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Abstract Cadmium (Cd), a non-essential and toxic heavy

metal element, is extremely harmful for rice growth, food

safety and even public health. In this paper, two rice

varieties, Shanyou 63 (Tolerant to Cd stress) and Nippon-

bare (Susceptible to Cd stress), were employed as materials

to investigate the protein expression and protein–protein

interaction in rice in response to different stages of Cd

stress. The result showed that Cd accumulated in the root

of both rice cultivars, but the Cd content in the root of

Shanyou 63 was significantly lower than that in Nippon-

bare. Eight proteins were up-regulated in the two rice

cultivars, but the expressing abundance of these eight

proteins in Shanyou 63 was statistically higher than that in

Nipponbare, indicating that the relative abundance of these

eight proteins was positively related to the ability of rice

cultivars to avoid Cd stress. According to Gene Ontology

annotation, four of these eight proteins were involved in

energy metabolism, while four participated in stress toler-

ance. Native-PAGE and LC–MS/MS methods revealed that

four GSTs, one cysteine synthase and one protein disulfide

isomerase formed a stable protein complex in Shanyou 63

root in response to 3-, 5- and 7-day Cd stresses, but this

protein complex did not appear in Nipponbare root under

Cd stress. Owing to the same domain, the four glutathione

S-transferases (GSTs) and cysteine synthase had the

potential to interact and compose a protein complex to

detoxify Cd in Shanyou 63 rice plants. Our results provide

new insight into the detoxification mechanism of rice plant

in response to Cd stress and may prove to be useful for the

future research.

Keywords Rice (Oryza sativa L.) � Cadmium stress �
Protein relative abundance � Glutathione � S-transferase �
Protein complexes

Introduction

Rice is the dominant staple crop in the world, and the

demand for rice production is still rising because of the

continuous increase in population. Meanwhile, rice is a

major source of Cadmium (Cd) uptake except for occu-

pational exposures (Cheng et al. 2006; Watanabe et al.

2004). Rice plants absorb Cd from the Cd-contaminated

soils through their roots and transport it to the aerial parts,

including the rice grain (Clemens 2006). Cd is a non-

essential element for rice that strongly inhibits rice growth

and reproduction and subsequently reduces rice quality and

food safety (Tang et al. 2014). The value 0.4 mg Cd/kg in

the rice grain was set as the limit for human intake by the

Codex Alimentarius Commission of Food and Agriculture

Organization/World Health Organization. Rice grains with

Cd exceeding this value occur in Cd-contaminated soil

mainly because of anthropogenic activities, such as pesti-

cide, fertilizer, herbicide application, mining or irrigation

with contaminated groundwater (Ueno et al. 2010; Sun
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et al. 2014). People who consume Cd-contaminated rice

grains are unavoidably exposed to a large amount of Cd

(Tang et al. 2014). Cd exposures have been linked to

numerous human diseases including prostate, lungs and

testes cancers, obstructive airway disease, emphysema,

irreversible renal failure, bone disorders and immunosup-

pression (Bertin and Averbeck 2006). Therefore, it is

necessary to limit Cd content in rice grains to reduce

potential health risks to human.

There are two methods to minimize Cd content in the

rice grains. The first method is to control the accumulation

of Cd in rice root from Cd-contaminating soil. Second is to

reduce Cd transport from the roots to the above-ground

tissues of rice. Considerable work has recently been

undertaken to understand these molecular basis in rice.

Several genes have been reported to be involved in

relieving Cd accumulation in rice. Two plant-specific Tau

class genes, OsGSTU3 and OsGSTU4, were markedly

induced in rice roots following Cd exposure (Moons 2003).

The heteroexpression of TaPCS1 genes in rice is capable of

increasing Cd accumulation in rice shoots and enhancing

Cd sensitivity (Wang et al. 2012). OsHMA2 is involved in

root-to-shoot translocation of Cd in rice (Takahashi et al.

2012), while OsHMA3 limits translocation of Cd from the

roots to the above-ground tissues through selectively

sequestrating Cd into the vacuoles of rice roots (Ueno et al.

