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Abstract: Cadmium (Cd) pollution in paddy soils causes a great threat to safe rice pro-
duction in China. In this review, we summarized the key advances in the research of Cd
pollution sources and statuses in Chinese soil and rice, explore the mechanisms of Cd
transformation in the rice—soil system, discuss the agronomic strategies for minimizing
Cd accumulation in rice grains, and highlight advancements in developing rice cultivars
with low Cd accumulation. Anthropogenic activity is a main source of Cd in farmland. Cd
in soil solutions primarily enters rice roots through a symplastic pathway facilitated by
transporters like OsSNRAMPS5, OsIRT1, and OsCd1, among which OsNRAMPS is identified
as the primary contributor. Subsequently, Cd translocation is from roots to grains through
the xylem and phloem, regulated by transporters such as OsHMA?2, OsLCT1, and OsZIP7.
Meanwhile, Cd sequestration in vacuoles controlled by OsHMAS3 plays a crucial role in
regulating Cd mobility during its translocation. Cd accumulation in rice was limited by the
available Cd concentration in soil solutions, Cd uptake, and translocation in rice plants.
Conventional agronomic methods aimed at reducing grain Cd in rice by suppressing Cd
bio-availability without decreasing soil Cd content have been proven limited in the remedi-
ation of Cd-polluted soil. In recent years, based on the mechanisms of Cd absorption and
translocation in rice, researchers have screened and developed low-Cd-accumulation rice
varieties using molecular breeding techniques. Among them, some new cultivars derived
from the null mutants of OsNRAMP5 have demonstrated a more than 93% decrease in
grain Cd accumulation and can be used for applications in the next years. Therefore, the
issue of Cd contamination in the rice of China may be fully resolved within a few years.

Keywords: rice; cadmium pollution; transporters; molecular breeding; low-Cd-
accumulation rice

1. Introduction

Cadmium (Cd) is a heavy metal element that is nonessential and toxic to living things,
and is a group I human carcinogen element [1]. Cd can be spread in all the organs in the
human body through the blood and most Cd accumulates in the liver, kidneys, and bone.
Excessive intake of Cd causes damage to these tissues and results in cancer [1]. Absorption
from soil by roots is the major resource of Cd accumulation in plants [2,3]. Cd is widely
distributed in natural environments, accumulating in geological backgrounds at a low
level except in some mine rocks [4-6]. However, Cd concentrations in soil are increasing
rapidly due to human activity. Cd and minerals containing Cd elements are widely utilized
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in both agriculture and industry [4,7,8]. It is reported by a nationwide survey that 7%
of China’s farmland is polluted by Cd [9,10]. An assessment of dietary Cd exposure in
the Chinese population indicated a significant health risk for certain sub-groups, such
as children (4-11 years old) living in the south of China [11]. Some scholars also gave
suggestions that individuals residing near mining sites face a high risk of Cd exposure,
highlighting the danger posed by Cd-polluted soil in China [12-15].

Cadmium is easily transferred from soil to food crops, with approximately 90% of
exposure in non-smokers coming from their dietary food intake [16]. In recent years, Cd
is widely detected in Chinese food samples, such as rice and vegetables. As a staple food,
rice contributes more than 55% of the intake of dietary Cd in Chinese populations [11]. In
addition, rice has a stronger ability of Cd accumulation compared to other cereal crops,
including wheat, barley, and maize [2]. Recently, the survey of Cd concentration from
6678 samples at a national scale from China showed that about 10% of rice samples were
above the national limits in China [17]. Thus, restricting the movement of Cd from the soil
to rice grains is essential to protect human health in China.

The movement of Cd from the soil to rice grains is constrained by several factors,
such as the availability of Cd in the soil solution, its absorption by rice roots, and its
transport and distribution within the rice plant, as elucidated by recent research. In the
last decade, advancements have been achieved in understanding how Cd is transported in
rice plants, how Cd form changes in the soil-plant system, and the different agronomic
management practices to decrease Cd availability in paddy soil [2,18-23]. In addition, rice
cultivars with a low Cd accumulation have been screened and developed to ensure safe
grain production in Cd-contaminated paddy soils [24-27]. In this review, we provide a
comprehensive overview, focusing on the sources and status of Cd pollution in soil and rice
of China, the mechanism of Cd transport and distribution in rice, approaches for reducing
Cd accumulation in rice grain, the development of low grain-Cd-accumulation cultivars,
and discuss the future perspectives on producing Cd-safe rice in Cd-polluted paddy soil.

2. Sources and Status of Cadmium Pollution in China

Cadmium is a trace element and widely distributed in the environment [5]. Under
natural conditions, the main contributors of Cd in agricultural soil are atmospheric deposi-
tion and rock weathering [5,18]. Soil Cd primarily originates from anthropogenic activities,
including the deposition of particles from industrial and transport emissions, agricultural
use of pesticides and fertilizers, wastewater irrigation, and the application of sewage sludge
amendments [5,18,28,29]. With the advancement of industry and agriculture, a clear up-
ward trend in Cd concentration has been observed in various soils in China from 1975 to
2020 [14,30,31]. Studies have shown that the Cd levels in all samples exceeded the national
background soil standard in China (0.097 mg/kg), indicating that external sources of Cd
have been introduced into Chinese soil due to anthropogenic activities [7,14,31].

In the last decades, Cd contamination in soil has garnered significant attention in China.
A review collecting more than 4170 previously published data showed that Cd concentra-
tion in industry, mining, agricultural, and other area soil ranges are 0.02-703.95 mg/kg,
0.03-452.00 mg/kg, 0.00-1075.89 mg/kg, and 0.002-302.40 mg/kg, with mean values of
417 mg/kg, 10.12 mg/kg, 1.72 mg/kg, and 1.78 mg/kg, respectively [28]. Among the
various soil types, Cd pollution was most severe in the soil adjacent to mines, especially
around lead-zinc mine areas [14,28]. The review, which focused on soil Cd around mines in
China from 2000 to 2020, showed that Cd is being released to soil every year and more than
93% soil samples had a Cd content that exceeds the standard value of security utilization
for planting crops (0.3 mg/kg, GB 15618-2018) [14]. Thus, the mining areas of China pose a
high risk of Cd contamination in soil.
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According to the last nationwide survey of soil capability, Cd pollution affects 7%
of agricultural land in China [9]. After analyzing 31,539 data from 136 papers, it was
revealed that average Cd concentrations in paddy soil range from 0.018 to 4.230 mg/kg
and approximately 50% of the samples have Cd levels above 0.3 mg/kg [18]. This indicates
that about half of paddy soil in China was classified out of “security utilization region”.
It has been reported that Cd pollution in paddy soil is prevalent in most rice planting
areas of China, especially in the southwest and southeast of China [18,29]. We analyzed
the Cd concentration of paddy soil in data used in the review of Zou et al. [18], and
found clear increasing trends in the Cd concentration in paddy soil of the four Hunan,
Zhejiang, Jiangsu, and Guangdong provinces from 2002 to 2019 (Figure 1). In addition, Cd
content in topsoil is increasing at a rate of 4 ug/kg/y because of the Cd input of natural
resource and anthropogenic activities [3,9]. Considering the long biological half-life of Cd
in the environment, the situation of Cd contamination in soil will worsen without effective
methods to remove Cd from paddy soils [5,30]. A prediction of results for the year 2050
suggests that the average Cd concentration in the farmland of Zhejiang province will rise
to 0.30 mg/kg at the current rate of increase, and more than 60% of the agricultural soil
will be categorized outside of “security utilization region” [31]. It can be inferred that if no
effective strategies are implemented to remove Cd from soil, most farmland in China will
follow a similar trend. Consequently, there will be a greater threat of Cd pollution in grains
to food security in China.
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Figure 1. The change of Cd concentration in paddy soil in the last decades. (a—d) show Cd concentra-
tion in the paddy soil of Hunan, Zhejiang, Jiangsu, and Guangdong province, respectively.

The health risk associated with dietary Cd exposure was evaluated using the provi-
sional tolerable monthly intake (PTMI) value. It was recommended by the Joint FAO/WHO
Expert Committee on Food Additives (JECFA) and the European Food Safety Authority
(EFSA) that a PTMI value of 25 nug/kg body weight per month, equivalent to 21.4 pg/day
for an average body weight of 60 kg, is considered for Cd exposure [32]. The 6th total diet
study (TDS) covering about 86% of the population from 24 provinces during 2016-2019
estimated the average dietary Cd intake for the Chinese population to be 17.3 pg/day [33],
which is lower than the TDS for Japan and Bangladesh but higher than most European
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countries and South Korean [32]. However, in regions with a high risk of Cd exposure, such
as Hunan province, the Cd intake of adults exceeded the PTMI [33]. Therefore, minimizing
the Cd concentration in foods plays an essential role in the health of Chinese residents.

Rice is the staple food of residents across China, no matter if they are in the north
or south [32,33]. Research on Cd levels in 67,608 food samples across China revealed
that rice had an average grain Cd concentration of 0.062 mg/kg, which was much higher
compared to other cereal crops [11]. Consequently, rice has been recognized as a primary
contributor to the dietary Cd intake for the population in China [11,18,34]. Another survey
indicated that the average grain Cd concentration in the rice of China was 0.229 mg/kg [18].
The Cd level in rice grains showed an increasing tendency from north to south, with rice
from the Yangtze River Valley having higher concentrations than rice from other planting
regions [18]. Nonetheless, in certain areas, such as Xiangtan city in Hunan province,
approximately 88% of rice samples exceeded the Cd standard [35]. In recent years, the
national and provincial governments have funded and used strategies and technologies to
reduce and supervise the grain Cd concentration in rice planted in contaminated paddy soil.
For example, market-release inspection systems and the annual rice special monitoring and
evaluation project are working to prevent any rice exceeding the national limit (0.2 mg/kg).
The same standards, like the limit in phosphate fertilizers of no more than 60 mg Cd/kg
P,0s5, were set to prevent more Cd input into agricultural soil. Technologies to reduce
the available Cd content in soil and low-Cd-accumulation rice varieties are being using to
minimize Cd accumulation in rice grains. Based on these efforts of governments, the rate
of grain Cd concentrations exceeding the standard has decreased significantly. However,
surveys in China’s three key rice-growing areas (the Yangtze River basin, Southeast coastal
region and the Northeast Plain) indicated that about 10% of rice samples still had grain
Cd concentrations above the standard [17], which suggests a high risk of Cd pollution in
rice still exists in China. Moreover, evidence suggested that Cd increases the risk of cancers
even at exposure levels lower than the JECFA limit [36]. Therefore, it is crucial to keep a
low Cd level in rice grains.

