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Abstract Soil contamination with heavy metal(loid)s
threatens soil ecological functions, water quality and food
safety; the latter is the focus of this review. Cadmium (Cd)
and arsenic (As) are the toxic elements of most concern for
food safety because they are relatively easily taken up by
food crops. Rice is a major contributor of both Cd and As
intakes to the Chinese population. Contamination and soil
acidification are the main causes of high Cd levels in rice
grains produced in some areas of southern China. The risk
of Cd and As accumulation in food crops can be mitigated
through agronomic practices and crop breeding. Liming is
effective and economical at reducing Cd uptake by rice in
acid soils. Paddy water management can produce opposite
effects on Cd and As accumulation. Many genes control-
ling Cd and As uptake and translocation have been
characterized, paving the way to breeding low accumulat-
ing crop cultivars through marker-assisted molecular
breeding or genetic engineering. It is important to protect
agricultural soils from future contamination. Long-term
monitoring of anthropogenic additions and accumulation
of heavy metal(loid)s in agricultural soils should be
undertaken. Mass-balance models should be constructed
to evaluate future trends of metal(loid)s in agricultural soils
at a regional scale.
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1 Introduction

Over the last few years there has been increasing concern
about heavy metal(loid) contamination in agricultural soils
in China. A national survey conducted from 2005 to 2013
reports that 16% of the soil samples collected from 8 km�
8 km grids across the country exceeded the Chinese
environmental quality standards for various contaminants,

especially heavy metal(loid)s[1]. A much more compre-
hensive survey, focusing on agricultural soils in potentially
contaminated areas, has been completed recently, although
the results have not yet been published. As previously
discussed[2], the definition of soil contamination is rather
subjective because it is difficult to separate natural and
anthropogenic sources of contaminants in soils. This is
especially true for heavy metal(loid)s as their background
levels vary between different soils depending on the parent
materials and the pedogenesis processes. In some areas of
south-western China, for example, elevated concentrations
of cadmium (Cd) in soils are partly attributed to high
geogenic background levels of this element[3]. In general,
high iron content in soils is associated with high levels of
siderophilic elements such as chromium (Cr), cobalt (Co)
and nickel (Ni) from geogenic sources[4]. Heavy textured
soils also tend to contain higher levels of metals such as
Cd, Co, copper (Cu), Cr, Ni and zinc (Zn) than light soils,
which are not related to anthropogenic contamination[4].
Considering the difficulties in quantifying geogenic versus
anthropogenic sources of heavy metal(loid)s, it is perhaps
more pertinent to focus on the assessment and mitigation of
the risks of soil contamination and protection of soil
against future contamination. Risks of soil contamination
with metal(loid)s may arise from transfer of contaminants
to the food chain affecting food safety, toxicity to soil
microorganisms, fauna and plants causing adverse impacts
on the ecological functions of the soil, or transfer of
contaminants to surface or groundwaters (Table 1). Trans-
fer of toxic metal(loid)s from soil to the food chain
represents one of the most relevant risks of soil
contamination which should be assessed and managed
carefully to ensure food safety and protect public health.

2 Cadmium and arsenic are high risk
metal(loid)s due to their transfer to the food
chain

Not all contaminants are readily transferred from soils to
the food chain. There are three barriers in the transfer of
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toxic elements from soils to the edible parts of food crops,
namely, the solubility barrier, the translocation barrier and
the phytotoxicity barrier[5]. Some elements (e.g., Cr(III),
mercury (Hg), and plumbum (Pb)) have very low solubility
in soil so that they are mostly unavailable for plant uptake.
Even when their solubility increases under some specific
conditions, plant roots tend to sequester these elements and
limit their translocation to the aboveground tissues. Some
elements (e.g., Co, Cu, Ni, and Zn) have relatively high
solubility in soils and can also be translocated to plant
shoots relatively easily. However, excessive accumulation
of these elements can cause toxicity to plants and reduce
yields (Table 1), and this also makes them less likely to
enter the food chain. Among the heavy metal(loid)s, Cd
and arsenic (As) can bypass these three barriers relatively
easily and are therefore at high risk of transfer from soil to
the food chain[5,6]. Cd and As are of course also toxic to
plants. However, unlike Cu, Ni and Zn, Cd and As can be
toxic to animals and humans at levels that do not cause
phytotoxicity, due to the effects from chronic exposure.
For these reasons, Cd and As are the toxic elements of most
concern for soil contamination and food safety. Rice grain
from paddy fields contaminated by Hg mining may contain
elevated levels of highly toxic methylmercury[7]. This is
because some anaerobic microorganisms in paddy soils
can methylate inorganic Hg under anoxic conditions and
methylmercury has a greater transferability from soil to
rice grain than inorganic Hg[8] (Table 1).
Rice appears to be particularly problematic with regard

