genes in response to cadmium and arsenate stresses. Relative expression
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different superscript letters indicate statistically significant differences at P < 0.05.

by both RIm1p and SBF (Swi4p-Swi6p) transcription factors. To identify the CWI target
genes whose expression is specifically regulated by RIm1p and Swi4p-Swi6p complex
in response to cadmium and arsenate, respectively, we first monitored the expression
of four cell wall-related genes, i.e., CRHT (encoding chitin transglycosylase), FKS2
(encoding the catalytic subunit of 8-1,3-glucan synthase), and PIRT and PIR3 (encoding
O-glycosylated cell wall proteins), which are the major target genes of the CWI pathway
(13, 19), after challenge with CdCl, or Na,HAsO, for 12 h. In the wild-type strain, the
expression levels of these four cell wall genes were significantly increased after cad-
mium treatment, whereas the arsenate treatment induced the upregulation of only
CRH1 and PIR1 expression (Fig. 6A to D). These results therefore suggest the differential
requirements of cell wall proteins in response to cadmium and arsenate stresses.

To examine the role of the CWI pathway and its transcription factors, i.e.,, RIm1p and
the SBF (Swi4p-Swi6p) complex, in regulating the expression of these cell wall genes in
response to cadmium and arsenate stresses, we next measured the transcript levels of
CRH1, FKS2, PIR1, and PIR3 genes in the Aslt2, Arim1, Aswi4, and Aswi6 mutants after
treatment with CdCl, or Na,HAsO, for 12 h. After exposures to CdCl,, the upregulation
of PIR3 gene expression was completely inhibited in all mutants tested, whereas
significant inhibition of CRHT, FKS2, and PIR1 gene expression was observed in the As/t2,
Arlm1, and Aswi4 mutants, but not in the Aswi6é mutant (Fig. 6A to D). In the case of
arsenate stress, the complete inhibition of CRHT upregulation was observed only in the
Aslt2 and Arlm1 mutants (Fig. 6A). On the other hand, the upregulation of PIRT gene
expression upon arsenate exposure was not detected in the As/t2, Arlm1, and Aswi4
mutants but was slightly induced in the Aswi6é mutant (Fig. 6C). These findings suggest
that, in response to cadmium and arsenate stresses, the CWI pathway plays an
important role in controlling the expression of specific cell wall-related genes through
distinct sets of CWI transcriptional regulators.

CWI pathway is involved in regulating expression of cell cycle genes in re-
sponse to cadmium and arsenate. The MAPK SIt2p has been reported to play a critical
role in the activation of RIm1p and SBF (Swi4p-Swi6p) transcriptional regulators for
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FIG 7 Expression profiles of cell cycle genes in response to cadmium and arsenate stresses. Relative expression
levels of the CLNT (A) CLN2 (B), and HO (C) genes of the wild-type (BY4742), Aslt2, Arlm1, Aswi4, and Aswi6 strains
after treatment with 30 uM CdCl, or 2 mM Na,HAsO, for 12 h. The mRNA levels of these genes were normalized
to that of the ACTT gene in the same sample. Mean = SD values are from three independent experiments. Values
with different superscript letters indicate statistically significant differences at P < 0.05.

initiating cell wall reconstruction and G1/S mitotic transition, respectively (13, 20). The
target genes of the SBF complex include the CLNT and CLN2 genes, encoding G1 cyclins
involved in the G1/S transition, and the HO gene, encoding DNA endonuclease involved
in mating type switching (13, 21). Since it has been shown that some cell cycle-related
genes were required for tolerance against arsenite, which induces a transient delay in
G1 and G2 phases (22, 23), it is possible that the SBF complex may be important for cell
cycle regulation during arsenate stress. We thus examined the expression levels of
CLNT1, CLN2, and HO genes in the wild-type strain after challenge with cadmium or
arsenate and found that the expression of all three genes was upregulated upon
exposures to cadmium and arsenate (Fig. 7A to C). These findings suggest the effects
of cadmium and arsenate on cell cycle control.

To explore the potential role of the CWI pathway and its transcription factors in
controlling the expression of CLN1, CLN2, and HO genes during exposures to cadmium
and arsenate stresses, we monitored the transcript levels of these genes in the Aslt2,
Arlm1, Aswi4, and Aswi6é mutants treated with CdCl, or Na,HAsO, for 12 h. Our results
revealed that the upregulation of CLN1, CLN2, and HO gene expression upon exposures
to cadmium and arsenate was completely inhibited in the As/t2 and Aswi6 mutants,
lacking MAPK and the transcription cofactor of the SBF complex, respectively (Fig. 7A
to C). Although the Aswi4 mutant, lacking the DNA binding component of the SBF
complex, was unable to induce the expression of CLN1, CLN2, and HO genes during
cadmium stress, this mutant exhibited increased expression levels of these three genes
upon arsenate exposure (Fig. 7A to Q). In contrast, the expression levels of CLNT, CLN2,
and HO genes in the Arlm1 mutant, lacking another major transcription factor of the
CWI pathway, were similar to those in the wild-type strain under all conditions tested
(except the CLNT gene expression level under cadmium-stress conditions) (Fig. 7A to C).
Based on our observations, it is likely that, in response to cadmium and arsenate
stresses, distinct sets of the CWI transcriptional activators (i.e., the SBF [Swi4p-Swi6p]
complex and only Swi6p, respectively) are required for inducing the expression of
genes involved in cell cycle control and mating process.
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DISCUSSION

In this study, we demonstrate that the CWI signaling pathway plays an important
role in inducing cell wall remodeling during cadmium and arsenate stresses via the
upregulation of genes involved in cell wall biosynthesis, possibly in response to cell wall
stress caused by cadmium and arsenate. However, the mechanisms by which metal/
metalloid, especially cadmium and arsenate, induce cell wall damage are still unclear.
The direct binding of chemicals to the yeast cell wall may disturb cell wall structure and
result in cell wall damage. For instance, some cell wall-disturbing agents, including
Congo red and calcofluor white, are known to directly bind to chitin and cause cell wall
damage. The exposures to these cell wall-disturbing agents will lead to the activation
of the CWI pathway and the induction of cell wall remodeling by increasing chitin content
(13, 24, 25). Since it has been shown that cadmium can directly bind to chitin in the cell wall
of Neurospora crassa (26), cadmium may be capable of binding to chitin of the S. cerevisiae
cell wall, which in turn induces cell wall damage. So far, direct binding of arsenate to the
yeast cell wall has not been reported. It is well known that arsenate is a structural analog
of phosphate and the outer cell wall mannoprotein layers of yeast cells contain phosphate
groups (27, 28). It is therefore possible that arsenate may replace phosphate in cell wall
mannoproteins and cause cell wall damage.

