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Phytochelatin (PC) plays an important role in heavy metal detoxification in plants and other living organisms. Therefore, we
overexpressed an Arabidopsis PC synthase (AtPCS1) in transgenic Arabidopsis with the goal of increasing PC synthesis,
metal accumulation, and metal tolerance in these plants. Transgenic Arabidopsis plants were selected, designated pcs lines,
and analyzed for tolerance to cadmium (Cd). Transgenic pcs lines showed 12- to 25-fold higher accumulation of AtPCS1
mRNA, and production of PCs increased by 1.3- to 2.1-fold under 85 �m CdCl2 stress for 3 d when compared with wild-type
plants. Cd tolerance was assessed by measuring root length of plants grown on agar medium containing 50 or 85 �m CdCl2.
Pcs lines paradoxically showed hypersensitivity to Cd stress. This hypersensitivity was also observed for zinc (Zn) but not
for copper (Cu). The overexpressed AtPCS1 protein itself was not responsible for Cd hypersensitivity as transgenic cad1-3
mutants overexpressing AtPCS1 to similar levels as those of pcs lines were not hypersensitive to Cd. Pcs lines were more
sensitive to Cd than a PC-deficient Arabidopsis mutant, cad1-3, grown under low glutathione (GSH) levels. Cd hypersen-
sitivity of pcs lines disappeared under increased GSH levels supplemented in the medium. Therefore, Cd hypersensitivity
in pcs lines seems due to the toxicity of PCs as they existed at supraoptimal levels when compared with GSH levels.

Contamination of soils and waters with toxic heavy
metals contributes to serious worldwide environ-
mental and human health problems. These heavy
metal pollutants have been discharged mainly by
mining and combustion of fossil fuels during the
period of global industrialization.

A promising new technology, referred to as phy-
toremediation, offers promise for clean up of pol-
luted areas in a cost-effective and environment-
friendly manner (Salt et al., 1995, 1998; Raskin et al.,
1997). This technology involves removal of toxic
heavy metals from contaminated soils and waters, or
rendering them harmless by accumulating, chelating,
or transforming these contaminants into biologically
inactive forms through green plants. One possible
approach for phytoremediation is to use “hyperaccu-
mulators,” plant species that have evolved to accu-
mulate high concentrations of heavy metals in their
biomass. However, most known hyperaccumulators
tend to grow slowly, and produce relatively low
biomass (Cunningham et al., 1995). Due to these lim-
itations, genetic and molecular investigations of
plant defense mechanisms involved in heavy metal

stress have been under way to improve the efficiency
of phytoremediation.

Plants can produce Cys-rich peptides such as glu-
tathione (GSH), phytochelatins (PCs), or metallo-
thioneins (MTs) for detoxification or homeostasis of
heavy metals (Rauser, 1999; Cobbett, 2000a, 2000b).
PCs are a family of small enzymatically synthesized
peptides having a general structure of (�-Glu-Cys)n-
Gly where n equals 2 to 11 (Rauser, 1990). These
peptides are rapidly synthesized in response to
toxic levels of heavy metals in all tested plants
(Zenk, 1996; Cobbett, 1999). The role of PCs in heavy
metal tolerance has been well characterized in Cd-
sensitive mutants of Arabidopsis, cad1 and cad2
(Howden and Cobbett, 1992; Howden et al., 1995;
Cobbett et al., 1998). These mutants are deficient in
PC production due to mutations in �-glutamyl-Cys
synthetase in the case of cad2 mutants, or in PC
synthase in the case of cad1 mutants. PCs form
stable complexes with heavy metals in the cytosol,
and these are subsequently sequestered into the
vacuole (Grill et al., 1985; Steffens, 1990; Zenk, 1996;
Cobbett, 2000a, 2000b). �-Glu-Cys dipeptidyl
transpeptidase (EC 2.3.2.15), named PC synthase,
catalyzes the synthesis of PCs by transferring a
�-Glu-Cys moiety of GSH to GSH or to other PCs
(Grill et al., 1989; Zenk, 1996). Genes encoding PC
synthase have recently been cloned from Arabidop-
sis (AtPCS1), wheat (Triticum aestivum; TaPCS1),
Schizosaccharomyces pombe (SpPCS1), and Caenorhab-
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ditis elegans (CePCS1; Clemens et al., 1999, 2001; Ha
et al., 1999; Vatamaniuk et al., 1999, 2001).

