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Abstract: The accumulation of cadmium in rice (Oryza sativa L.) and wheat (Triticum aestivum L.) is
a serious threat to the safe use of farmland and to the health of the human diet that has attracted
extensive attention from researchers. In this review, a bibliometric analysis was performed using a
VOS viewer (1.6.18, Netherlands) to investigate the status of cadmium contamination in rice and
wheat growing systems, human health risks, mechanisms of Cd uptake and transport, and the
corresponding research hotspots. It has a certain reference value for the prevention and control of
cadmium pollution in rice and wheat planting systems in China and abroad. The results showed that
the Cd content in rice and wheat planting systems in the Yangtze River Basin was significantly higher
than that in other areas of China, and the Cd content in rice and wheat grains and the hazard quotient
(HQ) in Hunan Province was the highest. The average Cd concentration exceeded the recommended
limit by about 62% for rice and 81% for wheat. The main reasons for the high Cd pollution in rice
and wheat growing areas in Hunan are mining activities, phosphate fertilizer application, sewage
irrigation, and electronic equipment manufacturing. In this review, we demonstrate that cadmium
toxicity reduces the uptake and transport of essential elements in rice and wheat. Cadmium stress
seriously affected the growth and morphology of plant roots. In the shoots, Cd toxicity was manifested
by a series of physiological injuries, such as decreased photosynthesis, soluble protein, sugar, and
antioxidant enzyme activity. Cadmium that accumulates in the shoots is transferred to grains and
then passes up the food chain to people and animals. Therefore, methods for reducing cadmium
content in grains of rice and wheat are urgently needed, especially in Cd-contaminated soil. Current
research on Cd pollution in rice and wheat planting systems focuses on the bioavailability of Cd, soil
rhizosphere changes in wheat and rice, and the role of antioxidant enzyme systems in alleviating
heavy metal stress in rice and wheat.

Keywords: cadmium pollution status; hazard quotient; average daily intake; pollution mecha-
nism; hotspots

1. Introduction

Soil pollution and agricultural product safety have become major concerns in China
because of increased population growth, industrialization, and limited arable land [1,2].
Humans take up cadmium (Cd) mainly through consuming food, which ultimately affects
human health [3–5]. Cd has no known biological function in plants or humans but has the
highest accumulation rate compared with other heavy metal pollutants [6] and is also a
non-essential, highly soluble, non-degradable, and persistent element, mainly occurring in
soil [7]. Heavy metal pollution in soils in China is region-dependent, with high levels of
pollution reported in the Southern and Eastern regions and low pollution levels observed
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in the Northern and Western regions [8]. The results from a National Soil Pollution Survey
Report [9] conducted from 2005 to 2013 showed that 7.0% of the soil point samples had
pollutants of Cd that exceeded China’s recommended limits. Previous findings indicate
that 15% of the agricultural soil in the Yangtze River Delta has high heavy metal pollution,
especially at the boundary of Zhejiang, Shanghai, and Jiangsu [9]. Xiao et al. [10] (2010)
evaluated the characteristics of heavy metal pollution in the soil in the middle and lower
reaches of the Yangtze River and reported that the soil was mainly contaminated with Cd,
lead (Pb), chromium (Cr), copper (Cu), arsenic (As), and zinc (Zn).

Soil pollution control and the restoration of cultivated land are currently underway
in the middle and lower reaches of the Yangtze River to improve soil quality and increase
agricultural production output. Cd pollution in rice fields has been widely explored in
several parts of the world, including India, Thailand, China, and Japan, and Cd levels
in rice pose significant health risks after the consumption of contaminated rice [11–15].
Increased consumption of rice and other grains in the United States has increased Cd
intake from dietary sources [16]. Rice and wheat are the most consumed grains by Chinese
residents. Therefore, evaluating the content of heavy metals in rice and wheat grains will
improve the health of local residents and the national population. Previous studies reported
higher Cd contents in wheat and rice than other toxic metals, even when the crops were
planted on moderately Cd-contaminated soil [17–20]. Some soil properties, such as soil
pH, soil organic matter (SOM), cation exchange capacity (CEC), and clay content, can
significantly influence the mobility and bioavailability of soil Cd and further influence Cd
accumulation in crops [21,22]. In addition, some cations in soil solutions (e.g., Mn4+, Cu2+,
Zn2+, Si4+, and Fe3+) may compete with Cd2+ for adsorption sites in soil or access to cell
walls, cytoplasm, and cell fluids, thereby directly or indirectly affecting Cd accumulation
in crops [23,24]. Therefore, in addition to the selection of crop varieties with low Cd
accumulation capacity, the regulation of relevant soil properties is an important measure to
reduce Cd accumulation in crops.

Notably, the Cd concentrations in grains can exceed recommended Cd thresholds
without showing any toxic symptoms in crops [17,19,20]. Therefore, it is necessary to
explore the mechanism of heavy metal absorption from soil to crops and the key regulatory
factors of heavy metal absorption by different food crops. Rice plants tend to accumulate
more Cd than other grains [25–28]. Identifying key transporters and their role in Cd
accumulation or detoxification will provide useful information for the development of
biological breeding to reduce Cd levels in rice grains [29]. The key transporters of Cd uptake
by rice roots have been reported to be similar to the transporters of essential elements
such as zinc, manganese (Mn), and iron (Fe) [30]. Metal chelators and several organic
acids also play an important role in reducing the toxicity of Cd to essential organelles
and macromolecules. Some key detoxification genes and related mechanisms have been
explored [31,32]. However, it is not clear whether plant hormones are involved in Cd
detoxification or tolerance. Due to physiological differences, crop varieties are important
factors affecting Cd accumulation ability [33]. Selection of rice varieties with low Cd
accumulation and irrigation management may also be effective strategies for reducing Cd
in rice, but these options still need further development [34]. Wheat-derived products are
the main source of human ingestion of Cd. Cd is more toxic to wheat than other toxic metals,
such as chromium [35]. Cd toxicity reduces the uptake and transport of essential elements
by plants, including wheat [36]. Under Cd stress, wheat root growth and morphology were
seriously affected. In shoots, Cd toxicity presents a number of physiological impairments,
such as decreased photosynthesis, soluble protein and sugar, and antioxidant enzyme
activities [37–39]. Cd that accumulates in the shoots can be transferred to grains and then
through the food chain to people and animals. Therefore, reducing Cd content in wheat is an
important requirement, especially in Cd-contaminated soils. Different mitigation strategies
have been used to reduce Cd toxicity in wheat. These strategies may include plant growth
regulators (PGRs), appropriate application of mineral nutrients, silicon, inorganic modifiers,
biochar, manure, and compost [40–44]. Agronomic management practices, such as wheat
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varieties with low Cd accumulation, crop rotations, planting patterns, and the application
of microorganisms, can also be used to reduce Cd uptake and toxicity in wheat [45–47].

Rice and wheat are major crops and staple foods in China. In order to better understand
the Cd pollution in rice and wheat planting systems in China, the crops’ main production
areas in eleven provinces in the Yangtze River Basin and the southeastern Yellow River
Basin were taken as examples. Accordingly, the specific objectives of this study were to
(i) summarize the current situation of Cd pollution in rice and wheat growing areas in
China from 2000 to 2022 by collecting the data from the previous literature in order to
understand the distribution of Cd pollution, (ii) assess the human health risks of Cd through
contamination status and intake, aiming to highlight the areas with high human health risk
to which more attention needs to be paid in the future, (iii) review the mechanisms and
influencing factors of Cd uptake and transport in rice and wheat, aiming to find out the
methods for reducing the Cd content in grain, and (iv) summarize the research hotspots
and dominant research institution through bibliometric analysis in order to look forward
to the development trend in this research area.

2. Materials and Methods
2.1. Literature Search

Articles published in English and Chinese from January 2000 to June 2022 were re-
viewed in this study. Articles that reported Cd pollution status, health risks, Cd pollution
mechanism, and research hotspots in the rice and wheat cropping system in China were
included in this review. The search was conducted using the Web of Science (WOS), the
Science Direct, and the China National Knowledge Infrastructure Engineering database
(CNKI). The search method used “topic.” Keywords such as “Rice and wheat cropping
system”, “Wheat/rice cadmium”, “Cadmium pollution in wheat or rice”, “Wheat enriched
with cadmium”, “Rice enriched with cadmium”, “Wheat cadmium”, “Rice cadmium”,
“Wheat/rice rotation cadmium”, “Remediation of cadmium pollution in rice”, “Remedia-
tion of cadmium pollution in wheat”, “Wheat cadmium water and fertilizer management”,
“Rice cadmium water and fertilizer management”, “Low accumulation varieties of rice
cadmium”, “Low accumulation varieties of wheat cadmium”, “Rice cadmium remediation
materials”, and “Wheat cadmium remediation material” were used to search for relevant
papers in this review.

2.2. Data Retrieval and Analysis

Data retrieved from each article included: (i) the name of the first author, title, publica-
tion source, country of issue, and publishing year; and (ii) the location of the study area.
The location of the study area was inferred from the scope of the administrative division if
it was not clearly stated in the article. Included articles were reviewed to ensure that they
met the following criteria: (i) the cropping method of farmland reported in the study was
the rice and wheat cropping system (not only the rice-wheat rotation but also growing rice
and wheat in the same place); (ii) sources of pollution in the study area were mainly from
human activities, including industrial waste gas, waste water and waste residue, mining
development, and agricultural waste; and (iii) accurate analysis and presentation of data,
including mean value, deviation, and coefficient of variation was reported in the articles.
This review was conducted in May 2022 by reviewing literature and retrieving relevant
data from previous studies. A total of 10,465 articles that met the study criteria were ob-
tained from the search process. The VOS viewer (1.6.18, Netherlands) software was used to
perform a bibliometric analysis of the search results from the aspects of Cd accumulation in
agricultural land, research hotspots, and future prospects. A spatial distribution map of Cd
pollution in rice and wheat cropping system was generated using Arc Gis (10.3) software.
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2.3. Risk Assessment

The Hazard Quotient (HQ) proposed by the US Environmental Protection Agency
(EPA) was used to assess the non-carcinogenic human health risks of exposure to hazardous
substances. The non-carcinogenic risk of Cd was expressed as the HQ, as shown below:

HQ =
ADI
R f D

(1)

where ADI represents the average daily intake of Cd (µg kg−1 BW day−1), and RfD denotes
the chronic reference dose of Cd. The oral reference dose of Cd was 1 µg kg−1 BW day−1 [48].
An HQ value ≤ 1 meant that significant adverse reactions were unlikely to occur in the
exposed population. An HQ value > 1 showed a high non-carcinogenic risk to the exposed
population. The ADI of Cd was calculated using the following equation:

ADI = ∑
Ci × IRi

BW
(2)

where ADI denotes the estimated daily intake of Cd (µg kg−1 BW day−1); Ci represents
the concentration of Cd in rice, leafy, rootstalk, and legume vegetables (mg kg−1); IRi
represents the daily consumed amount of rice, leafy, rootstalk, and legume vegetables
(g day−1); BW indicates the average body weight of the corresponding population (kg body
weight, kg BW). The Ci of rice was converted using a factor of 0.86 × 0.70 because rice
stored at home usually contains 14% water content [49], and during brown rice processing
(milling), the content of Cd in polished white rice is reduced by 20~40% (mean: 30%) [50,51].
The average monthly intake (AMI) of Cd was calculated using the following equation:

AMI = ADI × 30 (3)

The possible exposure to Cd from rice and vegetables in Xiangtan County was inves-
tigated. Potential health risks associated with dietary Cd intake were estimated through
Monte Carlo simulations [52,53], and 30,000 iterations were performed using the Crystal
Ball 11.1 tool to obtain reliable results. Data on consumption rate (IRi) and body weight
(BW) were retrieved from the Chinese National Nutrition and Health Survey (CNNHS) con-
ducted in 2002 [54]. As a major nutritional reference database for the Chinese population,
the CNNHS contains the dietary patterns of 67,608 people in 31 provinces, autonomous
regions, and municipalities across China.

