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Abstract

We have used proteomic approaches to identify dif-
ferentially expressed proteins in rice roots in response
to CdCl2. More than 750 protein spots that were de-
tected by 2-dimensional gel electrophoresis showed
reproducible abundance. 29 of these proteins showed
significant changes after Cd treatment. Most promi-
nent alteration was about 5 fold increase of putative
glucan endo-1,3-ββ-D-glucosidase, while pathogen-
related protein, glucanase and ββ-1,3-glucanase were
dramatically reduced. Newly induced glutathione-S-
transferase and the increase in methione synthase,
fructose-bisphosphate aldolase and triosephosphate
isomerase suggest their role in defense against Cd
toxicity. Cd-induced alterations in specific isozyme
patterns of ascorbate peroxidase, glutathione-S-tra-
nsferase and peroxidase on the activity stained gels
were in accordance with those of proteomic data. 
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Introduction

Cadmium (Cd) is an important environmental pollu-
tant with high toxicity to plants and animals. Cd has
been reported to interact with photosynthetic, respira-
tory and nitrogen metabolism in plants, resulting in
poor growth and low biomass accumulation1. Cd also
produces oxidative stress possibly by generating free
radicals and active oxygen species. These species
react with lipids, proteins, pigments and nucleic acids,
and cause lipid peroxidation, membrane damage and
inactivation of enzymes, thus affecting cell viability.
Cd has recently been reported to inhibit photoactiva-
tion of photosystem II by competitive binding to the
Ca2++ site2. It has also been hypothesized that photo-
chemistry might be somehow altered in the presence

of Cd, with the consequent formation of chlorophyll
triplets under high light. 

Several of the detoxification processes activated in
the cells play very important roles during the exposure
of plants to Cd. These are complexing of the metal by
phytochelatin, compartmentalization in vacuole, im-
mobilization at the cell wall, exclusion through plas-
ma membrane, and synthesis of stress-related pro-
teins3,4. Despite recent progress in understanding indi-
vidual aspects of Cd accumulation, the cellular and
molecular defense mechanisms against Cd toxicity
are only partially understood. 

The functions of proteins depend considerably on
post-translational modification and protein-protein
interaction which cannot be deduced from nucleic
acid data. Present proteomic research aims at both
identifying new proteins in relation to their function
and ultimately at unraveling how their expression is
controlled within regulatory networks5. On the rice
plant, there have been some classical works dealing
with the construction of proteomes from complex ori-
gins, such as the leaf, embryo, endosperm, root, stem,
shoot and callus6-8. With the increases in the nucleotide
and protein sequence database, the transcriptomic and
proteomic analyses to date have mainly focused on the
changes that are triggered by environmental factors9-11,
such as abiotic stressors, UV irradiation, copper chlo-
ride, ozone and drought. However, the studies on the
biomarkers for Cd toxicity in rice have not been exam-
ined at the level of proteome. In order to investigate
the candidates of biomarkers for Cd toxicity in rice, the
differentially expressed proteins following Cd treat-
ment in the presence of light were examined in this
investigation. 

Results and Discussion

Proteomic Analysis of Differentially
Expressed Proteins Following Cd Treatment

Proteomic analysis of rice roots following CdCl2

treatment was performed in the presence of light. Pro-
teins extracted from 0.1, 0.5 and 1 mM CdCl2-treated
roots were displayed on 2-dimensional gel electro-
phoresis (2-DE) gels. Cd induced-profound changes
of protein expression patterns on 2-DE gels were
shown in Figure 1. Over 750 proteins in the control
sample were detected with computer-aided image ana-
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lysis. In particular, 29 protein spots showed notable
differences in protein expression patterns between con-

trol and Cd treated samples. These differentially ex-
pressed 29 protein spots, which were highly repro-
ducible in triple experiments, were shown with high-
magnification view (Figure 2). 