There are several reports of transgenic plants
showing higher accumulation and tolerance for Cd
as a result of manipulating the expression of genes
involved in PC synthesis. Overexpression of genes
encoding O-acetyl-Ser(thiol) lyase (Domı́nguez-Solı́s
et al., 2001), �-glutamyl-Cys synthetase (Zhu et al.,
1999b), and GSH synthetase (Zhu et al., 1999a)
in transgenic plants have been reported to increase
synthesis of PCs or GSH under Cd stress. There-
fore, overexpression of PC synthase in plants may
also be a promising approach for manipulating metal
tolerance and accumulation in plants used for
phytoremediation.

RESULTS

Selection of Transgenic Lines Overexpressing
Arabidopsis PC Synthase (AtPCS1)

We have previously developed 16 independent
transgenic Arabidopsis lines, designated pcs1 to
pcs16, expressing a C-terminal FLAG (DYKDDDL)-
tagged full-length AtPCS1 genomic DNA driven un-
der the control of a 2.0-kb AtPCS1 promoter. Even
though the AtPCS1 promoter is not as strong as the
cauliflower mosaic virus 35S promoter, some trans-
genic lines have shown higher levels of ectopic ex-
pression of AtPCS1. Therefore, lines showing in-
creased AtPCS1 mRNA levels by approximately
24-fold (pcs1, pcs3, and pcs9) or approximately 13-fold
(pcs5 and pcs8), respectively, compared with wild-
type plants have been selected (Fig. 1A). After
western-blot analysis, pcs lines have exhibited pro-
duction of FLAG-tagged AtPCS1 (Fig. 1B).

Overexpression of AtPCS1 Leads to Increased
Production of Nonprotein Thiol (NPT) and PC under
Cd Stress

To investigate effects of AtPCS1 overexpression on
production of heavy metal-binding peptides, total
contents of GSH, NPT, and PC were analyzed in pcs
lines and wild-type plants grown with or without Cd
stress. Under control conditions (0 �m Cd), GSH and
NPT contents in pcs lines were not significantly dif-
ferent from those in wild-type Arabidopsis (Fig. 2, A
and B). When plants were subjected to 85 �m CdCl2
treatment for 3 d, a slight increase in GSH content
was observed in pcs lines and wild-type Arabidopsis
compared with untreated plants (Fig. 2A). Also, pcs
lines and wild-type plants showed increased levels of
NPT under Cd stress than without Cd; moreover,
NPT levels in pcs lines were substantially higher than
those detected in wild-type plants (Fig. 2B). To fur-
ther investigate whether increased NPT contents in
Arabidopsis subjected to Cd stress actually reflected
increased PC contents, total PCs were measured in
pcs lines and wild-type plants. Pcs lines showed

approximately 1.3- to approximately 2.1-fold increase
in total PCs production under Cd stress compared
with wild-type plants (Fig. 2C), whereas no PC was
detected in pcs lines or wild-type plants without Cd
stress (data not shown).

