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Among heavy metals, cadmium (Cd) is highly toxic to plants and it is even considered as one of the most toxic elements
released into environments at very low concentrations. The development of industry and agriculture have led to the increase of Cd
content in soil environment. Cd is released into the soil through application of phosphate fertilizer, animal manures, waste water etc.
Cadmium is a non-essential element for plant nutrition but because of its strong toxicity can seriously affects crop growth and
development. Due to the high mobility of Cd in soil, the concentration of this element above the critical level can strongly inhibit the
growth of plants as well as damage cell structure by interfering with different biochemical and physiological processes. Accumulation
of Cd to phytotoxic levels may cause significant growth and yield decrease. If plants are grown in soil contaminated with Cd, they
produce products containing this heavy metal, and such plant products are the main source of Cd entering the human body through
the trophic chains. Thus, Cd may be an element with high residue, difficult to degrade and easy to accumulate, which may seriously
threaten the health of human beings and animals. Cereals such as wheat, rice and maize are the main food crops in the world. Among
them, wheat is the source of staple food for more than half of the world's population. Compared with other heavy metals, cadmium is
more easily absorbed and accumulated by wheat. This poses a serious threat to human health. Wheat products are the main source
of Cd intake by human. Wheat mainly uptakes Cd through the root system, and then it migrates to the above-ground part, and finally
accumulates in the wheat grain. Agronomic management practices have been used to reduce Cd uptake and toxicity in wheat.
However, these measures could pose some problems, such as large investment, high energy consumption, difficult operation and
easy to produce secondary pollution. Low-Cd wheat varieties are the most effective and economic way to reduce the risk of cadmium
to human health associated with food consumption. In the traditional breeding process, the selection of Cd-tolerant wheat samples is
carried out on the basis of morphological, physiological or biochemical characteristics associated with Cd stress. It is of great
significance to study the molecular mechanism of Cd absorption, transport of wheat and the creation of wheat varieties with low Cd
accumulation for ensuring food security and food safety. Using molecular breeding technology and their successful integration with
traditional breeding methods to select crop varieties with low accumulation of Cd will have a potential impact on the development of
low Cd wheat germplasm and important practical significance for ensuring safe agricultural production of Cd contaminated soil. The
objective of the present review is to discuss the Cd impact on wheat growth and development, Cd toxicity and tolerance mechanisms
and some possible breeding strategies to alleviate Cd toxicity in wheat. The paper reviewed the effects of cadmium on the growth and
development of wheat, the absorption, transport and distribution of cadmium in wheat, the tolerance mechanism and the molecular
biological level of cadmium in wheat plant. To provide strategies and possible schemes for breeding wheat varieties with low cadmium
accumulation
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Introduction. Heavy metal polluted soils have been a
serious problem to crop production worldwide (Adrees et al.,
2015; Aliet al., 2015; Bedford, 2017; Clemens et al, 2013; Habiba
etal.,, 2015; Rizwan et al., 2016). Among heavy metals, cadmium
(Cd) is highly toxic to plants and even Cd is considered as one of
the most toxic elements released into environments even at very
low concentrations due to its non-essentiality nutrient element in
living organisms (Ashrafzadeh, 2016; Irfan et al., 2013; Ok et al.,
2011). The development of industry and agriculture have led to
the increase of Cd content in agricultural soil environment (Gu
Jiguang & Zhou Qixing, 2002; Irfan et al., 2013; Lim et al., 2013;
Ma et al., 2020; Menglong Xu et al., 2020 ). Cd is released into
the soil environment through application of phosphate fertilizer,
animal manures, waste water and garbage from metal industry
and cement industry, Cd-contaminated sludge and fertilizer
(Ahmad et al., 2012; Jamali et al., 2009; Jiao et al., 2004; Lu &
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Tian, 2017; Ma et al., 2020; Menglong Xu et al., 2020, Xiu et al,
2020). Accumulation of Cd to phytotoxic levels in plants may
cause growth disorders and yield loss.