2010). OsCDT1, both on cytoplasmic membranes and cell

walls, confers Cd tolerance to transgenic Arabidopsis

thaliana plants by lowering the accumulation of Cd in the

cells (Matsuda et al. 2009; Kuramata et al. 2009).

Proteomics is one of the most important research

methods in the post-genomics era. Hajduch et al. (2001)

reported that Cd stress disrupted photosynthesis mecha-

nism in rice through reduction or fragmentation of the

major photosynthetic protein, ribulose-1,5-bisphosphate

carboxylase/oxygenase (RuBisCO). After analyzing the 21

Cd-induced proteins in rice roots, Aina et al. (2007) found

that 10 lM Cd could activate defense mechanisms of rice

plants but 100 lM Cd strongly affected the plant physiol-

ogy of rice. Using proteomics strategies, Ahsan et al.

(2007) identified 21 up-regulated proteins in rice seeds in

response to 4-day Cd stress during germination process. Ge

et al. (2009) identified 13 differential proteins in rice roots

and 12 differential proteins in rice leaves under 15-day Cd

stress, Lee et al. (2010) reported 36 differential proteins in

rice roots under 24-h Cd stress, while Xue et al. (2014)

verified 47 differentially abundant proteins in rice grains at

the filling stage under 3 weeks of Cd stress. Moreover, four

Cd-induced proteins were reported to be related to toler-

ance to Cd stress in Shanyou 63 (Ge et al. 2009).

However, to date, the relationship between the expres-

sion level of Cd-induced proteins and the tolerance ability

of rice plants in response to different stages of Cd stress is

not clearly understood. Moreover, little focus has been

given to the intensive study of the protein complexes in rice

in response to Cd stress. In this paper, Flame Atomic

Absorption Spectrometry (FAAS) and proteomic methods

will be applied to investigate the relationship between Cd

accumulation and the relative abundance of Cd-induced

proteins in rice root in response to 3-, 5- and 7-day Cd

stress, while Native-PAGE and LC–MS/MS will be used to

analyze the differential protein complexes in rice root in

response to Cd stress.

Materials and methods

Plant growth condition and cd treatment

Two rice (Oryza sativa L.) cultivars with different ability

to avoid Cd stress, Shanyou 63 (Tolerant) and Nipponbare

(Susceptible) (Ge et al. 2009), were employed as materials.

The germinated rice seedlings were grown in nutrient

solution according to Li et al. (2010), and all the plots were

placed in a greenhouse at 28 ± 2 �C during the day and

22 ± 2 �C at night under natural light conditions. For Cd

treatments, 2-week-old rice seedlings were transferred to

the nutrient solution with 200 lM CdCl2 or nutrient solu-

tion with no Cd for 3-, 5- and 7-day. Immediately after

treatment, rice root was sampled and stored at -80 �C.

Each treatment plot was replicated three times.

Cd accumulation determination

Cd accumulation in root was detected according to the

National Detection Standard, GB/T5009.15-2003. Root

samples were immersed in 1 mol L-1 EDTA solution to

remove the surface Cd2? for 3 days and then washed with

distilled water three times. Clean samples were dried at

70 �C and grounded to powders. Cd accumulation in the

samples was determined by Flame Atomic Absorption

Spectrometry (FAAS) method and each sample was repe-

ated 3 times.

Two-dimensional electrophoresis (2-DE)

Two-dimensional electrophoresis on the total proteins

extracted from rice root was run according to the method

introduced by Chen et al. (2014). The 1-D isoelectric

focusing (IEF) was carried out on Protean IEF Cell (Bio-

Rad, USA) by using IPG strips (17 cm, pH3-10, nonlinear,

Bio-Rad, USA). Subsequently, the focused IPG strips were

immediately equilibrated in equilibration buffer (50 mM

Tris–HCl, pH 8.8, 6 M urea, 30 % glycerol, 2 % SDS, 1 %

DTT and 0.002 % bromophenol blue) and then the 2-D

electrophoresis was run on 12 % sodium dodecyl sulfate-
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polyacrylamide gel electrophoresis (SDS-PAGE) gels.

