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Abstract

An effective way to reduce the risk of cadmium (Cd) entering the food chain is to use low Cd-accumulation rice cultivars, particu-
larly in Asia. The fundamental requirement for breeding low grain Cd-accumulation cultivars is to know the genotypic variation in
Cd accumulation and the physiological processes and genetic basis governing the Cd accumulation in rice grain. In this experiment,
genotypic variation in Cd accumulation and distribution among rice organs was studied using thirty-five rice varieties. They were
grown with irrigation water containing 2 ppm Cd throughout rice growing season under field condition in 2007. At harvest, plants
were sampled and analyzed for Cd concentration and accumulation in each rice organ. Significant variation of Cd concentration and
accumulation in rice organs were found among thirty-five rice cultivars, revealing more than 8-fold varietal differences in grain Cd
concentration and shoot Cd accumulation. Cd concentration and accumulation in grain were significantly different among cultivar
groups, showing the highest in indica and the lowest in temperate japonica. Tongil-type and tropical japonica rice showed a Cd con-
centration intermediate to that of temperate japonica and indica rice. The higher Cd accumulation in grain of indica rice was attribut-
able to the greater ability of Cd uptake. The greater ability of root-shoot translocation in tropical japonica and shoot-grain redistribu-
tion in tongil-type resulted in the significantly higher grain Cd concentration in these cultivar groups than in temperate japonica. For
over 35 cultivars tested, grain Cd concentration revealed a significant positive correlation with root Cd concentration and shoot Cd
concentration and accumulation while no significant correlation with root-shoot translocation factor and shoot-grain redistribution
ratio. However, correlation analyses within each cultivar group showed that grain Cd concentration was significantly correlated with
root-shoot translocation factor in indica, with root Cd concentration in tongil-type, with shoot Cd concentration and accumulation in
tropical japonica, and with shoot Cd accumulation and shoot-grain redistribution ratio in temperate japonica. These results indicate
that genotypic variation in grain Cd accumulation, in general, is controlled by all the three physiological processes but the major
physiological process governing its genotypic variation within cultivar group is different depending on cultivar groups.
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The fast development of industry has increased the contami-
nation of soil and water with heavy metals. Cadmium (Cd), a
toxic heavy metal, is not an essential element for plant growth,
but can be absorbed by crops and accumulate in edible parts
(Cataldo et al. 1983; Cie li ski et al. 1996; Guo and Marschner
1996). Cd poses a serious risk to human health through the food
chain (Liu et al. 2003; Shah et al. 2001).

Rice is a staple food in Asia. A higher Cd accumulation was
reported in rice compared to soybean and maize (Murakami et

al. 2007). Rice containing Cd is the largest source of dietary
intake of Cd, especially in Asia (Ueno et al. 2009). It is neces-
sary to reduce the Cd concentration in rice grain for human
health. Several approaches for the reduction of Cd accumulation
in rice grain have been proposed. For example, in order to
reduce Cd availability in the soil, soil dressing, application of
alkaline amendments, and water management have been
attempted (Ishikawa et al. 2005) but these techniques are costly
or ineffective in some soils under some weather conditions.
Many studies have shown that there is marked difference of Cd
accumulation ability not only among crops but also among crop
cultivars (Chen et al. 2007; Kurz et al. 1999; Liu et al. 2007a;
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Liu et al. 2009; McLaughlin et al. 2000; Murakami et al. 2007;
Zeng et al. 2008; Zhang et al. 2002). Also, genotypic variation
of Cd uptake and translocation in rice has been reported (He et
al. 2006; Liu et al. 2007b). Based on the genotypic variation, it
is possible to breed or screen the low-Cd accumulation crop cul-
tivars. Moreover, phytoextraction, i.e. utilizing high-Cd accumu-
lation plant species to remove Cd from soil, has been considered
as a potentially efficient method to remediate the Cd-contami-
nated soil (Sun et al. 2008).