to both Cd and As accumulation[6]. This is because rice has
a relatively high uptake of both elements[9,10] and is also a
staple food. A recent total diet study shows that rice
contributes 56% of the total dietary intake of Cd for the
general population in China, and up to 65% for the
population in southern China[11]. In comparison, wheat and

vegetables each contribute 10% to 12% of the total Cd
intake for the general population in China. Similarly, rice
contributes about 60% of the dietary intake of inorganic As
for the Chinese population[12]. Therefore, reducing Cd and
As accumulation in rice is a top priority in the risk
management of contaminated soils.
Recent surveys show considerable proportions of rice

grain samples collected from some areas in southern China
exceeding the maximum permissible limits of Cd and
As[13–19]. In some areas the range and mean values
of Cd concentration in rice grain are comparable to
those reported for the Itai-Itai disease-affected area in
Japan[19,20]. The maximum permissible limit of Cd in rice
grain in China is half of the that recommended by FAO/
WHO (0.2 versus 0.4 mg$kg–1). This strict limit is deemed
necessary because of the high consumption rate of rice by
the Chinese population[6]. For example, consumption of
250 g rice per day at a Cd concentration of 0.2 mg$kg–1

would give rise to a Cd intake of 0.83 µg Cd kg–1

bodyweight d–1 (for a person weighing 60 kg), which
reaches the tolerable Cd intake limit recommended by
FAO/WHO[6]. In some local populations in southern
China, estimated average Cd intakes are well over the
tolerable intake limit[14,19]. Urgent action is needed now to
reduce dietary Cd intake in these populations.

3 Reducing the bioavailability of toxic
metal(loid)s in soil

The transferability of toxic elements from soils to the food
chain depends on their bioavailability in soils. Bioavail-
ability is influenced by multiple soil and plant factors. One
of the key factors affecting Cd bioavailability is soil pH.
On average across a range of soils studied, Cd solubility
increased 3.5 times when soil pH decreased by one unit[21].

Table 1 Risks of heavy metal(loid) contamination in soils mitigation options

Metal(loid)s Main risks Mitigation options

As � Accumulation in food crops (paddy rice)
affecting food safety

� High level of As in soil causing toxicity to
paddy rice

� Paddy water management: alternate wetting and drying
� Screening or breeding of low accumulation cultivars
� Silicon fertilizers
� Mn/Fe oxides

Cd � Accumulation in food crops affecting food
safety

� Liming (acid soils)
� Delay draining paddy water during grain filling
� Screening or breeding of low accumulation cultivars
� Gene editing/genetic engineering (need approval)
� Phytoremediaiton to remove Cd from soil (low-moderate contamination)

Co, Cu, Ni, Zn � Toxicity to plants, soil microorganisms and
soil fauna affecting soil ecological functions

� Liming (acid soils)
� Increase soil organic matter

Cr(VI) � Leaching to groundwater
� Toxicity to plants

� Increase soil organic matter to promote microbial reduction of Cr(VI) to Cr(III)