As shown in Table 1, spot 3 was identified as a me-
thionine synthase, and about 2 fold increase of methio-
nine synthase was shown at 1 mM CdCl2 (Figure 2).
Actually this protein catalyzes the methylation of C-
homocysteine to generate methionine, which is very
important for methylation reaction and synthesis of
polyamine and ethylene. It has also been proposed that
polyamine and ethylene biosynthesis are important in
the defense against environmental stresses12. Spot 20
was identified as a putative glucan endo-1,3-β-D-glu-
cosidase. Remarkably, this enzyme increased about 5
fold at 0.1 mM CdCl2 over the control. Glucan endo-
1,3-β-D-glucosidase has been reported to exist as struc-
tural isoforms that differ in size, pI, cellular localiza-
tion and regulation pattern. Glucan endo-1,3-β-D-glu-
cosidase has often been called as a β-1,3-glucanase in
seed-plant species. However, another β-1,3-glucanase
was induced in a β-1,3-glucanase deficient mutant
after pathogen attack in tobacco13. Moreover, proteo-
mic analysis in this study revealed that the response
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Figure 1. 2-Dimensional gel electrophoretic separation of pro-
teins from rice seedling roots after CdCl2 treatment. Numbered
arrowheads indicate changes in proteins after Cd treatment.

Figure 2. High magnification views of the differentially expressed proteins by CdCl2. Protein expression levels were determined
by relative intensity using image analysis. Normalized spot intensities of the CdCl2 versus control group were compared. Mean
spot intensities on individual gels are shown. P⁄0.05 by Student’s t-test.
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of glucan endo-1,3-β-D-glucosidase to Cd was com-
pletely different from that of β-1,3-glucanase. As
shown in Figure 2, glucanase (spot 22) and β-1,3-glu-
canase (spot 16) were drastically diminished following
Cd treatment, while glucan endo-1,3-β-D-glucosidase
notably increased. This result indicates that glucan
endo-1,3-β-D-glucosidase in rice roots might be sepa-
rate and different from glucanase or β-1,3-glucanase.
Taken together, about 5 fold enhancement of glucan
endo-1,3-β-D-glucosidase might indicate the defensive
role of the enzyme against Cd toxicity. The significant-

ly diminished spot 29 was identified as a pathogen-
related protein (PR protein). One of the plant defense
mechanisms has been the rapid expression of PR pro-
teins, in response to microbial attack and tissue wound-
ing14. Strong induction of PBZ1 gene (encoding a PR
protein) in rice by UV and CuCl2 suggested gene PBZ1
product’s role against abiotic stress as well as biotic
stress. Although the functions of all PR proteins have
not been fully defined, they are thought to include the
β-1,3-glucanase activity. β-1,3-glucanase was thought
to contribute to the defense capability by hydrolyzing
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Table 1. List of differentially expressed proteins from green roots of rice seedlings following CdCl2 treatment.

Spot Identified protein Accession Cov.% Matching Tr/M.W/pI
CdCl2 (mM)

No. No. peptide No. 0.1 0.5 1

1 Sucrose synthase 1 P30298 17 16 92,610/6.0 - - -
(Sucrose-UDP glucosyltransferase 1)

2 Sucrose synthase 1 P31924 22 17 93,400/5.9 - - -
(Sucrose-UDP glucosyltransferase 1)

3 Methionine synthase AAL33589 18 11 84,780/5.7 ++ ++ ++

4 Serine/threonine kinase receptor precursor BAC57305 7 4 76,750/8.9 - - -
like protein

5 Glutamate dehydrogenase AAO37984 24 9 44,610/6.1 ++ - -
6 Ferredoxin-NADP++ reductase enzyme BBA02248 19 6 35,830/7.7 ++ - -
7 Putative glyceraldehydes-3-phosphate CAD79700 20 8 42,380/6.4 ++ - -

dehydrogenase
8 Receptor protein kinase-like protein BAB93286 14 7 46,550/7.8 ++ - -
9 Putative cytochrome P450 AAG59665 17 5 39,570/5.8 ++ - -