Root uptake is the major source of Cd in crops rather than the
pathway absorbing Cd from atmosphere via shoots (Smolders
2001). Cd accumulation in rice grain is regulated by three physi-
ological processes including Cd uptake by root, xylem transloca-
tion from root to shoot, and then phloem movement from shoot
into grain (Clemens et al. 2002; Hart et al. 1998).  An under-
standing of the correlation between these three processes and Cd
accumulation in grain is necessary for breeding or engineering
low-grain-Cd rice cultivars. However, which of these is the
major process governing the genotypic variation in grain Cd
accumulation of rice is still controversial. Liu et al. (2005,
2007b) reported that shoot-grain redistribution was the most
important process revealing the highest correlation with its
genotypic variation. Conversely, He et al. (2006) reported that
grain Cd concentration was not correlated with shoot-grain
redistribution but was significant with shoot Cd accumulation
and concluded that genotypic variation in grain Cd accumulation
is governed mainly by Cd uptake but not by differential Cd par-
titioning between shoot and grain. Uraguchi et al. (2009) report-
ed Cd levels in xylem sap revealed a strong correlation with Cd
levels in grain among 69 rice core collections and concluded that
the major physiological process determining the Cd accumula-
tion in shoot and grain of rice plant is the root-to-shoot Cd
translocation via xylem. These different results suggest that
there may be different mechanisms regulating the Cd transloca-
tion into grain according to rice genotypes and environment and
requires more in-depth studies.

This study was designed (1) to examine the genotypic varia-
tion of Cd accumulation and distribution in organs of rice irri-
gated with Cd-contaminated water and (2) to evaluate the rela-
tionship of physiological processes with genotypic variation in
Cd accumulation in rice grain.

Materials and Methods

Experimental design and soil 
A field experiment was conducted at the experimental farm

of Seoul National University (37°16、N and 126°59、E),
Suwon, Korea, in 2007. Thirty-five rice cultivars belonging to
different cultivar groups (temperate japonica, tropical japonica,
tongil-type, and indica) were grown with irrigation water con-
taining 2 ppm CdCl2 throughout the rice growing season. Plots
were laid out in randomized complete block design with three
replications. Rice 30-day-old seedlings were transplanted with a
machine transplanter at a spacing of 15 x 30 cm on 24th of May
in 2007. In total, 282 kg N ha-1 as urea, 40 kg P2O5 ha-1 as fused

super-phosphate, and 130 kg K2O ha-1 as potassium chloride
were applied. The experimental field had a sandy clay loam, pH
of 5.4, CEC of 12.7 cmol+ kg-1, O.M of 20.2 g kg-1, total N of
11.6 g kg-1, and available P of 35.8 mg kg-1. The soil Cd concen-
tration was 0.15 mg kg-1.

Sample preparation and analytical method
At harvest, four plants from each replication were harvested

and divided into root, straw, and grain. The samples were oven-
dried at 70 °C to constant weight, weighed, and then ground to
powder for heavy metal analysis. Then, 2.0 g of plant samples
were digested with a 20 ml solution containing 87% of concen-
trated HNO3 and 13% of concentrated HClO4 (Ince et al. 1999).
The concentrations of Cd in digested solutions were determined
using an atomic absorption spectrophotometer (AA-6401,
Shimadzu, Japan).

Statistical analysis  
Data were analyzed with statistical program SAS version 9.1

(SAS Inc., USA). Differences among genotypes and cultivar
groups were analyzed by two-way nested ANOVA and least sig-
nificant difference (LSD)/Duncan's multiple range test (DMRT).
Pearson correlation coefficients were calculated to determine the
relationships between Cd concentration, accumulation, and dis-
tribution of different rice organs.

Results

Genotypic variation in Cd concentration, accumulation,
and distribution

Cd concentration, accumulation, and distribution in rice
organs were significantly different among thirty-five rice geno-
types, revealing very wide genotypic variations (Table 1). Cd
concentration ranged from 4.60 to 45.20 mg kg-1 in root, from
0.83 to 4.41 mg kg-1 in shoot, and from 0.25 to 1.70 in grain. The
highest and the lowest grain Cd concentrations were observed in
an indica cultivar 'IR7' and a temperate japonica cultivar
'Chucheong', respectively. The Cd accumulation varied between
0.69 and 7.94 mg m-2 in shoot and between 0.12 and 1.38 mg m-2

in grain. An indica cultivar 'IR64' showed the highest Cd accu-
mulation in rice shoot and grain. On average, Cd concentration
in root was seven times higher than that in shoot. As an indirect
indicator for translocation ability from root to shoot, the root-
shoot translocation factor was calculated as the ratio of shoot Cd
concentration to root Cd concentration. The root-shoot translo-
cation factor ranged from 0.13 to 0.51, revealing four-fold geno-
typic variation in root-shoot translocation ability. A part of Cd
accumulated in shoot is redistributed into grain during the ripen-
ing period. The redistribution ability from shoot to grain as cal-
culated by a ratio of shoot Cd accumulation to grain Cd accumu-
lation was very different among cultivars. The shoot-grain redis-
tribution ratio ranged from 9.8 to 33.7%. 

