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ABSTRACT The heavy metal cadmium is widely used and released into the environ-
ment, posing a severe threat to crops and humans. Saccharomyces cerevisiae is one
of the most commonly used organisms in the investigation of environmental metal
toxicity. We investigated cadmium stress and the adaptive mechanisms of yeast by
screening a genome-wide essential gene overexpression library. A candidate gene,
OLE1, encodes a delta-9 desaturase and was associated with high anti-cadmium-
stress activity. The results demonstrated that the expression of OLE1 was positively
correlated with cadmium stress tolerance and induction was independent of Mga2p
and Spt23p (important regulatory factors for OLE1). Moreover, in response to cad-
mium stress, cellular levels of monounsaturated fatty acids were increased. The addi-
tion of exogenous unsaturated fatty acids simulated overexpression of OLE1, leading
to cadmium resistance. Such regulation of OLE1 in the synthesis of unsaturated fatty
acids may serve as a positive feedback mechanism to help cells counter the lipid
peroxidation and cytoplasmic membrane damage caused by cadmium.

IMPORTANCE A S. cerevisiae gene encoding a delta-9 desaturase, OLE1, was associ-
ated with high anti-cadmium-stress activity. The data suggest that the regulation of
OLE1 in the synthesis of unsaturated fatty acids may serve as a positive feedback
mechanism to help yeast cells counter the lipid peroxidation and cytoplasmic mem-
brane damage caused by cadmium. The discovery of OLE1 involvement in mem-
brane stability may indicate a novel defense strategy against cadmium stress.

KEYWORDS cadmium, OLE1, delta-9 desaturase, unsaturated fatty acids, cytoplasmic
membrane

As a result of various industrial activities, such as mining, pouring, casting, and
processing, pollution with toxic metals has become a global environmental prob-

lem. These environmental metals are taken up by rooted crops, accumulate, and later
enter the human body through the food chain (1, 2). Among the metals, cadmium is
one of the toxic metals. Cadmium not only inhibits crop growth and reduces crop yields
but also threatens human health; it has been classified by the International Agency for
Research on Cancer as a category I human carcinogen (3). Chronic exposure to
cadmium may cause damage to a variety of human organs, including the cardiovas-
cular, immune, and reproductive systems (4, 5). However, the mechanisms of environ-
mental cadmium-induced stress and damage are unclear.

Previous investigations have demonstrated that cadmium induces cellular apoptosis
by altering the balance of certain essential cations and trace elements (6, 7) and
disturbing signal transduction (8). CAD2, which encodes a P-type cation-transporting
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ATPase, could confer cadmium resistance to cells (9). Other detoxification mechanisms
are also involved in cadmium resistance in cells (9–11), including lipid peroxidation (12).
However, few studies on the involvement of lipid-associated pathways in cadmium
damage or resistance mechanisms have been reported.

Several microorganisms, such as yeast and bacteria, have been investigated for their
use in different environments for metal toxicity treatment and control (6). One of the
most commonly used models in such investigations is yeast. As a model eukaryote, the
yeast Saccharomyces cerevisiae is a very useful experimental system for obtaining an
integrated assessment of and genome-wide perspective on yeast responses to envi-
ronmental toxicants (13). Three types of fitness-based assays can be used to identify
toxicant-induced phenotypes, including homozygous (knockout deletion; gene dosage
of 0%), haploinsufficiency (heterozygous deletion; gene dosage of 50%), and multicopy
and overexpression (gene dosage of �100%) screens (14). Among these assays, over-
expression screening assays are powerful tools that can be used to identify genes or
genetic pathways that confer resistance to a compound and to explore gene function
(15, 16).

To determine the mechanisms of cadmium resistance and to control cadmium
pollution, it is necessary to explore the cadmium damage and tolerance mechanisms of
yeast cells. In the present study, a yeast essential gene overexpression library was
screened for genes involved in the anti-cadmium-stress response. The findings provide
the theoretical basis for understanding cadmium stress mechanisms and cadmium
pollution control.