Among the cell wall-defective mutants tested, we found that only the Apir2 mutant,
lacking a cell wall O-mannosylated heat shock protein, displayed growth defects under
cadmium and arsenate stress conditions. In addition, PIR2 expression was upregulated
upon exposure to cadmium and arsenate. Previously, it has been reported that the PIR2
gene is required for tolerance to several stresses, such as cell wall-perturbing agents,
heat stress, and nitrogen limitation (15, 16, 29, 30). Furthermore, Pir2p has been shown
to bind to 3-1,3-glucan of the cell wall by alkali-sensitive ester linkages via its repetitive
sequences (17, 18, 31). Based on these findings, it is likely that the cross-linking of Pir2p
to B-1,3-glucan may be important for maintaining cell wall stability during exposures to
cell wall-damaging stresses, including cadmium and arsenate stresses. Since cadmium
and arsenate are known to induce oxidative stress (32, 33) and Pir2p is essential for
tolerances to oxidative stress-inducing agents such as H,0, and diamide (16), it is also
possible that Pir2p is important for protecting yeast cells against cadmium- and
arsenate-induced oxidative stresses through its role in maintaining cell wall integrity.
Since the mutants lacking essential genes are inviable, the deletion mutants lacking
essential cell wall genes were not included in this analysis. Examples of such essential
genes are KRE5, encoding a protein required for 3-1,6-glucan biosynthesis, (34), KRE9,
encoding a glycoprotein involved in cell wall B-glucan assembly (35), and CHS2,
encoding chitin synthase Il required for chitin synthesis in the primary septum during
cytokinesis (36). Therefore, the roles of these essential genes in cadmium and arsenate
tolerances could not be excluded. Moreover, only 38 mutants lacking genes involved in
the CWI pathway and cell wall biosynthesis were tested, the requirement of other
untested genes for yeast adaptive response to cadmium and arsenate stresses cannot
be ruled out.

In addition to PIR2, the upregulated expression of four CWI-responsive cell wall
genes, i.e., CRH1, FKS2, PIR1, and PIR3, was observed in the wild-type strain after
cadmium exposure, whereas arsenate treatment induced the upregulation of only
CRH1 and PIR1 in the wild-type strain. CRH1, which is functionally redundant with CRH2,
encodes chitin transglycosylase involved in the transfer of chitin to -1,3- and B-1,6-
glucans in the cell wall (37). The FKS2 gene encodes a stress-inducible catalytic subunit
of B-1,3-glucan synthase (38). The PIRT and PIR3 genes encode O-glycosylated cell wall
proteins covalently bound to the cell wall via B-1,3-glucan, which are required for
maintaining cell wall stability (39). Consistent with the expression levels of FKS2, the cell
wall B-1,3-glucan level of the wild-type strain was significantly increased after exposure
to cadmium but not arsenate. Nevertheless, we found that the resistance of wild-type
cells to the B-glucan-lytic enzyme Zymolyase was elevated after treatments with
cadmium and arsenate, suggesting that the modification of cell wall structure, espe-
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cially the B-glucan network structure, was induced in response to both cadmium and
arsenate stresses. Based on our results, the strengthening of cell wall structure by
increased cross-linking of chitin and cell wall proteins to the glucan network seems to
be an important mechanism for protecting yeast cells against cadmium and arsenate
stresses.

On the other hand, the cadmium- and arsenate-sensitive As/t2 mutant, lacking MAPK
of the CWI pathway, was unable to upregulate the expression of five cell wall-related
genes tested (i.e, CRHI1, FKS2, PIR1, PIR2, and PIR3) upon exposures to cadmium and/or
arsenate due to defective CWI signal transduction. In agreement with these findings,
the Zymolyase resistance of this mutant was improved by neither cadmium nor
arsenate, probably due to the lack of ability to induce cell wall remodeling via the CWI
pathway. After cadmium exposure, although the upregulated expression of the FKS2
gene, encoding the catalytic subunit of B-1,3-glucan synthase, was not detected in the
Aslt2 mutant, increased levels of cell wall B-1,3-glucan were observed. Since the
catalytic subunits of B-1,3-glucan synthase are encoded by two functionally redundant
genes, i.e., the constitutive FKST and the stress-inducible FKS2 (38), the increased glucan
biosynthesis in the CWI-defective As/t2 mutant may be mainly mediated through the
Fks1p-dependent mechanism.

RIm1p and the SBF (Swi4p-Swi6p) complex, two major transcriptional activators of
the CWI pathway, have been reported to be predominantly involved in the regulation
of gene expression during cell wall stress and G1/S mitotic transition, respectively (12,
13). However, in the case of the FKS2 gene, encoding the catalytic subunit of -1,3-
glucan synthase, it has been shown that FKS2 gene expression is activated by both
RIm1p and the SBF complex in response to cell wall stress agents Congo red and
calcofluor white (40), suggesting the cooperative role of RIm1p and SBF complex in
regulating the expression of some specific cell wall genes, including FKS2, during the
adaptive response to cell wall stress. Our results revealed that, under cadmium stress
conditions, the expression of PIR2 and its paralog PIR3, encoding O-glycosylated cell
wall proteins, was under the control of both RIm1p and the SBF (Swi4p-Swi6p)
transcriptional activators, while only RIm1p and Swi4p were required for the expression
of the other cell wall genes tested (i.e., CRH1, FKS2, and PIR1). These findings suggest
that RIm1p, Swi4p, and Swi6p transcription factors may coordinately modulate the
expression of cell wall genes in response to cadmium-induced cell wall stress. Previ-
ously, it has been shown that Swi4p complexed with phosphorylated SIt2p can bind to
the SBF-binding sites within the FKS2 promoter independently of Swi6p (40). It is
therefore possible that only Swi4p, possibly in the form of Swi4p-Slt2p complex, is
sufficient to initiate the expression of some cell wall genes, including CRH1, FKS2, and
PIR1, during cadmium stress. In the case of cell cycle regulation-associated genes, we
found the expression of CLN1, CLN2, and HO genes under cadmium stress conditions
was mainly controlled by the SBF (Swi4p-Swi6bp) complex. It has been previously
reported that the SBF complex is required for the transcriptional regulation of genes
involved in cell cycle control and the DNA repair system during the G1/S transition, and
also in response to DNA damage (41). In addition, cadmium is known to induce DNA
damage, which in turn leads to cell cycle arrest to prevent cells with damaged DNA
from further dividing and to allow time for DNA repair (42-44). Taken together, it is
possible that the SBF (Swi4p-Swi6p) complex is involved in the transcriptional regula-
tion of cell cycle regulation-associated genes, including CLN17, CLN2, and HO, in re-
sponse to cadmium-induced DNA damage.