3. Measures for Minimizing Cd Accumulation in Rice Grains

The transfer of Cd from soil to rice grains is limited by factors such as the Cd available
in soil, Cd absorption by roots, and the transport and distribution within rice plants.
Reducing the soil Cd content or limiting Cd transport within the soil-rice system are the
ways to produce Cd-safe rice in contaminated paddy soil. For now, some practices have
been implemented to trap Cd in soil to decrease its absorption by rice roots. These practices
include alkalizing soil through the application of lime, altering the redox potential of soil
by regulating the irrigation of paddy soil and reducing the Cd availability concentration in
soil using organic amendments [20,22,23,37]. It was reported that the Cd concentration in
rice grains reduced by 2.85-56.2%, 37.9-90.4%, and 17-62% after the application of lime,
continuous flooding and biochar, respectively [20,37]. However, these practices do not
minimize the total Cd content in soil; Cd in soil particles will be released again with the
acidification of soil solution. Arsenic (As) accumulation in grains of rice has been observed
to increase by about 50% when plants were treated with a long-term flood during the filling
period, which decreases the grain Cd concentration [38]. In addition, some researchers
have aimed to remove Cd from agricultural soil through planting Cd hyper-accumulation
plants, such as rapeseed and ornamental plants, and a special high-Cd rice variety lacking
the function of OsHMAS3 [39-41]. However, this approach has poor feasibility for soils
with medium to light Cd contamination due to the potential negative impact on farmers’
economic benefits. Other scholars recommend interplanting rice with oilseed rape to
achieve “repairing while producing” in Cd-polluted fields [42,43]. However, rice cultivars
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with low Cd accumulation are fundamental for ensuring Cd-safe rice grains in polluted
paddy soils [42,44].

4. Molecular Mechanisms of Cd Absorption and Translocation to
Rice Grains

The process of Cd translocation from roots to grains involves its absorption by epider-
mis and exodermis cells in roots, loading into the xylem through crossing cells of cortex,
endodermis, pericycle, and stele, transport to above-ground tissues through the xylem
with transpiration, distribution, and redistribution in tissues through the phloem [2,45].
Over the last few decades, advancements have been achieved in comprehending how Cd is
absorbed and transported in rice plants.

4.1. Transporters Involved in Cd Uptake by Roots

Cd is a harmful and unnecessary element for plants. There are two ways of Cd entry
into plant roots: apoplastic and symplastic transport [46]. Cd can be absorbed by root tips
via the apoplastic pathway [46]. But major Cd was absorbed by root through the symplastic
transport pathway [45,46]. As there are no special Cd-selective transporters in cells, Cd
influx into rice cells is through plasma membrane transporters, which involves the uptake
of some divalent cations, such as calcium (Ca2*), iron (Fe2*), zinc (Zn?*), and manganese
(Mn2+) [2,45,46]. Transporters from some families have been characterized as contributors
to Cd uptake in rice (Figure 2). These transporters include OsIRT1 and OsIRT2 from iron-
regulated transport (IRT) family [47-49], OsZIP5/6/9 from the zinc/iron-like protein (ZIP)
family [45,50,51], OsNRAMP1 and OsNRAMPS5 from the natural resistance-associated
macrophage protein (NRAMP) family [24,52-54], OsCAX2 from the cation (Ca?*)/H*
exchanger (CAX) family [55], and OsCd1 from the major facilitator super family [56].

X L (c) OszIP2
»  xylem transport @+ Cdion in soil 0sZIP7

) phloem transport =) Cd translocation OsNRAMPS %y,
=) g uptake by roots OSEHMAZ %7 %\ 1 0sCCX2
- /3 * z ° OSHMA9

x >~ e —

2

OsLCD

vacuole
OsLCT1 0sCAX2

‘OsPDR20

osl
,,_[ﬁ 9
& = %‘70

‘/05\@“8“

{ 2 2
\ o
\\ vacuole } E

0s 3
&"713%3 %Q,y osZiP1/3/7
K
“/ & s

OsPIR20

<~ pericycle
pericyc
L
endodermfs
1|1

Figure 2. Diagram of Cd transfer from soil to rice grains. (a) The transfer route of Cd from soil to
rice grains. (b) The transfer route of Cd in roots. (¢) Transporters involved in Cd distribution and

redistribution in tissues above ground. (d) Transporters involved in long distance transport of Cd
from roots to shoots. (e) Transporters involved in Cd uptake by roots.

Among these transporters, OsNRAMPS is a Mn transporter and involved in Cd
uptake by roots from soil solutions [24,54,57,58]. Previous studies have revealed that Os-
NRAMPS is polarized, localized at the distal sides of the exodermis and endodermis in rice
roots [2,57,59]. The loss of function or knockout of OsNRAMPS greatly reduced Cd uptake
by roots across different external Cd levels [24,52,58,60,61]. In fields with varying levels of
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Cd pollution, the grain Cd concentration in OsNRAMP5 mutants cultivated were reduced
by more than 93% [24,58,60]. Cd uptake was also regulated by altering the expression of
OsNRAMPS in rice. Cd accumulation in rice was inhibited by the application of external
Mn?* on seedlings, through the negative regulated expression of OsNRAMP5 [62]. It was
also found that Cd uptake was inhibited by OsYSL2 through suppressing OsNRAMP5
expression by a systemic signaling pathway [63]. Compared with wild type, Cd concentra-
tion in the shoots of nramp5 knockout lines were decreased by 95.5-96.5% and 92.6-92.7%
under 0.1 and 0.5 uM Cd exposure conditions, while Cd in grains of nramp5 knockout lines
were decreased by 95.5-96.5% and 80.5-81.0% when planted in pots with 0.7 mg/kg and
8.6 mg/kg Cd in the soil [61]. In addition, OsNRAMPS is reported to be involved in Cd
distribution in rice [64]. These studies indicate that OsSNRAMPS is the major contributor
to Cd uptake by roots in rice. Therefore, it is recognized as a crucial gene to create rice
varieties with low Cd accumulation in grains.

4.2. Transporters Involved in Cd Transfer from Roots to Shoots

To protect the above-ground tissues from Cd toxicity under Cd stress, most Cd is
trapped in the roots of rice. The Cd long distance transport, controlled by the xylem, limits
Cd accumulation and distribution in tissues above-ground in the rice plant. In order to
reduce Cd transport from roots to shoots through the xylem, most Cd in cytoplasm is
sequestrated in vacuoles after being taken up into root cells. This process is regulated
by transporters localized at tonoplasts, such as OsHMA3, OsABCC9, OsNRAMP2, and
OsCAX2 [2,45,65]. OsHMA3, a member of the heavy metal-transporting ATPase family,
mediates Cd efflux into vacuoles [66]. The mutants of OsHMA3 have been detected with a
significant variation of Cd accumulation in the tissues of rice and double Cd levels in xylem
sap [67-70]. Knockout of OsHMA3 enhances Cd sensitivity and inhibits rice plant growth
due to increased Cd transport to above-ground tissues, and results in a 4.6-fold increase in
grain Cd accumulation [68]. Liu et al. discovered that grain Cd accumulation in Indica rice
was reduced to 43.4% after replacing the promoter of OsHMA3 with the natural variation of
PA64s variety [70]. In addition, OsABCC9 functions as a Cd influx transporter at tonoplasts,
contributing to Cd tolerance and accumulation in rice [71]. Knockout of OsABCC9 results
in more Cd moving from roots to shoots and elevating Cd concentration in the xylem sap,
shoot, and grains [71]. Interestingly, OsABCC9 acts as an “early” and non-continuous gene
response to relatively high Cd exposure, was rapidly induced in roots by Cd treatment. It
has been proved that OsNRAMP2 is a tonoplast-localized transporter, responsible for Cd
pumping out from vacuoles and involved in Cd transport in the xylem [72,73]. The grain
Cd concentration was reduced by 38% in the OsNRAMP2 knockout lines but increased
more than 50% in the over-expression lines [73]. OsCAX2 is primarily expressed in root
exodermis, cortex parenchyma, endodermis, and stele cells, promoting Cd sequestration in
root vacuoles, and minimizing Cd transport from roots to shoots [65]. Cd sequestration
in vacuoles is significantly decreased in OsCAX2 knockout lines but increased in over-
expression lines. The grain Cd concentration in knockout lines increased by about two
times, while it decreased by more than 90% in the over-expression lines [65].

Before being loading into the xylem, Cd needs to cross multiple cell layers from
the exodermis to the stele in roots. In the process, Cd crosses the plasma membrane,
with an influx into and efflux from cells by transporters localized at cell membranes.
On the one hand, OsHMA2, OsCAX2, OsLCD, OsZIP2/5/6/9, and OsNRAMP5 are a
response to the Cd influx into cells and co-regulate Cd loading into the xylem and its
transport over a long distance in rice [2,45,58]. OsHMAZ2 expressed in the stele cells of
rice roots positively regulates Cd transport from roots to shoots. Cd concentration in
shoots and grain significantly decreases in the OsHMA2 knockout lines relative to that in
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wild type plants [74-76]. OsLCD expressed in the vascular tissues in roots and phloem
companion cells in leaves is in response to Cd loading into the xylem and phloem [77]. The
Cd concentration in the grains decreases more than 43% in the lcd mutant than in wild
types [77]. More than 18% Cd accumulation is reduced by mutating OsLCD across different
rice genotypes [78]. In addition, OsNRAMPS5 may be involved in Cd transport through
the xylem. The movement of Cd from roots to shoots was stimulated after knockout of
OsNRAMP5 in rice, but decreased in the OsNRAMPS5 over-expressed lines and duplication
lines [59,61,64]. However, it was found that Cd transport through xylem and phloem were
both inhibited in the lcd1 (a mutant with a SNP change in OsNRAMPS5), compared with
that in WT [58]. Recently, OsCAX2 is reported to be localized at the plasma membrane and
is expressed in most tissues throughout the growth period of rice plants, and is especially
strongly expressed in the exodermis and endodermis of primary roots. Compared with
wild type seedlings, Cd concentration decreased by 24.4-39.2%, 56.0-62.6%, and 36—63%
in roots, shoots, and grains of OsCAX2 knockout lines, respectively [55], which suggested
that OsCAX2 is involved in Cd loading into the xylem through regulating the Cd influx
into the cells of exodermis and endodermis in roots.