RESULTS
OLE1 overexpression confers increased resistance to cadmium. In a previous

study, we observed that yeast was sensitive to cadmium; 150 �M was the approximate
lethal dose (ALD) of cadmium for BY4741 cells, and cadmium exhibited strong inhib-
itory effects on the growth of yeast (10). In this study, 300 �M cadmium (2 times the
ALD) was used to treat yeast harboring the essential gene overexpression library, in
order to screen for anti-cadmium-stress genes. Ten strains survived on synthetic
complete minus uracil (SC�Ura) plates with 300 �M cadmium and were isolated; the
plasmid DNAs were recovered from these strains (Fig. 1A). Three plasmids harboring
cadmium resistance genes, i.e., OLE1, PRP16, and PCL8, were identified by DNA se-
quencing. Among these plasmid-bearing strains, the one carrying OLE1 exhibited the
highest levels of resistance to cadmium (Fig. 1B). To exclude cadmium resistance
induced by secondary mutations during the screening process, the plasmid carrying
OLE1 was transformed into the original wild-type strains BY4741 and BY4742; the strains
bearing the OLE1 plasmid both showed strong cadmium resistance (Fig. 1C).

Several cadmium resistance genes are involved in the efflux of cadmium to affect
cadmium homeostasis, resulting in the reduction of intracellular cadmium accumula-
tion (9, 17). To identify the cadmium resistance of OLE1, we measured the effect of OLE1
overexpression on intracellular levels of cadmium in yeast by using inductively coupled
plasma mass spectrometry (ICP-MS). That assessment showed that cadmium exposure
resulted in a significant increase in the intracellular cadmium level, compared to the
control. However, overexpression of OLE1 did not reduce the intracellular cadmium
levels of yeast (Fig. 1D). The results suggest that OLE1 is not involved in the efflux of
cadmium.

OLE1 has been reported to code for a desaturase that catalyzes the desaturation of
delta-9 fatty acids (C16:0 and C18:0) (18) and produces the endogenous monounsatu-
rated fatty acids, such as stearic acid (C16:1) and oleic acid (C18:1) (18, 19). Thus, we
hypothesized that OLE1 is involved in cadmium stress tolerance in yeast.

OLE1 was upregulated in response to cadmium stress. In support of the afore-
mentioned hypothesis, the correlation between OLE1 expression levels and cadmium
resistance was investigated. Because the OLE1 null mutant is nonviable under standard
conditions and a deficiency of MGA2 or SPT23 (important transcriptional regulators of
OLE1) results in serious reduction of OLE1 expression levels (20), cadmium resistance
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tests were carried out with mga2Δ and spt23Δ mutants. As shown in Fig. 2A, the strain
with the deletion of MGA2 showed high sensitivity to 100 �M cadmium and the strain
with the deletion of SPT23 showed low sensitivity to 100 �M cadmium, compared to
the mga2Δ strain. However, the cadmium resistance of both the mga2Δ and spt23Δ
strains was recovered after overexpression of OLE1 (Fig. 2B), which suggests that there
was a positive correlation between the OLE1 expression level and cadmium resistance.

Using reverse transcription (RT)-PCR, the relative OLE1 mRNA levels in wild-type,
mga2Δ, and spt23Δ strains were quantified. The data are in accordance with those in
the previous report (21). That is, the OLE1 mRNA levels in the mga2Δ and spt23Δ strains
were lower than the level in the wild-type strain (Fig. 2C and D). Thus, strains with low
OLE1 expression levels exhibit high sensitivity to cadmium. In the presence of 50 �M
cadmium for 3 h, the OLE1 mRNA levels were significantly increased in the wild-type,
mga2Δ, and spt23Δ strains (Fig. 2B and C). This suggests that cadmium induces the
upregulation of OLE1 independently of MGA2 and SPT23.

Increased monounsaturated fatty acid contents were induced in response to
cadmium stress. According to previous studies, almost all of the endogenous mono-

FIG 1 Screen for anti-cadmium-stress genes and confirmation tests. (A) Schematic of genetic screening with the yeast essential
gene library. Different colors in the plasmids represent different yeast essential genes. The anti-cadmium-stress gene screen
was performed as described in Materials and Methods. (B and C) Growth of yeast strains with and without cadmium. (B) Strains
carrying anti-cadmium-stress genes were grown for 2 to 5 days on SC�Ura plates with or without the addition of 300 �M
CdCl2, 10-fold serially diluted, and then spotted on plates for confirmation of cadmium resistance. (C) Wild-type strains (BY4741
and BY4742) transformed with the OLE1 plasmid were grown for 2 to 5 days on SC�Ura plates with or without the addition
of 300 �M CdCl2, to ensure that there were no secondary mutations that induced cadmium resistance in yeast and to confirm
that OLE1 could induce cadmium resistance. (D) Effect of OLE1 on intracellular cadmium levels. BY4741 carrying the vector
(blue) or the OLE1 (red) plasmid was tested after treatment with 0, 50, or 100 �M CdCl2 for 12 h, as described in Materials and
Methods. Values are means and standard deviations (n � 3).
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unsaturated fatty acids (C16:1 and C18:1) are produced from saturated fatty acids (C16:0