3. Cd Pollution in Rice and Wheat Cropping System
3.1. Cd Concentrations in Rice and Wheat Grain

The literature survey results showed that the regions where both rice and wheat were
grown were mainly in nine provinces and two municipalities around the Yangtze River
Basin and southeast of the Yellow River Basin, including Sichuan, Chongqing, Hubei,
Hunan, Jiangxi, Anhui, Zhejiang, Jiangsu, Shanghai, Shandong, and Henan provinces.
Table 1 shows the results of other studies on the Cd pollution of rice and wheat cropping
systems in China. The retrieved data showed that the average concentration of Cd in rice
ranged from 0.0070 mg kg−1 to 1.45 mg kg−1. The proportion of studies where the Cd
concentration in rice was lower than the national food safety standard limit (GB 2762-2017)
(0.2 mg kg−1) was 79%. The spatial distribution of Cd concentration in rice is presented in
Figure 1a, with larger dots representing higher Cd concentrations. Studies on excess Cd
content in rice were mainly conducted in the central part of Sichuan province in the upper
reaches of the Yangtze River, the southwest of Chongqing, the southeast and northeast of
Hunan, as well as the northern part of Anhui, southern Jiangsu, and northern Zhejiang
in the Yangtze River Delta region. Studies on Cd accumulation in rice have also been
conducted in other major rice-producing countries, including Thailand, Bangladesh, In-
donesia, and India. Effective methods should be formulated to remediate Cd-contaminated
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rice in Punjab (India, 0.99 mg kg−1) and Mae Tao (Thailand, 0.329 mg kg−1), where the
average Cd concentration in rice exceeds the required limit. The spatial distribution of Cd
concentrations in wheat is shown in Figure 1b. The average concentration of Cd in wheat
ranged between 0.0080 mg kg−1 and 2.0 mg kg−1, and the proportion of studies where
the Cd concentration in wheat was lower than the national food safety standard (0.1 mg
kg−1) was 83%. Studies on excessive Cd concentration in wheat were mainly conducted in
the southern part of Sichuan in the upper reaches of the Yangtze River, the southeastern
and northern parts of Hunan Province, the southern part of Jiangsu, and the southern part
of Zhejiang in the Yangtze River Delta region, as well as Shandong and Henan provinces
in the southeast of the Yellow River Basin. The Cd pollution of wheat in the rice and
wheat cropping system was relatively low compared with the Cd pollution in rice, and the
pollution area was smaller for wheat.

Table 1. The cadmium pollution of rice and wheat cropping systems in eleven provinces in China.

Province Mean/Ricecd (mg kg−1) Range (mg kg−1) Mean/Wheatcd (mg kg−1) Range (mg kg−1) Reference

Jiangsu 0.0532 ± 0.0204 0.0040~0.4190 0.1050 ± 0.0320 0.0150~0.8700 [55–67]
Zhejiang 0.1216 ± 0.0378 0.0200~0.3400 0.9010 ± 0.3361 0.0233~1.30 [68–72]

Anhui 0.0860 0.0860 0.0358 ± 0.0250 0.0358~0.0102 [62,73,74]
Hunan 0.4322 ± 0.1513 0.0420~1.415 0.8720 ± 0.3185 0.0400~1.57 [62,71,74–78]
Jiangxi 0.0605 ± 0.0185 0.0420~0.0790 — — [79,80]
Sichuan 0.4403 ± 0.2123 0.1100~1.4500 0.3448 ± 0.1896 0.0400~0.4400 [5,68,81–85]
Hubei 0.0460 0.0460 0.0533 ± 0.0233 0.0300~0.100 [61,86,87]

Chongqing 0.0462 ± 0.0143 0.0220~0.0870 0.0080 0.0080 [88,89]
Shanghai 0.0448 ± 0.0111 0.0190~0.0820 — — [90]

Henan 0.0046 0.0046 0.0482 ± 0.0174 0.0100~0.6300 [62,73,91–93]
Shangdong — — 0.0435 ± 0.0061 0.0100~0.0920 [61,94]

Figure 1. Cont.
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Figure 1. Distribution of Cd concentrations in (a) rice and (b) wheat, based on data collected from
previous studies.

The Cd content in rice and wheat in Hunan Province increased significantly. Studies
reported that the average concentration of Cd in rice and wheat was 0.21 mg kg−1 and
1.08 mg kg−1, respectively. Hunan province is known for its rich non-ferrous metals and
extensive mining industry. The elevated Cd concentration in the paddy soils in Hunan
province was highly correlated with the mining activities, and non-ferrous metal smelting
was mainly conducted in the Xiangjiang River Basin. Studies on Cd pollution in paddy
fields in the Xiangjiang River Basin showed that the average concentrations of Cd in paddy
soils in Chenzhou, Xiangtan, Hengyang, Zhuzhou, Changsha, and Xiangyin city were
3.01, 1.93, 1.73, 0.50, 0.39, and 0.66 mg kg−1, respectively, all exceeding the recommended
level [95,96].

3.2. Cd Hazard Quotients in Rice and Wheat

The health risks of exposure to heavy metals through oral, dermal, and inhalation
routes can be assessed using a health exposure risk equation. The risk of exposure
through dietary Cd intake is expressed in terms of ADI and HQ. The World Health Or-
ganization (WHO) has established a provisional tolerable daily intake (PTDI) for Cd of
0.06 mg kg−1 day−1; exposed populations have high health risks when the HQ is greater
than 1. Dietary Cd intake poses a threat to local populations due to the combined effect of
high grain intake rates and high grain Cd concentrations. The overall Cd concentration
in Hunan province is significantly higher than that of other regions due to the extensive
industrial activities in this region. The average Cd concentration in rice in Hunan exceeds
the recommended limit by approximately 62%, and the average Cd concentration in wheat
exceeds the recommended limit by about 81%. The spatial distribution of dietary Cd intake
(HQ) in rice and wheat is shown in Figure 2, with a larger point indicating a higher risk
factor. Findings from reviewed studies showed that the average risk factor for Cd in rice
was 1.20, and the average risk factor for Cd in wheat was 1.54. The areas with a high HQ
of Cd in rice were mainly located in the Yangtze River Basin and the southeastern coastal
areas, including Sichuan, Hunan, Anhui, Jiangsu, and Zhejiang. Studies conducted in
Chongqing, Hubei, and Shandong showed that the risk factor for Cd was low in these
regions. The areas with a high HQ of Cd in wheat were primarily located in Sichuan,
Hunan, Anhui, Jiangsu, Zhejiang, and Henan, and the risk factors for Cd in Chongqing,
Hubei, and Shandong were lower compared with other regions. Consumption of locally
produced rice and wheat increased the intake of Cd by the local population.
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Figure 2. HQ of Cd in (a) rice and (b) wheat, based on data collected from previous studies.

The HQ for the dietary consumption of rice and wheat for the corresponding popu-
lations (children (2–6 yrs.), adolescents (7–17 yrs.), and adults (≥18 yrs.)) are presented
in Figures 3 and 4. The areas with a high HQ dietary intake of Cd in rice for children,
adolescents, and adults were mainly located in central Sichuan, central and eastern Hunan,
northern Anhui, and southern Jiangsu. The HQ value for rice and wheat in Hunan province
was 1.8 and 2.6 times higher than the national average dietary Cd intake of 15.3 µg kg−1

BW month−1, respectively, according to the 2015 General Diet Study [38,97]. In contrast,
dietary Cd exposures in populations outside Asia were generally very low. A previous
study reported that the Cd exposure in the European population was 6.4~9.6 µg kg−1 BW
month−1 [98], whereas the Cd in Australia was 2.2~6.9 µg kg−1 BW month−1, and that in
the United States was reported as 4.6 µg kg−1 BW month−1 [99]. The areas with a high
HQ of dietary Cd in wheat for children, adolescents, and adults were primarily located in
southern Sichuan, central and eastern Hunan, southern Jiangsu, and southern Zhejiang,
with HQ values greater than 1. Notably, Sichuan and Hunan provinces exhibited average
dietary Cd intakes 5.5 and 8.1 times higher than the recommended intake, respectively.
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Figure 3. Cont.
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Figure 3. (a) HQ/2–6 yrs., (b) HQ/7–17 yrs., and (c) HQ/ ≥ 18 yrs. of Cd in rice, based on data
collected from previous studies.

Figure 4. Cont.
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Figure 4. (a) HQ/2–6 yrs., (b) HQ/7–17 yrs., and (c) HQ/ ≥ 18 yrs. of Cd in wheat based on data
collected from previous studies.

3.3. Cd in Rice-Wheat Cropping Field

A high HQ is positively correlated with a high concentration of Cd in soil. The first
step in preventing Cd in grain is to identify and block major sources of contamination in
the soil-based rice/wheat system. A high Cd concentration in agricultural soils mainly
results from the geological background derived from the parent material and from human
activities, such as the deposition of the atmosphere, mining activities, irrigation using
wastewater, the application of phosphate fertilizers, livestock manure, organic fertilizer,
and sludge application. Cd is a naturally occurring non-essential trace element, and the
average concentration of Cd in soils is 0.01~2.00 mg kg−1 globally, whereas the average
concentration in China ranges from 0.10~1.80 mg kg−1 [100]. Cd mainly exists as a com-
plex with sulfur. Cd is released from this complex into the surface environment during
mineral rock weathering. Parent materials determine the Cd content in soil systems. Soils
derived from parent materials inherit the characteristics of the parent materials and their
trace element content [101]. A study conducted in the Khorat Basin of Thailand showed
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that the different properties of parent materials significantly contributed to the chemical
composition of paddy soils [102]. In addition, a study in Guizhou, China, reported that dry
land topsoil derived from carbonate rocks had higher levels of Cr, Cd, and Hg [103]. The
soil background value represents the contribution of the parent material, which exhibits a
complex and diverse distribution in China. Geographic differences in soil Cd background
values are observed, with higher background values reported in some provinces, such as
Guizhou and Guangxi. Although there was no notable anthropogenic source of heavy
metal pollution in the sampling area, an elevated Cd content was observed in paddy soil
samples from the Cd geological anomaly areas in Guangxi and southwest China regions,
which can be attributed to the weathering of carbonate rocks [104–107].