On the other side, transporters such as OsHMA9, OsZIP1/7, OsCCX2, OsLCT2,
OsABCG36, and OsPDR20 mediated the efflux of Cd from the cytoplasm of cells in
roots [2,45,79,80]. Lee et al. demonstrated that OsHMAY is a metal efflux protein lo-
calized at plasma membrane and found that its expression increases in response to high Cd
concentrations [79]. OsZIP1/7 responds to the xylem transport of Zn and Cd, localizes at
parenchyma cells of vascular bundles in roots and nodes, and regulates Cd accumulation
in the developing tissues and grains [81,82]. OsLCT2 was highly expressed in stele cells
and regulated Cd loading into the xylem. More than 30% of Cd accumulated in rice grains
after OsLCT2 was over-expressed in rice [26]. OsCCX2 was highly expressed in the nodes
of rice. Grain Cd concentration was decreased by 48% in the knockout lines because of
a lower Cd transfer ratio from roots to shoots [83]. OsABCG36 localizes in all root cells
except the epidermal cells and is required for Cd tolerance in rice. The transcript level of
OsABCG36 was induced at a low level under Cd stress in roots. Knockout of OsABCG36
resulted in a significant increase in Cd concentration in roots but did not change the Cd
accumulation in shoots [84]. OsPDR20 is a member of the ATP binding cassette transporter
G family (ABCG), which encodes a Pleiotropic Drug Resistance 20 type metal transporter.
OsPDR20 localizes at the plasma membrane of cells and is expressed in almost all tissues
and organs in the lifespan of rice, responding to an efflux Cd from the cytoplasm [80]. Cd
concentration is increased 2.79-, 2.97-, and 2.03-fold in the culm, rice, and husk of rice after
suppressing the expression of OsPDR20 [80].

Among all the transporters above, OsHMAZ3 is the major contributor to Cd accumula-
tion in grains controlled by xylem transport in rice. Thus, OsHMA3 is a promising gene to
create low-Cd-accumulation rice [70,85].

4.3. Transporters Involved in Cd Redistribution Through Phloem Transport

In rice, Cd is distributed into leaves and other tissues above ground through xylem
transport at the vegetative growth stage, but is redistributed into grains mainly through
phloem transport at the reproductive growth stage [2]. In this process, transporters, such
as OsHMA2, OsLCT1, OsLCD, and OsZIP7, localize at the plasma membranes of cells
around the phloem in enlarged and diffuse vascular bundles (EVBs and DVBs, respectively)
and have been demonstrated to be involved in Cd transfer from the xylem to phloem
in node I and regulating Cd redistribution into grains [2,45,75,77,82,86,87]. In DVBs, Cd
was taken up from the xylem by OsHMA2 and loaded into the phloem sieve tubes by
OsLCT1 [2]. In the EVB, Cd was pumped out from cells by OsZIP7 and loaded into
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phloem sieve tubes by OsLCT1 [2]. In addition, OsLCD and OsCAX2 were reported to be
expressed in the vascular nodes and may be involved in Cd loading into phloem [55,65,77].
Another Cd influx transporter, OsZIP2, was strongly expressed in the EVB and was also
demonstrated to function in Cd inter-vascular transfer in nodes and to be involved in the
regulation of Cd accumulation in rice grains [88]. Knocking out of OsZIP2 reduced the
Cd inter-vascular transfer from EVBs to DVBs and thus more Cd remains in flag leaves
but with less Cd translocation to the seeds, which resulted in more than 41.2% decrease
of Cd accumulation in grains [88]. Sequence variation in promoter-induced different
transcript levels of OsZIP2 contributes to a range of grain Cd concentrations from 0.074 to
2.27 mg/kg among 23 rice germplasms [88]. Recently, Zhang et al. found that the mutation
of OsNRAMPS reduced the Cd phloem transport mediated by OsLCT1 [58]. In addition, it
was reported that OsNRAMPS5 is expressed in the parenchyma cells surrounding the xylem
and phloem in leaves, stems, nodes, clums, panicles, spikelets, and hulls, and contributed
to the translocation and distribution of Mn in rice shoots [89]. Thus, OsSNRAMP5 may have
a similar function to OsLCT1, which regulates Cd transport through phloem in rice.

Moreover, OsMTP11 is a mental tolerance protein and is mainly expressed in leaf
vascular parenchyma cells, aiding in the sequestration of Cd in vacuoles and limiting its
movement into grains. Compared with wild type plants, the ratio of Cd transfer from flag
leaves to grains was 31.3% lower and 29.4% higher in OE and RNA:I lines of OsMTP11;
the grain Cd concentration was decreased by 18.0% in OE lines and increased 12.8% in
RNAI lines, respectively [90]. OsCAX2 was reported as being transporter localized at the
tonoplasts of the cells of all the different tissues, which means OsCAX2 may be involved in
Cd sequencing in the vascular system and inhibits Cd transfer from xylem to phloem [55,65].
OsNRAMP2 is an efflux transporter localized at tonoplasts and is expressed in all the tissues
of rice [73]. Thus, OsNRAMP?2 responses to Cd transfer differs from vacuoles to cytoplasm.

Furthermore, a Cd efflux transporter OsCCX2 was found specially expressed in the
parenchyma cells of EVB and DVE around the xylem and phloem in node I [83], which
suggested that OsCCX2 may be involved in mediating Cd efflux from the parenchyma cells
and controlling the movement of Cd from xylem to phloem and its accumulation in grains.
OsHMAJY was reported expression in the vascular system of leaf sheaths and nodes, which
means OsHMAJY is involved in Cd transfer into the phloem [79].

5. The Research Progress in Breeding Low-Cd-Accumulation
Rice Cultivars

Cadmium-contaminated soils are the major contributor to Cd accumulation in rice
grains. Lowering the Cd content in soil and preventing its accumulation in rice grains are
the fundamental approaches to safe production of rice planted on Cd-polluted soils
mboxciteB91-foods-3603334,B92-foods-3603334. Due to Cd’s characteristics of a long half-
life and being non-degradable, it is highly challenging to remediate Cd-contaminated
soils [92]. Thus, screening and cultivating low-Cd-accumulating rice varieties is a promising
and necessary pathway to solve the problem of excess Cd accumulation in grains of rice
planted in contaminated paddy soil.

5.1. Screening of Emergency Low-Cd-Accumulation Rice Cultivars Through
Conventional Methods

It was demonstrated that Cd grain accumulation can vary significantly among geno-
types. Thus, some rice cultivars with low Cd accumulation can be screened through
comparing grain Cd levels under the same Cd pollution conditions [25,27,93]. In the past
decade, several emergency rice varieties with low-Cd-accumulation in grains have been
selected in different provinces of China. However, it takes a long time to screen “emergency
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low-cadmium varieties” through conventional methods. In addition, these cultivars often
exhibit an unstable reduction of grain Cd accumulation; grain Cd levels might above
0.2 mg/kg when the rice was cultivated in moderately or highly contaminated fields [93].
For now, few varieties screened by the above method are commercially and cultivated
widespread in China. Thus, to ensure rice safety production in paddy fields contaminated
with Cd, it is critical to breed the real low-cadmium varieties with a grain containing Cd at
levels lower than 0.2 mg/kg under the conditions of mild or moderate Cd pollution.

5.2. Construction and Utilization of Low-Cd-Accumulation Rice Cultivars

With the advantage of biotechnology, technologies such as mutagenesis breeding, gene
editing, genetic engineering and molecular design-assisted breeding have been used to
create rice germplasm with the trait of low Cd accumulation in rice grains [24-26,78,94].

Mutagenesis breeding was based on the genetic mutations induced by physical
or chemical agents, and followed by phenotypic screening for low grain Cd accumula-
tion [24,95]. For now, OsNRAMPY5 is the main breeding target as it is the major contributor
to Cd uptake in rice. In 2012, Ishikawa et al. irradiated the seeds of Koshihikari (Japonica
rice) with high-energy carbon ion beams and created three mutants named Icd-kmt1, lcd-
kmt2, and lcd-kmt3 [57]. The grain Cd of the mutants was significantly decreased by 99.7%
compared to wild type [57]. However, the production of rice declined in rice plants after
losing the function of OsNRAMP5 due to reducing Mn accumulation [57,96]. The mutation
of OsNRAMP5 in ZH-11 caused a yield reduced to 11% of its original productivity, which
negated the value of this mutant [96]. It should be noted that a core germplasm Icd1 (low
Cd accumulation) was created by our group, the China National Rice Research Institute
(CNRRI), through EMS chemical mutagenesis from 9311 (Yangdao 6) cultivar [24]. It was
demonstrated that the single base mutation in OsNRAMP5 induced a significant reduction
of the grain Cd concentration by more than 93% without an observed change in agronomic
traits and grain quality [24]. Based on Icd1, the subsequent varieties series, such as Zhong’an,
Anliangyou, and Qinglian, were developed and demonstrated a significant reduction of
grain Cd accumulation. Over the later few years, Chinese research has created some low Cd
accumulation mutations of OsNRAMPS5 utilizing mutagenesis techniques [97,98]. Based on
these germplasms, some cultivars have been constructed [97-100]. For now, these cultivars
have been planted over 2 million acres in Hunan and Jiangxi provinces and may promote
cleaning the problem of Cd in rice grains exceeding the standard in China.