Cadmium is characterized by a high degree of mobility in
soil. Concentration of it above the critical level can hinder the
plant metabolism and may cause cell death by interfering with
various biochemical and physiological processes, such as
decreased the intracellular space and chloroplasts, stimulated
the production of reactive oxygen species (ROS), leading to cell
membrane damage and destruction of cell organelles (Changaei
etal., 2012; Dandan et al., 2011; Khan et al., 2007; Kipper et al.,
2013; Muhling et al., 2003; Poghosyan et al., 2014). Plants
growing in Cd-contaminated soil Cd-contaminated food is the
main source of Cd entry to humans via the trophic chain. Thus,
Cd may be an element with high residue, difficult to degrade and
easy to accumulate, which may seriously threaten the health of
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human beings and animals. (Adrees et al., 2015; Bedford G.,
2017; Benavides et al., 2005; Dai et al., 2012; Huang et al., 2008).
Plants have various mechanisms to protect Cd uptake and
accumulation in seeds including exclusion at root level,
compartmentalization of Cd and formation of stress proteins
(Aprile et al., 2019; Bhati et al., 2016; Caverzan et al., 2016; Ci et
al,, 2010; Clemens et al., 2013; Cuypers et al., 2011; DalCorso
et. al., 2010; Dandan et al., 2011; Ranieri et al., 2005). Cadmium
uptake, translocation and toxicity in plants is also affected by
interaction with other mineral nutrients such as Si, Pb, Cu and Zn
(Ahmad et al., 2012; Cakmak et al., 2010; Ding Y. F., & Zhu C.,
2009; Liang et al., 2007; Li et al., 2020; Lim et al., 2012; Magsood
etal., 2009; Rains et al., 2006).

Cereal crops such as wheat, rice and maize are the main
food crops in the world. Among them, wheat is the source of
staple food for more than half of the world's population, and the
annual world output is about 650 million tons. In other words,
wheat food is the main source of Cd intake by human. Compared
with other cereals, wheat mainly accumulates Cd through the root
system, and migrates to the above-ground part, and finally
accumulates in the wheat grain (Chan & Hale, 2004; Hart et al.,
2006; Jiang et al., 2004; Kubo et al., 2011). Lopez-Luna J. (2016)
reported that Cd is more toxic to wheat than other toxic metals.
Cd toxicity reduces the absorption and transport of essential
elements in wheat. The root growth and morphology of wheat is
seriously affected, resulting in the decrease of plant growth,
biomass and grain yield (Black et al., 2014; Ci et al., 2010; Harris
etal., 2004; Jiang et al., 2004; Kubo et al., 2011; Lin et al., 2007;
Liu et al., 2015; Ranieri et al., 2005; Rizwan et al., 2016; Shafi et
al., 2009; Sugiyama et al., 2007; Yourtchi & Bayat, 2014).

The problem must be confronted with reducing Cd-
contaminated to be solved urgently. In recent years, agronomic
management practices including plant growth regulators (PGRs),
mineral nutrients, biochar, fertilizers, compost, crop rotation,
cropping patterns, and microorganisms have been used to
reduce Cd uptake and toxicity in wheat.(Abbas et al., 2017,
Bashir et al., 2020; Khedr et al., 2019; Rehman et al., 2018;
Wiebe et al., 2013). However, these measures could pose some
problems, such as large investment, high energy consumption,
difficult operation and easy to produce secondary pollution.
(Gondor et al., 2014).

Therefore, it is very important to study the molecular
mechanism of absorption, transport and efflux of Cd from wheat
and to develop wheat varieties with low Cd accumulation to
ensure food safety.

The objective of the present review is to discuss the Cd
influence on wheat growth and development, Cd toxicity and
tolerance mechanisms and some possible breeding strategies to
alleviate Cd toxicity in wheat.

1. Effects of Cd on growth and development of winter
wheat plants

1.1. Effects on seed germination and seedling growth of
winter wheat

The seed germination and seedling stage are the
beginning of plant life cycle. The first organ that comes into
contact with Cd in soil is the seed. Therefore, seed germination
is the earliest stage to perceive Cd toxicity. In general, low
concentration of Cd has little inhibitory effect on seed
germination, and even promotes germination of some wheat
varieties. With the increase of treatment concentration, Cd had a
very strong negative effect on seed germination, which was
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inhibiting the growth of shoot and root system of wheat seedlings,
and the accumulation of dry matter also decreased. (Zhang et al.,
2002). The study showed that the treatment concentration of
0.03 mg/kg Cd promoted the growth and dry matter accumulation
of wheat. When the concentration of Cd was over 0.03 mg/kg, the
growth and dry matter accumulation of wheat were extremely
reduced (Zhang et al., 2002). The accumulation of Cd near the
growing point of radicle leads to the inhibition of amylase activity
and starch hydrolysis in wheat cotyledon. As a result, the
nutrients required for the growth of radicle and hypocotyl are not
satisfied and the elongation is inhibited. Sfaxi-Bousbih A. (2010)
reported that the transport of mineral elements and
carbohydrates from cotyledon to cotyledon and radicle of
soybean was inhibited, which affected the germination and
growth of seeds.

