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The heavy metal cadmium (Cd), as one of the major environmentally toxic pollutants, has serious impacts on the growth,

development, and physiological functions of plants and animals, leading to deterioration of environmental quality and

threats to human health. 

Keywords: heavy metals ; cadmium pollution ; phytoremediation ; enrichment mechanisms

1. Introduction

With the acceleration of modern industrialisation, the problem of heavy metal pollution has become increasingly prominent

. At present, nearly 20 million hectares of farmland in China are polluted by heavy metals such as mercury, cadmium

(Cd), and lead . In 2015, a soil research survey showed that 16.1% of China’s soil and 19.4% of agricultural soil were

polluted by heavy metals, of which cadmium pollution (7.0%) was the most serious. The Ministry of Ecology and

Environment of China announced in 2019 that cadmium was still the main heavy metal pollutant in the soil .

Cd is a toxic heavy metal that can exist in soil, water, and the atmosphere in various forms . Cd0in the atmosphere

can become immobilised by combining with iron (Fe) and manganese (Mn) oxides and can also be atmospherically

deposited on rain, dust, and snow . Cd in soil and water is usually in an exchangeable state (CdCl2and other water-

soluble forms), carbonate-bound state (such as CdHCO3−), organic-bound state (combined with organic matter in the

environment), or residual state (such as H2SiO3) .

The biomass, root length, plant height, and the chlorophyll ofCeratopteris pteridoideswere reduced when exposed to

water containing 20 μM Cd . The length and dry weight of marigold were reduced when grown in soil containing 50 mg

kg−1(DW) Cd from the soil is taken up by crop plants through a migration process and enters the food chain .

Cadmium can also cause damage to the liver and brain, leading to high blood pressure and even cancer .

As an abiotic stress factor, Cd can affect the growth and development of plants to varying degrees . When Cd in the

environment exceeds a certain concentration, it will stimulate oxidative stress in plants, induce lipid peroxidation, and

increase the accumulation of reactive oxygen species (ROS), leading to oxidative damage . In addition, Cd can

also cause slower plant growth, decreased chlorophyll content, yellow leaves, and slower photosynthetic rate. Therefore,

the growth, development, and physiological and biochemical effects of plants are affected, and high Cd concentration can

even cause plant death .

Among them, hyperaccumulators can over-absorb heavy metals and transport and retain them in the shoots .

Plant species that contain more than 1000 μg of heavy metal per gram (DW) are called hyperaccumulators . Compared

with normal plants, hyperaccumulators can not only maintain normal physiological function in a high-concentration heavy

metal environment but can also absorb heavy metals to enrich them . Therefore, hyperaccumulators show great

potential in repairing Cd pollution and have become a research hotspot in the field of heavy metal pollution.

2. Uptake, Transport, and Distribution of Cd in Plants

First, Cd interacts electrostatically with plant root secretions and negatively charged carboxyl groups on the root cell wall,

thereby adsorbing onto plant roots . Studies have shown that, as the Cd concentration in the environment increases,

the Cd content in plants also increases, but the rate of Cd transport from plant roots to shoots decreases . the

environment is absorbed into plants through competition with metal cations such as Cu2+, Fe2+, In addition, the content

of heavy metal particles in the air in polluted areas is significantly related to the content of heavy metals in plant leaves,

which is speculated to be related to atmospheric deposition .
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There are two main transport pathways of Cd in plants: the symplast and apoplast pathways. The apoplast pathway is

where Cd is transported through the gap between plant cell walls and the gap between the cell wall and the plasma

membrane; the symplast pathway is where Cd is transported into the cell through the transporters and then transported

between the cells through the plasmodesmata (Figure 1C) . Cd in the environment is actively or passively absorbed by

plants, first loaded in the root xylem, and then further transported through the xylem to the plant shoots . In plants,

Cd can also be efficiently transported from senescent tissues to young tissues through the phloem to facilitate the

transport and redistribution of Cd in plants .

Figure 1. The root uptake of cadmium in plants. Cd (yellow) in the environment can enter plants through plant roots (A);

when the concentration of Cd is low, ATP is consumed for active transport, and when the concentration is high, it directly

enters cells for passive absorption (B); Cd is transported between cells by the apoplast and symplast pathways (C).