Gene editing (e.g., ZFN, TALEN, CRISPR/Cas9) enables a precise modification of
target genes. Among them, the CRISPR/Cas9 technique is the most commonly utilized
approach with the characteristics of low cost, ease, and speed of operation [78,101,102].
As the key gene for Cd uptake, OsNRAMPS5 was the main target for CRISPR/Cas9 to edit
mutant or knockout lines with a low Cd accumulation in rice. Some researchers used
CRISPR/Cas9 to knockout OsNRAMP5 in parental lines to create low-Cd-accumulation
cultivars with a high stress tolerance [98,101,103]. Tang et al. achieved a 98% reduction
in hybrid offspring by knocking out OsNRAMP5 in the parents, Huazhan and Longke
6385 [103]. In addition, knockout of other genes encoding Cd transporters was also used to
generate low-Cd-accumulation mutants. Hao et al. knocked out OsCCX2 and produced
mutants (ccx2-1, ccx2-2) with half of brown rice Cd levels compared to wild type [83]. Chen
et al.’s knockout of OsLCD generated low-Cd-accumulation rice germplasms with an 18%
to 27% decrease of brown rice Cd levels under different backgrounds [78]. Tan et al. created
oszip7 mutants with a 10% lower grain Cd compared to wild type [82].

Genetic engineering modifies grain Cd accumulation via changing the expression of
genes relative to Cd uptake, transport, and distribution [104]. Gene expression suppressed
through knockout by RNAi or T-DNA inserts and over-expression were the main methods
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for genetic engineering [105]. Sasaki et al. found that knocking out OsNRAMPS by RNAi
technology reduced grain Cd but impaired the growth and yield of rice [96]. Shimo
et al. identified a T-DNA insertion mutant of LCD (lcd) with 43-55% lower grain Cd over
2 years [77]. Suppressing the expression of OsLCT1 by RNAI caused a halving of grain
Cd accumulation by inhibiting phloem transport [86]. OsLCT2 over-expression leads to a
reduction in Cd levels in the straw and grains of rice plants by 30.7-37.5% and 24.1-27.5%,
respectively [26]. Over-expression or knocking out of OsHMA?2 in Tsukinohikari (a Japonica
rice cultivar) both induced about 50% reduction of grain Cd accumulation [76]. Over-
expression of OsHMA3 slashed grain Cd concentration by 94-98% in Zhongjiazaol7 (an
Indica rice cultivar), without observed impairment of yield and micro-nutrient content in
grains [85].

Molecular design breeding technology integrates low Cd alleles with genes relative
to high yield, quality, and stress tolerance, enabling precise multi-trait improvement at
the same time [25,106]. Some nature variation in genes was reported between subspecies
of Indica and Japonica rice [56,67,70]. A low Cd allele in OsHMA3 promoter, GCC7%3!!
and GCC7"A%4s were identified among genotypes [70]. The grain Cd concentration was
reduced by 36.9% in Indica rice (9311) after introducing GCC7PA% into the promoter of
OsHMA3 [70]. A natural variation induced a missense mutation Val449Asp in OsCd1, which
affects grain Cd accumulation between rice subspecies [56]. Grain Cd accumulation reduced
about 20.9% and 30.4% in two independent Indica rice cultivars (9311 and Guichao2) after
carrying the Japonica allele OsCd1V44° [56]. Another research identified a natural 408 kb
deletion on chromosome 7, including the OsNRAMP5, from Luohong 3A and Luohong
4A caused by an insertion of the Tons transposon sequence [97]. Using molecular markers,
they bred a new rice variety, Xizi 3, and demonstrated it as a stable low- Cd-accumulation
cultivar [97]. In addition, chromosome segment substitution lines (CSSLs) were developed
and used as the core breeding materials to cross with CSSLs harboring other major QTLs
for essential mineral elements, such as CSSLEC7 (low grain Cd), CSSLGZCe (high grain
zinc), and CSSLGSE (high grain selenium) [107,108]. Based on them, CSSLECC7+GZC6 and
CSSLECC7+GSC5 exhibited a lower Cd concentration with higher Zn and Se concentrations
in grains, respectively [107]. These advancements provide technologies and materials
for constructing new rice cultivars with a low Cd accumulation, high yield, high stress
tolerance, and high quality at the same time.

6. Challenges and Future Perspectives

In the last years, standards for heavy metals found in rice and its production were pub-
lished at national and provincial levels, such as the National Food Safety Standard for limits
of contaminants in foods (GB 2762-2022) [109]. Some recommended low-Cd-accumulation
rice varieties and technologies for secure rice production on polluted paddy fields are
well-known and applied in the Cd-contaminated regions. For now, many emergent low-
Cd-accumulation cultivars are screened for special regions and ultra-low-Cd-accumulation
rice cultivars derived from mutants of OsNRAMPS5 are constructed through molecular
breeding technologies. In addition, some large-scale demonstration zones in different rice
planting areas have been established to test the stability of new cultivars under varying Cd
stress conditions in soil. Moreover, farmers should be encouraged to plant some adopted
certified low-Cd-accumulation cultivars. Based on the above discussions, the problem of
Cd pollution in rice production of China can be solved completely by combining these
low-Cd-accumulation varieties with optimized water and nutrient management practices
and technologies in the next years. However, there are some limitations and challenges to
develop novel super rice cultivars with low-Cd-accumulation in grains.
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Firstly, the above low-Cd-accumulation cultivars were derived from the mutants of
OsNRAMP5. There is an unveiled critical challenge in balancing Cd and Mn accumulation
in rice. Most research has shown that Mn accumulation decreased significantly with
the minimizing of Cd accumulation in grains of these low-Cd-accumulation varieties via
OsNRAMPS5 mutants. Due to Mn deficiency, these low-Cd-accumulation rice varieties will
be more sensitive to pests, diseases, and stresses, which may affect the yield and quality
of the rice. Thus, to develop low-Cd-accumulation rice cultivars without compromising
Mn accumulation in rice grains, further research should be applied to find the specific
structure of OsNRAMPS5 for selecting Mn?* but not Cd?*, revealing the mechanism of Mn
transport in rice to promote Mn accumulation in grains or develop technologies to increase
Mn content in rice.

Secondly, it is necessary to cultivate low-Cd-accumulation varieties with strong adapt-
ability to various paddy soil environments and climate types in different rice growing areas
in China. In recent years, the frequent occurrence of pest infestations, disease outbreaks,
and extreme weather conditions has gravely affected rice productivity and quality. More-
over, consumer expectations for rice quality are rising, such as encompassing fragrance,
flavor, and nutrient element contents. Thus, it is urgent to develop novel super rice varieties
that hold a high tolerance to rice pests and diseases, owing high quality and yield, but
low-Cd-accumulation in grains.

Thirdly, more work should be carried out to promote the large-scale planting of
low-Cd-accumulation rice varieties in China. The seed supply of the new cultivars will
be limited for a short time, because of special conditions and the limited yield of seed
production. It also takes time to increase the benefits of farmers who are planting the new
low-Cd-accumulation varieties and improve the consumers’ trust in the taste and quality
of these cultivars. Farmers should monitor soil conditions and learn the technologies and
management of water and fertilizers to ensure the rice yield and quality. Thus, significant
effort is required to solve the great issue of Cd pollution in the rice of China.

Author Contributions: M.G.: conceptualization, writing-original draft, writing—review and editing,
and funding acquisition, Y.X.: data curation, software, visualization, writing—original draft, writing—
review and editing, W.Z.: funding acquisition, M.C. and Z.C.: conceptualization, supervision, funding
acquisition. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the earmarked fund for “Pioneer” and “Leading Goose”
R&D Program of Zhejiang (No. 2023C02014) provided by Mingxue Chen, the Three Rural and
Nine Parties Science and Technology Cooperation Program of Zhejiang Province, China (Grant
No. 20255N]JF045) provided by Weixing Zhang, the National Natural Science Foundation of China
(No. 32301766) provided by Meiyan Guan, the Central Public-interest Scientific Institution Basal
Research Fund (No. 202407) provided by Zhenzhen Cao, the Agricultural Science and Technology
Innovation Program (ASTIP) provided by Mingxue Chen.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

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

1.  Loomis, D.; Guha, N.; Hall, A.L.; Straif, K. Identifying occupational carcinogens: An update from the IARC Monographs. Occup.
Environ. Med. 2018, 75, 593-603. [CrossRef] [PubMed]
2. Ma, J.F; Shen, R.E; Shao, J.F. Transport of cadmium from soil to grain in cereal crops: A review. Pedosphere 2021, 31, 3-10.

[CrossRef]


https://doi.org/10.1136/oemed-2017-104944
https://www.ncbi.nlm.nih.gov/pubmed/29769352
https://doi.org/10.1016/S1002-0160(20)60015-7

Foods 2025, 14, 1747 12 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

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

Teng, Y.G.; Wu, ].; Lu, S.;; Wang, Y,; Jiao, X.; Song, L. Soil and soil environmental quality monitoring in China: A review. Environ.
Int. 2014, 69, 177-199. [CrossRef]

Kubier, A.; Wilkin, R.T.; Pichler, T. Cadmium in soils and groundwater: A review. Appl. Geochem. 2019, 108, 104388. [CrossRef]
[PubMed]

Gonzélez-Feijoo, R.; Rodriguez-Seijo, A.; Fernandez-Calvifio, D.; Arias-Estévez, M.; Arenas-Lago, D. Use of Three Different
Nanoparticles to Reduce Cd Availability in Soils: Effects on Germination Early Growth of Sinapis abla L. Plants 2023, 12, 801.
[CrossRef]

Zhang, X.Y.; Chen, D.; Zhong, T.; Zhang, X.; Cheng, M.; Li, X. Assessment of cadmium (Cd) concentration in arable soil in China.
Environ. Sci. Pollut. Res. 2015, 22, 4932-4941. [CrossRef]

Clemens, S.; Ma, ].E. Toxic Heavy Metal and Metalloid Accumulation in Crop Plants and Foods. Annu. Rev. Plant Biol. 2016, 67,
489-512. [CrossRef]

Zhao, FJ.; Ma, Y.; Zhu, Y.-G.; Tang, Z.; McGrath, S.P. Soil Contamination in China: Current Status and Mitigation Strategies.
Environ. Sci. Technol. 2015, 49, 750-759. [CrossRef]