Following electrophoresis, the 2-D SDS-PAGE gels were

stained with silver or Coomassie blue dye. Three replicates

of each sample were performed. Images of stained 2-D

gels were scanned by TYPHOON TRIO? scanner (GE

Corporation, USA) and analyzed by PDQuest 8.0.1 soft-

ware (Bio-Rad, USA). The protein spots with more than

2.0-fold reproducible change in relative abundance were

subjected to in-gel digestion and MALDI-TOF-TOF/MS

analysis.

MALDI-TOF-TOF/MS analysis

MALDI-TOF-TOF/MS analysis was performed to iden-

tify the interest protein spots according to Chen’s method

(Chen et al. 2014). Protein spots from Coomassie blue-

dyed 2-DE gels were digested with sequencing-grade

trypsin (Promega, USA). The resulting peptides were

desalted with C18 ZipTips (Millipore, USA), mixed with

5 mg/ml alpha-cyanocinnamic acid in 70 % acetonitrile

and 0.1 % trifluoroacetic acid. Mass spectra were

acquired by ABI 4700 proteomics analyzer (Applied

Biosystems, USA) in both the MS and MS/MS modes.

Data were analyzed using MASCOT software (Matrix

Science, UK). NCBInr (Released on Mar 23, 2014) was

selected as the database. Typical search parameters were

set as: mass tolerance, 0.5 Da; missed cleavages, 1;

enzyme, trypsin; fixed modifications, carbamidomethyla-

tion; variable modification, oxidation (M); taxonomy, O.

sativa. For a match to be considered a valid identifica-

tion, a confidence interval (CI) greater than 95 % was

required.

Gene ontology (GO) analysis

Functional categorization of proteins was performed

according to the GO rules using the online tools AgBase

(http://www.agbase.msstate.edu). Three independent sets

of ontologies were used to describe a gene product, the

biological process, the molecular function and the cellular

compartment (Chen et al. 2011).

Microarray data analysis

To further verify the above differentially abundant pro-

teins, a microarray dataset GSE40549, which was gene

expression dataset of rice roots in response to Cd stress

(Ogo et al. 2014), was downloaded from NCBI’s Gene

Expression Omnibus (GEO) database and analyzed with

GEO2R (http://www.ncbi.nlm.nih.gov/geo/geo2r/). The

differentially expressed genes in microarray were mapped

to the differential proteins using the Accession Number

(ACC) of the corresponding genes.

Native polyacrylamide gel electrophoresis (Native-

PAGE)

The Native-PAGE was run according to the method of Chen

et al. (2014) with some modifications. Root tissues were

ground in liquid nitrogen and suspended in solubilization

buffer (750 mM 6-Aminocaproic acid, 50 mM Tris-HCl pH

6.8, 0.5 mM EDTA-2Na, 0.6 % polyvinylpyrrolidone

(PVP), 1 mM PMSF, 1 mM phenanthroline) for 40 min on

ice and then centrifuged at 15000 rpm for 25 min at 4 �C.

The supernatants were then quickly frozen in liquid nitrogen

and stored at -80 �C. Protein concentrations were measured

by Bradford method (Bradford 1976). The Native-PAGE

gel, composed of 8 % separating gel and 5 % stacking gel

with sample holes, was made as the SDS-PAGE gel without

SDS. Prior to electrophoresis, Triton X-100 was added to a

final concentration of 2.5 %. The mixtures were incubated

for 5 min on ice before the addition of sample buffer

(100 mM Tris–HCl pH 6.8, 50 % glycerol, 0.2 % bro-

mophenol blue). Native-PAGE was carried out at 4 �C at a

constant voltage of 80 V in Tris–glycine buffer. The Nati-

veMarkTM Unstained Protein Standard (Invitrogen) was

used for native marker. Following electrophoresis, the

Native-PAGE gel was stained by Coomassie blue dye and

analyzed to find the specific protein complex bands.

LC–MS/MS analysis

The specific band from Native-PAGE gel was digested

with sequencing-grade trypsin (Promega, USA). LC–MS/

MS was performed on a LC-20AD system (Shimadzu,

Japan) and connected to an LTQ Orbitrap mass spec-

trometer (Thermo, USA) equipped with an online nano-

electrospray ion source (Michrom Bioresources, USA).