Cd Hypersensitivity Was Observed in pcs Lines
Overexpressing Higher Levels of the AtPCS1 Gene

In a preliminary experiment, higher differences in
plant growth were observed between wild-type Ara-
bidopsis and Cd-sensitive mutant, cad1-3, when
grown under various concentrations of Cd (ranging
between 50 and 85 �m). Thus, the Cd concentrations
of 50 and 85 �m were selected to evaluate Cd toler-
ance in transgenic pcs lines and wild-type plants.
When seeds were grown under control condition (0
�m Cd), all seedlings of pcs lines grew and devel-
oped normally, and overall root length in these lines
was not significantly different from that of wild-type
seedlings (Fig. 3A). When seeds were subjected to 50
�m Cd, root growth of all seedlings was affected;
however, root length of several pcs lines (pcs1, pcs3,

Figure 1. Overexpression of the AtPCS1 gene in transgenic pcs lines
compared with wild-type (WT) Arabidopsis plants. A, Total RNA was
extracted from 10-d-old seedlings, and 10 �g of total RNA was used
for RNA-blot analysis. The blot was hybridized with the AtPCS1
cDNA probe, and was subsequently probed with a �-tubulin cDNA
to confirm equal RNA loading of the gel. The numbers along the y
axis correspond to the relative intensity of the signal after it has been
corrected for the �-tubulin signal. B, Western-blot analysis of the
same transgenic lines and wild-type (WT) examined in A. Equal
amounts of the total protein (5 �g) was used in each lane, separated
on a 10% (w/v) SDS-PAGE gel, blotted, and probed with an anti-
FLAG M2 antibody to detect the FLAG-tagged AtPCS1.
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and pcs9) was significantly inhibited compared with
wild-type seedlings (Fig. 3B). When Cd concentration
was increased to 85 �m, a similar pattern of root
growth inhibition was observed (Fig. 3C). Thus,

higher levels of ectopic expression of PC synthase
paradoxically resulted in increased sensitivity to Cd.

Overexpression of AtPCS1 Also Leads to Increased
Sensitivity to Zn But Not to Cu

To explore whether Cd hypersensitivity shown in
several pcs lines also applied to other metals such as
Cu and Zn, the effects of these metals on growth of
pcs3, pcs8, pcs9, and wild-type Arabidopsis was in-
vestigated. pcs lines and wild-type seedlings did not
show significant differences in root growth at various
levels of CuCl2 (Fig. 4A). However, pcs3 and pcs9
showed Zn hypersensitivity at 0.5 and 1.0 mm ZnCl2,
whereas pcs8 did not (Fig. 4B). Under these experi-

Figure 2. Effects of AtPCS1 overexpression on GSH, NPT, and PC
contents with or without Cd treatment. Plants grown on Murashige
and Skoog agar medium for 10 d were transferred to a fresh medium
containing 0 or 85 �M CdCl2, and were incubated for another 3 d.
Whole seedlings of transgenic pcs lines and wild-type (WT) were
used for analysis of total GSH (A), NPT (B), and PC (C). Values
correspond to means � SE of four samples. An asterisk indicates
significantly different (P � 0.05) from WT of the same treatment.

Figure 3. Effect of AtPCS1 overexpression on root elongation of
plants grown under Cd stress. Seeds were germinated on Murashige
and Skoog agar medium containing 0 �M (A), 50 �M (B), or 85 �M (C)
CdCl2, and petri dishes were placed in a vertical orientation upon
onset of growth. After 10 d of growth, root lengths of pcs lines and
WT were measured. Values correspond to means � SE of 10 plants.
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mental conditions, pcs1 also showed Zn hypersensi-
tivity similar to that observed for pcs3, but neither
pcs5 nor pcs8 did (data not shown).

Overexpressed AtPCS1 Protein Is Not Toxic to Plants
Grown under Cd Stress

To investigate whether Cd hypersensitivity ob-
served in several pcs lines was due to toxicity of the
overexpressed FLAG-tagged AtPCS1 protein itself, a
functional complementation test was conducted us-
ing a cad1-3 Arabidopsis mutant defective in PC syn-
thase. Thirteen independent T2 transgenic cad1-3
lines, designated cad1pcs, were developed after
transformation of cad1-3 plants with the AtPCS1 con-
struct. Seedlings of all cad1pcs lines showed normal
phenotype, and their root growth was not signifi-
cantly different from that of cad1-3 and wild-type
seedlings (Fig. 5A). When cad1pcs lines were sub-
jected to 50 or 85 �m Cd, no significant differences in

Cd sensitivity were observed compared with wild
type, except for cad1pcs6 (Fig. 5A). Line cad1pcs6
showed Cd hypersensitivity at 85 �m Cd, but not at
50 �m Cd, even though it was less sensitive to Cd
than untransformed cad1-3 seedlings.