Significant differences in concentration, accumulation, and
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distribution of Cd were also found among four rice cultivar
groups (Table 2). Indica rice showed the highest Cd concentra-
tion and accumulation in root, shoot, and grain, while temperate
japonica showed the lowest Cd concentration and accumulation
in all of the rice organs. Tongil-type rice that was developed
from the crosses between japonica and indica showed the in-
between Cd concentration and accumulation of japonica (temper-
ate and tropical japonica) and indica rice. Tongil-type cultivars
showed the highest shoot-grain redistribution ratio while tropical
japonica the lowest. Root-shoot translocation factor was signifi-
cantly higher in tropical japonica than in the other cultivar groups.

Correlation of Cd concentration, accumulation, and

distribution among rice organs
Significant positive correlations between Cd concentration in

grain and Cd concentration in root and shoot were found among
35 rice cultivars while no significant correlation was found
between Cd concentration in grain and Cd root-shoot transloca-
tion factor and shoot-grain redistribution ratio (Table 3). A sig-
nificant positive correlation was also found between root and
shoot Cd concentrations. In addition, correlation between Cd
concentration in grain and Cd concentration and accumulation in
the other organs were also analyzed among cultivars within each
cultivar group (Table 4). Grain Cd concentration was found to
be significantly correlated with root-shoot translocation factor in
indica, with root Cd concentration in tongil-type, with shoot Cd
concentration and accumulation in tropical japonica, and with
shoot Cd accumulation and shoot-grain redistribution ratio in
temperate japonica.
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IR36(I) 1)
IR64(I)
IR7(I)
IR8(I)
Lunhui422(I)
SMR(I)
Namcheon(TI)
Dasan(TI)
Milyang23(TI)
Anda(TI)
Hangangchal(TI)
Hanaruem(TI)
IR31917(RJ)
IR69860(RJ)
IR71204(RJ)
IR71451(RJ)
IR71682(RJ)
IR72225(RJ)
IR73111(RJ)
IR76911(RJ)
OS4(RJ)
Namil(TJ)
Nampyeong(TJ)
Suwon468(TJ)
Suwon476(TJ)
Suwon490(TJ)
Yangjo(TJ)
Jongnam(TJ)
Juan(TJ)
Chucheong(TJ)
Hwajin(TJ)
Balila(TJ)
Kunjing4(TJ)
SNU-SG1(TJ)
Zheng5-2(TJ)
Average
LSD0.05

Range

21.87 
22.01 
12.28 
11.44 
9.85 

45.20 
8.73 

13.84 
9.41 
6.68 

14.26 
13.54 
9.66 
9.54 

10.60 
19.40 
10.04 
6.61 

10.01 
10.56 
7.54 
4.60 

17.09 
9.76 
8.32 

11.77 
10.40 
7.91 
4.89 

12.23 
13.28 
9.21 

11.79 
5.19 
8.75 

11.95
4.77
4.60-

45.20

0.13 
0.33 
0.40 
0.28 
0.24 
0.14 
0.29 
0.20 
0.34 
0.26 
0.22 
0.18 
0.38 
0.46 
0.24 
0.22 
0.33 
0.51 
0.23 
0.45 
0.20 
0.31 
0.14 
0.19 
0.26 
0.36 
0.21 
0.23 
0.41 
0.20 
0.20 
0.27 
0.19 
0.29 
0.20 
0.27
0.06
0.13-
0.51

1.54 
4.41 
3.07 
1.86 
1.35 
3.52 
1.51 
1.50 
1.91
0.98 
1.80 
1.32 
2.24 
2.85 
1.44 
2.39 
1.95 
2.29 
1.29 
3.05 
0.84 
0.83 
1.26 
1.05 
1.27 
2.55 
1.20 
1.03 
1.25 
1.37 
1.49 
1.43 
1.22 
0.88 
0.98 
1.74
0.57
0.83-
4.41