and C18:0) by the delta-9 desaturase encoded by OLE1 (Ole1p) (19, 22, 23). To explore
the involvement of OLE1 in cadmium stress, the intracellular contents of saturated fatty
acids (C16:0 and C18:0) and monounsaturated fatty acids (C16:1 and C18:1) were analyzed
using gas chromatography-mass spectrometry (GC-MS). As shown in Fig. 3A, the
overexpression of OLE1 in wild-type yeast resulted in a 35.4% increase in the content
of monounsaturated fatty acids and a 47.4% decrease in the content of saturated fatty
acids, indicating that a high level of OLE1 contributes to the conversion of saturated
fatty acids to monounsaturated fatty acids. As expected, exposure to cadmium in
wild-type yeast also caused increases in the monounsaturated fatty acid content and
decreases in the saturated fatty acid content, in a concentration-dependent manner
(Fig. 3B). In the OLE1 overexpression strain, however, cadmium did not induce any
significant change in the contents of saturated and monounsaturated fatty acids (Fig.
3C). Furthermore, using oleic acid (C18:1) as an example, as shown in Fig. 3D, both
overexpression of OLE1 and exposure to cadmium in wild-type yeast resulted in
significant increases in the oleic acid content. Similar to the findings in Fig. 3C,
cadmium did not induce any significant change in the content of oleic acid in the OLE1
overexpression strain (Fig. 3D). Because the strain carrying OLE1 exhibited high levels
of resistance to cadmium (Fig. 1B and C), the increase in the content of monounsatu-
rated fatty acids may alleviate cadmium-induced stress.

Oleic acid alleviated cadmium-induced membrane damage in yeast. Oleic acid
(C18:1), one of the main products of the desaturase Ole1p, is an important component
of cell membranes (24) and is related to membrane fluidity (4). Cadmium was reported
to induce extensive membrane damage in plant cells by altering membrane fluidity (21,
25, 26). To explore the relationship between monounsaturated fatty acids and cadmium
stress, the effects of oleic acid on membrane integrity in different yeast strains treated
with cadmium were investigated. Here, propidium iodide (PI) was used as a fluorescent
dye in the membrane integrity analysis (27). As shown in Fig. 4A and B, the percentage
of dead cells (PI positive) treated with cadmium was over 30%, compared to the control.

FIG 2 OLE1 expression regulation and cadmium stress resistance. (A and B) Growth of yeast strains with and without cadmium.
Yeast cultures were 10-fold serially diluted and then spotted on plates. (A) BY4741, mga2Δ, and spt23Δ cells were grown on
SC�Ura plates with or without the addition of 100 �M CdCl2 and were incubated at 30°C for 2 to 5 days for the cadmium stress
resistance test. (B) mga2Δ and spt23Δ cells carrying vector or the OLE1 plasmid were grown on SC�Ura plates with or without
the addition of 100 �M CdCl2 and were incubated at 30°C for 2 to 5 days for confirmation of the positive correlation between
OLE1 expression levels and cadmium resistance. (C) RT-PCR analysis of OLE1 mRNA levels in BY4741, mga2Δ, and spt23Δ yeast
before and after exposure to 50 �M CdCl2. (D) Quantification of the semiquantitative RT-PCR analysis in panel C. Values are
means and standard deviations (n � 3). *, significantly different from the corresponding controls (P � 0.05); #, significantly
different from the BY4741 control that was not treated with CdCl2 (P � 0.05).
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Percentages were significantly decreased after the addition of oleic acid or the over-
expression of OLE1, to 19.6% or 18.3%, respectively. To confirm the relationship
between monounsaturated fatty acids and cadmium stress, a similar investigation was
performed with the mga2Δ strain. As expected, cadmium induced a high percentage of
dead cells, nearly 60% higher than that in the mga2Δ control. The addition of oleic acid
or the overexpression of OLE1 could significantly decrease the PI percentage. At the
same time, compared to wild-type yeast BY4741, the mga2Δ strain showed greater
sensitivity to cadmium.

