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Introduction 
 

Cadmium (Cd) is a heavy metal that occurs naturally and has also been widely 
released into the environment. Cd released into the environment enters the 
biogeochemical cycle and tends to accumulate in soils and sediments, where it is 
available to rooted plants. Cd uptake is harmful to most plants; it can reduce plant growth 
and cause death in extreme cases. Cd is a major concern in food production, because it 
reduces yields and threatens human health. In 2004, the Joint FAO/WHO Expert 
Committee on Food Additives, in association with the Codex Alimentarius Commission, 
established allowable limits for Cd levels in food; for rice, the limit was set at 0.4 mg/kg 
of Cd. The basic mechanisms that control the accumulation of Cd in the edible parts of 
plants are poorly understood. With the goal of improving food safety, the current study 
aimed to identify genes related to Cd tolerance and accumulation in rice, through 
screening of a library of T-DNA-tagged rice lines. 
 
Material and Methods 
 
Screening in MS medium 

The screening process was divided into two steps performed in Murashige and 
Skoog (MS) medium containing 1.0 mM CdSO4. In the first step, the husks were 
carefully removed from wild-type (WT) control seeds and from seeds that had undergone 
insertional mutagenesis using T-DNA, and the seeds were sterilized in hypochlorite 
solution. After sterilization, the seeds were washed, transferred to plates with MS 
medium containing 1.0 mM Cd, and grown in a growth chamber under controlled 
conditions (16 h/8 h, day/night cycle at 28°C) for 15 days. Seedlings that showed longer 
shoots and/or roots than those of the WT were transplanted to soil and cultured until 
seeds were harvested. In the second screening step, the seeds harvested from the first step 
were rescreened in MS to confirm tolerance. 
 
Hydroponic culture 

Seedlings of lcd and WT plants were transferred to a nutrient solution (in control 

conditions or with added 10 µM Cd) and grown in a greenhouse under natural light 

conditions, with 14 h of light at 30°C and 10 h of dark at 25°C. The pH was adjusted 
daily to between 5.5 and 5.8. 
 
Growth in soil 

Plants were cultivated in pots (volume of 1,000 ml) containing a 2:1 mixture of 
bonsol-ichigou (commercial available soil) and vermiculite, were fertilized with 3.5 g of 
the slow-release fertilizer LongTotal-70 and 3.5 g of LongTotal-140 per plant, and 
received 8 ppm of CdSO4 added to the soil. Plants were grown in a greenhouse under 
natural light conditions, with 14 h of light at 30°C and 10 h of dark at 25°C.  
 
Results and Discussion 
 

The screening process for rice seeds grown in MS medium containing 1.0 mM 
Cd resulted in the selection of the knockout mutant low cadmium (lcd). The lcd seedlings 



exhibited tolerance to Cd treatment, with longer shoots and roots compared with WT 
plants. 
 When grown in hydroponic culture, lcd plants exhibited longer roots than WT 
plants and accumulated significantly more Cd in their roots compared with WT; however, 
lcd plants accumulated significantly less Cd in the shoots, suggesting that the LCD gene 
may play a role in Cd accumulation or transport.  
 In WT plants, treatment with Cd led to decreased accumulation of Zn in the 
roots and shoots, suggesting that Cd interfered with Zn accumulation. The same pattern 
was observed in lcd plants. Cd and Zn are metals with similar properties, and these 
similarities could cause Cd to compete with Zn for uptake in plants, explaining the lower 
accumulation of Zn observed when Cd was added during culture. In WT plants, the 
addition of Cd also resulted in a lower accumulation of Mn in the roots, suggesting a 
disruption of Mn accumulation or metabolism by Cd. However, in lcd plants, Mn 
accumulation in the roots was lower under control conditions and showed no difference 
when Cd was added. In the shoots of lcd plants, no significant difference in Mn 
accumulation was observed compared with WT. In WT plants, less Fe accumulation was 
observed in the shoots after Cd treatment, possibly due to a disturbance of Fe 
homeostasis by Cd. The accumulation of Fe in lcd shoots was different between the 
control and added-Cd conditions, suggesting an enhancement of the effects of Cd in lcd 
plants. WT plants accumulated less Cu in the presence of Cd, in both roots and shoots, 
suggesting a relationship between Cd and Cu in WT plants. The same pattern was 
observed in lcd roots and shoots, suggesting that lcd does not participate in Cu 
homeostasis in rice plants. 
 When grown in soil with low Cd concentrations, lcd and WT plants did not 
differ significantly in plant dry weight or seed yield. In addition, no significant difference 
in the Cd concentration in leaf blades was observed between lcd and WT plants. WT 
plants accumulated an average of 0.43 mg/kg of Cd in the seeds, whereas lcd plants 
accumulated only 0.36 mg/kg of Cd, in compliance with the limit for Cd content in rice 
seeds (0.4 mg/kg) established by the Codex Alimentarius. The product of the LCD gene 
has not been described to date and is categorized as a hypothetical protein. Nevertheless, 
the phenotype of its knockout, decreased Cd accumulation in the seeds of rice, is of 
worldwide interest. 
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