The AtPCS1 transgene was able to complement the
cad1 mutation in most of the analyzed transgenic
lines, thus indicating that this construct was func-
tional and not defective. The Cd hypersensitivity of
cad1pcs6 at 85 �m Cd suggested that this line was
expressing a higher level of FLAG-tagged AtPCS1
than pcs lines. To verify this hypothesis, western-blot
analysis was conducted for all cad1pcs lines, and
pcs1 and pcs3 lines were used as standards for com-
parison. Variability in levels of FLAG-tagged AtPCS1
expression was observed in cad1pcs lines (Fig. 5B).
Lines cad1pcs7 and cad1pcs14 showed similar levels
of expression to those of pcs1 and pcs3 lines. Among
all cad1pcs lines, cad1pcs6 showed the highest level
of FLAG-tagged AtPCS1 expression, and this was
even higher than was detected in wild-type pcs lines.

Thus, overexpression of FLAG-tagged AtPCS1 lev-
els observed in pcs lines does not contribute to Cd
hypersensitivity, as some cad1pcs lines expressing
the same levels of FLAG-tagged AtPCS1 as those
detected in pcs lines are not hypersensitive to Cd.

Pcs Lines Were More Sensitive to Cd Than Cad1-3 under
Conditions of Low Intracellular GSH Levels, Whereas
Cd Hypersensitivity of pcs Lines Disappeared When
Medium Was Supplemented with GSH

The Cd hypersensitivity of pcs lines seemed to be
due to toxicity of PC at supraoptimal concentrations.
To investigate this hypothesis, we compared Cd sen-
sitivity between PC-deficient cad1-3 mutant and pcs
lines under conditions of low intracellular GSH con-
centrations. Cad1-3 was more sensitive to Cd than all
of pcs lines grown under various concentrations of
Cd (Fig. 6A). However, pcs lines were more sensitive
to Cd than cad1-3 under reduced intracellular GSH
levels after treatment with 1 mm buthionine sulfoxi-
mine (BSO), an inhibitor of �-glutamyl-Cys syn-
thetase (Griffith, 1982; Fig. 6B). In this experiment,
pcs3 and pcs9 showed similar responses to that of
pcs1, whereas pcs5 showed similar response to that
of pcs8. Adding 1 mm BSO to the medium slightly
inhibited plant growth of wild-type and pcs lines.
Moreover, this treatment reduced total GSH content
of wild-type and pcs lines to approximately 42% of
those observed in nontreated plants. Adding 1 mm
BSO plus 20 �m CdCl2 resulted in approximately 35%
reduction in GSH levels compared with nontreated
plants (data not shown). The Cd hypersensitivity of
several pcs lines (e.g. pcs1 and pcs8) disappeared
after treatment of plants with 1 mm GSH, whereas
cad1-3 continued to show higher sensitivity to Cd
(20–50 �m) compared with wild-type Arabidopsis
(Fig. 6C). Moreover, total GSH contents of pcs lines

Figure 4. Comparative sensitivity of transgenic pcs lines and wild-
type (WT) for Cu and Zn. Seeds were germinated and grown in a
vertical orientation for 8 d on Murashige and Skoog agar medium
containing various concentrations of CuCl2 (A) or ZnCl2 (B), and root
lengths were then measured. Values correspond to means � SE of 10
plants.
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and wild-type plants increased by approximately
20% after treatment with 1 mm GSH, and by approx-
imately 60% after treatment with 1 mm GSH plus 50
�m CdCl2 compared with nontreated plants (data not
shown).