Wang, P.; Chen, H.; Kopittke, PM.; Zhao, F.-J. Cadmium contamination in agricultural soils of China and the impact on food
safety. Environ. Pollut. 2019, 249, 1038-1048. [CrossRef]

Song, Y.; Wang, Y.; Mao, W.; Sui, H.; Yong, L.; Yang, D.; Jiang, D.; Zhang, L.; Gong, Y. Dietary cadmium exposure assessment
among the Chinese population. PLoS ONE 2017, 12, e0177978. [CrossRef] [PubMed]

Zhuang, P; Lu, H.; Li, Z.; Zou, B.; McBride, M.B. Multiple Exposure and Effects Assessment of Heavy Metals in the Population
near Mining Area in South China. PLoS ONE 2014, 9, €94484. [CrossRef]

Du, B.Y,; Zhou, J.; Lu, B.; Zhang, C.; Li, D.; Zhou, ].; Jiao, S.; Zhao, K.; Zhang, H. Environmental and human health risks from
cadmium exposure near an active lead-zinc mine and a copper smelter, China. Sci. Total Environ. 2020, 720, 137585. [CrossRef]
Shi, J.; Du, P; Luo, H.; Wu, H.; Zhang, Y.; Chen, J.; Wu, M.; Xu, G.; Gao, H. Soil contamination with cadmium and potential risk
around various mines in China during 2000-2020. J. Environ. Manag. 2022, 310, 114509. [CrossRef] [PubMed]

Tang, Q.; Chang, L.; Wang, Q.; Miao, C.; Zhang, Q.; Zheng, L.; Zhou, Z.; Ji, Q.; Chen, L.; Zhang, H. Distribution and accumulation
of cadmium in soil under wheat-cultivation system and human health risk assessment in coal mining area of China. Ecotoxicol.
Environ. Saf. 2023, 253, 114688. [CrossRef] [PubMed]

Clemens, S.; Aarts, M.G.; Thomine, S.; Verbruggen, N. Plant science: The key to preventing slow cadmium poisoning. Trends
Plant Sci. 2013, 18, 92-99. [CrossRef]

Cao, Z.Z.; Guan, M.; Lin, X.; Zhang, W.; Xu, P; Chen, M.; Zheng, X. Spatial and variety distributions, risk assessment, and
prediction model for heavy metals in rice grains in China. Environ. Sci. Pollut. Res. 2024, 31, 7298-7311. [CrossRef]

Zou, MM.; Zhou, S.; Zhou, Y; Jia, Z.; Guo, T.; Wang, ]. Cadmium pollution of soil-rice ecosystems in rice cultivation dominated
regions in China: A review. Environ. Pollut. 2021, 280, 116965. [CrossRef]

Huang, S.; Konishi, N.; Yamaji, N.; Ma, J.F. Local distribution of manganese to leaf sheath is mediated by OsNramp5 in rice. New
Phytol. 2024, 241, 1708-1719. [CrossRef]

Hussain, B.; Umer, M.J.; Li, ].; Ma, Y.; Abbas, Y.; Ashraf, M.N.; Tahir, N.; Ullah, A.; Gogoi, N.; Farooq, M. Strategies for reducing
cadmium accumulation in rice grains. J. Clean. Prod. 2021, 286, 125557. [CrossRef]

Wang, R.Z.; Wei, S; Jia, P; Liu, T.; Hou, D.; Xie, R.; Lin, Z; Ge, ].; Qiao, Y.; Chang, X; et al. Biochar significantly alters rhizobacterial
communities and reduces Cd concentration in rice grains grown on Cd-contaminated soils. Sci. Total Environ. 2019, 676, 627—638.
[CrossRef] [PubMed]

Xue, T; Liao, X; Li, H.; Xie, Y.; Wei, W.; Chen, ].; Liu, Z.; Ji, X. Remediation of Cd contaminated paddy fields by intercropping of
the high- and low- Cd-accumulating rice cultivars. Sci. Total Environ. 2023, 878, 163133. [CrossRef]

Mabagala, ES.; Zhang, T.; Zeng, X.; He, C.; Shan, H.; Qiu, C.; Gao, X.; Zhang, N.; Su, S. A review of amendments for simultaneously
reducing Cd and As availability in paddy soils and rice grain based on meta-analysis. |. Environ. Manag. 2024, 366, 121661.
[CrossRef] [PubMed]

Cao, Z.Z.; Lin, X.Y.; Yang, Y.J.; Guan, M.Y,; Xu, P.; Chen, M.X. Gene identification and transcriptome analysis of low cadmium
accumulation rice mutant (Icd1) in response to cadmium stress using MutMap and RNA-seq. BMC Plant Biol. 2019, 19, 250.
[CrossRef] [PubMed]

Sun, L.; Wang, R.; Tang, W.; Chen, Y.; Zhou, J.; Ma, H.; Li, S.; Deng, H.; Han, L.; Chen, Y.; et al. Robust identification of low-Cd
rice varieties by boosting the genotypic effect of grain Cd accumulation in combination with marker-assisted selection. J. Hazard.
Mater. 2022, 424, 127703. [CrossRef]

Tang, L.; Dong, J.; Tan, L.; Ji, Z.; Li, Y.; Sun, Y; Chen, C.; Lv, Q.; Mao, B.; Hu, Y;; et al. Overexpression of OsLCT2, a Low-Affinity
Cation Transporter Gene, Reduces Cadmium Accumulation in Shoots and Grains of Rice. Rice 2021, 14, 89. [CrossRef]


https://doi.org/10.1016/j.jenvman.2009.01.011
https://doi.org/10.1016/j.envint.2014.04.014
https://doi.org/10.1016/j.apgeochem.2019.104388
https://www.ncbi.nlm.nih.gov/pubmed/32280158
https://doi.org/10.3390/plants12040801
https://doi.org/10.1007/s11356-014-3892-6
https://doi.org/10.1146/annurev-arplant-043015-112301
https://doi.org/10.1021/es5047099
https://doi.org/10.1016/j.envpol.2019.03.063
https://doi.org/10.1371/journal.pone.0177978
https://www.ncbi.nlm.nih.gov/pubmed/28542445
https://doi.org/10.1371/journal.pone.0094484
https://doi.org/10.1016/j.scitotenv.2020.137585
https://doi.org/10.1016/j.jenvman.2022.114509
https://www.ncbi.nlm.nih.gov/pubmed/35219202
https://doi.org/10.1016/j.ecoenv.2023.114688
https://www.ncbi.nlm.nih.gov/pubmed/36842277
https://doi.org/10.1016/j.tplants.2012.08.003
https://doi.org/10.1007/s11356-023-31642-x
https://doi.org/10.1016/j.envpol.2021.116965
https://doi.org/10.1111/nph.19454
https://doi.org/10.1016/j.jclepro.2020.125557
https://doi.org/10.1016/j.scitotenv.2019.04.133
https://www.ncbi.nlm.nih.gov/pubmed/31051368
https://doi.org/10.1016/j.scitotenv.2023.163133
https://doi.org/10.1016/j.jenvman.2024.121661
https://www.ncbi.nlm.nih.gov/pubmed/38991353
https://doi.org/10.1186/s12870-019-1867-y
https://www.ncbi.nlm.nih.gov/pubmed/31185911
https://doi.org/10.1016/j.jhazmat.2021.127703
https://doi.org/10.1186/s12284-021-00530-8

Foods 2025, 14, 1747 13 of 16

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Zhang, W.; Guan, M.; Wang, J.; Wang, Y.; Zhang, W.; Lu, X,; Xu, P; Chen, M.; Zhu, Y. Screening Rice Germplasm with Different
Genetic Backgrounds for Cadmium Accumulation in Brown Rice in Cadmium-Polluted Soils. Rice Sci. 2023, 30, 267-270.

Shi, ].D.; Zhao, D.; Ren, F.; Huang, L. Spatiotemporal variation of soil heavy metals in China: The pollution status and risk
assessment. Sci. Total Environ. 2023, 871, 161768. [CrossRef]

Liu, X.J.; Tian, G.; Jiang, D.; Zhang, C.; Kong, L. Cadmium (Cd) distribution and contamination in Chinese paddy soils on national
scale. Environ. Sci. Pollut. Res. 2016, 23, 17941-17952. [CrossRef]

Fan, T,; Long, T.; Lu, Y,; Yang, L.; Mi, N.; Xia, F; Wang, X.; Deng, S.; Hu, Q.; Zhang, F. Meta-analysis of Cd input-output fluxes in
agricultural soil. Chemosphere 2022, 303 Pt 2, 134974. [CrossRef]

Fu, T.T,; Zhao, R.; Hu, B;; Jia, X.; Wang, Z.; Zhou, L.; Huang, M,; Li, Y.; Shi, Z. Novel framework for modelling the cadmium
balance and accumulation in farmland soil in Zhejiang Province, East China: Sensitivity analysis, parameter optimisation, and
forecast for 2050. J. Clean. Prod. 2021, 279, 123674. [CrossRef]

Zhao, D.; Wang, P.; Zhao, F]. Dietary cadmium exposure, risks to human health and mitigation strategies. Crit. Rev. Environ. Sci.
Technol. 2023, 53, 939-963. [CrossRef]

Zhao, X.; Shao, Y.; Ma, L.; Shang, X.; Zhao, Y.; Wu, Y. Exposure to Lead and Cadmium in the Sixth Total Diet Study—China,
2016-2019. China CDC Wkly. 2022, 4, 176-179. [CrossRef]

Chen, H.P; Yang, X.; Wang, P.; Wang, Z.; Li, M.; Zhao, E-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] [PubMed]

Jiang, K.; Deng, X.; Zhou, H.; Long, J.; Dong, X.; Huang, J.; Hou, H.-B.; Peng, P.-Q.; Liao, B.-H. Health risk assessment of Cd
pollution in irrigated paddy field system: A field investigation in Hunan Province, China. Hum. Ecol. Risk Assess. 2021, 27,
352-367. [CrossRef]

Satarug, S.; Vesey, D.A.; Gobe, G.C. Health Risk Assessment of Dietary Cadmium Intake: Do Current Guidelines Indicate How
Much is Safe? Environ. Health Perspect. 2017, 125, 284-288. [CrossRef]

Ullah, A.; Tahir, A.; Rashid, H.U.; ur Rehman, T.; Danish, S.; Hussain, B.; Akca, H. Strategies for reducing Cd concentration in
paddy soil for rice safety. J. Clean. Prod. 2021, 316, 128116.