Human activities significantly affect the accumulation of heavy metals in farmland
ecosystems. Mineral resources are indispensable materials for industrialization. The output
and consumption of China’s mineral resources account for 19% and 35% of the global
rates, respectively [108]. Heavy metals and acid mine wastewater (AMD) produced in
the process of mining are the main sources of pollution that pose a potential health threat
to the environment. Acidic water containing heavy metals penetrates into the bottom
layer of paddy soil through the pores of waste rock piles and tailings ponds, eventually
causing toxicity to organisms [109]. In the Dabaoshan mining area, AMD with high levels
of Cd (0.1 mg L−1) is directly discharged into the Hengshi River, and irrigation using the
river water results in an approximately 5.5 mg kg−1 Cd concentration in the downstream
paddy fields [110,111]. Most Cd and non-ferrous metal deposits are located in major
rice-producing areas in China. Several mining activities in Yunnan, Guizhou, Hunan,
and Jiangxi are located around the Yangtze River Basin. Illegal civilian mining activities
have significantly increased since the early 1980s, mainly in Hunan, Guangdong, and
Guizhou regions [112]. These unregulated mining activities cause severe heavy metal
pollution in the surrounding environment. The atmospheric deposition of particulate
matter (PM) from mining and smelting also contributes to increased Cd concentrations
in paddy soils. In addition, the rapid development of China’s agriculture has resulted
in increased utilization of agrochemicals, such as fertilizers. China has been a major
consumer of global fertilizers since 1994. Fertilizers are major sources of heavy metal
pollution in arable land, especially phosphate fertilizers, which significantly contribute
to Cd pollution [113–116]. The raw materials for the production of phosphate fertilizers
include phosphate rock, which contains varying concentrations of Cd. A previous study
reported that the average Cd concentration in 159 phosphate fertilizer samples in China
was 0.77 ± 2.42 mg kg−1. The Cd content in phosphate fertilizers in China was significantly
lower than that in European countries (mean: 7.40 mg kg−1) [117,118]. The application
of mineral and organic fertilizers accounts for ~63% of the total annual Cd input into
agricultural land [119]. The electronics industry is also the main source of Cd pollution
in paddy soil. Illegal recycling and extensive disposal of e-waste result in Cd pollution in
farmland soils in China, Nigeria, and India [120,121]. Other sources of Cd in agricultural
soils include intensive livestock production, urbanization, animal manure, and sewage
sludge [122–125].

4. Mechanism of Cd Pollution in Rice and Wheat Cropping System
4.1. Transport of Cd in Rice and Wheat Cropping System

The negative effects of Cd on crop physiological and biochemical processes, such as
protein metabolism, mineral absorption, and photosynthesis, have been widely studied
in the past [126,127]. The excessive accumulation of Cd in crops will significantly affect
the growth and development of crops and lead to the further accumulation of Cd. Cd
accumulation in crops is, therefore, influenced by a variety of soil factors, as well as the
bioavailability and environmental availability of the crop to Cd. Environmental availability
represents the content of heavy metals in soil, mainly including the proportion dissolved
in pore water and the proportion adsorbed on the surface of soil minerals. Bioavailability
refers to the portion of heavy metals dissolved in pore water that can be absorbed by the
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plant, while toxic bioavailability refers to the portion that accumulates in the plant and may
be toxic to the plant [128,129].

The transport of bioavailable Cd from soil to rice grains is via coplastids that absorb
roots and via root cells that load or sequester xylem. Cd is then transported through the
xylem to the shoots and through the xylem to the nodes. The transport and accumula-
tion of phloem to grain begins. Cd is a transcellular process regulated by a variety of
transporters, such as absorption by root isoplasts, loading or isolation by root cells in the
xylem, transport to nodes through the xylem, and transport to grains through the phloem.
For example, OsIRT1 (IRT, iron-regulated transporter) and OsNramp1 (Nramp, natural
resistance-associated macrophage protein) transporters are involved in the uptake of Cd
in roots. The OsHMA3 protein regulates Cd sequestration in root cell vacuoles, whereas
OsHMA2 (HMA, a P1B-type ATPase) regulates Cd delivery to developing tissues. OsLCT1
(OsLCT1, a low-affinity cation transporter) is a transporter associated with phloem Cd
transport [106]. In the transport of Cd from soil to grain, xylem loading and transport is the
first rate-controlling step, while phloem transport and unloading is the last rate-limiting
step. Roots and nodes are the basic barriers to Cd transport to brown rice grains [130,131].

Cd uptake in wheat plants is mainly through the roots [132,133]. The rate of Cd uptake
by wheat varies with soil type, air pollution, and wheat variety [134–136]. In addition,
root exudates play an essential role in the accumulation of Cd in wheat [136]. A recent
study showed that chlorine (Cl− could activate Cd in soil and increase the rate of Cd
uptake by wheat. Depending on the wheat variety, the high and low concentrations of
Cd accumulated by the root system after Cd uptake are transferred to the shoots [137,138].
Studies report that the higher retention of Cd in roots can be attributed to the chelation of
Cd by organic acids [132]. However, another study reported that phytochelation might
not be a limiting factor for the differential storage of Cd in wheat roots [139]. Shoot Cd
accumulation in wheat depends on root-cadmium transport, whereas Cd accumulation
in wheat grain mainly depends on root-shoot Cd transfer and the indirect transport of
Cd from root to grain through xylem-to-phloem of the stem [140,141]. Riesen and Feller
(2005) reported that Cd could be reactivated in wheat by the phloem and transpiration
process [142]. Rice exhibits significant differences in Cd transport and accumulation among
various genotypes. A study was conducted on 38 rice genotypes (indica vs. japonica),
and the results showed that Cd concentrations ranged from 0.06 mg kg−1 to 0.99 mg kg−1,
with significantly higher Cd accumulation levels in indica rice than in japonica rice [143].
Differences in grain Cd accumulation between different genotypes can be attributed to the
differences in the transport of Cd from vegetative organs such as leaves and stems to the
reproductive parts [144]. Cd transport in the rice-soil ecosystem is regulated by various
transporters. Therefore, the expression level of the transporter gene and the content of the
transporter affect the level of accumulation of Cd in rice. Overexpression of the OsHMA3
protein limits Cd accumulation in rice grains and enhances Cd tolerance [145]. In addition,
the co-expression of OsHMA2, OsLCT1, and OsZIP3 effectively inhibits Cd transfer and
accumulation in rice grains [146].

For safe wheat production, people have tried to screen and plant low-Cd-accumulating
wheat varieties in light and moderate Cd-contaminated farmland [147,148]. Zhang et al.
planted 8 wheat varieties in Cd-contaminated soil with a soil Cd content of 1.12 mg kg−1

(pH = 7.15) [148], of which 6 wheat varieties had a grain Cd content lower than the
national food safety standard (0.10 mg kg−1). Chen et al. (2017) screened out 10 low-Cd
accumulation varieties from 261 wheat varieties and planted them in Cd-contaminated
farmland with a soil Cd content of 2.4 mg kg−1 (pH = 7.35) [149]. Low Cd accumulation in
wheat cultivars is related not only to its genetic characteristics, such as low expression of
transporters [150], smaller root morphological parameters (root length, surface area, and
volume), etc. but also to its rhizosphere exudates and microbial communities [151]. Variety
is an important factor affecting the Cd content of wheat grains. In some densely populated
countries such as China and India, the use of heavy metal-contaminated farmland for
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agricultural production is inevitable, and planting crops with a low accumulation of heavy
metals is a cost-effective measure to achieve food security in these regions.

4.2. Factors Affecting Transport of Cd in Soil

A prediction model of rice/wheat grain Cd concentration based on soil properties and
Cd concentration in soil is presented in Table 2. This model showed that in addition to
soil pH, soil Cd content and SOM were important factors regulating the accumulation of
Cd in rice grains. In the actual farmland ecosystem, there is no quantitative relationship
between the heavy metal content in soil and that in crops. Crops grown in soils with
high concentrations of heavy metals do not necessarily have high concentrations of heavy
metals [152]. The accumulation of heavy metals in crops is correlated with crop varieties
and soil physicochemical properties. Soil physicochemical properties, such as soil pH, soil
organic matter (SOM), cation exchange capacity (CEC), clay content, and soil aggregate
structure, affect the Cd accumulation in crop grains. Notably, soil pH is the most important
factor in determining the level of accumulation of Cd in grains. The adsorption of Cd in
the soil is highly dependent on pH, and the percentage of the exchangeable Cd component
increases with the decrease in soil pH [153–155]. The study of Kicińska et al., (2022) showed
that the pH of Cd-contaminated soil decreased by 3.5~3.7 units, and the Cd content in
the soil solution increased by 2.00 mg kg−1 [156]. Mao et al., (2019) observed that low pH
promotes heavy metal pollution in paddy soils in the Yangtze River Delta [157]. The results
showed that rice accumulated more Cd under low pH conditions. Excessive utilization
of nitrogen fertilizers resulted in severe acidification of paddy soils in southern China. A
previous study reported a decrease in pH from 6.64 in 1988 to 6.05 in 2012 [158].

A high SOM content in the soil is correlated with a low Cd content in ionic and
complex forms, and a high SOM content reduces the bioavailability of Cd [159]. Soil SOM
and Cd form macromolecular complexes or precipitated compounds, which are not easily
absorbed by crops [160]. Chen et al. found through UV-visible/fluorescence spectroscopy
that the main oxygen-containing functional carboxyl groups and phenolic hydroxyl groups
of organic matter complexed with Cd to form humus-Cd complexes, which reduced the
availability of soil Cd [161]. Li et al. (2022) found that the application of phosphorus
fertilizer significantly reduced the content of available Cd in the soil [162], which was
attributed to (i) the application of phosphorus fertilizer increasing the negative charge and
soil pH, which in turn enhanced the adsorption of Cd by soil particles; and (ii) the increase
in available phosphorus promoting the formation of Cd precipitates such as Cd3(PO4)2 and
Cd5(PO4)3OH/Cl in the soil. A previous study reported that these nutrients competed with
Cd for various transporters on the cell membrane [163]. In addition, SOM improves the
vigor of rice and its ability to absorb nutrients, such as copper and zinc, thereby enhancing
the resistance of rice crops to Cd [164].

Several studies have been conducted to explore the relationships among soil microbes,
crops, and heavy metals. Researchers report that microorganisms alter the bioavailability of
heavy metals in soil through various mechanisms, such as biosorption, crop cell accumula-
tion, precipitation, and redox reactions [165–169]. Microorganisms have functional groups
such as carboxyl (-COOH), amino (-NH2), and hydroxyl (-OH), which can bind to Cd2+ and
remove it through cell wall surface solutions [135,170,171]. Intracellular bioaccumulation
and intracellular lysis of Cd-tolerant bacteria reduce Cd bioavailability [172]. The previ-
ous findings indicated that Cd accumulation in rice plants was reduced after inoculation
of Cd-tolerant bacteria that converted Cd2+ to precipitated Cd, ultimately reducing Cd
bioavailability.
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Table 2. The prediction model for Cd content in rice or wheat grains.

Model Grain R2 p Reference

YDTPA-Cd = 0.152 + 0.05Xsoil total Cd −0.029Xsoil pH + 0.006XSOM rice/wheat 0.53 <0.01 [173]
LogCdwg = 0.703 + 1.041LgCdsoil − 0.175pH wheat 0.783 <0.01 [174]

logCdwg = − 0.383 + 0.824logeCd wheat 0.375 0.01 [175]
LogCdrg = 1.38 + 0.41LogCdsoil − 0.183pH − 0.09SOM rice 0.51 <0.001 [155]

Log(Cdrg) = − 0.369 − 0.068pH + 0.153logCdsoil rice 0.565 <0.0001 [176]
Log(103 Cdrg) = 3.301 + 0.534lgCdsoil − 0.211pH − 0.012SOM + 0.006CEC rice 0.448 0.000 [177]

DTPA-Cd and eCd are the concentrations of available and total Cd contents in soil, respectively; Cdrg and Cdwg
are the concentrations of Cd in rice and wheat grain, respectively.