10 Fructose-bisphosphate aldolase, isoenzyme S65073 28 11 39,150/8.7 - - -
C-1, cytosolic-rice

11 Fructose-bisphosphate aldolase, isoenzyme S65073 39 11 29,150/8.7 ++ - -
C-1, cytosolic-rice

12 Glyceraldehyde-3-phosphate dehydrogenase, Q42977 33 10 36,650/6.6 ++ - -
cytosolic

13 Putative glyceraldehyde-3-phosphate CAD79700 15 7 42,380/6.4 - - -
dehydrogenase

14 Putative glyceraldehyde-3-phosphate CAD79700 18 7 42,380/6.4 - - -
dehydrogenase

15 Putative glyceraldehydes-3-phosphate CAD79700 35 13 42,380/6.4 ++ - -
dehydrogenase

16 β-1,3-glucanase BAA77784 36 8 35,910/6.8 - - -
17 Putative pentatricopeptide (PPR) repeat BAC79788 8 7 82,930/7.3 - - -

containing protein
18 Hypothetical protein CAD41354 8 4 62,640/9.0 - - -
19 Voltage-dependent anion channel CAD82853 14 3 29,200/7.1 - - -
20 Putative glucan endo-1,3-β-D-glucosidase BAC15774 30 7 37,030/7.0 ++ ++ ++

21 dnaK-type molecular chaperone hsp70-rice S53126 18 12 71,490/5.1 - - -
(fragment)

22 Glucanase AAK16694 20 4 34,760/5.9 - - -
23 Putative polyprotein AAM22019 9 7 92,320/9.2 - - -
24 Peroxidase AAC49820 33 8 32,880/8.0 - - -
25 L-ascorbate peroxidase T03595 37 8 27,250/5.4 ++ - -
26 Triosephosphate isomerase, cytosolic (TIM) P48494 25 6 27,270/5.4 ++ - -
27 Hypothetical protein BAB86270 15 9 82,490/6.9 ++ - -
28 Putative glutathione-S-transferase OsGSTU6 AAG32469 24 5 25,700/5.8 ON ++ ++

29 Pathogen-related protein AAL27005 38 6 17,270/5.8 - OFF OFF

++: Increased protein, -: Decreased protein, OFF: Disappeared protein, ON: Newly induced protein



various types of β-glucans, which are the major cell
wall components of fungi15. However, β-1,3-glucanase
and PR protein did not seem to strongly contribute to
the defense against Cd toxicity, because they dimin-
ished to the extent that they almost disappeared at 1
mM CdCl2. Spot 9 (putative cytochrome P450, CYPs)
is a heme-containing monooxygenase that catalyzes
numerous enzymatic reactions involved in detoxifica-
tion. Due to the diversity of pathways requiring mono-
oxygenase activity, the expression of CYPs has been
reported to be modulated by a variety of environmen-
tal factors such as heavy metals, light, fungal elicitors
and wounding16. Spot 7, 13, 14 and 15 were determin-
ed to be putative glyceraldehyde-3-phosphate dehydro-
genase (GAPDH), and spot 12 was determined to be
cytosolic GAPDH. 4 putative and 1 cytosolic GAPDH
were reduced probably due to Cd toxicity, while
GAPDH was reported to increase with ozone stress in
rice seedlings earlier17. GAPDH is a catalytic enzyme
commonly known to be involved in glycolysis. Apart
from playing a key role in glycolysis, this ubiquitously
expressed enzyme also displays other activities unre-
lated to its glycolytic function, such as DNA replica-
tion, DNA repair, nuclear RNA export, membrane fus-
ion and microtubule bundling in response to various
signals18. Spot 6 (Ferredoxin-NADP++ reductase; FNR)
increased slightly with 0.1 mM Cd, and then it was
decreased with 0.5 and 1 mM CdCl2. FNR is a flavoen-
zyme related to the terminal electron transfer to
NADP++ in the photosynthetic electron transport sys-
tem19. Cytosolic fructose-bisphosphate aldolase was
decreased notably with 0.5 and 1 mM CdCl2 treatment