1.2. Effects of Cd on the growth of plant organs

Cd toxicity increases with the increase of concentration.
Within a certain range of concentration, Cd can promote the
growth of some plants. However, with the increase of Cd
concentration, the growth and development of plants are
significantly inhibited by Cd, which is generally manifested as
short stature of plants, dechlorination of leaves, slow growth and
decline of biomass. Cd affects plant photosynthesis, membrane
system, enzyme system in vivo and metabolism related to the
physiological activities, which eventually show a decline in growth
and yield (Amirjani et. al., 2012; Dandan et al., 2011; Huang et
al., 2008; Katashi et al., 2017; Khan et al., 2007; Lin et al., 2007;
Song&Wang, 2017).

Under Cd toxicity, the reoperation amount and
reoperation rate of pre-flowering storage substances in wheat
leaves and other vegetative organs were significantly reduced,
and the thousand seed weight also decreased with the increase
of treatment concentration. Cd toxicity inhibited the differentiation
of reproductive organs during the period from young spike phase
to heading, resulting in the caryatization and abortion. After
heading stage, Cd toxicity interferes with and inhibits the
synthesis and accumulation of chlorophyll, soluble sugar, soluble
protein and starch in wheat flag leaves, and interferes with the
migration and redistribution of nutrients in the wheat (Awan et al.,
2019; Jafarnejadi et al., 2018; Khan et al., 2007).

2. Cd uptake, transport and distribution by wheat plant

2.1. Cd absorption by wheat plants

Cadmium is high toxic metal and it effects plant growth
and development through a number of mechanisms including
water nutritional balance and production of reactive oxygen
species (Amirjani, 2012; Liu et al., 2015). Among soil factors, soil
salinity could shift the soil-solution chemical equilibrium in favour
of more soluble Cd compounds like CdCl2 and CdCI* thereby
enhancing its availability to plants (Li et al., 2014; Liu et al., 2007,
Ozkutlu & Kara, 2019). The lower adsorbing ability of these
species to soil than free Cd?* ions increases Cd mobility at the
soil-root interface. Moreover, these complexes can enhance
transport of Cd across plasma membrane which results in
increased soil-plant transfer of Cd under salinity. It was shown
that combined stress of NaCl and Cd caused higher plasma
membrane permeability and enhanced production of oxygen
radicals and H202 in comparison to Cd and NaCl treatments
alone in wheat (Muhling & Lauchli, 2003; Shafi et al., 2009).

In general, Cd is absorbed into plants through the root
system. It was studied that the absorption of Cd by wheat roots
at low Cd concentration was an active absorption process, and
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the energy required for transport was provided by the hydrolysis
of ATP produced in the metabolic process, which was mainly
reflected in the highly selective absorption of ions and the energy
consumption mechanism (Abedi & Moijiri, 2020). There are
various carrier proteins in plant root system, and each ion
combines with its corresponding carrier protein (transporter) to
form ions. Carrier complexes that transport ions into cells by
means of metabolic energy. At high Cd concentrations, Cd
absorption is a passive process involving diffusion, ion exchange
and chelation. There is a cationic exchange between the internal
tissues of the root and the rhizosphere of plants containing
cadmium. This part of the absorption of Cd can be without Cd
solution desorption from the epidermal cell walls come down. The
other part is combined into irreversible macromolecules, and then
Cd is absorbed in the root surface. The longer combined into
irreversible the higher the proportion of large molecules. The
process of diffusion is the process of entering Cd into the cell
through the cell wall and cell membrane, which is energy
independent and depends on the difference in concentrations of
the medium (Greger & Lofstedt, 2004; Huang et al., 2020; Page
& Feller, 2015). Root exudates and a series of changes induced
by root exudates also affect the uptake of Cd by wheat. The
release of root metabolites affect the uptake of Cd in wheat by
influencing pH and Cd availability.

In addition, it has been reported that the variation of Cd
uptake in over ground part of wheat at different growth stages
was as follows: the late growth period was larger than the early
growth period, the growth flourishing period was larger than the
slow growth period, and the reproductive growth period was
larger than the vegetative growth period. The Cd absorption
amount and rate jointing stage and heading stage were
significantly higher than those in other periods. Cd absorption
was significantly positively correlated with dry matter weight gain
(r=0.91633), and absorption rate was significantly positively
correlated with dry matter weight gain (r = 0.8003) (Jiang et al.,
2007).