5. Research Progress and Key Study Areas
5.1. Analysis of Publication Sources, Discipline Categories, and Annual Trends

The main research fields that explored Cd pollution in the rice and wheat cropping
system included environmental science, soil science, agricultural science, plant science,
and environmental toxicology. The results showed that the most studied discipline was
environmental science, followed by environmental toxicology research. Papers that re-
ported findings on Cd pollution in rice and wheat cropping system were mainly research
articles. Most articles published between 2000 and 2022 were mainly from the Environ-
mental Science, Soil Science, Environmental Toxicology, and Plant Science fields, indicating
that studies on Cd contamination in rice and wheat cropping system have been explored
under these four categories for several years. Articles published in the top 10 most common
journals are presented in Table 3. The Journal of Environmental Science and Pollution
Research, Ecotoxicology and Environmental Safety and Science of the Total Environment
had the highest number of published articles, with three hundred or more articles in each
journal. The Chinese Academy of Sciences (China) had the highest number of published
articles, followed by Nanjing Agricultural University (China) and Zhejiang University
(China) (Figure 5). Internationally, the top five countries in terms of the number of articles
on Cd contamination were China, Japan, India, the United States, and Canada. The distri-
bution of the number of publications between 2000 and 2022 is shown in Figure 6. A total
of 10,465 publications have been published since 2000. The number of articles on Cd con-
tamination in rice and wheat cropping system published increased between 2002 and 2022.
A significant increase in the number of articles in this field has been observed since 2016. A
total of 1295 articles were published in 2021, which is 15.6 times higher than the number
of articles published in 2000. At the current rate of growth in paper publications, the
number in 2022 will be higher than in any other year. The number of articles shared among
China, Japan, India, the US, and Canada indicates that these countries have collaborated
on research on Cd contamination in rice and wheat cropping systems. The collaboration
comprised joint studies by researchers from different countries (Supplementary Materials).

Table 3. Analysis of the publication sources for studies on cadmium pollution in rice and wheat
cropping system from 2000 to 2022.

Rank Publication Sources Number of Literature

1 Environmental Science and Pollution Research 425
2 Ecotoxicology and Environmental Safety 339
3 Science of the Total Environment 297
4 Chemosphere 263
5 Environmental Pollution 238
6 Journal of Hazardous Materials 212
7 Plant and Soil 169
8 Communications in Soil Science and Plant Analysis 101
9 Fields Crops Research 93
10 Scientific Reports 87
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Figure 5. Analysis of research cooperation relationships between institutions.

Figure 6. Annual trends in literature on cadmium pollution in rice and wheat cropping system from
2000 to 2022.

5.2. Research Prospects

In addition to keywords such as “Bioavailability”, “Heavy metals”, “Wheat”, “Ar-
senic”, and “Biochar”, “Cadmium”, “Lead”, “Mercury”, and “Copper” were explored as
they are pollutants that significantly affect wheat and rice production (Figure 7). The results
showed that Cd had the highest research frequency and the strongest correlation. Cd is
highly water-soluble, has high bioavailability, and is readily absorbed by plants. Therefore,
it easily enters the food chain, thereby threatening human health. The current research
hotspots and progress of Cd pollution in the rice and wheat cropping system were summa-
rized through a blue, red, and green cluster analysis. The keyword “Bioavailability” in the
blue cluster indicated that research on heavy metal pollution in rice and wheat cropping
systems in recent years mainly focused on the bioavailability characteristic. The keyword
“Risk assessment” indicated that the research mainly focused on the potential ecological
risks of heavy metals to conduct a hazard assessment of heavy metals in polluted areas.
Wheat can accumulate high amounts of Cd mainly through the roots compared with other
grains. The Cd is transferred to the aerial parts of the wheat plant and finally accumulates
in the wheat [178,179]. Therefore, wheat products are major sources of Cd intake in humans.
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Keywords such as “Rice field soil”, “Rice wheat”, “Soil properties”, and “Root system”
in the red cluster indicated that the recent research mainly focused on the evaluation of
changes in paddy soil properties to determine Cd levels in soil roots under the rice and
wheat cropping system. Cd has a higher toxicity to wheat than other heavy metals such as
Cr [35]. Cd toxicity reduces uptake and transport of essential elements in plants, including
wheat [36]. Cd toxicity significantly affects wheat root growth and morphology. Keywords
such as “Wheat”, “Antioxidative enzymes”, “Toxicity”, and “Oxidative stress” in the red
cluster indicated that recent studies mainly explored the role of the antioxidant enzyme
system of wheat in alleviating toxicity of heavy metals in vivo. Cd toxicity promotes several
physiological changes in photosynthesis, the reduction of sugar and soluble proteins, and
the modulation of antioxidant enzyme activities in shoots [37,38,180]. In addition, Cd
toxicity increases reactive oxygen species (ROS) production, leading to oxidative stress
in plants [39,181–183]. Oxidative stress causes a reduction in plant growth, biomass, and
yield [184]. The articles included in this review indicated that the overproduction of re-
active oxygen species (ROS) is the main mechanism for Cd toxicity in wheat and other
plants [38,185]. High Cd levels increase the malondialdehyde (MDA) content in the shoots
and roots of wheat [19]. Notably, plant responses to Cd toxicity vary among wheat cultivars.
For instance, the durum wheat variety accumulated higher Cd concentrations than the
bread wheat variety [180,186–189]. The rice and wheat cropping system is a common crop
planting practice used in the Yangtze River Delta region of China. Most studies on rice
and wheat cropping systems included in this review were mainly on changes in nutrient
budgets [67], carbon sinks [190], and other agricultural production parameters. Therefore,
further studies on the accumulation and pollution of heavy metals under the crop rotation
system should be conducted. The results reported in this study provide a basis for the
formulation and application of agronomic measures for rice and wheat cropping systems
to reduce heavy metal pollution.

Figure 7. Research hot keyword analysis in rice and wheat cropping system of cadmium pollution.

6. Conclusions

The present situation of Cd pollution in rice- (Oryza sativa L.) and wheat- (Triticum
aestivum L.) growing areas in China was reviewed. The increasing concentration of Cd
in the rice and wheat growing systems in the Yangtze River Basin is of great concern,
especially in Hunan Province. In addition, the health exposure risks of Cd pollution in
rice-wheat planting systems and current research hotspots were reviewed. The results
showed that soil physical and chemical properties, soil microorganisms, and rice/wheat
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varieties greatly influenced the accumulation of Cd in rice and wheat grains, and regulating
these factors could reduce the accumulation of Cd in rice and wheat growing systems.
Consumption of Cd-contaminated foods is the main route of human exposure to Cd, so it
is imperative to develop strategies to reduce Cd contamination in rice and wheat growing
systems. Reducing the transfer of Cd at the source by reducing human activity could
significantly reduce the input of Cd and other heavy metals into farmland. The use of
agronomic practices, remediation techniques, and planting of low-accumulation varieties
can reduce the total contents and bioavailable of Cd. In addition, the mechanism of Cd
uptake and transport from the soil by rice and wheat is regulated by a variety of factors.
New environmental monitoring methods (such as remote sensing technology) should be
adopted to realize large-scale and real-time monitoring of heavy metal pollution in the
future. In addition, the accumulation pathway and redistribution process of Cd in food
should be further studied to reduce the Cd content in crops.
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//www.mdpi.com/article/10.3390/toxics10120794/s1.

Author Contributions: Conceptualization, methodology, writing-original draft preparation, software,
data visualization, Y.G.; reviewing and editing, L.Z., X.L. and D.S.; methodology, Z.D. and X.L.;
funding acquisition, Z.D. and D.S. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the Strategic Priority Research Program of the Chinese
Academy of Science (XDA23020401) and The Key-Area Research and Development Program of
Zhejiang Province (ZJGCJ202005).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lu, Y.; Song, S.; Wang, R.; Liu, Z.; Meng, J.; Sweetman, A.J.; Jenkins, A.; Ferrier, R.C.; Li, H.; Luo, W.; et al. Impacts of soil and

water pollution on food safety and health risks in China. Environ. Int. 2015, 77, 5–15. [CrossRef]
2. Adnan, M.; Xiao, B.; Xiao, P.W.; Zhao, P.; Li, R.L.; Bibi, S. Research Progress on Heavy Metals Pollution in the Soil of Smelting

Sites in China. Toxics 2022, 10, 231. [CrossRef] [PubMed]
3. Wang, P.; Kopittke, P.M.; McGrath, S.P.; Zhao, F.J. Cadmium transfer from soil to plants and its potential risk to human health.

Nexus Soils Plants Anim. Hum. Health. 2017, 19, 138–147.
4. Qu, M.; Wang, Y.; Huang, B.; Zhao, Y. Spatial uncertainty assessment of the environmental risk of soil copper using auxiliary

portable X-ray fluorescence spectrometry data and soil pH. Environ. Pollut. 2018, 240, 184–190. [CrossRef] [PubMed]
5. Wu, Y.Q.; Yang, H.M.; Wang, M.; Sun, L.; Xu, Y.M.; Sun, G.H. Immobilization of soil Cd by sulfhydryl grafted palygorskite in

wheat-rice rotation mode: A field-scale investigation. Sci. Total Environ. 2022, 826, 154156. [CrossRef] [PubMed]
6. Satarug, S. Editorial to Special Issue Toxic Metals, Chronic Diseases and Related Cancers. Toxics 2022, 10, 125. [CrossRef]
7. Wang, P.; Chen, H.P.; Kopittke, P.M.; Zhao, F.J. Cadmium contamination in agricultural soils of China and the impact on food

safety. Environ. Pollut. 2019, 249, 1038–1048. [CrossRef]
8. Li, Z.; Liang, Y.; Hu, H.; Shaheen, S.M.; Zhong, H.; Tack, F.M.G. Speciation, transportation, and pathways of cadmium in soil-rice

systems: A review on the environmental implications and remediation approaches for food safety. Environ. Int. 2021, 156, 106749.
[CrossRef]

9. Ministry of Environmental Protection of the People’s Republic of China. Report on the National General Survey of Soil
Contamination. 2014. Available online: http://www.gov.cn/govweb/foot/2014-04/17/content_2661768.htm (accessed on
17 April 2014).

10. Xiao, J.; Yuan, X.; Li, J. Characteristics and transformation of heavy metal pollution in soil and rice of Yangtze River Delta Region.
Agric. Sci. Technol. 2010, 11, 148–163.