On the other hand, under arsenate stress conditions, we found that only Swi6p was
required for the upregulation of PIR2, CLN1, CLN2, and HO genes. Although Swi6p can
form complexes with three transcriptional coactivators (i.e., Swidp, Mbp1p, and Stb1p),
it has been reported that the cell wall stress-induced unfolded protein response (UPR)
activity is regulated by the CWI pathway via Swi6p in a manner that is independent of
its known coregulators (45). The UPR is essential for alleviation of endoplasmic reticu-
lum (ER) stress caused by the accumulation of unfolded proteins in the ER through its
role in enhancing protein folding and clearance of misfolded proteins (46). In budding
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TABLE 1 Yeast strains used in this study
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Strain Relevant genotype Deleted gene Function of relevant gene product Source References
BY4742 MATo; his3AT; leu2A0; lys2A0; uraAO Open Biosystems
Cell wall
integrity pathway
Awsc1 BY4742 isogenic, wscl:KanMX4 WSsC1 Cell surface sensor Open Biosystems (13, 54)
Awsc2 BY4742 isogenic, wsc2:KanMX4 wsc2 Cell surface sensor Open Biosystems (13, 54)
Awsc3 BY4742 isogenic, wsc3:KanMX4 WSsC3 Cell surface sensor Open Biosystems (13, 54)
Amid2 BY4742 isogenic, mid2:KanMX4 MID2 Cell surface sensor Open Biosystems (13, 54)
Amtl1 BY4742 isogenic, mt/1:KanMX4 MTL1 Cell surface sensor Open Biosystems (13, 54)
Arom2 BY4742 isogenic, rom2:KanMX4 ROM2 Guanine nucleotide exchange factor Open Biosystems (13, 55)
Abck1 BY4742 isogenic, bck1:KanMX4 BCK1 MAPKKK Open Biosystems (13, 56)
Amkk1 BY4742 isogenic, mkk1:KanMX4 MKK1 MAPKK Open Biosystems (13, 56)
Amkk2 BY4742 isogenic, mkk2:KanMX4 MKK2 MAPKK Open Biosystems (13, 56)
Aslt2 BY4742 isogenic, slt2:KanMX4 SLT2 MAPK Open Biosystems (13, 56)
Aspa2 BY4742 isogenic, spa2:KanMX4 SPA2 Scaffolding protein Open Biosystems (13, 57)
Arlm1 BY4742 isogenic, rim1:KanMX4 RLM1 Transcription factor Open Biosystems (13, 58)
Aswid BY4742 isogenic, swi4::KanMX4 SWi4 Component of SBF complex Open Biosystems (13, 59)
Aswi6 BY4742 isogenic, swi6:KanMX4 Swie Component of SBF and MBF complexes Open Biosystems (13, 59)
Ambp1 BY4742 isogenic, mbp1:KanMX4 MBP1 Component of MBF complex Open Biosystems (13, 59)
Glucan synthesis
and processing
Afks1 BY4742 isogenic, fks1:KanMX4 FKS1 Subunit of B-1,3-glucan synthase Open Biosystems (12, 60)
Afks2 BY4742 isogenic, fks2:KanMX4 FKS2 Subunit of B-1,3-glucan synthase Open Biosystems (12, 60)
Afks3 BY4742 isogenic, fks3:KanMX4 FKS3 Protein with similarity to Fks1p and Fks2p  Open Biosystems (12, 60)
Akre6 BY4742 isogenic, kre6::KanMX4 KRE6 Protein required for B-1,6-glucan synthesis Open Biosystems (12, 61)
Abgl2 BY4742 isogenic, bgl2:KanMX4 BGL2 Endo--1,3-glucanase Open Biosystems (12, 62)
Agas1 BY4742 isogenic, gas1:KanMX4 GAST B-1,3-Glucanosyltransferase Open Biosystems (12, 63)
Nexgl BY4742 isogenic, exg1:KanMX4 EXG1 Exo-B-1,3-glucanase Open Biosystems (12, 62)
Aexg2 BY4742 isogenic, exg2:KanMX4 EXG2 Exo-B-1,3-glucanase Open Biosystems (12, 62)
Chitin synthesis
and cross-linking
Achs3 BY4742 isogenic, chs3:KanMX4 CHS3 Chitin synthase IlI Open Biosystems (12, 64)
Askt5 BY4742 isogenic, skt5:KanMX4 SKT5 Activator of Chs3p Open Biosystems (12, 64)
Ashcl BY4742 isogenic, shc1:KanMX4 SHC1 Activator of Chs3p Open Biosystems (12, 64)
Acrhi BY4742 isogenic, crh1:KanMX4 CRH1 Chitin transglycosylase Open Biosystems (12, 62)
Acrh2 BY4742 isogenic, crh2:KanMX4 CRH2 Chitin transglycosylase Open Biosystems (12, 62)
Acrr1 BY4742 isogenic, crri1:KanMX4 CRR1 Protein with similarity to Crh1p Open Biosystems (12, 62)
Cell wall proteins
Apirl BY4742 isogenic, pirl:KanMX4 PIR1 O-glycosylated cell wall proteins Open Biosystems (12, 65)
Apir2 BY4742 isogenic, pir2:KanMX4 PIR2 O-glycosylated cell wall proteins Open Biosystems (12, 65)
Apir3 BY4742 isogenic, pir3:KanMX4 PIR3 O-glycosylated cell wall proteins Open Biosystems (12, 65)
Ased1 BY4742 isogenic, sed1:KanMX4 SED1 GPI-cell wall glycoprotein Open Biosystems (12, 65)
Apst1 BY4742 isogenic, pst1:KanMX4 PST1 GPI protein Open Biosystems (12, 65)
Acwpl BY4742 isogenic, cwp1:KanMX4 CWP1 Cell wall mannoprotein Open Biosystems (12, 65)
Aygp1 BY4742 isogenic, ygp1:KanMX4 YGP1 Cell wall glycoprotein Open Biosystems (12, 65)
Assr1 BY4742 isogenic, ssr1:KanMX4 SSR1 Cell wall glycoprotein Open Biosystems (12, 65)
Acis3 BY4742 isogenic, cis3:KanMX4 Cis3 Cell wall glycoprotein Open Biosystems (12, 65)

yeast, the UPR signaling pathway is composed of an ER transmembrane sensor, Irelp,
which detects the extent of misfolded proteins in the ER, and a UPR-specific transcrip-
tional activator, Hac1p, which controls the transcription of genes encoding ER-resident
proteins, especially ER chaperones. During ER stress, the activated Ire1p removes the
translation-inhibitory intron from HACT mRNA and induces HACT mRNA splicing,
thereby leading to increased production of Haclp. The transcription factor Haclp is
then translocated to the nucleus, where it activates the transcription of UPR target
genes to enhance the capacity of the ER protein folding machinery (46). It has been
reported that either the loss of the UPR sensor Ire1p or the hyperaccumulation of a
misfolded protein leads to cell wall defects (45). Altogether, these findings suggest the
interaction between the CWI and UPR signaling pathways in adaptive responses to
extracellular cell wall stress and intracellular ER stress. Since arsenic has been reported
to trigger ER stress (47-49), Swi6p may play an important role in controlling the
expression of cell cycle-regulating genes in response to arsenate-induced ER stress.
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TABLE 2 Primers used in this study