2.2. Cd transport and distribution in wheat

The accumulation of Cd in wheat depends on the
transport of Cd from root to stem, while the accumulation of Cd in
seeds depends on the transport of Cd from root to stem and the
direct transport of Cd from root to stem to grain through the
transport of lignin and phloem. (Abedi & Mojiri, 2020; Harris
&Taylor, 2004; Hart et al., 2006). Transpiration and root pressure
provide the impetus for this process. Concentration of Cd in
wheat grains is not determined by the concentration of Cd in
xylem, but mainly by the ability of Cd to be transported from xylem
to the phloem of the spike. (Abedi &Mojiri, 2020; Riesen &Feller,
2005). Cd could be transported from the applied leaves to other
phloem reservoir organs, such as new leaves (Cakmak et al.,
2000).

It was found that Cd was transported in the soybean
xylem in the form of cationic complex. This may be because
xylem has a large number of amino acids and organic acids, and
the metal complex formed by its combination with metal ions can
avoid the obstacles to the transport of positively charged metal
caused by the strong cation exchange ability of xylem cells, thus
making it easier to transport. (Cataldo et al., 1988). Citric acid,
low molecular weight dicarboxylic anions and inorganic cations in
xylem fluid flow can also affect the transport of Cd. Citric acid can
promote the transport of Cd in xylem and reduce the transport of
Cd out of xylem (Senden et al., 1990; Senden et al., 1995).
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Cadmium entry to the plant is possible through the xylem
via symplastic transport and through apoplastic transport under
high exposure (Dong et al., 2019). The accumulation of Cd in the
grain was mainly transported into the grain by the phloem of flag
leaves. The Cd in the leaves and stems can be redistributed to
the seeds and the Cd in the seeds hardly transports to other
parts. It can be speculated that the transport of Cd may be related
to the transport of photosynthetic products. The re-transport of Cd
into grains is also related to other metal ions. For example, zinc
inhibits the phloem loading and transport of Cd, thus reducing the
transfer of Cd from phloem transport to grains. J. J. Hart observed
that Cd transported to wheat seeds might be related to phloem-
mediated Cd transport to the grain (Hart et al. 2006). The phloem
is the key Cd transport into wheat seeds. In general cadmium
easily reach plants via root uptake and translocation to stems and
seeds because of its high mobility (Abedi & Mojiri, 2020).

Cadmium, as mentioned above, enters the plants first
through the root system and it is transported to the shoots in an
ionic form in the xylem and phloem over transporters and
transpiration. Cadmium may cause a wide range of effects on
plants, impacts plant metabolism and causes oxidative stress,
nutrient uptake disbalance (Huang et al., 2020; Navarro-Leon et
al., 2019). Cd can impact the antioxidant defense system of plant
organism and induce the formation of reactive oxygen species
(ROS), which causes oxidative stress in general, Cd is
accumulated in roots or transported to stems, leaves, fruits and
other organs after being absorbed by plant from the soil (Ullah
Zaid Imdad et al., 2018). However, the accumulation of Cd in
plants varies with different parts, varieties, ecotypes and species
of the same species. In the same plant object, Cd accumulation
caused by roots is usually higher than in stems, leaves, and
grains. On the cell level Cd is mainly distributed in the plastids
and in the cell wall, and some of it forms carbonate and
phosphate precipitation. Leaf, root and stem are easily enriched
with Cd in wheat plants, while lower Cd level in seeds is an
immovable element, which accumulated more in senescent parts
and could not be reused by other non-senescent organs. The
filling period and jointing - heading period are the key periods for
the control of Cd accumulation. At the early stage of filling, the
accumulation of Cd in different organs of wheat is mainly higher
in leaves than in stems, leaf sheaths and grains. The
accumulated content of leaf in mature stage was higher than that
of leaf sheath, grain and stem (Ullah Zaid Imdad et al., 2018).