Plants require the participation of transporters in the process of uptake and transport of Cd, which mainly include yellow-

stripe 1-like transporter (YSL) The YSL protein (YS1) of corn’s main function is to transport the Fe–phytosiderophore

complex needed for corn growth into corn root epidermal cells . andBjYSL6.1, which was specifically upregulated in

shoots after Cd treatment, indicating that the YSL protein is involved in the transport of Cd from roots to shoots. Although

many studies have shown that the YSL protein is involved in the transport of Cd, there are few studies on YSL protein as a

whole.

The ZIP family is responsible for the uptake and transport of essential and nonessential metal ions in plants and

participates in the uptake and transport of a variety of divalent cations, including Cd2+ . (zrt1andzrt2mutants were

inhibited in zinc uptake due to lack of high-and low-affinity zinc uptake systems), and the uptake of zinc by yeast was

increased after the expression ofZIP1andZIP3genes. In addition, Cd can inhibit zinc uptake mediated byZIP1, ZIP2,

andZIP3, indicating that Cd can also be taken up from the soil by ZIP transporters and be transported to plants as a

substrate of ZIP transporters. This is consistent with the increase in Cd accumulation afterBcZIP2expression inBrassica

campestrisL. ssp.Chinensis , which fully proves that ZIP protein is involved in the process of Cd uptake and transport.

andhma2hma4mutants were more sensitive to Cd and had significantly inhibited root growth. Thehma2hma4mutant

increased Cd accumulation in the roots, and the transport of Cd from roots to shoots was 2–3% of the wild type , which

is consistent with the result that theAthma4mutant transport rate decreased by at least 50% . The Cd concentration in

the roots and shoots of the overexpressed riceOsHMA3strain was higher than that of the control group, and the roots

showed higher Cd content at low and high Cd culture concentrations. In addition, immunostaining studies have shown that

cucumberCsHMA3andCsHMA4were expressed in the tonoplast and plasma membrane of cucumber root cells,

respectively , and cucumberCsHMA3andCsHMA4were expressed in the vacuole membrane and plasma membrane of

cucumber root cells, respectively, indicating that HMA protein exists in the root cell membrane and tonoplast membrane

and plays an important role in the uptake of Cd from roots and the transport of Cd to shoots.

NRAMP1 is the first protein discovered in the NRAMP family and participates in the process of macrophage resistance to

bacterial infection by transporting Fe2+ .Sedum alfredii SaNRAMP6  is expressed on the plasma membrane of

epidermal cell protoplasts. This is consistent with the increase in Cd concentration in roots, stems, leaves, and whole

plants  found thatHvNRAMP5was mainly expressed in root epidermal cells, and the expression of the root tip was

higher than that of the root base. The presence of NRAMP protein is beneficial to the xylem parenchyma of plant roots to

load Cd and transport it to young plant parts in the phloem .

In the process of heavy metal uptake and transport, the participation of transporters and their importance has received

extensive attention from scholars. Many transporters, such as YSL, ZIP, HMA, and NRAMP, that participate in the uptake

and transport of Cd have been studied. However, the molecular mechanism of the specific binding of the abovementioned
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transporter to metal ions and the relationship between the structure and function of the transporter are still unclear. These

are essential in elucidating the mechanisms of Cd uptake and transport in plants.

Heavy metals such as Cd are absorbed from the environment by these transporters into plant roots and then transported

to shoots, where they are distributed to various tissues of the plant. The distribution of Cd in plants varies according to

plant species and varieties. The distribution of Cd in different plant tissues  usually shows that the accumulation of Cd in

the roots of plants is the largest, and the accumulation of Cd in shoots is less than that in roots, which is related to the

retention of Cd by plant roots . It is speculated that the Cd in these plants is mainly concentrated in the roots at low Cd

concentrations.

