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Abstract
Enhanced Cd uptake and Zn depletion in rice grains and high potential for food Cd exposure by the high-yielding hybrid cultivars of

China had been addressed. A field experiment was conducted in 2006 to determine the difference in grain Cd and Zn between cultivars.

Total 110 cultivars including super rice and common hybrid rice cultivars were grown on a single paddy soil (Entic Haplaquept)

with a neutral reaction and low total Cd content. Grain Cd and Zn concentrations were determined with graphite atomic adsorption

spectrophotometer (GFAAS) and flame atomic adsorption spectrophotometer (AAS) respectively. Wide variation of Cd content in grain

was found in a range of 0.004–0.057 mg/kg, while the Zn content in a range of 10.25–30.06 mg/kg among the cultivars. Higher Cd

but lower Zn concentration in grains of super rice cultivars was observed compared to the common hybrid ones. A highly significant

positive linear correlation of grain Cd/Zn with grain Cd was found for super rice and common hybrid cultivars, meanwhile much higher

slope for these hybrid cultivars than the reported non-hybrid cultivars was also observed. Using the limit value of the Chinese chemical

guidelines for foods (MOHC and SSC, 2005), calculated potential risk of food Cd exposure with “Zn hungry” through diet intake

was prominent with all the studied 110 hybrid rice cultivars, possessing high potential health problems for rice production in South

China using the super rice cultivars. Breeding of genotypes of rice cultivars with low grain Cd and low Cd/Zn ratio is needed for rice

production in acidic red soils where Cd bioavailability is prevalently high.
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Introduction

Intake of heavy metals via the soil-crop-food chain has

been considered as the predominant pathway of human

exposure to potentially toxic heavy metals (Chang et al.,
2002). Among the major staple crops, rice is the particular

one with high Cd uptake and accumulation (Chaney et al.,
2004). Recently, special attention has been paid to Zn-

Cd relation in rice as Zn-deficient diets were evidenced

to enhance the potential health risk of Cd for animal and

even people (Reeves and Chaney, 2004; Liu et al., 2005;
Gong and Pan, 2006a). Insufficiency of Zn in human diet

may occur with monotonous vegetarian diets in areas with

Zn-deficient soils (Chaney et al., 2005). In China, rice

is consumed at about 200 kg per capita annually and is

produced predominantly in South China where the soils are

high in Cd mobility (Wang et al., 2003; Cao et al., 1999)
and/or deficient in Zn. However, for meeting the demand

by the increasing population and decreasing arable lands,

high-yielding hybrid rice or super rice cultivars with high

Cd affinity (Wang and Gong, 1996; Wu et al., 1999; Gong

et al., 2006b) are under extension in China, which may
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raise the potential health problems due to increasing of Cd

intake and deficiency of Zn.

There have been many studies on difference in abilities

of crop species to uptake potentially toxic heavy metals

in their edible parts (Yu et al., 2006). Even within one

species, there are also great genotypic differences in grain

concentration (Li et al., 1995; Wu and Zhang, 2002; Liu

et al., 2003, 2005). To address the variation in Cd and

Zn uptake with the cultivars and screen every cultivar

with both low Cd and Cd to Zn ratio, 110 rice cultivars

were selected to grow in a single rice paddy soil and the

Cd and Zn concentrations in grain were determined for

comparison.

1 Rice cultivars

Total 110 hybrid rice cultivars of different genotypes

were used in the experiment, including 98 common hybrid

rice cultivars and 12 super rice cultivars. The growing

period of the cultivars was within (155 ± 20) d. The

seeds of these cultivars were ordered from rice breeding

agencies such as seed companies, breeding institutes of

Sichuan, Yunnan, Guangxi of South China. Rice seeds
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were submerged in a water bath for about 48 h at room tem-

perature and germinated under moisture condition (seeds

were covered with two layers of moist gauze cloth) at

32°C for another 30 h. The germinated seeds were grown

in a nursery paddy soil till 3 leaves appearing. Then

seedlings were transplanted in the experiment plot.

1.1 Field experiments and soil condition

The field experiment was carried out at the Experi-

ment Farm of Nanjing Agricultural University located in

Jiangpu, Nanjing, China. Being neutral reaction (Table 1),

the soil is classified as Entic Haplaquept (USDA, 1999).

Fifty rice seedlings of a single cultivar were transplanted

in an area of 2 m2. The experiment was conducted in

triplicate and arranged in a random completely block

design (RCBD). A protection row at width of 0.5 m was

set around the experimental plots, which had one opening

as the inlet and another as the outlet for irrigation water.