3. Cd tolerance mechanisms in wheat plant

Under the stress of Cd, it can stimulate the antioxidant
defense system of plants, remove Oz and H202 generated under
the stress of Cd, maintain the balance of reactive oxygen
metabolism, and protect the membrane structure, so as to enable
plants to endure, reduce or resist stress injury to a certain extent.
Therefore, increasing antioxidant enzyme activity is one of the
main mechanisms of tolerance to Cd in plants, including wheat
(Muhling & Lauchli, 2003; Khan et al., 2007; Chen et al., 2010;
Poghosyan et al., 2014). Antioxidant defense systems include
enzymes such as superoxide dismutase (SOD), catalase (CAT),
peroxidase (POD), and non-enzymes such as ascorbic acid
(AsA) and glutathione (GSH). It was used the method of direct
stress of Cd on wheat seeds during germination to study that the
activities of superoxide dismutase (SOD) and peroxidase (POD)
increased with the growth of concentration, and malondialdehyde
(MDA) content and cell membrane permeability also showed an
increasing trend. The activity of POD and CAT increased with the
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increase of stress intensity, which indicated that the protective
enzyme system in wheat was changed, which was also the
protective response of plants to the adverse environment (Song
et al., 2017; Tran & Popova, 2013; Zhao, 2011; Wang et al.,
2017). Under the stress of Cd, the function of reactive oxygen
radical scavenging system in wheat was reduced, resulting in the
accumulation of H20 in the cells and the decrease of APX and
GR activity. Wu et al. (2002) extended their research showed that
Cd stress lead to the sharp decline in barley seedling GSH
content. It may be a GSH Cd detoxification in great quantities,
such as GSH for plant chelating peptide (PC) synthetic
substrates, or act as antioxidants in the body by removal of
biological active oxygen free radicals and generate oxidized
glutathione (GSSG), to show the content. Malondialdehyde
(MDA\) is one of the main products of membrane lipid peroxidation
and its content is an important indicator of the degree or strength
of membrane lipid peroxidation. It was showed that MDA content
in functional leaves of barley increased under the treatment of
Cd, and increased with the extension of the treatment time of Cd.
In addition, when the concentration of Cd was higher than
0.1 mol, the stress of Cd would cause the lipid peroxidation in the
leaves of barley overground, while the lipid peroxidation was
alleviated after a certain period of treatment under the stress of
low concentration Cd (Wu et al., 2003).

3.1. Marker-Quantitative trait loci (QTL) analysis for Cd
tolerance in wheat

The application of molecular marker-assisted selection in
breeding has been paid more and more attention. Early in 1999,
it was feasible to identify soybean germplasm using marker-
quantitative trait loci (QTL). Bai Yi Xiong (Bai et al., 2019)
analyzed the genetic information of 113 barley materials by using
QTL method. The development of molecular markers related to
Cd accumulation capacity also has a certain basis. Major genes
associated with Cd uptake and transport in Arabidopsis thaliana
have been identified as ABC family (Chen, 2004; Gaillard et al.,
2008), HMA family (Craciun et al., 2012; Grispen et al., 2011,
Takahashi et al., 2012), Nramp family (Thomine et al., 2003), ZIP
family (Barberon M et al., 2014). Understanding the genetic basis
and gene composition of Cd absorption of wheat varieties can
provide theoretical basis for breeding low Cd accumulation
samples. ScOpc20 gene is a dominant marker associated with
high Cd content, which is restricted in backcross breeding
(Dobrikova et al., 2017; He & Mubeen, 2020; Pozniak, 2010;
Rebeki¢ & Loncari, 2016). K. Wiebe developed an EST derived
marker (XBF474090) co-isolated from a gene variant of Cd
absorbing trait in crops, which has been successfully transformed
into co-dominant CAPS marker, USW47 (Wiebe et al., 2010).
After digestion of PCR amplification products with restriction
enzyme of Hpyl88 |, electrophoresis analysis showed that the
marker could be used to detect two alleles of Cd absorption trait
genes. About 96 wheat samples were successfully divided into
low Cd absorption type or high Cd absorption type. Y.-Y. Kim
isolated a TM20 gene from the cDNA library of a wheat root,
which produced specific Cd (Cd (II) tolerance (Kim et al., 2008).
These genes potentially related to Cd accumulation in wheat,
which could be further developed to match molecular markers.

It is a new idea to use molecular marker technology to
screen germplasm resources. Molecular markers are developed
on the presence of abundant polymorphisms in genomic DNA. It
is a new and reliable genetic marker that directly reflects the
differences of biological individuals at the level of DNA. DNA
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molecular markers are not affected by the environment and
development stage, and a large number of markers can greatly
improve the effectiveness and reliability of cross breeding (He et
al., 2020; Grant et al., 2008; Pozniak, 2010).

4. Breeding strategies and possible schemes for Cd low-

accumulation winter wheat varieties

Currently the protection of Cd pollution is mainly in some
aspects:

o the first: to start from soil treatment, the development of
soil improver and Cd inhibitor (Abbas et al., 2017; Bashir et al.,
2020);

o the second: to select and breed cultivars with low
accumulation of Cd and adjust the overall planting structure
(Ullah Zaid Imdad et al., 2018).