Hg � Accumulation of methylmercury by paddy
rice

� Paddy water management: alternate wetting and drying

Pb � Inhalation or ingestion of soil dust � Liming (acid soils)
� Addition of phosphate fertilizer to promote immobilization of Pb
� Washing/peeling of vegetables to remove surface soil dust
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A paired soil-plant survey shows that the median Cd
transfer factor from soil to rice grain (i.e., the ratio of grain
to soil Cd concentration) increased 10 times, from 0.08 to
0.85, when soil pH decreased from 7.0 to 5.0[13]. A survey
of Cd concentration in rice grains collected from different
provinces in China shows a clear geographical pattern,
increasing markedly from the north to the south[22]. This
pattern can be explained by the general trend of increasing
soil acidity from the north to the south. Over the last three
decades there has been widespread acidification in
agricultural soils in many parts of China, caused primarily
by the cumulative effects of nitrogen fertilizer applica-
tions[23]. Soil acidification is one of the important reasons
why Cd concentrations in rice grains produced in some
areas of southern China exceed the maximum permissible
limit[13,14]. Liming with calcium carbonate to increase soil
pH above 6.5 has been shown to be highly effective in
decreasing grain Cd concentrations, with the effect lasting
for at least three years[19,24]. Liming with calcium
carbonate to pH 6.5 had no significant effects on grain
yield or As concentrations in the grain[24]. Liming is the
most economical method of reducing Cd transfer in acid
soils (Table 1). Other materials may also be used to
immobilize Cd and other heavy metals in soils if the cost-
benefit analysis is favorable.
Arsenic is a metalloid with a relatively high transfer-

ability from paddy soils to rice. This is partly because As is
mobilized under anaerobic conditions in submerged paddy
soils. The most important factor affecting As bioavail-
ability in paddy soils is the redox status[25]. Under
submerged conditions in paddy soils, reductive dissolution
of iron oxyhydroxides releases As sorbed by the minerals
and arsenate is also reduced to the more mobile form of
arsenite[26–28]. Growing rice under aerobic conditions can
decrease grain As concentrations by more than 10-fold
compared to standard flood-irrigated cultivation[29]. Water
saving methods such alternate wetting and drying can be
effective at reducing As accumulation in rice[30–32]

(Table 1). Paddy water management can be an effective
method to control As bioavailability, the effect on Cd being
opposite to that on As[32,33]. Draining of paddy water
during the grain filling period can lead to greatly increased
Cd accumulation in rice grain if the soil is acidic[34]. Cd is
maintained at low solubility under anaerobic conditions
due to the precipitation of cadmium sulfide and increased
pH[35]. Once a paddy soil is drained, sulfide is oxidized
rapidly and soil pH also decreases, releasing insoluble Cd
into the soil solution[36]. The contrasting biogeochemical
behaviors of As and Cd mean that managing the risks of As
and Cd in paddy soils simultaneously is a difficult task[6].
Applications of silicon fertilizers and materials rich in
manganese oxides and iron oxides may mitigate both As
and Cd[6] (Table 1). However, more field studies are
needed to assess the efficacy of these materials. Unlike Cd,
As availability in paddy soil is not sensitive to pH changes
within the acidic to neutral range.

4 Breeding or engineering crop cultivars
with low metal(loid) accumulation

There are large variations within crop germplasm in the
ability to accumulate metal(loid)s[37–39]. Rice cultivars
with stably low accumulation of Cd or As have been
identified through large scale screening under field
conditions[38]. These cultivars can be used in combination
with other agronomic methods such as liming and water
management to produce a greater effect on reducing the
accumulation of metal(loid)s in the edible parts of crops
(Table 1).
Large genetic variations also suggest the possibility

of breeding crop cultivars with low accumulation of
metal(loid)s in the edible parts. Many quantitative trait loci
(QTLs) controlling Cd or As accumulation have been
reported[2,39]. To date, genes underlying several QTLs for
Cd accumulation in rice have been cloned[40–42].OsHMA3,
encoding a tonoplast Cd transporter, is a key gene
controlling Cd translocation from roots to shoots and
grain in rice; weak alleles of OsHMA3 are associated with
high accumulation of Cd in rice grain[40,43–45]. Strong
alleles of OsHMA3 can be used to breed low Cd rice
cultivars. For example, by introgressing qCd7 from the
japonica cultivar Nipponbare containing a strong allele of
OsHMA3 to indica rice hybrids, grain Cd concentration
was reduced by about 50%[46]. QTLs for low Cd and for
high selenium (Se) or Zn in grain, beneficial to human
nutrition, can be introduced into elite rice cultivars through
QTL pyramiding and marker-assisted molecular breed-
ing[47]. Allelic variation in BrHMA3 also has an important
role in Cd accumulation in the leaves of Brassica rapa
vegetables; strong alleles of BrHMA3 can be used to breed
low Cd Brassica vegetables[48]. Breeding low As rice
cultivars is more challenging because contributions of
various As QTLs are small and none of them have been
cloned yet. Studies using reverse genetics have shown a
number of key genes controlling As uptake and transloca-
tion in rice, such as silicon transporters for arsenite
uptake[49] and tonoplast transporters for vacuolar seques-
tration of arsenite-phytochelatin complexes[50]. However,
it is not yet known if allelic variations in these genes within
rice germplasm can cause variations in As accumulation in
rice grain.
Genetic engineering techniques can also be used to