Target gene Primer name Sequence

CRH1 CRH1-qRT-F 5-TGGTGACCAATCTGGTTCTTGGGA-3"
CRH1-gRT-R 5-ACTGCGAAATCTTCTTGGGCTTGG-3’

FKS2 FKS2-qRT-F 5-CCGTCAAATCCGTCCTCCTAT-3"
FKS2-qRT-R 5-GTACAAGCTGCAATACCTCCTAACC-3”

PIR1 PIR1-qRT-F 5-CAGCTCCAGCTCCAATTACT-3"
PIR1-gRT-R 5-CCTTTACCGTCAGTCAGGATAC-3’

PIR2 PIR2-qRT-F 5-CTTTGGTTGCCTCTGCTTTG-3"
PIR2-qRT-R 5-GTAACACCACCGCTGTAAGT-3"

PIR3 PIR3-qRT-F 5-CCATTAGTCGTCTCCGCTTTAG-3’
PIR3-qRT-R 5-CCACCCTTGTAAGTAGCTGATG-3"

CLN1 CLN1-gRT-F 5-CTCGTATTCCACGCCTTTCT-3"
CLN1-gRT-R 5-AAACGTCCCAGTTCAGAGTATC-3"

CLN2 CLN2-gRT-F 5-GTCTCTGGTTGGCTGCTAAA-3’
CLN2-gRT-R 5-CCTTGGGTTGGGACCATAAA-3"

HO HO-qRT-F 5-GTCACACAGGGCTATCAGAAA-3’
HO-gRT-R 5-TGTTCTACGCCTGGGATCTA-3"

ACT1 ACT1-458F 5-TGGATTCCGGTGATGGTGTT-3"
ACT1-529R 5-TCAAAATGGCGTGAGGTAGAGA-3’

Nevertheless, to clarify the precise mechanism of the CWI-mediated regulation of gene
expression in response to cadmium and arsenate, further studies on the expression
profiles of cadmium- and arsenate-responsive genes under the control of the CWI
pathway are indispensable.

MATERIALS AND METHODS

Yeast strains and growth conditions. S. cerevisiae strains used in this study are listed in Table 1.
Cells were cultured at 30°C in YPD medium (1% yeast extract, 2% peptone, and 2% glucose) with the
optional addition of 200 mg liter—' G418 (Geneticin; Sigma-Aldrich).

Spot susceptibility assay. Log-phase cells were adjusted to an optical density at 600 nm (ODg,) of
1.0 and then serially diluted 10-fold to a 10~* dilution. An aliquot (3 wl) of each dilution was spotted onto
YPD agar plates, and YPD agar plates containing 30 uM CdCl,, 2 mM Na,HAsO,, 2 mM CoCl,, or 2 mM
NiCl, and incubated at 30°C for 3 days.

Zymolyase susceptibility test. Susceptibility to Zymolyase was carried out as described previously
(50). Briefly, log-phase cells were diluted to an ODg,, of 0.5 in TE buffer (10 mM Tris/HCl and 1 mM EDTA,
pH 7.5) containing 100 ug ml~" (1 U) Zymolyase 20T (Zymo Research, USA). The susceptibility to
Zymolyase was monitored by measuring ODg,, at 15-min intervals for 2 h by the Wallace Victor 1420
microplate reader (PerkinElmer, USA).

Measurement of -1,3-glucan content. The amount of -1,3-glucan was measured as described
previously (51) with some modifications. Briefly, log-phase cells were harvested, washed twice with TE
buffer (10 mM Tris/HCl, 1 mM EDTA, pH 7.5), and resuspended in 250 ul of TE Buffer. After the addition
of 6 N NaOH to a final concentration of 1 N, the cells were incubated at 80°C for 30 min followed by the
addition of 1.05 ml of AB solution (0.03% aniline blue, 0.18 N HCl, and 0.49 M glycine/NaOH [pH 9.5]).
The samples were incubated at 50°C for 30 min and then placed at room temperature for 30 min. The
fluorescence intensity of each sample was measured at an excitation wavelength of 400 nm and an
emission wavelength of 460 nm by the Infinite M200 multifunctional microplate reader (TECAN, Swit-
zerland).

Measurement of chitin content. The amount of chitin was measured as described previously (52).
Log-phase cells were harvested, washed twice with phosphate-buffered saline (PBS), and resuspended in
PBS. Cells were then incubated with 20 ug ml~" calcofluor white (CFW) at room temperature for 5 min,
washed twice with PBS, and resuspended in PBS. The fluorescence intensity of each sample was
measured at an excitation wavelength of 325 nm and an emission wavelength of 435 nm by the Infinite
M200 multifunctional microplate reader (TECAN, Switzerland).

Antifungal susceptibility test. Log-phase cells were harvested, resuspended in YPD broth with and
without the supplementation of 30 uM CdCl, or 2 mM Na,HAsO,, and incubated at 30°C for 12 h. Cells
were then harvested, adjusted to an ODg,, of 0.1 in YPD medium alone or YPD medium containing 0.2 ug
ml~—" amphotericin B, 4 ug ml~" ketoconazole, or 0.04 ug ml~" caspofungin, and incubated with shaking
(200 rpm) at 30°C. Cell growth was monitored at 0.5-h intervals for 20 h by measuring the OD,.

RNA isolation and quantitative real-time RT-PCR assays. Total RNA isolation and quantitative
real-time RT-PCR were performed as described previously (53). Briefly, total RNA from log-phase cells was
isolated by using a FavorPrep Tissue Total RNA minikit (Favorgen, Taiwan) according to the manufac-
turer’s instructions. The concentration and quality of RNA were determined by measuring the absorbance
ratios at 260 nm/280 nm (A,40/,50) and 260 nm/230 nm (A,,,,50) and by gel electrophoresis. One micro-
gram of each RNA sample was converted to cDNA by using the iScript cDNA synthesis kit (Bio-Rad, USA)
following the manufacturer’s instructions. Quantitative real-time PCR experiments were performed in the
ABI 7500 instrument (Applied Biosystems, USA) using KAPA SYBR FAST qPCR kit (Kapa Biosystems, USA)
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and 200 nM specific primers (Table 2). The reaction conditions were as follows: 95°C for 180 s, followed
by 40 cycles of 95°C for 3 s, 60°C for 20 s, and 72°C for 20 s. A melting curve was generated at the end
of each PCR to verify specific amplification of the target cDNA. The negative control contained no DNA
template. Relative gene expression was calculated using the threshold cycle (2-44¢7) method and
normalized to ACTT mRNA levels.