11. Khan, M.A.; Khan, S.; Khan, A.; Alam, M. Soil contamination with cadmium, consequences and remediation using organic
amendments. Sci. Total Environ. 2017, 601, 1591–1605. [CrossRef]

https://www.mdpi.com/article/10.3390/toxics10120794/s1
https://www.mdpi.com/article/10.3390/toxics10120794/s1
http://doi.org/10.1016/j.envint.2014.12.010
http://doi.org/10.3390/toxics10050231
http://www.ncbi.nlm.nih.gov/pubmed/35622644
http://doi.org/10.1016/j.envpol.2018.04.118
http://www.ncbi.nlm.nih.gov/pubmed/29734079
http://doi.org/10.1016/j.scitotenv.2022.154156
http://www.ncbi.nlm.nih.gov/pubmed/35231515
http://doi.org/10.3390/toxics10030125
http://doi.org/10.1016/j.envpol.2019.03.063
http://doi.org/10.1016/j.envint.2021.106749
http://www.gov.cn/govweb/foot/2014-04/17/content_2661768.htm
http://doi.org/10.1016/j.scitotenv.2017.06.030


Toxics 2022, 10, 794 18 of 24

12. Hussain, B.; Lin, Q.; Hamid, Y.; Sanaullah, M.; Di, L.; Khan, M.B.; He, Z.; Yang, X. Foliage application of selenium and silicon
nanoparticles alleviates Cd and Pb toxicity in rice. Sci. Total Environ. 2020, 712, 136497. [CrossRef] [PubMed]

13. Zhang, L.X.; Gao, C.; Chen, C.; Zhang, W.W.; Huang, X.Y.; Zhao, F.J. Overexpression of rice OsHMA3 in wheat greatly decreases
cadmium accumulation in wheat grains. Environ. Sci. Technol. 2020, 54, 10100–10108. [CrossRef] [PubMed]

14. Duan, Y.L.; Li, Q.; Zhang, L.; Huang, Z.P.; Zhao, Z.M.; Zhao, H.; Du, J.; Zhou, J. Toxic Metals in a Paddy Field System: A Review.
Toxics 2022, 10, 249. [CrossRef] [PubMed]

15. Zhao, S.P.; Ye, X.Z.; Chen, D.; Zhang, Q.; Xiao, W.D.; Wu, S.F.; Hu, J.; Gao, N.; Huang, M.J. Multi-Component Passivators Regulate
Heavy Metal Accumulation in Paddy Soil and Rice: A Three-Site Field Experiment in South China. Toxics 2022, 10, 259. [CrossRef]

16. Järup, L.; Åkesson, A. Current status of cadmium as an environmental health problem. Toxicol. Appl. Pharmacol. 2009, 238,
201–208. [CrossRef]

17. Rizwan, M.; Ali, S.; Adrees, M.; Rizvi, H.; Rehman, M.Z.; Hannan, F.; Qayyum, M.F.; Hafeez, F. Cadmium stress in rice: Toxic
effects, tolerance mechanisms and management: A critical review. Environ. Sci. Pollut. Res. 2016, 23, 17859–17879. [CrossRef]

18. Rizwan, M.; Ali, S.; Abbas, T.; Rehman, M.Z.; Hannan, F.; Keller, C.; Al-Wabel, M.I. Cadmium minimization in wheat: A critical
review. Ecotoxicol. Environ. Saf. 2016, 130, 43–53. [CrossRef]

19. Ran, J.; Wang, D.; Wang, C.; Zhang, G.; Zhang, H. Heavy metal contents, distribution, and prediction in a regional soil-wheat
system. Sci. Total Environ. 2016, 544, 422–431. [CrossRef]

20. Rehman, M.Z.; Khalid, H.; Akmal, F.; Ali, S.; Rizwan, M.; Qayyum, M.F.; Iqbal, M.; Khalid, M.U.; Azhar, M. Effect of limestone,
lignite and biochar applied alone and combined on cadmium uptake in wheat and rice under rotation in an effluent irrigated
field. Environ. Pollut. 2017, 227, 560–568. [CrossRef]

21. Qu, M.; Li, W.; Zhang, C.; Huang, B.; Zhao, Y. Spatially nonstationary relationships between copper accumulation in rice grain
and some related soil properties in paddy fields at a regional scale. Soil Sci. Soc. Am. J. 2014, 78, 1765–1774. [CrossRef]

22. Li, D.; Wang, L.; Wang, Y.; Li, H.; Chen, G. Soil properties and cultivars determine heavy metal accumulation in rice grain and
cultivars respond differently to Cd stress. Environ. Sci. Pollut. R. 2019, 26, 14638–14648. [CrossRef]

23. Khaliq, M.A.; James, B.; Chen, Y.H.; Ahmed Saqib, H.S.; Li, H.H.; Jayasuriya, P.; Guo, W. Uptake, translocation, and accumulation
of Cd and its interaction with mineral nutrients (Fe, Zn, Ni, Ca, Mg) in upland rice. Chemosphere 2019, 215, 916–924. [CrossRef]
[PubMed]

24. Zhang, Y.; Wang, X.; Ji, X.; Liu, Y.; Lin, Z.; Lin, Z.; Xiao, S.; Peng, B.; Tan, C.; Zhang, X. Effect of a novel Ca-Si composite mineral
on Cd bioavailability, transport and accumulation in paddy soil-rice system. J. Environ. Manag. 2019, 233, 802–811. [CrossRef]

25. Li, Q.S.; Chen, Y.; Fu, H.B.; Cui, Z.H.; Shi, L.; Wang, L.L.; Liu, Z.F. Health risk of heavy metals in food crops grown on reclaimed
tidal flat soil in the Pearl River Estuary, China. J. Hazard Mater. 2012, 227–228, 148–154. [CrossRef] [PubMed]

26. Wang, Z.W.; Zeng, X.F.; Geng, M.S.; Chen, C.Y.; Cai, J.C.; Yu, X.M.; Hou, Y.Y.; Zhang, H. Health risks of heavy metals uptake by
crops grown in a sewage irrigation area in China. Pol. J. Environ. Stud. 2015, 24, 1379–1386.

27. Wang, C.; Yuan, X.Y.; Chen, Y.; Ji, J.F.; Xi, B.B. Quantification of contributions from different sources on heavy metals accumulation
in the paddy soil from Suzhou area. Acta Sci. Circumst. 2015, 35, 3269–3275.

28. Wang, F.J.; Wang, M.; Liu, Z.P.; Shi, Y.; Han, T.Q.; Ye, Y.Y.; Gong, N.; Sun, J.W.; Zhu, C. Different responses of low grain-Cd-
accumulating and high grain-Cd accumulating rice cultivars to Cd stress. Plant Physiol. Biochem. 2015, 96, 261–269. [CrossRef]

29. Yu, R.; Jiang, Q.; Xv, C.; Li, L.; Bu, S.; Shi, G. Comparative proteomics analysis of peanut roots reveals differential mechanisms
of cadmium detoxification and translocation between two cultivars differing in cadmium accumulation. BMC Plant Biol. 2019,
19, 137. [CrossRef]

30. Zhang, Q.; Chen, H.; Xu, C.; Zhu, H.; Zhu, Q. Heavy metal uptake in rice is regulated by pH-dependent iron plaque formation
and the expression of the metal transporter genes. Environ. Exp. Bot. 2019, 162, 392–398. [CrossRef]

31. Kaur, R.; Yadav, P.; Thukral, A.K.; Walia, A.; Bhardwaj, R. Co-application of 6-ketone type brassinosteroid and metal chelator
alleviates cadmium toxicity in B. juncea L. Environ. Sci. Pollut. Res. 2017, 24, 685–700. [CrossRef]

32. Pan, W.; You, Y.; Shentu, J.L.; Weng, Y.N.; Wang, S.T.; Xu, Q.R.; Liu, H.J.; Du, S.T. Abscisic acid (ABA)-importing transporter 1
(AIT1) contributes to the inhibition of Cd accumulation via exogenous ABA application in Arabidopsis. J. Hazard. Mater. 2020,
391, 122189. [CrossRef]

33. Tudoreanu, L.; Phillips, C.J. Empirical models of cadmium accumulation in maize, rye grass and soya bean plants. J. Sci. Food Agr.
2004, 84, 845–852. [CrossRef]

34. Bao, A.; Burritt, D.J.; Chen, H.; Zhou, X.; Cao, D.; Tran, L.S.P. The CRISPR/Cas9 system and its applications in crop genome
editing. Crit. Rev. Biotechnol. 2019, 39, 321–336. [CrossRef] [PubMed]

35. Lopez-Luna, J.; Silva-Silva, M.J.; Martinez-Vargas, S.; Mijangos-Ricardez, O.F.; Gon-zález-Chávez, M.C.; Solís-Domínguez, F.A.;
Cuevas-Díaz, M.C. Magnetite nanoparticle (NP) uptake by wheat plants and its effect on cadmium and chromium toxicological
behavior. Sci. Total Environ. 2016, 565, 941–950. [CrossRef] [PubMed]

36. Yourtchi, M.S.; Bayat, H.R. Effect of cadmium toxicity on growth, cadmium accumulation and macronutrient content of durum
wheat (Dena CV.). Int. J. Agric. Crop Sci. 2013, 6, 1099–1103.

37. Ci, D.; Jiang, D.; Dai, T.; Jing, Q.; Cao, W. Effects of cadmium on plant growth and physiological traits in contrast wheat
recombinant inbred lines differing in cadmium tolerance. Chemosphere 2009, 77, 1620–1625. [CrossRef]

38. Wang, Y.; Qian, Y.; Hu, H.; Xu, Y.; Zhang, H. Comparative proteomic analysis of Cd-responsive proteins in wheat roots. Acta
Physiol. Plant. 2011, 33, 349–357. [CrossRef]

http://doi.org/10.1016/j.scitotenv.2020.136497
http://www.ncbi.nlm.nih.gov/pubmed/31945526
http://doi.org/10.1021/acs.est.0c02877
http://www.ncbi.nlm.nih.gov/pubmed/32697086
http://doi.org/10.3390/toxics10050249
http://www.ncbi.nlm.nih.gov/pubmed/35622662
http://doi.org/10.3390/toxics10050259
http://doi.org/10.1016/j.taap.2009.04.020
http://doi.org/10.1007/s11356-016-6436-4
http://doi.org/10.1016/j.ecoenv.2016.04.001
http://doi.org/10.1016/j.scitotenv.2015.11.105
http://doi.org/10.1016/j.envpol.2017.05.003
http://doi.org/10.2136/sssaj2014.02.0067
http://doi.org/10.1007/s11356-019-04727-9
http://doi.org/10.1016/j.chemosphere.2018.10.077
http://www.ncbi.nlm.nih.gov/pubmed/30408887
http://doi.org/10.1016/j.jenvman.2018.10.006
http://doi.org/10.1016/j.jhazmat.2012.05.023
http://www.ncbi.nlm.nih.gov/pubmed/22657103
http://doi.org/10.1016/j.plaphy.2015.08.001
http://doi.org/10.1186/s12870-019-1739-5
http://doi.org/10.1016/j.envexpbot.2019.03.004
http://doi.org/10.1007/s11356-016-7864-x
http://doi.org/10.1016/j.jhazmat.2020.122189
http://doi.org/10.1002/jsfa.1730
http://doi.org/10.1080/07388551.2018.1554621
http://www.ncbi.nlm.nih.gov/pubmed/30646772
http://doi.org/10.1016/j.scitotenv.2016.01.029
http://www.ncbi.nlm.nih.gov/pubmed/26806072
http://doi.org/10.1016/j.chemosphere.2009.08.062
http://doi.org/10.1007/s11738-010-0554-2


Toxics 2022, 10, 794 19 of 24

39. Li, Y.; Chen, Z.; Xu, S.; Zhang, L.; Hou, W.; Yu, N. Effect of combined pollution of Cd and B[a]P on photosynthesis and chlorophyll
fluorescence characteristics of wheat. Pol. J. Environ. Stud. 2015, 24, 157–163. [CrossRef]

40. Gondor, O.K.; Szalai, G.; Kovács, V.; Janda, T.; Pál, M. Impact of UV-B on drought-or cadmium-induced changes in the fatty acid
composition of membrane lipid fractions in wheat. Ecotoxicol. Environ. Saf. 2014, 108, 129–134. [CrossRef]

41. Asgher, M.; Khan, M.I.R.; Anjum, N.A.; Khan, N.A. Minimising toxicity of cadmium in plants-role of plant growth regulators.
Protoplasma 2015, 252, 399–413. [CrossRef]

42. Huang, Z.Q.; Ye, S.C.; Hu, L.Y.; Hu, K.D.; Yan, H.; Li, W.J.; Jiao, H.; Zhang, H. Hydrogen sulfide promotes wheat grain germination
under cadmium stress. Proc. Natl. Acad. Sci. India B Biol. Sci. 2015, 86, 887–895. [CrossRef]

43. Ishikawa, N.; Ishioka, G.; Yanaka, M.; Takata, K.; Murakami, M. Effects of ammonium chloride fertilizer and its application stage
on cadmium concentrations in wheat (Triticum aestivum L.) grain. Plant Prod. Sci. 2015, 18, 137–145. [CrossRef]

44. Ok, Y.S.; Chang, S.X.; Gao, B.; Chung, H.J. SMART biochar technology-A shifting paradigm towards advanced materials and
healthcare research. Environ. Technol. Innov. 2015, 4, 206–209. [CrossRef]

45. Ahmad, M.T.; Asghar, H.N.; Saleem, M.; Khan, M.Y.; Zahir, Z.A. Synergistic effect of rhizobia and biochar on growth and
physiology of maize. Agron. J. 2015, 107, 1–8. [CrossRef]

46. Greger, M.; Landberg, T. Novel field data on phytoextraction: Pre-cultivation with salix reduces cadmium in wheat grains. Int. J.
Phytorem. 2015, 17, 917–924. [CrossRef]

47. Qiu, Z.; Li, J.; Zhang, Y.; Bi, Z.; Wei, H. Microwave pretreatment can enhance tolerance of wheat seedlings to CdCl2 stress.
Ecotoxicol. Environ. Saf. 2011, 74, 820–825. [CrossRef]

48. US EPA. Reional Screening Level (RSL) Summary Table. 2016. Available online: https://www.epa.gov/sites/default/files/2016
-06/documents/master_sl_table_run_may2016.pdf. (accessed on 1 June 2016).