Eluted peptides were analyzed by MS and data-dependent

MS/MS acquisition. The mass spectra were searched

against the NCBInr database (Released on Mar 23, 2014)

using the Bioworks software 3.3.1 (Thermo, USA) based

on the SEQUEST algorithm. The parameters for the

SEQUEST search were as follows: enzyme, full trypsin;

missed cleavages, two; fixed modification, car-

boxyamidomethylation (C); variable modifications,

deamidation (N) and oxidation (M); peptide tolerance,

10 ppm; MS/MS tolerance, 1.0 Da.

Searching for protein domain

The encoding genes for the proteins involving in the

specific protein complex band were searched against

NCBI’s Conserved Domain Database (CDD) using CD-

Search tool (http://www.ncbi.nlm.nih.gov/structure/cdd/

wrpsb.cgi) (Marchler-Bauer et al. 2011). The acquired

conserved domains were then searched against the iPfam
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database (http://www.ipfam.org), which is a catalog of

protein family interactions, including domain and ligand

interactions, calculated from known structures (Finn et al.

2014).

Results

Cd Accumulation in rice roots

Figure 1 displays the Cd content in the roots of the two

different rice varieties in response to 3-, 5- and 7-day Cd

stresses. The result showed that Cd significantly accumu-

lated in the root of the two rice varieties under Cd stress.

However, the Cd content in the root of Nipponbare was

statistically higher than that in Shanyou 63 under the three

stages of Cd stress. The Cd content in the root of Shanyou

63 decreased with the period of Cd stress extending, while

the Cd content in Nipponbare at 7-day Cd stress was not

significantly different from that at 5 days.

Differential proteins in the root of the two rice

varieties in response to cd stress

In this study, 2-DE method was employed to screen the

differentially abundant proteins in the two different rice

varieties under 3-, 5- and 7-day Cd stresses. Protein pro-

files, with three replicates, were acquired and visualized

with silver staining (Fig. 2). More than 1000 protein spots

could be detected on each of the 2-DE maps within the

pI 3.5–10 and MW 10–90 kDa. The differentially abundant

protein spots with more than 2.0-fold reproducible change

in relative abundance both in the root of Nipponbare and

Shanyou 63 under Cd stress were detected using PDQuest

8.01. Among the differential proteins, eight protein spots

were found to be up-regulated by Cd stress and marked in

Fig. 3 with the different number (spot 1–8). Nevertheless,

the relative abundance of these eight differential proteins in

Shanyou 63 was higher than that in Nipponbare under

different stages of Cd stress (Fig. 3). After digested by

trypsin and analyzed using MALDI-TOF-TOF/MS analy-

sis, these 10 differentially abundant proteins were identi-

fied as glutamine synthetase root isozyme A (spot 1),

cytoplasmic and cytosolic malate dehydrogenases (spot 2),

esterases and lipases (spot 3), glyoxysomal and mito-

chondrial malate dehydrogenases (spot 4), putative oxalyl-

CoA decarboxylase (spot 5), ATP synthase beta subunit

(spot 6), pyruvate dehydrogenase E1 component subunit

alpha (spot 7) and probable aldo–keto reductase 3 (spot 8),

respectively (Table 1). The microarray data partially sup-

ported this finding. Figure 4 shows that the gene expression

of the protein spot 2, 3, 6, 7 and 8 in the cortex and epi-

dermis plus exodermis in Nipponbare roots in response to

24-h Cd stress was up-regulated.

This result illustrated that up-regulation of the above

eight proteins might be the common step of rice plants

against Cd stress. Moreover, the relative abundance of

these eight Cd-induced proteins might be positively related

to the Cd-avoiding ability of rice plants.