DISCUSSION

The Arabidopsis PC synthase gene, AtPCS1, was
manipulated to increase PC production, and thereby
conferring enhanced Cd accumulation and tolerance
to Arabidopsis plants. In fact, PC production in-
creased in transformed plants overexpressing the
AtPCS1 gene; however, there was no correlation be-
tween the level of PC production and the level of the
AtPCS1 gene transcript. It was assumed that the nor-
mal level of Arabidopsis PC synthase expression was
sufficient to synthesize the required PCs in response
to supplemented levels of Cd. Therefore, the dra-
matic increase of the PC synthase transcript (or pro-

tein) did not comparably affect the synthesis of PCs.
Thus, the level of the true substrate, GSH-Cd, for PC
synthase might be the limiting factor determining the
rate of PCs synthesis (Vatamaniuk et al., 2000).

The results obtained in this study are in contrast
with those previously reported by others (Zhu et al.,
1999a, 1999b). It has been observed that increased Cd
tolerance is related to elevated PC synthesis; how-
ever, this study shows that the increased capacity of
PC synthesis does not lead to Cd tolerance, but par-
adoxically leads to Cd hypersensitivity. In this study,
the hypersensitivity of several pcs lines has also been
noted for Zn, but not for Cu. In yet an unpublished
study, we have observed that a Cd-tolerant trans-
genic Arabidopsis overexpressing O-acetyl-Ser(thiol)
lyase (Domı́nguez-Solı́s et al., 2001) is not tolerant to
Cu stress, whereas the Cd-sensitive PC-deficient Ara-
bidopsis mutant cad2-1 (Cobbett et al., 1998) is resis-
tant to Cu stress when compared with wild-type
plants. Even though Cu stress can induce PC synthe-

Figure 5. Functional complementation of cad1-3
by AtPCS1construct. A, Cad1-3 mutants were
transformed with C-terminal FLAG-tagged
genomic AtPCS1 under the control of a 2.0-kb
AtPCS1 promoter. After screening of transgenic
(cad1pcs1) lines on kanamycin, selected T2 seeds
were used for testing the recovery of Cd hyper-
sensitivity in cad1-3 plant. Approximately 20
seeds were germinated and grown in a vertical
orientation for 10 d on Murashige and Skoog agar
medium containing 0 �M (top), 50 �M (middle),
or 85 �M (bottom) CdCl2, and root lengths were
then measured. Values correspond to means �
SE. B, Western-blot analysis was performed on
various cad1pcs lines to evaluate the amount of
the expressed C-terminal FLAG-tagged AtPCS1.
Proteins were extracted from 10-d-old seedlings
and were analyzed as described in Figure 1. The
pcs1 and pcs3 lines were used as standards.
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sis (Grill et al., 1987; De Vos et al., 1992; Hartley-
Whitaker et al., 2001) and produces a stable Cu-PC
complex (Scarano and Morelli, 1998), there is no con-
clusive evidence that PC functions in Cu tolerance

because wild-type and cad1 mutants have very sim-
ilar/identical responses to Cu. Therefore, this study
also supports that PC is not a major factor in Cu
tolerance in plants.

The plant gene expression construct used for trans-
formation of wild-type Arabidopsis to overexpress
PC synthase can functionally complement the cad1-3
mutant. This finding suggests that the construct itself
is properly designed, and is functioning appropri-
ately. Furthermore, the increased PC synthase pro-
tein levels found in transgenic cad1pcs lines, similar
to those detected in pcs1 and pcs3 lines, do not result
in Cd hypersensitivity. This suggests that the ob-
served Cd hypersensitivity in pcs lines is not due to
increased levels of the PC synthase protein itself, but
is likely due to yet another factor.