Cd pollution hazards can also be controlled through
rational management of fields, control of contaminated areas and
restricted planting and production. However, these measures
could pose some problems, such as large investment, high
energy consumption, difficult operation and easy to produce
secondary pollution.

Low-Cd wheat varieties are the most effective and
economic way to reduce the risk of cadmium to human health
associated with food consumption (Shiyu et.al., 2017; Vitale et
al., 2020). In the traditional selection process, the selection of Cd-
tolerant wheat samples is carried out on the basis of
morphological, physiological or biochemical characteristics
associated with Cd stress. To improve the genetic background of
wheat varieties with increased resistance to Cd, intraspecific
crosses are usually developed among promising individuals, with
subsequent selection in subsequent generations (Ullah Zaid
Imdad et al., 2018).

For the analysis of the source material, selection methods
such as mass selection, pure line and periodic selection methods
can be effectively used to obtain wheat varieties with low Cd
content. Advances in genetics and molecular biology have
expanded the possibilities for many modern selection methods
that ensure wheat stability to Cd.

There are two key molecular approaches for estimating
Cd stress in wheat: marker-selected and genomic selection
(Randhawa et al., 2013; Wen et al., 2013). Molecular breeding is
a new way to select germplasm resources (Bhati et al., 2015;
Bhati et al., 2016; Ren et al., 2018; Wiebe et al., 2010). Compared
with conventional chemical analysis methods, molecular
breeding does not produce secondary pollution and is the most
effective and important mode to reduce the accumulation of Cd
in agricultural products. Using molecular breeding technology
and their successful integration with traditional breeding methods
to select crop varieties with low accumulation of Cd will have a
potential impact on the development of low Cd wheat germplasm
and important practical significance for ensuring safe agricultural
production of Cd contaminated soil.

5. Regulatory factors and genes involved in Cd stress
response

MicroRNA (miRNA) is an important group of small RNA,
which negatively regulates the expression of target genes after
transcription by mediating the degradation or translation of target
mRNA, and is a new type of expression regulator (Chen et al.,
2004; Jian et al., 2018; Knox et al., 2009). Previous studies have
found that these Cd-related miRNA can participate in the
response to Cd stress through heavy metal transport, sulfur
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assimilation, antioxidant stress and auxin signal transduction
pathways, and play an important role in the response process of
plants to heavy metal stress (Dai et al., 2011; Ding et al., 2009;
Mendoza-Soto, A. B. et al., 2012; Min Yang, Z. et al., 2013). For
example, miR 159 and miR 67 exert effects through the AB C
(ATP-binding cassette) type transporter and Nramp family
(Natural  Resistance-associated Macrophage Protein) of
important proteins that regulate the transport of heavy metal ions
respectively (Zhou et al., 2012). MicroRNA-395 is involved in the
response to heavy metal Cd and Hg stress by participating in the
regulation of sulfate-starved low affinity sulfate transporters and
APS1, APS3 and APS4 genes (ATP sulphurylase, APS) (Min
Yang, Z. et al., 2013); miR398 plays an important role in the
stress response of Cd, Hg, Cu and other heavy metals by
targeting two kinds of SOD, namely CSD1 and CSD2 in Cu and
Zn superoxide dismutase (Cu, Zn superoxide dis-mutase, CSD)
(Min Yang et al., 2013). MicroRNA is at the center of gene
expression regulation. In recent years, with the development and
application of high-throughput sequencing technology, more and
more miRNA related to heavy metals in plants have been cloned
and identified.

At present, most of the studies on Cd stress in wheat
focus on the selection of varieties resistant to Cd and the
physiological and biochemical aspects. With the deepening of the
study on the mechanism of Cd accumulation, some genes
involved in Cd transport have been discovered in arabidopsis,
rice and other plants (Kim et al., 2008; Wang et al., 2006.) Natural
resistance associated with macrophage protein (OsNARMPS) is
a strongly expressed Cd and Mn transporter in the root of rice.
The mutant of OsNARMP5 can significantly reduce the
absorption of Cd by the root system of rice, thus reducing the
content of Cd in the grain to below 3 % of the control. OsHMA3
of the p1b-atpase subgroup is a heavy metal ion pump mainly
expressed in the root of rice, which is located on the vacuole
membrane and mediated the enrichment of Cd in the vacuole of
rice root cells.