1.16 
1.81 
1.30 
1.39 
0.74 
1.73 
1.48 
1.44 
1.57 
1.12 
1.21 
1.71 
1.47 
1.07 
1.47 
1.18 
1.29 
0.87 
1.22 
1.11 
1.41 
0.89 
1.30 
0.69 
1.79 
1.17 
0.94 
0.70 
1.15 
1.03 
1.08 
1.12 
0.83 
1.14 
0.99 
1.22
0.31
0.69-
1.81

1.79 
7.94 
3.96 
2.63 
1.08 
5.93 
2.23 
2.13 
3.05
1.10 
2.18 
2.32 
3.37 
3.11 
2.05 
2.93 
2.54 
2.03 
1.60 
3.49 
1.19 
0.76 
1.71 
0.75 
2.26 
2.99 
1.16 
0.69 
1.48 
1.46 
1.61 
1.68 
1.07 
1.01 
0.95 
2.24
0.86
0.69-
7.94

32.29 
17.70 
23.12 
29.90 
25.74 
10.59 
24.91 
33.31 
19.93
24.47 
22.35 
27.88 
15.68 
15.65 
21.09 
15.22 
14.00 
9.76 

25.92 
15.45 
16.74 
21.51 
26.30 
23.95 
33.74 
17.01 
21.36 
20.31 
26.57 
10.62 
16.47 
13.24 
24.11 
14.88 
12.17 
20.7
6.69
9.8-   

33.7

1.04 
1.68 
1.70 
1.28 
0.57 
1.17 
0.74 
0.95 
0.70 
0.53 
1.08 
0.71 
0.95 
0.86 
0.54 
0.64 
0.51 
0.47 
0.62 
0.92 
0.29 
0.33 
0.66 
0.46 
1.02 
0.80 
0.52 
0.38 
0.69 
0.25 
0.56 
0.36 
0.57 
0.30 
0.28 
0.72
0.20
0.25-
1.70

0.56 
0.85 
0.52 
0.58 
0.35 
0.45 
0.75 
0.71 
0.81 
0.52 
0.45 
0.83 
0.50 
0.52 
0.67 
0.51 
0.63 
0.33 
0.58 
0.47 
0.69 
0.42 
0.59 
0.32 
0.75 
0.58 
0.44 
0.34 
0.53 
0.43 
0.47 
0.41 
0.37 
0.47 
0.43 
0.54
0.14
0.32-
0.85

0.55 
1.38 
0.91 
0.78 
0.28 
0.63 
0.56 
0.71 
0.62 
0.27 
0.49 
0.63 
0.52 
0.48 
0.41 
0.43 
0.35 
0.20 
0.41 
0.54 
0.19 
0.16 
0.45 
0.18 
0.74 
0.50 
0.24 
0.13 
0.39 
0.15 
0.26 
0.18 
0.26 
0.15 
0.12 
0.44
0.16
1.38-
0.12

Table 1. Cadmium concentration (mg kg-1 DW), accumulation (mg m-2),
translocation factor, redistribution ratio (%) and biomass (kg m-2) of thirty-
five rice cultivars.

Cultivar S-G 4)Shoot
Conc. Bio. Accu. Conc. Bio. Accu.

Root
Conc. 2) R-S 3) Devel. Site

1): I, Indica; TI, Tongil-type; TJ, Temperate japonica; RJ, Tropical japonica.
2): Conc., Cd concentration; Bio., biomass; Accu., Cd accumulation.
3): R-S, Root-shoot translocation factor.
4): S-G, Shoot-grain redistribution ratio.

Indica
Tongil-type
Tropical japonica
Temperate japonica

20.44 a 4)

11.08 b
10.44 b
9.66 b

0.25 b
0.25 b
0.33 a
0.25 b

2.62 a
1.50 c
2.04 b
1.27 c

3.87 a
2.17 b
2.48 b
1.40 c

23.23 ab
25.48 a
16.61 c
20.16 bc

1.24 a
0.79 b
0.65 bc
0.52 c

0.76 a
0.55 b
0.39 c
0.28 c

Table 2. Cadmium concentration (mg kg-1 DW), accumulation (mg m-2),
translocation factor, and redistribution ratio (%) of four rice cultivar groups.

Cultivar group S-G 3)Shoot
Conc. Accu. Conc. Accu.

Root
Conc. 1) R-S 2) Grain

1): Conc., Cd concentration; Accu., Cd accumulation.
2): Values with the same letters in each column are not significantly different by Duncan's   

Multiple Range Test at the 0.05 probability level.
3): R-S, Root-shoot translocation factor.
4): S-G, Shoot-grain redistribution ratio.