The phytotoxicity of Cd is generally ascribed to its
reactivity with ligands containing oxygen, nitrogen,
and sulfur (Van Assche and Clijsters, 1990). This
often results in oxidative stress, possibly by generat-
ing reactive oxygen species (Toppi and Gabbrielli,
1999). It is also possible that the antioxidative system
in plants might have been affected by overexpression
of AtPCS1, and this may have resulted in the ob-
served Cd hypersensitivity in pcs lines. However,
growth of pcs lines does not significantly differ from
that of wild-type plants when these are subjected to
stress using the strong oxidant hydrogen peroxide
(data not shown). Thus, overexpression of AtPCS1
does not affect the antioxidative system in plants, but
this cannot be completely excluded with regard to Cd
stress.

The toxicity of PCs components including Gly, Cys,
Glu, �-Glu-Cys, �-Glu-Gly, Cys-Gly, and GSH on
plant growth was evaluated by treating plants used
in this study with each of these components (sup-
plied at 1 mm). Except for Gly, all other components
inhibited plant growth, and Cys was more toxic than
Glu (data not shown). This indicated that the ob-
served Cd hypersensitivity in pcs lines might be re-
lated to the toxicity of PCs, as this compound has a
high Cys content.

It is being proposed that PC is toxic to plants when
present at supraoptimal concentrations as in cases of
Cys and GSH. Even though the toxicity of Cys and
GSH on plant growth at these supraoptimal concen-
trations is not well understood, the toxicity of PC may
be similar to that of Cys and GSH. Furthermore, the
toxicity of PC may depend on the GSH concentration,
as low GSH levels resulted in higher observed sensi-
tivity of pcs lines to Cd than the PC-deficient cad1-3
mutant. Moreover, Cd hypersensitivity in pcs lines is
eliminated when plants are supplemented with GSH,
whereas cad1-3 maintains its Cd hypersensitivity.

The FLAG-tagged AtPCS1 protein is capable of
directly binding to heavy metals (Vatamaniuk et al.,
1999). Therefore, the observed Cd hypersensitivity in
pcs lines is possibly due to the metal binding activity
of overexpressed PCS, as this may interfere with

Figure 6. Effect of BSO and GSH on Cd sensitivity of Arabidopsis
plants. Seeds were germinated and grown for 10 d on Murashige and
Skoog agar medium containing various concentrations of CdCl2 (A)
with 1 mM BSO (B) or 1 mM GSH (C). Petri dishes were placed in a
vertical orientation at the onset of seed germination. Root length was
measured after 10 d of growth. Values correspond to means � SE of
10 plants.
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metal homeostasis. Moreover, nonspecific protein-
protein interactions caused by the modification of the
AtPCS1 C-terminal region by the FLAG may also
contribute to the observed Cd hypersensitivity in pcs
lines.

In another aspect relevant to phytoremediation, we
have observed that an increase in the capacity of PC
production alone is not enough to result in an in-
crease in Cd tolerance in plants. It is likely that the
increased capacity of sequestering PC-metal com-
plexes into the vacuole is also required due to the
toxicity of PCs in plants.

MATERIALS AND METHODS

Plant Materials, Growth Conditions, and Treatments

Plants (Arabidopsis ecotype Columbia) were grown on one-half-strength
Murashige and Skoog (1962) agar medium (pH 5.8) and 2% (w/v) Suc in
100 � 100 � 15-mm square plates. These plates were maintained in a growth
chamber at 23°C with a 12-h photoperiod provided by cool-white fluores-
cent tubes at a light intensity of approximately 80 �m�2 s�1. The cad1-3
mutant has been previously described by Howden et al. (1995). Arabidopsis
seeds were germinated on Murashige and Skoog agar medium containing
heavy metals or other chemicals, and plates were placed vertically on
shelves to facilitate comparison of root growth rate.

Cad1-3 Complementation

Plants of cad1-3 mutant were grown in a growth chamber for 7 weeks in
10-cm2 pots containing soil mixture (Sunshine Mix no. 1; Sun Gro Horticul-
ture, Bellevue, WA), as described above. These were used for transformation
by the floral-dip method (Clough and Bent, 1998) using Agrobacterium
tumefaciens GV3101 (pMP90) harboring a plant gene expression construct
(P1::gDNA::FLAG). In this construct, a 2.0-kb AtPCS1 promoter is fused with
a C-terminal FLAG (DYKDDDDL)-tagged AtPCS1 genomic DNA, as previ-
ously described (Lee et al., 2002). Transformed seeds were selected on
Murashige and Skoog agar medium containing 50 mg L�1 kanamycin, and
T2 seeds were used for complementation experiments.