In Wang’s study , the subcellular distribution (the ratio of total Cd in different subcellular structure to the total Cd in the

whole cell) of Cd in soybean roots at 23 μM and 45 μM levels was as follows: cell wall (53.4–75.5%) Similar to the

subcellular distribution in soybean roots, the subcellular distribution of Cd in the Cd hyperaccumulator,Solanum

nigrum,was cell wall ( This indicates that the root cell wall is the main subcellular location for plants to store Cd, which is

achieved by the retention effect of roots, followed by Cd transported to shoots and stored in the vacuole in the form of

soluble fractions. This may be related to the fact that Cd is stored in vacuoles of plant cells through chelation and

compartmentalisation, including heavy metal ions interacting with ligands.

The distribution and subcellular distribution of Cd in plants are uneven due to differences in plant species and varieties. At

present, the distribution and subcellular distribution of Cd in plants as physiological and biochemical characteristics have

been widely studied by scholars, but there is no unified understanding of whether the difference in its distribution is related

to the significance of enrichment and tolerance.

3. The Mechanisms of Plant Enrichment of Cd

Under Cd stress, plants show a series of physiological responses to achieve detoxification and enrichment of heavy

metals Current studies have shown that the main response mechanisms of plants under Cd stress are the retention effect

of roots, compartmentalisation, chelation, antioxidation, stress, and osmotic adjustment . Among them, root function,

compartmentalisation, and chelation in plants are the dominant factors in the process of Cd enrichment. Other plant

response mechanisms also play an important role in achieving Cd enrichment in plants, regulating physiology, and

maintaining life activities.

Cd2+can stimulate the production of ROS, cause oxidative stress, and stimulate the plant’s antioxidant defence system.

Antioxidant enzymes, such as superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT), eliminate reactive

oxygen species (ROS) through increased activity. Heat shock protein (HSP) induced by stress can upregulate antioxidant

enzyme activity, upregulate MT expression, and remove denatured proteins. The increase in proline content is conducive

to the elimination of ROS, and an increase in soluble protein content is conducive to maintaining cell stability and cell

metabolism.

The root secretions and the cell wall of root epidermal cells play an important role in limiting Cd uptake and Cd

accumulation in the roots . Root exudates can form complexes or precipitates with external Cd, thereby retaining Cd on

the root epidermis ; organic acids in different types of root exudates also have different adsorption effects on Cd in the

soil, so that Cd in the soil enters the plant roots in different chemical forms. An appropriate concentration of root exudates

can promote the transfer of Cd from roots to leaves for accumulation in the leaves . Cd in roots mainly accumulates in

the cortical tissues of root tips and root hairs.

After heavy metal ions enter the plant, they can be chelated or even precipitated by metallothioneins (MT), phytochelatins

(PC), glutathione, oxalic acid, citric acid, and other small molecules in the plant cytoplasm and vacuoles, thus reducing

their toxicity . It is produced in response to heavy metal ions entering the plant . The binding of heavy metal

ions to the cysteine-rich regions may be one of the mechanisms that plants use for detoxification . PC is a type of

sulfhydryl polypeptide containing cysteine, glutamic acid, and glycine synthesised by plants after being stressed by heavy

metals .

Plants transport heavy metals that enter the plant to inactive areas such as cell walls and vacuoles, retain them, and

reduce the fluidity of heavy metals by isolating them. The transport mechanism of vacuole compartmentalisation is divided

into two types: transport directly through the transporter on the vacuole, and transport through the vesicle in the cytoplasm

and the vacuole membrane .  found that Cd easily combines with amino, carboxyl, hydroxyl, and other coordination

groups in cell wall proteins and polysaccharides to realise the cell wall compartmentalisation of Cd. When the

Cd2+accumulation in the cell wall is higher enough, Cd is then transported to the vacuole.
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Reactive oxygen species (ROS) play an important role in controlling plant growth, the abiotic stress response, system

signal transmission, programmed cell death, and plant development . When the content of ROS in plants increases, the

accumulated ROS leads to membrane lipid peroxidation, cell membrane rupture, electrolyte leakage, and DNA loss, which

affect the normal physiological and biochemical functions of cells . As ROS levels increase, the antioxidant defence

system in plants is activated. As an important part of the antioxidant defence system, antioxidant enzymes in plants can

help eliminate ROS and reduce plant damage .