Root Conc.
R-S
Shoot Conc.
Shoot Accu.
S-G3)

0.48**

0.20
0.71**

0.78**

0.31

-
-0.38*

0.56**

0.63**

-0.12

-
0.45**

0.27
-0.29

-
0.94**

-0.31
-

-0.20

Table 3. Correlations among Cd concentration, accumulation, and translo-
cation characteristics of thirty-five rice varieties.

Item Shoot Conc.R-S 2)Grain Conc. 1) Root Conc. Shoot Accu.

* and **: P < 0.05 and  P < 0.01, respectively. 
1): Conc., Cd concentration; Accu., Cd accumulation.
2): R-S, Root-shoot translocation factor.
3): S-G, Shoot-grain redistribution ratio.

Indica
Tongil-type
Tropical japonica
Temperate japonica

0.26
0.83*

0.20
0.22

0.83*

-0.37
0.45
0.25

0.71
0.37
0.75*

0.49

0.71
-0.09
0.88**

0.71**

-0.37
0.26
-0.00
0.75**

Table 4. Correlation of grain Cd concentration with Cd concentration,
accumulation, and translocation characteristics in the other organs of rice
cultivars within each cultivar group.

Cultivar group Shoot Conc.R-S 2) S-G 3)Root Conc. 1) Shoot Accu.

* and **: P < 0.05 and  P < 0.01, respectively. 
1): Conc., Cd concentration; Accu., Cd accumulation.
2): R-S, Root-shoot translocation factor.
3): S-G, Shoot-grain redistribution ratio.



Discussion

An effective way to reduce the risk of Cd entering the food
chain is to use low Cd-accumulation cultivar as reported by Zeng
et al. (2008) in rice. The fundamental requirement for breeding
low-grain Cd-accumulation cultivars is to know the genotypic
variation in Cd accumulation and the physiological processes and
genetic basis governing Cd accumulation in rice grain.

As in previous reports (He et al. 2006; Liu et al. 2006; Liu et
al. 2007b; Morishita et al. 1987; Uraguchi et al. 2009; Wu et al.
1999; Zeng et al. 2008), significant variation of Cd concentra-
tion and accumulation in rice organs was found among 35 rice
cultivars that were grown with irrigation water containing 2 ppm
CdCl2 throughout growing season in lowland rice field, reveal-
ing more than eight-fold varietal differences in grain Cd concen-
tration and shoot Cd accumulation (Table 1). The significant dif-
ferences in Cd concentration and accumulation in organs were
also observed among four rice cultivar groups (Table 2). Indica
rice showed the highest Cd concentration and accumulation in
root, shoot, and grain while temperate japonica had the lowest
Cd concentration and accumulation in all of the rice organs.
Other studies (He et al. 2006; Liu et al. 2005; Liu et al. 2007b;
Morishita et al. 1987) also reported consistent results that indica
rice accumulated more Cd in grain than japonica rice. As indi-
cated by the results that indica rice exhibited significantly higher
Cd concentration and accumulation in root and shoot but similar
root-shoot translocation factor and shoot-grain redistribution
ratio compared to the other cultivar groups (Table 2), the higher
Cd accumulation in grain of indica rice was attributable to the
greater ability of Cd uptake rather than the greater Cd transloca-
tion ability between organs. Tongil-type rice that was developed
from the crosses between temperate japonica and indica, and
tropical japonica showed the in-between grain Cd concentration
of temperate japonica and indica rice. The significantly higher
grain Cd concentration in these cultivar groups than in temperate
japonica could be attributed to the higher ability of root-shoot
translocation in tropical japonica and shoot-grain redistribution
in tongil-type. Tropical japonica revealed the highest root-shoot
translocation factor among four cultivar groups while tongil-
type the highest shoot-grain redistribution ratio (Table 2). Liu et
al. (2005) also reported that tropical japonica (new plant type)
exhibited the  a grain Cd concentration intermediate to that of
temperate japonica and indica.