Differential Protein Complexes in the Root of the 2

Rice Varieties under Cd Stress

Native-PAGE was applied to analyze the differential pro-

tein complexes in rice roots under Cd stress. One protein

band in Shanyou 63 was induced by 3-, 5- and 7-day Cd

stresses (Fig. 5), but was not differentially expressed in

Nipponbare under Cd stress. The protein band was digested

and analyzed by LC–MS/MS. Six proteins in the band were

identified, including protein disulfide isomerase (N1),

OsGSTU3 (N2), hypothetical protein OsI_34423 (N3),

OgGSTZ2 (N4), Class phi GSTs (N5) and cysteine syn-

thase (N6) (Table 2). The hypothetical protein OsI_34423

(N3) was searched against the NCBInr database, and its

similarity to OsGSTU8 was 91 %.

We used CD-search tool in NCBI to search the con-

served domains of the above N1-6 proteins. Figure 6

indicates that there was a common domain, thioredoxin-

like superfamily domain, in N1-5 proteins, while N6 pro-

tein had CBS-like domain and a trp-synth-beta superfamily

domain. The result searched against iPfam (www.ipfam.

org) showed that thioredoxin domain could interact with

Cd.

Fig. 1 Cd content in the roots of Shanyou 63 and Nipponbare in

response to 3-, 5- and 7-day Cd stress. A and B show that they are

significantly different from the controls at 0.01 level of Student’s

t test. The same as below
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Discussion

Differentially abundant proteins in rice in response

to Cd stress

According to the function annotation in Gene Ontology, four

up-regulated proteins in rice under Cd stress, including

malate dehydrogenases (spot 2, 4), ATP synthase (spot 6) and

pyruvate dehydrogenase (spot 7) are involved in plant energy

metabolism. Malate dehydrogenase (MDH, EC 1.1.1.37)

plays a key role in the tricarboxylic acid cycle (Musrati et al.

1998), ATP synthase (EC 3.6.3.14) participates in the syn-

thesis of ATP (Nakamoto et al. 2008), while pyruvate

dehydrogenase (EC 1.2.4.1) links the glycolysis pathway

with the tricarboxylic acid cycle (Brown et al. 1994). In brief,

the up-regulation of these four proteins help rice plants to

maintain the normal energy metabolism under Cd stress.

The other four up-regulated proteins, including glu-

tamine synthetase root isozyme A (spot 1), esterases and

lipases (spot 3), oxalyl-CoA decarboxylase (spot 5) and

probable aldo–keto reductase 3 (spot 8), link to stress

tolerance ability of rice plants. Glutamine synthetase (GS,

EC 6.3.1.2) exhibits tissue specificity. There are two GS

isozymes in rice root, one is isozyme A (GSra) and the

other is GS root isozyme B (GSrb) (Zhang et al. 1997).

Singh and Ghosh (2013) found that the expression of

OsGS2 and OsGS1 might contribute to improved drought

tolerance of rice cultivar under water-deficit conditions.

Esterases (EC 3.1.1.1) and lipases (EC 3.1.1.3) are

hydrolytic enzymes which showed very broad substrate

specificity (Chepyshko et al. 2012). One of esterases/li-

pases, GDSL family, is involved in the defense against

disease infection (Hong et al. 2008), high salt stress

(Naranjo et al. 2006) and mannitol-mediated stress (Oh

et al. 2005). Oxalyl-CoA decarboxylase (OXC, EC 4.1.1.8)

is involved in the catabolism of oxalate and toxin catabolic

process (Berthold et al. 2005). Aldo–keto reductase 3 (EC

1.1.1-) relates to the redox transformations which were

involved in biosynthesis, intermediary metabolism and

detoxification (Barski et al. 2008). In brief, the up-regula-

tion of these four proteins help rice plants to increase their

tolerance ability to Cd stress.

Fig. 2 2-DE gel maps of total proteins extracted from the roots of

Shanyou 63 and Nipponbare under 3-, 5- and 7-day Cd stress. In the

first dimension (IEF), 700 lg of protein was loaded on a 17 cm IPG

strip with a non-linear gradient of pH 3–10. In the second dimension,

12 % SDS-PAGE gels were used, with a well for Mr standards.