and only about 10% of the enzyme remained at 1 mM
CdCl2, showing severe damages on the carbohydrate
metabolism. This enzyme, which has at least four loci
in the rice genome20, plays vital roles in the carbohy-
drate metabolism and in the production of triosephos-
phates. Ozone fumigated rice was reported to have an
increased fructose-bisphosphate aldolase20. Decreased
cytosolic triosephosphate isomerase (spot 26) by 0.5
and 1 mM CdCl2 might play important roles in triose-
phosphate-involving metabolic cascades and photo-
synthetic carbon dioxide fixation. Notably, spot 25
increased about 2 fold at 0.1 mM CdCl2 and this was
identified to be L-ascorbate peroxidase (APX). APX
is an important component of the ascorbate-glutathione
pathway, which operates to scavenge reactive oxygen
species produced through photosynthesis21. Thus, rice
seedlings exposed to 0.1 mM CdCl2 seemed to have a
highly reinforced antioxidant scavenging system. How-
ever, this enzyme could not overcome the stress gener-
ated from high concentrations of Cd, because about
85% of the enzyme was diminished at 1 mM CdCl2.
Spot 24, corresponding to peroxidase (POD), was sig-
nificantly lower in Cd-treated sample compared to that
seen in the control. Peroxidase activities and isozyme
patterns were changed in response to a variety of stres-
sors. In particular, changes in specific isozyme levels
were previously reported to be correlated with the de-
fense signals responding to various stressors22. The
prominent alteration by Cd in rice roots was the induc-
tion of putative glutathione-S-transferase (GST; Spot
28). This protectant protein, GST, might be newly
induced in Cd-treated rice roots to counteract deleteri-

Potential Biomarkers for Cd in Rice       257

Figure 3. Electrophoregram of in situ activity staining for ascorbate peroxidase (A), guaiacol peroxidase (B) and glutathione-S-
transferase (C) from rice seedling roots. 1: control, 2: 0.1 mM CdCl2, 3: 0.5 mM CdCl2, 4: 1 mM CdCl2.
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ous effects of oxidative injury incurred by Cd. Plant
GSTs have been known for their role in herbicide deto-
xification, stress-induced metabolism and apoptosis23.
Pentatricopeptide repeat (PPR) containing protein that
was notably down-regulated by CdCl2 might be related
to the RNA metabolism and is predicted to target to
chloroplasts or mitochondria24. 

In Situ Activity Staining of Several
Antioxidant Enzymes

Plants can change their proteomic expression to
counteract a variety of environmental stresses25,26. The
roots are the primary locations that sense and react
against various environemntal stresses27,28. Thus, the
stress-responsive genes and antioxidant enzymes seem
to be more strongly induced in root than in other or-
gans. The alterations of antioxidant enzyme patterns
by CdCl2 on the activity stained gels showed good
correlations with those on the 2-dimensional gels as
shown in Figure 3. Ascorbate peroxidase (APX) in-
creased about 2 times in the green roots at 0.5 mM Cd,
and a marked enhancement of isozyme APX2 or APX3
contributed to this increase as measured by the band
intensity. APX was already reported to increase in res-
ponse to jasmonic acid and ozone in rice leaf21. Cd
caused a gradual and drastic reduction in guaiacol per-
oxidase (GPOD) level in this condition, this being
due to the decrease of isozyme GPOD1 or GPOD2 on
the activity stained gel. In case of glutathione-S-trans-
ferase (GST), only GST4 isozyme was newly induced
in response to Cd on the activity stained gel, while the
residual isozymes were not inducible. 

Conclusions

This is the systematic study of the extensive changes
in rice green seedling roots following Cd treatment.
Over 750 proteins in the control sample were detected,
and 29 protein spots showed notable differences in
protein expression patterns between control and Cd
treated samples. In particular, this study provides
strong evidence for the specific and rapid accumulation
of glucan endo-1,3-β-D-glucosidase as a defense to
Cd toxicity. However, pathogen-related protein, glu-
canase and β-1,3-glucanase showed decreased expres-
sion levels in response to Cd. Oxidative stress toler-
ance might be represented by the induction of gluta-
thione-S-transferase and the increase in ascorbate per-
oxidase. Specific isozymes of stress-related enzymes,
such as ascorbate peroxidase APX2 and APX3 and
glutathione-S-transferase GST4 were induced notably
under Cd stress on the activity-stained gels. 