Cd accumulation in plant seed is governed by three physio-
logical processes: (1) Cd uptake from the soil solution by root,
(2) xylem translocation from root to shoot, and (3) phloem
translocation from shoot to seed (Clemens et al. 2002).
However, there is still controversy regarding the major process
governing the genotypic variation in grain Cd accumulation of
rice. Liu et al. (2005, 2007b) reported that all the three processes
were significantly related to genotypic variation in grain Cd
accumulation but shoot-grain redistribution was the process
revealing the highest correlation with its genotypic variation. On
the contrary, He et al. (2006) reported that grain Cd concentra-
tion was not correlated with shoot-grain redistribution but was
significant with shoot Cd accumulation among 38 rice cultivars

including japonica and indica. From these results, they concluded
that genotypic variation in grain Cd accumulation is governed
mainly by Cd uptake but not by differential Cd partitioning
between shoot and grain. Uraguchi et al. (2009) concluded that
the major and common physiological process determining the
Cd accumulation in shoot and grain of rice plant is the root-to-
shoot Cd translocation via xylem as Cd levels in xylem sap
revealed strong correlation with Cd levels in grain among 69
rice core collections. As suggested by our results (Tables 3, 4),
these different conclusions might have resulted from the differ-
ent genotypes selected in the experiments, the generalized con-
clusions without regard to the differential responses among
ecospecies of rice, the different experimental environments, etc.
In our experiment, grain Cd concentration revealed significant
positive correlation with root Cd concentration and shoot Cd
concentration and accumulation among 35 cultivars including
four cultivar groups while no significant correlation was found
with root-shoot translocation factor and shoot-grain redistribu-
tion ratio (Table 3). However, correlation analyses within each
cultivar group (Table 4) produced different results from the cor-
relation analysis among all the cultivars pooled across four cultivar
groups. That is, grain Cd concentration was significantly corre-
lated with root-shoot translocation factor in indica, with root Cd
concentration in tongil-type, with shoot Cd concentration and
accumulation in tropical japonica, and with shoot Cd accumula-
tion and shoot-grain redistribution ratio in temperate japonica.
These results indicate that genotypic variation in grain Cd accu-
mulation, in general, is controlled by all the three physiological
processes but the major physiological process governing its
genotypic variation within cultivar group is different depending
on cultivar groups.

It can be concluded that genotypic variation in grain Cd accu-
mulation is wide enough for breeding low grain Cd-accumulator
in rice and different breeding strategies are required depending
on cultivar group as the main physiological process governing
the genotypic variation in grain Cd accumulation is different
according to cultivar group.

Acknowledgments

This study was supported by Technology Development
Program for Agriculture and Forestry, Ministry for Food,
Agriculture, Forestry and Fisheries, Republic of Korea.

References

Cataldo D, Garland T, Wildung R. 1983. Cadmium uptake 
kinetics in intact soybean plants. Plant Physiol. 73: 844-848

Chen F, Dong J, Wang F, Wu FB, Zhang GP, Li GM, Chen ZF, 
Chen JX, Wei K. 2007. Identification of barley genotypes 
with low grain Cd accumulation and its interaction with four 
microelements. Chemosphere. 67: 2082-2088

Cie li ski G, Rees K, Huang P, Kozak L, Rostad H, Knott D. 

Genotypic Variation of Cd Behavior in Rice72



1996. Cadmium uptake and bioaccumulation in selected 
cultivars of durum wheat and flax as affected by soil type. 
Plant Soil. 182: 115-124

Clemens S, Palmgren MG, Kramer U. 2002. A long way ahead: 
understanding and engineering plant metal accumulation. 
Trends Plant Sci. 7: 309-315

Guo YL, Marschner H. 1996. Genotypic differences in uptake 
and translocation of cadmium in bean and maize inbred lines. 
J. Plant Nutr. Soil Sci. 159: 55-60

Hart J, Welch R, Norvell W, Sullivan L, Kochian L. 1998. 
Characterization of cadmium binding, uptake, and transloca-
tion in intact seedlings of bread and durum wheat cultivars. 
Plant Physiol. 116: 1413-1420

He JY, Zhu C, Ren YF, Yan YP, Jiang D. 2006. Genotypic
variation in grain cadmium concentration of lowland rice. J. 

Plant Nutr. Soil Sci. 169: 711-716
Ince NH, Dirilgen N, Apikyan IG, Tezcanli G, Ustun B. 1999. 