To confirm the results, we analyzed the effects of oleic acid on cadmium stress by
spot testing the wild-type and mga2Δ strains. After the addition of oleic acid, both
strains exhibited high anti-cadmium-stress capacity (Fig. 4C and 5). Taken together,
these data clearly demonstrate that oleic acid alleviates cadmium-induced membrane
damage in yeast.

OLE1 reduced lipid peroxidation. Previous studies showed that cadmium toxicity
was associated with lipid peroxidation (12). Lipid peroxidation can trigger cell mem-
brane damage; therefore, the prevention of cadmium-induced lipid peroxidation was a
useful strategy for attenuating cadmium toxicity (12). Because our data showed that the
lipid desaturase-associated gene OLE1 and oleic acid could prevent membrane damage
caused by cadmium in yeast, we hypothesized that OLE1 might reduce the level of
cadmium-induced lipid peroxidation. To gain deeper insight into the cadmium resis-
tance mechanisms of OLE1 and oleic acid, the effects of OLE1 and oleic acid on
cadmium-induced lipid peroxidation were tested by measuring the levels of thiobar-
bituric acid reactive substances (TBARS), a commonly used indicator for evaluation of

FIG 3 Effects of cadmium on saturated and monounsaturated fatty acid contents. (A) The saturated and monounsaturated fatty acid contents were analyzed
in the yeast BY4741 and in the strain with OLE1 overexpression, as described in Materials and Methods. (B and C) The fatty acid contents in yeast BY4741 (B)
and the strain with overexpression of OLE1 (C) were analyzed after treatment for 18 h with 0, 25, 50, or 65 �M CdCl2. (D) The oleic acid contents in yeast BY4741
and the strain with OLE1 overexpression were analyzed after treatment for 18 h with 0, 25, 50, or 65 �M CdCl2. Values are means and standard deviations
(n � 3). *, significantly different from the BY4741 control that was not treated with CdCl2 (P � 0.05).
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lipid peroxidation. As shown in Fig. 5A and B, the concentrations of TBARS were
significantly increased after treatment with cadmium in both the wild-type yeast
BY4741 and the mga2Δ strain, and there were obvious decreases following the over-
expression of OLE1 or the addition of oleic acid. These data prove that OLE1 and oleic
acid can alleviate cadmium-induced membrane damage through the inhibition of lipid
peroxidation induced by cadmium.

DISCUSSION

Several previous investigations reported that cadmium can exert toxic effects
through inhibition of ATPase activity (28), interference with cation uptake (10), and
induction of cellular apoptosis (29–31). Many cation uptake and transport genes were
found to play important roles in cadmium resistance in plants or microorganisms (9).
Shimo et al. (32) found that knockout of the LCD gene could reduce the concentration
of cadmium and confer resistance to cadmium in rice. Additionally, impairment of lipid

FIG 4 Protective effects of oleic acid on membrane integrity and cadmium stress resistance. (A) Representative photographs
of cells treated for 3 h with or without cadmium. The indicated cells were incubated for 3 h with 0 or 50 �M CdCl2 or 50 �M
CdCl2 with 0.01 mM oleic acid and then were stained and visualized as described in Materials and Methods. DIC, differential
interference contrast. (B) Quantification of the percentages of PI-stained cells shown in panel A. Values are means and standard
errors of the means (n � 3). *, significantly different from the controls (BY4741 or mga2Δ cells treated with CdCl2) (P � 0.05).
OA, oleic acid. (C) Growth of yeast cells with and without cadmium. Cultures of BY4741 and mga2Δ cells were 10-fold serially
diluted and then spotted on SC�Ura plates containing 0 or 150 �M CdCl2 or 150 �M CdCl2 with 0.01 mM oleic acid, which
were incubated at 30°C for 2 to 5 days to test for cadmium stress resistance.
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storage and membrane damage is an important aspect of cadmium stress (33). Nouairi
et al. (34) found a change in lipid composition was also an efficient defense strategy
against cadmium stress in Brassica juncea and Brassica napus. Similarly, changes in lipid
composition and membrane fluidity have been demonstrated in plants subjected to
cadmium stress (35). Therefore, some lipid-associated pathways may be involved in the
mechanisms of cadmium damage and resistance.