The over-expressed plants can selectively reduce the
accumulation of Cd in seeds. Low affinity cationic transport
protein (LCT1) is a new transport protein cloned from wheat,
which is mainly expressed in the root and leaf of wheat (Wang et
al,, 2019). After RNA interference with OsLCT1 gene inrice, there
was no significant change in xylem mediated Cd translocation.
However, phloem-mediated Cd translocation decreased
significantly, and the content of Cd in seeds was reduced to half
of the control, indicating that it may be involved in the process of

Cd transport from xylem of large vascular bundles to phloem of
dispersed small vascular bundles in stem nodes as well as the
process of phloem-mediated Cd transport to grains.

The results showed that the study of the genes related to
Cd stress played an important role in the development of new
varieties of Cd tolerant crops, which laid a foundation for
excavating and functional analysis of Cd stress related genes in
wheat. Research in this direction provides insight into the
screening of functional genes that respond to stress, which can
be useful for analyzing and improving the resistance of crops to
Cd stresses. Simultaneously, it opens up a new way of high
speed, simple operation and low cost for further breeding high Cd
tolerance wheat varieties, which is of great significance to
improve the grain safety of wheat and promote the sustainable
development of agricultural production.

Conclusion. Cd is one of the major inorganic
contaminants in the environment. Its presence in the soil or
atmosphere has been recognized as a serious threat to
agriculture. It is a practical and feasible way to select wheat
varieties with low accumulation of Cd to reduce the absorption
and accumulation of Cd in crops and thus reduce the content of
Cd in agricultural products. In summary, many important
achievements have been reported on the injury of Cd to wheat
and the tolerance mechanism of Cd to wheat.

However, the effect of Cd on the growth of wheat is very
complex. Multiple benefits could be achieved by future critical
research efforts including the following:

*+ More detailed studies are needed to have a better

understanding of Cd toxicity in wheat at the molecular

level.

* The process and mechanism of the uptake, transport
and accumulation of Cd by plants should be clarified, and some
of these processes should be artificially regulated to improve the
tolerance of plants to Cd pollution or reduce the absorption of Cd.

+ If the grain yield of wheat varieties with low Cd

absorption is low in the planting process.

+ Which genes are activated if wheat is subjected to Cd
stress ? How these genes work together to synthesize resistant
proteins, peptides, amino acids, reducing sugars, and more.

+ How to define a physiological index as the standard to
measure the resistance and non-resistance to Cd in wheat in
many physiological and biochemical reactions ?

If the research in these aspects can achieve
breakthrough results, it will be another breakthrough direction of
soil pollution treatment and utilization.
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OCHOBW CTBOPEHHS COPTIB MNWEHNULI 3 HU3bKUM PIBHEM HAKOIMTMYEHHSA KAOMIIO

Ceped saxkux memarie kaomili (Cd) € ekpall mokcudHuUM 0715 POCAUH | 88axaembCs 00HUM i3 Halbinblw HebeaneyHux erne-
MeHmig, W0 nNompanssomb y HaBKOMUWHE cepedosuLye, Hagimb 3a HU3BKUX KOHUeHmpauit. Po3sumok npomuciosocmi U CifbCbK020
eocnodapcmea npu3sgenu 00 3binbwenHs emicmy Cd y 0oekinni ma y 2pyHmax CinbCbk020cnodapcbko2o npusHadeHHs. Cd nompan-
J15i€ y 2pyHmose cepedosulue npu 8HeCeHHI hocghopHux dobpus, 2HOK, cmidHUX 800 mowio. Kadmili € Opy2opsiOHUM efleMeHmom
0n1s1 pocmy POCIIUH | 8i03Ha4aEMbCS BUCOKOIO MOKCUYHICITIO, WO MOXe Ceplio3HO enueamu Ha picm i po3sumoK pociuH. Yepes
8UCOKY MObifIbHicmb KaOMito 8 2pyHMI, 3@ KOHUEHMpauii b020 Memary 8Ule KpUMUYHO20 PiBHS MOXe Cnocmepieamucs nopyweHHs
pocmy U ywKkodxeHHs KnimuH vyepe3 aHomanii bioximiyHux i ¢hiionoaidHux npoyecie. HakonudeHHs kadmiro 00 ¢himomoKCcu4YHo20
pigHs npu3sodums A0 3HUXEHHS NPOOYKMUBHOCMI POCIIUH | empam 8poxato. PociuHu, sKi pocmyms 6 2pyHmi, 3abpyOHeHoMYy kad-
MigM, € OCHOBHUM Oxepesiom HadxodxeHHs1 Cd o opaaHiamy nAUHU.