49. Zhuang, P.; McBride, M.B.; Xia, H.P.; Li, N.Y.; Lia, Z.A. Health risk from heavy metals via consumption of food crops in the
vicinity of Dabaoshan mine, South China. Sci. Total Environ. 2009, 407, 1551–1561. [CrossRef] [PubMed]

50. Meharg, A.A.; Norton, G.; Deacon, C.; Williams, P.; Adomako, E.E.; Price, A.; Zhu, Y.G.; Li, G.; Zhao, F.J.; McGrath, S.; et al.
Variation in rice cadmium related to human exposure. Environ. Sci. Technol. 2013, 47, 5613–5618. [CrossRef] [PubMed]

51. Chen, H.P.; Yang, X.P.; Wang, P.; Wang, Z.X.; Li, M.; Zhao, F.J. Dietary cadmium intake from rice and vegetables and potential
health risk: A case study in Xiangtan, southern China. Sci. Total Environ. 2018, 639, 271–277. [CrossRef]

52. Augustsson, A.; Uddh-Soderberg, T.; Filipsson, M.; Helmfrid, I.; Berglund, M.; Karlsson, H.; Hogmalm, J.; Karlsson, A.; Alriksson,
S. Challenges in assessing the health risks of consuming vegetables in metal-contaminated environments. Environ. Int. 2018, n113,
269–280. [CrossRef]

53. Yang, Y.; Chen, W.P.; Wang, M.E.; Li, Y.L.; Peng, C. Evaluating the potential health risk of toxic trace elements in vegetables:
Accounting for variations in soil factors. Sci. Total Environ. 2017, 584–585, 942–949. [CrossRef] [PubMed]

54. Li, L.M.; Rao, K.Q.; Kong, L.Z.; Yao, C.H.; Xiang, H.D.; Zhai, F.Y.; Ma, G.S.; Yang, X.G. A description on the Chinese national
nutrition and health survey in 2002. Chin. J. Epidemiol. 2005, 26, 478.

55. Fan, Z.W. Enrichment Characteristic and Rsk Assessment of Heavy Metals in Rice (Oryza.sativa L.) from Suzhou Regions; Suzhou
University of Science and Technology: Suzhou, China, 2018.

56. Jin, L. Heavy Metal Distribution and Food Safety Risk Analysis and Simulation in Soil-Rice System in Northern Jiangsu Province; Nanjing
Agricultural University: Nanjing, China, 2007.

57. Qi, Y.B.; Huang, B.; Yang, Y.F.; Darilek, J.L.; Zhao, Y.C.; Sun, W.X.; Wang, Z.G. Heavy metal accumulation characteristics and risk
assessment of rice grain in different regions of Suzhou City, China. J. Agro-Environ. Sci. 2010, 29, 659–665.

58. Fan, J.; Liao, Q.L.; Xu, H.M.; Ren, J.H.; Chang, Q.; Zhu, B.W.; Li, M. General characteristics of heavy metals absorbed by rice and
wheat seeds within topsoil of farmland. J. Geol. 2016, 44, 701–709.

59. Li, B.; Lin, Y.S.; Zhang, X.F.; Xu, Y.G.; Yu, F. Heavy metal pollution of the soils and wheat grains alongside the Shanghai-Nanjing
Expressway. Rural Eco-Environ. 2005, 21, 50–53.

60. Zhang, W.; Jia, J.R.; Dai, B. Distribution of heavy metals in wheat in Jiangsu province. Cereal Food Ind. 2021, 28, 61–64.
61. Zhu, H.; Wu, C.F.; Chen, Y. Concentrations of heavy metals in wheat grains and their potential health risk in the central region of

Jiangsu. Environ. Monit. Manag. Technol. 2021, 29, 35–56.
62. Wan, T.; Li, F.H.; Huang, L.; Qi, H.B.; Xie, F.; Liang, J.; Wang, A.Q. Research on content of harmful metals in wheat grain from

different places in China. Mod. Agric. Sci. Technol. 2018, 16, 248–250.
63. Pan, Y.M.; Liao, Q.L.; Hua, M.; Gao, M.; Zhu, B.W.; Jin, Y. The evaluation of the heavy metal content in the Plough layer and crop

in southern Jiangsu province. Geophys. Geochem. Explor. 2014, 38, 248–250.
64. Chen, J.D.; Dai, Q.G.; Xu, X.H.; Zhong, X.C.; Guo, B.W.; Zheng, C.; Zhang, H.C.; Xu, K.; Huo, Z.Y.; Wei, H.Y. Heavy metal contents

and evaluation of farmland soil and wheat in typical area of Jiangsu Province. Acta Ecol. Sin. 2012, 32, 3487–3496. [CrossRef]
65. Dai, W.T. Simulation Study on the Migration Characteristics of Heavy Metals in Soil-Wheat of Mining Area; China University of Mining

and Technology: Beijing, China, 2017.
66. Yan, L. The Pollution Characteristics of Heavy Metals on Wheat in Mining Area in North of Xuzhou; China University of Mining and

Technology: Beijing, China, 2015.
67. Zhu, Y.; Liao, S.P.; Liu, Y.; Li, X.K.; Ren, T.; Cong, R.H.; Lu, J.W. Annual nutrient budget differences between oil-rice and wheat-rice

rotation systems in the Yangtze River basin. Plant Nutr. Fert. Sci. 2019, 25, 64–73.

http://doi.org/10.15244/pjoes/22274
http://doi.org/10.1016/j.ecoenv.2014.07.002
http://doi.org/10.1007/s00709-014-0710-4
http://doi.org/10.1007/s40011-015-0554-5
http://doi.org/10.1626/pps.18.137
http://doi.org/10.1016/j.eti.2015.08.003
http://doi.org/10.2134/agronj15.0212
http://doi.org/10.1080/15226514.2014.1003785
http://doi.org/10.1016/j.ecoenv.2010.11.008
https://www.epa.gov/sites/default/files/2016-06/documents/master_sl_table_run_may2016.pdf.
https://www.epa.gov/sites/default/files/2016-06/documents/master_sl_table_run_may2016.pdf.
http://doi.org/10.1016/j.scitotenv.2008.10.061
http://www.ncbi.nlm.nih.gov/pubmed/19068266
http://doi.org/10.1021/es400521h
http://www.ncbi.nlm.nih.gov/pubmed/23668419
http://doi.org/10.1016/j.scitotenv.2018.05.050
http://doi.org/10.1016/j.envint.2017.10.002
http://doi.org/10.1016/j.scitotenv.2017.01.143
http://www.ncbi.nlm.nih.gov/pubmed/28185733
http://doi.org/10.5846/stxb201105080598


Toxics 2022, 10, 794 20 of 24

68. Liu, X.; Fan, Z.X.; Zhang, B.; Bi, Y.P. Study on cadmium pollution and remediation of soil in China. Shandong Agric. Sci. 2007, 6,
94–97.

69. Tang, D.D.; Yuan, X.Y.; Wang, Y.M. Enrichment characteristics and risk prediction of heavy metals for rice grains growing in
paddy soils with a high geological background. J. Agro-Environ. Sci. 2018, 37, 18–26.

70. Ma, J.Y.; Ma, J.W.; Liu, D.; Fu, W.J.; Ye, Z.Q. Survey and risk assessment of soil heavy metals in the main rice producing areas in
Hangjiahu Plain. J. Zhejiang A F Univ. 2021, 38, 336–345.

71. Zhang, A.B.; Chu, X.Y.; Yin, H.Q.; Xu, M.X.; Huang, C.L.; Song, M.Y. Spatial variation of eight heavy metals in farmland soils and
their accumulation in rice grains in Longyou pyrite mine, Zhejiang Province. Soils 2017, 49, 760–769.

72. Dong, L.X. Assessment of Heavy Metal Pollution in Farmland Soil in Zhejiang Province; Wenzhou University: Wenzhou, China, 2017.
73. Ma, B.J.; Wang, H.L.; Li, X.C.; Zhang, Y.H.; Liu, J.; Li, D.Y. Pollution of heavy metals in typical crops of northern Henan Prov-ince

and health risk assessment. Ecol. Environ. Sci. 2014, 23, 1351–1358.
74. Li, P.F.; Tan, J.; Lei, D.E.; Tao, C.J.; Du, G.Q.; Liu, C. Characteristics and ecological security assessment of heavy metal on wheat

and root soils along Huaihe river commercial grain base in Anhui Province. Southwest China J. Agric. Sci. 2020, 33, 1580–1586.
75. Xiao, X.P.; Peng, K.L.; Zhou, M.H. Investigation and evaluation of heavy metal pollution in suburb an paddy soils. Chin. J.

Eco-Agric. 2008, 16, 680–685.
76. Ruan, J.Z. Characteristics of Heavy Metal Pollution in Paddy Soils and Soil-Rice Heavy Metal Coupling Relationship in Typical Paddy

Fields; Nanjing Agricultural University: Nanjing, China, 2020.
77. Jiang, C.Y. Heavy Metal Pollution in Farmland Soil and Crops in a Mining Area in Hunan Province and Its Health Risk Assessment;

Hunan Agricultural University: Nanjing, China, 2020.
78. Zeng, Y.L. Distribution Characteristics of Cadmium-Contaminated Paddy Soil-Rice Elements and Evaluation of Heavy Metal Pollution in

Liling, Hunan Province; Chengdu University of Technology: Chengdu, China, 2019.
79. Zhou, M.; Tang, Z.M.; Zhang, M.; Liang, X.H.; Zhan, L. Characteristics and health risk assessment of heavy metal in soil-rice

system in the Ganzhou area, Jiangxi Province. Geol. Bull. China. 2021, 40, 2149–2158.
80. Li, B.Y.; Wang, P.; Wu, X.C.; Li, Z.P.; Zhou, D.M. Effect of long-term fertilization experiment on concention of micronutrients

heavy metals in soil and brown rice. Acta Pedol. Sin. 2009, 46, 281–288.
81. Lan, Y.S.; Shi, Z.H.; Yang, G.; Si, Y.Y.; Cheng, R. Status of heavy metal pollution in paddy soil and human health risk as-sess-ment

of rice around phosphogypsum yard. J. Earth Environ. 2021, 12, 224–231.
82. Yang, Y.; Deng, L.J. Effects of heavy metals in the paddy soil in Sichuan province on rice grain. J. Agro-Environ. Sci. 2005, 24,