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

ACKNOWLEDGMENTS

This work was supported by grants from the Faculty of Science, Mahidol University;
the Thailand Research Fund (MRG5380030); the Center of Excellence on Biodiversity
(BDC-PG1-160005); and the Center of Excellence on Environmental Health and Toxicol-
ogy, Science & Technology Postgraduate Education and Research Development Office
(PERDO), Ministry of Education. T.T. was financially supported by a scholarship from the
Faculty of Science, Mahidol University.

We thank Laran T. Jensen, Marisa Ponpuak, Puey Ounjai, and Saranya Phunpruch for

Applied and Environmental Microbiology

helpful suggestions, and Prangthip Nisbhanont for technical assistance.

REFERENCES

1.

10.

1.

12.

13.

14.

15.

Pan L, Wang Y, Ma J, Hu Y, Su B, Fang G, Wang L, Xiang B. 2018. A review
of heavy metal pollution levels and health risk assessment of urban soils
in Chinese cities. Environ Sci Pollut Res 25:1055-1069. https://doi.org/
10.1007/s11356-017-0513-1.

. Islam MM, Karim MR, Zheng X, Li X. 2018. Heavy metal and metalloid

pollution of soil, water and foods in Bangladesh: a critical review. Int J
Environ Res Public Health 15:2825. https://doi.org/10.3390/ijerph15122825.

. Barsova N, Yakimenko O, Tolpeshta I, Motuzova G. 2019. Current state

and dynamics of heavy metal soil pollution in Russian Federation—a
review. Environ Pollut 249:200-207. https://doi.org/10.1016/j.envpol
.2019.03.020.

. Bernhoft RA. 2013. Cadmium toxicity and treatment. ScientificWorld-

Journal 2013:394652. https://doi.org/10.1155/2013/394652.

. Tchounwou PB, Yedjou CG, Udensi UK, Pacurari M, Stevens JJ, Patlolla

AK, Noubissi F, Kumar S. 2019. State of the science review of the health
effects of inorganic arsenic: perspectives for future research. Environ
Toxicol 34:188-202. https://doi.org/10.1002/tox.22673.

. Satarug S, Vesey DA, Gobe GC. 2017. Current health risk assessment

practice for dietary cadmium: data from different countries. Food Chem
Toxicol 106:430-445. https://doi.org/10.1016/j.fct.2017.06.013.

. Wysocki R, Tamas MJ. 2010. How Saccharomyces cerevisiae copes with

toxic metals and metalloids. FEMS Microbiol Rev 34:925-951. https://doi
.org/10.1111/j.1574-6976.2010.00217 x.

. Serero A, Lopes J, Nicolas A, Boiteux S. 2008. Yeast genes involved in

cadmium tolerance: identification of DNA replication as a target of
cadmium toxicity. DNA Repair (Amst) 7:1262-1275. https://doi.org/10
.1016/j.dnarep.2008.04.005.

. Jin YH, Dunlap PE, McBride SJ, Al-Refai H, Bushel PR, Freedman JH. 2008.

Global transcriptome and deletome profiles of yeast exposed to transi-
tion metals. PLoS Genet 4:21000053. https://doi.org/10.1371/journal
.pgen.1000053.

Matia-Gonzalez AM, Rodriguez-Gabriel MA. 2011. SIt2 MAPK pathway is
essential for cell integrity in the presence of arsenate. Yeast 28:9-17.
https://doi.org/10.1002/yea.1816.

Xiong B, Zhang L, Xu H, Yang Y, Jiang L. 2015. Cadmium induces the
activation of cell wall integrity pathway in budding yeast. Chem Biol
Interact 240:316-323. https://doi.org/10.1016/j.cbi.2015.09.007.

Orlean P. 2012. Architecture and biosynthesis of the Saccharomyces cerevi-
siae cell wall. Genetics 192:775-818. https://doi.org/10.1534/genetics.112
.144485.

Levin DE. 2011. Regulation of cell wall biogenesis in Saccharomyces
cerevisiae: the cell wall integrity signaling pathway. Genetics 189:
1145-1175. https://doi.org/10.1534/genetics.111.128264.

Lesage G, Bussey H. 2006. Cell wall assembly in Saccharomyces cerevi-
siae. Microbiol Mol Biol Rev 70:317-343. https://doi.org/10.1128/
MMBR.00038-05.

Toh-e A, Yasunaga S, Nisogi H, Tanaka K, Oguchi T, Matsui Y. 1993. Three
yeast genes, PIR1, PIR2 and PIR3, containing internal tandem repeats, are

November 2020 Volume 86 Issue 21 e01339-20

20.

21.

22.

23.

24,

25.

26.

27.

28.

related to each other, and PIRT and PIR2 are required for tolerance to
heat shock. Yeast 9:481-494. https://doi.org/10.1002/yea.320090504.

. Ezaki B, Gardner RC, Ezaki Y, Kondo H, Matsumoto H. 1998. Protective

roles of two aluminum (Al)-induced genes, HSP150 and SED1 of Saccha-
romyces cerevisiae, in Al and oxidative stresses. FEMS Microbiol Lett
159:99-105. https://doi.org/10.1111/j.1574-6968.1998.tb 12847 x.

. Kapteyn JC, Van Egmond P, Sievi E, Van Den Ende H, Makarow M, Klis FM.

1999. The contribution of the O-glycosylated protein Pir2p/Hsp150 to
the construction of the yeast cell wall in wild-type cells and beta
1,6-glucan-deficient mutants. Mol Microbiol 31:1835-1844. https://doi
.org/10.1046/j.1365-2958.1999.01320.x.

. Moukadiri I, Zueco J. 2001. Evidence for the attachment of Hsp150/Pir2

to the cell wall of Saccharomyces cerevisiae through disulfide bridges.
FEMS Yeast Res 1:241-245. https://doi.org/10.1111/j.1567-1364.2001
.tb00040.x.

. Udom N, Chansongkrow P, Charoensawan V, Auesukaree C. 2019. Co-

ordination of the cell wall integrity and high-osmolarity glycerol path-
ways in response to ethanol stress in Saccharomyces cerevisiae. Appl
Environ Microbiol 85:e00551-19. https://doi.org/10.1128/AEM.00551-19.
Sanz AB, Garcia R, Rodriguez-Pena JM, Arroyo J. 2017. The CWI pathway:
regulation of the transcriptional adaptive response to cell wall stress in
yeast. J Fungi (Basel) 4:1. https://doi.org/10.3390/jof4010001.

Breeden L, Mikesell G. 1994. Three independent forms of regulation
affect expression of HO, CLNT and CLN2 during the cell cycle of Saccha-
romyces cerevisiae. Genetics 138:1015-1024.