reduce Cd and As accumulation in rice grain[6]. Knockout
of OsNRAMP5, encoding a major influx transporter for
both Mn and Cd[51], using CRISPR/Cas9 gene editing
technology can decrease Cd accumulation in rice grain by
more than 90%[52]. Overexpression of functional OsHMA3
is also highly effective at reducing Cd accumulation in rice
grain by more than 90%[40,53]. Overexpression of a rice
aquaporin gene OsNIP1;1 or of OsABCC1 together with a
bacterial g-glutamylcysteine synthetase gene has also
been shown to reduce As accumulation in rice grain
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significantly[54,55]. Although technologically feasible and
highly effective, genetically engineered crops are not yet
allowed in many countries.

5 Need for long-term monitoring and model
predictions

While the risks of soil contamination can be managed to a
certain extent, it is important to protect agricultural soils
from contamination in the future. Anthropogenic additions
of heavy metal(loid)s may lead to slow accumulation of
these elements in soils. Gradual increases in the concen-
trations of metal(loid)s in soils are often difficult to detect
over a relatively short period of time. Long-term monitor-
ing of both anthropogenic additions and accumulation in
soils is necessary. Long-term experiments at Rothamsted,
UK, have shown that long-term applications of phosphate
fertilizers resulted in significant increases in the concen-
trations of Cd and As in the soil[56–58]. It is well known that
phosphate fertilizers may contain considerable amounts of
Cd, although fortunately, rock phosphates in south-west
China generally contain very low levels of Cd[2,59].
Imported phosphate fertilizers may have higher levels of
Cd, which need to be monitored and regulated. It is a
surprise that applications of phosphate fertilizers nearly
doubled soil As concentration at the Rothamsted long-term
experiment because phosphate fertilizers were not known
to contain high levels of As[57]. However, analysis of
archived samples shows very high concentrations of As in
the phosphate fertilizers used in the experiment during the
period from 1925 to 1947, suggesting historical As
contamination[57]. In another example of long-term
experiments in China, applications of pig manure for 16–
17 years increased Cd concentrations in the soils more than
10-fold, most likely due to Cd contamination in the Zn
minerals added to animal feeds[60]. In addition to fertilizers
and manures, atmospheric deposition and irrigation water
may also contribute considerably to the addition of
metal(loid)s to soils and should be monitored[2,61].
Changes in the concentrations of metal(loid)s in soils
also depends on the losses, such as plant uptake and
removal, leaching and runoff. While plant uptake and
removal are easily quantifiable, data on leaching and runoff
of metal(loid)s and their relationships with soil properties
and climatic variables are scarce. More studies are needed
to establish and verify predictive models of leaching and
runoff of metal(loid)s. Mass balance models can then be
constructed to predict future trends of metal(loid)s in soils
at a regional scale and under different scenarios[62,63]. A
scenario that may lead to a gradual decrease in Cd
concentrations in paddy soils is the removal of rice
straw[62,63], although this practice would reduce the inputs
of organic matter to the soil. In Europe, modeling of the
future long-term changes in soil Cd concentrations in
agricultural topsoils predicts either increases, decreases or

little changes in soil Cd concentration over the next 100
years depending on the region and scenario[64,65]. The
modeling outcomes have been used to guide European
Union legislation on Cd limits in phosphate fertilizers.
Compared with Europe, measurements in China have
shown considerably larger additions of Cd and other
metal(loid)s from atmospheric deposition and manure
applications, but smaller additions from phosphate
fertilizers[61,64–66]. Reducing the addition of Cd and other
contaminants into agricultural soils is a top priority.
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