Cao, Z.; Pan, J.; Yang, Y.; Cao, Z.; Xu, P; Chen, M.; Guan, M. Water management affects arsenic uptake and translocation by
regulating arsenic bioavailability, transporter expression and thiol metabolism in rice (Oryza sativa L.). Ecotoxicol. Environ. Saf.
2020, 206, 111208. [CrossRef]

Ren, M,; Zhang, L.; Zhu, P.; Ma, Y.; Zhang, S. A New Model for Effective Remediation and Comprehensive Utilization of Cd-Pb
Composite Contaminated Farmland by Ornamental Plants. Water Air Soil Pollut. 2024, 235, 509. [CrossRef]

Wang, L.; Zhang, Q.; Liao, X.; Li, X.; Zheng, S.; Zhao, F. Phytoexclusion of heavy metals using low heavy metal accumulating
cultivars: A green technology. |. Hazard. Mater. 2021, 413, 125427. [CrossRef]

Abe, T,; Ito, M.; Takahashi, R.; Honma, T.; Kuramata, M.; Ishikawa, S. QTL Pyramiding and Its Use in Breeding for Increasing the
Phytoextraction Efficiency of Soil Cd via High-Cd-Accumulating Rice. Plants 2022, 11, 2178. [CrossRef] [PubMed]

Chen, W.Z; Kang, Z.; Yang, Y,; Li, Y,; Qiu, R.; Qin, J.; Li, H. Interplanting of rice cultivars with high and low Cd accumulation can
achieve the goal of “repairing while producing” in Cd-contaminated soil. Sci. Total Environ. 2022, 851, 158229. [CrossRef]
Wang, L,; Liu, Q; Fu, J.; Xiao, Y,; Yang, J.; Liao, X. Sustainable remediation of Cd-contaminated farmland through the rotation of
rapeseed-rice varieties with different Cd accumulation potentials. Ecotoxicol. Environ. Saf. 2025, 289, 117453. [CrossRef] [PubMed]
Xiao, A.W.; Chi, Y.; Huang, L.; Li, W.C.; Ye, Z. Effects of cultivar, water condition and their interactions on Cd accumulation in
rice grains. Ecotoxicol. Environ. Saf. 2023, 262, 115168. [CrossRef]

Zhang, J.; Zhu, Y,; Yu, L.; Yang, M.; Zou, X.; Yin, C.; Lin, Y. Research Advances in Cadmium Uptake, Transport and Resistance in
Rice (Oryza sativa L.). Cells 2022, 11, 569. [CrossRef]

Jing, H.A.; Yang, W.; Chen, Y.; Yang, L.; Zhou, H.; Yang, Y.; Zhao, Z.; Wu, P,; Zia-Ur-Rehman, M. Exploring the mechanism of Cd
uptake and translocation in rice: Future perspectives of rice safety. Sci. Total Environ. 2023, 897, 165369. [CrossRef]

Nakanishi, H.; Ogawa, I; Ishimaru, Y.; Mori, S.; Nishizawa, N.K. Iron deficiency enhances cadmium uptake and translocation
mediated by the Fe transporters OsIRT1 and OsIRT2 in rice. Soil Sci. Plant Nutr. 2006, 52, 464—469. [CrossRef]

Yang, Y.J.; Xiong, J.; Chen, R,; Fu, G.; Chen, T.; Tao, L. Excessive nitrate enhances cadmium (Cd) uptake by up-regulating the
expression of OsIRT1 in rice (Oryza Sativa). Environ. Exp. Bot. 2016, 122, 141-149. [CrossRef]

Yang, H.; Yu, H.; Wang, S.; Huang, H.; Ye, D.; Zhang, X; Liu, T.; Wang, Y.; Zheng, Z.; Li, T. Comparative transcriptomics reveals
the key pathways and genes of cadmium accumulation in the high cadmium-accumulating rice (Oryza Sativa L.) line. Environ. Int.
2024, 193, 109113. [CrossRef]

Kavitha, P.G.; Kuruvilla, S.; Mathew, M.K. Functional characterization of a transition metal ion transporter, OsZIP6 from rice
(Oryza sativa L.). Plant Physiol. Biochem. 2015, 97, 165-174.

Tan, L.; Qu, M.; Zhu, Y,; Peng, C.; Wang, J.; Gao, D.; Chen, C. ZINC TRANSPORTERS5 and ZINC TRANSPORTER9 Function
Synergistically in Zinc/Cadmium Uptake. Plant Physiol. 2020, 183, 1235-1249. [CrossRef]


https://doi.org/10.1016/j.scitotenv.2023.161768
https://doi.org/10.1007/s11356-016-6968-7
https://doi.org/10.1016/j.chemosphere.2022.134974
https://doi.org/10.1016/j.jclepro.2020.123674
https://doi.org/10.1080/10643389.2022.2099192
https://doi.org/10.46234/ccdcw2022.045
https://doi.org/10.1016/j.scitotenv.2018.05.050
https://www.ncbi.nlm.nih.gov/pubmed/29791880
https://doi.org/10.1080/10807039.2020.1715203
https://doi.org/10.1289/EHP108
https://doi.org/10.1016/j.ecoenv.2020.111208
https://doi.org/10.1007/s11270-024-07330-y
https://doi.org/10.1016/j.jhazmat.2021.125427
https://doi.org/10.3390/plants11162178
https://www.ncbi.nlm.nih.gov/pubmed/36015482
https://doi.org/10.1016/j.scitotenv.2022.158229
https://doi.org/10.1016/j.ecoenv.2024.117453
https://www.ncbi.nlm.nih.gov/pubmed/39647366
https://doi.org/10.1016/j.ecoenv.2023.115168
https://doi.org/10.3390/cells11030569
https://doi.org/10.1016/j.scitotenv.2023.165369
https://doi.org/10.1111/j.1747-0765.2006.00055.x
https://doi.org/10.1016/j.envexpbot.2015.10.001
https://doi.org/10.1016/j.envint.2024.109113
https://doi.org/10.1104/pp.19.01569

Foods 2025, 14, 1747 14 of 16

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Kuramata, M.; Abe, T.; Tanikawa, H.; Sugimoto, K.; Ishikawa, S. A weak allele of OsSNRAMP5 confers moderate cadmium uptake
while avoiding manganese deficiency in rice. J. Exp. Bot. 2022, 73, 6475-6489. [CrossRef] [PubMed]

Takahashi, R.; Ishimaru, Y.; Senoura, T.; Shimo, H.; Ishikawa, S.; Arao, T.; Nakanishi, H.; Nishizawa, N.K. The OsNRAMP1 iron
transporter is involved in Cd accumulation in rice. J. Exp. Bot. 2011, 62, 4843-4850. [CrossRef] [PubMed]

Chang, ].D.; Huang, S.; Yamaji, N.; Zhang, W.; Ma, ].F,; Zhao, F. OsNRAMP1 transporter contributes to cadmium and manganese
uptake in rice. Plant Cell Environ. 2020, 43, 2476-2491. [CrossRef]

Liu, X.Q.; Liu, H.; Fu, M.-J.; Zhang, L.-W,; Yin, S.-F,; Tang, Z.; Zhao, F.-J.; Huang, X.-Y. The cation/H plus exchanger OsCAX2
is involved in cadmium uptake and contributes to differential grain cadmium accumulation between Indica and Japonica rice.
J. Hazard. Mater. 2025, 487, 137252. [CrossRef] [PubMed]

Yan, H.L.; Xu, W.; Xie, J.; Gao, Y.; Wu, L; Sun, L.; Feng, L.; Chen, X.; Zhang, T.; Dai, C.; et al. Variation of a major facilitator
superfamily gene contributes to differential cadmium accumulation between rice subspecies. Nat. Commun. 2019, 10, 2562.
[CrossRef] [PubMed]

Ishimaru, Y.; Takahashi, R.; Bashir, K.; Shimo, H.; Senoura, T.; Sugimoto, K.; Ono, K.; Yano, M.; Ishikawa, S.; Arao, T.; et al.
Characterizing the role of rice NRAMPS5 in Manganese, Iron and Cadmium Transport. Sci. Rep. 2012, 2, 286. [CrossRef]

Zhang, W.Y.; Guan, M.; Chen, M; Lin, X,; Xu, P,; Cao, Z. Mutation of reduces cadmium xylem and phloem transport in rice plants
and its physiological mechanism. Environ. Pollut. 2024, 341, 122928. [CrossRef]

Yu, E.; Wang, W.; Yamaji, N.; Fukuoka, S.; Che, J.; Ueno, D.; Ando, T.; Deng, F.; Hori, K,; Yano, M.; et al. Duplication of a
manganese/cadmium transporter gene reduces cadmium accumulation in rice grain. Nat. Food 2022, 3, 597-607. [CrossRef]
Wang, TK,; Li, Y,; Fu, Y.; Xie, H.; Song, S.; Qiu, M.; Wen, J.; Chen, M.; Chen, G.; Tian, Y.; et al. Mutation at Different Sites of Metal
Transporter Gene OsSNRAMP5 Affects Cd Accumulation and Related Agronomic Traits in Rice (Oryza sativa L.). Front. Plant Sci.
2019, 10, 1081. [CrossRef]

Tang, L.; Dong, J.; Qu, M,; Lv, Q.; Zhang, L.; Peng, C.; Hu, Y.; Li, Y; Ji, Z.; Mao, B.; et al. Knockout of enhances rice tolerance to
cadmium toxicity in response to varying external cadmium concentrations via distinct mechanisms. Sci. Total Environ. 2022, 832,
155006. [CrossRef]