Materials and Methods

Material
Seeds of rice (Oryza sativa L. cv. Dong-Jin) were

germinated in the dark for 3 days at 27�C. Green seed-
lings were grown under 3,000 lux illumination with
12 hrs light period/day. 5 day old plants grown in Hoa-
gland’s nutrient solution were further grown in the
same solution, but containing 0.1, 0.5 and 1 mM
CdCl2 for 48 hrs. The roots of the seedlings were im-
mediately stored at -70�C until analyzed for changes
in protein profiles by proteomics.

Preparation of Crude Protein
For preparation of crude protein extracts, approxi-

mately 500 mg of rice roots were grounded in liquid
nitrogen and homogenized with 1 mL of a homogeni-
zation buffer containing 20 mM Tris-HCl (pH 7.5), 250
mM sucrose, 10 mM EDTA, 1 mM DTT and 1% Tri-
ton X-100. The homogenate was centrifuged at
15,000x g for 10 min and the supernatant was replaced
in a new tube. The proteins were precipitated with 10
% trichloroacetic acid on ice for overnight, and the
pellet was suspended in 250 μL of sample buffer con-
taining 7 M urea, 2 M thiourea, 4% CHAPS and 0.5%
ampholytes. 

2-Dimensional Gel Electrophoresis 
2-Dimensional gel electrophoresis (2-DE) was car-

ried out as described in our previous reports29,30. For
analytical and preparative gels, the 13 cm IPG strips
(non-linear pH 3-10) were rehydrated for 12 hrs with
250 μL of rehydration buffer (7 M urea, 2 M thiourea,
4% CHAPS and 0.5% ampholytes) containing 500 μg
protein in a strip holder (Amersham Pharmacia Bio-
tech, Uppsala, Sweden). IEF was conducted at 20�C
with a Pharmacia IPGphor (Amersham Pharmaica Bio-
tech). The running condition was as follows: 200 V for
1 hr, followed by 500 V for 1 hr, 1,000 V for 1 hr, and
finally 8,000 V for 16 hrs. The focused strips were
equilibrated twice for 15 min in 5 mL equilibration
solution. The first equilibration was performed in a
solution containing 6 M urea, 30% w/v glycerol, 2%
w/v SDS, 1% w/v DTT and 50 mM Tris-HCl buffer,
pH 8.8. The second equilibration was performed in a
solution modified by the replacement of DTT by 2.5%
w/v iodoacetamide. Second dimensional electrophore-
sis was performed on 11% linear gels of 18×16 cm
gel cell, and gels were stained with colloidal CBB by
incubation of the gels in 34% methanol, 0.1% Coo-
massie G-250, 17% ammonium sulfate and 3% phos-
phoric acid followed by destaining in 5% glacial ace-
tic acid. The CBB stained gels were scanned by using
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a UMAX PowerLook 1100, and data were analyzed
by using Image master 2D Elite software (Amersham
Pharmacia Biotech, Uppsala, Sweden). 

Enzymatic In-gel Digestion and MALDI-TOF
Mass Analysis 

Protein spots were enzymatically digested in a man-
ner similar to that previously described29,30. Protein
analysis was performed by using a Ettan MALDI-
TOF (Amersham Biosciences). Peptides were evapo-
rated with a N2 laser at 337 nm, and they were acceler-
ated with 20 Kv injection pulse for time of flight ana-
lysis. Each spectrum was the cumulative average of
300 laser shots. The search program ProFound, deve-
loped by The Rockefeller University (http://129.85.19.
192/profound_bin/WebProFound.exe), was used for
protein identification by peptide mass fingerprinting.
Spectra were calibrated with trypsin auto-digestion
ion peak m/z (842.510, 2211.1046) as internal stan-
dards.

In Situ Enzyme Activity Staining
In situ activity stainings of guaiacol peroxidase,

ascorbate peroxidase and glutathione-S-transferase on
the non-denatured gel were performed as reported in
our previous investigations31-33. 
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