Fertilizer of N, P, K were applied 3 times during the rice

growth: (1) as basal with N, P, and K on the 5th day in

advance of seedlings planting, (2) when tillering, and (3)

when spiking with only N. The total dressing of N, P, K

was applied at 200 kg N/hm2 as urea, 100 kg P2O5/hm
2

as calcium magnesium phosphate and 150 kg K2O/hm
2

as potassium chloride. All the phosphorus and potassium

fertilizer and 60% of N as urea were applied as basal

dressing before transplantation.

1.2 Sample preparation, and Cd and Zn determination

Whole plant of rice was sampled in triplicate when

ripening as removal from the soil randomly from each

plot and separated into subsamples of root, shoot, and

grain respectively, after washing with deionized water. The

subsample was transferred to a paper bag and dried in an

air-forced oven at 60°C for 48 h. Dry plant material was

ground in a stainless steel blender to pass through a 0.4-

mm sieve. All samples were stored at ambient temperature

and humidity.

Three topsoil samples from the plot were subject to

mixed acid digestion (HNO3-HClO4-HF). A certified ref-

erence material of sediment GBW 07406 with (0.13 ±
0.04) mg/kg Cd and (97 ± 9) mg/kg Zn was purchased

from the National Centre for Certificate Reference Mate-

rials, China, and used with all patch of digestions. Dried

plant samples were digested in a 4:1 (V/V) mixture of

HNO3-HClO4 (Lu, 2000). Ten milliliter of mixed acids

was added to 0.75 g of plant sample in a high-walled

beaker and allowed to stand for 12 h at 25°C. The samples

were then heated in a sand bath at 170°C until clear. After

cooling, the solution was diluted to 25 mL with deionized

water and filtered through a Xinhua No.11 filter paper (<
0.45 μm, China Xinhua Filter Company). Two certified

plant reference materials GBW 07602 with (0.14 ± 0.01)

mg/kg Cd and (20.6 ± 1.0) mg/kg Zn and GBW 07605

with (0.057 ± 0.008) mg/kg Cd, and (26.3 ± 0.9) mg/kg

Zn were purchased from the National Centre for Certificate

Reference Materials, China, and used respectively with all

patches of digestions. The recovery of Cd and Zn were

in the range of 81.76%–118.61% and 92.02%–109.92%,

respectively.

The total Zn and Cd contents of the digested solutions

were determined by flame atomic adsorption spectropho-

tometry (AAS) and graphite furnace AAS (TAS986, Puxi

Analytical Instrument Company, China), respectively. A

reagent blank was incorporated within each batch of ana-

lytical samples. The chemical reagents used in the analysis

were in guaranteed reagent grade.

1.3 Statistical analysis

Statistical analysis was conducted using statistical soft-

ware SPSS. The statistical significance level was defined at

P � 0.05.

2 Results and discussion

2.1 Variation of Cd and Zn concentrations in grain

The Cd concentration of unpolished rice grain of the

110 cultivars ranged from 0.004 to 0.057 mg/kg with a

mean of 0.022 mg/kg. In contrast, the grain Zn contents

ranged from 10.25 to 30.06 mg/kg with a mean of 19.16

mg/kg. The variability coefficients of Cd, Zn, and Cd/Zn

ratio among the 110 rice cultivars are 51.30%, 24.66%,

and 61.08%, respectively (Table 2). Apparently, there is

much higher variability with grain Cd than with Zn. Grain

Zn concentration here is in higher consistency with the

reported results (Pongsakul and Attajarusit, 1999; Marr

et al., 1995), although the cultivars were from a diverse

Table 1 Physicochemical properties of the topsoil (0–20 cm)

pH (H2O) Org C (g/kg) CEC (cmol/kg) Available P (mg/kg) Total Cd (mg/kg) Total Zn (mg/kg)

6.23 10.54 16.63 18.09 0.15 19.00

CEC: cation exchange capacity of soil.