174–177.
83. Liu, Y. The Speciation and Bioavailability Study of Heavy Metals in Paddy Soils under the Rice-Wheat Cultivation Rotation; Sichuan

Agricultural University: Ya’an, China, 2008.
84. Jia, F.F. Effects of Swine Manure Application on Heavy Metals in Soils and Crops under Rice Wheat Rotation System; Sichuan Agri-cultural

University: Ya’an, China, 2017.
85. Li, J. Application Study on In-Situ Remediation of Safe Use Farmland Soil with Mild to Moderate Cd Contamination; Beijing Forestry

University: Beijing, China, 2020.
86. Shen, T.Z.; Zhu, M.X.; Xiao, J. Characteristics of Migration and Accumulation of Heavy Metals in Soil-Rice System of Tianmen

and Its Health Risk Assessment. Chin. J. Soil Sci. 2014, 45, 221–226.
87. Liu, L.; Peng, M.M.; Xia, H. Investigation and Analysis of Wheat Quality in Hubei Province. Hubei Agric. Sci. 2017, 56, 4872–4874.
88. Zou, J.S.; Li, X.; Wan, W.; Liu, K. Study on tracking and verification of heavy metal content in soil and rice in a typical area of

Chongqing. Acta Agric. Jiangxi. 2020, 32, 91–96.
89. Hao, F. Heavy Metal Correlation between Soil and Grain Crops Characteristics and Pollution Assessment in Chongqing; South-west

Agricultural University: Guangzhou, China, 2014.
90. Hao, X.J.; Jin, C.Z.; Sun, C.; Liu, S.C.; Yao, H.H.; Zhang, T.; Jiang, J.P. The content and enrichment characteristics of heavy met-als

in soil-rice system of paddy field in Minhang District, Shanghai. Acta Agric. Shanghai. 2020, 36, 88–93.
91. Sun, H.; Han, J.X.; Ma, J.H. Health risk assessment of wheat seeds heavy metals in the sewage irrigation area of Huafei River,

Kaifeng City. J. Agro-Environ. Sci. 2008, 27, 2332–2337.
92. Han, H.; Wu, X.J.; Hui, R.Q.; Xia, X.; Chen, Z.J.; Yao, L.G.; Yang, J.J. Synergistic effects of Cd-loving Bacillus sp. N3 and iron oxides

on immobilizing Cd and reducing wheat uptake of Cd. Environ. Pollut. 2022, 305, 119303. [CrossRef]
93. Li, Y.L.; Chen, W.P.; Yang, Y. Heavy metal pollution characteristics and comprehensive risk evaluation of farmland across the

eastern plain of Jiyuan city. Acta Sci. Circumst. 2020, 40, 2229–2236.
94. Zhang, B.C.; Fan, L.X.; Zhao, P.J.; Chen, L. Contamination status and evaluation of cadmium and chromium in wheat grain in

typical areas of Shandong Province. J. Triticeae Crops. 2016, 36, 1396–1401.
95. Liu, Q.; Li, M.; Wu, H. Spatial variation and evaluation of Pb and Cd in suburban farmland soils–a case study of Changsha city.

Resour. Environ. Yangtze Basin. 2012, 21, 195–203.
96. He, P. Study on Safety Control Technology of Soil Cadmium at Typical Pollution Area in Southern China; Guizhou University: Gui-yang,

China, 2019.
97. Song, Y.; Wang, Y.B.N.; Mao, W.F.; Sui, H.X.; Yong, L.; Yang, D.J.; Jiang, D.G.; Zhang, L.; Gong, Y.Y. Dietary cadmium exposure

assessment among the Chinese population. PLoS ONE 2017, 12, e0177978. [CrossRef] [PubMed]
98. EFSA. Cadmium dietary exposure in the European population. EFSA J. 2012, 10, 2551. [CrossRef]

http://doi.org/10.1016/j.envpol.2022.119303
http://doi.org/10.1371/journal.pone.0177978
http://www.ncbi.nlm.nih.gov/pubmed/28542445
http://doi.org/10.2903/j.efsa.2012.2551


Toxics 2022, 10, 794 21 of 24

99. FAO; WHO. Evaluation of certain food additives and contaminants. Seventy-third Report of the Joint FAO/WHO Expert
Committee on Food Additives. Indian J. Med. Res. 2012, 135, 446–447.

100. Teng, W.; Liu, Q.; Li, Q. Hazard and Risk Assessment of Heavy Metal Pollution to Agricultural Products; South-West Agricultural
University: Guangzhou, China, 2010; pp. 38–44.

101. He, Z.L.; Yang, X.E.; Stoffella, P.J. Trace elements in agroecosystems and impacts on the environment. J. Trace Elem. Med. Biol.
2005, 19, 125–140. [CrossRef]

102. Inboonchuay, T.; Suddhiprakarn, A.; Kheoruenromne, I.; Anusontpornperm, S.; Gilkes, R.J. Amounts and associ ations of heavy
metals in paddy soils of the Khorat basin, Thailand. Geoderma. Reg. 2016, 7, 120–131. [CrossRef]

103. Tu, C.L.; He, T.B.; Liu, C.Q.; Lu, X.H. Effects of land use and parent materials on trace elements accumulation in topsoil. J. Environ.
Qual. 2013, 42, 103–110. [CrossRef]

104. Liu, Y.Z.; Xiao, T.F.; Xiong, Y.; Ning, Z.P.; Shuang, Y.; Li, H.; Ma, L.; Chen, H.Y. Accumulation of heavy metals in agricultural soils
and crops from an area with a high geochemical background of cadmium, Southwestern China. Environ. Sci. 2019, 40, 2877–2884.

105. Ma, H.H.; Peng, M.; Liu, F.; Guo, F.; Tang, S.Q.; Liu, X.J.; Zhou, Y.L.; Yang, K.; Li, K.; Yang, Z.; et al. Bioavailability, trans-loca-tion,
and accumulation characteristic of heavy metals in a soil-crop system from a typical carbonate rock area in Guangxi. China
Environ. Sci. 2020, 41, 449–459.

106. Chen, T.; Pang, R.; Wang, F. Safety assessment of rice planting in soil cadmium geological anomaly areas in Southwest Guang-xi.
Environ. Sci. 2020, 41, 1855–1863.

107. Wen, Y.B.; Li, W.; Yang, Z.F.; Zhuo, X.X.; Guan, D.X.; Song, Y.X.; Guo, C.; Ji, J.F. Evaluation of various approaches to predict
cadmium bioavailability to rice grown in soils with high geochemical background in the karst region, Southwestern China.
Environ. Pollut. 2020, 258, 113645. [CrossRef] [PubMed]

108. Global Mining Development Report (Excerpt). Equip. Geotech. Eng. 2020, 21, 43–45.
109. Navarro, M.C.; Pérez-Sirvent, C.; Martínez-Sánchez, V.J.; Tovar, P.J.; Bech, J. Abandoned mine sites as a source of contami-na-tion

by heavy metals: A case study in a semi-arid zone. J. Geochem. Explor. 2008, 96, 183–193. [CrossRef]
110. Fan, S. The Pollution of Heavy Metal Elements Accumulation and Risk in Ore District; South China University of Technology:

Guangzhou, China, 2014.
111. Zhang, J. Metal Contamination Evaluation, Eco-Toxicity and Microbial Remediation of Paddy Soil Located in e-Waste Recy-cling Area;

Zhejiang University: Hangzhou, China, 2009.
112. Hu, Y.; Cheng, H.; Tao, S. The challenges and solutions for cadmium contaminated rice in China: A critical review. Environ. Int.

2016, 92–93, 515–532. [CrossRef]
113. Ali, W.; Mao, K.; Zhang, H.; Junaid, M.; Xu, N.; Rasool, A.; Feng, X.B.; Yang, Z.G. Comprehensive review of the basic chemical

behaviours, sources, processes, and endpoints of trace element contamination in paddy soil-rice systems in rice-growing coun-tries.
J. Hazard Mater. 2020, 397, 122720. [CrossRef]

114. Rai, P.K.; Lee, S.S.; Zhang, M.; Tsang, Y.F.; Kim, K.H. Heavy metals in food crops: Health risks, fate, mechanisms, and man-
agement. Environ. Int. 2019, 125, 365–385. [CrossRef] [PubMed]

115. Nziguheba, G.; Smolders, E. Inputs of trace elements in agricultural soils via phosphate fertilizers in European countries. Sci.
Total Environ. 2008, 390, 53–57. [CrossRef] [PubMed]

116. Peng, H.; Chen, Y.L.; Weng, L.P.; Ma, J.; Ma, Y.L.; Li, Y.T.; Islam, M.S. Comparisons of heavy metal input inven tory in agri-cul-tural
soils in north and south China: A review. Sci. Total Environ. 2019, 660, 776–786. [CrossRef] [PubMed]

117. Huang, Q.Q.; Liu, X.; Zhang, Q.; Qiao, Y.H.; Su, D.C.; Jiang, R.F.; Rui, Y.K.; Li, H.F. Application of ICP-MS and AFS to de-tect-ing
heavy metals in phosphorus fertilizers. Spectrosc. Spectr. Anal. 2013, 34, 1403–1406.

118. Li, H.; Yang, Z.L.; Dai, M.W.; Diao, X.Y.; Dai, S.L.; Fang, T.; Dong, X.J. Input of cd from agriculture phosphate fertilizer ap-pli-cation
in China during 2006-2016. Sci. Total Environ. 2020, 698, 134149. [CrossRef]

119. Luo, L.; Ma, Y.B.; Zhang, S.Z.; Wei, D.P.; Zhu, Y.G. An inventory of trace element inputs to agricultural soils in China. J. Environ.
Manag. 2009, 90, 2524–2530. [CrossRef] [PubMed]

120. Jiang, B.; Adebayo, A.; Jia, J. Impacts of heavy metals and soil properties at a Nigerian e-waste site on soil micro bial com-mu-nity.
J. Hazard Mater. 2018, 362, 187–195. [CrossRef]

121. Pradhan, J.K.; Kumar, S. Informal e-waste recycling: Environmental risk assessment of heavy metal contamination in mandoli
industrial area, Delhi, India. Environ. Sci. Pollut. Control Ser. 2014, 21, 7913–7928. [CrossRef] [PubMed]

122. Huang, Q.Q.; Yu, Y.; Wan, Y.A.; Wang, Q.; Luo, Z.; Qiao, Y.H.; Su, D.C.; Li, H.F. Effects of continuous fertilization on bioa-vail-
ability and fractionation of cadmium in soil and its uptake by rice (Oryza sativa L.). J. Environ. Manag. 2018, 215, 13–21. [CrossRef]
[PubMed]

123. Bogusz, A.; Oleszczuk, P. Effect of biochar addition to sewage sludge on cadmium, copper and lead speciation in sewage
sludge-amended soil. Chemosphere 2020, 239, 124719. [CrossRef]

124. Giannakis, I.; Emmanouil, C.; Mitrakas, M.; Manakou, V.; Kungolos, A. Chemical and ecotoxicological assessment of sludge-based
biosolids used for corn field fertilization. Environ. Sci. Pollut. Res. 2020, 28, 13–21. [CrossRef]