The overexpression screening assay in yeast provides a useful tool to identify the
responses of genes or genetic pathways to environmental toxicants (13, 15, 16). In our
study, we obtained 10 cadmium-tolerant colonies carrying plasmids containing three
different genes, i.e., OLE1, PRP16, and PCL8 (Fig. 1). PRP16 encodes an RNA helicase that
is involved in pre-mRNA processing (36), and PCL8 encodes a cyclin that interacts with
Pho85p cyclin-dependent kinase (Cdk) to phosphorylate and to regulate glycogen
synthase (37). According to several previous reports, these two genes probably con-
tribute to alleviating both cadmium-induced DNA/RNA damage (3) and glycogen
metabolism impairment (38). Our results demonstrate that the lipid desaturase-
associated gene OLE1 is involved in cadmium stress tolerance. Compared with wild-
type BY4741 (gene dosage of 100%), overexpression of OLE1 (gene dosage of �100%)
conferred high-level cadmium stress tolerance and low levels of expression of OLE1
(mga2Δ; gene dosage of �100%) yielded sensitivity to cadmium stress (Fig. 1B and 2).
On the other hand, OLE1 was upregulated in response to cadmium stress (Fig. 2C and
D). Therefore, OLE1 expression levels were positively correlated with cadmium resis-
tance in yeast. However, a study of the mechanisms of OLE1 involvement in cadmium
resistance has not been reported.

Controlling intracellular cadmium levels to confer resistance to cadmium is a
possible function of cadmium resistance genes, such as CAD2 (9). In this study, however,
overexpression of OLE1 did not reduce the intracellular cadmium levels of yeast after
treatment with cadmium, compared to the control, suggesting that yeast cadmium
resistance involving OLE1 is irrelevant to the efflux of cadmium.

Ole1p (delta-9 fatty acid desaturase), encoded by OLE1, plays a role in the desatu-
ration of saturated fatty acids (18). Almost all the endogenous monounsaturated fatty
acids (C16:1 and C18:1) are produced from saturated fatty acids (C16:0 and C18:0) by Ole1p
(19, 22, 23). Our results confirmed this point. The overexpression of OLE1 in wild-type
yeast led to an increase in the content of monounsaturated fatty acids and a decrease
in the content of saturated fatty acids (Fig. 3A). We also compared the changes in the
contents of the two types of fatty acids in the wild-type and OLE1 overexpression
strains after cadmium treatment. Our data showed that cadmium caused an increase in
the content of monounsaturated fatty acids in the wild-type strain, while it did not
induce any significant change in the fatty acid contents in the OLE1 overexpression

FIG 5 Effects of oleic acid on lipid peroxidation. BY4741 (A) and mga2Δ (B) yeast cells with or without OLE1 overexpression
were incubated for 12 h with 0 or 50 �M CdCl2 or 50 �M CdCl2 with 0.01 mM oleic acid (OA), and then TBARS contents
were measured as described in Materials and Methods. Values are means and standard deviations (n � 3). FW, fresh weight;
*, significantly different from the controls (BY4741 or mga2Δ cells treated with CdCl2) (P � 0.05).
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strain (Fig. 3C and D). Thus, OLE1 is involved in cadmium stress tolerance through the
regulation of fatty acid composition.

In general, changes in membrane fluidity and integrity resulted from alterations in
lipid composition (4, 39, 40), especially unsaturated fatty acids (4). Unsaturated fatty
acid levels were associated with membrane fluidity remodeling in stress-acclimating
plants in response to abiotic and biotic stress (41). The regulation and expression of
desaturase genes play important roles in the alteration of membrane lipid composition,
which is an important adaptive response in plants to cope with cadmium stress (42). In
our study, OLE1 was found to be upregulated in response to cadmium stress (Fig. 2C).
This suggests that the stress response regulation of OLE1 may be an important adaptive
response of yeast to counter cadmium stress.

A previous study showed that cadmium induced lipid peroxidation by enhancing
lipoxygenase activity, which is involved in catalyzing lipid peroxidation by using
membrane lipid components, especially unsaturated fatty acids, as substrates (43).
Compared to saturated fatty acids, unsaturated fatty acids containing rich double
bonds are vulnerable to damage from cadmium-induced free radicals, which cause
unsaturated fatty acid peroxidation (44). The peroxidation of unsaturated fatty acids in
the membrane causes damage to the cell membrane (45). From our results, overex-
pression of OLE1 and the unsaturated fatty acid oleic acid could reduce the level of lipid
peroxidation induced by cadmium and alleviate cadmium-induced membrane damage
(Fig. 4 and 5). These findings demonstrate that overexpression of OLE1 confers cad-
mium resistance to yeast by alleviating cadmium-induced lipid peroxidation by yielding
more unsaturated fatty acids, which may play antioxidant roles (44).