RNA-Blot Analysis

For gene expression analysis, RNA was extracted from axenically grown
10-d-old Arabidopsis seedlings using an RNeasy Plant Mini-kit (Qiagen,
Valencia, CA). Ten micrograms of total RNA from each sample was separated
on a formaldehyde gel, blotted onto a Zeta-Probe membrane (Bio-Rad, Her-
cules, CA), and immobilized to the membrane by UV crosslinking. The
32P-labeled DNA probes were made using a random primer labeling kit
(Invitrogen, Carlsbad, CA). Probes corresponded to a full-length 1.5-kb At-
PCS1 cDNA and an expressed sequence tag clone, B64XP (T04000; provided
by the Arabidopsis Biological Resource Center, Ohio State University, Co-
lumbus), encoding for �-tubulin. The relative intensity of the RNA signal was
measured using a PhosphorImager (Molecular Dynamics, Sunnyvale, CA).

Western-Blot Analysis

Total proteins were extracted from axenically grown 10-d-old transgenic
and wild-type Arabidopsis seedlings. Plants were ground into a powder in
50 mm Tris-HCl (pH 7.5) extraction buffer using a mortar and pestle. The
protein concentration was measured using the Bradford protein assay
(Bradford, 1976). Total protein (5 �g) was separated on a 10% (w/v) SDS-
PAGE, transferred to an Immobilon-P transfer membrane (Millipore, Bed-
ford, MA), and consecutively probed with an anti-FLAG M2 monoclonal
antibody (Sigma, St. Louis) and an alkaline phosphatase-linked anti-mouse
antibody (Sigma). A chemiluminescence reagent (Renaissance kit; NEN,
Boston, MA) was used to detect the immune complex.

GSH, NPT, and PC Analysis

Transgenic and wild-type Arabidopsis seedlings were grown on Murash-
ige and Skoog medium for 10 d, were then transferred to fresh Murashige
and Skoog medium containing 0 or 85 �m CdCl2, and were grown for
another 3 d. Seedlings were harvested and used for analysis for total GSH
and total NPT using a spectrophotometer (Shimadzu, Tokyo), and for total
PC using HPLC. Samples of 100 mg were frozen in liquid nitrogen and
ground with a mortar and pestle. Three hundred microliters of a solution
containing 1 m NaOH and 1 mg L�1 NaBH4 was then added. These homog-
enates were centrifuged for 5 min at 13,000g at 4°C, and a 300-�L superna-
tant was acidified by adding 50 �L of 37% (w/v) HCl. This solution was
used for spectrophotometric measurement of GSH and NPT. For analysis of
total NPT content, a 10 �L solution was added to 500 �L of 6 mm 5,5�-
dithiobis(2-nitrobenzoic acid), Ellman’s reagent (Ellman, 1959) in stock
buffer (143 mm sodium phosphate and 6.3 mm Na2-EDTA, pH 7.5), and was
incubated at 30°C for 2 min. The A412 was then measured. Analysis of total
GSH content was conducted using the glutathione reductase recycling assay
as described by Anderson (1985). For PCs measurement, 200 mg of frozen
tissue was ground to a powder, and then 200 �L of 0.5 m HCl was added.
The mixture was kept on ice for 10 min and was vortexed three times for 30 s
each during this time. After centrifugation for 10 min in a microcentrifuge
at 4°C, the supernatant was removed. A total of 50 �L of 2 mm N-acetyl Cys
was added to 200 �L of the supernatant. This was then analyzed by reverse
phase-HPLC with postcolumn derivatization of thiol compounds as de-
scribed by Gupta and Goldsbrough (1991).
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