Proteins were visualized by silver staining. The arrows indicate the

proteins that changed reproducibly and significantly in Cd-stressed

plants compared with normal condition controls
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C T 3d 5d 7d C T 3d 5d 7d
Shanyou 63 Nipponbare

Spot 1
Glutamine synthetase root isozyme A

C T 3d 5d 7d C T 3d 5d 7d
Shanyou 63 Nipponbare

Spot 2
Cytoplasmic and cytosolic malate dehydrogenases

C T 3d 5d 7d C T 3d 5d 7d
Shanyou 63 Nipponbare

Spot 3
Esterases and lipases

C T 3d 5d 7d C T 3d 5d 7d
Shanyou 63 Nipponbare

Spot 4
Glyoxysomal and mitochondrial malate

dehydrogenases

C T 3d 5d 7d C T 3d 5d 7d
Shanyou 63 Nipponbare

Spot 5
puta�ve oxalyl-CoA decarboxylase

C T 3d 5d 7d C T 3d 5d 7d
Shanyou 63 Nipponbare

Spot 6
puta�ve ATP synthase beta subunit

C T 3d 5d 7d C T 3d 5d 7d
Shanyou 63 Nipponbare

Spot 7
Pyruvate dehydrogenase E1 component subunit alpha

C T 3d 5d 7d C T 3d 5d 7d
Shanyou 63 Nipponbare

Spot 8
Probable aldo-keto reductase 3

Fig. 3 Abundance of eight differential proteins in the roots of

Shanyou 63 and Nipponbare in response to 3-, 5- and 7-days Cd

stress. C control and T treatment. Dark grey shaded area and light

grey shaded area represent protein expression abundance in the roots

of the two rice cultivars under normal condition or Cd stress,

respectively; A represents significance at 1 % level and B represents

significance at 5 % level

Table 1 Differentially expressed proteins identified by MALDI-TOF-TOF–MS in rice roots in response to different stage of Cd stress

No.a Gib Protein description Mr (kDa)c pId Matched peptides Cov (%)e

1 gi|121333 Glutamine synthetase root isozyme A 39.3 4.85 11 40

2 gi|115482534 Cytoplasmic and cytosolic malate dehydrogenases 35.9 5.75 11 42

3 gi|115434610 Esterases and lipases 36.7 5.34 11 43

4 gi|222622402 Glyoxysomal and mitochondrial malate dehydrogenases 63.8 9.55 6 15

5 gi|218188296 Putative oxalyl-CoA decarboxylase 61.1 5.95 5 13

6 gi|56784991 Putative ATP synthase beta subunit 45.9 5.33 14 41

7 gi|115448577 Pyruvate dehydrogenase E1 component subunit alpha 43.0 7.64 9 29

8 gi|115457794 Probable aldo–keto reductase 3 38.6 5.66 6 21

a Numbers correspond to the 2-DE gel in Fig. 2
b Protein Gi number in NCBI
c,d Theoretical molecular weight and pI value
e Cov: Sequence coverage. The same as below
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Differential protein complex in rice root in response

to Cd stress

Proteins are often associated with each other, forming

temporary or stable large protein complexes because most

cellular processes occurring in organism require the action

of several enzymes (Chen et al. 2014). In response to Cd

stress, four glutathione S-transferases (two tau-GSTs, one

zeta-GST and one phi-GST), a protein disulfide isomerase

and a cysteine synthase interacted directly or indirectly

with each other to form a protein complex in Shanyou 63.

CD-search result showed that the GST and protein disulfide

isomerase had one same domain, thioredoxin-like super-

family. Previous studies pointed out that the related pro-

teins with high comparability could form hetero-oligomers

(Hofmann et al. 2002; Venkatachalam and Montell 2007).

The oligomerization of similar but not identical subunits of

small heat-shock proteins (sHsps) potentially offered the

opportunity to take advantage of slightly different proper-

ties of the individual proteins (Narberhaus 2002). Chen

et al. (2014) demonstrated that four similar sHsps

(Hsp18.1, Hsp17.9A, Hsp17.7 and Hsp16.9A) composed a

hetero-oligomeric complex which was more stable than

homo-oligomeric complexes of sHsps. Therefore, the large

hetero-oligomeric complex assembled by four GSTs, one

protein disulfide isomerase and one cysteine synthase

would be more stable and likely enhance the ability of rice

plants to avoid Cd stress.