Migdal |, llina Y, Tamas MJ, Wysocki R. 2008. Mitogen-activated protein
kinase Hog1 mediates adaptation to G1 checkpoint arrest during arsen-
ite and hyperosmotic stress. Eukaryot Cell 7:1309-1317. https://doi.org/
10.1128/EC.00038-08.

Thorsen M, Perrone GG, Kristiansson E, Traini M, Ye T, Dawes IW, Nerman
0O, Tamas MJ. 2009. Genetic basis of arsenite and cadmium tolerance in
Saccharomyces cerevisiae. BMC Genomics 10:105. https://doi.org/10
.1186/1471-2164-10-105.

Roncero C, Duran A. 1985. Effect of Calcofluor white and Congo red on
fungal cell wall morphogenesis: in vivo activation of chitin polymeriza-
tion. J Bacteriol 163:1180-1185. https://doi.org/10.1128/JB.163.3.1180
-1185.1985.

Kopecka M, Gabriel M. 1992. The influence of Congo red on the cell wall
and (1-3)-B-D-glucan microfibril biogenesis in Saccharomyces cerevisiae.
Arch Microbiol 158:115-126. https://doi.org/10.1007/BF00245214.
Bhanoori M, Venkateswerlu G. 2000. In vivo chitin-cadmium complex-
ation in cell wall of Neurospora crassa. Biochim Biophys Acta 1523:21-28.
https://doi.org/10.1016/5S0304-4165(00)00090-8.

Cawley TN, Ballou CE. 1972. Identification of two Saccharomyces cerevi-
siae cell wall mannan chemotypes. J Bacteriol 111:690-695. https://doi
.org/10.1128/JB.111.3.690-695.1972.

Cawley TN, Harrington MG, Letters R. 1972. A study of the phosphate
linkages in phosphomannan in cell walls of Saccharomyces cerevisiae.
Biochem J 129:711-720. https://doi.org/10.1042/bj1290711.

aem.asm.org 14


https://doi.org/10.1007/s11356-017-0513-1
https://doi.org/10.1007/s11356-017-0513-1
https://doi.org/10.3390/ijerph15122825
https://doi.org/10.1016/j.envpol.2019.03.020
https://doi.org/10.1016/j.envpol.2019.03.020
https://doi.org/10.1155/2013/394652
https://doi.org/10.1002/tox.22673
https://doi.org/10.1016/j.fct.2017.06.013
https://doi.org/10.1111/j.1574-6976.2010.00217.x
https://doi.org/10.1111/j.1574-6976.2010.00217.x
https://doi.org/10.1016/j.dnarep.2008.04.005
https://doi.org/10.1016/j.dnarep.2008.04.005
https://doi.org/10.1371/journal.pgen.1000053
https://doi.org/10.1371/journal.pgen.1000053
https://doi.org/10.1002/yea.1816
https://doi.org/10.1016/j.cbi.2015.09.007
https://doi.org/10.1534/genetics.112.144485
https://doi.org/10.1534/genetics.112.144485
https://doi.org/10.1534/genetics.111.128264
https://doi.org/10.1128/MMBR.00038-05
https://doi.org/10.1128/MMBR.00038-05
https://doi.org/10.1002/yea.320090504
https://doi.org/10.1111/j.1574-6968.1998.tb12847.x
https://doi.org/10.1046/j.1365-2958.1999.01320.x
https://doi.org/10.1046/j.1365-2958.1999.01320.x
https://doi.org/10.1111/j.1567-1364.2001.tb00040.x
https://doi.org/10.1111/j.1567-1364.2001.tb00040.x
https://doi.org/10.1128/AEM.00551-19
https://doi.org/10.3390/jof4010001
https://doi.org/10.1128/EC.00038-08
https://doi.org/10.1128/EC.00038-08
https://doi.org/10.1186/1471-2164-10-105
https://doi.org/10.1186/1471-2164-10-105
https://doi.org/10.1128/JB.163.3.1180-1185.1985
https://doi.org/10.1128/JB.163.3.1180-1185.1985
https://doi.org/10.1007/BF00245214
https://doi.org/10.1016/S0304-4165(00)00090-8
https://doi.org/10.1128/JB.111.3.690-695.1972
https://doi.org/10.1128/JB.111.3.690-695.1972
https://doi.org/10.1042/bj1290711
https://aem.asm.org

Roles of the CWI Pathway in Cd and As Tolerances

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

November 2020 Volume 86

Russo P, Simonen M, Uimari A, Teesalu T, Makarow M. 1993. Dual
regulation by heat and nutrient stress of the yeast HSP150 gene encod-
ing a secretory glycoprotein. Mol Gen Genet 239:273-280. https://doi
.org/10.1007/BF00281628.

Boorsma A, de Nobel H, ter Riet B, Bargmann B, Brul S, Hellingwerf KJ,
Klis FM. 2004. Characterization of the transcriptional response to cell wall
stress in Saccharomyces cerevisiae. Yeast 21:413-427. https://doi.org/10
.1002/yea.1109.

Ecker M, Deutzmann R, Lehle L, Mrsa V, Tanner W. 2006. Pir proteins of
Saccharomyces cerevisiae are attached to 8-1,3-glucan by a new protein-
carbohydrate linkage. J Biol Chem 281:11523-11529. https://doi.org/10
.1074/jbc.M600314200.

Brennan RJ, Schiestl RH. 1996. Cadmium is an inducer of oxidative stress
in yeast. Mutat Res 356:171-178. https://doi.org/10.1016/0027-5107(96)
00051-6.

Litwin I, Bocer T, Dziadkowiec D, Wysocki R. 2013. Oxidative stress and
replication-independent DNA breakage induced by arsenic in Saccha-
romyces cerevisiage. PLoS Genet 9:e1003640. https://doi.org/10.1371/
journal.pgen.1003640.

Meaden P, Hill K, Wagner J, Slipetz D, Sommer SS, Bussey H. 1990. The
yeast KRE5 gene encodes a probable endoplasmic reticulum protein
required for (1-6)-B-D-glucan synthesis and normal cell growth. Mol Cell
Biol 10:3013-3019. https://doi.org/10.1128/mcb.10.6.3013.

Brown JL, Bussey H. 1993. The yeast KRE9 gene encodes an O glycopro-
tein involved in cell surface B-glucan assembly. Mol Cell Biol 13:
6346 -6356. https://doi.org/10.1128/mcb.13.10.6346.

Shaw JA, Mol PC, Bowers B, Silverman SJ, Valdivieso MH, Duran A, Cabib
E. 1991. The function of chitin synthases 2 and 3 in the Saccharomyces
cerevisiae cell cycle. J Cell Biol 114:111-123. https://doi.org/10.1083/jcb
1141011,

Cabib E, Blanco N, Grau C, Rodriguez-Pena JM, Arroyo J. 2007. Crh1p and
Crh2p are required for the cross-linking of chitin to B(1-6)glucan in the
Saccharomyces cerevisiae cell wall. Mol Microbiol 63:921-935. https://doi
.org/10.1111/j.1365-2958.2006.05565.X.