125. Codling, E.E.; Jaja, N.; Adewunmi, W.; Evanylo, G.K. Residual Effects of Long-term Biosolids Application on Concentrations of
Carbon, Cadmium, Copper, Lead and Zinc in Soils from Two Regions of the United States. Commun. Soil Sci. Plant Anal. 2021, 52,
896–904. [CrossRef]

http://doi.org/10.1016/j.jtemb.2005.02.010
http://doi.org/10.1016/j.geodrs.2016.02.002
http://doi.org/10.2134/jeq2012.0057
http://doi.org/10.1016/j.envpol.2019.113645
http://www.ncbi.nlm.nih.gov/pubmed/31796323
http://doi.org/10.1016/j.gexplo.2007.04.011
http://doi.org/10.1016/j.envint.2016.04.042
http://doi.org/10.1016/j.jhazmat.2020.122720
http://doi.org/10.1016/j.envint.2019.01.067
http://www.ncbi.nlm.nih.gov/pubmed/30743144
http://doi.org/10.1016/j.scitotenv.2007.09.031
http://www.ncbi.nlm.nih.gov/pubmed/18028985
http://doi.org/10.1016/j.scitotenv.2019.01.066
http://www.ncbi.nlm.nih.gov/pubmed/30743963
http://doi.org/10.1016/j.scitotenv.2019.134149
http://doi.org/10.1016/j.jenvman.2009.01.011
http://www.ncbi.nlm.nih.gov/pubmed/19246150
http://doi.org/10.1016/j.jhazmat.2018.08.060
http://doi.org/10.1007/s11356-014-2713-2
http://www.ncbi.nlm.nih.gov/pubmed/24652574
http://doi.org/10.1016/j.jenvman.2018.03.036
http://www.ncbi.nlm.nih.gov/pubmed/29550543
http://doi.org/10.1016/j.chemosphere.2019.124719
http://doi.org/10.1007/s11356-020-09165-6
http://doi.org/10.1080/00103624.2020.1869772


Toxics 2022, 10, 794 22 of 24

126. Sebastian, A.; Prasad, M.N.V. Iron- and manganese-assisted cadmium tolerance in Oryza sativa L.: Lowering of rhizotoxicity next
to functional photosynthesis. Planta 2015, 241, 1519–1528. [CrossRef]

127. Saleh, S.R.; Kandeel, M.M.; Ghareeb, D.; Ghoneim, T.M.; Talha, N.I.; Alaoui-Sosse, B.; Aleya, L.; Abdel-Daim, M.M. Wheat
bi-ological responses to stress caused by cadmium, nickel and lead. Sci. Total Environ. 2019, 706, 136013. [CrossRef]

128. Harmsen, J. Measuring bioavailability: From a scientific approach to standard methods. J. Environ. Qual. 2007, 36, 1420–1428.
[CrossRef]

129. Kim, R.; Yoon, J.K.; Kim, T.S.; Yang, J.E.; Owens, G.; Kim, K.R. Bioavailability of heavy metals in soils: Definitions and practical
implementation–a critical review. Environ. Geochem. Health. 2015, 37, 1041–1061. [CrossRef] [PubMed]

130. Yamaguchi, N.; Ishikawa, S.; Abe, T. Role of the node in controlling traffic of cadmium, zinc, and manganese in rice. J. Exp. Bot.
2012, 63, 2729–2737. [CrossRef] [PubMed]

131. Feng, X.; Han, L.; Chao, D. Ionomic and transcriptomic analysis provides new insight into the distribution and transport of
cadmium and arsenic in rice. J. Hazard Mater. 2017, 331, 246–256. [CrossRef] [PubMed]

132. Adeniji, B.A.; Budimir-Hussey, M.T.; Macfie, S.M. Production of organic acids and adsorption of Cd on roots of durum wheat
(Triticum turgidum L. var. durum). Acta Physiol. Plant. 2010, 32, 1063–1072. [CrossRef]

133. Black, A.; McLaren, R.G.; Speir, T.W.; Clucas, L.; Condron, L.M. Gradient differences in soil metal solubility and uptake by shoots
and roots of wheat (T. aestivum). Biol. Fert. Soils 2014, 50, 685–694. [CrossRef]

134. Guo, H.; Tian, R.; Zhu, J.; Zhou, H.; Pei, D.; Wang, X. Combined cadmium and elevated ozone affect concentrations of cad-mi-um
and antioxidant systems in wheat under fully open-air conditions. J. Hazard. Mater. 2012, 209, 27–33. [CrossRef]

135. Liu, K.; Lv, J.; He, W.; Zhang, H.; Cao, Y.; Dai, Y. Major factors influencing cadmium uptake from the soil into wheat plants.
Ecotoxicol. Environ. Saf. 2015, 113, 207–213. [CrossRef]

136. Greger, M.; Landberg, T. Role of rhizosphere mechanisms in Cd uptake by various wheat cultivars. Plant Soil 2008, 312, 195–205.
[CrossRef]

137. Dahlin, A.S.; Eriksson, J.; Campbell, C.D.; Öborn, I. Soil amendment affects Cd uptake by wheat—Are we under estimating the
risks from chloride inputs? Sci. Total Environ. 2016, 554, 349–357. [CrossRef]

138. Ci, D.; Jiang, D.; Wollenweber, B.; Dai, T.; Jing, Q.; Cao, W. Cadmium stress in wheat seedlings: Growth, cadmium accumu-la-tion
and photosynthesis. Acta Physiol. Plant. 2010, 32, 365–373. [CrossRef]

139. Hart, J.J.; Welch, R.M.; Norvell, W.A.; Kochian, L.V. Characterization of cadmium uptake, translocation and stor age in near-
isogenic lines of durum wheat that differ in grain cadmium concentration. New Phytol. 2006, 172, 261–271. [CrossRef] [PubMed]

140. Harris, N.S.; Taylor, G.J. Cadmium uptake and translocation in seedlings of near isogenic lines of durum wheat that differ in
grain cadmium accumulation. BMC Plant Biol. 2004, 4, 1–12. [CrossRef] [PubMed]

141. Harris, N.S.; Taylor, G.J. Cadmium uptake and partitioning in durum wheat during grain filling. BMC Plant Biol. 2013, 13, 103.
[CrossRef] [PubMed]

142. Riesen, O.; Feller, U. Redistribution of nickel, cobalt, manganese, zinc, and cadmium via the phloem in young and maturing
wheat. J. Plant Nutr. 2005, 28, 421–430. [CrossRef]

143. Van der Vliet, L.; Peterson, C.; Hale, B. Cd accumulation in roots and shoots of durum wheat: The roles of tran spiration rate and
apoplastic bypass. J. Exp. Bot. 2007, 58, 2939–2947. [CrossRef]

144. He, J.Y.; Zhu, C.; Ren, Y.F.; Yan, Y.P.; Jiang, D. Genotypic variation in grain cadmium concentration of lowland rice. J. Plant Nutr.
Soil Sci. 2006, 169, 711–716. [CrossRef]

145. Sasaki, A.; Yamaji, N.; Feng, M.J. Overexpression of OsHMA3 enhances Cd tolerance and expression of Zn trans porter genes in
rice. J. Exp. Bot. 2014, 65, 6013–6021. [CrossRef]

146. Tian, S.; Liang, S.; Qiao, K.; Wang, F.H.; Zhang, Y.X.; Chai, T.Y. Co-expression of multiple heavy metal transport ers changes the
translocation, accumulation, and potential oxidative stress of Cd and Zn in rice (Oryza sativa). J. Hazard Mater. 2019, 380, 120853.
[CrossRef]

147. Liu, N.; Huang, X.M.; Sun, L.M.; Li, S.S.; Chen, Y.H.; Cao, X.Y.; Wang, W.X.; Dai, Y.L. Screening stably low cadmium and
mod-erately high micronutrients wheat cultivars under three different agricultural environments of China. Chemosphere 2020,
241, 125045. [CrossRef]

148. Zhang, L.; Zhang, C.; Du, B.Y.; Lu, B.X.; Zhou, J.; Zhou, Y. Effects of node restriction on cadmium accumulation in eight Chi-nese
wheat (Triticum turgidum) cultivars. Sci. Total Environ. 2020, 725, 138158. [CrossRef]

149. Chen, Y.R.; Zhang, Q.F.; Fu, B.S.; Cai, S.; Wu, J.D.; Chen, Y. Differences of lead, cadmium and zinc accumulation among Chi-nese
wheat mini-core collections germplasms and screening for low Pb, Cd and Zn accumulative cultivars in grains. J. Nanjing Agric.
Univ. 2017, 40, 393–399.

150. Qiao, K.; Wang, F.; Liang, S.; Wang, S.; Chai, T. New biofortification tool: Wheat Ta CNR5 enhances zinc and manganese tol-erance
and increases zinc and manganese accumulation in rice grains. J. Agric. Food Chem. 2019, 67, 9877–9884. [CrossRef]

151. Liu, N.; Miao, Y.; Zhou, X.; Gan, Y.; Liu, Y.; Wang, W.; Dai, J. Roles of rhizospheric organic acids and microorgan isms in mer-cury
accumulation and translocation to different winter wheat cultivars. Agric. Ecosyst. Environ. 2018, 258, 104–112. [CrossRef]

152. Wong, S.; Li, X.; Zhang, G. Heavy metals in agricultural soils of the Pearl River Delta, South China. Environ. Pollut. 2002, 119,
33–44. [CrossRef]

153. Appel, C.; Ma, L.Q. Concentration, pH, and surface charge effects on cadmium and lead sorption in three tropical soils. J. Environ.
Qual. 2002, 31, 581–589. [CrossRef]

http://doi.org/10.1007/s00425-015-2276-6
http://doi.org/10.1016/j.scitotenv.2019.136013
http://doi.org/10.2134/jeq2006.0492
http://doi.org/10.1007/s10653-015-9695-y
http://www.ncbi.nlm.nih.gov/pubmed/25841357
http://doi.org/10.1093/jxb/err455
http://www.ncbi.nlm.nih.gov/pubmed/22291135
http://doi.org/10.1016/j.jhazmat.2017.02.041
http://www.ncbi.nlm.nih.gov/pubmed/28273574
http://doi.org/10.1007/s11738-010-0498-6
http://doi.org/10.1007/s00374-013-0886-3
http://doi.org/10.1016/j.jhazmat.2011.12.041
http://doi.org/10.1016/j.ecoenv.2014.12.005
http://doi.org/10.1007/s11104-008-9725-y
http://doi.org/10.1016/j.scitotenv.2016.02.049
http://doi.org/10.1007/s11738-009-0414-0
http://doi.org/10.1111/j.1469-8137.2006.01832.x
http://www.ncbi.nlm.nih.gov/pubmed/16995914
http://doi.org/10.1186/1471-2229-4-4
http://www.ncbi.nlm.nih.gov/pubmed/15084224
http://doi.org/10.1186/1471-2229-13-103
http://www.ncbi.nlm.nih.gov/pubmed/23856013
http://doi.org/10.1081/PLN-200049153
http://doi.org/10.1093/jxb/erm119
http://doi.org/10.1002/jpln.200525101
http://doi.org/10.1093/jxb/eru340
http://doi.org/10.1016/j.jhazmat.2019.120853
http://doi.org/10.1016/j.chemosphere.2019.125065
http://doi.org/10.1016/j.scitotenv.2020.138358
http://doi.org/10.1021/acs.jafc.9b04210
http://doi.org/10.1016/j.agee.2018.02.005
http://doi.org/10.1016/S0269-7491(01)00325-6
http://doi.org/10.2134/jeq2002.5810


Toxics 2022, 10, 794 23 of 24

154. Shaheen, S.M. Sorption and lability of cadmium and lead in different soils from Egypt and Greece. Geoderma 2009, 153, 61–68.
[CrossRef]

155. Ning, Y.Z.; Zhang, X.M.; Li, B.Z.; Wang, Y.J.; Guo, J.C. Distribution of Cd and Cu fractions in Chinese soils and their relation-ships
with soil pH: A meta-analysis. Sustainability 2019, 11, 337. [CrossRef]
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