Changes in lipid composition also represent an efficient defense strategy against
cadmium stress in plants (34). The regulation and expression of desaturase genes play
important roles in the alteration of membrane lipid composition, which was an impor-
tant adaptive response of plants to cope with cadmium stress (42). In this study, OLE1
was found to be upregulated in response to cadmium stress (Fig. 2C). This stress
response regulation of OLE1 may help yeast cells counter the lipid peroxidation and
cytomembrane damage caused by cadmium. Mga2p and Spt23p are important tran-
scription factors for OLE1. When the mag2Δ and spt23Δ strains were exposed to
cadmium, however, OLE1 could still be upregulated. OLE1, an oxygen-sensing gene,
could be upregulated in response to oxidative stress (46). This finding suggested that
regulation of OLE1 in response to cadmium stress was associated with oxidative stress
and independent of Mga2p and Spt23p.

Genes similar to OLE1 exist in plants and animals, including the OLE16 gene of Zea
mays (47) and the SCD1 gene of animals (48). In the rat liver, delta-9 desaturase
encoded by SCD1 is a target of cadmium and is significant inhibited by cadmium (49).
In this case, the upregulation of OLE1 could contribute to maintaining delta-9 desatu-
rase levels in response to the suppression of desaturase by cadmium. Thus, our results
indicate that OLE1 confers resistance to cadmium in yeast.

In conclusion, the data we have obtained support the idea that the regulation of
OLE1 in the synthesis of unsaturated fatty acids may serve as a positive feedback
mechanism to help yeast cells counter the lipid peroxidation and cytoplasmic mem-
brane damage caused by cadmium. The discovery of OLE1 involvement in membrane
stability may indicate a novel defense strategy against cadmium stress.

MATERIALS AND METHODS
Strains and growth conditions. The strains of S. cerevisiae used included the wild-type strain

BY4741 (MATa his3Δ1 leu2Δ0 ura3Δ0 met15Δ0), BY4742 (MAT� his3Δ1 leu2Δ0 ura3Δ0 lys2Δ0), mga2Δ
(MATa his3Δ1 leu2Δ0 ura3Δ0 met15Δ0 MGA2Δ::KanMX4), and spt23Δ (MATa his3Δ1 leu2Δ0 ura3Δ0
met15Δ0 SPT23Δ::KanMX4). Cells were maintained on yeast peptone dextrose (YPD) medium (2.0%
glucose, 2.0% peptone, 1.0% yeast extract, and 2.0% agar [wt/vol]), with or without G418, before
experimental procedures. For plasmid-bearing studies, cells were grown at 30°C in synthetic complete
(SC) medium (0.67% yeast nitrogen base [YNB], 2.0% glucose, and complete amino acid mixture) or
SC�Ura medium. Yeast extract, peptone, glucose, CdCl2, and other chemicals were purchased from
Sangon Biotech (Shanghai, China) unless specifically noted otherwise.
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Screening for anti-cadmium-stress genes. The S. cerevisiae essential gene overexpression library,
which was constructed using the 2� high-copy-number yeast-bacterium shuttle vector pXP684 in a
previous study (50), was used to screen for anti-cadmium-stress genes. The library contains 1,096 genes,
covering 94.8% of the 1,156 essential genes, based on the annotated Saccharomyces Genome Deletion
Project (http://www-sequence.stanford.edu/group/yeast_deletion_project/deletions3.html). Briefly, the
essential gene overexpression library was transformed into BY4741, and yeast cells carrying the plasmids
were plated on SC�Ura plates with a high concentration (300 �M) of CdCl2. The plates were incubated
at 30°C for 2 to 5 days, and the cadmium-tolerant yeast colonies were isolated.

Intracellular cadmium analysis. Cells were exposed to 0, 50, or 100 �M CdCl2 for 12 h at 30°C, with
constant shaking, and then were harvested and washed with deionized water. Equivalent cell amounts
were weighed and dried at 70°C overnight. After the dried cell weight was recorded, the samples were
wet ashed in 2.0 ml HNO3 for 1 h, in sealed vials, with heating (100°C). The digests were diluted
appropriately with deionized water and analyzed for cadmium using ICP-MS (Agilent 7500CX; Agilent
Technologies, Santa Clara, CA, USA). The ICP-MS analytical characteristics were as described previously
(51).

