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Abstract: Cadmium and arsenic are two toxic elements that may accumulate in food crops to levels unsafe for human consumption. 
Here we present case studies on the potential of phytoextraction and management options to reduce Cd and As accumulation in 
food crops. Small-scale field trials showed that four croppings of the Cd hyperaccumulator Thlaspi caerulescens removed 14 – 
47% of soil Cd. In a series of long-term sewage sludge trials, Cd concentration in wheat grain can be predicted reliably from soil 
total Cd, pH and organic matter content; from this relationship it is possible to predict with reasonable confidence the soil 
conditions that will not lead to the exceedance of wheat grain Cd over the current EU maximum permissible concentration. Recent 
studies have shown that paddy rice is particularly efficient at As accumulation due to two reasons: 1) reductive mobilization of 
arsenic under the anaerobic conditions of the submerged paddy soil; and 2) inadvertent uptake of arsenite through the highly 
efficient pathway of Si uptake in rice. A number of management options may be used to reduce As accumulation in rice, including 
periodic draining of paddy water, Si fertilization, and selection and breeding of low As cultivars of rice. 
 
Keywords: Arsenic, cadmium, rice, wheat, soil contamination, phytoextraction.  
 
 
1. Introduction 
 

Arsenic (As) and cadmium (Cd) are non-essential toxic elements that may accumulate in food crops to levels 
posing potential risks to human health. There are national or international maximum permissible limits on these 
elements in food crops; exceedance of these limits will affect their sale and use. Transfer of toxic elements may be 
further exacerbated by soil contamination or by specific soil conditions leading to enhanced bioavailability. In this 
paper, we examine the potential of phytoextraction and management options to reduce Cd and As accumulation in 
food crops.      

The efficiency of phytoextraction depends on the level of contamination in soil and the amount of 
metals/metalloids accumulated by plants. The metal removal rate can be estimated using plant biomass production 
and the bioconcentration factor  (i.e. the ratio of metal concentration in plant shoots to that in soil) (1) (Figure 1). 
Assuming a biomass production of 10 tonnes per hectare (t ha-1) per crop, which is easily attainable for many 
agricultural crops, the bioconcentration factor would need to be 20 or greater to decrease the soil metal 
concentrations by 50% in fewer than 10 crops. With a high biomass of 20 t ha-1 per crop, a bioconcentration factor of 
greater than 10 is required. Figure 1 shows that phytoextraction is unlikely to be feasible if the bioconcentration 
factor is <10; this applies to most plant species as they have limited capacities for metal uptake or, more importantly, 
root to shoot translocation. Some hyperaccumulators have very high bioconcentration factors (10 – 100) when grown 
in contaminated soils, e.g. an ecotype of Thlaspi caerulescens from southern France (2) and the As hyperaccumulator 
Pteris vittata (3). Recently, Murakami et al. (4) reported high bioconcentration factors (10 – 44) for Cd in several 
Indica rice cultivars when grown under aerobic soil conditions, and demonstrated their abilities for phytoextraction 
of Cd.  

 
2. Phytoextraction of Cd with Thlaspi caerulescens 
 

We have tested the phytoextraction potential of T. caerulescens (the Ganges ecotype from southern France) in a 
field experiment previously contaminated with different levels of Cd (0.4 – 9.8 mg kg-1) due to past additions of 
sewage sludge (5). The biomass production was generally small (<1 t ha-1 dry weight) with this plant; however, in 
one season when the plants were allowed to over-winter and grow for 14 months, higher biomass yields (0.7 – 3.7 t 
ha-1) were obtained. The bioconcentration factor for Cd was high in all years (31 – 92), thus compensating for the 
relatively low biomass yield of this plant species. Over the four harvests made between 2000 – 2004, T. caerulescens 
removed 14 – 47% of the Cd in the top soil (Fig. 2). Furthermore, there was a very good agreement between the 
measured concentrations of Cd in the soils after phytoextraction and those calculated from plant uptake assuming a 
uptake zone of 20 cm (Fig. 3), indicating that the uptake of Cd by T. caerulescens was indeed mainly from the top 20 
cm soil. 
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Fig. 1. Model calculations of the number of crops (harvests) required to halve metal concentrations in the top soil, 
assuming that the metal taken up by plants is from the top 20 cm of soil (McGrath & Zhao, 2003). 
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Fig. 2. % removal of Cd from soil by four harvests of Thlaspi caerulescens (Ganges). 
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Fig. 3. Soil Cd concentrations after phytoextraction: agreement between measured and calculated values. 
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3. Management options to reduce Cd accumulation in crops 
 

While phytoextraction may be feasible for moderately contaminated soils, it has not been used on agricultural 
soils on a large scale in the UK due to the cost and the lengthy duration required. Soil management options that can 
be used to limit the accumulation of Cd to food crops are likely to be more practical. In a series of field trials (9 sites 
across the UK) assessing the effects and risks of sewage sludge on soil and crops, it was found that the concentration 
of Cd in wheat grain can be predicted quite reliably from soil total Cd, pH and organic matter content according to 
the following regression equation(6) (Fig. 4): 

log10 (Grain Cd) = 3.9 + 0:86 log10 (Soil total Cd) – 0.25 pH -  0.75 log10 (Soil organic carbon) 
n = 1408, R2

adj. = 0.78 
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Fig. 4. The relationship between measured and predicted Cd concentrations in wheat grain from 12 field experiments 
in three growing seasons (6). 
 