Mazur P, Morin N, Baginsky W, el-Sherbeini M, Clemas JA, Nielsen JB,
Foor F. 1995. Differential expression and function of two homologous
subunits of yeast 1,3-B-D-glucan synthase. Mol Cell Biol 15:5671-5681.
https://doi.org/10.1128/mcb.15.10.5671.

Mrsa V, Tanner W. 1999. Role of NaOH-extractable cell wall proteins Ccw5p,
Cew6p, Cew7p and Ccw8p (members of the Pir protein family) in stability of
the Saccharomyces cerevisiae cell wall. Yeast 15:813-820. https://doi.org/10
.1002/(SICI)1097-0061(199907)15:10A<<813:AID-YEA421>3.0.CO;2-Y.

Kim KY, Truman AW, Levin DE. 2008. Yeast Mpkl mitogen-activated
protein kinase activates transcription through Swi4/Swi6 by a noncata-
lytic mechanism that requires upstream signal. Mol Cell Biol 28:
2579-2589. https://doi.org/10.1128/MCB.01795-07.

Tennen RI, Haye JE, Wijayatilake HD, Arlow T, Ponzio D, Gammie AE.
2013. Cell-cycle and DNA damage regulation of the DNA mismatch
repair protein Msh2 occurs at the transcriptional and post-transcriptional
level. DNA Repair (Amst) 12:97-109. https://doi.org/10.1016/j.dnarep
.2012.11.002.

Filipi¢ M. 2012. Mechanisms of cadmium induced genomic instability.
Mutat Res 733:69-77. https://doi.org/10.1016/j.mrfmmm.2011.09.002.
Bork U, Lee WK, Kuchler A, Dittmar T, Thevenod F. 2010. Cadmium-
induced DNA damage triggers G,/M arrest via chk1/2 and cdc2 in
p53-deficient kidney proximal tubule cells. Am J Physiol Renal Physiol
298:F255-265. https://doi.org/10.1152/ajprenal.00273.2009.

Cui W, Wang H, Song J, Cao X, Rogers HJ, Francis D, Jia C, Sun L, Hou M,
Yang Y, Tai P, Liu W. 2017. Cell cycle arrest mediated by Cd-induced DNA
damage in Arabidopsis root tips. Ecotoxicol Environ Saf 145:569-574.
https://doi.org/10.1016/j.ecoenv.2017.07.074.

Scrimale T, Didone L, de Mesy Bentley KL, Krysan DJ. 2009. The unfolded
protein response is induced by the cell wall integrity mitogen-activated
protein kinase signaling cascade and is required for cell wall integrity in
Saccharomyces cerevisiae. Mol Biol Cell 20:164-175. https://doi.org/10
.1091/mbc.e08-08-0809.

Berner N, Reutter KR, Wolf DH. 2018. Protein quality control of the
endoplasmic reticulum and ubiquitin-proteasome-triggered degrada-
tion of aberrant proteins: yeast pioneers the path. Annu Rev Biochem
87:751-782. https://doi.org/10.1146/annurev-biochem-062917-012749.

Issue 21 e01339-20

47.

48.

49,

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Applied and Environmental Microbiology

Tang CH, Chiu YC, Huang CF, Chen YW, Chen PC. 2009. Arsenic induces
cell apoptosis in cultured osteoblasts through endoplasmic reticulum
stress. Toxicol Appl Pharmacol 241:173-181. https://doi.org/10.1016/j
.taap.2009.08.011.

Lu TH, Su CC, Chen YW, Yang CY, Wu CC, Hung DZ, Chen CH, Cheng PW,
Liu SH, Huang CF. 2011. Arsenic induces pancreatic B-cell apoptosis via
the oxidative stress-regulated mitochondria-dependent and endoplas-
mic reticulum stress-triggered signaling pathways. Toxicol Lett 201:
15-26. https://doi.org/10.1016/j.toxlet.2010.11.019.

Yen YP, Tsai KS, Chen YW, Huang CF, Yang RS, Liu SH. 2012. Arsenic
induces apoptosis in myoblasts through a reactive oxygen species-
induced endoplasmic reticulum stress and mitochondrial dysfunction
pathway. Arch Toxicol 86:923-933. https://doi.org/10.1007/s00204-012
-0864-9.

Charoenbhakdi S, Dokpikul T, Burphan T, Techo T, Auesukaree C. 2016.
Vacuolar H*-ATPase protects Saccharomyces cerevisiae cells against
ethanol-induced oxidative and cell wall stresses. Appl Environ Microbiol
82:3121-3130. https://doi.org/10.1128/AEM.00376-16.

Imai K, Noda Y, Adachi H, Yoda K. 2005. A novel endoplasmic reticulum
membrane protein Rcr1 regulates chitin deposition in the cell wall of
Saccharomyces cerevisiae. J Biol Chem 280:8275-8284. https://doi.org/
10.1074/jbc.M409428200.

Zhang M, Yu Q, Xiao C, Zhang K, Zhang D, Zhang B, Li M. 2018.
Disruption of SPT23 results in increased heat sensitivity due to plasma
membrane damage in Pichia pastoris. FEMS Yeast Res 18. https://doi.org/
10.1093/femsyr/foy015.

Rattanawong K, Kerdsomboon K, Auesukaree C. 2015. Cu/Zn-superoxide
dismutase and glutathione are involved in response to oxidative stress
induced by protein denaturing effect of alachlor in Saccharomyces
cerevisiae. Free Radic Biol Med 89:963-971. https://doi.org/10.1016/j
freeradbiomed.2015.10.421.

Rodicio R, Heinisch JJ. 2010. Together we are strong— cell wall integrity
sensors in yeasts. Yeast 27:531-540. https://doi.org/10.1002/yea.1785.
Krause SA, Cundell MJ, Poon PP, McGhie J, Johnston GC, Price C, Gray JV.
2012. Functional specialisation of yeast Rho1 GTP exchange factors. J
Cell Sci 125:2721-2731. https://doi.org/10.1242/jcs.100685.

Heinisch JJ, Lorberg A, Schmitz HP, Jacoby JJ. 1999. The protein kinase
C-mediated MAP kinase pathway involved in the maintenance of cellular
integrity in Saccharomyces cerevisiae. Mol Microbiol 32:671-680. https://
doi.org/10.1046/j.1365-2958.1999.01375.x.

van Drogen F, Peter M. 2002. Spa2p functions as a scaffold-like protein to
recruit the Mpk1p MAP kinase module to sites of polarized growth. Curr Biol
12:1698-1703. https://doi.org/10.1016/5S0960-9822(02)01186-7.