Cai, YM.; Wang, M.; Chen, B.; Chen, W.; Xu, W.; Xie, H.; Long, Q.; Cai, Y. Effects of external Mn?2* activities on OsNRAMP5
expression level and Cd accumulation in rice. Environ. Pollut. 2020, 260, 113941. [CrossRef]

Li, L.Y;; Mao, D.; Sun, L.; Wang, R.; Tan, L.; Zhu, Y.; Huang, H.; Peng, C.; Zhao, Y.; Wang, J.; et al. CF1 reduces grain-cadmium
levels in rice (Orzya sativa). Plant J. 2022, 110, 1305-1318. [CrossRef]

Chang, ].D.; Huang, S.; Konishi, N.; Wang, P.; Chen, J.; Huang, X.-Y.; Ma, J.E; Zhao, F-J. Overexpression of the man-
ganese/cadmium transporter OSNRAMP5 reduces cadmium accumulation in rice grain. J. Exp. Bot. 2020, 71, 5705-5715.
[CrossRef]

Zou, W.L,; Chen, J.; Meng, L.; Chen, D.; He, H.; Ye, G. The Rice Cation/H Exchanger Family Involved in Cd Tolerance and
Transport. Int. . Mol. Sci. 2021, 22, 8186. [CrossRef]

Miyadate, H.; Adachi, S.; Hiraizumi, A.; Tezuka, K.; Nakazawa, N.; Kawamoto, T.; Katou, K.; Kodama, I.; Sakurai, K.; Takahashi,
H.; et al. OsHMAS3, a P1B-type of ATPase affects root-to-shoot cadmium translocation in rice by mediating efflux into vacuoles.
New Phytol. 2011, 189, 190-199. [CrossRef]

Yan, J.L.; Wang, P.; Wang, P.; Yang, M.; Lian, X,; Tang, Z.; Huang, C.; Salt, D.E.; Zhao, F. A loss-of-function allele of associated with
high cadmium accumulation in shoots and grain of rice cultivars. Plant Cell Environ. 2016, 39, 1941-1954. [CrossRef]

Yan, H.J.; Jiao, X.; Chen, Y.; Liang, H.; Liang, W.; Liu, C. Knockout of OsHMA3 in an rice increases cadmium sensitivity and
inhibits plant growth. Plant Growth Regul. 2024, 103, 635-646. [CrossRef]

Sun, CJ,; Yang, M,; Li, Y.; Tian, J.; Zhang, Y.; Liang, L.; Liu, Z.; Chen, K; Li, Y.; Lv, K; et al. Comprehensive analysis of variation of
cadmium accumulation in rice and detection of a new weak allele of OsHMAS3. J. Exp. Bot. 2019, 70, 6389-6400. [CrossRef]

Liu, C.L.; Gao, Z.Y,; Shang, L.G.; Yang, C.H.; Ruan, B.P; Zeng, D.L.; Guo, L.B.; Zhao, EJ.; Huang, C.F,; Qian, Q. Natural variation
in the promoter of contributes to differential grain cadmium accumulation between and rice. J. Integr. Plant Biol. 2020, 62, 314-329.
[CrossRef]

Yang, G.Z,; Fu, S.; Huang, J.; Li, L.; Long, Y.; Wei, Q.; Wang, Z.; Chen, Z.; Xia, J. The tonoplast-localized transporter OsABCC?9 is
involved in cadmium tolerance and accumulation in rice. Plant Sci. 2021, 307, 110894. [CrossRef]

Chang, ].D.; Xie, Y.; Zhang, H.; Zhang, S.; Zhao, F.-]. The vacuolar transporter OsNRAMP2 mediates Fe remobilization during
germination and affects Cd distribution to rice grain. Plant Soil 2022, 476, 79-95. [CrossRef]

Yang, W.; Chen, L.; Ma, Y.; Hu, R.; Wang, J.; Li, W.; Dong, J.; Yang, T.; Zhou, L.; Chen, J.; et al. OsNRAMP?2 facilitates Cd efflux
from vacuoles and contributes to the difference in grain Cd accumulation between japonica and indica rice. Crop J. 2023, 11,
417-426. [CrossRef]

Maghrebi, M.; Baldoni, E.; Lucchini, G.; Vigani, G.; Vale, G.; Sacchi, G.A.; Nocito, EF. Analysis of Cadmium Root Retention for
Two Contrasting Rice Accessions Suggests an Important Role for OsHMA?2. Plants 2021, 10, 806. [CrossRef]


https://doi.org/10.1093/jxb/erac302
https://www.ncbi.nlm.nih.gov/pubmed/35788288
https://doi.org/10.1093/jxb/err136
https://www.ncbi.nlm.nih.gov/pubmed/21697258
https://doi.org/10.1111/pce.13843
https://doi.org/10.1016/j.jhazmat.2025.137252
https://www.ncbi.nlm.nih.gov/pubmed/39842113
https://doi.org/10.1038/s41467-019-10544-y
https://www.ncbi.nlm.nih.gov/pubmed/31189898
https://doi.org/10.1038/srep00286
https://doi.org/10.1016/j.envpol.2023.122928
https://doi.org/10.1038/s43016-022-00569-w
https://doi.org/10.3389/fpls.2019.01081
https://doi.org/10.1016/j.scitotenv.2022.155006
https://doi.org/10.1016/j.envpol.2020.113941
https://doi.org/10.1111/tpj.15736
https://doi.org/10.1093/jxb/eraa287
https://doi.org/10.3390/ijms22158186
https://doi.org/10.1111/j.1469-8137.2010.03459.x
https://doi.org/10.1111/pce.12747
https://doi.org/10.1007/s10725-024-01137-x
https://doi.org/10.1093/jxb/erz400
https://doi.org/10.1111/jipb.12794
https://doi.org/10.1016/j.plantsci.2021.110894
https://doi.org/10.1007/s11104-022-05323-6
https://doi.org/10.1016/j.cj.2022.09.013
https://doi.org/10.3390/plants10040806

Foods 2025, 14, 1747 15 of 16

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Yamaji, N.; Xia, J.; Mitani-Ueno, N.; Yokosho, K.; Ma, ].F. Preferential Delivery of Zinc to Developing Tissues in Rice Is Mediated
by P-Type Heavy Metal ATPase OsHMA2. Plant Physiol. 2013, 162, 927-939. [CrossRef]

Takahashi, R.; Ishimaru, Y.; Shimo, H.; Ogo, Y.; Senoura, T.; Nishizawa, N.K.; Nakanishi, H. The OsHMA?2 transporter is involved
in root-to-shoot translocation of Zn and Cd in rice. Plant Cell Environ. 2012, 35, 1948-1957. [CrossRef]

Shimo, H.; Ishimaru, Y.; An, G.; Yamakawa, T.; Nakanishi, H.; Nishizawa, N.K. Low cadmium (LCD), a novel gene related to
cadmium tolerance and accumulation in rice. J. Exp. Bot. 2011, 62, 5727-5734. [CrossRef]

Chen, HM.; Ye, R;; Liang, Y.; Zhang, S.; Liu, X.; Sun, C.; Li, E; Yj, ]. Generation of low-cadmium rice germplasms via knockout of
OsLCD using CRISPR/Cas9. ]. Environ. Sci. 2023, 126, 138-152. [CrossRef]

Lee, S;; Kim, Y.Y,; Lee, Y.; An, G. Rice P-type heavy-metal ATPase, OsHMAY, is a metal efflux protein. Plant Physiol. 2007, 145,
831-842. [CrossRef] [PubMed]

Li, H,; Li, C; Sun, D.; Yang, Z.M. OsPDR20 is an ABCG metal transporter regulating cadmium accumulation in rice. J. Environ.
Sci. 2024, 136, 21-34. [CrossRef] [PubMed]

Liu, X.S.; Feng, S.J.; Zhang, B.Q.; Wang, M.Q.; Cao, HW.; Rono, J.K,; Chen, X.; Yang, Z.M. OsZIP1 functions as a metal efflux
transporter limiting excess zinc, copper and cadmium accumulation in rice. BMC Plant Biol. 2019, 19, 283. [CrossRef] [PubMed]
Tan, L.T,; Zhu, Y,; Fan, T,; Peng, C.; Wang, J.; Sun, L.; Chen, C. OsZIP7 functions in xylem loading in roots and inter-vascular
transfer in nodes to deliver Zn/Cd to grain in rice. Biochem. Biophys. Res. Commun. 2019, 512, 112-118. [CrossRef] [PubMed]
Hao, X.H.; Zeng, M.; Wang, ].; Zeng, Z.; Dai, ].; Xie, Z.; Yang, Y.; Tian, L.; Chen, L.; Li, D. A Node-Expressed Transporter OsCCX2
Is Involved in Grain Cadmium Accumulation of Rice. Front. Plant Sci. 2018, 9, 476. [CrossRef]

Fu, S.; Lu, Y,; Zhang, X.; Yang, G.; Chao, D.; Wang, Z; Shi, M.; Chen, J.; Chao, D.-Y,; Li, R.; et al. The ABC transporter ABCG36 is
required for cadmium tolerance in rice. J. Exp. Bot. 2019, 70, 5909-5918. [CrossRef]

Lu, CN,; Zhang, L.; Tang, Z.; Huang, X.-Y.; Ma, ].E,; Zhao, E-J. Producing cadmium-free rice by overexpressing OsHMA3. Environ.
Int. 2019, 126, 619-626. [CrossRef]

Uraguchi, S.; Kamiya, T.; Sakamoto, T.; Kasai, K.; Sato, Y.; Nagamura, Y.; Yoshida, A.; Kyozuka, J.; Ishikawa, S.; Fujiwara, T.
Low-affinity cation transporter (OsLCT1) regulates cadmium transport into rice grains. Proc. Natl. Acad. Sci. USA 2011, 108,
20959-20964. [CrossRef]

Uraguchi, S.; Kamiya, T.; Clemens, S.; Fujiwara, T. Characterization of OsLCT1, a cadmium transporter from indica rice (Oryza
sativa). Physiol. Plant. 2014, 151, 339-347. [CrossRef]