The GSTs and cysteine synthase (EC 2.5.1.47) had been

reported to participate in the detoxification of heavy metals

and enhance the plant tolerance to heavy metals (Edwards

and Dixon 2005; Kawashima et al. 2004; Xiang and Oliver

1998). Cysteine synthase catalyzes the biosynthesis of

cysteines which will be further catalyzed to form GSH

(Kawashima et al. 2004). Thereafter, GSTs catalyzes GSH

and Cd to form the GSH–Cd conjugates which would be

quickly transported from cytosol to vacuole by ATP-

binding cassette class transporters in plant (Edwards and

Fig. 4 Relative expression abundance of the genes corresponding to

the differential proteins (spot 2–3, 6–8) in the roots of Nipponbare in

response to 24-h Cd stress. Microarray dataset, GSE40549, which is

gene expression data in the roots of Nipponbare in response to 24-h

Cd stress, was downloaded from NCBI’s Gene Expression Omnibus

(GEO) database and analyzed with GEO2R (http://www.ncbi.nlm.nih.

gov/geo/ geo2r/). Cor and EPE represent the cortex and epidermis

plus exodermis of rice roots. A and B represent significance at 5 %

level, while C shows no significant difference

Fig. 5 Gel maps of Native-PAGE of total proteins extracted from the

root of Shanyou 63 in response to 3-, 5- and 7-day Cd stress. T

represents Cd treatment; C represents control. 3, 5 and 7 represent the

treatment days. M protein marker. The arrow shows the differential

protein band

Table 2 Proteins identified by LC–MS/MS in the differential protein complex in Shanyou 63 rice roots in response to different stage of Cd stress

Spot no. Protein accession Protein identification Mr (kDa) pI Matched peptides Cov (%)

N1 gi|7209794 Protein disulfide isomerase 33.4 4.81 6 25

N2 gi|33304612 OsGSTU3 25.3 5.71 7 31

N3 gi|125532732 Hypothetical protein OsI_34423 25.8 5.72 5 23

N4 gi|46195409 OgGSTZ2 23.4 6.33 4 15

N5 gi|115440119 Class phi GSTs 24.0 5.77 4 16

N6 gi|4574135 Cysteine synthase 33.8 5.39 3 13
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Dixon 2005). Whilst protein disulfide isomerase acts as a

chaperone which is responsible for maintaining the correct

protein folding in this process (Wilkinson and Gilbert

2004). Thus, the protein complex detoxifies the Cd toxicity

to rice plants.

Conclusion

Cd accumulated in the root of both rice cultivars differing in

Cd-avoiding ability, but the Cd content in the root of Sha-

nyou 63 was significantly lower than that in Nipponbare.

Fig. 6 Conserved domains in the six proteins (N1-6) involved in the

differential protein complex in the root of Shanyou 63 in response to

Cd stress. Protein sequences were searched against NCBI’s Con-

served Domain Database (CDD) using CD-Search tool (http://www.

ncbi.nlm.nih.gov/structure/cdd/wrpsb.cgi), then the acquired

conserved domains were searched against the iPfam database (http://

www.ipfam.org). N1 has two conserved domain named Thiore-

doxin_like superfamily, N2-5 have a Thioredoxin_like superfamily

domain and a GST_C_family superfamily domain, and N2-3 and 5

have a GSH binding site
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Eight proteins were up-regulated in the two rice cultivars,

but the relative abundance of these eight proteins in Shanyou

63 was statistically higher than that in Nipponbare.

According to Gene Ontology annotation, four of these eight

proteins are involved in energy metabolism, while four

participate in stress tolerance. This result indicated that the

relative abundance of these eight was positively related to

the ability of rice cultivars to avoid Cd stress. The protein

complex induced by 3-, 5- and 7-day Cd stress in Shanyou

63 was identified by LC–MS/MS. Sharing the common

domain, the four GSTs and cysteine synthase had the

potential to form a stable protein complex and detoxify Cd

toxicity. Why and how the protein disulfide isomerase was

involved in this protein complex will be confirmed in our

next research project.
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