Yeast cadmium sensitivity assay using the drop test. The cadmium sensitivity of yeast strains was
determined using the drop test technique. Briefly, yeast cells (2 �106) were obtained from a single clone
on medium. Yeast strains were serially diluted 10-fold, spotted on SC�Ura plates supplemented with 100
or 150 �M CdCl2 and/or 0.01 mM oleic acid, and incubated at 30°C for 2 to 5 days.

Saturated and monounsaturated fatty acid analysis. Fatty acids were extracted as described
previously (52). Fatty acid methyl esters were prepared as described previously, with little modification
(53). Fatty acids were saponified with 0.4 M KOH in methanol and mixed with 1 ml benzene-petroleum
ether (1:1 [vol/vol]), followed immediately by shaking and standing. After 16 min of standing, the samples
were washed with 1.6 ml of sterile water; the water was removed after stratification. The rest of the fatty
acids were dried under nitrogen gas, dissolved in 200 �l of hexane, and analyzed using an Agilent 6890N
gas chromatograph equipped with a 5975 mass spectrometer (Agilent). The injector temperature was
240°C. The flow rate of helium gas through the column was 1 ml/min. The column temperature was held
at 80°C for 5 min and then increased to 320°C at a rate of 20°C/min. C14:0 fatty acids (Sigma, St. Louis, MO,
USA) were methyl esterified as standards prior to use. The identities of all peaks in the chromatograms
were determined by comparing their retention times with those of standard fatty acid methyl esters. The
fatty acid compositions were expressed as percentages of the sum of the peak areas.

RT-PCR analysis of mRNA expression. mRNA expression analysis for each gene was performed as
described previously (54). Briefly, total RNA was isolated using a Yeast RNAiso kit (TaKaRa, Tokyo, Japan).
One microgram of total RNA was reverse transcribed using a PrimeScript RT reagent kit with gDNA Eraser
(TaKaRa). One microliter of cDNA was used as the template. OLE1 and ACT1 were amplified by PCR using
the primer pairs OLE1-F (5=-GGCTAGAGCTGATATTACCG-3=)/OLE1-R (5=-GCGTTTCTGTAATCAGTTGG-3=)
and ACT1-F (5=-GCTTTGTTCCATCCTTCTG-3=)/ACT1-R (5=-GAAACACTTGTGGTGAACG-3=), respectively. PCR
products were analyzed by electrophoresis in 2% agarose gels and were quantified using the Tanon 3500
gel imaging system (Tanon Science & Technology, Shanghai, China).

Propidium iodide assay of cell membrane integrity. The cellular membrane integrity was exam-
ined by using PI, as described previously (55). Briefly, exponentially growing cells were grown in 3 ml of
medium supplemented with 50 �M CdCl2 and/or 0.01 mM oleic acid. After 3 h of treatment, the cells
were harvested by centrifugation at 4,000 rpm for 10 min at 4°C and were washed twice with distilled
water. PI (1 mg/ml) was added to 1 ml of the cell suspensions, to a final concentration of l �g/ml. After
15 min of incubation at 4°C, cells were examined by fluorescence microscopy (Olympus BX53; Olympus,
Tokyo, Japan). Cells were counted, and the percentages of cells exhibiting red fluorescence were plotted.
Each value was obtained from three independent experiments.

Evaluation of lipid peroxidation. Measurement of the products of lipid peroxidation was performed
as described previously (56). Cells were treated for 12 h with 50 �M CdCl2 and/or 0.01 mM oleic acid,
harvested, and added to 1 ml of thiobarbituric acid (TBA) reagent (0.25 M HCl, 15% trichloroacetic acid,
and 0.375% TBA). Addition of the reagent terminated lipid peroxidation and initiated the assay. Cells
were incubated at 100°C for 15 min and then centrifuged. The absorbance of the supernatants was
measured at 532 nm using a UV spectrophotometer; an equal volume of TBA reagent with distilled water
was used as a blank. The levels of lipid peroxides were expressed as moles of TBARS per gram (fresh
weight) of yeast.

Statistical analyses. All experiments were performed at least three times. Values were expressed
as means � standard deviations. Statistical analyses were performed using Student’s t test. P values
of �0.05 were considered statistically significant.
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