Li, M.Z.; Hu, D,; Liu, X.; Zhang, R.; Liu, H.; Tang, Z.; Zhao, F; Huang, X. The OsZIP2 transporter is involved in root-to-shoot
translocation and intervascular transfer of cadmium in rice. Plant Cell Environ. 2024, 47, 3865-3881. [CrossRef] [PubMed]

Yang, M.; Zhang, Y.; Zhang, L.; Hu, J.; Zhang, X.; Lu, K.; Dong, H.; Wang, D.; Zhao, E-]J.; Huang, C.-F; et al. OsNRAMP5
contributes to manganese translocation and distribution in rice shoots. J. Exp. Bot. 2014, 65, 4849-4861. [CrossRef]

Liu, P; Sun, L.; Zhang, Y,; Tan, Y,; Zhu, Y.; Peng, C.; Wang, J.; Yan, H.; Mao, D.; Liang, G.; et al. The metal tolerance protein
OsMTP11 facilitates cadmium sequestration in the vacuoles of leaf vascular cells for restricting its translocation into rice grains.
Mol. Plant 2024, 17,1733-1752. [CrossRef]

Hu, Y.N.; Cheng, H.E; Tao, S. The Challenges and Solutions for Cadmium-contaminated Rice in China: A Critical Review. Environ.
Int. 2016, 92-93, 515-532. [CrossRef]

Song, PP; Xu, D.; Yue, J.; Ma, Y.; Dong, S.; Feng, J. Recent advances in soil remediation technology for heavy metal contaminated
sites: A critical review. Sci. Total Environ. 2022, 838, 156417. [CrossRef] [PubMed]

Chi, YH,; Li, F; Tam, N.E-Y,; Liu, C.; Ouyang, Y.; Qi, X,; Li, W.C.; Ye, Z. Variations in grain cadmium and arsenic concentrations
and screening for stable low-accumulating rice cultivars from multi-environment trials. Sci. Total Environ. 2018, 643, 1314-1324.
[CrossRef] [PubMed]

Ishikawa, S.; Ishimaru, Y.; Igura, M.; Kuramata, M.; Abe, T.; Senoura, T.; Hase, Y.; Arao, T.; Nishizawa, N.K.; Nakanishi, H.
Ion-beam irradiation, gene identification, and marker-assisted breeding in the development of low-cadmium rice. Proc. Natl.
Acad. Sci. USA 2012, 109, 19166-19171. [CrossRef] [PubMed]

Viana, V.E.; Pegoraro, C.; Busanello, C.; de Oliveira, A.C. Mutagenesis in Rice: The Basis for Breeding a New Super Plant. Front.
Plant Sci. 2019, 10, 1326. [CrossRef]

Sasaki, A.; Yamaji, N.; Yokosho, K.; Ma, ].F. Nramp5 Is a Major Transporter Responsible for Manganese and Cadmium Uptake in
Rice. Plant Cell 2012, 24, 2155-2167. [CrossRef]

Wang, TK,; Fu, Y.; Song, S.; Li, Y,; Yang, H.; Bai, L.; Li, L. Xizi 3: A new rice variety with stable low-cadmium-accumulation
characteristics. Mol. Breed. 2025, 45, 21. [CrossRef]

Yan, H.L.; Peng, Z.; Zhang, H.; Wang, B.; Xu, W.; He, Z. Cadmium Minimization in Crops: A Trade-Off with Mineral Nutrients in
Safe Breeding. Plant Cell Environ. 2024, 48, 838-851. [CrossRef]

Ji, M.N.; Ning, W.; Su, L.; Wei, Z.; Shi, D.; Liao, Y.; Ouyang, X.; Fang, B.; Mao, B.; Chang, S. Reducing cadmium uptake without
compromising nitrogen uptake, photosynthesis, or yield in low-Cd hybrid rice. Field Crops Res. 2025, 322, 109759. [CrossRef]


https://doi.org/10.1104/pp.113.216564
https://doi.org/10.1111/j.1365-3040.2012.02527.x
https://doi.org/10.1093/jxb/err300
https://doi.org/10.1016/j.jes.2022.05.047
https://doi.org/10.1104/pp.107.102236
https://www.ncbi.nlm.nih.gov/pubmed/17827266
https://doi.org/10.1016/j.jes.2022.09.021
https://www.ncbi.nlm.nih.gov/pubmed/37923431
https://doi.org/10.1186/s12870-019-1899-3
https://www.ncbi.nlm.nih.gov/pubmed/31248369
https://doi.org/10.1016/j.bbrc.2019.03.024
https://www.ncbi.nlm.nih.gov/pubmed/30871778
https://doi.org/10.3389/fpls.2018.00476
https://doi.org/10.1093/jxb/erz335
https://doi.org/10.1016/j.envint.2019.03.004
https://doi.org/10.1073/pnas.1116531109
https://doi.org/10.1111/ppl.12189
https://doi.org/10.1111/pce.14993
https://www.ncbi.nlm.nih.gov/pubmed/38828861
https://doi.org/10.1093/jxb/eru259
https://doi.org/10.1016/j.molp.2024.09.012
https://doi.org/10.1016/j.envint.2016.04.042
https://doi.org/10.1016/j.scitotenv.2022.156417
https://www.ncbi.nlm.nih.gov/pubmed/35662604
https://doi.org/10.1016/j.scitotenv.2018.06.288
https://www.ncbi.nlm.nih.gov/pubmed/30189548
https://doi.org/10.1073/pnas.1211132109
https://www.ncbi.nlm.nih.gov/pubmed/23132948
https://doi.org/10.3389/fpls.2019.01326
https://doi.org/10.1105/tpc.112.096925
https://doi.org/10.1007/s11032-025-01542-8
https://doi.org/10.1111/pce.15182
https://doi.org/10.1016/j.fcr.2025.109759

Foods 2025, 14, 1747 16 of 16

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Li, YK, Tang, L.; Huang, G.; Liu, L.; Dong, C.; Liu, H.; Mao, B.; Zhao, B.; Xiao, Y. The Indica Hybrid Rice Containing an
OsNRAMP5 Knockout Exhibit Better Adaptability Compared to Its Paternal Parent in the Middle Reaches of the Yangtze River.
Agronomy 2024, 14, 2129. [CrossRef]

Liu, S.M,; Jiang, J.; Liu, Y.; Meng, J.; Xu, S.; Tan, Y.; Li, Y.; Shu, Q.; Huang, J. Characterization and Evaluation of OsLCT1 and
OsNRAMP5 Mutants Generated Through CRISPR/Cas9-Mediated Mutagenesis for Breeding Low Cd Rice. Rice Sci. 2019, 26,
88-97. [CrossRef] [PubMed]

Chen, ].J.; Miao, Z.; Kong, D.; Zhang, A.; Wang, E; Liu, G.; Yu, X,; Luo, L.; Liu, Y. Application of CRISPR/Cas9 Technology in Rice
Germplasm Innovation and Genetic Improvement. Genes 2024, 15, 1492. [CrossRef] [PubMed]

Tang, L.; Mao, B.; Li, Y;; Lv, Q.; Zhang, L.; Chen, C.; He, H.; Wang, W.; Zeng, X.; Shao, Y.; et al. Knockout of using the CRISPR/Cas9
system produces low Cd-accumulating rice without compromising yield. Sci. Rep. 2017, 7, 14438. [CrossRef]

Gui, YJ.; Teo, J.; Tian, D.; Yin, Z. Genetic engineering low-arsenic and low-cadmium rice grain. J. Exp. Bot. 2024, 75, 2143-2155.
[CrossRef]

Aziz, M.A,; Brini, F; Rouached, H.; Masmoudi, K. Genetically engineered crops for sustainably enhanced food production
systems. Front. Plant Sci. 2022, 13, 1027828.

Yuan, X.; Liang, R.; Wang, G.; Ma, S.; Liu, N.; Gong, Y.; Mccouch, S.R.; Zhu, H.; Liu, Z.; Li, Z; et al. Design of rice with low
cadmium accumulation in grain using single segment substitution line. New Crops 2025, 2, 100035. [CrossRef]

Liu, C.L,; Ding, S.; Zhang, A.; Hong, K ; Jiang, H.; Yang, S.; Ruan, B.; Zhang, B.; Dong, G.; Guo, L.; et al. Development of nutritious
rice with high zinc/selenium and low cadmium in grains through QTL pyramiding. J. Integr. Plant Biol. 2020, 62, 349-359.
[CrossRef]

Fan, ].J.; Hua, H.; Luo, Z.; Zhang, Q.; Chen, M.; Gong, J.; Wei, X.; Huang, Z.; Huang, X.; Wang, Q. Whole-Genome Sequencing of
117 Chromosome Segment Substitution Lines for Genetic Analyses of Complex Traits in Rice. Rice 2022, 15, 5. [CrossRef]

GB 2762-2022; National Food Safety Standard: Limits of Contaminants in Foods. National Health Commission of the People’s
Republic of China, State Administration for Market Regulation: Beijing, China, 2022.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/agronomy14092129
https://doi.org/10.1186/s12284-019-0349-z
https://www.ncbi.nlm.nih.gov/pubmed/31792643
https://doi.org/10.3390/genes15111492
https://www.ncbi.nlm.nih.gov/pubmed/39596692
https://doi.org/10.1038/s41598-017-14832-9
https://doi.org/10.1093/jxb/erad495
https://doi.org/10.1016/j.ncrops.2024.100035
https://doi.org/10.1111/jipb.12909
https://doi.org/10.1186/s12284-022-00550-y

	Introduction 
	Sources and Status of Cadmium Pollution in China 
	Measures for Minimizing Cd Accumulation in Rice Grains 
	Molecular Mechanisms of Cd Absorption and Translocation to Rice Grains 
	Transporters Involved in Cd Uptake by Roots 
	Transporters Involved in Cd Transfer from Roots to Shoots 
	Transporters Involved in Cd Redistribution Through Phloem Transport 

	The Research Progress in Breeding Low-Cd-Accumulation Rice Cultivars 
	Screening of Emergency Low-Cd-Accumulation Rice Cultivars Through Conventional Methods 
	Construction and Utilization of Low-Cd-Accumulation Rice Cultivars 

	Challenges and Future Perspectives 
	References