From the above equation, it is possible to predict with reasonable confidence the soil conditions that will not lead to 
the exceedance of wheat grain Cd over the current EU maximum permissible concentration (MPC) of 0.2 mg kg-1 
fresh weight (= 0.235 mg kg-1 dry weight) (Fig. 5). This information can now be used by farmers and companies who 
apply sewage sludge to land because these two soil factors (soil pH and Cd concentration) can be controlled in 
practice. 
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Fig. 5. Predicted upper 95% confidence limit for grain Cd as influenced by soil total Cd and pH with organic C fixed 
at 2.2% (6). MPC, maximum permissible concentration in wheat grain. 
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4. Arsenic accumulation in rice and potential mitigation options 
 

It has been recognized in recent years that consumption of rice can contribute significantly to the intake of 
inorganic As (Asi) by humans (7-9). For populations based on a rice diet and not exposed to high levels of As in 
drinking water, intake of Asi from eating rice is the dominant source (9,10). Even for populations exposed to elevated 
Asi in drinking water, such as As-affected areas in south Asia, Asi intake from rice is significant, accounting for 
~50% (11,12). Rice is efficient at As accumulation due to two reasons: 1) enhanced As bioavailability under the 
anaerobic conditions of submerged paddy soils as a result of reductive mobilization of arsenite (13-15); and 2) the 
inadvertent uptake and transport of arsenite through the Si pathway which is highly efficient in rice (16,17).  

Several management options may be used to mitigate the problem of excessive As accumulation in paddy rice. 
Because soil redox potentially controls As mobility in paddy soil, water management can be used to minimize As 
uptake and transfer into rice grain. In greenhouse experiments, we found that growing rice under aerobic soil 
conditions for the whole or part of the rice growing season markedly reduces As accumulation in the grain (15,18) 
(Fig. 6). This effect was consistent with the observation that flooding soil induces a rapid mobilization of arsenite 
into soil solution (15,18) . However, one potentially negative effect of aerobic cultivation is the enhanced Cd 
accumulation.   
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Fig. 6. Effect of watering regime on As accumulation in rice in a greenhouse experiment (18). Soil total As = 11.6 
mg kg-1. “Flooded – Aerobic” and “Aerobic – Flooded” were treatments in which watering regime was switched at 
flowering.  
 

Because of the shared uptake pathway between Si and arsenite in rice, it is possible to use Si fertilizer to decrease 
As accumulation. In a pot experiment, we found that Si fertilization decreased the total As concentration in straw and 
grain by 78 and 16%, respectively, even though Si addition increased As concentration in the soil solution (18) (Fig. 
7). Silicon also significantly influenced As speciation in rice grain by enhancing methylation. Silicon decreased the 
inorganic As concentration in grain by 59% while increasing the concentration of dimethylarsinic acid (DMA) by 
33% (Fig. 7). 
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Fig. 7. Effect of Si fertilization on As concentration in straw and As speciation in grain of two Japonica rice cultivars 
in a pot experiment (18). 
 
 For poor farmers in Southeast Asia, selection and breeding of low As cultivars may be a more practical 
option. In field trials at two As contaminated sites in Bangladesh, there were large variations in the concentration of 
As in grain among the 72 cultivars tested (19) (Fig. 8). Cultivars with red bran turned out to contain high 
concentrations of As. There was a highly significant correlation in grain As concentration between the two field sites, 
indicating that the genotypic difference was reasonably stable across these two sites.    
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Fig. 8. Correlation in grain As concentration of 72 rice cultivars between two field trials in Bangladesh (19). Red 
symbols indicate cultivars with red bran. 
 

It has not been tested if phytoextraction is a feasible strategy for As contaminated paddy soils. A number of As 
hyperaccumulating ferns have been identified (20,21). When grown in As contaminated sites, Pteris vittata achieved 
high bioconcentration factors for As (>20), but a low biomass production (~1 t ha-1) (22,23). Therefore, biomass 
production was the limiting factor in these phytoextraction trials. It should also be noted that the hyperaccumulating 
ferns could be invasive plant species and their introduction to non-indigenous areas should be evaluated carefully 
with regard to potential ecological consequences.  
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