Mweruys, puc i Kykypyd3a € 0CHOBHUMU cgimosumu npodogonbyumu Kyrbmypamu. Ceped HUX NWEHUUS — OCHOBHE DXepeno
npodykmie xap4yeaHHs 0ns binbLW HiXX NOMOBUHU HacenerHs caimy. [TopigHSHO 3 IHWUMU 8aXKUMU Memanamu, kKaOMill neawie 3aceo-
roembCsl | HaKkonu4dyemscsl NWeHuUUer, wo npedcmaesnse Heabusky 3aeposy 0ns 30opos's moduHu. Came npodykmu 3 NWeHuUi €
OCHOBHUM Oxepenom cnoxueaHHs Cd moduHor. PocriuHu nweHuyi, 8 0cHogHoMY, Hakonudye Cd yepe3 KopeHesy cucmemy, nomiv
memarn Migpye y Ha03eMHy YaCmuHy i, Hapewmi, HaKONUYyeMbCA y HaCiHHi POCAUHU. [Ins 3HUXEHHS IHMEHCUBHOCMI NO2MIUHAHHS
kadmito Ui moKCUYHOCMI POCUH nwieHuyi 6ymu cnpobu sukopucmogygamu Memoou a2poHOMi4HO20 MeHedxmeHmy. OOHak ui 3axo0u
MOXymb cmeoptosamu Oesiki npobriemu, a came: 8enuKi KanimanosknadeHHs!, 8UCOKe CnOXUBaHHS eHepaii, ckradHicmb y 3acmocy-
8aHHI Ul 8mopuHHe 3abpydHeHHs.

Copmu nweHuyi 3i 30amHicmio 00 HU3bKOI akymMynauii kadmito € HalbinbL eghekmusHUM Ui eKOHOMIYHO OOUiTbHUM Cnocobom
3HUKEHHS PU3UKY HaOXOOXKEHHS Uiei peyosuUHU 8 opaaHiam ModUHU, N08'A3aH020 3i CNOXUBAHHAM Xap4osux npodykmis. B mpaduyid-
Hili cenexyji 8idbip 3paskig nweHuyj, cmitikux Ao HakonuYeHHs kadmito, 30iliCHIOEMbCS Ha 0CHO8I MOPOO2iYHUX, (hi3ionozidHux abo
bioxiMiyHUX noKa3HUKig, nog'asaHux 3 Cd-cmpecom. Benuke 3HaYeHHS Mae 8UBYEHHS MOIEKYSpHO20 MexaHismy abeopbuii, i mpa-
Henopmy Cd 'y pocnuHax nuieHuUyi ma CmMeOoPEeHHs Copmig Kynbmypu i3 HU3bKUM HaKONUYEHHSM Ub020 Memarty 05151 npo0ogosiby4oi
6e3neku MmoduHU.

BukopucmatHs memodig MonekynsapHoi cenekuyii ma ix ycniwHa iHmezpauis 3 mpaduyitiHumu memodamu 01 CMeOPEHHS
copmig CinbCbK020cn0dapChKUX Kynbmyp 3 HU3BKUM HakonudeHHam Cd Mamume eax/iuee npakmuyHe 3HayeHHs 0nis 6e3neyH020
8UKOPUCMaHHS CinlbCbko20cnodapchbKux apyHmig, 3abpydHeHux Cd. Mema ubo2o o2nsdy — ob2ogopumu enniue Kadmito Ha picm i
[O38UMOK NWIEHUL, MexaHi3mu mokcudHocmi U monepaHmHocmi o kaOMiro, a makox 0eski MoXriugi cmpameail cenexyii Kynbmypu
w000 nid8ULEHHs monepaHMHOCMI Ma 3HUXEHHS aKyMynsuii ybo2o enemeHmy. Y cmammi posensidaemscs ennue kadmito Ha picm
i po38uUMOK poCuUH, 0COBIUBOCMI NO2IUHAHHSI, NePeHeCceHHs U po3nodiny KadMito y NWEHUY, MexaHi3Mu mosiepaHmHocmi ma Mo-
nexynspHo-bionoeiyHi acnekmu. [pedcmagneHo cmpameaii ma MOXUBI CXeMU CENeKYii CMeOPEHHST COpMI8 NWEHU 3 HU3bKUM
HaKONUYEHHAM Kaomif.

Knroyoei cnosa: nweHuys, kaOMill; noenuHaHHs, mpaHcnopm, po3nodin; MexaHism monepaHmHoCmi; MOMEKYNSpHI MeXaHi-
3mu.
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