Once the plant is stressed by Cd, the plant will adjust the activity of these antioxidant enzymes accordingly, but this

change will vary depending on the plant species, the length of exposure to heavy metals, and the growth stage of the

plant . This proves that the increase in antioxidant enzyme activity is directly related to the improvement of plant

tolerance. Although antioxidant enzymes such as SOD, CAT, and POD can regulate their activity to eliminate ROS to

protect plants within a certain concentration range, the activity of these antioxidant enzymes will still be inhibited at high

Cd concentrations. Some hyperaccumulators can still maintain high enzyme activity in the presence of high

concentrations of Cd (≥100 mg kg−1, DW),

It can also bind to cytoplasmic phosphorylated proteins to regulate antioxidant enzyme activity, induce melatonin

production, and upregulate MT expression, thereby improving the ability of cells to tolerate Cd , which may be

related to the DNA-binding domain in the heat shock transcription factor, HsfA4a . In addition to the synthesis of HSP,

plants can also induce ethylene production under Cd stress. Cd stress can upregulate the expression of 1-

aminocyclopropane-1-carboxylic acid (ethylene synthesis precursor) synthase to induce ethylene synthesis, and further

regulate the growth inhibition of plant roots by regulating XTH33 and LSU1 mediated by the transcription factor, EIN3 

. In addition, ethylene can control the SOD content by increasing the activity of SOD isoenzymes, but excessively high

ethylene levels inhibit the activities of antioxidant enzymes such as CAT and APX .

After Cd stress, plants can also increase the cell osmotic potential by changing the content of osmotic adjustment

substances, including proline, soluble protein, soluble sugar, and small molecular organic acids, thereby eliminating the

toxic effect of Cd on plants . By increasing the content of soluble protein and soluble sugar in plants, the intracellular

osmotic potential can be increased, and the intracellular water content can be maintained, which is helpful in alleviating

electrolyte leakage caused by oxidative stress and maintaining the normal physiological function of cells . However,

the increase in soluble protein content in soybean endosperm is accompanied by a decrease in soluble protein content

and soluble sugar content in the radicle , which might be related to the inhibitory effect of Cd on the activities of

hydrolytic enzymes, including α-amylase, β-amylase, acid phosphatase, and alkaline phosphatase . This suggests that

complex osmotic regulatory networks exist in plants that can regulate cell osmotic potential through a series of complex

responses to Cd stress to reduce the toxic effects of Cd on plants.

4. Conclusions and Outlook

As a widespread pollutant in the environment, Cd not only affects the physiological and biochemical functions of plants but

can also be ingested by the human body through the biological chain to have a serious impact on health. Cd in the

environment can interact with plant root cell walls or root exudates to be adsorbed on roots, enter plant roots through

active or passive absorption, be transported by symplast pathway or apoplast pathway, and transport to shoots through

the xylem. In this process, Cd is combined with YSL, ZIP, HMA, NRAMP, and other transporters and is finally distributed to

various tissues of the plant, mainly in the cell wall of plant roots and the vacuole of shoots. In addition, osmotic adjustment

substances such as proline, soluble protein, and soluble sugar can also reduce the oxidative damage caused by Cd to

plants and exert detoxification effects to further enhance the enrichment of Cd in plants.

Many scholars have obtained important research results on the molecular mechanisms of Cd uptake, distribution, and

transport, as well as the molecular mechanism of plant enrichment and tolerance to Cd. However, there are still many

problems that have not been resolved, such as the significance of the difference in the distribution of Cd in plants for

plants to adapt to the environment and maintain their physiological functions; the chemical, morphological changes of Cd

in the process of transport and the molecular mechanism of its binding to transporters; the regulatory mechanism of

compartmentalisation and chelation; the regulatory mechanism of antioxidant enzyme activity under Cd stress; and the

osmotic regulatory mechanism under Cd stress. In the process of Cd absorption and transport, the structure and

morphology of the transporter changes, as do the interactions between different proteins. If the above problems can be

solved, research on the mechanism of Cd enrichment in plants will take a big step forward, and phytoremediation

technology can be used to treat heavy metal pollution.
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