Jung US, Sobering AK, Romeo MJ, Levin DE. 2002. Regulation of the
yeast RIm1 transcription factor by the Mpk1 cell wall integrity MAP
kinase. Mol Microbiol 46:781-789. https://doi.org/10.1046/j.1365-2958
.2002.03198.x.

Horak CE, Luscombe NM, Qian J, Bertone P, Piccirrillo S, Gerstein M,
Snyder M. 2002. Complex transcriptional circuitry at the G1/S transition
in Saccharomyces cerevisiae. Genes Dev 16:3017-3033. https://doi.org/
10.1101/gad.1039602.

Douglas CM. 2001. Fungal B(1,3)-D-glucan synthesis. Med Mycol 39
Suppl 1:55-66. https://doi.org/10.1080/mmy.39.1.55.66.

Shahinian S, Bussey H. 2000. B-1,6-Glucan synthesis in Saccharomyces
cerevisiae. Mol Microbiol 35:477-489. https://doi.org/10.1046/j.1365
-2958.2000.01713.x.

Adams DJ. 2004. Fungal cell wall chitinases and glucanases. Microbiol-
ogy 150:2029-2035. https://doi.org/10.1099/mic.0.26980-0.

Mouyna |, Fontaine T, Vai M, Monod M, Fonzi WA, Diaquin M, Popolo L,
Hartland RP, Latge JP. 2000. Glycosylphosphatidylinositol-anchored glu-
canosyltransferases play an active role in the biosynthesis of the fungal
cell wall. J Biol Chem 275:14882-14889. https://doi.org/10.1074/jbc.275
.20.14882.

Henar Valdivieso M, Duran A, Roncero C. 1999. Chitin synthases in yeast
and fungi. EXS 87:55-69. https://doi.org/10.1007/978-3-0348-8757-1_4.
Kapteyn JC, Van Den Ende H, Klis FM. 1999. The contribution of cell wall
proteins to the organization of the yeast cell wall. Biochim Biophys Acta
1426:373-383. https://doi.org/10.1016/50304-4165(98)00137-8.

aem.asm.org 15


https://doi.org/10.1007/BF00281628
https://doi.org/10.1007/BF00281628
https://doi.org/10.1002/yea.1109
https://doi.org/10.1002/yea.1109
https://doi.org/10.1074/jbc.M600314200
https://doi.org/10.1074/jbc.M600314200
https://doi.org/10.1016/0027-5107(96)00051-6
https://doi.org/10.1016/0027-5107(96)00051-6
https://doi.org/10.1371/journal.pgen.1003640
https://doi.org/10.1371/journal.pgen.1003640
https://doi.org/10.1128/mcb.10.6.3013
https://doi.org/10.1128/mcb.13.10.6346
https://doi.org/10.1083/jcb.114.1.111
https://doi.org/10.1083/jcb.114.1.111
https://doi.org/10.1111/j.1365-2958.2006.05565.x
https://doi.org/10.1111/j.1365-2958.2006.05565.x
https://doi.org/10.1128/mcb.15.10.5671
https://doi.org/10.1002/(SICI)1097-0061(199907)15:10A%3C813::AID-YEA421%3E3.0.CO;2-Y
https://doi.org/10.1002/(SICI)1097-0061(199907)15:10A%3C813::AID-YEA421%3E3.0.CO;2-Y
https://doi.org/10.1128/MCB.01795-07
https://doi.org/10.1016/j.dnarep.2012.11.002
https://doi.org/10.1016/j.dnarep.2012.11.002
https://doi.org/10.1016/j.mrfmmm.2011.09.002
https://doi.org/10.1152/ajprenal.00273.2009
https://doi.org/10.1016/j.ecoenv.2017.07.074
https://doi.org/10.1091/mbc.e08-08-0809
https://doi.org/10.1091/mbc.e08-08-0809
https://doi.org/10.1146/annurev-biochem-062917-012749
https://doi.org/10.1016/j.taap.2009.08.011
https://doi.org/10.1016/j.taap.2009.08.011
https://doi.org/10.1016/j.toxlet.2010.11.019
https://doi.org/10.1007/s00204-012-0864-9
https://doi.org/10.1007/s00204-012-0864-9
https://doi.org/10.1128/AEM.00376-16
https://doi.org/10.1074/jbc.M409428200
https://doi.org/10.1074/jbc.M409428200
https://doi.org/10.1093/femsyr/foy015
https://doi.org/10.1093/femsyr/foy015
https://doi.org/10.1016/j.freeradbiomed.2015.10.421
https://doi.org/10.1016/j.freeradbiomed.2015.10.421
https://doi.org/10.1002/yea.1785
https://doi.org/10.1242/jcs.100685
https://doi.org/10.1046/j.1365-2958.1999.01375.x
https://doi.org/10.1046/j.1365-2958.1999.01375.x
https://doi.org/10.1016/S0960-9822(02)01186-7
https://doi.org/10.1046/j.1365-2958.2002.03198.x
https://doi.org/10.1046/j.1365-2958.2002.03198.x
https://doi.org/10.1101/gad.1039602
https://doi.org/10.1101/gad.1039602
https://doi.org/10.1080/mmy.39.1.55.66
https://doi.org/10.1046/j.1365-2958.2000.01713.x
https://doi.org/10.1046/j.1365-2958.2000.01713.x
https://doi.org/10.1099/mic.0.26980-0
https://doi.org/10.1074/jbc.275.20.14882
https://doi.org/10.1074/jbc.275.20.14882
https://doi.org/10.1007/978-3-0348-8757-1_4
https://doi.org/10.1016/S0304-4165(98)00137-8
https://aem.asm.org

	RESULTS
	CWI pathway is required for cadmium and arsenate tolerances. 
	CWI pathway is involved in the regulation of cell wall modification in response to cadmium and arsenate stresses. 
	Pir2p is required for maintaining yeast cell wall integrity during cadmium and arsenate stresses. 
	CWI pathway is involved in the upregulation of PIR2 gene expression in response to cadmium and arsenate stresses. 
	Expression of cadmium and/or arsenate-responsive genes is regulated by the CWI pathway through distinct sets of transcription factors. 
	CWI pathway is involved in regulating expression of cell cycle genes in response to cadmium and arsenate. 

	DISCUSSION
	MATERIALS AND METHODS
	Yeast strains and growth conditions. 
	Spot susceptibility assay. 
	Zymolyase susceptibility test. 
	Measurement of -1,3-glucan content. 
	Measurement of chitin content. 
	Antifungal susceptibility test. 
	RNA isolation and quantitative real-time RT-PCR assays. 
	Data analysis. 

	ACKNOWLEDGMENTS
	REFERENCES