Table 2 Grain concentrations (mg/kg) of Cd and Zn, and the Cd/Zn ratio of 110 rice cultivars

Concentration Cd Zn Cd/Zn

Maximum 0.057 (Zhongzheyou-1) 30.06 (R234) 0.0039 (Teyougui-3)

Minimum 0.004 (J314) 10.25 (45A/998) 0.00014 (J196)

Arithmetic mean 0.022 19.16 0.001

Middle value 0.020 (Jinyou-398, Teyou-559, TianART, P742) 19.34 (R287, J296) 0.0011 (IIyou-559, Jinyou-398)

Standard error 0.011 4.72 0.00078

Coefficient of variation (%) 51.30 24.66 61.08

The number or characters in the brackets are the name of the cultivars while breeded.
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range of locations, rice varieties, soil conditions. Over

half of the cultivars had grain Cd below the mean of

0.022 mg/kg, and about 10% of the cultivars (including

5 super rice cultivars) had grain Cd over 0.04 mg/kg, as

double as the mean value (Fig. 1). Nevertheless, over 12%

of the cultivars (14 cultivars) had a grain Cd under 0.0l

mg/kg. This result indicates that low Cd cultivars may

be screened from common hybrid cultivars but super rice

ones. The Chinese State Standard Committee set up 0.2

mg Cd/kg as limit for rice while the Codex Committee

draft of provisional maximum level (ML) for Cd in rice

grains was 0.4 mg/kg (CCFAC, 2005). In this study, grain

Cd concentrations of rice cultivars growing in this neutral

paddy soil were all below these two guidelines. The low

grain Cd concentrations could be attributed to low soil

indigenous Cd and low availability with pH over 6.0. In

contrast, Li et al. (2003) reported that Cd concentrations in

the rice grain varied in the range of 0.026–0.199 mg/kg of

the 57 rice cultivars grown in a paddy soil with pH of 6.54

with total soil Cd content of 0.43 mg/kg. As reported by

Wang and Stuane (2003) and Wang et al. (2003), rice grain

Cd level could increase a lot when grown in acidic soils

such as the red-soil region. Li et al. (2005) reported that

grain Cd concentration of common rice cultivars planted

in a red soil with pH 4.95 and Cd-spiked treatment were as

14-fold as in a paddy soil with pH 6.54 and non-spiked Cd.

Similarly, Gong et al. (2006b) have stated that a hybrid rice

cultivar grown in a red earth paddy of pH 5.25 had grain

Cd 13-fold as grown in a typical paddy of pH 5.84 and

Cd-spiked treatment. In other words, Cd accumulation by

10 folds may be expected when grown in a soil with pH

lower by 1 unit and soil Cd level increased by 3 folds. This

would infer that such variation of pH and the increase of

soil total Cd to the level of 0.4–0.5 mg/kg, is very common

in red soil region of China. We assume these 110 hybrid

rice cultivars planted in the red soil region as in the case of

Li et al. (2005) and Gong et al. (2006b). This would infer

that there would be about 10% of the cultivars (including

5 super rice cultivars) grain Cd concentrations over 0.4

mg/kg (ML for Cd by CCFAC). While over 12% of the

cultivars (14 common hybrid cultivars, no super rice) grain

Cd under 0.1 mg/kg (half of the limit value 0.2 mg/kg by

CFCG).

About 50% cultivars and, 10 out of total 12 super rice

cultivars, had grain Zn below the total mean of 19.16

mg/kg. A daily dietary intake of Zn could be estimated at

10.7 mg/d assuming the consumption of rice with the mean

grain Zn here (19.16 mg/kg), which is close to the Chinese

daily intake recommendation (RNI) of Zn at 15 mg/d for

adults, but much under the maximum content of Zn (50

mg/kg) proposed by CFSG, suggesting a possible dietary

intake deficiency for the monotonous vegetarian diets in

China.

2.2 Relationship between Cd and Zn in rice grains

Table 3 shows the difference in grain Cd, Zn contents

and the ratio of Cd/Zn between the studied two groups

of hybrid rice. The super rice cultivars had a significantly

higher grain Cd uptake and lower grain Zn uptake than the

common hybrid rice cultivars. The calculated mean Cd/Zn

ratio in grain was 0.0019 for super rice cultivars and 0.0012

for common hybrid rice cultivars.

Mean grain Cd content and Cd/Zn ratio of super rice

cultivars were significantly higher than that of common

hybrid by 67.86% and 72.43%, respectively. However,

no significant difference in rice grain Zn content was

observed. A comparison of grain Cd/Zn ratio between

hybrid rice and super rice in our experiment revealed

limited uptake of Zn by these rice cultivars of high Cd/Zn

ratio. A highly significant positive linear correlations of

grain Cd/Znwith grain Cd content for super rice and hybrid

rice studied was observed (Fig. 2a) in comparison to that of

hybrid and conventional rice (Fig. 2b) calculated by Li et
al. (2003). The higher slope of the linear regression curve

for all the hybrid rice compared to that for conventional

rice indicated Zn deficiency is enhanced with super rice

cultivars (Gong and Pan, 2006a).