Assessment of toxic interactions of heavy metals in binary 
mixtures: A statistical approach. Arch. Environ. Contam. 
Toxicol. 36: 365-372

Ishikawa S, Ae N, Yano M. 2005. Chromosomal regions with 
quantitative trait loci controlling cadmium concentration in 
brown rice (Oryza sativa). New Phytol. 168: 345-350

Kurz H, Schulz R, Romheld V. 1999. Selection of cultivars to 
reduce the concentration of cadmium and thallium in food 
and fodder plants. J. Plant Nutr. Soil Sci. 162: 323-328 

Liu JG, Liang JS, Li KQ, Zhang ZJ, Yu BY, Lu XL, Yang JC, 
Zhu QS. 2003. Correlations between cadmium and mineral 
nutrients in absorption and accumulation in various genotypes
of rice under cadmium stress. Pergamon-Elsevier Sci. Ltd. 
pp. 1467-1473

Liu JG, Zhu QS, Zhang ZJ, Xu JK, Yang JCH, Wong MH. 
2005. Variations in cadmium accumulation among rice culti-
vars and types and the selection of cultivars for reducing cad-
mium in the diet. J. Sci. Food Agric. 85: 147-153

Liu JG, Wang DK, Xu JK, Zhu QS, Wong MH. 2006. 
Variations among rice cultivars on root oxidation and Cd 
uptake. J. Environ. Sci. 18: 120-124

Liu HJ, Zhang JL, Zhang FS. 2007a. Role of iron plaque in Cd 
uptake by and translocation within rice (Oryza sativa L.) 
seedlings grown in solution culture. Environ. Exp. Bot. 59: 
314-320

Liu JG, Qian M, Cai GL, Yang JC, Zhu QS. 2007b. Uptake and 
translocation of Cd in different rice cultivars and the relation 
with Cd accumulation in rice grain. J. Hazard. Mater. 143: 
443-447

Liu W, Zhou Q, Sun Y, Liu R. 2009. Identification of Chinese 
cabbage genotypes with low cadmium accumulation for food 
safety. Environ. Pollut. 157: 1961-1967

McLaughlin MJ, Bell MJ, Wright GC, Cozens GD. 2000. 
Uptake and partitioning of cadmium by cultivars of peanut 
(Arachis hypogaea L.). Plant and Soil. 222: 51-58

Morishita T, Fumoto N, Yoshizawa T, Kagawa K. 1987. 
Varietal differences in cadmium levels of rice grains of 
japonica, indica, javanica, and hybrid varieties produced in 
the same plot of a field. Soil Sci. Plant Nutr. 33: 629-637

Murakami M, Ae N, Ishikawa S. 2007. Phytoextraction of 
cadmium by rice (Oryza sativa L.), soybean (Glycine max
(L.) Merr.), and maize (Zea mays L.). Environ. Pollut. 145: 
96-103

Shah K, Kumar RG, Verma S, Dubey RS. 2001. Effect of cad-
mium on lipid peroxidation, superoxide anion generation and 
activities of antioxidant enzymes in growing rice seedlings. 
Plant Sci. 161: 1135-1144

Smolders E. 2001. Cadmium uptake by plants. Int. J. Occup. 
Med. Environ. Health. 14: 177-183

Sun YB, Zhou QX, Diao CY. 2008. Effects of cadmium and 
arsenic on growth and metal accumulation of Cd-hyperaccu-
mulator Solanum nigrum L. Bioresour. Technol. 99: 1103-
1110

Ueno D, Kono I, Yokosho K, Ando T, Yano M, Ma JF. 2009. A 
major quantitative trait locus controlling cadmium transloca-
tion in rice (Oryza sativa). New Phytol. 182: 644-653

Uraguchi S, Mori S, Kuramata M, Kawasaki A, Arao T, 
Ishikawa S. 2009. Root-to-shoot Cd translocation via the 
xylem is the major process determining shoot and grain cad-
mium accumulation in rice. J. Exp. Bot. 60: 2677-2688

Wu Q, Chen L, Wang G. 1999. Differences on Cd uptake and 
accumulation among rice cultivars and its mechanism. Acta 
Ecol. Sin. 19: 104-107

Zeng FR, Mao Y, Cheng WD, Wu FB, Zhang GP. 2008. 
Genotypic and environmental variation in chromium, cadmium
and lead concentrations in rice. Environ. Pollut. 153: 309-314

Zhang GP, Fukami M, Sekimoto H. 2002. Influence of cadmium 
on mineral concentrations and yield components in wheat 
genotypes differing in Cd tolerance at seedling stage. Field 
Crops Res. 77: 93-98

73JCSB 2010 (June) 13 (2) : 69 ~ 73 