Simmons et al. (2003) studied the Cd and Zn level of

rice and soybean grains produced in a region of Thailand

where soils were contaminated by Zn and Cd in mine

area and concluded that rice was a particular crop with-

out increase Zn content and with increased Cd in rice

Table 3 Grain Cd and Zn contents and Cd/Zn ratio of the two groups

of hybrid rice

Cd (mg/kg) Zn (mg/kg) Cd/Zn

Super rice 0.034 ± 0.015 a 16.87 ± 2.79 a 0.0019 ± 0.0018 a

Hybrid rice 0.020 ± 0.009 b 19.43 ± 4.84 a 0.0012 ± 0.00076 b

Different characters in the same column mean significant difference

between the two cultivars at P � 0.05.

Fig. 1 Distribution of grain Cd and Zn contents of the 110 cultivars.
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grain. Similarly, Kukier and Chaney (2002) found that

Zn concentrations in rice plants decreased with increased

Cd concentrations and the higher plant Zn contents could

diminish Cd toxicity symptoms in shoot. While hybrid

cultivars had greater uptake of Cd and lower uptake of

Zn than the non-hybrid ones, the genotype effect on

Zn depletion was considerably striking. The interaction

between Cd and Zn on uptake and distribution in crops may

impose a public concern.

Fig. 2 Correlation of grain Cd/Zn ratio with grain Cd content in (a) 12

super rice cultivars and 98 hybrid rice cultivars in the same soil and (b)

in 110 hybrid rice cultivars and 57 conventional rice cultivars (Li et al.,
2003).

In addition, significant differences existed in Cd, Zn

accumulation and Cd/Zn ratio for rice cultivars and geno-

types. For example, the ratio of Cd/Zn varied in wide range

of 0.00014 to 0.0039. Whereas, the values were much

lower than 0.015 suggested by Simmons et al. (2003) as

a critical value for Cd toxicity to human gut. However,

considering the fact that grain Cd content was higher of

super rice cultivars than that of hybrid ones and grains of

extensive acidic paddy soils with high Cd bioavailability

in South China, extension of these high-yielding super rice

cultivars in the rice area where Zn is generally deficient

(generally 50–80 mg/kg) may possess a serious problem

of Zn-deficiency and Cd toxicity for human health, es-

pecially for subsistence rice diet farmers. An insufficient

understanding of the agronomy of Cd and Zn, and the

ability of rice to exclude Zn from grain, may have caused

underestimation of health risk from soil and rice Cd in

China, especially to subsistence rice consumers (Chaney

et al., 2005; Wang et al., 2005). In fact, the “potential

Zn hungry” still exists in most countryside (Wang et al.,
2006). Assuming rice is consumed for an adult at 206 kg

/year, dietary exposure of rice Cd from the super rice and

common hybrid rice studied here would amount to 19 and

11 μg/d, respectively. Therefore, hardly health risk may

arise from consumption of the hybrid rice grown in this

soil as the tolerable daily dietary Cd intake could be as

much as 60 μg/d using RfD value (USEPA, 2000). Despite

of a moderate Zn content (19.00 mg/kg), in the studied

soil, none of the 110 cultivars had grain Zn concentration

achieving the maximum permissible limit of 50 mg/kg.

The calculated mean adult daily intake of Zn at 11 and 10

mg/d with hybrid rice and super rice cultivars, respectively,

lower than the recommended Zn daily intake of 15 mg

and especially of 20 mg for pregnant women, suggest a

possible Zn deficiency with cultivation of these hybrid rice

even in a neutral soil. Therefore, these studied hybrid rice,

especially super rice, may impose a potential Zn deficiency

in diet for the subsistence diet farmers adults, especially for

the pregnant women.

3 Conclusions

Wide range of grain Cd was observed than of Zn

among the 110 hybrid rice cultivars grown in a neutral,

low Cd content paddy soil. Super rice cultivars exerted

significantly higher grain Cd uptake with a higher ratio

of Cd/Zn than the common hybrid rice cultivars. Thus,

the super rice cultivars may possess a greater risk than

those of hybrid ones from Cd exposure and Zn deficiency

through dietary intake for human health, especially for

subsistence diet farmers in South China where enhanced

Cd bioavailability and Zn deficiency occurs due to low pH

and poor soil nutrient status. However, a small portion of

the common rice cultivars screened here had lower grain

Cd and Cd/Zn ratio. This offers an opportunity to conduct

a low-Cd cultivar breeding and cultivation for a safe high-

yielding rice production while great care is needed for

using super rice in rice production of South China with

Cd contaminated and bioavailability enhanced soils.
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